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Abstract

Although silicon is the most developed material regarding the perfection achieved in

growth and processing, it is rather unsuitable for optoelectronic applications because of

the large indirect band gap Therefore the growth of epitaxial iron-silicides on silicon

substrates by molecular beam epitaxy became a promising task in the last years At

present, several metallic and semiconducting iron-silicide phases are known which can

be deposited as thin films on the substrate Epitaxial semiconducting silicides on silicon

substrate offer additional perspectives on new optoelectronic applications However, for

all these technological applications, single-crystal silicide films of high quality are

necessary

For the investigation of the crystal structure of silicide films, transmission electron

microscopy (TEM) is especially well suited, since this technique allows the

investigation on a very small scale of both the direct as well as the reciprocal space

In the present study selected aspects of the growth of iron silicides on Si(l 1 l)-substrates

were investigated For applications in semiconductor industry, the P-iron disihcide

phase is of special interest P-FeSi2 films of high crystal quality can be grown by the

deposition of a metallic, metastable silicide layer in a first step Subsequently, this layer

transforms to the P-phase by annealing Since this phase transformation is very sensitive

to the stoichiometry of the as-grown layer, a specially prepared film with slightly

varying composition was used for this study The results show that the film completely

transformed to the P-phase for slightly iron-rich stoichiometry Thereby, the preferred

(100)- and (OOl)-onentations dominate with individual grains having diameters of 3-

5p:m By contrast, in the iron-poor region the phase transformation has not even started

In the intermediate region, three phases coexist The metastable phase of the as-grown

film, the also metastable y-phase as well as the semiconducting P-iron disihcide Since

the size of the individual grains of the p-phase is nearly constant, it has been concluded

that the density of nucleation seeds determines the grain-size This size of the individual

grains is additionally limited by the tendency towards island growth as well as by the

formation of twin domains

Investigations on a monosihcide film with a thickness of lOOnm revealed the formation

of a novel selforganizing layered structure By annealing the transformation to the bulk-

stable e-phase was induced Thereby, the layered structure and the surprisingly sharp

interfaces between the individual layers remained intact Diffraction patterns, obtained

from the different layers by using cross-section preparations, allowed a precise structural

characterization of this selforganizing layered structure

For further improvements in semiconductor industry, new cleaning- and growth-
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techniques are required which operate at lower substrate temperatures For this reason, a

UHV-compatible argon/hydrogen plasma process for the cleaning of silicon substrates

has been developed The quality of homoepitaxial silicon films, deposited onto plasma-

cleaned substrates, is influenced by the quality of the cleaning procedure of the

substrate Combined with the results from other analytical methods, the TEM

micrographs obtained from cross-section samples of these films and of the interfaces to

the substrate, confirmed that this plasma process is suitable to remove the native oxide

as well as carbon contaminations from the silicon substrate surface

The extension of the plasma cleaning process to plasma-enhanced chemical vapour

deposition (PECVD) is of considerable interest With this technique, cleaning as well as

the subsequent deposition process can be carried out in the same vacuum chamber TEM

investigations of deposited silicon epilayers showed that the crystalline quality of the

film is strongly influenced by the plasma conditions in the chamber Reduced growth

rates as well as lower energy of the particles in the plasma were necessary m order to

obtain films of high quality, deposited at substrate temperatures of450°C
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Zusammenfassung

Infolge seiner relativ grossen, indirekten Bandlucke ist Sihzium trotz der hohen

erreichten Perfektion in Wachstum und Verarbeitung nur wenig geeignet fur

optoelektronische Anwendungen Deshalb wurden in den letzten Jahren grosse

Anstrengungen gemacht, das Wachstum von epitaktischen Eisensiliziden auf Sihzium

Substrat mit Hilfe der Molekularstrahl-Epitaxie zu ermoghchen Es smd mehrere

metalhsche sowie halbleitende Eisensihzid-Phasen bekannt, welche als dunne Schichten

direkt auf das Substrat aufgewachsen werden konnen Mit der Methode der Epitaxie von

halbleitenden Sihziden auf Silizium-Substrat konnen neue Moghchkeiten in der

Entwicklung von optoelektronischen Anwendungen eroffnet werden Voraussetzung fur

alle technologischen Anwendungen sind jedoch moghchst einknstalline Sihzid-

Schichten

Zur Untersuchung der Kristallstruktur von Silizidschichten eignet sich die

Transmissions-Elektronenmikroskopie (TEM) in besonderer Weise Diese Technik

erlaubt die Untersuchung sowohl des direkten Raumes als auch des reziproken

Beugungs-Raumes in sehr klemen Dimensionen

Im Rahmen der vorhegenden Arbeit wurden ausgewahlte Aspekte des Wachstums von

Eisensiliziden auf Si(lll)-Substraten untersucht Die halbleitende P-Eisendisihzid-

Phase ist fur moghche Anwendungen in der Halbleiter-Industne von besonderem

Interesse Gute Resultate in der Herstellung der P-Phase werden dadurch erzielt, dass

zuerst eine metalhsche, metastabile Sihzid-Schicht abgeschieden wird Durch Warme-

behandlung transformiert diese Schicht m die P-Phase Da diese Phasentransformation

empfindlich von der Stochiometrie der Ausgangsschicht abhangt, wurde in dieser

Untersuchung eine speziell hergestellte Schicht mit leicht vanabler Stochiometrie

verwendet Die vorhegenden Resultate zeigen, dass die Sihzid-Schicht im leicht

eisenreichen Gebiet durch die Warmebehandlung vollstandig in die P-Phase

transformiert, wobei die bevorzugten (100)- und (OOl)-Onentierungen mit Kornem von

3-5(j.m Durchmesser klar domimeren Im Gegensatz dazu setzt im eisenarmen Gebiet

die Phasentransformation noch gar nicht ein Im Zwischenbereich koexistieren drei

Phasen Die metastabile Ausgangsphase, die ebenfalls metastabile y-Phase sowie das

halbleitende P-Eisendisihzid Die nahezu konstante Grosse der einzelnen Korner der P-

Phase zeigt, dass die Komgrossen durch die Dichte der Nukleationskeime beschrankt

werden Die Tendenz zum Wachstum von Inseln sowie die Moghchkeit der

Zwillingsbildung hmitieren zusatzhch die Korngrosse

Die Untersuchungen an lOOnm dicken Monosilizid-Schichten zeigten das Wachstum

emer bisher unbekannten, selbstorgamsierenden Schichtstruktur Durch anschhessendes
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Tempern wurde die Transformation zur stabilen e-Phase induziert, wobei die

Schichtstruktur mit lhren scharfen Grenzflachen zwischen den einzelnen Schichten

erhalten blieb Beugungsaufnahmen von den einzelnen Schichten, aufgenommen auf

Querschmttpraparaten, haben eine genaue strukturelle Beschreibung dieser

selbstgebildeten Schichtstruktur ermoghcht

Fur weitere Fortschntte in der Halbleiter-Industne sind verbesserte Remigungsprozesse

und neue Wachstumsmethoden erforderhch, welche bei tieferen Substrat-Temperaturen

anwendbar sind Unter diesem Aspekt wurde ein UHV-kompatibler Argon/Wasserstoff-

Plasma Prozess fur die Reimgung von Sihzium-Substraten entwickelt Die Qualitat von

anschhessend aufgewachsenen homoepitaktischen SiJizium-Filmen ist bestimmt durch

die Qualitat der Reimgung Kombiniert nut den Resultaten von anderen

Analysemethoden zeigten TEM-Aufnahmen von Querschnitt-Praparaten dieser Filme

sowie von den Grenzflachen zum Substrat, dass der Plasma-Prozess geeignet ist,

Silizium-Substrate von der naturhchen Oxid-Schicht sowie von Kohlestoff-

Verunreimgungen zu befreien

Technisch interessant ist die Erweiterung des Reimgungsprozesses zur plasma-

unterstutzten chemischen Gasphasen-Abscheidung (PECVD) Dadurch wird Substrat-

Reinigung und anschhessendes Wachstum in derselben Vakuum-Kammer moghch

TEM Untersuchungen an abgeschiedenen Silizium-Filmen zeigten, dass die Kristall-

Quahtat der Schicht stark von den gewahlten Plasma-Bedingungen abhangt Kleinere

Wachstumsraten sowie tiefere Energien der Ionen im Plasma sind erforderhch, um

Schichten von hoher Qualitat bei Substrat-Temperaturen von 450°C zu erreichen
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Abbreviations

CEMS conversion electron Mossbauer spectroscopy

ERD elastic recoil detection

HRTEM high-resolution transmission electron microscopy

HRXRD high-resolution X-ray diffraction

MBE molecular beam epitaxy

PECVD plasma-enhanced chemical vapour deposition

RBS Rutherford backscattenng spectrometry

RHEED reflection high energy electron diffraction

SAED selected-area electron diffraction

SIMS secondary ion mass spectrometry

STM scanning tunneling microscopy

TEM transmission electron microscopy

UHV ultra-high vacuum

XTEM cross-section transmission electron microscopy
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1 Introduction

Silicon is the most developed matenal for industrial applications in semiconductor

technology The growth and the processing of this matenal and especially the

mimatunzation have by now achieved a high standard For recent developments in

semiconductor industry such as optoelectronic devices, pure silicon is a rather

unsuitable matenal because of its large, indirect band gap (1 14eV at 300K) By

contrast, compounds of IH-V and II-VI semiconductors are better suited for such

applications However, they cannot easily be integrated on silicon A possibility to

integrate optoelectronics into the silicon technology has opened up as a result of

progress in the growth of epitaxial silicides onto silicon substrates

Research in silicides has started more than a decade ago (see eg [1 1]- [1 3]) At

present, silicides are of considerable interest for silicon integrated circuits [1 4] With

epitaxially grown cobalt disihcide (CoSi2), electronic devices such as permeable base

transistors have successfully been produced [1 5] Besides metallic silicides such as

CoSi2 or NiSi2, semiconducting silicides, for example P-FeSi2, have also been found

Epitaxial semiconducting silicides on silicon substrates offer new possibilities for the

development of optoelectronic devices, provided that high-quality single-crystal silicide

layers can be grown Therefore, structural investigations of the deposited silicides are of

great importance

This fact has been the main motivation for the present investigations by means of

transmission electron microscopy (TEM) In this study results from microstructural

investigations of iron silicides deposited by molecular beam epitaxy (MBE) on Si(lll)

substrates are presented Several different electron-optical techniques, mainly bnghtfield

imaging and high resolution transmission electron microscopy (HRTEM) as well as

selected-area electron diffraction (SAED), have been used in these investigations Both

the TEM imaging modes and HRTEM are powerful methods for real crystal structure

investigations from the usual overview magnifications to the atomic scale Local

structural information can be obtained by using SAED Information is thereby available

from much smaller regions than those which can be investigated by conventional

diffraction techniques such as X-ray diffraction and neutron diffraction

The semiconducting P-FeSi2 phase has been considered to be a promising matenal for

optoelectronic applications Among several methods, the P-iron-disihcides investigated

in the present study have been produced using the following technique In a first step, a

metallic FeSi2-phase has been deposited by MBE onto the substrate Subsequently, the

P phase has been formed by a thermally induced phase transition Since this phase

transition is very sensitive to the precise local composition of the sample, TEM
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techniques have been used to determine the resulting phases and orientation

relationships for preparations with slightly varying stoichiometry of iron and silicon

The formation of grains with diameters of several microns having smooth interface- and

surface-morphology for a slightly iron-nch composition as well as a rather complex

crystal structure for intermediate stoichiometry are described These results are then

compared to the results obtained previously by scanning tunneling microscopy (STM)

[3 1 23] Since these silicide grains are still too small for technological applications, the

growth mode of the p-phase has to be understood in detail in order to test refined

procedures which are effective in the production of larger single-crystal units of iron

silicides For this it is a prerequisite to investigate the formation of islands and twin

domains by TEM for silicide films of different thicknesses

A metallic iron monosihcide can be stabilized as a metastable structure on the silicon

substrate For an as-grown silicide film with a thickness of about lOOnm, cross-section

TEM micrographs have revealed the formation of a self-organizing layered structure

The film consists of four well-separated layers with nearly equal thickness These TEM

investigations, combined with the results from Mossbauer spectroscopy measurements

which were executed in parallel by other investigators, have revealed the presence of a

new, distorted FeSi phase in this layered structure Upon annealing, a self-organizing

layered structure consisting of five layers had formed, whereby the different layers still

had surprisingly sharp interfaces The detailed TEM- and electron diffraction-

investigations obtained on cross-section samples have shown that two of these layers

have transformed to the bulk stable, semiconducting e-FeSi phase This self-organizing

layered structure, consisting of individual layers within the FeSi film, is formed as a

result of a very unusual mechanism for strain relaxation and because of the lateral

growth of the e-phase during the thermally induced phase transformation

For the silicides investigated in this TEM study, conventional cleaning procedures of the

silicon substrates using acids and a thermal desorption step have been applied pnor to

the MBE deposition The development of a single-step cleaning procedure, which

avoids high temperatures and which is also compatible with ultra-high vacuum

conditions, is a challenge for advanced silicon technology, and the present work should

be regarded as a contribution towards this final goal

With this aim in mind, a single-step in situ cleaning process using an argon/hydrogen

plasma discharge has been developed Cross-sectional TEM investigations, combined

with the results of several other analytical techniques, have given a more detailed

understanding of this cleaning process Silicon wafers as received from the

manufacturer have been cleaned by using the etching effect of the reactive plasma

Subsequently, homoepitaxial silicon epilayers have been deposited onto the wafers by
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MBE at growth temperatures of 500°C and above The detailed study of the interfaces as

well as of the crystal quality of the deposited epilayers have given evidence for the

effectivness of this argon/hydrogen plasma cleaning process

The extension of this plasma cleaning process to plasma-enhanced chemical vapour

deposition (PECVD) is very desirable from the viewpoint of future technological

application By feeding silane into the argon/hydrogen plasma chamber, instead of

etching (as used for the cleaning process), silicon is deposited onto the substrate Even

at the present stage of the technological development of this process, cleaning as well as

the deposition can be achieved in the same vacuum chamber For the present

investigations, homoepitaxial silicon epilayers have been deposited onto Si(100)

substrates at different growth conditions The study of cross-sectional TEM micrographs

obtained from these samples are the most direct method to judge the crystal quality of

the deposited film These studies by transmission electron microscopy must be

considered as a chance to investigate an unusually complicated system even at an atomic

structural level Since the growth conditions such as the substrate temperature and the

deposition rate as well as the energy of the particles in the plasma strongly influence the

quality of the deposited film, an entire senes of growth expenments had to be performed

in order to insure safe and repeatable results The TEM results obtained from these

layers allowed to determine the growth conditions at which epilayers of excellent

crystalline quality can be deposited by PECVD

The development of new cleaning- and growth-processes is a basis for further

improvements in semiconductor industry These TEM investigations help to advance the

growth methods until the quality is improved to such a degree that they allow new

technological applications

This study comprises the following chapters In chapter 2, the pnnciples of transmission

electron microscopy as well as the fundamentals of the analytical techniques used for a

completion of the data set are briefly descnbed The results on selected aspects of the

formation of iron silicides are described and discussed in chapter 3 1 Subsequently, the

TEM investigations for the development of the plasma cleaning procedure and for the

PECVD process are discussed in chapters 3 2 and 3 3, respectively Finally, the main

results of this study are summarized in chapter 4
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2 Experimental methods

Besides transmission electron microscopy, several additional experimental methods

were used by coworkers of the present research project to produce the Fe-Si films as

well as to obtain further information on these samples. In this chapter, a brief

description of the growth procedure by molecular beam epitaxy (MBE) as well as a

short introduction into the additionally applied analytical techniques and their respective

advantages are given. The principles of transmission electron microscopy (TEM) are

discussed more detailed, since electron microscopy is the technique applied in the

present study.

2.1 Growth of thin films on silicon substrates by molecular beam epitaxy (MBE)

All the Fe-Si films investigated in this study (chapter 3.1) as well as the Si epilayers on

plasma-cleaned wafers (chapter 3.2) were grown by MBE. This chapter briefly describes

the MBE-machine, the substrate preparation as well as the growth process for silicides.

The plasma-enhanced chemical vapour deposition (PECVD) process is described in

chapter 3.3, in which also the results of this growth technique are discussed.

2.1.1 MBE-machine

All the samples were grown in a 3-inch VG V80 MBE machine, which consists of a

two-chamber system with a growth chamber and an analysis chamber. A separate

chamber with the scanning tunneling microscope (STM) is attached. The growth

chamber is equipped with two electron gun evaporators for Fe and Si and with the

facilities for RHEED (see chapter 2.2.1). In the analysis chamber, ultraviolet- and X-ray

photo-electron spectroscopy measurements were performed (see chapter 2.2.5).

The wafer is mounted on top of the guns in a revolving substrate holder and can be

heated. The flux of Fe and Si are measured using quartz crystals as deposition control.

The pressure during growth is <10"9mbar. More technical and theoretical aspects of this

growth method are given in ref. [2.1.1],

2.1.2 Substrate preparation

Silicon wafers (n-doped, l-2000|iI2cm) were used as substrates. They were either

inserted into the vacuum system as received from the manufacturer or they were first

wet-chemically cleaned with the Shiraki-method [2.1.2]. After the wafers were

outgassed at 500°C, the temperature was raised to 830°C for 15 minutes in order to



15

desorb the native oxide layer with a small Si-flux The temperature was then lowered to

700°C, at which temperature a silicon buffer layer of typically lOOnm thickness was

grown RHEED-patterns of these substrates showed the 7x7 reconstruction for Si(l 11)

wafers and the 2x1+1x2 reconstructions for Si(100) substrates, respectively As STM

profiles (see chapter 2 2 6) of the buffer surface showed a waviness with a height of

about five monolayer steps, an additional annealing at 850°C was necessary in order to

obtain smooth surfaces

In order to avoid these high temperature steps, a plasma-cleaning process operating at

low temperatures was developed This cleaning procedure is discussed in detail in

chapter 3 2

2.1.3 Growth process for iron-silicides

For the growth of Fe-Si films, a small amount of Fe, usually corresponding to 2-3

monolayers, was deposited on the prepared substrate Annealing at 450°C for a few

minutes resulted in the formation of a thin Fe-Si film which could prevent pinhole

formation and act as a template for the subsequent growth of the silicide film By further

deposition of Fe and Si in the desired stoichiometry, epitaxial films with thicknesses up

to lOOnm could be grown Typically, the growth rates were 008nm/s for Si and 0 03-

0 09nm/s for Fe at room-temperature (=100°C)

2.2 Techniques for the characterization of thin films

2.2.1 Reflection high energy electron diffraction (RHEED)

The RHEED technique can be used to investigate the quality of films in situ dunng

growth Electrons of relatively high energy (15keV) are reflected at a small angle,

typically less than 3 degrees, at the surface of the sample The resulting diffraction

pattern is observed on a fluorescent screen Due to the glancing incidence of the

electrons, RHEED is a very surface-sensitive method The scattered electrons can be

divided into two classes, depending on the type of scattenng process involved

Elastically scattered electrons from the surface region and electrons involved in inelastic

scattenng processes taking place at a sampling depth of =lnm

Elastic scattering and surface reconstruction

Since elastic scattering occurs mostly in the top monolayer, this process corresponds to

scattering by a single lattice plane Thus, the reciprocal space consists of parallel straight
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lines perpendicular to the two-dimensional Bravais lattice of the surface monolayer The

Ewald sphere construction determines the geometnc properties of the observable

RHEED pattern The crystallographically allowed spots are arranged on concentnc

circles, the so-called Laue zones

Usually, the atom positions in the top layer at the surface of a thin specimen are not

identical to the arrangement in a corresponding lattice plane of the bulk The atoms of

the top layer can either adjust the bond lengths (relaxation), or they can be rearranged

laterally with a new enlarged two-dimensional unit cell (reconstruction) As an example,

the 2x1-reconstruction of the Si(100)-surface implies that the new unit cell of the top

layer has a doubled length in the ai-direction, but the same length in the a2-direction

compared to the basic unit cell Depending on the azimuth, this surface reconstruction

can be recognized m the RHEED pattern by an additional nng situated between the zero

order Laue zone and the first order Laue zone Normally the RHEED patterns from

reconstructed Si(100)-surfaces show twice as many spots on the additional nng due to a

superposition of the diffraction patterns of the 2x1- and the lx2-reconstructions

Inelastic scattering

The inelastically scattered electrons are present in the RHEED diffraction patterns as an

overall background intensity However, some of these electrons are elastically scattered

for a second time at a set of lattice planes which fulfil the Bragg condition This second

reflection is possible for all scattered beams which he on a cone, the axis of which is

perpendicular to the scattering plane The background intensity corresponding to that

direction is then reduced, whereas in the direction of the reflection the intensity is

increased At the intersection of this cone with the viewing screen the dark deftciency-

and the bnght excess-Kikuchi lines can be observed The center-line of such a pair

coincides with the intersection of the Bragg plane and the plane of observation

By measunng the distance x between two corresponding Kikuchi lines, the lattice

parameter dhki of the scattering plane can be determined by using an equation analogous

to the camera equation for selected area electron diffraction (see chapter 2 3 2)

x dhki = XL

where L is the camera length and X is the wave length of the electrons As the distance x

is equal to the distance between the ongin and the corresponding reciprocal lattice point,

it is possible to reconstruct the reciprocal space from the surface region of the sample by

measuring the distances between the Kikuchi lines
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Dynamic observation of the growth process

The formation of two-dimensional islands can be observed by in situ RHEED

investigations executed dunng the growth process of epitactic films For an atomically

flat surface before the deposition, the intensity of the reflected beams is maximal

Dunng the deposition of the first monolayer, two-dimensional islands are formed, and

the surface thereby becomes rough and, consequently, the intensity of the beam

decreases When the first monolayer is completed, the surface is smooth again and the

intensity increases These oscillations of the intensity can be used to precisely control

the thickness of epitaxially grown films

2.2.2 Rutherford backscattering spectrometry (RBS)

RBS has originated in particle physics Recently, it has become a widely used analysis

technique in solid state physics It is a non-destructive method which gives information

about the chemical composition, the stoichiometry, the specimen thickness and the

crystalline quality of thin films

The basic concept of RBS is the following He- or H-beams with energies in the range

of l-2MeV are scattered at the sample The ions which are backscattered from the

sample are counted by an energy resolving detector The energy loss of the scattered

ions is a function of the scattenng angle, of the masses of the scattered particles and of

the target atoms as well as of the depth at which the particles are backscattered The

intensity of the RBS spectrum depends on the nuclear charge of the scattered ions and

on the stoichiometry of the sample

A particular RBS method, called channeling, provides a fast way to quantitatively

describe the crystalline quality of a thin film sample For application of this method, the

sample can be rotated in order to align different crystalline directions with the particle

beam In these situations, the ions are channeled by the atom columns of the sample

This leads to a reduction of the backscattered signal The ratio of the signal in a

channeling direction (HdHnttimg) to the signal measured in a random direction (Hrandom)

u

channeling
Xniin-

jj

random

characterizes the crystalline quality of the target sample Usually, the minimum

channeling yield Xmm is measured directly behind the surface peak For perfect crystals

Xmm has a value of 1-3% Defects and inclusions in the crystal increase the channeling

signal and lead to an increase in %mn

For a more detailed description of these RBS methods see [2 2 1], chapter 9



18

For the silicon epilayers grown on plasma-cleaned wafers, it was an important task to

obtain information about the crystal quality of the epilayer and the degree of cleanliness

of the interface Besides transmission electron microscopic investigations, RBS

channeling expenments were carried out in order to provide additional quantitative

results

2.2.3 Secondary ion mass spectrometry (SIMS)

SIMS is a powerful analytical technique for surfaces and thin films It offers high-

sensitivity elemental analysis with detection limits in the ppm to ppb range The SIMS

technique is element- and isotope-specific All elements from hydrogen to uranium can

be detected

Usually, a focussed beam of He- or Ar-ions of typically lOkeV energy is scattered at the

sample Besides the backscattered pnmary ions, atoms and ions of the sample are

sputtered off into the surrounding vacuum The sputtered ions are then analyzed in a

mass spectrometer with respect to their specific charge (e/m) and to their kinetic energy

For low pnmary ion current densities (Ip=l-100nA/cm2), it takes several hours to sputter

one monolayer of the surface In this way, the surface can be analyzed (static SIMS)

When a high current density Ip of typically ImA/cm2 to lA/cm2 (dynamic SIMS) is

used, sputtenng of monolayers of the sample surface takes place within milliseconds If

calibration measurements are available, the time scale of the SIMS spectrum can be

transformed into a depth scale of the sample Such a SIMS depth profile reflects the

chemical composition of the bulk sample (ref [2 2 2], chapter 4 5)

By scanning the primary ion beam, SIMS instruments can also be used to study the

spatial vanations of the sample composition (ion imaging) A lateral resolution of less

than lp.m can eashy be achieved However, it is a disadvantage that SIMS is a

destructive analysis method, since ion implantation and surface reactions take place The

sensitivity strongly depends on the different elements and on the surroundings of the

specific atoms (matrix effect), so that quantitative SIMS spectra are rather difficult to

obtain

In the present work on the plasma-cleaned silicon wafers (see chapter 3 2), SIMS depth

profiles gave additional information about surface contaminations with carbon and

oxygen Combining the TEM investigations with these measurements allowed a more

precise understanding of the effectivness of the plasma-cleaning process
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2.2.4 High resolution X-ray rocking curve diffraction (HRXRD)

Although X-rays have a much weaker interaction with condensed matter (Thomson-

scattenng) than electrons (Coulomb-scattenng), the formation of the diffraction pattern

in both techniques can be descnbed by the Bragg-equation For X-ray diffraction, a layer

of lOOnm thickness can already react as a thin film Due to the large diameter of the X-

ray beam, diffraction evidence from a specified small area is not possible If grains on a

small scale or layers in ultrathin structures have to be investigated, X-ray diffraction

techniques are unsuitable By contrast, for single crystal specimens or substrate wafers,

X-ray diffraction is a useful technique for the determination of crystal structures

A special technique using X-ray diffraction is a sensitive method for the analysis of

strain in thin epitaxial films For investigations of crystalline layers by high-resolution

X-ray rocking curve diffraction (HRXRD), the beam is rocked (A<|>=+0 2°) around a

specific crystal direction The intensity of the corresponding diffraction spot is

monitored as a function of the rocking angle A<j) By using a step scan of typically

0 001°, the fine structures of the rocking curves render information about the strain

profile of the specimen

2.2.5 Photo-electron spectroscopy (UPS/XPS)

Photo-electron spectroscopy is a non-destructive in situ surface analysis technique for

which the specimen is irradiated by a source of monochromatic ultraviolet light (UPS)

or by X-rays (XPS) under UHV conditions This causes photo-iomsation in the sample

surface layer The resulting photoeiectrons have a kinetic energy Ek which is related to

the energy hv of the radiation and the binding energy Eb by

Ek = hv - Eb

This photoemission is observed by measunng the energy spectrum of the emitted

photoeiectrons As the binding energy Eb of every photoelectron is charactenstic of the

individual atom to which it was bound, the measured spectrum contains information

about the valence band and allows a qualitative elemental analysis

A more detailed description of this analysis technique can be found in reference [2 2 3],

chapter 9 For the specimens investigated in this study, UPS and XPS measurements

were used for in situ characterization of the plasma-cleaned wafer surfaces, since the

photo-electron spectra indicated the presence of Si-C contaminations and the Si-H

bonds of hydrogen incorporations
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2.2.6 Scanning tunneling microscopy (STM)

Developed in the years after 1980 [2 2 4], scanning tunneling microscopy is by now well

established as a technique for direct analysis of surface-properties at atomic resolution

Using STM, nucleation processes, defect formation and surface reconstructions can be

studied in direct space Since m the present study STM measurements provided

additional results to the TEM investigations of the Fe-Si films, its fundamentals are

bnefly descnbed here

The STM makes use of the quantum-mechanical tunneling effect between the two

electrodes represented by the tip and the specimen, which are separated by a vacuum

banner For a distance of only a few Angstroms between tip and specimen and an

applied voltage of typically IV, the tunneling current It can be measured It vanes

exponentially with the distance z between tip and specimen surface

It « exp(-2koZ)

Because of this, the STM is very sensitive to differences Az The constant kj descnbes

the damping of the wave function in the vacuum barner

ko = 2n/h(2m*)"2

For a binding energy of 0=4eV, the constant is ko=0 lnm Thus, the tunneling current

increases by a factor of ten when the distance z is reduced by Az=0 lnm

This exponential dependence of the tunneling current IT from the distance z between tip

and specimen surface is the basis of measurements with the STM By scanning the tip

over the sample surface, the height of the tip is varied so that the distance z between tip

and surface is constant In this case, a constant tunneling current It is measured The

STM image is a plot of the regulation signal of the tip as a function of the scanned

surface (x,y) If the tunneling current is constant within a range of 10%, the distance z

between tip and surface varies by only 0 005nm Thus, a constant current scan may be

interpreted as an image of the specimen surface If the average height between tip and

specimen and the applied voltage are fixed, the measured tunneling current also gives an

image of the sample topography The lateral resolution of STM images is defined by the

radius of curvature of the tip Typical resolutions are 0 3-0 5nm
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The above interpretation of imaging the topography by STM is a very simplified one

For an understanding of the processes by which the local electronic structure of the

sample surface contributes to the STM image in the constant current mode, the details of

the theory of the tunneling effect have to be taken into account (see e g [2 2 5],

[2 2 6])

2.2.7 Conversion electron Mossbauer spectroscopy

The essential feature in the physical process called Mossbauer effect is to overlap the

emission- and the absorption-line of a nuclear transition by enclosing the atomic nucleus

in a crystal lattice In this case, recoilless emission and absorption of y-quanta, so-called

Mossbauer events, occur and can be monitored The aim of Mossbauer spectroscopy is

to detect such events For these observations a movable source for y-quanta, a specimen

acting as an absorber and a detector for y-rays or Auger electrons as well as for X-rays

are necessary A schematic view of a Mossbauer device is shown m figure 2 2 1

source absorber detector

scattered spectrum transmitted spectrum

Fig. 2.2.1 Schematic view of a Mossbauer equipment (After ref [2 2 7])

In the use of this equipment, two arrangements are distinguished in which either the

transmitted or the scattered spectrum is measured by the detector In addition to the y-

quanta, the scattenng spectrum allows to monitor the emitted X-rays and conversion

electrons The conversion electrons onginate dunng a converted Mossbauer decay

which, for example, occurs in 57Fe A considerable fraction of decays of Fe are the

product of internal conversion, and only a small number of decays by y-quanta emission

are observed The decay by internal conversion is accompanied by the emission of

Auger electrons (conversion electrons) and X-rays, which can also contribute to the

detection of a resonance event The conversion electron Mossbauer spectroscopy
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(CEMS) technique makes use of these conversion electrons. By Doppler-shifting the

energy of the y-rays, the source and the absorber are brought into resonance. In a CEMS

spectrum, the counts of the detected electrons produced by converted Mossbauer decays

are plotted as a function of the velocity of the y-source. For the velocities at which

resonance occurs, peaks in the CEMS spectrum are obtained. These resonance

velocities, called isomer shifts (measured with respect to a-Fe), are very sensitive to the

composition of the absorber sample and to the local electronic surroundings of the

Mossbauer nucleus. Small structural variations in the absorber can lead to additional

resonances and to split lines in the spectrum. With the CEMS technique a depth

resolution of 5nm below the surface of the absorber sample can be reached. Therefore

this technique is a convenient tool to investigate interface structures and transformations

of epitaxial phases.

A comprehensive introduction to Mossbauer spectroscopy can be found in references

[2.2.7] and [2.2.8].
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2.3 Transmission electron microscopy

2.3.1 The transmission electron microscope

This chapter gives an overview of the basic design and of several applications of a

transmission electron microscope (TEM) The different theones of image formation and

structure analysis which are important for the interpretation of electron micrographs and

diffraction patterns are also discussed For a more complete understanding of the

techniques of electron microscopy a number of textbooks are useful ([2 3 1]- [2 3 5])

2.3.1.1 Basic design and function of a TEM

A TEM primarily consists of an electron gun (cathode) and a system of electromagnetic

lenses In the Philips CM30 ST transmission electron microscope the electrons are

thermally emitted at T=1600°C from a LaB6-cathode Subsequently, they are accelerated

towards the anode through a potential difference of 300kV The LaB6-cathode produces

an electron beam which has a higher intensity and increased coherence compared to a

tungsten filament, as used for instance in the Jeol 200CX microscope (200kV) The

Wehnelt-cyhnder, an additional electrode having a negative potential (=-150V) against

the cathode tip, focusses the electrons nght above the anode This minimum for the

cross-section of the electron beam is called crossover, it can be taken as representing the

electron source for the electron-optical system By the action of the condensor (the first

lens system) the crossover is projected onto the specimen Two electromagnetic lenses

and an aperture define the diameter (spot-size) as well as the convergence of the electron

beam for the different imaging modes The pole piece of the objective lens is placed

right below the specimen holder This first magnification step (magnification factor

=200) determines the quality of the electron optical lens system as well as the maximum

resolution which can be achieved by the microscope By the projective lens system,

either the first intermediate image plane (real image) or the back-focal plane of the

objective lens (diffraction pattern) is magnified and projected onto the fluorescent

screen, on a photographic film or on a TV-camera
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condensor
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objective
aperture
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aperture
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condensor
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back focal plane

first intermediate

image plane

projective lenses

Fig. 2.3.1 Schematic drawing of the main constituents of a TEM

2.3.1.2 The Abbe-principle

The electron-optical imaging can be described by the wave-optical theory of E. von

Abbe ([2.3.1], chapter 3.2). In this theory the specimen (object) is assumed to be

illuminated by a plane wave. The transmitted wave is composed of a wave passing

through the object and deflected (scattered) waves. In the following treatment, the

transmitted wave is designated by q(x,y).
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Although the Abbe-principle is essentially a wave theory, it is usually illustrated with

the geometric optics ray diagram of Fig. 2.3.2.

P

\

x^-^^^^ q'(x,y)

f

Q(u,v)
^^»s

q(x,y) \ p*

R

R'

Fig. 2.3.2 Geometric optics ray diagram of an electron beam scattered by an

object, to explain the Abbe-principle of image formation in the TEM

For a perfect objective lens, parallel rays are focussed in the back-focal plane. All rays,

scattered by the object with the same angle <I)X, are focussed at a distance x from the

optical axis, defined by the focal length f:

x = f sin(*x)»<f ®x

Thus, the amplitude distribution Q(u,v) in the focal plane is equal to the Fraunhofer-

diffraction pattern, described by the Fourier transform of the transmitted wave:

Q(u,v) = F[q(x,y)]

where u = sin O* fk = x/(A.f) and v = sin <t>/X = y/(A.f)

In the intermediate image plane, all waves going out from one point of the object are

focussed. The amplitude distribution q'(x,y) in the intermediate image plane of a perfect
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lens corresponds to a magnified and inverted image of the object wave function:

q'(x,y) = q(-x/M, -y/M) with M = R/R'

Thus, the formation of the image can be described by a second Fourier transform:

q'(x,y) = F [F[q(x,y)] ] = q(- x/M, - y/M)

This equation is valid for a perfect lens. However, because of the aberrations of the

objective lens and the inserted objective aperture, the description of Q(u,v) as well as of

q'(x,y) has to be modified (see chapter 2.3.4).

Starting from the diffraction pattern in the back focal plane of the objective lens and the

intermediate image, the formation of which is described by the AbW-principle, two

modes of the TEM can be distinguished:

- Electron diffraction mode:

The back-focal plane of the objective lens is focussed onto the screen by the

projective lenses.

- Imaging modes:

The first intermediate image is projected onto the screen. Here, brightfield/darkfield-

and phase contrast imaging are distinguished.

The application of these modes is treated in more detail in chapter 2.3.3 and 2.3.4.
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2.3.2 Electron scattering by a crystal

2.3.2.1 Kinematical diffraction

Although electrons interact much stronger with condensed matter than X-rays, the

diffraction of an electron beam by a perfect crystal may be described in a similar way

[2 3 1] In X-ray- as well as in electron-diffraction a wave with a wavelength X of the

order of the atomic distances or smaller is scattered mostly elastically at the penodic

potential of the crystal Thus, the Bragg-equation

2 dbki sin© = nX

and the camera-equation

Rhkldhkl = XL

can be applied also in electron microscopy

In these equations dhki is the distance between the lattice planes, Rhki is the distance from

the reciprocal spot [hkl] to the ongm, and L is the camera length of the TEM

For an electron beam, the wave length is much smaller than for X-rays

Electron beam X = 0 00197nm for E=300keV

X-ray beam X = 0 15405nm for Cu Kq] line

This causes the number of diffracted beams for an incident wave-vector to be much

larger for an electron diffraction pattern compared to an X-ray diffraction pattern With

the Ewald sphere construction, the occurrence of a higher number of excited beams can

easily be demonstrated ([2 3 6], chapter 2)

In analogy to X-ray diffraction the kinematical scattering amplitude for electrons is

given by

F(k) = \\\ p(r) exp( 2mkr)d3r

For point-like scattering atoms at positions rn (n=l, ,N) in the crystal structure, this is

equal to

F(k) = 2- f„exp(-2rakrn),
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where fn = JJJ pn(r) exp(-2rtikr)d3r is the atomic form factor, and p„(r) is the charge

density of the n-th atom.

This kinematical scattering theory correctly predicts the positions and intensities of the

diffraction spots for very thin specimens (thickness<5nm). With increasing specimen

thickness, dynamical scattering effects such as double diffraction strongly influence the

intensity of the allowed scattering vectors. Sometimes even additional diffraction spots

can appear which are forbidden by the extinction rules. This effect may lead to

complications in the structure determination by electron diffraction intensities only.

2.3.2.2 Dynamical scattering

Two basically different approaches have been developed in order to take into account

the effects of dynamical scattering on the electron diffraction pattern as well as on the

real-space image contrast. These are the Bloch wave formulation and the physical optics

approach.

Bloch wave formulation

This method is based on a specific formulation of quantum-mechanical differential

equations ([2.3.1], chapter 8.3). The Schrodinger-equation for an electron in the periodic

potential <E>(r) of a crystal is given by

A\|/(r) +kJ{E + *(r)}i|/(r) = 0

with k20 = (STClme)/h2.

According to the Bloch theorem, y(k) has the same periodicity as the crystal lattice:

\|/(k) = X \|/„ 8(k - kh), where k„ = k0 -27th.
h

The Fourier transform of the Schrodinger equation can therefore be written as

(k„ +v0-kj)\)/h + X vh.gyg = 0,

where v, is the Fourier component of 4>(r).

By considering the boundary conditions, this matrix equation can be solved to obtain the

wave vectors and the Fourier components of the wave function. In principle there is no
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limitation to the dimension of the scattering matrix, and there is an infinite number of

solutions ([2 3 1], chapters 8 and 9)

The Bloch wave method is suitable for defect-free crystals with small unit cells and high

symmetries

Physical optics approach

In this second formulation, the specimen is assumed to be cut into n slices, with

thicknesses Az, onented normal to the incident electron beam ([2 3 1], chapter 11 4)

The electnc potential is projected onto the top or bottom of every slice, thus all the

slices act as a two-dimensional phase- and amplitude-object having a transmission

function t„(x,y) The propagation of the wave from one slice to the next is then

described by the convolution with a Fresnel propagator p„(x,y)

Applying these operations to the incident wave \|/(x,y), the transmitted wave function

y„(x,y) at the lower surface of the specimen can be calculated

Vn(X,y) = (Vn l(X>y) *
Pn l(x,y) ) t„(X,y)

By using Fourier transforms between the different steps, the whole process can be

reduced to a set of multiplications instead of convolutions This so-called multi-slice

calculation allows to choose the thickness and the sequence of the different slices The

contrast of crystals with large cells, point defects, grain boundanes and stacking faults

can be calculated in this way in a reasonable time

As long as the slice thicknesses are small (<0 8nm), no appreciable errors are obtained

in the calculated contrast For n-*» and Az-»0, this calculation is therefore consistent

with the quantum-mechanical description as shown by Moodie (1974)

2.3.3 TEM modes

2.3.3.1 Selected area electron diffraction mode (SAED)

In the TEM, the diffraction pattern of the specimen is formed m the back-focal plane of

the objective lens In the diffraction mode, the projective lens system of the TEM

focusses that plane of the objective lens onto the screen or the photographic negative

Usually, l e for SAED, the electron beam is focused in a way that it covers a large area

with a uniform intensity Thus the diffraction pattern contains information about that

whole area In order to investigate small grains, different orientations or phases it is thus
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necessary to select only a part of the illuminated area by inserting an aperture in the

image plane of the objective lens.

Due to the spherical aberration of the objective, the diameter of this selector aperture

cannot be decreased below a critical value. For an acceleration voltage of 300kV

(Philips CM30) the smallest area which can be selected in this way has a diameter of

lOOnm. At diameters below this value, higher-order Bragg reflections originate from

regions outside the selector aperture. For obtaining diffraction information from even

smaller areas it is necessary to operate with a small and not too sharply focussed

electron beam. Using this technique, diffraction patterns from areas as small as 40nm in

diameter can be observed with the Philips CM30 microscope.

2.3.3.2 Imaging modes: Brightfield and Darkfield

For these imaging modes, the first intermediate image plane of the objective lens is

projected onto the screen, the photo-negative or the TV-camera. The specimens for

TEM have a thickness of about lOOnm or below. Thus the transmitted electron beam is,

to a large proportion, elasticaily scattered. Since all the scattered beams are focussed in

the image-plane, a specimen without absorption would not produce any image-contrast

on the screen. By inserting an aperture in the back-focal plane of the objective, only one

or several selected beams are allowed to pass.

Brightfield imaging Darkfield imaging

Fig. 2.3.3 The objective aperture in the back focal plane for brightfield- and

for darkfield-imaging. respectively.
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For brightfield imaging, only the non-scattered (OOO)-beam is used for producing image

contrast Some regions of the specimen exactly fulfil the Bragg-condition These appear

essentially in dark image contrast, since the electrons are scattered to higher diffraction

orders Those parts of the specimen which do not fulfil the Bragg-condition appear

bright, since here the electrons are only weakly scattered

On the other hand, a single diffracted beam or a group of beams not containing the

(OOO)-beam can be selected by setting the objective aperture into an off-axis position In

this way, those parts of the specimen which scatter the electrons into the selected

direction are recognized as bright contrast The other parts which do not fulfil the

Bragg-condition remain dark This so-called darkfield-technique is mainly used for

characterizing different phases or onentation-relationships in the crystal structure by

their differences in image contrast

2.3.4 High-resolution transmission electron microscopy (HRTEM)

2.3.4.1 Aberrations of electromagnetic lenses and contrast transfer function (CTF)

The Abbe pnnciple is valid only for ideal lenses However, the electromagnetic lenses in

the TEM have aberrations which limit the attainable resolution For electron optical

imaging, the most critical aberrations are those of the objective lens We have to

consider here three kinds of lens aberrations astigmatism, chromatic aberration and

spherical aberration

Astigmatism:

Due to asymmetry in the magnetic field of the objective lens, the lens effectively has

different focal lengths for beams diffracted along different directions With the

stigmator, an adjustable set of coils in the lens, the operator of the microscope can fully

compensate the astigmatism

Chromatic aberration:

Because of small fluctuations of the acceleration voltage or by inelastic scattenng a

small energy spread of the electrons arises For electrons which have lost energy, the

focal length of the objective lens is shorter than for no-loss electrons The influence of

the chromatic aberration to the transmitted wave is descnbed by an amplitude factor at

the back-focal plane of the objective
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B(fc,u,v) = exp(--7t2fcX2(u2 + v2)),

where fc is the chromatic aberration constant.

Spherical aberration:

Due to spherical aberration, off-axis beams are always brought to a focus closer to the

objective lens than axial beams. This effect cannot be corrected for electro-magnetic

lenses. The transmitted wave has to be multiplied with an additional phase factor at the

back focal plane of the objective:

exp(i^); 4 = -jccAV + v2)2,

where cs is the spherical aberration constant.

Besides chromatic and spherical aberration two additional correction factors have to be

introduced to the transmitted wave at the back-focal plane of the objective lens:

- An aperture is placed in the back focal plane of the objective lens in order to

eliminate the undesired beams. The effect of this aperture is represented by an

amplitude factor:

A(u,v) = 1 inside the aperture

A(u,v) = 0 outside

- A small defocus of the objective lens is described by a phase factor exp(i^);

% = 7tAfA.(u2 + v2),

where Af is the deviation from the Gaussian focus.

The influence of all these corrections on the transmitted wave y'(u>v) can be

summarized as follows:

V'(u,v) = \|f(u,v) T(x£,fc,u,v)

where T(x,c^,fc,u,v) = exp(ix) exp(i£j B(fc,u,v) A(u,v)

The factor T(x,5Jc.u.v) is called contrast transfer function (CTF). It describes how the

different space freqencies contribute to the image contrast \|f'(x,y), which is given by the

Fourier transform of ij/'(u,v).
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2.3.4.2 Phase contrast imaging

For high-resolution transmission electron microscopy very thin specimens (<20nm) are

used For thick specimens the atomic resolution will be degraded by multiple and

inelastic scattenng The thin specimen can be described as phase object with a small

amount of absorption The interaction between the electron beam and the specimen may

be descnbed by multiplication with the transmission function

t(x,y) = exp(-ia<p(x,y) - u(x,y))

where (p(x,y) denotes the projected electric potential, and u.(x,y) is the projected

absorption. If the absorption can be neglected, the transmitted wave \|/'(x,y) passing

through the pure phase object is

\|/'(x,y) = \|/(x,y) exp(-ic<p(x,y))

The intensity in the image plane

I(x,y)= |\)/'(x,y)l2=l

is uniform and no contrast of the specimen is seen

In order to obtain an image contrast from the specimen, a technique has to be used to

record the phase shifts due to the electnc potential Considering the sample as a thin

phase object with only a small amount of absorption, the effect of a small defocus can

be described by a multiplication with the phase factor exp(i%)

t|/'(u,v) = y(u,v) * F[exp(-io"(p(x,y) - u(x,y))] exp(i^)

Expanding the exponential function to first order of <p gives

\j/'(u,v) oc 5(u,v) + a<p(u,v)sinx - u.(u,v)cos>G

where (p(u,v) = F[tp(x,y)] and u(u,v) = F[u.(x,y)]

The intensity distribution in the image is then

I(x,y) = I y'(x,y) |2 oc 1 + 2o"(p(x,y) * Ffsmx] + higher order terms

The contrast is given by a modulation of the intensity which is proportional to the phase

shifts due to the electric potential of the specimen The convolution with the Fourier

transform of the real part of the contrast transfer function F[sinx] determines the

amplitudes and phases of the space frequencies which contnbute to the image These
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amplitudes and phases depend on the defocus. For perfect "geometric-optical imaging"

at the Gaussian focus, sinx oscillates and thus changes phases and amplitudes (figure

2.3.4a). By defocussing an ideal form of sinx can be reached. This optimal focus (figure

2.3.4b) is called Scherzer defocus As [2.3.7] and is determined by the wavelength X as

well as the spherical aberration constant cs of the objective lens:

As = -(3/4Xc5)1'2.

The resolution of the electron microscope is defined as the position of the first zero of

the CTF at Scherzer defocus. The point-to-point resolution reached at optimum defocus

conditions is

Arm,n = 0.66A.3/4c;'4 (compare [2.3.1], chapter 13.3.3).

For the resolution values of the microscopes used in this study, see chapter 2.4.2.1.

(a)

(b)

'

[nm-l]

1

(nm-l]

Fig. 2.3.4 Contrast transfer function for the Philips CM30 ST electron microscope

(a) at Gaussian focus (Af =0nm)

(b) at Scherzer defocus (A, =-57nm)
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The defocus of the objective lens as well as the thickness of the sample strongly

influence the contrast of the image Usually, in a high-resolution image neither the

maxima of bright contrast nor those of dark contrast can simply be associated with the

atom positions in the projection plane of the sample Therefore, the entire contrast

resulting from the electron optical imaging process has to be simulated by using a

computer program The contrast calculated for different specimen thicknesses and

defocus values can subsequently be compared to the contrast of the observed HRTEM

images At present, this procedure is the only technique available to determine two

important, generally unknown, electron-optical parameters, 1 e defocus and specimen

thickness

2.3.5 Computer simulations

The calculation of the electron microscopic contrast is executed in two steps

1 Calculation of the scattering process of the electron beam in me specimen

For this calculation, either the multi-slice calculation procedure, which is based on

the so-called physical optics approach ([2 3 1], chapter 114), or the quantum-

mechanical Bloch-wave calculation ([2 3 1], chapter 8 3) can be applied

2 Calculation of the electron optical image contrast

By this calculation, the transmitted wave function is projected onto the screen by the

electron optical lens system of the TEM This process can men be calculated by using

theCTF(chapter2 3 4 1)

In the present study, the EMS-program by P Stadelmann [2 4 3] was used for

calculating the transmitted wave function as well as for calculation of the imaging

process

As an example for the result of a complete calculation of the image contrast, the

simulated contrast of P-FeSi2[010] is shown in figure 2 3 5 for different specimen

thickness and various defocus
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Fig. 2.3.5 Simulated image contrast of P-FeSi2 in [010]-projection as a function of

the specimen thickness and the defocus.
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2.4 Experimental details

2.4.1 Specimen preparation for TEM

For transmission electron microscopic investigations, it is very important that optimal

preparation methods for the samples are available As the electron beam strongly

interacts with the specimen, only very thin specimens are transparent for the electron

beam For electron diffraction studies and brightfield imaging a thickness of about

lOOnm should not be exceeded, while for high-resolution transmission electron

microscopic investigations, the thickness of the specimen has to be smaller than about

20nm Besides the defocus, the thickness is an important parameter for the image

contrast, therefore the preparation technique applied should produce samples with a

homogeneous thickness Additionally, the following conditions have to be taken into

account

- The tilting angle of the specimen holder is limited In most cases die sample should

be investigated parallel to a certain crystallographic direction Thus a preparation

technique has to be used which produces a thickness transparent for me electrons

along a chosen crystal direction

- The preparation should not change the structure of the specimen, since otherwise it is

nearly impossible to distinguish between features of the ongin crystal structure and

artefacts induced by prepanng the specimen

- The specimen holder is built in a way so that specimen discs of 3 Omm or 2 3mm

diameter and of about 100-300u.m thickness can be positioned by using tweezers

It is important that the choice of the preparation technique takes into account the

specific requirements of the materials characterization problem which has to be solved

by electron microscopy

2.4.1.1 Preparation for plan-view specimens

For investigations with the electron beam perpendicular to the substrate, plan-view

samples are used With such samples crystallographic features such as the extension of

different phases and their onentation relationship to the substrate can be investigated

In the case of samples with a silicon substrate, the following procedure was used for

preparing specimens First, a small piece of the wafer was mechanically prethmned from

the back-side Afterwards, small discs with a diameter of 3mm were cut out by using an

ultrasonic cutter By dimple-grinding, the rotating wheel of this instrument allowed to
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thin down the sample to a thickness of 15-30um in the center Finally, with an acid

mixture (HF(50%) and HNO3(70%), 1 1), a small hole was etched in the center of the

disc Around this hole, large areas with nearly uniform thickness were found to be

suitable for TEM investigations A more detailed descnption of this preparation method

is given in reference [2 4 1]

2.4.1.2 Preparation for cross-section specimens

For investigating a specific textural feature, e g the interface between substrate and

epilayer, the electron beam must be parallel to the substrate In high-resolution

investigations the crystallographic onentation of the sample is the most important

parameter Since the tilting angle in the microscope is very limited, the thin layer sample

has to be prepared so that the specimen surface has the desired onentation In the case of

a silicon specimen, only the <110>-directions permit good atomic resolution for

microscopes having less than 0 19nm resolution Cross-section samples with well

defined onentation were prepared dunng the present investigation using the following

two different techniques

Preparation by cleavage

Crystals with a strong cleavage along well-defined crystal planes can directly be

prepared for cross-section by cleavage Using this method, no structural changes occur

in the specimen

For silicon with diamond structure, the <110>-planes are me preferential cleavage

planes On a (11 l)-substrate, two cleavage planes intersect at an angle of 60° The tip of

such a 60°-wedge is transparent for electrons with an energy of 300keV This technique

can also be applied for (100)-wafers Unfortunately, such specimens cannot be

investigated along a [110]-direction because for this substrate orientation two <110>-

cleavage planes are perpendicular to each other

The cleaved crystallites were prepared and treated further as follows A small piece of

the wafer (about 4x5mm2) was cut and then thinned down from its back-side to a

thickness of 50-80um After careful cleaning, it was placed on top of a pile of filter-

paper, with the substrate positioned at the bottom By the pressure of the tip of a tooth

pick, small crystallites were chipped off The quality of their tip was then controlled by

using an optical microscope With the aid of two tweezers the crystallites were finally

glued onto a special holder, as descnbed in [2 4 2]
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Preparation by ion-etching

For this method two pieces of the wafer to be investigated were glued together and

fixed with a special adhesive (Gatan Gl) in a copper-tube having an outer diameter of

3 Omm Subsequently, small discs with a thickness of about lOOum were cut off with a

diamond-wire saw After polishing, the dimple grinder was used to gnnd out hollow

regions on both sides of the disc in order to provide an area as thin as 10-20(im in the

center As a result the border remains thicker so that the specimen is mechanically

stable Finally, the specimens were ion-milled using Ar gas (see figure 2 4 1)

For Fe Si films deposited on a silicon substrate, an etching angle a of 14° and an

accelerating voltage of about 4kV were chosen Typical times for the etching-process

were 3-6 hours Although this method is very time-consuming, it was often used dunng

this study It was found that around the hole in the center relatively wide regions had

become thin enough for TEM investigations

Unfortunately, the formation of a thin amorphous surface layer (=l-2nm) cannot be

avoided dunng the etching procedure with the argon ion beam The introduction of

structural changes in the specimen can also not be excluded

Fig. 2.4.1 Sketch of the specimen situation after prolonged argon etching

Transparency for the electron beam is reached by subsequent bombardment of the

specimen by an argon ion-beam
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2.4.2 Instruments used for this study

2.4.2.1 Transmission electron microscopes (TEM)

The following transmission electron microscopes were used for this study

- JEOL JEM 200CX, equipped with side-entry double-tilt goniometer (30745°)

acceleration voltage 200kV

maximal magnification 450'000x

focal length 3 4mm, finest focus step 1 lnm

sphencal abberation constant cs=2 8mm

resolution limit Armm=0 35nm

- Philips CM30 ST, equipped with side-entry double-tilt goniometer (25725°)

acceleration voltage 300kV

maximal magnification 620'000x (screen)

focal length 2 0mm, finest focus step 1 81 nm

spherical abberation constant cs=l 1mm

resolution limit Armin=0 19nm

2.4.2.2 Ion mill for preparation of TEM specimens

For specimen preparation by ion-etching, the following instrument was used

- Gatan Duo Mill Model 600 CTMP

acceleration voltage 2-10kV

current 0-2mA, etching angle 10-40°, Ar gas

2.4.2.3 Computer for simulations

- Silicon Graphics Indigo 2 work station

- Software EMS-program, designed by P Stadelmann, EPF Lausanne [2 4 3]
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3 Results

3.1 Crystal structures of FeSi and FeSi2 films on Si(lll) wafers

3.1.1 Iron silicides

3.1.1.1 Introduction

The formation of silicides on silicon substrates is of considerable interest for basic

research on the epitaxial growth and the geometnc as well as the electronic structure of

the deposited films Large efforts have been made dunng the last years in view of

possible technological applications in the future such as the development of micro- and

optoelectronic devices on silicon Many silicides such as CoSi2, NiSi2, CrSi2 and p-

FeSi2 can be grown epitaxially on silicon substrates For the growth process of these

matenals several techniques are used The simplest method to produce silicides is the

so-called solid phase epitaxy (SPE) In this technique the metal is deposited at room

temperature onto the silicon substrate Subsequently, the specimen is annealed, and the

silicide is formed dunng this additional treatment This growth process requires strong

diffusion of silicon into the metal film or vice versa By evaporating the metal on a

heated substrate, post growth annealing is no longer necessary In this method, which is

called reactive deposition epitaxy (RDE), the silicide is formed dunng the evaporation

process Molecular beam epitaxy (MBE, see chapter 2 1) makes use of coevaporatmg

silicon and metal Thereby the required stoichiometry can be adjusted dunng the

deposition process independent of the substrate temperature For example, using the

MBE technique, it is possible to directly form the disihcide without first passing through

the monosihcide phase Besides, several combinations of these growth techniques are

often used In the so-called "template"-method (see chapter 2 13), a film with a

thickness of only a few monolayers is grown by SPE in a first step Subsequently, MBE

is used to deposit epitaxial silicide films with the desired thickness Epitaxial silicide

films can also be formed by metal implantation using the ion beam synthesis technique

In this procedure a high dose ion beam is used for the implantation of the metal into the

silicon substrate

For all these techniques the formation of epitaxial silicide films of high crystal quality is

not ascertained a pnon The quality of the films will be better for silicides whose

structure and cubic lattice parameter differ only little from the diamond structure of the

silicon substrate (figure 3 11) Since silicon has a lattice parameter of 0 543nm, sihcon-

nch phases such as NiSi2 and CoSi2 (which have a cubic CaF2-structure and lattice

parameters of 0 541nm and 0 537nm, respectively) have been promising candidates for
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epitaxial growth on silicon substrates Therefore the first investigations of epitaxial

growth of silicides were made with the N1-S1 and the Co-Si systems [3 11] By now the

formation of epitaxial nickel- and cobalt-sihcides is well-understood, and NiSij and

CoSi2 films and their interfaces to silicon are often used as model systems In general,

silicides have a more complex crystal structure than that of silicon Recently, the

research in this field has focussed on the growth of epitaxial iron silicides In this

research the orthorhombic P-FeSi2 phase is of special interest because it is a

semiconductor with a band gap in the near-infrared region Almough it has a rather

complex crystal structure, beta-iron disihcide has been considered a promising matenal

for the development of new heterostructures and optoelectronic devices such as infrared

detectors applicable m silicon technology, provided that epitaxy with high crystal

quality of the silicide on silicon substrates can be reached

Epitaxial iron silicides on Si(lll) substrates grown by MBE have been investigated by

transmission electron microscopy (TEM), and the results are descnbed in this chapter

Besides the semiconducting P-FeSi2 phase, metallic phases are also discussed

Especially the unexpected formation of a novel self-orgamzmg layered structure related

to the phase-transformation to the bulk-stable monosihcide is descnbed

Fig. 3.1.1 Silicon is tetrahedrally coordinated, has the cubic diamond structure and

a lattice parameter of 0 5426nm (left) In the [110]-direction (approximately shown on

the right), the silicon atoms are stacked in columns Because of the rather large spacings

between the different columns, the [ 110]-onentation is often used for HRTEM studies
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3.1.1.2 Structures and physical properties

An important iron sihcide-phase, the semiconducting p-FeSi2, has already been

mentioned in the introduction In the bulk phase diagram [3 1 2] P-FeSi2 is the only

stable iron disihcide at room temperature It has an orthorhombic crystal structure

(a=0 9863nm, b=0 7791nm, c=0 7833nm), with the space group Cmca [3 1 3] and 48

atoms per unit cell This semiconductor matenal has an indirect band gap and, slightly

above, a band gap of 0 89eV, which previously has been thought to be direct ([3 1 4]-

[3 1 6], [3 1 17]) This energy corresponds to a wave length of 1 39u.m Because of that

band gap, P-FeSi2 has been regarded as a promising matenal for the development of

near-infrared detectors and perhaps even for light emitters

By contrast, the so-called a-FeSi2 is metallic Its tetragonal lattice (a=b=0 2695nm,

c=0 5090nm) has space group P4/mmm ([3 1 7], see figure 3 1 2) This phase is stable

only at temperatures above 950°C For temperatures below 950°C the ct-FeSi2

transforms to P-FeSi2 which is stable at room temperature By rapid quenching, a-FeSi2

can, however, occur in a metastable form at room temperatue

The formation of the semiconducting P-FeSi2 phase on silicon substrates in expenments

using different growth techniques has been extensively investigated because of the

prospects of possible future technological applications Several epitaxial onentation

relationships between the silicide film and the Si(100) substrate (see [3 1 8]- [3 1 11])

and the Si(l 11) substrate ([3 1 12]- [3 1 14]) were reported

a- and P-FeSi2 are not the only iron-disilicide phases which have been observed on

Si( 111) substrate An additional metastable phase with the CaF2-structure, the so-called

y-FeSi2, was also observed ([3 1 15], [3 1 16]) One unit cell of this structure is shown in

figure 3 1 3 This phase has to be mentioned not only because of its structure, but also

because of the fact that this phase does not appear in the bulk phase diagram This is

intriguing, since for the silicides formed from elements to the nght of Fe in the penodic

table, CoSij and NiSi2, the CaF2-structure is the bulk stable structure It is therefore

interesting to understand why the complicated orthorhombic structure is more

favourable for FeSi2 In order to obtain information about the electronic structures of

these two phases, band-structure calculations have been earned out for P-FeSi2 and for

y-FeSi2 [3 1 17] In this theoretical study it was found that for the iron-disilicide with the

CaF2-stmcture a sharp peak occurs in the density of states at the Fermi level which is

due to iron d-states As a result of this, the metallic y-FeSi2 phase is electronically very

unstable Electronic energy can be gained by distorting the cubic lattice The DOS peak

at Ep is thereby eliminated, and a gap is opened up This distortion leads to the

orthorhombic unit cell of P-FeSi2, which has the electronic properties of a

semiconductor with a nearly direct band gap In epitaxial growth y-FeSi2 can be formed
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only in very thin films. Continuous y-FeSi2 films with a mickness of 20 Angstroms

could be deposited on a Si(lll) substrate by MBE, what indicates that the silicon

substrate stabilizes the y-FeSi2 phase. During the annealing stage a phase-transformation

of the metallic y-FeSi2 films to the semiconducting P-FeSi2 was observed ([3.1.15],

[3.1.16]). The latter can be distinguished from the cubic y-phase by in situ RHEED

measurements or by TEM investigations.

Fig. 3.1.2 Crystal structure of o-FeSi2. Fig. 3.1.3 Crystal structure of y-FeSi2.

Besides the y-FeSi2 phase another metastable silicide phase was obtained on Si(lll)

substrates. In reference [3.1.18] the formation of an iron-monosilicide with the CsCl-

structure was reported. For thicknesses below 2nm FeSi-films with CsCl-structure were

found to transform to FeSi2 during annealing. Such FeSii+x (0Sx<l) films with the so-

called CsCl-type defect structure are formed by the introduction of Fe-vacancies into the

CsCl lattice. One unit cell of the CsCl-type FeSi is shown in figure 3.1.4.

By annealing thick FeSi films a transformation to e-FeSi is observed. The £-FeSi phase

is the bulk-stable monosilicide in the Fe-Si phase diagram. It has a cubic unit cell

(lattice parameter 0.4489nm) and space group P2i3 [3.1.19].

The structures and properties of all the different Fe-Si phases are summarized in the

following table.
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Fig. 3.1.4 Unit cell of the metastable (CsCl)-FeSi.

phase structure

space group

lattice

parameter

remarks

a-FeSi, tetragonal

P4/mmm

a=b=2.695 A

c=5.090A

metallic

stable (>950°C)

P-FeSi, orthorhombic

Cmea

a=9.863A

b=7.79lA

c=7.833A

semiconducting

stable (<950°C)

y-FeSi, CaF2 (cubic)

Fm3m

a=b=c=5.426 A metallic

metastable

e-FeSi simple cubic

P2,3

a=b=c=4.489A semiconducting

stable

FeSi,„(0<xSl) CsCl (cubic)

Pm3m

a=b=c=2.710A metallic

metastable

Table 3.1.1 Structures and properties of the different Fe-Si phases.
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3.1.2 Film with stoichiometry near Fe:Si=l:2

3.1.2.1 Overview

FeSi2 films deposited by MBE on Si(l 11) substrates kept below 100°C nucleate in the

defect CsCl structure in a metastable state ([3 1 18], [3 1 20]) By subsequent annealing,

the phase-transition to the semiconducting P-FeSi2 can be induced This transition is

very sensitive to kinetic factors, especially to the stoichiometry of the initial deposit as

well as to the temperature at which the transformation occurs A film with a thickness of

3 5nm and with a stoichiometry varying laterally around Fe Si=l 2 was grown in order

to investigate the resulting phases and onentation-relationships after the phase-

transition This was achieved in practice by turning off the substrate rotation for the

wafer (#7016) dunng the deposition process in the MBE chamber For this vanant of the

procedure the formation of P-FeSi2 in (100)- and (001)-onentations, respectively, should

be favoured in the iron nch region of the wafer, according to previous expenments The

control of the formation of these orientations is of technological interest, since only

when the P-phase is present in these orientations, grains with sizes of several microns

useful for applications will grow Previous investigations (ref [3 121]) have shown that

these expectations have been fulfilled Grains with the desired P-FeSi2-onentations

indeed dominate in the iron-rich region of the wafer, whereas in the direction towards

the silicon-gun the CsCl defect structure predominates Before descnbing the

experiments mentioned above, a few important features of the phase-transition of defect

(CsCl) FeSi2 to P-FeSi2 are summanzed

Scanning tunneling microscopy (STM) was applied along with the present electron-

microscopic study to investigate the temperature-induced phase-transition ([3 1 22],

[3 1 23]) Therefore, Fe-Si films with thicknesses between lnm and 30nm were

deposited by MBE For all coevaporation ratios between 1 1 and 1 2 for Fe and Si, the

as-grown silicide film was found to be present with the CsCl structure Thus the

metastable defect FeSii+x phase (0<x<l) is formed By annealing these samples at

temperatures above 400°C, the crystal quality of the films decreased drastically STM

profiles showed the formation of a long-range surface waviness on a lateral lOnm scale

The amplitude exceeded above 0 2nm for films with a thickness of 4nm As a result, the

bulk of these silicide films contained inhomogeneities and lateral strain vanations On

the other hand, the surface was still well-ordered, showing the hexagonal 2x2-

reconstruction which remained unaffected by the large-scale waviness

The observed strain vanations can be explained by taking into account the structural

properties of the deposited films Assuming that the iron atoms of the defect CsCl phase
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occupy only every second (111) plane, the y-FeSi2 phase with CaF2 structure is formed

On the other hand, the P-FeSi2 structure results from a lattice distortion of the y-phase

(see chapter 3 112) Thus the defect CsCl phase is structurally closely related to the P-

FeSi2 phase, since the P-FeSi2(101) planes correspond to the y-FeSi2(lll) planes The

strain vanations observed in STM investigations of these specimens can therefore be

interpreted as a local lattice distortion of the cubic CsCl phase changing the crystal

geometry in the direction towards the orthorhombic p-phase, before the phase

transformation actually sets in This interpretation was confirmed by observing grains of

the y-FeSi2 phase in the intermediate region of the wafer #7016 (see the following

chapter 3 12 3) Since the phase-transition to the bulk-stable p-phase sets in at lower

temperatures for thicker silicide films, this interpretation additionally renders an

explanation for the increasing waviness when the film-thickness is increased

The phase-transition is very sensitive to the stoichiometry of the deposited samples On

films grown with the precise stoichiometry Fe Si=l 2, the transition occurred together

with the formation of small P-FeSi2 grains with diameters well below lOOnm in the

matrix of the cubic defect CsCl phase The epitaxial onentations of these grains were

determined to be p-FeSi2(101) 11 Si(l 11) and P(l 10) 11 Si(l 11) They were detected m all

three equivalent onentations on the Si(lll)-substrate (compare reference [3 122])

These orientation relationships were also reported for MBE grown samples in [3 1 24]

and for silicide films grown by SPE [3 1 25]

When the phase-transformation was induced at higher temperatures, the diameters of the

grains did not increase Instead, a higher density of grams was observed until, finally,

granular P-FeSi2 films were obtained Preparations with iron-nch initial silicide films

(FeSi=l 1 5), annealed at 480-500°C, lead to a completely different morphology

Grains with diameters of 6um, consisting of P-FeSi2(001) and P-FeSi2(100)| |Si(lll),

were reported from such preparations [3 1 23]

The experiments using the wafer #7016 were earned out in order to corroborate the

earlier suggestion that these epitaxial orientations are also favoured in preparations with

a slightly iron-nch stoichiometry In the following paragraph the TEM results on the

iron rich part of this specially prepared wafer are discussed Subsequently, the

investigations of the center region will be reported, and finally the crystal structures in

the slightly silicon-rich part will be descnbed
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3.1.2.2 Iron rich region

SAED patterns obtained on samples taken from the iron-nch part of the wafer #7016

showed that a slightly increased amount of Fe lead to the preferential formation of the

(100)- and the (OOl)-onentations The epitaxial orientations were determined to be

P-FeSi2(100) 11 Si(l 11), with either P-FeSi2[010]- or P-FeSi2[001] 11 Si[l 12]

and

P-FeSi2(001)| |Si(lll),withP-FeSi2[100]| |Si[112]

The corresponding diffraction patterns along the Si[lll] zone axis are presented in

figures 3 1 5a and b, respectively The (OOl)-onentation was also reported for buried P-

FeSi2 films grown by ion beam synthesis [3 1 26], whereas for SPE-grown samples it

did not occur [3 1 25] Both the grain size and the frequency of these onentations were

measured using darkfield images of these samples It was found that both of these p-

FeSi2 orientations were present m nearly rectangular grains with diameters of 3-5um

The statistics showed that about 50% of the area in the iron-nch region was covered by

P-FeSi2(001), while about 40% consisted of the (lOO)-onentation [3 1 21] The grains

occurred in all three equivalent orientations allowed by the threefold symmetry on the

Si(lll) substrate This could be concluded from the Moire-fnnges formed on TEM

brightfield images For the equivalent onentations the fnnges intersect at an angle of

120°, and several grain boundanes at which these three directions of the fringes

coincided could be observed on TEM images Besides, these TEM investigations

confirmed that the silicide film covered the whole area, no silicide islands or even holes

in the film were detected Therefore the gram size is limited only by the density with

which the three equivalent orientations have nucleated

The high crystal quality of the grains is demonstrated by the HRTEM cross-section

micrograph shown in figure 3 1 6, which shows a portion of a P-FeSi2(001) grain The

surface morphology is smooth, and neither at the surface nor at the substrate-sihcide

interface any atomic steps were detected This epitaxial orientation results m a relatively

small geometric misfit of -1 2% along Si[112] and 1 4% along Si[011] which might

compensate for the unfavourable atomic arrangement at the substrate-sihcide interface

Besides the two P-FeSi2 orientation relationships mentioned above, the following third

one was detected P-FeSi2(100)| |Si(lll), with f3-FeSi2[014]| |Si[l 12] A SAED

pattern is shown in figure 3 1 7 Compared to the SAED pattern of figure 3 1 5a, the

grid of the silicide spots is rotated by 14° around the Si[lll] zone-axis This epitaxial

onentation covered about 10% of the surface m the iron-rich part of wafer #7016
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Fig. 3.1.5 Election diffraction patterns of

(a) p-FeSi2(100)||Si(lll)

(b) P-FeSi2(001)l|Si(lll)

taken along Si[l 11] The bright spots arranged with sixfold symmetry

are the Si {022} spots
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Fig. 3.1.6 HRTEM cioss-section miciograph of (OOl)-onented P-FeSi2 on Si(l 11)

The insert shows the diffraction pattern of the silicide, obtained along the

[011]-direction of the silicon substrate The calculated image-contrast of

this sihcide-onentation is shown in figure 2 3 5

Fig. 3.1.7 Diffraction pattern of (100)-onented P-FeSi2 on Si(l 11),

with P-FeSi2[014]j [Si[112]
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3.1.2.3 Intermediate region

Electron diffraction patterns obtained on plan-view samples from the central region of

wafer #7016 revealed that P-FeSi2 occunng in the (100)- and the (OOl)-onentation was

still the dominant phase Their portion slightly decreased, the statistics had shown that

each of these orientations covered about 30% of the sample surface The diameter of the

individual grains was still about 3-5|im Thus the density of the nucleation centers of the

P-phase remained unchanged for slightly lower iron concentration The P-FeSi2(100)-

onentation, rotated by 14° around Si[lll] (figure 3 1 7), was also present, contributing

approximately 10% of the surface

Besides these orientations of the P-phase, the defect CsCl phase was found to cover

30% of the sample surface in the center region of the wafer For this phase it was not

possible to estimate the gram size, since the defect CsCl phase did not form a Moir6

fringe pattern on the silicon substrate Darkfield images could also not be used for this

purpose, because the diffraction pattern of this silicide phase and that of the Si(lll)

substrate overlap exactly

The crystal structure in the matrix of the defect CsCl phase was found to be more

complex in the intermediate region of the wafer Dark contrast on TEM brightfield

images, forming very small grains (with diameters well below 50nm), was attributed to

P-FeSi2 in (101)- and (llO)-onentations This information was extracted from STM

topographs (compare reference [3 1 23]), since these grains were too small for

diffraction investigations by TEM

SAED patterns from the region of the defect CsCl phase matrix revealed a new

orientation relationship of a silicide phase The corresponding diffraction pattern (figure

3 1 8, middle) shows a spot-pattern with sixfold symmetry equal to that of the Si(l 11)-

substrate, but rotated by 22° around the Si[l 11] zone-axis The extension of the grains

with this orientation relationship was investigated using the darkfield technique Such

grains invariably occured in groups, and their diameters were in the range of 10-50nm

(see figure 3 19) From the features seen in the plan-view diffraction pattern it was

assumed that either the CsCl FeSi2-phase or the y-phase was present in this unusual

epitaxial orientation The presence of the cc-phase or even of the e-phase could be

excluded from the measurements of distances in the diffraction pattern In order to

corroborate the assumption that it was a cubic phase with the same lattice parameter as

that of silicon, the specimen was tilted along a <022> direction of the silicide This was

carried out by obtaining the compound diffraction patterns from a group of grains, since

a single gram was too small to give sufficiently strong diffraction intensity
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The resulting tiltmg-senes is shown in figure 3 1 8 By tilting 10 0° around a <022>

direction of the silicide structure the spots of a [211]-onentation of a cubic phase

appeared in addition to the [211]-onented diffraction pattern of the silicon substrate

Going back to the [11 l]-onented diffraction pattern of the sample and tilting by 19 5° in

the opposite direction, the [233]-onentend diffraction pattern of a cubic structure with

the same lattice parameter as that of Si was observed Thus, diffraction patterns in three

different orientations were obtained, all of which showed this new orientation

relationship, and they all indicated either the presence of the defect CsCl phase or of the

y-FeSi2 in this very uncommon orientation The atomic arrangement at the substrate-

sihcide interface for this orientation relationship could not yet be understood

Since the y-phase is structurally closely related to the defect CsCl phase, both these

phases were assumed to be present in the center region of wafer #7016 This could be

confirmed only by interpreting HRTEM cross-section micrographs Small grains of y-

FeSi2 were indeed found in the matrix of the silicide with CsCl structure In figure

3 110a HRTEM cross-section of such a y-FeSi2 grain is shown The diffraction pattern

as well as the calculated image contrast confirmed the presence of the y-phase The

image contrast of this phase and especially that of the substrate-sihcide interface is

discussed in detail in reference [3 1 28] The HRTEM micrographs indicated that the y-

phase occurred only in small grains, with diameters between 10-20nm These were

sui rounded by the defect CsCl phase which has a distinct contrast pattern in HRTEM

images as well as on diffraction patterns, as shown in figure 3 111 The observation of

the y-phase was very difficult, since the y-FeSi2 transformed to the more stable defect

CsCl phase under irradation from the high-energy electron beam m the TEM

3.1.2.4 Region with slightly lower iron concentration

The specially prepared wafer was not rotated during the growth process, and therefore

the part of the substrate which was located above the silicon gun received a slightly

higher amount of Si than the rest Therefore in this region a silicide film with

stoichiometry Fe Si=l 2, i e with slightly lower iron concentration, was deposited

Brightfield TEM images taken of plan-view samples of this region did not show any

grains forming Moir6 fringes This implied that the P-phase was absent here Electron

diffraction patterns obtained on these samples revealed that only the y-phase or the

defect CsCl phase occurred in that region Additional HRTEM cross-section

investigations confirmed the presence of the defect CsCl phase, whereas the existence of

the y-FeSi2 phase could be excluded
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Fig. 3.1.8 Election diffraction

patterns obtained from the new

onentation relationship Three stages of

tilting aiound <022> are shown,

indicating that a cubic phase nucleated

in an onentation rotated by 22° around

the Si[l 11] axis

Fig. 3.1.9 Darkfield image of

giains in the same orientation

relationship as seen in the diffraction

pattern in figure 3 1 8, center

"*"""33JBMBL

[233]



54

£t-t£&..
oossntu
*-* i-* *\ ***>,*

(iiiiiiititH

Vf/Mlfj. V
i/IHIIIII'"

• /< //l « , > * -

•I't;]>'

tftX

>>i>tt tilti

'.* *.'.v.'."//'

!;lijj jjh
'hW/llil

Fig. 3.1.10 HRTEM cross-section micrograph of y-FeSi2 and the corresponding

calculated image contrast, shown as insert. The electron diffraction pattern, taken along

the [011]-direction of the Si substrate, reveals the spot pattern of a silicide structure with

CaF2 symmetry. The silicide spots are indexed according to a cubic unit cell having the

silicon lattice parameter.

Fig. 3.1.11 HRTEM cross-section micrograph of FeSi2 having the defect CsCl

structure, together with the corresponding calculated image contrast. The diffraction

pattern of the silicide has the symmetry equal to that of the CsCl structure Therefore the

spots with odd (hkl) are absent.
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3.1.2.5 Summary

A wafer with slightly varying composition near an average stoichiometry Fe Si=l 2 was

investigated The phase transition from the defect CsCl phase to P-FeSi2 was induced by

annealing the as-grown film The results summanzed in table 3 12 confirmed that this

phase transition is very sensitive to the stoichiometry of the deposited silicide

iron-rich

region 1

intermediate

region 2

iron-poor
region 3

P(001) 50% 30% -

P(100) 40% 30% -

P(100),14° 10% 10% .

y-FeSi2 - X .

(CsCl) FeSi2 - 30% 100%

Table 3.1.2 Phase distnbution on wafer #7016

Explanations - not present

x phase occurnng as small grains

The slightly higher amount of iron in region 1 favoured the formation of the P-phase in

(100)- and (OOl)-onentations The individual grains had diameters in the range of 3-

5um By contrast, in region 3, having a relatively lower amount of iron, the P-FeSi2

phase was completely displaced by the defect CsCl phase In the intermediate region 2,

three phases coexisted Grains of P-FeSi2, having about the same size as in region 1,

were found besides the defect CsCl phase The presence of small y-FeSi2 grains in the

center region indicated small lattice distortions of the defect CsCl phase changing the

lattice towards that of the P-phase before the commencement of the phase-transition

This has previously already been concluded from STM measurements in reference

[3 1 23] Additionally, in the center region small grains of a so far unobserved

onentation relationship of either the defect CsCl phase or the y-phase to the silicon

substrate was found, revealing complexities in the crystal structure of the silicide film in

the intermediate region
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3.1.3 Formation of p-FeSi2 islands

Thin FeSi2 films can be stabilized on a Si(lll) substrate in a metastable state, having

the defect CsCl structure. The transition to the bulk-stable P-phase can be induced

subsequently by an additional annealing treatment. In this paragraph, the growth-mode

of the P-FeSi2 grains produced in this way is analysed in more detail.

A poorly lattice-matched system, such as P-FeSi2(100)| |Si(lll), has an atomic

arrangement at the substrate-film interface which inhibits the formation of a

crystallographically coherent phase boundary. When this system is grown by epitaxy,

the disihcide film will relax its elastic strain by forming three-dimensional islands.

Therefore either the Volmer-Weber type- or the Stranski-Krastanov type of growth is

observed.

(a)

(b)

Fig. 3.1.12 Schematic representation of epitaxial growth in

(a) Volmer-Weber type (three-dimensional island growth)

(b) Stranski-Krastanov type (island formation after layer-by-layer

growth)

Several previous publications have reported a strong tendency towards the formation of

structurally relaxed islands for iron disilicides on silicon substrates ([3.1.8], [3.1.11],

[3.1.29]- [3.1.34]). In the present study, the formation of P-FeSi2 islands has been

structurally characterized by TEM. For these investigations samples were prepared

which had a thin silicide film (2nm) and other samples which had a relatively thick film

(250nm). Both types of samples were deposited by MBE on Si( 111) substrates.
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3.1.3.1 Islands on thin films

Investigations of the growth-mode of p-FeSi2 are important for improving the quality of

the silicide films as well as for enhancing the size of the individual grains. SAED

patterns from plan-view samples revealed that the thin films mainly consisted of p-FeSi2

having the following orientation relative to the silicon substrate: (3-FeSi2(100) | |Si(lll).

In addition, a small portion of fJ-FeSi2(001) I ISi(l 11) was observed. Darkfield images

showed that the iron disihcide formed islands with holes and interspersed pinholes.

Fig. 3.1.13 TEM darkfield plan-view image of a p-FeSi2(100) island on Si(lll)

(sample #7005). On the silicide, the Moire-frmges are clearly visible. Notice the straight

outlines of the holes in the P-FeSi2 island (seen as dark contrast) as well as the dark

spots corresponding to pinholes.

In many cases the different islands of the silicide, having equivalent onentations with

respect to the threefold symmetry of the Si(l 11) substrate, were found to be separated

from each other by a border region with a width of about lOOnm which was not covered

with silicide. High-resolution images taken in cross-section (figure 3.1.14) confirm the

existence of the typical island texture of the silicide. The islands usually dip into the

substrate so that only one half of the height of the island extends above the substrate
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surface. This phenomen is typical for thin iron silicide layers, and it is also observed on

Si(100) substrates [3.1.11]. It can only partly be explained by diffusion of silicon atoms

originating from the substrate. Since the uncertainty in the stoichiometry is relatively

small, the assumption of a horizontal mass transport during the deposition process can

account for the observed island morphology.

In cross-section HRTEM samples, the top monolayers of the silicides have been found

to be amorphous. On the basis of investigations on plan-view samples and on cross-

sections prepared by cleaving the specimen, it could be shown that this was an artefact

caused by the ion-etching process.

Fig. 3.1.14 High-resolution TEM image of a P-FeSi2(100) island taken in cross-

section. The silicide island dips into the substrate with a depth of half

of its thickness.

Figure 3.1.13 shows that the silicide island was mainly bordered by straight lines, and

nearly all the boundaries of the holes form straight lines which intersect at angles of 45°

and 90°. Since no 120° angles were observed, it can be concluded that specific crystal

planes of the silicide form the boundaries of the islands and of these holes. This was

confirmed by comparing the diffraction pattern to the well-oriented darkfield

micrograph, thus taking into account the image rotation. It can be recognized in figure

3.1.15 that all the boundaries are parallel to the p-FeSi2<004>- and <044>-directions.

Therefore the corresponding crystal planes (001), (010) and (011) form the sharp and

straight borderwalls of the islands as well as of these holes.
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Fig. 3.1.15 Darkfield image and well-oriented diffraction pattern The border lines of

the holes are parallel to the p-FeSi2[004]- and [044]-directions, respectively

3.1.3.2 Twin formation in thick FeSi2 films

The quality of a silicide film and specially the size of the individual grains is drastically

lowered when twin formation is present Therefore the twin formation was studied more

precisely on an appropnate sample, an iron disihcide film with a thickness of 250nm

The plan-view brightfield micrograph shown in figure 3 116 shows the island texture

formed in such a FeSi2 film Due to the large film thickness the different islands are here

grown together, and a texture with grains having diameters of about 200nm is

recognized No more Moire-fringes were visible on brightfield images, since for the film

thickness chosen here no substrate below the silicide was present in the regions

transparent for the electron beam Cross-section TEM micrographs revealed an average

surface roughness of about 20nm on a lateral scale of 200-300nm This indicated a

three-dimensional growth mode of the entire silicide film
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Fig. 3 1.16 TEM brightfield image of a FeSi2 film with a thickness of 250nm,

prepared in plan view orientation (sample #7014) This brightfield image was similar to

that of figure 2 in reference [3 1 35]

Plan view SAED patterns of this specimen showed that most of the individual grains

consisted of P-FeSi2(100) only The diffraction pattern of a single grain is shown in

figure 3 1 17 on the left (When compared to figure 3 1 5a the spots of the Si(lll)

substrate are found to be missing) This diffraction pattern as well as the calculated

SAED pattern (shown on the right) confirmed the absence of the (010) spot Due to the

missing (010) spot the diffiaction pattern shows twofold symmetry

Fig. 3.1.17 SAED pattern (left) and corresponding calculated spot pattern (right) for

P-FeSi2(100) Since the (010) spot is absent the patterns show twofold symmetry
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(a) (b) (c)

Fig. 3.1.18 SAD patterns (a) and (b) show the twin orientation relationship between

two different P-FeSi2(100) grains. The diffraction pattern of a larger area including

several grains (c) is seen to consist of the sets of spots corresponding to both twin

orientations.

In the orthorhombic p-FeSi2 unit cell the b- and c-axis differ only by about 0.5%, and

twin formation has been observed in this relatively thick silicide film. Therefore the

individual grains have either of the two possible 90°-twin orientations (figure 3.1.18a

and b). SAED patterns obtained from areas containing several grains, however, showed

the diffraction spots of both twin orientations (figure 3.1.18c). As a result of the

symmetry of the Si(l 11) substrate, this type of twin formation was observed in all three

equivalent orientations. Besides these twins, a few grains having the p-FeSi2(001)-

onentation were also detected.
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3.1.4 Self-organized layered structure in epitaxially stabilized FeSi

In this chapter an unexpected, novel layered structure in thick FeSi films is described,

which occurred spontaneously in the film and was not intentionally produced by the

deposition process. FeSi films can be grown epitaxially on Si(lll) substrates by MBE

in the CsCl-type structure [3.1.18]. The silicide grows in the (lll)-orientation type B,

and with a lattice mismatch of 2% with respect to the silicon substrate. Above the

critical thickness of lOnm partial strain relaxation sets in [3.1.36]. Cross-section TEM

micrographs, obtained from a FeSi film with a thickness of about lOOnm, unexpectedly

reveal the formation of a layered structure. When the sample is annealed, the structural

transformation to the bulk stable e-FeSi phase proceeds in such a way that both the

layered interior structure as well as the surprisingly sharp interfaces between the layers

are preserved [3.1.39].

In this paragraph, the results of the TEM investigations and those of conversion electron

Mossbauer spectroscopy (CEMS) on samples with this novel layered structure are

discussed, and the structural state of the sample, interpreted as an early stage of a phase

transition, will be described.

3.1.4.1 As-grown sample

A FeSi film with a thickness of 108nm having the epitaxially stabilized CsCl-type

structure was grown in the MBE-system by stoichiometric co-deposition of Fe and Si

near room temperature on a Si(lll) substrate. In order to obtain an insight into the

microstructure of the sample, cross-section specimens for TEM investigations were

prepared. The brightfield image shown in figure 3.1.19 has been obtained from a

cleaved specimen of the as-grown silicide film. This as-grown film consists of four

layers having nearly equal thickness of about 27nm. They all have identical selected area

electron diffraction patterns as is typical for CsCl-type FeSi having the usual type B

orientation relation ([3.1.39], [3.1.40]). These SAED patterns are shown in figures

3.1.21a and b, where pattern a also shows the diffraction spots from the silicon

substrate. Since strain relaxation sets in if the film exceeds a thickness of about lOnm,

lattice distortions must be present which may result in the observed contrast between

seemingly identical layers. However, these distortions are too small to become visible in

SAED patterns or on HRTEM micrographs.

In reference [3.1.36] it has been suggested that homogeneously dispersed nanograins of

the e-FeSi phase are present in the silicide film. In this reference it has been proposed

that this nanophase configuration acts as a seed for the transition to the bulk stable e-
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FeSi phase induced by annealing [3.1.36], By contrast, studies of the same sample using

CEMS did not show any evidence for the presence of the e-phase [3.1.37]. This result is

in agreement with the finding that the phase transition to the bulk stable e-phase is

kinetically suppressed for temperatures below 200°C and for film thicknesses up to

lOOnm [3.1.38].

(CsCl) FeSi

L2 FeSi

(CsCl) FeSi

(CsCi) FeS

Si(l 11) substrau

2r -

'.i

Fig. 3.1.19 Cross-section TEM mictograph of the as-grown sample #7021.

The four visible layers show the same SAED pattern of the type B

(CsCl) FeSi-structure (see figures 3.1.21a and b). The third layer consists

of the distorted L2 FeSi-phase, as indicated by Mossbauer spectroscopy.

An explanation of the layer contrast recognized in the TEM micrographs has recently

been proposed on the basis of an analysis of CEMS data [3.1.39]. Since the CsCl-type

FeSi structure has a simple-cubic lattice with Fe at the origin and Si at the body center

of the unit cell, the electric field gradient (EFG) is zero. Therefore, no quadrupole

splitting is expected for this structure, and a single line should be observed in the

Mossbauer spectrum of this sample. However, the measured spectrum showed a doublet

characterized by a small quadrupole interaction (LI) which decreased with increasing

film thickness. For films with thicknesses above 7nm, an additional doublet (L2) with

an almost constant splitting as a function of the film thickness has been observed. This

doublet (L2) is not consistent with any other known silicide phase [3.1.39].
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The Mossbauer spectrum of the as-grown sample #7021 can be explained in the

following way [3 1 39] Films thinner then about lOnm are coherently strained to the

silicon substrate lattice resulting in an average trigonal distortion of 3 3% Above this

thickness, partial relaxation is obtained [3 1 36] Due to the trigonal distortion of the

silicide the eight Si atoms surrounding every Fe atom are no longer equivalent, and

consequently a small EFG along the <11 Indirections is observed The resulting doublet

(LI), representing 65% of the spectral area in the as-grown sample #7021, must

therefore be related to the local trigonal distortion The quadrupole splitting is very

small because the tngonal strain is relaxed to a large extent

In order to explain the large fraction (35%) of spectral area from the additional doublet

(L2), annealing experiments have been carried out with the as-grown silicide film The

Mossbauer spectra obtained from annealed samples showed the doublet (LI) due to

partially relaxed CsCl-type FeSi, the additional doublet (L2) as well as a third

quadrupole doublet (L3), which is consistent with the assumption that the bulk stable e-

FeSi phase is also present In [3 1 39], the origin of the L2-doublet is associated with the

presence of a new phase, denoted the L2-type FeSi structure From simulations of the

CEMS spectra it was concluded that this new L2 FeSi-phase originates from the CsCl-

type FeSi structure by small distortions along the <11 Indirections Four Si-atoms get

closer to the central Fe-atom, whereas the remaining four Si-atoms are pushed further

apart The tendency is therefore a change from cubic to tetrahedral coordination around

the Fe-atoms Because of the rather high depth resolution of the CEMS technique, it can

be concluded from these data (compare ref [3 1 39]) that the third layer of the as-grown

sample consists of this new L2-type FeSi-phase, whereas the two layers below as well as

the top layer consist of partially relaxed CsCl-type FeSi (see figure 3 1 19)

The self-organization of the four layers which must be assumed on the basis of the

above observations in the as-grown sample is therefore related to a rather unusual

mechanism of strain relaxation through the additional formation of the new L2-type

FeSi-phase The mechanism which produces (and renders visible) the interface between

the first and the second layer as well as the ongin of the L2-type FeSi-phase are not yet

understood

In the following paragraph, the annealing expenments made on this sample and already

referred to above as well as the formation of the e-FeSi phase are discussed in detail
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3.1.4.2 Annealed sample

For a more complete understanding of the genesis of the complicated layered structure

described in the previous chapter, additional information could be expected from an

investigation of the early stages of the phase transition of the CsCl-type FeSi-structure

to the bulk stable e-FeSi phase. The silicide film of sample #7021 was therefore

repeatedly annealed for 15 minutes at increasingly higher temperatures up to 275°C. A

cross-section TEM micrograph of this annealed FeSi film is shown in figure 3.1.20.

Since the specimen was thinned down to electron transparency by ion etching, a wide

region of the sample is visible in this micrograph. It is a brightfield image in which it

can clearly be recognized from the image contrast that the annealed film consists of five

layers. The presence of layers showing bright image contrast and of layers with darker

contrast indicates that the phase transition to the bulk stable e-phase has started, but is

not yet completed. Astonishingly, the annealing procedure has left intact the layered

structure and also the sharp interfaces between the layers.

The required information about the structures and the orientation relationships of the

different layers could be obtained by using cross-section samples as well as a technically

highly developed electron microscope such as the Philips CM30 ST. By using the

smallest spot size of the TEM (spot 11, diameter approximately 30nm), it is possible to

illuminate only one layer of the structure which is visible in cross-section micrographs.

(Because of diffraction effects, the diameter of a selected area aperture cannot be made

sufficiently small.) Diffraction patterns from these small regions can then give

information about the structure of a single silicide layer visible on the XTEM

micrographs.

Fig. 3.1.20 Cross-section TEM micrograph of sample #7021, annealed to 275°C.

The film consists of five layers having very sharp interfaces
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The lowest layer (1) and the middle layer (3), which in figure 3.1.20 can be identified by

their relatively dark contrast, both render the characteristic diffraction pattern of the

CsCl-type FeSi structure in the usual (lll)-orientation. The corresponding SAED

patterns from layers 1 and 3 are shown in figures 3.1.21a and b, respectively. Layer 2

and the bright parts of layer 4 are composed of e-FeSi, with the orientation relation e-

FeSi (211) I I Si(l 11) and e-FeSi [231 ] 11 Si[011] (compare the diffraction pattern, figure

3.1.21c). In layer 4, grains of the CsCl-type FeSi structure have also been detected.

SAED patterns obtained from regions with uniformly dark contrast (compare figure

3.1.20) document the presence of this phase. However, the corresponding diffraction

pattern (figure 3.1.21d) indicates that the orientation of these grains differs as follows

from that found in layer 1: CsCl-type FeSi(211)| |Si(lll) with FeSi [011]| |Si[011]. In

further XTEM investigations, sharp grain boundaries between the e-phase and the CsCl-

type FeSi(211) grains have been observed inside layer 4 [3.1.40]. Figure 3.1.22a shows

an example of such an observation. Finally, the top layer 5 is mainly composed of the

CsCl-type FeSi structure which here is also present in the (lll)-orientation (figure

3.1.21b), together with a smaller amount of the e-FeSi (211) structure (figure 3.1.21c).

Again, sharp grain boundaries between these two phases can be recognized in cross-

section TEM images of the top layer 5, as is shown in figure 3.1.22b.

Since all the regions showing bright image contrast mark the relatively thin parts of the

TEM preparation, it can be concluded that the e-phase is less stable than the CsCl-type

FeSi phase under the ion bombardment which was applied as an etching-process in the

sample preparation.

Mossbauer spectra obtained from this annealed sample still contain the additional L2-

doublet mentioned above. However, its spectral area fraction has decreased from 35%

(as measured for the as-grown sample) to 25% for the annealed sample. The

combination of this result with the thicknesses of the different layers (as observed by

TEM) leads to the interpretation that layer 3 in the annealed sample consists of the

distorted L2-type FeSi-phase.
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oo (b)

Fig. 3.1.21 Election diffraction patterns, indicating the structure and onentation of

the different layers in sample #7021, annealed to 275°C

The bottom and the middle layers 1 and 3 have a diffraction pattern of CsCl-type

FeSi(lll)| |Si(lll), with FeSi [Oil] I |Si[0ll] This can be recognized on the SAED

pattems a and b, respectively, where pattern a also contains the spots from the substrate

Layer 2 and part of layer 4 are composed of the e-FeSi phase, with e-FeSi

(211)l|Si(lll) and e-FeSi [231] I |Si[0ll] The diffraction pattern which renders this

information is shown in c Additionally, in layei 4 CsCl-type FeSi(211)| |Si(lll) with

FeSi [Oil] | |Si[0ll] has been found (SAED pattern d)

The top layer 5 mainly consists of CsCl-type FeSi (111) and, additionally, a small

amount of e-FeSi in (211 )-onentation (see SAED pattern b and c)
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The comparison between the thicknesses of the layered structure obtained by cross-

section TEM images with the spectral area fractions measured by CEMS yields the

following consistent assignment of the layers to the different phases and orientation

relationships: The annealed sample consists of five layers. They are listed here in

accordance with the sequence in which they are arranged from bottom to top: 28nm

CsCl-type FeSi (111), 28nm e-FeSi (211), 22nm L2-type FeSi (111), 20nm CsCl-type

FeSi (211) + e-FeSi, and lOnm CsCl-type FeSi (111) + e-FeSi for the top layer. This

result is demonstrated in figure 3.1.23.

Since apparently the self-organizing process of separation of a number of structurally

and, in part, chemically different layers in a film (which is homogeneous on the electron

microscopic level of scale) is a subtle process critically dependent on the annealing

temperature, it has been of vital interest in the continuation of the investigations on

these phase separations to reassure beyond doubt that the annealing procedure which

formed these self-organizing layers is reproducible. It was then observed that with the

addition of further annealing steps, the amount of e-FeSi in the layers 4 and 5 had

increased.

By comparing the layered structure of the annealed sample to the structure of the as-

grown film, the following features of the phase transition could be recognized: The L2-

type phase (in layer 3) as well as the first CsCl-type FeSi layer (1) remained almost

unchanged during this early stage of the transformation of the CsCl-type FeSi structure

to the bulk stable e-phase. The TEM investigations as well as CEMS have shown that

upon annealing the partially relaxed CsCl-type FeSi layers are transformed first, and that

most likely the phase transition starts at the interfaces between the distorted L2-type

phase and the partially relaxed CsCl-type FeSi phase.

Only at even higher annealing temperatures the L2-type phase is also transformed to the

bulk stable e-phase. The sharp interfaces observed between the different layers may Be

due to the specific annealing treatment as well as to the lateral growth of the e-FeSi

phase.
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(a) (b)

Fig. 3.1.22 Cross section TEM micrographs of the annealed FeSi film of sample

#7021, showing details of the top layers 4 and 5 In (a), a sharp grain boundary between

the CsCl type FeSi (211) structure, showing daik image contrast, and the e-FeSi (211)

phase (bnght) can be recognized in layer 4 On micrograph (b), a grain boundary

between CsCl-type FeSi (ill) and the e-FeSi phase is seen in the top layer 5

s +(CsCl) FeSi (111)

s +(CsCl) FeSi (211)

L2FeSi(lll)

eFeSi(211)

(CsCl) FeSi (111)

Si (111) substrate

Fig. 3.1.23 Cross-section TEM micrograph of the annealed FeSi film The phases

and orientations as determined by TEM diffraction techniques (and compared to the

Mossbauer spectroscopy data) in the layer texture constituting the structure of the FeSi

film are labeled
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3.1.5 Discussion

In this chapter 3.1, results on several aspects of the formation of iron silicides on

Si(lll) substrates have been presented. The formation of the P-FeSi2 phase in (100)-

and (001)- orientations has been of special interest for future applications, because this

phase is a semiconductor with a nearly direct band gap.

Iron disilicides can be grown by MBE in a metastable state with the (CsCl) defect

structure. By annealing, the phase transition to the bulk stable p-phase may be induced.

Since this phase transition is very sensitive to the stoichiometry of the deposited film, it

was the aim of the present investigations to analyse by TEM the formation of the P-

phase for slightly varying stoichiometry near Fe:Si=l:2. For this purpose a specially

prepared wafer was used which was not rotated during the co-deposition process of Fe

and Si. The TEM observations revealed that in the slightly iron-rich region of this wafer

the metastable silicide film completely had transformed to the P-phase. The (100)- and

(OOl)-orientations dominated in this part of the wafer. Thus slightly iron-rich

stoichiometry favourably triggered the phase transformation and the formation of these

preferred orientations of the P-phase. Darkfield images had shown that these orientation

relationships formed grains with diameters of 3-5(tm. Although these grain sizes are still

too small for technological applications, they can already now serve for comparison to

the results achieved by the application of other growth techniques.

In reference [3.1.35] the formation of P-FeSi2 by ion beam synthesis (IBS) was reported.

With that technique the P-phase could also be synthesized in (100)- and (001)-

orientations. However, in this case the diameters of the individual grains were only

about 0.1 M.m or less. Additionally, cross-section HRTEM investigations confirmed that

the MBE-grown silicides had interfaces between the substrate and the film which were

smooth on an atomic scale compared to the rough interfaces of the silicide layers grown

by IBS. In the region with slightly lower iron concentration, the phase transformation

did not occur, so that only the defect (CsCl) FeSii+x phase (0<x<l) was detected by

TEM techniques. By contrast, three Fe-Si phases were found to coexist in the

intermediate region of the wafer. Besides the P-phase in the preferred orientations and

the defect CsCl-type FeSi phase, small grains of the y-phase in (lll)-orientation were

detected. Since these structures are closely related, the appearance of the y-phase in the

intermediate region was not unexpected. If the Fe-atoms in the defect CsCl-type phase

ordered with a scheme according to which only every second metal (111) plane was

occupied, the y-FeSi2-phase with the fluorite structure is formed. On the other hand, a

distortion of the cubic lattice of the y-phase leads to the formation of P-FeSi2 with the

orthorhombic unit cell. The presence of the y-phase therefore was taken as a
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confirmation that local lattice distortions of the cubic CsCl-type phase resulting in

structural changes towards the p-phase occur before the onset of the phase transition

These lattice distortions could be observed as strain contrast in STM measurements In

other studies, different additional epitaxial onentations of the P-phase were found In

disihcide films grown by reactive deposition epitaxy (RDE) as well as by solid phase

epitaxy (SPE), P-FeSi2 grains with the two onentation relations p-FeSi2(101)- and P-

FeSi2(110)| |Si(lll) were previously reported ([3 1 41]-[3 1 43]) In the MBE-grown

films used in the present study, these onentations could not be detected by TEM

methods

The formation of a gram texture in the p-FeSi2 films may be explained by the tendency

of this phase to form islands The TEM investigations gave direct evidence for the

island growth-mode of the P-phase During growth the size of the individual grains is

limited by the density of nucleation seeds On the Si(lll) substrate this density is

expected to be even higher, since the different islands can have one of die equivalent

orientations which are permitted by the threefold symmetry of the substrate In the case

of the P-FeSi2(100)-onentation, twin domains may additionally be formed Since the b-

and c-axis of the orthorhombic unit cell of the P-phase differ by less than 1%, both of

the two 90°-twin onentations can nucleate with equal probability With electron

diffraction patterns obtained from the individual grains, it could be shown that twins

were m fact formed Since the electron diffraction pattern from a single grain of P-

FeSi2(100) has twofold symmetry (due to the absence of the (010) spot), the 90°-twins

can easily be distinguished The diffraction patterns obtained from larger areas

(comprising several grains) consisted of spots originating from both twin orientations,

and the resulting SAED pattern showed fourfold symmetry

In [3 1 35], the SAED pattern of P-FeSi2(100) with fourfold symmetry was also

observed (compare figures 3 and 4 in reference [3 1 35]) In this reference it was

concluded that either a high density of planar faults with a periodic array of the defects

or a previously unreported crystal structure for a FeSi2-phase was responsible for the

appearance of the (010) spot Brightfield images from this sample showed a gram

texture with grains having diameters of less than 0 lu,m (figure 2 of reference [3 1 35])

Most probably, twin domains were also present in that silicide film In view of the

results obtained in the present study, the diffraction contrast should be attnbuted to the

formation of twins rather than to a new crystal structure

In chapter 3 1 4 the transition from partially relaxed CsCl-type FeSi to the bulk stable e-

FeSi phase was investigated by cross-section TEM This phase transformation can be

induced by annealing, as is corroborated by theoretical calculations showing a lower
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total energy for the e-phase than for CsCl-type FeSi [3 1 44] The TEM investigations

revealed a novel layered structure in the FeSi film Using Mossbauer spectroscopy, a

new distorted FeSi phase, denoted L2-type FeSi phase, could be identified By

annealing, the phase transition to the e-phase was initiated The XTEM investigations

showed that a self-organizing layered structure, consisting of five distinct layers, was

formed SAED patterns obtained from the individual layers indicated that two layers (2)

and (4) transformed to the e-phase (see figure 3 1 23 in this chapter) After this early

stage of the phase transformation, the other layers still showed the diffraction pattern of

the CsCl-type FeSi structure By combining these TEM results with the data obtained

from Mossbauer spectroscopy, it was concluded that the central layer (3) consisted of

the distorted L2-type FeSi phase This could be interpreted by assuming that upon

annealing the partially relaxed CsCl-type FeSi layers were transformed first The L2-

type FeSi layer remained almost unchanged, this confirmed the lower total energy of the

L2-type FeSi phase compared to CsCl-type FeSi Most likely the phase transition started

at the interfaces between the L2-type FeSi structure and the partially relaxed CsCl-type

FeSi phase

In order to confirm the structure of the L2-type FeSi (as proposed in [3 1 39]) by means

of TEM techniques, a set of simulated image contrast calculations based on a complete

structure model of this new phase has to be compared to HRTEM micrographs During

this study, it was not possible to obtain high-quality HRTEM images from this layered

structure because of a specimen preparation problem Due to different mechanical

stability of the different phases, specimens with uniformly thinned regions of the layered

structure could not be observed neither by cleavage nor by ion-etching In order to

improve the results, a new preparation method such as the ion shadowing method, using

incident angles of 90° for high-energy argon-ions (E>10keV), may be applied in the

future The knowledge of the structure of the L2-type FeSi phase as well as the

information about the crystal structure of the interfaces between the different layers may

give more light on the unusual kind of phase transition observed in this system
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3.2 Low temperature epitaxial growth of Si on hydrogen-plasma-cleaned Si-wafers

3.2.1 The plasma cleaning process

Clean substrate surfaces are necessary for proper nucleation dunng thin film growth In

the case of silicon, contaminations such as the native oxide, carbon or metals have to be

removed from the substrate surface

In semiconductor industry, ex situ wet chemical cleaning procedures are by now highly

developed and have often been used In these techniques, cleaning of the silicon wafers

in buffered HF solution removes the native oxide within a few minutes [3 2 1]

Additionally, it passivates the silicon surface with hydrogen and, for a short period of

time, prevents its reoxidation However, such HF dip procedures do not remove

hydrocarbons and thus may cause senous problems for epitaxial growth Especially, the

eventually formed SiC may produce stacking faults

Another technique is to desorb the native oxide layer wim a high-temperature step

(>800°C) However, this is not compatible with advanced silicon technology which

requires low temperatures (<500°C) to avoid mterdiffusion as well as to reduce the

strain created by thermal mismatch of different layer matenals such as silicides or Si-Ge

heterostructures on Si substrates

The technique of in situ cleaning thus has inherent advantages over wet chemical

cleaning procedures Recently, promising results have been observed using different

kinds of hydrogen plasma or hydrogen excitation ([3 2 2]-[3 2 5]) In [3 2 6] a low

energy argon hydrogen gas discharge technique has been described It was shown in that

reference that the exposure to this plasma prepares the silicon wafer surface for

homoepitaxial growth at substrate temperatures of 500°C and above

For the silicon films investigated in this study, a recently developed ultra-high vacuum

(UHV) compatible plasma cleaning module was used which is one unit of the Balzers

modular UHV multichamber system (MUM), combined with a load-lock module and a

silicon MBE growth chamber ([3 2 7]-[3 2 9]) The expenmental configuration and the

function of this cleaning module is descnbed here bnefly

Figure 3 2 1 shows a schematic view of the UHV plasma cleaning module It is

evacuated by a turbomolecular pump and the pressure in the chamber lies around 10
9
to

10
10
mbar Before cleaning, a plasma discharge has to be initiated in order to condition

the chamber walls For processing, the wafer is placed into the loadlock From there, it

is transferred to the cleaning module The module contains the substrate holder and the

plasma source consisting of a separated cavity with a heated filament When argon and
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hydrogen are fed into the cavity and the chamber, respectively, and a potential of 20-

30V is applied between the filament (cathode) and ground (anode), a high electron

current discharge is established between the filament and the chamber walls of the

cleaning module. The electrons causing the discharge activate the reactive hydrogen gas,

thus forming different excited ions such as H3, ArH+and Hj [3.2.10]. The whole

cleaning procedure consists of the exposure of the wafer to the low-energy

argon/hydrogen plasma for a few minutes.

,j,H2

3

Fig. 3.2.1 Schematic view of the plasma cleaning module

The sequence of the steps in this cleaning process has several distinctive features:

- Wet chemical cleaning for removing oxygen and carbon from the wafer surface is

avoided.

- No high-temperature desorption step for removing the native oxide is necessary.

- As the plasma source operates at 20-30V, high electron currents (10-100A) are

combined with low electron energies. Thus the energy of the ions created in the

chamber is low (typically below lOeV), and therefore sputtering of the substrate and

the chamber walls is avoided.

- The substrate potential can be chosen: grounded for electron bombardement, floating

for soft ion bombardement (about lOeV) or biased for sputtering.

1_—-^J

T

\UfA
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After cleaning, the silicon wafers are transferred to the MBE growth chamber In order

to investigate the validity of the plasma cleaning procedure for low temperature

epitaxial growth, silicon was deposited under UHV conditions Finally, the samples

were inspected by XTEM to obtain information about the quality of the interface and of

the silicon film

3.2.2 The cleaning of silicon wafers

The influence of the hydrogen plasma cleaning procedure on the surface properties of

the silicon wafers were studied in several different expenments For these

investigations, Si substrates with (100) or (111) onentation as received from the

manufacturer were cleaned in the plasma without any additional treatment

X-ray photoelectron-spectroscopy (XPS) and mass-spectrometry revealed that the

carbon contaminations at the substrate surface were completely eroded after etching for

approximately lmin [3 2 9], [3 2 11] After a plasma exposure time of typically 5

minutes, no further signal from the native oxide formed at the silicon surface could be

detected Dunng the cleaning procedure, volatile compounds of carbon, oxygen and

hydrogen are produced The amounts of these substances decrease dunng cleaning,

while the compositions SiH, SiH2 and S1H3 are still produced, what implies that the

etching of the silicon substrate continues Usually the etch rates are about l-2nm/rmn for

Si and SiOx,while carbon contaminations can be eroded away much faster (~10nm/min)

The results of ultra-violet photoelectron spectroscopy (UPS) from cleaned silicon

surfaces reveal the presence of structures with different Si-H bonds However, the

typical structures of SiH and SiH2 are not dominant, the UPS data indicate that the Si

atoms near the substrate surface complete their dangling bonds by forming SiH, SiH2

and SiHi This is in agreement with in situ scanning tunneling microscopy (STM)

measurements (compare [3 2 12]) which showed a microscopically rough surface after

the plasma cleaning On a lateral scale of 20-30nm, cross sections reveal an average

roughness of 5nm, which can also be concluded to exist from the dominant three

dimensional spots in RHEED diagrams Apparently, this roughness facilitates the

incorporation of hydrogen into the Si-wafer

It is difficult to avoid this incorporation of hydrogen, because of the complex process of

hydrogen diffusion into silicon [3 2 13] and because it is difficult to measure precisely

concentration profiles of hydrogen with depth resolution Therefore the hydrogen

incorporation was investigated by using different analytical methods
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In a first step, the positively charged ions of the plasma discharge were monitored

during the cleaning procedure in order to obtain information about the chemical

reactions [3.2.14], [3.2.15]. It was concluded that a reduction of the plasma exposure

time of the silicon substrate and lowering of the plasma discharge current reduce the

incorporation of hydrogen.

The hydrogen content of the wafer was then measured along a vertical profile by elastic

recoil detection (ERD) [3.2.16]. The results show that hydrogen can enter the silicon

wafer surface up to a depth of nearly 200nm. Rutherford backscattering (RBS)

channeling measurements executed on the same samples showed a significant increase

of the channeling values for plasma-cleaned wafers: Xmin=17-6% for an unannealed

sample compared with a value of Xmin=3.3% obtained for a sample annealed to 600°C

[3.2.17]. This has to be compared with a value of Xmin=2.8% for untreated wafers. That

implies that the hydrogen content is reduced by annealing. As an example of the amount

of reduction, an annealing to 600°C for 15 minutes reduced the total hydrogen content to

-30% compared to the content just after the cleaning process [3.2.17]. High resolution

X-ray diffraction (HRXRD) rocking curve (RC) measurements were carried out on the

same samples in order to obtain information about the strain profile. At the wafer

surface a perpendicular strain of 0.2% was found. This result is strongly correlated with

the hydrogen content as determined by ERD.

As shown in chapter 3.2.1, the wafers can be cleaned either by electron- or by ion

bombardment by choosing the corresponding substrate potential. Cross section

transmission electron microscopy (XTEM) was used to investigate the structural

changes caused by the different treatments [3.2.18]. The samples to be investigated were

prepared as follows: Si(100) wafers were plasma-cleaned for 5 minutes with a discharge

current reduced to 20A. After cleaning, the wafers were transferred to the growth

chamber, and silicon layers of about 200nm thickness were deposited by MBE at a rate

of0.03nm/s.

In a first series of experiments the cleaning procedure was tested for the case in which

ion bombardment was used. The XTEM micrograph in figure 3.2.2 shows a 200nm

thick epilayer on Si(100), grown at 550°C. Contrast features which can be attributed to

hydrogen bubbles in the silicon substrate can be recognized. Besides, no indication of an

interface can be detected, and the epilayer itself shows no defects.
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Fig. 3.2.2 XTEM micrograph of the silicon substrate/silicon epilayer of sample

VI39 cleaned by ion bombardment Hydrogen bubbles can be recognized

Fig 3 2.3 (a) XTEM micrograph of sample V155 cleaned by electron

bombardment The layer is amorphous since the substrate was

not heated during the deposition

(b) XTEM micrograph of sample V150 cleaned by electron

bombardment The epilayer was deposited at 800°C
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On the basis of the presently available data the formation of these bubbles cannot yet be

fully explained. They may originate as a result of an enhanced diffusion in the hydrogen

plasma. An origin by implantation can be excluded, since ion energies of about 40eV

are too low to allow the incorporation of hydrogen atoms into the silicon substrate at a

level of more than 50nm.

In further experiments the wafers were cleaned by electron bombardment, i. e. the

substrate holder was grounded. Figure 3.2.3a shows an XTEM micrograph, obtained

from a sample which was cleaned in the argon-hydrogen plasma using the same

discharge parameters as those for the sample a micrograph of which is shown in figure

3.2.2, except that electron bombardment was applied instead of ion bombardment. As

the substrate was not heated, the interface between the substrate and the amorphous

layer remained clearly visible in electron micrographs. However, no contrast attributable

to the formation of hydrogen bubbles could be detected in the substrate. For the sample

shown in figure 3.2.3b the same cleaning procedure was repeated. In this case, 200nm

silicon was deposited at 800°C and a crystalline film was observed. At the interface

some residual contaminations could be recognized. Again no hydrogen bubbles could be

detected. This allows the conclusion that electron bombardment reduces the hydrogen

incorporation. These experiments also imply that it is necessary to lower the particle

energies in the plasma, similarly indicated by the results described in [3.2.14] and

[3.2.19].

In further measurements, these plasma-cleaned samples were investigated by SIMS. At

the interface no increase in the carbon signal was detected, so that a carbon

concentration of less than 1/1000 of a monolayer could be estimated. The oxygen signal

decreased below 1/100 of a monolayer during a series of cleaning steps, thus suggesting

that a conditioning of the plasma cleaning module took place.

These contaminations at the silicon substrate/epilayer interface were investigated in

more detail by measuring HRXRD rocking curves. For these measurements two Si(100)

substrates were cleaned in situ for 5 minutes by applying slightly different plasma

conditions: Due to incomplete conditioning of the plasma chamber, a small amount of

oxygen influenced the hydrogen plasma during the cleaning process for sample V142.

After being transferred under vacuum to the MBE growth chamber, silicon epilayers of

200nm thickness were deposited at a substrate temperature of 550°C. The XTEM

micrographs in figures 3.2.4 and 3.2.5 show cross-sections of these substrate epilayer

interfaces. Besides contrast attributed to hydrogen bubbles, the interface in sample V142

(figure 3.2.4) can clearly be recognized, whereas in the other sample V143, which was

cleaned afterwards, no interface line contrast is visible.
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Fig. 3.2.4 XTEM micrograph of the silicon substiate/sihcon epilayer interface of

sample V142 The interface between the wafer and the epilayer can clearly be

recognized

Fig. 3.2.5 XTEM micrograph of the silicon substrate/silicon epilayer interface of

sample V143 Here, no interface between substrate and epilayer is visible
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In order to investigate the influence of this small addition of oxygen during the cleaning

procedure, the HRXRD data have to be analysed more closely. The rocking curves

obtained from the Si(400) diffraction profiles (figure 3.2.6) are distinctly different for

these two samples: The visibility of the Pendellosung fringes is slightly better in the

case of sample VI42 than for sample VI43. These PendellSsung fringes indicate the

presence of an interface layer. However, they are visible only if the wave fields for layer

and substrate interfere. This is possible in the presence of a phase-shifting interiayer or a

slight difference in lattice parameters between layer and substrate (compare references

[3.2.21] - [3.2.23]). The latter of these two cases can be excluded here. The

Pendellosung fringes can in this case also be used to ascertain the high degree of

crystallinity of the epilayer. This result is corroborated by the XTEM micrographs as

well as by x-minimum measurements using RBS.
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Fig. 3.2.6 The HRXRD rocking curves from the Si(400) diffraction plane of silicon

wafers with 200nm epilayers on top for samples V142 and V143. This figure is taken

from reference [3.2.20].
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It can be concluded from SIMS depth profiles that the amount of H2 incorporation is

similar for both specimens. On the other hand, the measurements show an increased

oxygen content at me interface of sample V142, which is consistent with the observation

that the slightly weaker Pendellosung fringes for sample V143 indicate the presence of a

cleaner interface.

Simulations of the rocking curve profiles based on the dynamical theory of X-ray

diffraction ([3.2.24] - [3.2.27]) have shown that the strain at the sharp interface in

sample VI42 is much higher than the strain around the invisible interface in sample

V143. Considering the SIMS results as well, it was concluded that the strain at the

interface, which produces the image contrast that renders it visible, is induced by

oxygen contamination.

Thus the sensitivity of the HRXRD rocking curve method is high enough to detect very

small amounts of oxygen present as contamination at the interface. The Pendellosung

fringes are observed as a result of the strain induced by less than 1/100 monolayer of

oxygen at the interface, and these fringes can be distinguished from those which are due

to H2 incorporation. Therefore this technique allows to differentiate between interface

contamination (leading to well-defined strain at the interface and clearly visible

interface lines on cross-section TEM micrographs) and strain induced by hydrogen,

which is homogenized over a larger region and can be recognized on XTEM

micrographs as dark contrast originating from hydrogen bubbles.

These results (compare ref. [3.2.20]) showed that the plasma composition strongly

influences the reactions on the surface of the wafer. A small increase in oxygen content

as a result of insufficient conditioning of the plasma cleaning module, for example, can

result in reoxidation of the wafer surface and thereby diminish the quality of the

cleaning process. In order to have a good experimental setup which involves the

handling of this highly reactive plasma at low temperatures, ultra-clean gas processing is

required. This allows to repeat the cleaning procedure in a significant and reliable way.
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3.2.3 Cleaning of CoSi2 (111)

The described plasma-cleaning process is also suitable for cleaning CoSi2 surfaces. This

was investigated by growing thin CoSi2 films (thickness 2-5nm) on Si(lll) substrates

with the template method. Prior to film growth the silicon substrate was plasma-cleaned

and covered with a buffer-layer having a thickness of typically lOOnm. Subsequently the

CoSi2 films were exposed to the ambient atmosphere for several days and afterwards

they were plasma-cleaned as was previously done with the silicon surface.

In the plasma, the oxide- and carbon contaminations were removed from the CoSi2-

surface, whereby the CoSi2 film itself was not etched. This was ascertained by exposing

a CoSi2 film to the plasma for three hours. Using XPS, the 2nm CoSi2 layer could still

be recognized in the original intensity, whereas in the mean time layers of lOOnm silicon

were etched away. Thus CoSi2 films can be used as etch-masks, and this has been

utilized by chemically structuring the silicide and subsequently transfering it back to the

plasma-chamber.

In contrast to the silicon, the CoSi2-surface remained smooth on the atomic scale as seen

from STM measurements. The plasma-cleaned CoSi2 could successfully be overgrown

with a Si epilayer. The XTEM micrograph in Fig. 3.2.7 shows a portion of such a

heterostructure. Using smaller magnifications, many defects were detected. These

defects lower the quality of the heterostructure. For this reason it was not possible so far

to produce electronic elements with these structured Si-CoSi2-Si-layers.

Fig. 3.2.7 Cross-section TEM image of a Si-CoSi2-Si-heterostructure. The silicide

has a thickness of 2.7nm (sample #1527).
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3.2.4 Silicon homoepitaxy on plasma-cleaned Si substrates

An important test for the quality of the plasma-cleaning procedure is that the cleaned

wafer surface can subsequently be used for further growth steps, especially for the

silicon homoepitaxy

After cleaning, the wafers were transferred to the MBE growth chamber The quality of

the epitaxially grown silicon layers were investigated using several in situ and ex situ

methods

3.2.4.1 Homoepitaxy on Si (111)

It is very difficult to obtain homoepitaxial growth of high quality on Si(lll) substrates,

since stacking faults are easily created on this substrate surface Because of this

sensitivity of the (111) surface, the quality of the cleaning process as well as that of the

growth method could be investigated more effectively in this case than on the less

sensitive (lOO)-surface

The first experimental results using the cleaning- and MBE growth-system at ETH

Zurich showed epilayeis with a rather high density of stacking faults and a large residual

contamination at the interface The corresponding XTEM micrograph in Fig 3 2 8a

shows a silicon epilayer with a thickness of 400nm, grown at 500°C (specimen #1515)

In this case the (111 )-substrate was plasma cleaned for 15 minutes

Fig. 3.2.8 (a) Silicon epilayer giown on plasma-cleaned Si(l 11) at 500°C

(b) The same sample aftei annealing at 700°C foi 30 min
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The TEM investigations revealed that most of the defects are stacking faults which

nucleate at the interface. Additionally, a large amount of residual interface

contamination was observed. In order to investigate its origin, the sample was annealed

at 700°C (ex situ) for 30 minutes. The resulting changes in the XTEM image are shown

in Fig. 3.2.8b.

A part of these contaminations are hydrogen bubbles which could desorb during the

annealing procedure. The remaining ones appeared to be carbon contaminations. In

order to reduce this remaining carbon contamination, a new carbon-free holder for the

wafers was developed. On specimens produced with this new holder cleaner interfaces

and less defects were obtained. SIMS depth profiles of such samples showed interfaces

with less than 1/1000 monolayer of residual contamination. Nevertheless, growth

temperatures of 650°C were necessary to obtain silicon epilayers having a defect density

below 108/cm2.

The TEM plan-view image in Fig. 3.2.9a shows an epilayer grown at 700°C with typical

stacking fault tetrahedra. The defect density is 2T07/cm2. Cross-sections of the same

sample confirm a rather clean interface and only few stacking faults.

Scanning tunneling microscopy (STM) investigations revealed that at growth

temperatures above 650°C the epilayers were grown in steps which are pinned at the

stacking faults and at screw-dislocations. For growth temperatures below 650°C,

pyramidal structures with lateral extensions of several 100 nanometers were observed in

STM measurements. This was an indication for three-dimensional growth, which

resulted in high defect densities.

These results from TEM and STM observations are confirmed by X-ray rocking-curve

(RC) investigations. Only at growth temperatures above 650°C the half-width and the

background near the Bragg-peaks were similar to the substrate. Thus, structurally perfect

growth on Si(l 11) was possible only at such high substrate temperatures.
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Fig 3 29 (a) Plan view micrograph of sample #1569 grown at 700°C

The thickness of the epilayer is 200nm

(b) Corresponding XTEM image showing a relatively clean interface

with only few defects
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3.2.4.2 Homoepitaxy on Si (100)

In contiast to the results descnbed above, homoepitaxial silicon layers of high quality on

(lOO)-substiates could be grown more easily For epilayers with thicknesses up to 200-

400nm, substrate tempeiatures between 500 and 550°C were sufficient to obtain films

neaily free of defects On the XTEM microgiaph presented in Fig 3 2 10, a 300nm thick

silicon film, grown at 550°C on a plasma cleaned Si(100) substrate is seen Within the

region covered by this image, no defects are visible After defect-etching and

subsequently observing the etch-pits it could be shown that the defect density is well

below 104/cm2

Fig. 3.2.10 XTEM image of sample #5014 The Si epilayer on Si(100) (thickness

300nm) was giown at 550°C aftei plasma cleaning Besides hydrogen bubbles, no

defects are recognized
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For these growth conditions, the theoretically accessible minimal channeling values

were measured in ion-beam RBS-channeling expenments The small intensity

modulations in the X-ray rocking curves reveal that me epilayers are structurally perfect,

but that there is a region of 10-20nm thickness in the vicinity of the interface where the

lattice is strained and the parameters therefore become altered (=0 01%) due to hydrogen

incorporation Some hydrogen bubbles can also be recognized on the TEM images

STM measurements on these samples showed surfaces with parallel atomic steps and

with 2x1-surface reconstructions, as was also observed using RHEED dunng the growth

process

3.2.5 Discussion

An argon-hydrogen plasma-process for cleaning silicon wafers was presented It was

shown that this procedure is compatible with m situ processing under UHV conditions

The main advantage of this new process, compared to wet chemical cleaning, is to avoid

a high temperature step which is undesirable in modem silicon technology It has to be

emphasized that in this process no pretreatment of the wafer is necessary

This cleaning procedure of silicon substrates was investigated by several series of

expenments The TEM technique as well as other analysis methods were used to

investigate the interface and the quality of the grown epilayers It had been shown that a

single exposure of the silicon substrate to the plasma for a few minutes had the effect to

remove the native oxide and carbon contaminations to a level below the detection limit

of SIMS By using different potentials of the substrate, it was found that electron

bombardment instead of ion bombardment helps to reduce the incorporation of

hydrogen In TEM micrographs the typical hydrogen bubbles were no more present in

the case of electron bombardment The strain at the interface was investigated by

combining the results of rocking-curve measurements with the available SIMS data It

was concluded that the strain around the interfaces, clearly visible as lines on TEM

images, is much higher as a result of oxygen contamination Additionally, a CoSi2

surface was plasma-cleaned and a silicon layer was grown on top, so that a

heterostructure was formed

After a single cleaning step with the hydrogen plasma, the silicon wafers were prepared

for low temperature homoepitaxial growth Epilayers with thicknesses between 200-

400nm and high crystal quality were obtained on Si(100) substrates at growth

temperatures of 500°C and above The films were nearly free of defects (less than

104/cm2), although a region with a thickness of 10-20nm around the interface was found
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to be strained due to hydrogen incorporation. By contrast, homoepitaxial films of high

quality on (111 )-substrates were more difficult to produce. Therefore, growth

temperatures of 650°C and above were necessary to obtain epilayers with a defect

density below 108/cm2. As shown by TEM, most of the defects are stacking faults

nucleating at the interface.

These results confirmed that the plasma-cleaning-process results in the preparation of

surfaces which allow homoepitaxial growth of high quality. However the growth

temperature depends not only on the cleanliness of the surface but also on the strain due

to hydrogen incorporation and on the growth kinetics. In the MBE system installed at

ETH Ziirich, these steps did not have the same high quality as was obtainable by

application of the cleaning procedure. It was observed that the plasma-cleaned substrates

became contaminated again in the MBE chamber due to the residual gasses from the

diffusion pumps of the vacuum system. In order to make full use of the high quality of

this new cleaning procedure, it was mus necessary to integrate the growth step of the

sample production process into the plasma chamber. In the next chapter this plasma-

enhanced chemical vapour deposition process (PECVD) will be described in more

detail.
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3.3 Epitaxial growth of Si by DC-plasma enhanced chemical vapour deposition
(PECVD)

It is of great technological interest to expand the plasma cleaning process to plasma-

enhanced chemical vapour deposition Using the same plasma chamber for cleaning as

well as for growth allows in situ processing In the first part of this chapter, the technical

and experimental aspects of the development of this new growth method are

summanzed, while in the second part, the application of this process to the silicon

homoepitaxy is discussed in detail

3.3.1 The PECVD growth technique

3.3.1.1 Technical aspects

Low substrate temperatures during the epitaxial growth of silicon have inherent

advantages for device fabrication, since at low temperatures dopant redistnbutions by

surface segregation or by diffusion can be avoided Several growth techniques such as

molecular beam epitaxy (MBE) [3 3 1], low pressure chemical vapour deposition

([3 3 2], [3 3 3]), ultra-high vacuum chemical vapour deposition (UHVCVD) [3 3 4]

and plasma-enhanced chemical vapour deposition (PECVD) ([3 3 5], [3 3 6]) have been

used to reach this aim Since a plasma provides non-thermal energy dunng growth,

plasma-assisted procedures are considered to be promising techniques for low-

temperature processing It was shown previously that epitaxial growth is possible even

at room temperature [3 3 7] Therefore the growth rate in this technique has to be chosen

very low (less than 0 01 nm/s)

For a PECVD process, the plasma can be generated by electron cyclotron resonance

(ECR) ([3 3 6]- [3 3 8]) or by radio frequency sources [3 3 9] For the present

investigations, the plasma was generated using a low-energy DC-argon discharge For

processing, the same UHV plasma module was used as for DC-plasma cleaning of

silicon wafers (see chapter 3 2) In this module the plasma was generated by electrons

emitted from a heated tantalum filament placed in a separate cavity The cavity is

connected to the chamber by an orifice In the chamber substantial additional equipment

was necessary to use it for the PECVD process (figure 3 3 1) For epitaxial growth, a

substrate heater had to be integrated To avoid plasma instabilities, a grounded anode

ring and a magnetic field were used to focus the plasma discharge in the lower part of

the chamber Thus, the wafer surface was isolated from the most intense plasma region,

and, by varying the current in the magnetic coils, the plasma intensity could be changed
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The anode ring is additionally used to disperse the reactive gases hydrogen (H2) and

silane (SiH4) or hydrogen and germane (GeH4). Only the working gas argon was directly

fed into the separated plasma source. For processing, a high current (10-100A) was

established by applying a voltage of typically 20-25V between the filament and the

grounded chamber walls. In the experiments the substrate was left floating; this resulted

in a substrate potential (bias) of about -10V to -15V, depending on the plasma

conditions (see chapter 3.3.2.2).

hydrogen/
silane/

germane

Filament

gas dispersal
ring and anode

Fig. 3.3.1 Plasma chamber with integrated heater and reactive gas dispersal ring

for PECVD processing

3.3.1.2 Experimental details

The first results with the PECVD technique showed that reproducable growth can only

be obtained if the plasma conditions are constant. The intensity of the plasma at the

wafer surface depends on the selected discharge current and the magnetic field. It is also

strongly influenced by the coating of the chamber walls and the gas dispersal ring with

silicon. This means that the plasma conditions are changing slowly and permanently as

the deposition takes place in the whole chamber rather than on the wafer surface only. In

this way the previous processes in the plasma chamber can influence me later ones. For

this reason, the plasma process for cleaning silicon substrates, as described in the

foregoing chapter 3.2, could not be used any more after an earlier silicon deposition.
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Instead of cleaning the wafer surface, deposition of silicon on the native oxide layer was

observed.

Figure 3.3.2 shows an XTEM micrograph of such a polycrystalline silicon layer

deposited on top of the oxide. This layer was formed during a long (50 minutes)

hydrogen plasma cleaning process, without the addition of silane. The deposited silicon

originated from the chamber walls, where it was etched away by the hydrogen plasma

and then deposited onto the substrate surface by the PECVD process. A deposition rate

of about 1.5nm/min was observed. Since the etching rate of the silicon oxide is much

smaller than that of pure silicon and because the growth rates by PECVD are relatively

high, the deposition of Si dominated the cleaning reactions taking place at the same time

on the wafer surface.

Fig. 3.3.2 XTEM micrograph of a wafer (#5062) after 50 minutes of hydrogen

plasma cleaning. A polycrystalline Si layer with a very rough surface is seen to cover the

native oxide.

In order to avoid the deposition of silicon originating from the chamber walls, an

oxygen plasma was used before the cleaning step to reduce the etching rate. This

method could be successfully applied; however, because of the contamination of the

UHV chamber with oxygen, another technique had to be found. Thermal desorption of

the oxide was not possible because high-temperature steps should generally be excluded

in this process. In the final experiments, a combination of wet chemical cleaning and

plasma cleaning was used. Before introducing the wafers into the vacuum system, they
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were cleaned in methanol and boiling trichlorethylene, rinsed in deionized water and

finally dipped into a 10:1 H20:HF solution in order to etch away the native oxide and

thereby provide a hydrogen-terminated silicon surface. The residual contaminations

were removed during a short (approximately 40 seconds) hydrogen plasma cleaning step

at the growth temperature applied prior to the deposition process. With this procedure,

homoepitaxial silicon buffer layers of the desired thickness could be grown (figure

3.3.3). Although TEM investigations gave evidence for several types of defects starting

at the interface and HRXRD rocking curves indicated a high lattice strain due to the

incorporation of hydrogen, this combined cleaning procedure could be improved and

films of high crystal quality could be grown even at low temperatures (see chapter

3.3.2).

Fig. 3.3.3 Homoepitaxial silicon buffer layer with a thickness of 600nm, grown by

PECVD at 750°C on Si(100) (wafer #5096). At the interface and in the substrate,

incorporation of hydrogen is visible.

Since the coating of the chamber walls by a thin layer of silicon strongly influenced the

growth process by redeposition, it was assured as a standard starting position that the

walls were freshly coated by silicon at the start of all growth processes.

In order to determine the growth rates of the PECVD process, several series of

experiments were necessary. Homoepitaxial silicon separated by germanium spacers

was deposited by PECVD on Si(100) substrates in several thin layers at different

substrate temperatures. Film thickness measurements were carried out on XTEM

micrographs in order to determine the growth rates. The rate was found to be nearly
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constant in the temperature range between 450°C and 750°C, and it is about O.lnm/s for

a silane flux of lsccm. For the CVD process only, without plasma enhancement, the

growth rate is lowered by a factor of 10 to 100.

The dependence of the growth rate on the silane flux was also investigated with

multilayer structures at constant temperature. Measurements on XTEM images

confirmed that the growth rate is proportional to the silane flux. The addition of more

hydrogen leads to an increase in the growth rate by 0.12nm/s. This higher rate can be

explained by assuming that silicon is etched away from the chamber walls as a result of

the hydrogen flux.

After these basic investigations which confirmed its technical feasibility, the PECVD

process described above was further improved so as to be applicable also for

homoepitaxial growth of silicon epilayers. The results are described in the following

chapter.

3.3.2 Si homoepitaxy by PECVD on Si(100) wafers

3.3.2.1 Deposition for different growth rates and substrate temperatures

The quality of silicon epilayers deposited by PECVD strongly depends on the substrate

temperature during the growth procedure. Films grown at 750°C have a defect density

much lower than 106/cm2. On RHEED diffraction patterns of such samples the 2x1

reconstruction of the Si(100)-surface could be recognized. In films grown at lower

temperatures, defects produce a surface roughness which was obtained by three-

dimensional diffraction spots visible in RHEED patterns made of these samples.

Figure 3.3.4 shows a cross-section TEM micrograph of homoepitaxial films grown at

750°C, 650°C and 550°C with a total film thickness of about 200nm. The layer grown at

750°C is structurally nearly perfect. The defects and the hydrogen incorporations at the

interface between substrate and epilayer could be overgrown. The layers grown at

temperatures below 700°C show distinct strain contrast due to defects. They lead to a

broadening of the HRXRD rocking curves. Most probably, these defects nucleate as a

result of ion bombardment in the plasma.
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Fig. 3.3.4 XTEM micrograph of silicon epilayers grown by PECVD at 750°C,

650°C and 550°C (sample #5106). The decreasing film quality at lower growth

temperatures is clearly seen.

The influence of the growth temperature on the crystal quality of the deposited films

was investigated in detail on the basis of a series of experiments. Epitaxial silicon films

were deposited at temperatures in the range between 450°C and 750°C. Since the

growth rate was found to be independent of the substrate temperature in this range, it

could be varied by modifying the silane flux, and therefore the influence of the growth

rate on the degree of crystallinity of the films could be investigated.

In a first series of experiments, silicon films were deposited by PECVD at growth

temperatures between 650°C and 750°C. In the XTEM micrographs of these films no

defect formation was observed for all growth rates in the range between 0.05nm/s to

0.62nm/s. Figure 3.3.5 shows a cross-section TEM image of a homoepitaxial film

deposited at 700°C with a growth rate of 0.55nm/s. Besides a single interface line no

defects are seen.
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Fig. 3.3.5 Homoepitaxial Si film grown with 0.55nm/s at 700°C (sample #5129)

The formation of defects was observed at high growth rates by lowering the substrate

temperature below 650°C. In figure 3.3.6a and b, the cross-section TEM images of two

silicon epilayers grown at 600°C are shown. For sample #5131, presented in figure

3.3,6a, a growth rate of 0.45nm/s was used. This film contains a large amount of

stacking faults (density ~108/cm2). Decreasing the growth rate effectively improved the

crystal quality of the epilayer. The film shown in figure 3.3.6b (sample #5160) was

grown with a rate of only 0.15nm/s at the same growth temperature of 600°C. In this

case, less stacking faults are seen. TEM plan-view investigations had shown that the

defect density could be reduced by a factor of ten to about 107/cm2 by lowering the

growth rate. The XTEM micrographs provide the additional information that the

stacking faults do not propagate from the substrate-epilayer interface. Hence, they have

nucleated during growth. The defects are probably formed in the films during the growth

process due to ion bombardment in the plasma, insufficient mobility of Si, SiH and SiH2

on the silicon surface as well as to the incomplete hydrogen desorption, which has

generally been found to limit the growth rate in low-temperature epitaxy [3.3.10].
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Fig. 3.3.6 (a) Silicon epilayer grown at 600°C with a growth rate of 0 45nm/s

(sample #5132) A high density of stacking faults is observed

(b) Film grown at the same temperature of 600°C with a lower

growth rate of 0 15nm/s (sample #5160) Obviously, a lower growth

rate enhances the crystal quality of the deposited film.

The study revealed that, even at temperatures as low as 450°C, homoepitaxial films of

high crystal quality could be deposited by PECVD at growth rates of about 0 lnm/s.

Figure 3 3 7 shows an XTEM micrograph of an epilayer (sample #5164) deposited at

450°C m three steps at the following different growth rates 60nm at 0 05nm/s, 60nm at

0 lnm/s and 160nm at 0 2nm/s The stacking faults can be recognized in the deposited

film after an increase of the growth rate to 0 2nm/s.
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Fig. 3.3.7 Homoepitaxial Si film grown at 450°C in three steps (sample #5164)

60nm - 0 05nm/s, 60nm 0 lnm/s, 160nm 0 2nm/s

The contrast variations are due to changes in the specimen thickness

Fig. 3.3.8 XTEM micrograph of sample #5159 grown at 450°C and 0 1 nm/s

Sample #5159 was also grown at 450°C, with a deposition rate of 0 lnm/s In XTEM

investigations (figure 3 3 8) the film appears to be structurally perfect and to have no

defects Plan-view images had shown that the density of the stacking faults is much

lower than 107/cm2

In order to obtain additional information on the crystal quality as well as on the

perpendicular strain profile of these silicon films deposited by PECVD, HRXRD-

rocking curve measurements were carried out The results from the (400)-reflection

measurements of a film grown at 700°C (sample #5129, figure 3 3 5) and of a film

deposited at 450°C (sample #5159, figure 3 3 8) were compared to the simulation of the
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corresponding reflection profiles for these films, calculated on the basis of the

dynamical theory of X-ray diffraction (compare chapter 3.2.2 and reference [3.2.20]).

These HRXRD rocking curve data show that the full width at the half-maximum of the

measured and of the simulated strain profiles are equal for both samples. This indicates

a good crystal quality of me deposited epilayers. The rocking curve of the film grown at

450°C shows a slightly asymmetric broadening of the peak. This may be due to

additional strain induced by the formation of stacking faults. The interface layers are

visible on all the XTEM micrographs. Therefore, Pendellosung fringes appear in the

HRXRD rocking curves, whereby the visibility of these Pendellosung fringes was

comparable for both samples. Thus the quality of the substrate-epilayer interface is

approximately equal for these samples, as was found also by simulating the rocking

curves. The clearly developed Pendellosung fringes confirm the high crystal quality of

both samples deposited at 700°C and at 450°C, respectively. This result is in good

agreement with the XTEM investigations of the two films.

3.3.2.2 Growth for different ion bombardment energies

In the last paragraph me influence of the growth rate on the crystal quality of

homoepitaxial silicon films grown by PECVD was studied for different substrate

temperatures. For temperatures below 650°C the formation of stacking faults was

observed at high growth rates. It was noticed that these stacking faults did not nucleate

at the substrate-epilayer interface, but rather during the growth process. There are two

distinct mechanisms which might give rise to the onset of the observed stacking fault

formation: bombardment of the substrate surface by energetic ions from the plasma or

reduced surface diffusion due to adsorbed hydrogen. The results of the following two

chapters show that the influence of these two effects can be well distinguished. In this

chapter the influence of the ion bombardment energy on the epitaxial growth of silicon

is studied, whereas the influence of diffusion and adsorption processes of hydrogen are

treated in the following chapter.

Ion bombardment in a plasma is believed to activate energy which adds up with the

thermal energy. Thus the surface mobility of radicals is increased, and this allows for

higher growth rates at low temperatures [3.3.11]. Ion bombardment may have several

effects during the deposition process. Besides an enhanced adatom diffusion, small

islands may dissociate, or alternating nucleation sites may originate [3.3.12]. While

these effects are beneficial for epitaxial growth at low temperatures, the ions of the

plasma may also cause bulk damage. In order to obtain high quality epitaxial silicon
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films it is therefore necessary to use a plasma with ion energies high enough to enhance

surface diffusion processes but too low to induce bulk damage.

In the plasma chamber used for this study (see chapter 3.3.1.1) the substrate is

bombarded by ions the energy of which results from the potential difference between

plasma and substrate. The floating potential of the substrate is negative with respect to

the plasma potential, which is nearly equal to the anode potential (ground) of the DC

plasma discharge [3.3.13]. The so-called "substrate bias" values used in this study are

defined as the potential difference between the substrate and the grounded anode. Thus

the ion energy in the plasma chamber is related to the substrate bias (Vs).

In order to investigate the influence of the ion bombardment energy on the crystal

quality of the silicon epilayers, a modification of the experimental system in the plasma

chamber was necessary: For the following experiments an external bias control was

used. Therefore the substrate potential can be chosen independently from the plasma

density and from the growth rate. A series of silicon films were grown under different

ion bombardment conditions by using substrate bias values Vs between -7V and -16V.

Since the degree of crystallinity of the deposited films is influenced by the substrate

temperature as well as by the plasma intensity (defined by the external magnetic field

generated by a combination of coils and permanent magnets), the deposition was carried

out at a constant substrate temperature of 600°C and by using a constant magnetic field

distribution, which had the effect of bending away the most intense plasma region from

the substrate surface. Additionally, the flow of all gases was kept constant, and therefore

all these films were deposited at a constant growth rate of =0.lnm/s.

The structural quality of the Si films grown by PECVD at 600°C for various substrate

bias values was investigated by cross-section TEM micrographs. The substrate bias

values Vs were -7V for sample #5294, -9V for sample #5293 and -1IV for sample

#5292. These samples with film thicknesses between 220nm and 560nm did not reveal

any defects. An XTEM image of a film deposited at Vs= -14V is shown in figure 3.3.9a.

On this micrograph, no defects can be recognized either. The high crystal quality of this

film was confirmed by RHEED diffraction patterns which revealed strong and sharp

Kikuchi lines. By contrast, when the ion energy was enhanced further by increasing the

(negative) substrate bias, the crystal quality of the deposited films was found to

deteriorate. The homoepitaxial silicon film deposited at Vs= -16V (figure 3.3.9b)

remained free of extended defects only up to a "critical thickness" of =40nm, after

which the formation of stacking faults was observed. Since no stacking faults were

observed in any of the films deposited at lower substrate bias (| VSI<15V), the "critical

thickness" can obviously be higher than the largest film thickness used in this study.
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Fig. 3.3.9 XTEM micrographs of Si films grown at 600°C at a substrate bias of

a) VS=-14V (sample #5306, thickness 560nm)

b) VS=-16V (sample #5291 thickness 21 Onm)

Since the substrate bias directly defines the ion bombardment energy in the plasma, it

can be concluded that a "critical thickness", at which the nucleation of stacking faults

starts and polycrystalline growth finally sets in, is obtained for ion bombardment

energies above =15eV

This result is in good agreement with recent atomistic simulations of damage induced by

Ar+-ion bombardment of silicon surfaces [3 3 12] There ions with energies up to 20eV

were found to cause atom displacements at the surface without introducing any bulk

damage Since the bulk displacement energy for silicon is about 12 14eV [3 3 14], ions

in the plasma having this increased energy cause atom displacements up to 2-3

monolayers below the surface A film which is bombarded with such high energy ions

during the growth process undergoes bulk damage because the bombardment effect is

no more limited to the surface region In reference [3 3 15] it was shown that point

defects below the surface may even move to the top surface layer and thereby enhance
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its roughness If point defects accumulate, stacking faults may be formed Another

reason for the nucleation of stacking faults is the incorporation of particle contaminants

[3 3 16] In older to ascertain that this is not the case in the presently investigated

samples, HRTEM investigations were carried out which resulted in images like that

shown in figure 3 3 10 In this figure, a typical nucleation region of a single stacking

fault can be recognized

Fig. 3.3.10 High resolution XTEM micrograph of part of the region where stacking

faults statt to nucleate in the epilayer This image was made fiom

sample #5164

Obviously, no particle contamination is seen in the nucleation region of the stacking

fault The contrast vanations are due to local changes in the specimen thickness

Therefore it can be concluded that the nucleation of the extended stacking faults is a

result of point defect formation due to increased ion energy in the plasma

Since the fotmation of stacking faults and the transition to polycrystalline growth are

closely related to surface processes during ion bombardment, scanning tunneling

microscopy (STM) measurements were performed in order to study the surface

topography of films grown for substrate bias values of -9V and -14V at growth

tempeiatures of 600°C In the case of the film giown at Vs= -9V, the STM images and

the corresponding line sections showed that the surface consists of large and flat two-
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dimensional islands with mono-atomic steps. The growth mode is therefore two-

dimensional. By contrast, the surface of the sample grown at a substrate bias Vs= -14V

is rough as a result of the ion bombardment. Therefore the STM study indicated a

change of the film topography from smooth to rough with increasing energy of the ions

in the plasma. The formation of stacking faults and the change in the growth from

monocrystalline to polycrystalline (above a critical ion bombardment energy of about

15eV) can therefore be explained by the fact that the surface roughness exceeds a

critical value.

3.3.2.3 Influence of surface diffusion due to adsorbed hydrogen

The importance of hydrogen adsorption in thin-film growth of silicon from silane has

long been recognized [3.3.17]. Hydrogen atoms terminate the dangling bonds and

therefore passivate the silicon substrate surface. In this chapter, the influence of the

hydrogen coating of the wafer surface during epitaxial growth of silicon by PECVD is

investigated.

In order to detect the effect of adsorbed hydrogen on the wafer surface, it was necessary

to exclude damage due to ion bombardment. For this investigation, epitaxial films were

therefore deposited at a substrate bias of V$= -8V. Ions in the plasma chamber with an

energy corresponding to this potential do not cause any problems for epitaxial growth

(see chapter 3.3.2.2). All the other growth parameters were kept the same as reported in

the last chapter, except for the substrate temperature which was lowered to 550°C. The

crystalline quality of a silicon film grown by PECVD is shown in figure 3.3.11a. This

cross-section TEM micrograph shows stacking faults formed at a "critical thickness" of

=80nm and, finally, the transition to polycrystalline growth, as confirmed by RHEED

measurements. To prove that adsorbed hydrogen on the substrate surface leads to the

formation of these extended defects, a film with the following properties was deposited

with the same plasma conditions and at the same growth temperature: A silicon buffer

layer with a thickness of 45nm was deposited first. Subsequently the deposition process

of silicon was continued by adding 4% of germanium. An XTEM image of the resulting

epilayer is shown in figure 3.3.11b. The film with a thickness of about 170nm was of

high crystalline quality; nearly no defects could be detected by TEM investigations.

Compared to the film shown in figure 3.3.1 la which was deposited at the same growth

conditions (except that no germane was fed into the plasma chamber), it has to be

concluded that a small amount of germanium is efficient in avoiding the formation of

stacking faults.
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lOOnm

Fig. 3.3.11 XTEM mici ographs of films grown at 550°C at a substrate bias of -8V

a) Silicon film growth rate 0 13nm/s (sample #5308)

b) Silicon with 4% germanium, growth rate 0 1 lnm/s (sample #5310)

c) Silicon with 4% germanium growth rate 0 91nm/s (sample #5311)

For this sample, the plasma was directed onto the substrate
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The effect observed after adding a few percent of germanium can be explained in the

following way: Ge atoms are known to segregate at the surface at temperatures around

550°C. Furthermore, it is known that the Ge-H bonds are much less stable than the Si-H

bonds. Therefore the germanium has the effect of reducing the hydrogen adsorption at

the substrate surface. Since adsorbed hydrogen passivates the surface and reduces the

surface diffusion length of the Si atoms (compare ref. [3.3.18]), it is demonstrated by

these experiments that the hydrogen adsorption at the silicon surface can cause serious

problems for epitaxial growth by PECVD.

This interpretation was tested in a further experiment. On top of a silicon buffer layer, a

silicon epilayer with 4% germanium was again deposited at 550°C but now at an

increased growth rate of 0.9lnm/s. In order to provide enough silane fragments, the

plasma was directed onto the wafer surface. An XTEM micrograph of this film with a

total thickness of 820nm is shown in figure 3.3.11c. Although several defects can be

seen, the epilayer which has been deposited in about 15 minutes is of rather good

crystalline quality. For comparison, a pure silicon film deposited under the same

conditions was polycrystalline. This result demonstrates that a wafer surface with less

adsorbed hydrogen allows deposition processes even at high growth rates.

The XTEM image of figure 3.3.1 lc shows that all the defects start at a certain thickness

at which also contaminants are incorporated. This is believed to be the result of a

discharge as a consequence of an inefficiency in the technical design of the system. If

this can be avoided, the crystal quality of epilayers deposited at high rates may be

expected to be high. Additionally, the interface between the buffer and the epilayer can

be clearly recognized in both samples grown by adding germanium (figures 3.3.11 b and

c). This is the result of a complication in the introduction of the germane into the

chamber: When the germane flux is started, an "overshoot" was observed causing a

higher germanium concentration than the one intended. This results in the observed

strain contrast.
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3.3.3 Discussion

A plasma process designed to grow epitaxial silicon films by DC-discharge plasma

enhanced chemical vapour deposition (PECVD) has been developed In this study the

homoepitaxy of silicon films by PECVD on Si(100)-substrates was investigated in

detail Since the quality of the deposited films is influenced by the plasma conditions, by

the gas flows as well as by the substrate temperature, a senes of designated expenments

was necessary in order to determine the range in which homoepitaxial epilayers of high

crystalline quality can be obtained

For temperatures above 700°C, silicon films of high quality could be deposited by

PECVD with growth rates up to 0 6nm/s For lower substrate temperatures it was

necessary to reduce the growth rate Nevertheless, the TEM investigations revealed that

homoepitaxial silicon epilayers of high crystal quality can be grown at temperatures as

low as 450°C at growth rates of at least 0 lnm/s

Cross-section TEM micrographs showed that stacking faults are the dominant defects in

silicon epilayers grown by PECVD Unexpectedly, they did not nucleate at the substrate-

film interface, but rather during growth Such high stacking fault densities were

previously reported in epitaxial Si films grown by sputtenng due to argon-ion

bombardment with energies above 25eV [3 3 19] Also, the transition to polycrystalline

growth was reported in other previous growth experiments of Si epilayers by electron

cyclotron resonance (ECR) plasma deposition at ion energies around 25eV [3 3 11] as

well as above lOeV [3 3 20] The results of the present study revealed that there are two

reasons which may lead to the formation of the stacking faults either bombardment of

the substrate by ions from the plasma having an energy above =15eV, or reduced surface

diffusion of the silicon atoms due to adsorbed hydrogen By varying the growth

parameters, these two effects could be clearly distinguished
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4 Conclusions

The new results presented in this transmission electron microscopic study can be

summarized as follows:

The report and the discussions in chapter 3.1 on the formation of iron silicides on

Si(l 11) substrates have rendered two main results:

- The thermally induced phase transformation from iron disilicide with the (CsCl)

defect structure to the bulk stable P-FeSi2 phase is accelerated by slightly iron-rich

composition, and the formation of grains having either the (100)- or the (001)-

orientafion is favoured. However, the obtained maximum grain size of 3-5|im is still

too small for technological applications.

The TEM study also clarifies the formation of a grain texture in p-FeSi2 films which

limits the grain size, and which can be explained by the observed tendency for island-

and twin-formation.

Compared to the results achieved by other growth methods, the MBE-deposited films

described here have the largest grains. For further improvements, growm experiments

with other substrate orientations have to be carried out.

- Cross-section TEM micrographs from thick, partially relaxed CsCl-type

monosilicides reveal a novel, self-organizing layered structure in the FeSi films. By

annealing these films to 275°C in several steps, the phase transition to the bulk stable

e-phase is obtained. The layered structure remains intact, whereby two individual

layers transform to the e-phase and the others remain in the CsCl-type FeSi structure

after this early stage of the transformation. The sharp interfaces obtained during the

annealing are due to the lateral growth of the e-FeSi phase.

Mossbauer spectra of these silicide films indicate in addition a new FeSi phase in the

layered structure.

In chapter 3.2, a newly developed hydrogen plasma-process for the cleaning of silicon

substrates is described. TEM techniques as well as other analysis methods confirm that

this plasma-cleaning-process results in the preparation of clean substrate surfaces. The

optimum efficiency of the cleaning process is mainly affected by the following factors:

- Electron bombardment instead of ion bombardment is efficient in reducing the

hydrogen incorporation. Therefore the substrate has to be kept grounded during the

cleaning process.

- The plasma chamber must be well conditioned. Even a small amount of oxygen leads

to the formation of an interface region, which can clearly be recognized on TEM

micrographs.
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If these aspects are considered, a substrate surface, plasma-cleaned for typically 5

minutes, allows the deposition of high-quality homoepitaxial films by MBE on Si(100)

for T>500°C and on Si(ll 1) forT>650°C

The extension of this cleaning-process to plasma-enhanced chemical vapour deposition

(PECVD) is desirable for industnal applications On the basis of the TEM investigations

discussed in chapter 3 3, the following critical features of this process could be defined

- In situ processing such as final cleaning as well as the deposition can be achieved in

the same vacuum chamber In order to avoid redeposition from the chamber walls,

the cleaning step must be short (<1 minute) and has to be combined with a foregoing

wet-chemical cleaning step

- The growth rate for the PECVD process is proportional to the silane flux and nearly

independent of the substrate temperature in the range 450°C<T<750°C

- High-quality epitaxial silicon films (defect density <107/cm2) can be deposited on

Si(100) for T>450°C (growth rate 0 lnm/s) and for T>700°C (growth rates up to

0 6nm/s)

- Stacking faults, the dominant defects in films grown by PECVD, may be formed due

to ion bombardment m the plasma This can be avoided by applying a (negative)

substrate bias |VS|<15V
- Hydrogen adsorption also causes stacking faults It can be reduced by adding a small

amount of germanium during the deposition process On the other hand, the influence

of the plasma intensity on the rate of hydrogen desorption from the substrate surface

requires further experiments to be entirely controllable

Since new cleaning- and growth-processes are the basis for improvements in

semiconductor industry, this TEM study is regarded as an aid in advancing these

processes to a stage at which they allow new industrial applications
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