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Abstract

This work investigates the growth o f several novel structures using a variety of 

spectroscopic techniques.

Strained Si caps deposited on a relaxed SiGe layer are grown with resulting dislocations 

found to be perfectly confined to the underlying graded layer. Surface morphology is 

investigated and Moire Fringes are used in conjunction with Raman spectroscopic 

techniques to provide an overall pic

ture o f the stress present in the Si cap. The Si cap contains stress values greatly exceeding 

previously reported stress levels in the literature for similar structures. Ge p-n photodiode 

structures are grown using both novel and conventional techniques with the difference in 

resulting structure analysed in terms o f dislocation density and stress variation o f the top 

layers. The influence o f foil thickness on elemental mapping is proven, while the 

confinement o f dislocations in the graded layer sample is in excellent agreement with 

expected results. Strained Si quantum wells are grown using two distinct novel 

techniques, with the removal o f the conventional SiGe graded layer shown to have 

negligible impact on the density o f threading dislocations, with excellent layer growth 

reported. The use o f a low temperature virtual substrate identified the importance o f 

optimal temperature choice, with Raman techniques displaying a strong correlation 

between line width and relaxation levels. A generic interface is developed that allows for 

the integration of various data from a wide variety o f disparate techniques. Statistical 

analysis is performed on Raman phonon positions within thin SiGe layers, with a new 

equation proposed that allows for more accurate Raman measurements in line with 

benchmarked X-Ray Diffraction (XRD) values. Subsequent validation o f the proposed 

model revealed excellent agreement with XRD measurements. Finally Micro-Electro- 

Mechanical-Systems (MEMS) are characterised using both Raman and white light 

interferometry techniques. Suitable shape variation is identified in line with expected 

stress variations across the device. Detailed stress mapping, suitable to the development 

o f stress templates at manufacturing level, is proposed using micro-Raman techniques.
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Preface

Silicon has been the material o f choice in the semiconductor industry for over forty years. 

However, limitations with this material are now being encountered and the search is 

taking place to find the choice material for the next forty years and beyond. Several 

materials have been suggested with silicon germanium (SiGe) seen as the most suitable. 

This is based on minimal overhead costs in terms o f adjusting existing fabrication 

facilities due to its compatibility with Si, as well as its stable structure and its adjustable 

band-gap.

In order to exploit the inherent advantages o f such a material over its conventional 

counterpart, several new structures and devices are developed. These new structures 

include but are not limited to, strained Si, Ge p-n photodiodes, strained Si quantum wells, 

and micro-electro-mechanical-systems (MEMS). These devices, with the exception of 

MEMS, all use an underlying SiGe buffer layer to provide either a suitable lattice 

mismatch for resulting strain in the top layers, or the suppression of dislocations that 

result from the unavoidable lattice mismatch that exists between Si and Ge.

It is envisaged that single chip solutions using monolithic integration will pave the way 

for fliture enhancements o f these same novel structures. Thick graded SiGe layers, with 

Ge content increasing from 0% to a nominal amount, usually -20% , are at present the 

most common type o f layers within the developing structures. As new devices are 

manufactured to exploit the materials used in their growth, the thickness of the layers 

used poses questions in terms o f integration and suitability for large scale manufacture. 

The thicker the material used, the greater the cost o f manufacture. In line with this, the 

associated growth procedures now focus on developing thin films with low defect 

density. The challenge exists to grow the structures outlined above using optimum growth 

techniques.

It is also clear that in line with a reduction in size of these layers, the tools and 

methodologies of characterisation must also be optimised. No one spectroscopic 

technique is sufficient for the overall characterization of any one structure as parameters
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such as threading dislocation, interface diffusion, strain and stress etc. all have to be 

evaluated. Therefore, the use o f several independent, but complementary techniques, are 

required for analysis of any single structure. Raman techniques, which focus on the 

interaction and scattering o f an incident phonon on a material, is suitable for 

compositional and stress analysis. This is due to the well developed library o f phonon 

frequencies associated with periodic elements and their alloys. In line with this, the 

suitability of such techniques in terms o f thin layers poses difficulties for researchers. The 

use o f a Transmission Electron Microscope (TEM), and its derivatives, such as Electron 

Loss Spectroscopy (EELS) and Energy Dispersive Spectra (EDS) have the ability to both 

qualify and quantify the characterisation o f materials in terms o f structure and 

composition.

As several tools are used in the analysis of a single structure, the issue o f managing and 

accessing such dispersed data quickly and efficiently becomes more obvious. The 

development o f a web based, Microsoft compatible, interactive Graphical User Interface 

(GUI) is perhaps the best solution. This allows several researchers to access and maintain 

a database of several different source files.



Chapter One

Si/SiGe heterostructures

1.1 Introduction

As customer driven technology advances, so too does the need for similar developments 

in the underlying materials. From strained Si transistors, which offer increased speed with 

no cost or area overhead, to frictionless MEMs devices, the scale o f both advancement 

and expectation in this area is phenomenal.

If steel was the raw material for the 20'*’ century, silicon is for the 21*‘ century [1], 

Silicon, the raw material of the microprocessor, powers the Internet and today’s 

economy, running everything from digital phones and PCs to stock markets and 

spacecraft while enabling today's information rich, converged, digital world.

But if  silicon technology's past has been dramatic, its future promises to be even more 

spectacular and far reaching [2]. This work focuses on emerging technologies, primarily 

those which incorporate a SiGe (Silicon Germanium) buffer layer, analysing important 

characteristics such as threading dislocations, misfits, and strain fields. From this, one 

can then begin to get a better understanding o f what occurs at both the micro and 

nanometer level.

1.2 Moore’s Law

Gordon Moore, one o f the founders of Intel, observed that innovations in technology 

would allow a doubling o f the number o f transistors in a given space every year (in an 

update article in 1975, Moore adjusted the rate to every two years to account for the 

growing complexity o f chips), and that the speed of those transistors would increase [3]. 

What is less well known is that Moore also stated that manufacturing costs would 

dramatically drop as the technology advanced. A graphical representation o f Moore's



Law can be seen in Fig. 1.1 where the num ber o f transistors and MIPS (M illions 

Instructions Per Second) are plotted as a function o f  years.
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Fig.1.1 A graphical representation o f M oore’s Law [I]

M oore's prediction, now popularly known as M oore's Law, had some startling 

implications, predicting that computing technology would increase in value at the same 

time it w ould actually decrease in cost. This was an unusual idea at the time, since, in a 

typical industry, building a faster, better w idget with twice the functionality also usually 

means doubling the widget's cost. However, in the case o f  solid-state electronics, the 

opposite is true: each tim e transistor size shrinks, integrated circuits (ICs) become 

cheaper and perform  better.

There are those in the industry that have long believed that the decreasing o f transistor 

sizes would be more and more difficult because, though as transistors shrink in size the 

pow er they consum e is reduced (they scale in voltage), their associated leakage current 

(the continued flow o f current even when transistors are " o f f )  increases. The more 

transistors there are on a chip, the more power is consumed. In addition, as transistor 

density and speed increase, the pow er consum ed by the chip as a whole increases also 

and generates more heat. Thus, the efficiency o f  cooling techniques must also improve. It 

is felt that the physical lim its o f  atom ic structures for scaling transistors are now being 

reached, while growth concerns, such as strain m anipulation as well as m isfit and 

threading dislocations, must also be overcome. This issue, as well as other factors, creates 

a significant and continuous challenge for the entire silicon industry.



In response to that challenge, this thesis pursues research into both conventional and 

unconventional technologies that have the potential to enable the next evolutionary step 

in computing. This includes introducing many new and exciting technologies and 

innovations in materials, growth techniques and spectroscopical characterisation.

1.3 Tomorrow’s Technologies Today

In order to make real the predictions made under Moore’s Law, a typical approach 

involves the research and development o f new process technologies and materials as part 

o f a long term vision. Every aspect, including both variable and manufacturing issues 

associated with new materials must be examined. From conventional Complimentary 

Metal Oxide Semiconductor (CMOS) processes to research in unconventional materials, 

such as strained silicon and Ge P-N photodiodes etc., the key challenge is the 

understanding o f the basic principles behind the introduction of new materials to the 

market place. We have now entered an age in which a majority of households employ a 

data connection to the home, being most typically a phone based modem installed in a 

personal computer (PC). Such data access is quickly becoming universal, but this 

consumer level connection is for now generally narrow (nominally 56 Kb/s), and thus 

several orders o f magnitude inferior to the performance of local area networks (LANs) 

available in today’s commercial environments (typically 16-100 Mb/s). Equally limiting, 

this consumer based data application is for the most part fixed, tethered by a wired phone 

installation not dissimilar to that in use almost a century ago [4],

In the near ftiture, one can expect significant enhancements in the mobility, performance, 

and associated value (decreased cost for ftinction) of data centric consumer applications. 

As services based upon the availability o f bandwidth are already being developed, the 

implications for the data infrastructure, and specifically for the technology supporting it, 

must be examined [5]. Similarly, the processing cost for a finished 200mm silicon wafer 

is about $1000, which comes to several cents per square millimetre o f silicon. In 

developing products for the communications marketplace, one requires only a fraction of 

the wafer capacity o f a cost-effective 1500 wafer start-per-day fabricator, since high 

volume communication dice are relatively compact. Furthermore, commonality and



shared process steps with an underlying high volume CMOS technology enable dramatic 

savings in both tooling and production costs. Therefore, it is important that, wherever 

possible, manufacturing steps common to CMOS processing are used, and to share in the 

economy of scale leading to its reduced cost structure. In terms of emerging mixed-signal 

technologies (those that combine both analogue and digital ftinctionality), the metric 

against which it must be measured is its achievement o f performance requirements within 

the wired and wireless network segments while maintaining the economic constraints 

associated with the consumer marketplace [6].

1.4 Silicon Germ anium

In the mid 1980s, a SiGe (Silicon Germanium) device program was initiated at IBM to 

extend silicon based electronics to levels o f performance and to circuit topography 

implementations previously not feasible in a silicon based technology [6 -  9]. Very high 

levels of performance in SiGe devices and circuits are obtained through modification of 

the transistor’s band structure rather than by device miniaturisation, thereby enabling the 

use o f a low cost silicon based approach. Launched originally to address the needs of 

high end computing, the program was refocused in 1990 to look at devices for the rapidly 

developing communications area.

Since then, SiGe has evolved from a research material to now accounting for a small but 

significant percentage o f manufactured semiconductor devices. This percentage is 

predicted to increase substantially as SiGe begins to be incorporated into CMOS 

technology in order to substantially improve performance. It is the development of 

Si/SiGe heterostructures and the associated band and strain engineering which gives 

improved conventional microelectronic device performance along with allowing new 

concepts to be explored. Strategies Unlimited have predicted that the wireless and digital 

SiGe market will reach $1.8 billion by 2008. For example, SiGe bipolar technology is one 

of the most attractive candidates for the emerging field of broadband wireless services. It 

(SiGe) combines cost and integration advantages with the potential to fiilfil the technical 

specification and manufacturing capabilities o f standard silicon technologies. Therefore,



it is o f primary interest to investigate the realisation o f key building blocks as a 

precondition for the monolithic integration of complete systems [10]. Central to this work 

is the need to appreciate the fundamental issues associated with SiGe, as this is the 

building block for the materials mentioned below. Already many SiGe products are 

available on the market in numerous applications and the market predictions are for an 

enormous growth in products.

The work reported here focuses on several materials o f interest, namely:

1. Strained silicon on a SiGe buffer layer;

2. Ge P-N photodiodes;

3. Silicon Quantum Wells;

4. Micro-Electro-Mechanical-Systems (MEMS).

The majority of these materials contain a SiGe buffer layer, which has significant impact 

on the overall characterisation o f the material in question. Fig. 1.2 outlines a typical 

structure of the materials under investigation, showing in this case, a strained Si layer 

deposited on a SiGe buffer layer.

__________ Strained Silicon________

SiGe (x % G e)

Graded SiGe (0-x % Ge)

Epitaxial Silicon 

Silicon wafer

Fig. 1.2 Schematic o f  strained Si on SiG e buffer layer

Fig. 1.3 shows the main technologies in semiconductors, with microprocessing units 

(MPUs) and dynamic random access memory (DRAM) plotted as a function o f time 

along with the total semiconductor and electronic product sales. The advent and drive of



SiGe technology has been used to develop bandgap and strain engineering on a silicon 

wafer with the hope o f improving some of the mediocre properties o f silicon while 

retaining the mature and cheap fabrication processes. With the advent o f the SiGe 

heterojunction bipolar transistor (HBT) [11-12] and the first sales in 1998, the market for 

SiGe devices in the radio frequency (rf) market has increased over time and is predicted 

to increase at 30% per annum in the fiature [13-14] (Fig. 1.3). Much of this increase is 

predicted to be in rf markets where higher cost III-V  materials have previously 

dominated. CMOS, however, is dominant in semiconductor products in general. If SiGe 

can be integrated into such areas then the sales o f SiGe devices will also include a share 

o f the MPU market and the sales would be increased substantially to tens o f billions of 

US dollars per annum.
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Fig. 1.3 The economics o f  the sem iconductor market as a function o f  year [10].

In early 2000, Motorola became the first in the industry to qualify the SiGe 

heterojunction bipolar technology (HBT) bipolar CMOS(BiCMOS) process. A year later, 

it introduced a general purpose, low noise amplifier with selectable current. Other 

applications based around SiGe material developed include fibre-optic drivers for optical 

networking, bluetooth, as well as short range wireless data transmission. A number o f 

other companies, such as Texas Instruments, have also been very proactive in the 

incorporation of SiGe bipolar CMOS technology, as can be been in Fig. 1.4.



p m etal oxide n m etal S ilicon-^em ’ianium npn
sem iconductor oxide sem iconductor heterojunction bipolar-technology transistor

Source Gate Drain Source Gate Drain B ase Emitter Collector

Crystalline silicon-germ anium

Fig. 1.4 Cross section o f  the Texas Instruments SiGe bipolar CMOS integrated circuit showing w'here the 
SiGe is placed in the transistor

The use o f SiGe devices allows many new functions to be added onto a Si chip 

potentially reducing cost and power along with increasing speed and yield. For some 

applications it may be preferable to have 2 or 3 chips as a cheaper solution, all bonded 

inside a multi-chip module (MCM), as shown in Fig. 1.5
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Fig. 1.5 Schematic o f  system-on-a-chip (SOC) solution utilising several SiGe based technologies [10].



1.4.1 Strain and Lattice Constant

The lattice constant o f Germanium is 4.2% larger than that o f silicon [15], Applying 

Vergard’s law, the lattice constant o f relaxed or bulk Si|-xGe^ films, with x between 0 and

1, is almost linear, although small variations to this have been measured. An 

approximation accurate to about 10 nm is given by [16]:

asn - .c. =  0.5431 +  0.01992x +  0.0002733x^ (1.1)

Douglas J. Paul [10] has provided an excellent review of the SiGe lattice structure, the 

main points of which are outlined below. Fig. 1.6 shows a schematic diagram o f various 

layer interactions depending on the order in which the layer is deposited. Fig. 1.6(a) 

depicts a bulk lattice constant o f a thin Sii xGcx film to be grown on top o f a thin bulk 

silicon layer, whereas Fig. 1.6(c) shows the schematic diagram for a bulk Si film to be 

grown on top of a bulk Sii yGcy film. If a thin Sii- xGe* film is grown on top of a Sii-yGcy 

film then for > v the top layer is compressively strained (Fig. 1.6(h)) while for x < >» the 

layer is tensile strained (Fig. \.6{d)).

In both cases the strain is in the plane o f the layer (e x = e y = e ii) but this strain also 

produces e ^, a perpendicular strain, resulting in a tetragonal distortion to the lattice (Fig. 

1.6(6)). In isotropic elasticity theory the strains are related by Poisson ratio, v, through
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Fig. 1.6 Schematic o f  lattice constant interaction o f  various deposited films [10].

With SiGe deposited on a Si bulk substrate, the Si remains in the cubic structure, with a 

lattice constant o f asi = 5.43A. The SiGe layer is compressed parallel to the interface to 

match the Si lattice constant a in the plane, a// = 5.43A. For SiGe deposited on bulk Si, 

with respective thickness o f hsioe and hsi respectively, the parallel lattice constant is 

calculated using the equation:

~  ‘̂ S iC e ^ S iO e ^ S iG e ) /{ ^ S i^ S i  ^  ^ S iG e ^S iG e ) ( 1-3)

and

a  =  a, [l -  D‘ {a,, ja^ - 1)] (1.4)

where i denotes the materials, SiGe or Si, aj denotes the equilibrium lattice constants and 

G i is the shear modulus, and D is a constant that depends on the elastic constants Cn and 

Ci2. The ratio o f a  and a to the unstrained lattice constants determines the strain 

components parallel and perpendicular to the interface:

(1.5a)
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% = ( « a / « / - ! )  (l-5b)

A s can be seen, the value o f  a  is determ ined  by  the lattice constan t o f  the substra te  used.

M ost S iG e structures designed  for m o d em  electron ics have only  one o r tw o stra ined  

layers grow n on top o f  e ither a b u lk  silicon  w afer o r a re laxed  SiG e v irtual substra te  

w hich  is substan tia lly  th icker than the deposited  ep itax ial layers. I f  the m isfit be tw een  the 

ep ilayer and the substrate  is su ffic ien tly  sm all, the  first a tom ic layers grow n on the 

substra te  w ill be stra ined  and la tticed  m atched  to  the substrate. In this case, a  coheren t 

hetero in terface  w ill form , w here the stra ined  layer is forced to have the substra te 's  in 

p lane lattice constan t and again  the ep ilayer becom es te tragonally  d istorted .

1.4.2 Critical Thickness

A s the th ickness o f  the epitaxial layer is increased , there ex ists a m axim um  th ickness, 

called  the critical th ickness, he, above w hich it w ill require too m uch energy  to e lastica lly  

strain  additional hetero layers in coherence w ith  the substra te  [17]. D efects, te rm ed  m isfit 

d islocations, act to relieve the strain  p resen t in the epitaxial film . The d islocations are 

typ ically  a / 2(110)60° type for the S iG e system . The epitaxial layer re laxes and the 

defects in teract w ith  the electrical, optical and  therm al properties o f  the  m aterial, 

typ ica lly  degrad ing  the perfo rm ance o f  devices.

W ell defined  in terface cond itions require  a conservation  o f  the in -p lane lattice constan t, 

i.e. pseudom orph ic  (or coheren t) grow th on a substrate  o f  the  active layers w hose  lattice 

p aram eter has been p roperly  ad justed . H ence, in order to exp lo it ‘strain  en g in ee rin g ’ for 

the ta ilo ring  o f  the band  structure bo th  the strain  defin ing  substrate  and the 

p seudom orph ic  hetero layers have to be realised . B ulk  Sii-xGCx can be ru led  out as a 

substrate , bo th  because o f  the inheren t p rob lem s o f  pu lling  hom ogeneous Sii xGCx 

crystals, and  because such substrates w ould  jeo p ard ise  the m ain  advantage o f  the  S i/S iG e 

heterosystem , nam ely  its com patib ility  w ith  ex isting  silicon  technologies. It is therefore  

p referab le  to em ploy  Si substrates and  prov ide strain  ad justm en t by  m eans o f  a  relaxed, 

in term ediate  Sii-xGcx bu ffe r layer. O ccasionally , th is com bination  is re fe rred  to as a
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v irtu a l substrate. As mentioned earlier, for relaxed buffers as well as for pseudomorphic 

layers the most relevant material parameter is the critical thickness. Films thinner than he 

cannot relax, because the elastic energy stored in such a homogeneously strained layer is 

lower than the elastic energy associated with the local distortion around a m isfit 

dislocation. Above he m isfit dislocations become energetically favourable and provide 

partial strain relaxation o f the film , the degree o f which increases w ith increasing layer 

thickness. Under non equilibrium conditions a metastable thickness range between he and 

an apparent critical thickness he app exists, in which the nucleation and propagation o f 

m isfit dislocations is kinetically suppressed [18-19]. The value o f he app depends strongly 

on the growth temperature, but also on the nucleation sites and mechanisms available in 

the actual giowth environment.

A number o f models have been developed to predict the critical thickness o f the strained 

epitaxial layer w ith the equation describing critical thickness being reduced to [17, 20]:

Low temperature epitaxy techniques, such as molecular beam epitaxy (MBE) or the 

different variants o f low temperature chemical vapour deposition (CVD), can 

significantly extend the range o f useful layer thicknesses. This is shown in Fig. 1.7, 

where for Sii-xGcx on Si substrates, the equilibrium critical thickness ĥ  and experimental

thicknesses appear feasible even at a higher lattice mismatch, one has to keep in mind 

that metastable layers may partly relax upon subsequent heat treatments.

The three phases labelled ‘ stable’ , ‘metastable’ , and ‘ relaxed’ in Fig. 1.7 mark the 

limitations o f strain engineering in a SiGe material system. The amount o f strain present 

in a layer is linked to the critical thickness o f the layer [21-22]. Therefore, for increasing 

Ge composition w ith in an active layer, there is a resulting increase in strain and a 

corresponding reduction in the critical thickness.

X
(1.6)

values grown by MBE at 550 are plotted as a function o f jc. Although reasonable film

-  13  -



Si,.,Ge, on Si

reaxed

m eta -'^ . MBE 5 5 0 X  
stable

stable 
(Matthews, Blakeslee)

 [___   L___ :* — l :

0 0.2 3 4 0 6

Ge concentration x
0.8

Fig. 1.7 A plo t o f  critical th ickness against com position  for Sij-xGCx on Si. The low er curve g ives the 
theoretical lim it in therm al equ ilib rium  [20], w hereas the upper (experim ental) curve is for a m etastab le  
lay e r grow n at 550 °C b y  M BE [15].

Another area of interest in the growth o f SiGe layers is the analysis of the impact of 

threading and misfit dislocations on the structure under investigation. Misfit dislocations 

are independent, thermally activated processes in the initial stages o f strain relief when 

the nucleation's centre density N(t), is low (<10'* cm '). The nucleation rate for misfit 

dislocations is represented by [23];

dN(t)
dt

: 0.7x1 exp
’ 2 .5 ]
1^.7’J

(1.7)

where r  is the effective stress, is the density o f incipient nucleation centres for

dislocations at t =0, ks is Boltzmann’s constan t, and T is temperature. The significance 

o f threading dislocations in the growth o f various structures will become evident later in 

this work.
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Fig. 1.8 (a) TEM image o f  Ge P-N photodiodes (b) Surface micrograph showing crosshatch pattern

The growth of buffer layers such as the relaxed graded SiGe layer generally result in a 

dislocation structure with long misfit segments and low threading dislocation density. 

However, when grading to high Ge concentration, deep trenches form as shown by the 

cross hatch pattern o f Fig. 1.8. If threading dislocations are prevented from moving by 

interacting with surfaces, or other dislocations, they effectively are removed from the 

strain relieving process. Therefore, locked dislocations have a negative impact on strain 

relief. This is investigated in more detail at a later stage.

1.4.3 Strain Relaxed SiGe Buffer Layers

Friedrich Schaffler [15] has written an informative review o f SiGe buffer layers, a 

synopsis o f which is now reflected upon. The simplest way of implementing a strain 

adjusting buffer layer is the growth o f a constant composition SiGe layer with a thickness 

exceeding by a large enough margin to allow a reasonably high degree o f strain 

relaxation [24], However, such buffer layers are associated with 10  ̂ to lO" threading 

dislocations per cm^ penetrating through the buffer, and ending at the respective growth 

front [25-26], A major reason for these unacceptably high densities lies in the step like 

strain variation at the interface between the substrate and a constant composition buffer.
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which leads to an efficient confinem ent o f  the m isfit dislocations to the (001) interface 

plane. For this orientation two equivalent networks o f strain relaxing m isfit dislocations 

exist, which are defined by the intersection o f  the {111} glide planes with the (001)

interface plane, resulting in line vectors along the [110] and [110] directions. M isfit 

accum ulation in the interface plane causes substantial interactions between the two 

networks that can impede and even arrest the propagation o f individual m isfit 

dislocations.

As a consequence, rather short m isfit segments develop, which are associated with a high 

density o f threading dislocations, because either end o f  a m isfit segm ent has to be 

connected to a free surface via a threading dislocation. The only w ay to reduce the 

density o f threading dislocations is by extending the m isfit segm ent lengths. In the ideal 

case, these will run all the way across the substrate, until they finally reach a lateral 

crystal surface at the rim o f the wafer, where they can no longer affect the active layers to 

be grown on top o f the buffer. In order to approach such a situation, three conditions have 

to be fulfilled:

(i) The growth (or annealing) tem peratures have to be sufficiently high to allow a 

fast enough m isfit dislocation propagation in relation to the growth rate;

(ii) The density o f pinning centres or arresting m isfit interactions has to be low 

enough to prom ote long m isfit segments and

(iii) Nucleation and m ultiplication m echanisms for dislocations are required, but the 

associated activation energies should be higher than the activation energy 

associated with propagation in order to prevent the introduction o f  m any short 

m isfit segments.

Since at Ge content greater than 10% none o f  these conditions can be fulfilled in a 

constant com position buffer, alternative ways have been proposed to overcom e the 

problem s associated with m isfit pinning by dislocation interaction [27], The most 

successful approach at present employs a linear Ge gradient throughout an initial buffer 

layer B l, followed by a second, relaxed, layer, B2, throughout which the final 

com position o f  B l is kept constant [28-30],
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Relaxed SiGe alloys deposited on Si substrates can be the bridge that brings SiGe metal 

oxide semiconductor field effect transistors (MOSFETs), SiGe modulation doped field 

effect transistors (MODFETs), and III-V device technology to a Si based platform. Such 

technology offers great commercial promise since these advanced technologies can be 

manufactured in Si process lines and equipment, drastically lowering their cost. In 

addition, advanced technologies can be used to complement existing and dense Si CMOS 

circuits, breathing new functionality into Si circuits as they approach maturity. To obtain 

high mobility electrons in a strained Si cap layer, the implementation o f a relaxed graded 

SiGe buffer layer is necessary to lower the threading dislocation density and achieve high 

electron and hole mobilities [31-32].

Fig. 1.9 TEM image o f  strained Si cap on relaxed SiGe buffer layer(B2), grown on SiGe graded layer(Bl )

The advantages o f this concept are obvious: the misfit dislocations are distributed over 

the thickness o f B1 rather than being crowded into the interface plane. This strongly 

reduces dislocation interactions, allowing most o f the dislocations to propagate 

unaffected with a velocity determined by the growth temperature. An example of this is 

depicted in Fig. 1.9 which shows a cross sectional TEM micrograph o f a strained Si layer 

deposited on a relaxed SiGe layer B2, beneath which lies a linearly graded SiGe buffer 

layer, B 1. The (thermal) crack shown is due to the difference in thermal expansion o f the
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materials. In the last few years a significant amount of effort has been dedicated to an 

understanding and optimisation o f graded buffers both with respect to relaxation [33-36] 

and surface morphology [37-38]. These two parameters are not independent o f each 

other, because both are affected by grading rate, growth temperature, and composition, 

albeit in a different fashion.. While high growth temperatures are advantageous for 

dislocation propagation, they also support strain driven 3D growth, which leads to a 

rough surface morphology that may affect lithographic steps during subsequent device 

processing.

1.4.4 Morphology

The morphology of samiples, such as strained Si layers, can be readily used to identify the 

relaxation or not of the underlying SiGe layer o f constant composition. This is due to the 

fact that for every misfit dislocation present, a local accumulation o f the double atomic 

surface steps results, which causes a regular crosshatch pattern, orientated along the 

{110} directions to appear at the surface [39,40], Therefore, surface morphology analysis 

can provide an insight into the density of misfit dislocations present in the buffer layers. 

Multiplication mechanisms can cause a pile up o f atomic surface steps as they can release 

on the order of 10 to 30 dislocation half-loops with identical Burgers Vector into the 

same {111} plane [34,36], Later in this work, details are provided o f how surface 

analysis can be used, in addition to other complementary techniques, to close the loop 

between growth and strain characterisation.

1.4.5 Growth Techniques

In the development o f modem day electronic devices, MBE and CVD with associated 

subgroups, such as Low Pressure CVD (LPCVD), are, in the main, the dominant tools of 

choice for material deposition. There are associated advantages and drawbacks with 

every method used, and these are outlined briefly here. In addition, low temperature and 

thin film step layers, as opposed to thick film SiGe virtual substrates, are examined 

throughout this report as possible alternatives in the steps used to grow the various 

disparate devices outlined previously. This work tackles the resulting differences in terms
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o f threading dislocation density and strain, using a variety o f complementary analytical 

techniques as outlined in Chapter 2.

In MBE, an atomic beam of the growth species is created by heating the raw material 

above its melting point using an efftision cell. The disadvantage o f using electron beam 

sources is that the electrons themselves can create unwanted radiation in the chamber 

which is obviously not ideal for defect free heterolayers. CVD has a distinct advantage 

over MBE in terms of the number o f defects present and lower background 

contamination. In terms of strained Si, CVD can be carried out at atmospheric pressure, 

and involves the pyrolysis at an elevated temperature o f the precursor gas, i.e. silane.

The characterisation of the LPCVD technique used in the growth of a strained Si layer 

has been done with the growth/deposition o f a number of epitaxial and polycrystalline 

silicon layers from SiH4 (discussed in detail in Chapter 3). The thicknesses o f  

grown/deposited layers were found to be in a linear relationship with time. Structures 

were also manufactured in both CVD and MBE chambers in order to investigate the 

possibility o f combining both growth techniques, and this is commented on in more detail 

at a later stage.

1.4.6 Bandgap Engineering

Bandgap engineering, which is the ability to alter the energy gap of a semiconductor, has 

transformed the field o f electronic and optoelectronic devices, particularly in the III-V 

materials systems. Si/SiGe heterostructures allow both bandgap and strain engineering 

using silicon technology. Though beyond the scope of the work reported here, it is 

nonetheless important to understand how the conduction band, valence band and the 

curvature o f the bands are affected when the material’s parameters are changed. A 

number of different papers have presented calculations on the band structure for different 

types o f SiGe devices ranging from compressive strain [41] to complete calculations for 

all virtual substrate and active layers [42^ 5].

The basic description o f a semiconductor is its bandstructure, i.e. the variation of energy 

E  with wave-vector k. The most important bands are:
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Valence band - the last filled energy level at T=0 K

Conduction band - the First unfilled energy level at T=-0 K

The valence band maximum is at k =0, is known as the gamma point. Where the 

conduction-band minimum also occurs at k =0, the semiconductor is said to be a direct 

band  semiconductor. At non-zero k =0, the semiconductor is an indirect-band 

semiconductor.

In a semiconductor, the band gap is small enough that electrons can be moved from the 

orbitals in the valence band to the orbitals in the conduction band, as shown in Fig. 1. 

This leaves both bands partially filled, so the material can conduct electricity.

Fig. 1.10 T he partial filling o f  a conduction  band  due to the excita tion  o f  e lectrons in the valence  band [46]

The band structures o f bulk (relaxed) Si and Ge are completely different. Both are 

indirect bandgap materials with the valence band edge at A: = 0 consisting o f degenerate 

light-hole (LH) and heavy-hole (HH) bands with a split-off (SO) band lower in energy. 

However, it is in the conduction bands that the major difference occurs. Ge has the 

conduction band minima at the L points o f the Brillouin zone along the [111] directions 

with eight equivalent half valleys or four equivalent full valleys (Fig. 1.11(a)). Silicon, in

Conduction
Band

(unfilled)

Conduction 
Band 

(partially filled)

0c
UJz
UJ

>■ Electrons 
Excited.
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com parison, has the six conduction band m inim a about 0.85 o f  the way along the A- 

direction o f  [100] tow ards the zone boundary at the X points (Fig. 1.11(^)).

For an unstrained (100) Sii-xGe^ m aterial the bandgap is shown in Fig. 1.12. A 

discontinuity appears at approxim ately x = 0.85 where the conduction band changes 

abruptly between silicon like A6 m inim a valleys to L  valleys. The addition o f  strain is 

also dem onstrated in Fig. 1.12 for com pressively strained Si).xGe;c grown on relaxed 

Si(lOO) w ith the degeneracy o f the LH and HH bands being split by the strain.

b u lk  <k‘ ;incl
s tru iiu 'd  S i , (Je (x>0..S5» 

i - \  \

b u lk  <k‘ ;incl
s tru iiu 'd  S i , (Je (x>0..S5» 

i - \  \
hu lk  Si

Fig. 1.11 (a) The conduction band valleys o f  Ge along the [111] directions and {b) the conduction band 
valleys o f silicon along the [100] directions [10].
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Fig. 1.12 The bandgap in eV for strained Sii.xGe, grown on bulic silicon substrates and for unstrained Si|. 
xGCx [41],

In ordinary silicon, all six lobe shaped orbitals have the same energy i.e. the conduction 

band o f  silicon is six fold degenerate, so there is no preferred direction o f  flow. However, 

by stretching the lattice, the six fold degeneracy is broken, with the two out-of-plane 

valleys becom ing preferentially occupied relative to the four in-plane valleys, as shown in 

Fig. 1.13. This split reduces intervalley phonon scattering in the out-of-plane valleys and 

reduces the effective m ass, thereby increasing the m obility o f  the carriers [47], This is 

discussed in Chapter 3 where efforts to grow strained Si structures are described in detail.
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Fig. 1.13 Orbital orientation in strained silicon [44]

1.5 Conclusions

For the continual advancem ent o f  technologies in line with M oore’s Law, there is an 

inherent need for the underlying m aterials upon which the technology is based to im prove 

also. To this end, several novel materials are currently being proposed, with benefits both 

in terms o f  cost and perform ance. This chapter has briefly outlined the different types o f 

material that are investigated in this work, with future chapters providing a more detailed 

analysis.

Central to this is the need to understand the basics o f  SiGe as it is used as a virtual 

substrate in the m ajority o f  the m aterials presented in this work. The ftindamentals 

associated with bandgap and strain engineering as they relate to SiGe were discussed in 

this chapter as well as presenting an overview o f  the im portance o f strain and lattice 

relationships.



Important considerations, such as optimal growth techniques and dislocation propogation 

were explored, while the influence o f underlying defects on the surface morphology was 

introduced to the reader. Critical thickness, which bears an important role in the thickness 

o f virtual substrates used in the growth o f novel materials was discussed briefly, with a 

more detailed analysis presented in the following chapters.
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Chapter Two

Experimental Procedures

2.1 Introduction

The use o f SiGe in novel devices, as outlined in Chapter 1, presents many measurement 

challenges. Film thickness, germanium concentration, defects, lattice strain and surface 

roughness are all parameters that must be monitored and controlled for proper device 

growth. Some o f these measurements must be made on ultra thin multilayer stacks, which 

exacerbates the challenges. This chapter presents a number of measurement techniques 

suitable for use on a variety o f materials such as strained Si, SiGe buffer layers in Ge P-N 

photodiodes etc.

As already discussed in Chapter 1, a primary application for SiGe is the heterojunction 

bipolar transistor (HBT), which offers significant advantages over conventional Si 

MOSFETs for use in high speed, high frequency communications devices. To 

recapitulate, the SiGe HBT allows integrated circuit (IC) designers to integrate analogue, 

digital and radio frequency (rf) functions onto a single chip with minimal overhead on 

existing CMOS production methodologies [1]. HBTs use a thin (< lOOOA) multilayer 

stack o f epitaxial Si with varying Ge concentrations and thicknesses to form the emitter 

region o f a bipolar transistor. Compared with conventional Si layers, those with a high Ge 

concentration supply high mobility electrons, while the low concentration layers provide 

low contact resistance. This enables devices capable o f gigahertz switching speeds to be 

developed at increasingly smaller geometries [2]. In terms o f each of the epitaxial Si 

layers, the ability to measure accurately both Ge concentration and thickness is essential 

for effective process control o f  HBT devices. It is incumbent on the measurement tool of 

choice that it is capable o f making independent composition and thickness measurements 

for each layer within any film stack. Primarily, this is because all o f the layers grow 

during a single pass in an epi reactor and therefore one cannot make film measurements 

until all the layers have been formed.
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A nother application for SiGe is strained Si, wherein the traditional Si active device layer 

is replaced with a thin (< 200A) strained Si layer deposited epitaxially on a several 

m icron thick bed o f  epitaxially grown SiGe. As the lattice spacing o f  Si is sm aller than 

that o f  SiGe, for a thin Si layer deposited on an underlying SiGe layer, its crystal lattice 

m ust be effectively stretched, or ‘strained’, in order to m atch that o f SiGe. This 

introduction o f  strain into the Si lattice increases the m obility o f electrons m the transistor 

channel, producing faster transistor switching speeds [3]. In this application, the most 

significant m easurem ent param eters are the thickness o f  the strained Si layer and the 

concentration o f  Ge in the underlying relaxed SiGe buffered layer, w hich has a prim ary 

im pact on the strain o f  the Si film [4-5]. These m easurem ents challenge engineers 

because o f  the thinness o f the strained Si layer. Also, if  Ge diffusion does occur, the 

interface between the strained Si and SiGe layers can becom e indistinct, making it 

difficult to m easure individual layer thickness.

2.2 Possible Methods of Analysis

The nature o f  this thesis requires that certain m easurem ent techniques be used in order to 

provide suitable characterisation o f  the m aterial under investigation. It is im portant that 

the reader is fam iliar from a very early stage with the tools in use and why they were 

chosen. This chapter discusses several possible characterisation techniques and then 

proceeds to explain in detail the actual tools used. In addition, the preparation steps and 

setup are discussed as well as some history o f  the various tool usages down through the 

years.

Secondary ion m ass spectrometry (SIM S) is an offline analytical technique that can 

provide independent m easurem ents o f both Ge concentration and film thickness o f each 

layer. It is an extrem ely accurate and sensitive technique, with a typical accuracy o f 

within 5% for concentration m easurem ents and 2% for depth [6-7], SIMS is often 

considered to be the benchmark technique for elem ental and thickness com position 

m easurem ents. A typical scan, however, can take an hour or more as well as resulting in
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the destruction o f the device. These disadvantages make the technique highly 

inappropriate for production monitoring. Furthermore, SIMS suffers from measurement 

artefacts, such as enhanced count rates at interfaces, which can distort the true SiGe 

concentration profile o f a multilayer film stack.

2.2.1 X-Ray

X-ray techniques have been used for many years to characterise semiconductor materials 

in a laboratory environment [8-9]. These techniques have excellent intrinsic measurement 

capability but historically have lacked the high throughput, small spot size, ease o f use 

and low cost o f ownership required for production monitoring. There are three main 

techniques associated with X-ray methods and these are: X-ray fluorescence (XRF), X- 

ray reflectometry (XRR) and X-ray diffraction (XRD).

XRF has been in production for more than 10 years and can be used to measure Si and Ge 

composition individually. The technique, however, is limited by the fact that it is only 

suitable in measurements o f single layered unpattemed wafers. This is due to the fact that 

as X-rays can penetrate several microns deep into a substrate, any Ge signal that is 

collected from all of the layers is counted as a single, "lumped" Ge signal. XRR can be 

used to provide information on multilayer density, thickness and surface and interfacial 

roughness, both independently and simultaneously. However, XRR suffers from a poor 

signal-to-noise ratio as the electron density contrast between the various SiGe layers is 

low. This results in poor sensitivity to small changes in layer thickness. New small spot 

systems are becoming available, but significant challenges remain in making this 

technique production worthy.

Finally, XRD provides the most comprehensive information on film characteristics, since 

stress, thickness and Ge concentration can be theoretically extracted from diffraction 

spectra. Small spot systems are only now becoming available thanks to recent advances 

in X-ray hardware and algorithm software. Work presented in Chapter 5 outlines the 

benefits of using XRD as a complementary analytical technique to micro-Raman 

(discussed below) analysis in the measurement o f strain. It also discusses how it is used
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to verify the growth o f the buffer layer present in the Ge P-N photodiode sample. Three 

sets of different XRD measurements are reported upon which, when analysed, allow one 

to understand the nature and characteristics of the relevant samples.

2.2.2 Optical Metrology

In order for a characterisation technique to be used at the manufacturing level, it is 

important that it is both fast and reliable, while also being non-destructive. This is 

necessary for incorporation into the final phases of production where samples will be 

used to create market ready devices. Optical metrology has the advantage o f meeting the 

requirements outlined above for characterisation of production ready thin films. O f the 

various optical measurement techniques available today, Raman Spectroscopy is perhaps 

the most suitable for measurements relating to strain and composition while 

Spectroscopic Ellipsometry (SE) is another capable tool o f choice. However, 

conventional SE systems have difficulty in achieving a high correlation (within 1%) to 

offline analytical techniques such as SIMS. Because o f the sheer number and disparate 

nature o f SiGe measurements, no single technology completely covers all requirements.

2.3 Techniques Used

Among the analytical methods that are currently available, three main measurement 

techniques are referred to throughout this thesis, irrespective o f the material under 

investigation. These are:

1. Transmission Electron Microscope (TEM);

2. Micro-Raman Spectroscopy;

3. X-Ray Diffraction.

Different analytical techniques are more suitable to certain types o f investigation, e.g. 

TEM allows one to analyse the presence o f  threading dislocations within heterostructures, 

while micro-Raman techniques allow strain measurements to take place on these same 

materials. By choosing these tools, complementary and independent analysis of materials 

can be performed.
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2.3.1 Transmission Electron Microscope (TEM)

The Transm ission E lectron M icroscope (TEM ) uses a high energy electron beam 

transm itted through a very  thin sample to image and analyse the m icrostructure o f 

m aterials with near atom ic scale resolution. Several research websites are dedicated to 

describing the operation o f  the TEM , including Stanford’s Characterisation Library [10] 

and the U niversity o f  N e b ra sk a [ll] , the m ain points o f  w hich are presented below. The 

electrons are focused w ith electrom agnetic lenses and the image is observed on a 

fluorescent screen, or recorded on film or digital camera. The electrons are accelerated to 

several hundred kV, giving wavelengths m uch sm aller than that o f  light and X-rays: 200 

kV electrons have a w avelength o f 0.025A. However, whereas the resolution o f  the 

optical m icroscope is lim ited by the wavelength o f light, that o f  the electron m icroscope 

is lim ited by aberrations inherent in electrom agnetic lenses, to about 1-2A. The high- 

resolution mode o f the m icroscope images the crystal lattice o f  a m aterial as interference 

patterns between the transm itted and diffracted beams. This allows one to observe planar 

and line defects, grain boundaries, interfaces, etc. [12]. The Bright Field/D ark Field 

imaging modes o f  the m icroscope, which operate at interm ediate m agnification, 

com bined with electron diffraction, are also invaluable for giving inform ation about the 

m orphology, crystal phases, and defects in a material. The TEM is also capable o f 

forming a focused electron probe, as small as 2A, which can be positioned on very fine 

features in the sample. This is o f  particular benefit for m icro diffraction inform ation or 

analysis o f  X-rays for com positional inform ation with an energy dispersive X-ray 

spectroscopy (EDS) detector. The spatial resolution for this com positional analysis in 

TEM is very high, on the order o f  the probe size, because o f  the thinness o f  the sample 

(1000 - 2000A). Transm ission o f  fast electrons through the thin sample causes their 

inelastic scattering, i.e. energy losses o f  prim ary electrons due to the excitations o f  atoms 

o f  the samples [13]. The distribution o f  transm itted electrons as a function o f  energy loss 

is called an energy loss spectrum . Such a spectrum  carries invaluable inform ation about 

chemical com position o f  the sam ples as well as inform ation about bonding, coordination 

and charge transfer on an atom ic level. Com bining the electron energy loss spectroscopy 

with the imaging ability o f  a Gatan Imaging Filter (GIF) extends the analytical pow er o f
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the TEM  up to the nanoscale and allows chemical analysis o f  grain boundaries, thin 

interface layers etc.

Fig. 2.1 TEM  internal d iagram  [ I !].

The "Virtual Source" at the top o f Fig.2.1 represents the electron gun. The gun creates a 

stream o f  high energy monochrom atic electrons. This stream is focused to a small, thin, 

coherent beam by the use o f  condenser lenses 1 and 2. The first condenser lens, as shown 

above, largely controls the m inim um  spot size while the second condenser lens affects 

both the diam eter o f  the illum inated area o f the specimen as well as the convergence o f 

the beam by changing the size o f  the spot on the sample from a w ide dispersed spot to a 

pinpoint beam. The condenser aperture helps to control the intensity o f  illum ination by 

restricting the beam through the elim ination o f  high angle electrons (those far from the 

optic axis indicated by the dotted line down the centre o f  Fig. 2.1). W hen the beam strikes 

the specimen it is the transm itted portion that is focused by the objective lens into an 

image. The objective aperture, which is placed in the back focal plane o f  the image, 

enhances the contrast by blocking out high angle diffracted electrons thereby selecting 

only those electrons which will contribute to the image. Using a selected area aperture, a 

thin metal strip with a series o f holes present, one can select which part o f the specimen

v i r t u a l  Source

Fi r s t  Condenser Lens

Second Condenser  Lens

Condenser  A p e r tu re

Sam ple

O b jec t iv e  Lens 
m i  Object ive  A p e r tu re  
■ g  3el ected A rea  A pe r t  u re

^  Fust Intermediate Lens

Second Intermediate Lens

P r o j e c t o r  Lens

Main S c re e n  ( phosphor.)
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to obtain a diffraction pattern from. The image magnification is controlled via the 

strength o f both the intermediate and projector lenses.

Fig. 2.2 TEM Image o f  a Silicon Quantum Well

The signal strikes the phosphorous image screen and light is generated, allowing the user 

to see the image. The darker areas represent those portions o f the sample through which 

fewer electrons were transmitted (these portions are thicker or denser). The lighter areas 

o f the image represent those areas of the sample through which more electrons were 

transmitted (i.e. the sample is thinner or less dense at this point). Fig.2.2 shows a TEM 

micrograph image o f a strained Si Quantum Well (QW), with the Si cap clearly shown by 

the bright white line, situated near the edge o f the sample (or foil as it is termed), which is 

always the thinnest part o f the TEM sample. It is important to note however, that white 

areas in a TEM are also influenced by the angle o f tilt, which influences the distance the 

beam travels inside the sample, and thus the number o f interactions it undergoes.

2.3.1.1 Specimen Interaction
Specimen interaction is what makes Electron Microscopy possible. The energetic 

electrons strike the sample and various reactions can occur as shown in Fig. 2.2. The 

reactions noted on the top side o f the diagram are utilized when examining thick or bulk
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specim ens (SEM ) while the reactions on the bottom  side are those exam ined in thin or 

foil specim ens (TEM).
inckJent c ‘ Boam

Backscattered ^

[athodalurnlnescence

Secondary e~

al;y SCJdK-'ud e 'in«iast(caiiy Scattered a ‘ i >
unscatte^ed e'

T ransnrtted tiectrons

Fig. 2.3 Specim en In teraction  [ 1 1]

Interactions, as outlined in Fig. 2.2 can be broken into three separate categories, nam ely 

Inelastic, Elastic and U nscattered electrons.

2.3.1.1.1 Unscattered Electrons
Electrons that do not undergo any interaction while being transm itted through a sample 

are term ed ‘U nscattered’ electrons. It is to be noted that the thickness o f  the sample under 

investigation influences the num ber o f  electrons actually transm itted through the 

specim en, with the num ber o f  actual unscattered electrons inversely proportional to the 

thickness o f the TEM  sample. Therefore, thinner areas will appear brighter in the TEM 

image as m ore electrons are transm itted through while conversely, darker areas in the 

TEM  image represent thicker areas that have fewer unscattered electrons.

2.3.1.1.2 Elastically Scattered Electrons

Elastically scattered electrons are those electrons that interact with the sam ple’s atoms 

and therefore experience a deflection from their original path but w ithout any associated 

loss o f  energy. These scattered electrons are then transm itted through the remaining 

portions o f the specimen. All electrons follow Bragg's Law and thus are scattered 

according to the equation:
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n>. = 2dSin9 (2.1)

where A. is the electron wavelength, n is an integer, 0 is both the angle of reflection and 

incidence, and d is the crystal lattice spacing between atomic planes 

Electrons enter the sample normal to its surface. Incident electrons travel at the same 

frequency and thus possess the same wavelength and energy. It follows that electrons that 

are scattered by the same atomic spacing within the sample will therefore be scattered by 

the same angle. These electrons can then be collated to form a pattern o f spots, with each 

spot corresponding to and identifying a particular atomic plane within the sample. This 

pattern can then yield information about the orientation, atomic arrangements and phases 

present in the area being examined.

2.3.1.1.3 Inelasticaily Scattered Electrons
In contrast with elastically scattered electrons as described in Section 2.3.1.1.1, those 

electrons that lose energy through interaction with the sample’s atoms are termed 

‘Inelastic’. The energy lost by the incident electrons is characteristic o f the elements 

present within the sample and is unique to each bonding state present. In fact, 

compositional and bonding information on the specimen can be achieved through 

examination o f the energies lost in the interaction. Bands o f alternating light and dark 

lines that are formed by inelastic scattering interactions are termed Kakuchi bands and are 

related to the atomic spacing present in the specimen. Using these bands one can either 

‘follow’ them like a roadmap to the ‘real’ elastically scattered electron pattern or else 

measure them, with their width is inversely proportional to atomic spacing.

2.3.1.2 Energy Dispersive X-Ray Spectroscopy (EDS)

As shown in Fig.2.3, X-rays are characteristic o f the interaction o f accelerated electrons 

with a specimen. As the wavelength of X-Rays is comparable to the size of atoms, it is 

obvious that they are suited to investigations at the atomic level. It is therefore useful to 

understand how these X-rays are generated in order to see how one might use them in the 

characterisation o f samples’. X-rays are produced when a focused electron beam 

accelerated across a high voltage field bombards a solid target. As electrons collide with 

atoms in the target and slow down, a continuous spectrum of X-rays is emitted. The high
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energy electrons eject inner shell electrons in atoms through the ionization process. In 

order to return the atom to its norm al state, a free electron m ust fill the shell, i.e. an 

electron from a higher energy moves into the vacancy produced at the lower energy level. 

It is this energy difference between the contributing and vacant shell which results in an 

energy loss in which an X-ray photon with energy characteristic o f  the target m aterial is 

emitted. This energy is given up in the form o f  electromagnetic radiation ie X-rays. Since 

energy levels in all elem ents are different, elem ent specific, or characteristic X-rays are 

generated.

Energy Dispersive X -ray m icroanalysis uses detection equipm ent to measure the energy 

values o f  the characteristic X-rays generated within the electron microscope. Using 

sem iconductor material (typically, Si/Li single crystal) to detect the X-rays and a m ulti

channel analyser m icroanalysis system converts X-ray energy into an electronic count. 

The accum ulation o f these energy counts creates a spectrum representing the chemical 

analysis o f  the sample. Therefore, while the electron microscope produces an image o f 

the sample's topography, energy dispersive X-ray m icroanalysis tells the microscopist 

what elem ents are present in the sample [14]. Fig. 2.4 shows an EDS measurement 

recorded in a SiGe graded layer present in a Ge P-N photodiode. This is explained in 

more detail in Chapter 4.

G«

3000

^ 20C0

1SC0

lOCO

SCO

0 5 15 33»
Energy (keV)

Fig. 2.4 EDS o f  upper SiGe layer
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2.3.1.3 Electron Energy Loss Spectroscopy (EELS)

Electron Energy Loss Spectroscopy (EELS) is the analysis o f the energy distribution of 

electrons that have interacted inelastically with the specimen [15], The transmitted beam 

contains inelastically scattered electrons whose energy has been decreased by amounts 

corresponding to characteristic absorption frequencies in the solid. As outlined earlier, 

these inelastic collisions carry information relating to the electron structure o f the 

specimen atoms. Examining the spectrum of electron energies, one can reveal details o f 

the nature o f these atoms such as their bonding and nearest neighbour distributions. In 

order to do this, a magnetic prism spectrometer is used as an additional electromagnetic 

lens in TEM. A magnetic prism with a resolving power o f approximately leV is a highly 

sensitive device which is sufficient to distinguish all the elements in the periodic table. 

Electrons that undergo different amounts o f loss due to the Inelastic scattering process 

exit the sample at different points. This is made possible by the magnetic field o f the 

prism which deflects the angle o f the transmitted electrons through 90*̂ . The EELS 

spectrum is a distribution o f electron counts versus energy loss.

This process is exactly analogous to the dispersion o f white light by a glass prism An 

EELS spectrum has specific features o f absorption spectra, because, unlike EDS and 

other microanalytical techniques, EELS is concerned with detecting the primary event, 

namely the loss o f electron energy due to an inelastic interaction and not a secondary 

event connected with the return o f the atom to ground state.

650

c o u n t s

600 

550

O 100 200 300 400
P i x e l

Fig. 2.5 Si distribution across SiGe graded layer
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Fig.2.5 shows an EELS spectrum taken from a strained Si structure with a relaxed graded 

SiGe buffer layer (from which the EELS spectrum was observed). A Gatan Imaging 

Filter (GIF) produces energy filtered electron images and diffraction patterns, as well as 

electron energy loss spectra (EELS) [16], One of the major applications o f the imaging 

filter is in chemical microanalysis, where the spectra provide information about the 

different chemical elements present, and the images show how the elements are 

distributed in the sample. Another important application of the GIF is improving the 

contrast o f images and diffraction patterns by removing the contribution o f elastic 

scattering. R.F Egerton [17], in his seminal work on EELS describes the fundamentals 

involved in calculating elemental maps. The following introduces some of the keys points 

o f his work.

Different protocols are used to estimate the background image and identify the element 

signal to calculate the elemental map from the element enhanced image. The most 

common are the ‘two-’ and ‘three-window’ methods. In the two-window method, a 

background image is a pre-edge image that is subtracted (difference method) or divided 

(jump-ratio method) from the element enhanced image. The two-window method gives 

elemental maps with high signal-to-noise ratios because it uses only two images instead 

of three as in the case of the three-window-power-law method. The three-window power 

law method is the most conventional method for background subtraction and calculation 

of elemental maps. In this case, the background is estimated by a power law function I = 

A.E'"̂ , where I is the electron count, E is the energy loss and A and r are the two 

independent fitting parameters. To calculate the elemental map with this method, two 

images below and one image above the ionization edge are acquired. Background 

correction is done by extrapolating the background image according to the power 

function model. Both A and r vary within the samples as a result o f variations in the 

thickness and composition and a separate estimation of the background image is required 

at each pixel. To do this, the extrapolated background is subtracted pixel by pixel from 

the element enhanced edge (the image above the ionization edge). The net result o f this 

subtraction is considered the elemental map for that element [17],
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Fig. 2.6 Schematic o f  three-window elemental mapping technique 

2.3.1.4 TEM Specimen Preparation

The materials undergoing TEM analysis, whether it be EELS, EDS or HREM, have first 

to be prepared in such a way that electron transparent areas are present in the sample. 

TEM preparation is a well documented practice, with the Max Planck Institut, in which 

most o f the TEM recorded in this work was undertaken, providing a detailed description 

o f the process [18]. The first step in the TEM preparation is a mechanical treatment of the 

material, such as sawing, ultrasonic grinding or punching to give the sample a circular 

form with a diameter o f approximately 3 mm. To prepare cross sectional specimens of, 

e.g., grain boundaries or hetero-phase interfaces, the formation o f sandwiches of the 

film/substrate material is a common procedure, which is then later glued inside a ceramic 

or metallic tube. After sawing the tube into small disks, each disk is mechanically ground 

to a thickness o f 100|im to 150|im. In most cases, grinding is followed by a dimpling 

process until the specimen thickness reaches 10|im to 50|im in the thinnest regions. The 

final thinning procedure is performed by Ar^ ion bombardment with ion energies in the 

range o f lOOeV to 6 keV. Within this preparation step the ion thinning parameters, such 

as the glancing angle or the ion beam energy are varied to obtain an optimal TEM 

specimen quality. An additional plasma cleaning process can remove impurities on the 

specimen surfaces.
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Fig. 2.7 A TEM preparation desk [18]

Shown in Fig. 2.7 is a typical working desk for the m echanical preparation and thinning 

o f the TEM samples. Each desk is equipped with a grinding/polishing m achine (a), a 

heating plate for gluing the specimens on the used specim en holders, a dim pler (c), and a 

wire saw (d).

2.3.2 Raman Spectroscopy

From an historical perspective, it is interesting to note that Raman spectroscopy, or at 

least the ideas relating to it, has been around for over a hundred years. One could argue 

that it was the Austrian quantum  physicist, A. Smekal who conceived its existence when 

he predicted the theoretical scattering o f  m onochrom atic radiation with change o f 

frequency [18]. However, both Rayleigh in 1871 and Einstein some years later in 1910 

had already been studying the scattering o f  light within various media. Up until then 

however, with the sole exception o f certain types o f  scattering in the X-ray spectral 

region observed by Com pton, no change in wavelength had been observed [19]. W ith this 

as its background, m any scientists were investigating the idea relating to the inelastic 

scattering o f  light, which was first reported in Calcutta by Raman and almost 

simultaneously by Landsberg in M oscow in 1928 [20 -21]. It was two years later when 

Raman received the Nobel Prize in Physics for his discovery, which bears the name since.
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2.3.2.1 The Raman Effect

Mechanical strain or stress may affect the frequencies of the Raman modes, and lift their 

degeneracy. When light is scattered from a molecule most photons are elastically 

scattered. The scattered photons have the same energy (frequency) and, therefore, 

wavelength, as the incident photons. However, a small fraction o f light (approximately 1 

in 10  ̂photons) is scattered at optical frequencies different from, and usually lower than, 

the frequency o f the incident photons. The process leading to this inelastic scatter is 

termed the Raman effect.

Raman scattering can occur with a change in vibrational, rotational or electronic energy 

o f a molecule. The difference in energy between the incident photon and the Raman 

scattered photon is equal to the energy o f a vibration o f the scattering molecule. A plot of 

intensity o f scattered light versus energy difference is termed a Raman spectrum.

2.3.2.2 The Scattering Process

Mechanical strain or stress may affect the frequencies of the Raman modes, and lift their 

degeneracy. As stated, the Raman effect arises when a photon is incident on a molecule 

and interacts with the electric dipole of the molecule. It is a form of electronic (more 

accurately, vibronic) spectroscopy, although the spectrum contains vibrational 

frequencies. In classical terms, the interaction can be viewed as a perturbation o f the 

molecule’s electric field. In quantum mechanics the scattering is described as an 

excitation to a virtual state lower in energy than a real electronic transition with nearly 

coincident de-excitation and a change in vibrational energy. The scattering event occurs 

in lO ’'̂  seconds or less. The virtual state description of scattering is shown in Fig. 2.8.
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Fig. 2.8 Energy level diagram for Raman scattering; (a) Stokes Ram an scattering (b) 

anti-Stokes Raman scattering

The energy difference between the incident and scattered photons is represented by the 

arrows o f  different lengths in Fig. 2.8. Num erically, the energy difference between the

initial and final vibrational l e v e l s , o r  Raman shift in wave num bers (cm ’), is 

calculated through the equation:

CbD

J _________1_

/ \  Incident ^ S c a i i e

(2 .2 )

in which Â ncident and ŝcattered are the wavelengths (in cm) o f  the incident and Raman 

scattered photons, respectively. The vibrational energy is ultim ately dissipated as heat. 

Because o f  the low intensity o f  Raman scattering, the heat dissipation does not cause a 

measurable temperature rise in a material. At room temperature the thermal population o f 

vibrational excited states is low, although not zero. Therefore, the initial state is the 

ground state, and the scattered photon will have lower energy (longer wavelength) than 

the exciting photon. This Stokes shifted scatter is what is usually observed in Raman 

spectroscopy. The energy decrease or increase from the excitation is directly related to 

the vibrational energy spacing in the ground electronic state o f the molecule and therefore 

the wavenum ber o f  the Stokes and anti-Stokes lines are a direct measure o f the
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vibrational energies o f  the molecule. Fig. 2.8(a) depicts Ram an Stokes scattering. A small 

fraction o f  the m olecules is in vibrationally excited states. Raman scattering from 

vibrationally excited m olecules leaves the m olecule in the ground state. The scattered 

photon appears at higher energy, as shown in Fig. 2.8(b). Note that the anti-Stokes line is 

m uch less intense than the Stokes line. This occurs because the anti-Stokes line is due 

only to m olecules that are vibrationally excited prior to irradiation. Therefore in Ram an 

spectroscopy it is m ore usual that only the m ore intense Stokes line is norm ally measured. 

However, an anti-Stokes spectrum  can be used in the case where the Stokes spectrum  is 

not directly observable, or where a m easure o f  tem perature is required, which correlates 

to the ratio o f  anti-Stokes to Stokes intensity.

2.3.2.3 Raman Selection Rules and Intensities

M echanical strain or stress m ay affect the frequencies o f the Raman m odes, and lift their 

degeneracy. Raman scattering can be used to m easure the Ge com position, x, in thin 

strained alloys with an absolute accuracy o f ± 0 .0 1 5 % . The strain, 8, which is the 

deviation o f  the lattice constant from its relaxed state (=A1/1, where 1 is the relaxed lattice) 

can be m easured with an absolute accuracy o f  ± 0 .0 0 2 5 % . This sensitivity in m icro- 

Raman spectroscopy scattering arises from the fact that the spectrum o f a Sii.xGcx layer 

provides at least three different, independent ways o f m easuring x and e. In the absence o f 

strain, the first order Stokes Ram an spectrum  o f  diam ond type m aterials exhibits a single 

peak which corresponds to the q = 0 triply degenerate optical phonons. The Raman 

wavenum ber o f the (stress free) Si peak is 520 cm ‘‘.

Ingrid De W olf, in her topical review o f  M icro-Ram an spectroscopy [22], presents a 

detailed sum m ary o f the underlying m athem atical basis for Raman scattering. It is worth 

at this stage introducing som e o f  this analysis so the reader m ight gain a greater 

understanding o f the concepts involved. The vibrations o f  a crystal are described, not in 

terms o f the vibrations o f  individual atoms, but in terms o f  collective m otions in the form 

o f waves, called lattice vibrations. Each possible vibration j  o f  the lattice is characterized 

by a wavevector qj and a frequency coj.
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The vibration amplitude, at position r, is given by

Q, =  A, cxp[±/(^y r -  ujt)] (2.3)

where Qj is the normal coordinate of the vibration [23,24] and Aj is a constant. Such a 

quantized lattice vibration is called a normal mode or a phonon. These lattice vibrations 

may cause a variation in the electrical susceptibility of the crystal, which can give rise to 

‘Raman scattering’. A classical way to explain Raman scattering is the following. When 

monochromatic light o f frequency coj is incident on a crystal in a direction kj, the 

associated electric field E  will induce at position r an electric moment P, which is related 

to E  through

P =  eo^E =  fToX' Eoexp[/(^/ - r  — O’/?)] (2.4)

where x is the susceptibility tensor, which describes the response o f the crystal to the 

electric field. If the atoms of the sample are vibrating, the susceptibility may change as a 

function o f these vibrations. This can be expressed by expanding \ , for each normal 

mode o f vibration j ,  in a Taylor series with respect to the normal coordinate of this 

vibration Qf.

dx
PQ'. 2' + dQidQk

QjQk + ■ (2.5)

which can be redefined as

— X j Q i  + Xj^Qjk (2 .6)

The first term will give rise to Rayleigh scattering, the second to first order Raman 

scattering, and the third to second order Raman scattering (two phonons are involved). 

For simplicity, we neglect the third and higher order terms.

Combining Eqns. (2.3) to (2.5) results in:

ri~v
P  =  £oX<> • Eo exp [/ [ki ■ r — u;/?)] +  eoEo -----  Aj ■ exp [—/ (u;,- ±  cuy) ?] exp [/ [h  ±  qj) ■ r]

(2.7)
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From this it follows that the induced moment will reradiate light which has three distinct 

frequency components: co\, which is called Rayleigh scattering, and co, + coj and oj, - coj, 

which are called anti-Stokes and Stokes Raman scattering respectively. This will only be 

observed if xj differs from zero. The scattering efficiency, /, depends on the polarization 

vector o f the incident (e,) scattered (e^) light, and is given by

I = cY ^\e i-R re!\ (2.8)
,/

where C is a constant and Rj is the Raman tensor of the phonon j  . The values of Rj are 

obtained from group theoretical considerations [25, 26]. They are second-rank tensors 

which are proportional t o^ ) ,  and they are used to calculate the polarization selection

rules. The Raman tensors for each of the 32 crystal classes (symmetry point groups) have 

been derived and for silicon, there are three Raman tensors [26]. In the crystal coordinate 

system x = [ 100], y = [010] and z = [001 ] they are given by

0 0 0 0 0 d 0 d 0
/ ? ,= 0 0 d R .= 0 0 0 R-.= d 0 0

0 d 0 d 0 0 0 0 0
/

For back scattering from a (001) surface, R^ and Ry correspond to scattering by transverse 

optical phonons (TO), polarized along x and y respectively, and Rz corresponds to 

scattering by longitudinal optical phonons (LO), polarized along z. O f course, the 

characterization o f a phonon as longitudinal or transverse depends on the surface from 

which scattering is observed. For back scattering from a (100) surface, Rx corresponds to 

the LO phonon. Table 2.1 shows which o f the three modes can be observed for different 

polarization directions (from Eqn. (2.8)). It follows from this table that for back scattering 

from a (001) surface only the z polarized phonon can be observed (Rz matrix), while for 

back scattering from (110) (for example on a cleaved wafer), either the Rz or the Rx and 

Ry matrices can be involved. In the absence o f stress, the corresponding three optical 

Raman modes of silicon have the same frequency o f about cojo = 520 cm"' (j = 1,2,3) and 

are degenerate. From a quantum physical point o f view, Raman scattering involves the
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destruction o f a photon with frequency coi, incident from a light source, and the creation 

o f  a photon with frequency cog.

T able  2.1 Polarisation selection rules for back scattering from a (001) surface or a (110) surface

Polarization Visible
f e.

Back scattering from (001)
(100) (100) — — —
(100) (010) — — X
(1-10) (1-10) — — X
(110) (1-10) — — —
Back scattering from (110) — — X
(1-10) (001) X X —
(1-10) (1-10) — — X
(001) (001) — — —

Fig. 2.9 shows a typical Feynm an diagram  and the related energy levels for a first-order 

Stokes scattering process.

I l>

|m>

Phonon

PhotonPhoton

|0>

Fig. 2.9 Feynman diagram and related energy levels for a first-ordcr Stokes scattering process [22],

The scattering cross section can be calculated by treating this three step process using 

third-order perturbation theory [26]. An electron-hole pair is created through interaction 

o f  the incident photon (frequency co,), with an electron. By this interaction, the electron 

goes from the ground state |0) to a state |/) . By electron-phonon interaction, where a 

phonon o f  frequency coj is created (or annihilated in anti-Stokes), the electron goes from 

state |/) to state jw ). By recom bination o f  the electron-hole pair, a photon with frequency

cos is emitted, where cos = co , -  co j (for anti-Stokes it w ould be cos =  a>, + c o j) . Because 

conservation o f  mom entum  is required for each interm ediate step, whereas conservation 

o f  energy is required only for the overall process, both real and virtual interm ediate states
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are allowed. Furthermore, the three steps described above are taking place 

instantaneously, so the order in which they occur is not important. This results in six 

types of this kind o f process.

2.3.2.4 Effect of Stress on the Raman Modes of Silicon

Mechanical strain or stress may affect the frequencies of the Raman modes, and lift their 

degeneracy. One o f the first papers addressing theoretically the effect o f stress on the 

Raman modes was that by Ganesan et al [27], They showed that the frequencies o f the 

three optical modes in the presence o f strain, to terms linear in the strain, can be obtained 

by solving the following secular equation [28, 29]:

p£\ I  (̂̂ 622 6 3 3 )  — A

Iren
Iren

2 rei2

pe22 +  (^(£3 3 +  £11) — A
2r£23

Iren

2r£23
p£33 +  9 (en +  £2 2) —A

=  0

(2 . 10)

Here p, q and r are material constants, the so called phonon deformation potentials. They 

describe the changes in the ‘spring constant’ of the q = 0  optical phonons with strain and 

can be determined experimentally by applying external stress to the material under study 

[28-30]. Eij is the strain tensor component. The difference between the Raman frequency 

o f each mode in the presence o f stress, a>j (j =1,2,3), and in the absence o f stress, cojo, can 

be calculated from the eigenvalues Ij :

(2 . 11)

or

A w .  (2.12)

The polarisation direction o f each mode, in the presence o f stress, is described by the 

corresponding eigenvectors o f the secular equation. From this it follows that the Raman 

frequency can be a complicated function o f the strain or stress tensor components. If
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uniaxial or biaxial stress is present in the sample, this function becomes very simple. For 

example, for uniaxial stress along the [100] direction o f  Si, one first calculates the strain 

tensor components, using Hooke’s law. This gives 8 u = Sno, £22 = S 12O and 8 3 3  = S 1 3 0 ,

where the S,j are the elastic compliance tensor elements o f  Si. Solving Eqns. 2.11 and

2 . 1 2  leads to:

Aw, =  — =  — (/?5., +  2^5,:)(7 (2.13)
2uJo 2,cjt}

AiV2 =  —  = — ( pSn + g ( Su . S , 2 ) )a  (2.14)
2cjo 2ujo

Au;, = —  = — (pS,2 + q(Su . S ,2) ]a  (2.15)
2iJo 2ojo

The eigenvectors are not changed, which means that also the Raman tensors and the 

corresponding polarization vectors remain the same as without stress present. For 

backscattering from a (001) surface, which is the most common surface o f Si wafers used 

in microelectronics processing, only the third Raman mode is obser\'ed, and the relation 

between the shift o f  this mode and the stress is given by the third relation in Eqn.(2.15). 

Using the appropriate values for p, q, r (p= -1.85o)o^; q = -2.31coo^; -0.71coo^; coo= 520cm' 

') and Sij (Sn = 7.68 10 Pa ', S 12 = - 2.14 10 Pa S44 = 12.7 10 Pa '), gives for 

crystalline Si:

A cjj/cw  ' =-0.0023cr/yW Pa (2.16)

In the case o f biaxial stress in the x-y plane, with stress components o x̂ and Oyy, this 

becomes

A o;3 =  ^ —[p5i2 +  ^ (5 ii +  Si2)](CT» +  crw) (2.17)
2lo o

or

' cr« +  a„
Auiiicm  ) =  —4x10 - 9 (Pa) (2.18)

2

Thus, compressive stress (a negative) will result in an upward shift o f the Raman peak, 

while tensile stress (o positive) results in a downward shift. Whether the Raman
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frequency o f a certain material changes much or not with stress depends on the material 

parameters (Sn, p, q, r). In Si for example, according to Eqn (2.16), a uniaxial stress of 

100 MPa results in a shift o f only about 0.23cm ''. If  high spectral resolution 

instrumentation is used, shifts as small as 0.02cm ' can be detected. This means that in Si, 

stresses as small as about 10 MPa can be observed.

2.3.2.5 Raman Spectra Measurements

Raman spectra were registered in a backscattering geometry using a micro-Raman 

Renishaw 1000 system equipped with a Leica microscope [31]. The excitation 

wavelength o f 514.5nm was produced from an Ar^ ion laser with a typical laser power 

level of ~10 rnW. A filter was also used to perform measurements at reduced laser power 

(10% of laser intensity), in order to check the influence o f laser heating on the position of 

the phonon lines so as to avoid in-situ laser annealing and damage to the samples. In the 

visible spectral range, Raman spectrometers use notch filters to cut out the signal from a 

very narrow range centred on the frequency corresponding to the laser radiation. The 

xlOO magnifying objectives o f the Leica microscope focuses the beam into a spot size of 

approximately 0 .6-l^m  in diameter. The scattered light from the sample passes back 

through the microscope’s optics into the spectrometer. Raman shifted radiation is 

detected with a charge-coupled device (CCD) detector and a computer is used for data 

acquisition and curve fitting. For the majority of the samples, data were collected at 3-5 

different locations on the wafer. No significant variance was observed, with average 

values well within experimental error limits. A relatively large number o f accumulations 

were employed in order to achieve a high signal/noise ratio. The system is configured 

with a true confocal micropobe for maximum spatial resolution. An 1800 lines/mm 

grating was used in all measurements; this corresponds to a spectral resolution o f around

2.5 cm‘‘ per 3 pixels. Fig. 2.10 shows the essential elements present in a typical setup for 

Raman measurements.
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Fig. 2.10 Schematic o f  Raman setup

A typical m easurem ent w ould involve Raman scattered light being collected and the 

Stokes line analysed using Gram s software. A Lorentzian curve fitting algorithm  is used 

to determine the peak value o f  the scattered light from a Ram an spectrum. The 

param eters o f a Raman peak are, in no particular order:

1. peak position;

2. peak intensity;

3. integrated intensity;

4. full width at h a lf m axim um  (FW HM );

5. its asymmetry.

The first order Raman spectrum o f crystalline Si has a single line at about 520 cm ’’, 

w hich corresponds to longitudinal optical (LO) phonon vibrations o f  the Si-Si bond. 

However, this figure varies with am bient conditions (especially tem perature), the 

particular spectrom eter in use and the calibration method. It is a triply degenerate phonon 

in the sense that this frequency is the same for all phonon polarisations relative to the 

three crystallographic axes X [100], Y [010], Z [001], This line has a Lorentzian shape 

with a linewidth o f  3cm  '. The position and shape o f  this line is sensitive to the presence
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o f strain, structural defects and damage in the lattice, temperature, chemical composition 

and concentration of carriers.

Chapter 3 discusses in detail the use o f Raman spectra in the analysis of SiGe based novel 

materials, but some of the more important points are introduced here. In a SiGe layer this 

Si-Si peak will be shifted to the low frequency side, as demonstrated in Fig. 2.11 (see the 

peak at 500 cm '), depending on Ge content (x) and stress in the layer. The other groups 

o f phonon modes observed in the Raman spectrum in the range of 450-400cm ’ and 240- 

300cm ', as discussed in detail in Chapter 3, are associated with the SiGe layer and 

belong to the Si-Ge and Ge-Ge stretching modes respectively. With a strained Si cap 

deposited onto a SiGe layer, we expect all these peaks to be present in the spectrum, as 

well as a peak indicating the presence o f strained Si.

Si-Si

S iG e layer
a

y i
C
V
c

strained
Si-SiSl-Ge

Ge-Ge

400300 500

W av en u m b ers , c m ''

Fig. 2.11 Typical first order Raman spectrum for a strained Si cap on a Si|.xGe, layer

2.3.3 X-Ray Diffraction

In X-ray diffraction (XRD), the scattering event can be described as a reflection o f the 

beams at planes of atoms (lattice planes). Bragg’s law, Eqn. 2.1, gives the relation 

between interplanar distance d and diffraction angle 0. A typical XRD spectrum results 

from measuring the diffracted intensity as a fiinction of the diffraction angle 20 (angle 

between the incident and diffracted beams) and the orientation o f the sample.
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Fig. 2.12 Schematic o f setup used in XRD measurements

X-ray diffraction is a versatile, nondestructive technique used for identifying the 

crystalline phases present in solid materials and powders and for analyzing structural 

properties (such as stress, grain size, phase composition, crystal orientation, and defects) 

o f the phases [32], Fig. 2.12 shows a typical schematic setup used in XRD measurements. 

The method uses a beam of X-rays to bombard a specimen from various angles. By 

varying the angle of incidence, a diffraction pattern emerges that is characteristic o f the 

sample. The pattern is identified by comparing it with an internationally recognized 

database containing tens of thousands o f reference patterns [33].

XRD has a wide range o f uses in both research and industry, i.e. it can be applied to the 

analysis o f powders in industrial chemistry, as well as in the investigation of the atomic 

arrangement in metals. In this work, XRD is used as an independent method of 

calculating strain in novel materials. Chapter 4 discusses in more detail how XRD 

measurements are used to determine the value o f strain present in Ge P-N photodiode 

structures, the results of which can then be compared and verified against expected 

values. In addition, XRD values are used as a benchmark in the statistical analysis of 

Raman compositional equations as discussed in Chapter 5. Listed below is a non- 

exhaustive list o f  the analysis made possible with XRD.
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2.3.3.1 Applications

1) Structural analysis. Determines the crystal strucmre of a material by comparing its 

generated diffraction patterns with reference diffraction patterns;

2) Stress measurements. Measures the strain in a sample by recording the angular 

shift of a given Bragg reflection as a function of angle o f incidence. Strain is then 

used to calculate the stress;

3) Phase analysis. Determines the crystalline phases present in a sample;

4) Texture analysis. Determines the texture (orientation o f the crystallites) in the 

sample using several diffractometer techniques. Texture can range from 

completely ordered to partially ordered to completely random;

5) Bulk materials to powders. Analyses bulk samples, powders, single crystals, 

polycrystalline materials, and thin films.

2.4 Conclusions

In SiGe based technology, the ability to qualify and quantify material performance and 

growth techniques is o f primary importance. Questions relating to threading dislocations, 

the controlled straining o f suitable layers as well as compositional analysis were all 

considered in this chapter, particularly from a device perspective. In line with this, 

several usefiil tools were shown to be available. This chapter discussed in detail the 

theory and application o f such techniques in terms of their suitability to the materials 

under investigation, which range from strained Si quantum wells to Ge p-n photodiodes.

The transmission electron microscope (TEM) was discussed in detail within this chapter. 

Using a high energy electron beam transmitted through a very thin sample, it was shown 

to be possible to image and analyse the microstructure o f materials with near atomic scale 

resolution. The Bright Field /Dark Field imaging modes o f the microscope, which operate 

at intermediate magnification, were discussed with a TEM micrograph detailing the 

layers associated with a strained Si quantum well given as an example o f the analysis 

possible using this technique. From this image it was apparent that such analysis can be 

invaluable for providing information about the morphology, crystal phases, and defects in
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a m aterial. C om plem en tary  to this d iscussion , the various steps in T E M  sam ple 

p repara tion  w ere in troduced  to the reader.

The various specim en in terac tions w ith  an electron  beam  w ere outlined , w ith  ED S and  

EELS deem ed  o f  use in  the investiga tion  o f  SiG e bu ffer layers. B oth  ED S and E E L S 

spectra w ere  p resen ted  in  th is chapter, from  w hich  it w as apparen t that b o th  techn iques 

can be used  to investigate  chem ical analysis and com positional d istribu tion  across a 

varie ty  o f  m aterials.

R am an scattering  w as in troduced  as a non-invasive m easurem ent technique deve loped  in 

the early  1920s. A deta iled  m athem atica l analysis o f  the ru les and in teractions associa ted  

w ith  such a techn ique w as p resen ted , as w ell as an overv iew  o f  the fundam enta ls 

involved. The su itab ility  o f  such a technique to the investigation  o f  S iG e layers w as 

d iscussed , w ith  a typical R am an spectrum  presen ted  to the reader iden tify ing  the various 

phonon m odes present. T he setup used in the m easurem ent o f  R am an spectra  w as 

d iscussed, w ith the various m easu rab le  param eters such as FW H M , peak position , etc., 

identified. B ased on the v ib ra tional response o f  a m aterial under investigation  to  incident 

light, it w as c lear that th is techn ique can be used to m easure both  the G e com position , x, 

as w ell as the strain , e, in th in  stra ined  alloys.

X RD  w as identified  as a techn ique that can prov ide com prehensive  in form ation  on film  

characteristics. T he various app lica tions o f  such a techn ique w ere ou tlined  as w ell as its 

su itab ility  in the charac terisa tio n  o f  SiG e layers since stress, th ickness and G e 

concen tra tion  can be th eo re tica lly  ex tracted  from  diffraction  spectra.
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Chapter 3

Investigation of Strained Silicon Using a Variety of Techniques

3.1 Introduction

The importance of SiGe to the ongoing development o f electronic devices has been 

outlined in Chapter 1. The incorporation of SiGe allows bandgap manipulation and the 

growth o f materials which have increased performance along with minimum cost 

overhead at the manufacturing level. Strained Si is one o f these materials.

In terms o f successful novel materials, it is the ability o f the material to offer 

improvements in speed and power that will be decisive in its adoption or not in future 

ICs. In terms o f speed, drive current is an important parameter. Drive current, which is a 

measure o f the amount of current flowing from source to drain in a transistor, controls the 

switching speed o f a transistor. Achieving a higher drive current will then allow a 

transistor to switch between its on/off states faster. This allows designers to create 

devices that can operate at a higher operating frequency. Strained Si is used to raise drive 

current in both types (N-channel and P-channel) of CMOS transistors. This is achieved 

by stressing (stretching) its lattice, as discussed in Chapter 1, so that both electrons and 

holes flow with reduced resistance in comparison with its bulk counterpart. By reducing 

the resistance, the transistors have a higher drive current associated with them. This gives 

a substantial benefit over the existing 0.13^m standard processes currently used in the 

industry while having a negligible impact on costs, estimated to increase by just 2%, as 

processing and manufacturing tools already developed for use with Si can be modified 

relatively easily.

For example, kitel [1] has begun the industry's first high volume manufacture of strained 

silicon on its new 90 nm production process. This process, needed to fabricate Intel's 

next-generation desktop and mobile processors, improves transistor performance by 10- 

25% while increasing manufacturing costs by only 2%. The first Intel® processor to be
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built with this technology is a 125 million transistor desktop processor, codenamed 

Prescott, and a 144-million transistor mobile processor, code-named Dothan.

3.2 Strained Silicon Process

Strained Si on strain relaxed SiGe hetero-structures is one o f the more promising 

candidates for expanding Si CMOS performance, due to mobility enhancement o f both 

electrons and holes in the strained Si channel layer [2,3], Strained Si technology enables 

device improvements via replacement o f the bulk, cubic crystal Si substrate with a Si 

substrate that contains a tetragonally distorted, biaxially strained Si thin film at the 

surface. A strained Si layer has a different crystalline structure to that o f bulk Si as its 

strain state reflects a change in its symmetry. It can offer the advantage o f having 

superior electronic properties over bulk Si. In essence, this is to say that increased 

electron and hole mobilities in the strained Si layer means that both NMOS and PMOS 

transistors can have a far greater drive current capability. This increased transistor drive 

current can be traded off for a reduction o f dynamic power consumption.

To realise high mobility devices, high quality strain relaxed SiGe buffer layers, which can 

introduce tensile strain into the overgrown Si, are required. Threading dislocation density 

has been suppressed to less than 10' cm^^ by a compositionally graded buffer method, and 

is now used as a template for the structure [4, 5], The strain relaxation, however, 

necessarily involves the generation o f misfit dislocations at the SiGe/Si substrate 

interface, and a resultant surface roughness with a crosshatch pattern running along the 

orthogonal (110) direction, which can possibly degrade the material quality and device 

performance. In fact, fluctuations o f strained Si device properties due to the crosshatch 

surface have been reported, where orientation dependent oxidation o f the vicinal surface 

was thought to be the main reason [6]. To eliminate crosshatch roughness, chemical 

mechanical polishing (CMP) has been employed recently, and extremely flat, relaxed 

SiGe with RMS roughness of 0.4 nm is now available[7].However, the inhomogeneous 

strain field coming from the underlying misfit dislocation may expand over the entire film 

[8], and is thought to degrade material properties even on CMP substrates. The 

correspondence between the crosshatch surface and the spatially varying strain field o f a
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SiGe buffer layer has been experimentally confirmed by various methods [9-11]. As 

outlined in Chapter 3, the conduction band o f bulk Si contains six valleys at the same 

energy level, i.e. degeneracy. By straining the deposited Si layer through growth on a 

SiGe layer, the tensile strain causes this degeneracy to be split. As a result, the valleys 

experience what can be termed a 4-2 formation, with the two lower energy valleys at 

right angles to the other four in-plane valleys. As a result o f  this split, mobility 

enhancements are made possible due to the reduction in in-phonon scattering in the lower 

energy valleys. This increase in mobility for strained Si is shown in Fig. 3.1 [14]. 

Increased performance has also been observed in deep sub micron strained Si n- 

MOSFETs, thus demonstrating the benefits o f these structures at high electric fields [15, 

16]. As a result o f the biaxial tensile strain o f the Si layer, the valleys o f the valance band 

are split also. This in turn increases the mobility associated with p type MOSFETs and 

enables the fabrication o f enhanced mobility surface channel devices with performance 

improvements as outlined in Fig. 3.2 [17]. It is this increase in mobility for both N and P- 

type MOSFETS that allow strained Si devices to provide significant performance 

increase over bulk layers at identical gate lengths. In addition, the improvement in 

performance o f these devices is independent o f traditional Si MOSFET scaling laws and 

device geometries. Electron mobility in NMOS devices saturates at Ge content o f 20%, 

and hole mobility saturates in PMOS devices at Ge content o f 40% [18].

Str Si / Relx. SiGe 28%
Str Si / Reix. &Ge 13%
Str Si / Str. SiGe 30%!  Relx. SiGe 13%800

400

110%
I  200

- Contra
• '  Universai MobilityLii

1.0M 1.5M0.0 500.0k
Effective Field, £ ,  (V/cm)

Fig. 3.1 Effective Electron mobility v ’s Effective Field, for various levels o f  Ge in the SiGe layer [14].
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Fig. 3.2 Effective H ole m obility v ’s E ffective Field, for various levels o f  Ge concentration in SiGe layer

From an engineering perspective, it is the ability to control the level of strain within the 

layer which makes strained Si such an attractive material o f choice. In this way, the 

mobility and thus the operating frequency o f manufactured devices can be scaled 

according to the strain present in the layer. This makes strained Si suitable across the 

engineering platform, irrespective o f whether high speed mobile devices or low power 

wireless networks are being manufactured. For high electric field state o f the art CMOS 

applications, the improved scalability and increased high field mobility enhancement 

offered by the surface channel strained Si device allows it to excel Therefore, the 

technological task is to grow relaxed SiGe layers with a reasonably high Ge content (x) 

and then to grow a strained Si layer on top. It is well known that due to the lattice 

mismatch between Si and Ge (~ 4%), a SiGe layer grown on Si without special 

conditions is always strained. There are a number o f possible methods, but throughout 

this work we concentrate mainly on two possibilities to grow a relaxed SiGe layer:

1. grow a graded SiGe layer with gradual increase o f the Ge content [19];

2. use a point defect introduction at the low temperature stage o f the layer

[17].

growth[20].
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Strain relaxation is obtained through the introduction of misfit dislocations (MDs) at the 

interface. Important parameters to be considered at the growth stage are the degree of 

relaxation and density o f threading dislocations (TDs) present.

3.3 Dislocations

It is important at this stage that the reader be familiarised by what is termed 

‘dislocations’. A dislocation is defined as a linear crystallographic defect, or irregularity, 

within a crystal structure. Dislocations are usually introduced and thought o f as extra 

lattice planes inserted in the crystal that do not extend through all o f the crystal, but end 

in the dislocation line. Fig 3.3 illustrates a three-dimensional view of an edge dislocation 

in a cubic primitive lattice. This picture shows the inserted half-plane very clearly; it 

serves as the quintessential illustration o f what an edge dislocation looks like [21].

Fig. 3.3 3-D view o f  an edge dislocation [21],

The exact structure of the dislocation will be slightly different. Edge dislocations are just 

an extreme form o f the possible dislocation structures, and in most real crystals would be 

split into ‘partial’ dislocations and look much more complicated. This linear defect, as 

defined above, moves along a path described by its dislocafion line. It is along this line 

that the lattice of the material is disturbed. Some extraneous deformations may take place 

away from this line, but would not be considered as defects per-se. As a dislocation line 

describes a connection o f points in time and space, the line vector t(x,y,z) describes any 

point along the dislocafion line. As the bonds along the dislocafion line are distorted, it is 

clear that they are not in a position o f equilibrium; the dislocations will possess energy 

and entropy. The glide plane o f a dislocation, that is to say, the area covered through the 

movement o f the dislocation contains in itself the dislocation line vector. The movement
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o f a dislocation m oves the whole crystal on one side o f  the glide plane relative to the 

other side. These points associated w ith dislocation m ovem ent are shown in Fig. 3.4, 

where in (a), the dislocation has been introduced into the structure, in this case through a 

shear stress, (b) depicts the movement o f  the dislocation through the crystal until finally, 

(c) shows the shift o f  the upper h a lf o f  the crystal after the dislocation has em erged [22].

IM 1(1*01 
I M I O f O I  
( M M I f f I  
I M M I f f  
( M l O a i )  
9 0  o f d  

i i f i i
* 9 9

(a) (b) (c)

Fig. 3.4 Graphic depicting the movement o f a dislocation within the crystal structure [22]

3.3.1 Threading Dislocations

In the growth o f  lattice m ismatched epitaxial thin films, threading dislocations (TDs) are 

concomitantly generated with MDs. For a wide variety o f  electronic and optoelectronic 

device applications, particularly for m inority carrier devices, TDs are deleterious for 

physical performance. In recent years there has been a substantial experim ental effort to 

reduce TD densities.

3.3.1.1 Concept of Critical Layer Thickness and Dislocations

Critical thickness has already been introduced to the reader in Section 1.4.2 o f  C hapter 1. 

It is worthwhile at this stage to recap on som e o f  the main points while trying to relate the 

thickness to the issue o f dislocations etc as they relate to the growth o f  strained Si films 

on a SiGe virtual substrate.

Critical layer thickness, he, can be defined as the thickness o f  the epitaxial layer beyond 

which the strain in the film will be sufficient to give rise to defects and dislocations, 

leading to strain relaxation. The velocity at which a dislocation will m ove in a strained 

epitaxial film depends on the magnitude o f  the strain, as well as on tem perature. Before 

the epitaxial film relaxes (i.e. before critical thickness is achieved), the film is called 

pseudom orphic -  m eaning it assumes the lattice constant o f  the film on w hich it is grown.
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Fig. 3.5 The concept o f critical thickness for a SiGe system [23]

As can be seen in Fig. 3.5, the challenge exists to match the two layers to each other. Due 

to the 4.2 lattice differential between Si and Ge, every 24*'’ Si atom at the interface would 

not be able to form a bond with a Ge atom. In turn, the m ismatch between Si and SiGe 

films is quite challenging. F ig.3.5 (a) shows diagram m atically the difference in lattice 

spacing between Si and that o f relaxed SiGe films. The challenge then exists to match 

these two layers if  SiGe is to be used on top o f  a bulk Si substrate. Fig. 3.5 (b) shows the 

scenario in which the SiGe layer grown on bulk Si is thin enough so that its symmetry 

changes from the cubic shaped equilibrium state to a tetragonal shape, and the layer is 

said to be strained. Fig. 3.5 (c) outlines the introduction o f  m isfit dislocations to relieve 

strain once the critical thickness has been exceeded. The fundam ental quantity defining 

an arbitrary dislocation is its Burgers vector b [24]. Its atom istic definition follows from a 

Burgers circuit around the dislocation in the real crystal, which is illustrated below.
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Fig. 3 .6  (a) Enclosing the lattice dislocation (b) Burger Vector b, needed to close the path [24],

As illustrated in Fig. 3.6(a), making a closed circuit that encloses the dislocation from 

lattice point to lattice point (later from atom to atom), one can close the chain of the base 

vectors which define the lattice. However, making exactly the same chain o f base vectors 

in a perfect reference lattice, as in Fig. 3.6(b), it is seen that it cannot be closed. The 

special vector needed for closing the circuit in the reference crystal is by definition the 

Burgers vector b.

The presence o f a misfit dislocation network at an interface often results in a 

characteristic undulating morphology, known as crosshatch, o f the heterostructure 

surface, as outlined briefly in Chapter 1. This morphology occurs in many lattice 

mismatched semiconductor systems including SiGe/Si and various III-V  compound 

heterostructures [25-29]. The understanding o f such a surface relief formation is 

important for the fabrication of low dimensional devices based on those systems which 

exhibit atomically smooth but mesoscopically rough surfaces and are not compatible with 

planar integrated circuit technologies. This is especially important for strained Si devices 

which in spite o f their obvious advantages, in terms o f increased operating speeds etc, 

their surface can be affected by the appearance o f such a pattern. The origin o f a 

crosshatch pattern has been shown to be linked to the dislocation density o f the 

underlying virtual substrate [25], as discussed in Section 3.5.3.
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It has been reported that in laterally uniform layers, the density o f TDs present in the film 

can only be reduced by reacting with other TDs present in the layer [30, 31], The two 

reduction reactions are:

1. annihilation, in which TDs with opposite Burgers vectors meet;

2. fusion, in which two TDs react to form a single TD [30-34],

Interaction between TDs can only occur when they meet. Motion, or to be more accurate, 

relative motion, between the dislocations can bring about this interaction and the resulting 

reduction reactions. There are several different forms o f motion possible. ‘Trajectory’ 

motion, which occurs due to changes in film thickness, is a result of the associated 

Burgers vectors and slip planes which cause different TDs to have different directional 

lines. Condensation o f point defects at a TD can have the added effect o f creating motion, 

causing either positive climb vacancy condensation or negative climb interstitial 

condensation. A third proposed method of introducing relative motion is through the 

growth o f a strained layer, as outlined earlier. As the film grows beyond he, misfit 

dislocation generation accompanies the glide motion of TDs.

3.4 Raman Analysis for Si/SiGe

Both the relative intensities and the frequencies of the three different first-order Raman 

lines in a Sii.xGcx alloy can be used to derive both Ge composition, x and strain, e. The

first-order spectrum of a strained Sii.xGcx alloy consists o f three distinct lines whose 

energies and relative intensities depend on x [35] and whose energies also depend on the

strain, e[36]. To recapitulate Section 2.3.1 o f Chapter 2, the three strong first-order lines

from a SiuxGCx layer are due to nearest neighbour Ge-Ge (-288.44 cm '), Ge-Si (-406.64 

cm '), and Si-Si (-501.55 cm ') atomic vibrations. It has been reported in the literature

that for thick layers o f relaxed alloys, the Si-Si phonon frequency, Wsi(x), can be related to

X based on a linear extrapolation between the experimentally measured values o f Ugj for 

small and large values o f x[37]:
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^ s i  (- )̂ =  520.0  — 68x (3.1)

H owever, it can be observed that i f  this dependence is plotted along with previously  

reported experimental results one finds that Eqn. 3.1 leads to values below  those recorded

experim entally, i.e., to higher values o f  ujs, for 0<x<0.5  [38]. For 0<x<0.5 , one can

observe that the all the published experimental results for uosi(x) fall betw een E q n .(l) and

a line defined by:

a>5,(x ) =  520.2 —62jc (3.1a)

Based on this, it is necessary to identify two equations o f  note depending on the Ge 

content. The small correction to V egard’s Law in the Sii.xGex system  corresponds to a 

decrease in the lattice constant fi"om its linearly extrapolated value for a given value o f  x. 

The 2-3 cm ’ difference for values o f  x = 0.3 between Eqns. 3.1 and 3.1a is consistent 

with the -0 .0 0 7 3 A  decrease in the lattice constant from its value at x=0.3 as determined  

by Vegard’s Law and the published values for the Gruneisen parameters for Ge and Si 

[18]. Eqn. 3.1 is found to be suitable for small and large values o f  x. Eqn. 3.1a is o f  

benefit for values o f  x near 0.3. Eqn. 3.1a is bound by the variation in V egard’s Law that

results in experimental values clearly demonstrating that U si does not vary linearly with

com position between x =  0 and x = 1. The experimental points o f  A lonso et a l[41], for 

0< x< 0 .5 , occur up to 3 cm ' above the linear fit in Eqn. 3.1 The experim entally measured

dependence o f  LOgs(x), the G e-Si phonon frequency, on x is described by the equation;

(jg^(x) =  4 0 0 .5 +  14.2X (3.2)

for 0<x<0.5. For such values o f  x, the large widths o f  this m ode mean that all the 

published experimental determinations o f  Wgs fall within ± l c m  ' o f  Eqn. 3.2 [37-40].

H owever, the reported experimental values for the com positional dependence o f  the 

frequency o f  the G e-G e line, Uge, show s >3 cm ' differences for 0<x<0.3 . Therefore, a 

given Raman frequency can correspond to an unacceptably high difference in x o f  up to 

15%, depending on w hich data is used. From this it is evident that the dependence o f  ujge 

on X is not known accurately enough to determine x and e from this Raman line. The shift
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in energy o f  the three phonon frequencies (cosi, Wgs, ujgg) relative to the am ount o f  strain

present in the m aterial has been considered both theoretically and experim entally [41], It 

has been found that the shift in the phonon energy is linearly related to the strain, e, for 

small values o f  strain. Therefore, the influence o f  strain on Eqns. (3.1) and (3.2) can be 

accom m odated by the addition o f  a simple linear term, as shown by the following 

equations:

However, it has been em phasised [41] that the determ ination o f  the position o f  Ge-Ge 

band is not quite accurate for Ge content up to -5 0 % , so only Eqns.(3.3) and (3.4) are 

used to solve for Ge content and levels o f  strain present. As has been stated, apart from 

bulk Si, the other groups o f  phonon m odes observed in the Ram an spectrum in the range

Ge and Ge-Ge stretching m odes respectively. W ith a strained Si cap deposited onto a 

SiGe layer, we expect all these peaks to be present in the spectrum, as well as a peak 

indicating the presence o f  strained Si.

3.4.1 Depth of Penetration

The presence o f  a Si-Si peak associated with the Si substrate (or the Si buffer layer) 

depends on how deeply the laser probe beam  penetrates the sample during Raman 

measurements. The total scattered light intensity integrated from the surface to a depth d .

Is, is given by [42]

~  520.0 —68x — 830e (3.3)

o;j;^(x) =  400.5 +  12jc —575e: (3.4)

i O a c i x )  =  282.5 +  16x — 348s (3.5)

o f  450-400cm  ’ and 240-300cm  ' are associated w ith the SiGe layer and belong to the Si-

2 a
(3.6)

while that from the depth d to infinity is given by

(3.7)
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lo , D and a are the incident light intensity, the Raman scattering cross section and the

photoabsorption coefficient of silicon respectively. If one assumes that the penetration 

depth dp is given by the depth that satisfies the relationship Id(Is +Id) = 0.1, then this depth 

is given by

dp = 1312a (3.8)

and for the SiGe layer

4,(Sii_xGex) = (1- x)4,(Sii-x) +^4,(Gex) (3.9)

Using the literature reported values o f â i = 15080cm ' and aoe = 600000cm ' at X=514.5

nm, we estimate dp(Si) = 763nm and dp(Ge) ~ 19.2nm [43]. For a SiGe layer with 

a=20%, and using Eqn. (3.9) the depth of penetration is estimated at dp(Sio.7Geo,2) ~ 

614nm. Since the thickness o f the SiGe layers (both constant composition and graded) is 

much higher than 614 nm, we can expect that no Si-Si mode associated with either the 

substrate or the Si buffer layer can be expected in any Raman spectrum of the samples 

under investigation.

3.4.2 Relaxation Factor

The exact position o f all aforementioned peaks depends on stress (for pure Si) and on 

stress and Ge content (for the SiGe layer). It is well known that the LO peak of Si at 

520cm ' will shift to the low frequency side when the sample is under tensile stress and to 

the high frequency side when under compressive stress. Stress relaxation of the SiGe

layer is calculated using the Equation [44, 45] where r is the relaxation factor, Aexp is the 

experimentally measured shift in Raman position, Ar is the maximum shift possible 

(70x), and As is the minimum shift possible (29.7x).
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r —  exp - A s ) / ( i ^ r -  Z ^ s ) (3 . 10)

3.5 Growth and Analysis of Strained Silicon (SI, S2 and S3) Samples

Attempts were made to grow three strained silicon layers (SI, S2 and S3) with the 

structure shown in Fig 3.7.

Strained Si (20 nm)

SiGe (20%) (0.9 tim)

Graded SiGe(2.l(xm) 
Ge 0-20%

Silicon wafer

Fig. 3.7 Structure of S 1, S2 and S3

The wafers used were (111) Cinnati Epi p-type Si wafers with 2-3 |o,m n-type epitaxial

layers. The substrates were cleaned and loaded for processing into the CVD chamber as 

described in Section 3.2. The differences between SI, S2 and S3 are in their graded SiGe 

layers. In SI, the graded SiGe layer consists o f 9 steps and in S2 the same layer consists 

o f 18 steps. In S3, the graded layer was made up o f 36 steps and this can be approximated 

as being linearly graded. The graded buffer regions of SI, S2 and S3 are shown 

pictorially in Fig 3.8. The growth parameters are given in Table 3.1 and growth steps are 

shown in Table 3.2.
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Table 3.1 Growth parameters o f SI, S2 and S3

Wafer
No.

Chamber
Pressure
(mbar)

Deposition Time Thickness
(nm)

Temp
“C

Gas Flow 
(seem) 

SiH4 GeH4

SI 3.4x10'^

4 min buffer Si 500 ± 1 0

800 100 1-10

18 m in graded 
SiGe layer 
(9 steps)

2160 ± 2 0

7 min SiGe 9 00± 10

10 sec strained Si 20± 5

S2 3.6x10'^
As above but with 
18 steps in graded 
SiGe layer

As Above 800 As Above

S3 3.3x10'^
As above but with 
36 steps in graded 
SiGe layer

As Above 800 As Above

Table 3.2 Growth steps o f  strained silicon (S I ) with step-graded buffer SiGe.

Step
Number

Time Interval 
(mns)

Reactant Gases 
(seem) Grown Layer

1 4 SiH4(100) Epitaxial silicon
2 2 SiH4( 100) + GeH4( l ) Graded SiGe
3 2 SiH4( 100) + GeH4(2) G raded SiGe
4 2 SiH4( 100) + GeH4(3) Graded SiGe
5 2 SiH4( 100) + GeH4(4 ) Graded SiGe
6 2 SiH4( 100) + GeH4(5) Graded SiGe
7 2 SiH4( 100) + GeH4(6) Graded SiGe
8 2 SiH4( 100) + GeH4(7) Graded SiGe
9 2 SiH4( 100) + GeH4(8) Graded SiGe
10 2 SiH4( 100) + GeH4(9) Graded SiGe
11 7 SiH4( 100) + GeH4( 10) Relaxed SiGe
12 10 seconds SiH4(100) Strained silicon
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(a)
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SI 9 steps graded

20000

15000
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P e rc e n ta g e  o f Ge in S iGe 20
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15000
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c
CO

b 5000 i -

Percentage of Ge in SiGe

25000
S3 36 steps graded<
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Fig. 3.8 Structure o f  graded layers : (a) 9 steps in S I, (b) 18 steps in S2 and
(c) 36 steps in S3. A pink rectangle represents a SiGe layer added in the graded region o f  buffer SiGe. The 
percentage o f  germanium in a SiGe step is constant.
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3.5.1 Atomic Force Microscopy Analysis (AFM)

Atomic force microscopy (AFM) was used to study the topography of the strained Si 

layers. The AFM used was a Digital Instruments Dimension 3000 system operating in 

tapping mode and using Nanosensor’s force modulation probes (model FESP) with 

pyramidal silicon tips. These probes have a typical Resonance Frequency o f 75 kHz and 

Force Constant o f 2.8 N/m. AFM images for samples SI, S2 and S3 are shown in Fig 3.9. 

It is observed that irrespective o f the nature o f grading o f SiGe layer, the roughness 

values and defects on the surfaces o f three samples appear to be very similar. The images 

show that the amplitude of the roughness is larger than expected.

Kougrinvss Anoiy:

RMS Roughness 
38.49 nm

Roughnsss Anolysis

'iaii TuiuiTi

RMS Roughness 
37.95 nm

Roughn«ss Anoiysi!

Fig 3.9 AFM images: o f  SI, S2 and S3

RMS Roughness 
40.47 nm
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3.5.2 Raman Spectrum

508

S3

82

</>c
0
C

520

c
CD
E
<Dcc

480 510 540

Wavenumbers, cm ’

Fig. 3.10 Raman spectra o f samples S 1, S2 and S3

Fig.3.10 shows the overlapping Raman spectra for samples SI, S2 and S3. As can be 

seen, a Si-Si peak with low intensity, which must belong to the Si cap layer for reasons 

discussed earlier, appears at a frequency of 520 cm ’. This indicates the absence o f any 

type of strain in the Si cap layer, as the phonon mode position has not been shifted. 

Relaxation analysis for the three samples reveals a lower than required value, close to 

80%, suggesting poor relaxation mechanisms in the SiGe layers. This can be due to 

dislocation interaction which gives rise to a high density o f shirt misfit segments. Poor 

control o f the dislocation density within the structure can give rise to low relaxation 

levels which in turn impinge on the ability to manufacture strained Si cap layers.

3.5.3 TEM Analysis of Samples SI, S2, S3

In order to investigate further, all three samples were then analysed using TEM. A cross 

sectional TEM image is shown in Fig.3.11 which demonstrates the presence o f threading 

dislocations in the upper SiGe layer due to the strain field variations associated with the 

buried dislocations in the graded SiGe buffer layer. Short crosshatch lines and poor 

morphology is also observed for the relaxed SiGe. The crosshatch surface morphology 

arises from lateral non-uniformities in the strain field o f the misfit dislocations.
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Fig. 3.11 TEM micrograph o f upper SiGe layer o f  sample S2.

The crystallographic orientation o f the substrate affects both the morphology of the 

deposited film and the appearance o f crystallographic defects. While smooth epitaxial 

films can be grown on (100) or (110) oriented silicon substrates, epitaxial growth on 

substrate surfaces oriented near the (111) plane results in faceted surfaces [48]. The 

epitaxial growth process is overall similar for the three samples SI, S2 and S3 and the 

nature o f defects in the epitaxial layers also seems to be similar, giving nearly the same 

surface roughness value by AFM.

3.6 Virtual Substrates

A SiGe virtual substrate, as outlined in Chapter 1, Section 1.4.3, is a pre-requisite to the 

successful growth o f a strained Si layer. Using a graded approach to the growth o f the 

virtual substrate the number o f TDs can be reduced in at least two separate ways. The 

initial graded layer has a lattice constant very close to that of the underlying bulk Si, due 

to its very low Ge composition. This means that the initial nucleation o f dislocations is 

retarded, as it is easier to grow a near perfect interface when the difference of 

composition between film and substrate is small. When an initial network o f dislocations 

is formed, there is a very high driving force for pushing the TDs all the way to the edge 

o f the wafer. As additional dislocations are formed, and the stress thus decreases, this 

driving force also diminishes, so that, eventually, the threading parts should become 

pinned. It was pointed out by Le Goues [49], that as each new dislocation loop is formed.
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and as each new  thread m oves towards the edge o f  the wafer, the grading provides ‘fresh’ 

interfaces, with few  pre-existing dislocations on w hich a thread could becom e pinned. In 

the case o f  a linearly graded film , each atomic layer in the thin film  needs to achieve its 

ow n lattice parameter in order to m inim ize the energy; thus in principle one ‘layer’ o f  

dislocations is needed at each atom ic plane, w hich in effect spreads the total dislocation  

network over the com positionally  graded region. C onsequently, at each layer, there are 

far few er dislocations and thus fewer chances for a threading segm ent to becom e pinned 

by an intersecting phenom enon. This phenom enon is dependent upon the slope o f  the 

grading.

3.7 Modified Growth and Analysis of Strained Silicon Samples, S6 and S l l

Since the (111)  substrates provided poor results in terms o f  strained Si, the starting 

substrates were selected from high quality N  type (100) Si wafers, having a resistivity o f  

10-20 ohm -cm . In addition, a revised structure as shown in Fig. 3.12 was used. The 

graded layer was increased to 3iim  instead o f  the previous 2 |im  to try and ensure that the 

defects in the graded layer w ere localised at the low er part o f  the layer. The growth steps 

for relaxed SiGe and strained silicon are outlined below  and shown in Table 3.3 (step 

graded only).

1. Epitaxial S ilicon : An epitaxial silicon layer o f  400  nm thickness was grown on the 

silicon substrate by the pyrolysis o f  SiH 4 .

2. Silicon Germanium:

(i) A graded buffer SiG e layer o f  3000 nm thickness with germanium concentration o f  

0-20%  w as grown over the epitaxial silicon layer by introducing GeH 4  to the 

ambient without stopping the ongoing silicon epitaxial process.

(ii) A constant com position relaxed SiG e layer o f  1000 nm with constant Ge (for 

consistency) concentration o f  20%  w as grown on the graded SiG e layer.

3. Strained S ilicon : A 20 nm  layer o f  strained silicon  w as grown on the relaxed SiGe 

layer
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Table 3.3 Growth steps o f  strained silicon with step graded buffer SiGe

Step Number Time Interval 
(mns)

Reactant Gases 
(seem) Grown Layer

1 3 SiH4(100) Epitaxial silicon
2 3 SiH4( 100) + GeH4( l ) Graded SiGe
3 3 SiH4( 100) + GeH4(2) Graded SiGe
4 3 SiH4( 100) + GeH4(3) Graded SiGe
5 3 SiH4( 100) + GeH4(4) Graded SiGe
6 3 SiH4( 100) + GeH4(5) Graded SiGe
7 3 SiH4( 100) + GeH4(6) Graded SiGe
8 3 SiH4( 100) + GeH4(7) Graded SiGe
9 3 SiH4( 100) + GeH4(8) Graded SiGe
10 3 SiH4( 100) + GeH4(9) Graded SiGe
11 10 SiH4( 100) + GeH4( 10) Relaxed SiGe
12 10 seconds SiH4(100) Strained silicon

W ith the above growth steps a thin layer o f  strained silicon with the structure shown in 

Fig 3.12 was grown on wafer num bers S6 and SI 1. The only difference between S6 and 

S 11 is that the graded SiGe buffer layer is step graded in S6 and is linearly graded in S 11. 

Growth param eters are given in Table 3.4. Table 3.3 corresponds to the growth o f S6 

only, in the case o f the linearly graded buffer SiGe growth for S l l ,  each step o f  3 

minutes duration (from 2 to 10 in Table 3.3), is divided into 6 steps o f  30 seconds 

duration and GeH4 flow is increased by  0.16/0.17 seem at the end o f  each 30 second step. 

As a result, nine step-graded SiGe becom es fifty-four step graded SiGe and this can be 

approxim ated as linearly graded SiGe. In the CVD reactor, gas flow is controlled 

m anually and there is no autom ated way to increase the flow continuously with time.

Strained Silicon [20nm] 

SiGe (20%  Ge) [1 îm]

Graded SiGe (0-20%  Ge) 
[3 jxm]

Epitaxial Silicon [0.4 [im]

Silicon wafer

Fig 3.12 Structure o f  Strained Silicon grown by CVD process
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Table 3.4 Growth parameters o f  strained silicon samples S6 and SI 1

Wafer
No.

Chamber
Pressure Deposition Time Thickness

(nm)
Temp

"C

Gas Flow 
(seem)

(mbar) SiH4 GeH4
3 min buffer Si 400 ±10

S6 1.7x10'^

27 min graded 
SiGe layer 
(10 steps)

3100 ± 20
800 100 10

10 min SiGe 
(20%)

900±10

10 sec strained Si 20±5

S ll 1.6x10'^
As above but with 
54 steps in graded 
SiGe layer

As Above 800 As Above

3.7.1 TEM Analysis of Strained Silicon Samples S6 and S l l

TEM allows detailed analysis o f the sample structure to take place, being able to identify 

the presence, if any, o f threading dislocations as well as layer to layer interfaces.

High Resolution TEM micrographs o f the heterostructures S6 and S l l  are shown in 

Figs.3.13 to 3.16.

Fig. 3.13 HR TEM micrographs o f  sample S6: the step graded layer. Six steps are marked with white lines

Fig. 3.13 shows the step graded SiGe layer in the sample S6. Out o f nine steps in the 

graded SiGe layer only the top six, 10 to 5, can be seen and are marked with white lines.
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It is believed that in the other three steps, 4, 3 and 2, germanium content is too low to be 

distinguished by TEM. The average thickness o f each o f the five steps, 10-6, is about 350 

nm.

A lum inii

Cinstant 
composition 
SiCe J

j-

Defects in step-graded SiGe

Fig. 3.14 HR TEM micrographs o f  sam ple S6: Constant com position SiG e layer (green 
line), defects are clearly seen to be confined in the graded region.

Fig. 3.14 shows the constant composition SiGe layer, of about 750 nm thickness, on top 

of the step graded SiGe layer. It is evident from the image that the constant composition 

SiGe layer is almost defect free. The defects are confined in the step graded region of the 

SiGe layer.

Constant 
• .composition 

SiGe 1
Defect^ m linearly-graded SiGe

Fig 3 .15  TEM im ages o f  sam ple SI 1 showing (a) defects in the linear graded SiGe region and (b) defect 

free upper layer o f  constant SiG e com position
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Fig. 3.15 shows the linearly graded SiGe layer in sample S l l  and no steps can be seen. 

The defects in the graded layer appear to be point defects. The defect density can be 

calculated by counting the number o f point defects in a specified area. There are five 

point defects in the region inside the yellow square o f 1 square micron area. So the defect 

density is found to be 5x10* cm'^. Results obtained depend on the choice o f area chosen 

for analysis with the measured figure acting only as a rough guide to the defect density.

3.7.2 AFM Analysis of Samples S6 and S l l

(a) (b)

Fig 3 .16 AFM  im ages o f  (a) sam ple  S6 and (b) sam ple  SI 1

Fig 3.16 (a) and (b) shows the AFM images o f S6 and SI 1 respectively. The images look 

much superior to those o f SI, S2 and S3 (Fig 3.9). The RMS roughness values o f S6 and 

S l l  are 2.785 and 3.089 nm respectively. The crosshatched pattem is visible on both 

samples. The compositionally graded SiGe layer in the epitaxial sequence typically 

results in a rough, crosshatched surface morphology with an RMS roughness of 2-10 nm. 

When a thin SiGe layer is grown on silicon, the layer is pseudomorphic, i.e. in-plane 

lattice constants are equal and SiGe is strained. However, if the SiGe layer is thick 

enough, strain in the layer can be relieved by generation and multiplication o f misfit 

dislocations. Line segments o f misfit dislocation, accompanied by threading dislocations, 

terminate at the surface (Fig 6.15) giving rise to inhomogeneous stress fields and 

consequently crosshatched surface morphology [50]. So due to the relaxation o f the SiGe 

layer, the resulting surfaces o f S6 and S l l  are crosshatched.
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3.7.3 Raman Analysis

The exact position o f all aforementioned peaks depends on stress (for pure Si) and on 

stress and Ge content (for the SiGe layer). It is well known that the LO peak o f Si at 

520cm ' will shift to the low frequency side when the sample is under tensile stress and to 

the high frequency side when under compressive stress. Fig. 3.1 shows a Raman 

spectrum obtained for sample S6. The strong peak observed at 505cm ' belongs to the Si- 

Si mode in the SiGe layer [44], The shoulder observed at the high frequency side o f this 

peak belongs to a Si-Si mode in the strained Si layer. Its intensity is much lower than that 

for the Si-Si peak observed at 505cm“‘ due to the fact that the strained silicon layer is 

only 20nm thick. Therefore, most of the Raman signal originates from the SiGe layer.

Si-Si

S iGe layer
3

Strained
Si-SiSi-Ge

Ge-Ge

300 400 500

Fig. 3.16 Raman intensity versus w ave-num ber for strained Si on SiGe layer (sample S6).

Thus, Raman spectroscopy allows us to characterise the process and to predict indirectly 

the nature of surface topology and the presence o f defects/threaded dislocations.
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3.7.3.1 Ge Composition and Stress Calculation in Heterostructure Materials

In this section we discuss how the Ge content in a SiGe layer is calculated and in 

addition, how the magnitude of stress in a strained Si layer can be obtained.

S t r a i n e d  S i - S i

c
cc
E
COa:

520480 500

Wa v e n u mb e r s ,  cm'^

Fig. 3.17 Raman spectrum o f  sample S6, focusing on the Si-Si phonon mode positions

50a

(/>c0)c
c
CD
E
CDcr

500 510 520490

W avenumbers, cm ’^

Fig. 3.18 Raman spectrum o f  sample SI 1

Figs. 3.17 and 3.18 show Raman spectra for samples S6 and SI 1. As can be seen, the Si- 

Si band for strained Si appears as a shoulder on the more intense Si-Si band from the 

SiGe layer due to the overlapping of these two bands. Therefore it is necessary to perform 

a band fitting in order to determine the peak positions with a high degree of accuracy 

Fig.3.18 shows the various peaks in the Raman spectrum of sample SI 1 obtained from a 

Lorentzian curve fit. The curve for the strained Si layer can be clearly seen with a peak

position at ~512cm '. By measuring the shift in the Raman peak position, Au) (from the
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unstressed Si-Si peak at 520 cm ') obtained for the s-Si layer, the magnitude of stress, o 

and strain, £ can be estimated by using a simple equation, describing the biaxial stress in

a Si lattice [51, 52]

asi = Auj / c (3.11)

A  Strain

e^. (%) =  (— ) ■ 100% =  ■ 100% , (3.12)
b as,

where c has a value of 4-10'^ (Pa cm '), b is the strain phonon coefficient, which was 

taken as 930 cm ' [53], asi and are the lattice constants of relaxed and strained Si,

respectively. The values of 0 si and esi are related to the elastic constants as

^ s , = - --------- ^s, (3.13)1 - v ,

for a biaxial stress, where Ef (130.2 GPa) is the Young’s modulus for the film and Vf 

(0.28) is the Poisson’s ratio. The results of the measurements are recorded in Table 3.5 

and are compared against results taken using Moire fringe methods as described in 

Section 3.8.

Table 3.5 Stress and strain in strained Si using Raman and M oire Techniques

Sample
name

Ge
Content
x(%)

Aco, cm ' o (GPa) 
(Eq.3.11)

£si (% ) 
(Eq.3.12)

£si(% )
from
Moire

S6 21.26 6.72 1.68 0.723 0.70

S ll 22.2 7.29 1.823 0.784 0.75

Using Table 3.5 one can see that increasing the Ge content in the underlying SiGe layer 

increases the strain present in the strained Si cap layer. This correlates well with reported 

results which state that the strain levels measured in the Si cap increase with an 

associated increase in Ge composition in the SiGe buffer layer. In addition, as our results 

show, the use of step or linearly grown devices has little overall impact on the strain 

levels reported in the Si cap layer.
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3.8 Moire-Like Fringes

Investigation of TEM images, such as shown in Fig. 3.13 and Fig. 3.15, show the 

presence o f lines which are very similar to those of a Moire Fringe (MF) pattern. 

However, the images are from a cross sectional view o f the sample and not a parallel 

view as is expected for fringes o f this nature.

R elaxed  s iG e 1 Ayer 
o ' f  c o n s t a n t  c o m p o s i t i o n

Fig. 3.19 TEM image o f  Sample S6 viewed using a Philips Teenai F20 200 kV with Field Emission Gun

Fig. 3.19 focuses on the upper layers o f S6, where the defect free layer o f SiGe is shown 

along with a series o f black and white lines running parallel to the surface in the layer. 

Similarly, Fig. 3.20 shows the upper layer, with the black and white lines clearly more

Relaxed SiGe layer 
of constant composition

Fig. 3.20 S6 upper layer, with lines more evident, viewed again using a Philips Tecnai F20 200 kV with 

Field Emission Gun
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3.8.1 Moire Fringes: An explanation
Moire patterns have fascinated man for centuries. The effect was first noted in early 

Arabic writings when it was used to describe effects seen when weaving and the term 

eventually found its way into the English language by the mid 16’*’ cenmry. In general, 

the term Moire denotes a regular pattern in the form of a series o f parallel or crossed 

lines. Moire fringes arise from interference patterns that are generated when two similar 

grids overlap each other. The result is a series of fringe patterns that change shape as the 

grids are translated with respect to one another. In optics the effect arises when two 

gratings or grids are placed in proximity with one another with a small angle between the 

grating lines. Similarly, in spectroscopic investigations using TEM, Moire fringes arise 

due to the overlapping of materials with similar lattice parameters. They (the fringes) can 

commonly be seen when viewing a set o f vertical railings against another set of identical 

railings. One observes a pattern of bright and dark ‘fringes’ with a ‘wavelength’ that is an 

order, or orders, o f  magnitude greater than the distance of separation of the adjacent rails. 

The motion o f these ‘fringes’ depends on the motion o f the observer. Moire fringes can 

have applications in industry and research where accurate comparisons o f lattice 

structures are required, or for locating defects or faults in lattice structures. This is usefial, 

as described below, in the calculation o f strain present in a material. During observation 

o f plan view TEM samples, the superimposed lattices are expected to give rise to Moire 

fringes o f the translational type. This is because a Moire pattern is formed by the 

interference between two the regular sets o f divisions o f the respective lattice spacing.

3.9 Investigation of Moire-Like Fringes

Unlike usual MF however, the lines shown in Figs. 3.19 and 3.20 run parallel to the 

surface o f the material whereas MF are usually found in areas o f different lattice 

parameters [55]. Fig. 3.21 is a Bright Field image focusing on the Si cap and the SiGe 

buffer layer o f constant composition. The lines under investigation are clearly seen 

running parallel to the Si cap.
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Samples for investigation were prepared at different locations, in order to rule out the 

introduction o f such lines as a result o f TEM preparations techniques, for example the tilt 

o f a sample in the ion milling stage can give rise to overlapping lattices in TEM images. 

The lines from sample S6 are shown in Fig. 3.20 and match closely those identified in 

sample S l l  as shown in Fig. 3.21. Thus, one varying parameter, preparation, was 

discounted as a source o f the Moire-like fringes.

Gr aded  SiGe B u f f e r  l a y e r

Fig. 3.21 Bright Field TEM im age o f  sam ple SI 1 taken on a JEOL 200 with excitation voltage o f  200kV  

and m agnification o f  50x.

The lines under investigation are clearly visible in Fig. 3.21. The TEM micrograph shown 

in Fig. 3.21 is taken from the graded SiGe layer, with misfit dislocations and half-loops 

present as expected. The widths o f the lines are quite large and run parallel to the Si cap 

surface, as shown in Fig. 3.20. The spacing of the lines does not change from one layer to 

the next and they have no effect on the presence or absence of dislocation lines [56, 57]. 

To investigate this phenomenon in a CVD system, Electron Energy Loss Spectroscopy 

(EELS) mapping was performed using a Kedge Si map at 1839 eV, with an operating 

window of 60eV.The area under investigation is identified in Fig. 3.22 with the resulting 

elemental map shown in Fig. 3.23.
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Fig. 3 .22  Gain Norm alised TEM Image o f  the graded layer at 20x, indicating the presence o f  these M oire - 

like Fringes.

The lines shown in Fig. 3.22 were analysed and found to be periodic and constant.

The Si EELS map of Fig. 3.23 clearly demonstrates the Si concentration varying across 

the material. The disparity in counts moving from left to right is indicative o f the 

influence of the thickness o f the sample on the measured data.

Pixe l

Fig. 3 .23  Si Elemental Map across S 1 1 

3.9.1 Influence of Sample Thickness

In order to verify this premise (thickness impacting on measurement), a thickness map 

was measured across the foil, and an associated colour map was generated as shown in 

Fig. 3.24. Variations o f colour within this image indicate the disparity o f thickness across 

the sample, with red indicating thicker areas, and blue indicating thin areas o f the foil.



Fig. 3.24 C olour coded thickness map for Si foil, demonstrating variation o f  thickness across the sample.

A thickness per w avelength (lam bda) profile was developed across the same area and 

corresponded to an increasing thickness when moving towards the bulk. As the sample 

thickness increases, the probability o f inelastic scattering also increases, particularly 

plasm on excitation, which possesses the highest cross-section o f all the inelastic 

processes. The frequency o f these independent scattering events follows a Poisson 

distribution and from this behaviour it can be shown that the ratio o f the total intensity in

the spectrum , I j ,  to the intensity in the elastic Zero Loss Peak (ZLP), I z l p , gives a 

m easure o f  the specimen thickness, t, via the form ula [58]

? =  A l n ( i )  (3.14)
^ZLP

where A is the m ean free path for inelastic scattering (effectively the distance travelled by

the fast electron between inelastic collisions, which is o f  the order o f  lOOnm at lOOKeV). 

The accuracy o f thickness determ ination using EELS depends critically on the value o f 

the m ean free path employed. Plasm on m ean free paths and total mean free paths have 

been tabulated for various materials and incident beam  energies (via an independent 

determ ination o f  sam ple thickness using alternative m ethods such as convergent beam



electron diffraction etc.). W ith increasing sample thickness, there is an increased 

probability for (single) plasm on excitation as well as an increase in the probability o f  

multiple inelastic scattering, that is, a double or triple plasm on excitation, as well as an 

inner-shell ionisation event follow ed by a plasm on excitation. It is possible to remove this 

multiple inelastic scattering contribution from either the whole EELS spectrum or a 

particular spectral region by Fourier transform  deconvolution techniques.

Once this thickness per lam bda is taken into account. Si thickness is found to increase 

linearly when m oving across the sample space towards the bulk, as shown in Fig. 3.25, 

with the Si count increasing from left to right, as we go deeper into the buffer layer.

0.8

C ou n ts

0.75 

0.7

0 100 200 300 400
Pi xe1

Fig. 3 .25  Elemental S ilicon Map across the SiG e Buffer layer.

This regular variation in the Si content, across a buffer layer o f  constant com position for 

both Si and Ge, indicates a constant param eter fluctuation in the growth stage, such as in 

gas flow, which accounts for different levels o f constituent m aterials at the micro level.

3.9.2 Calculation o f Strain

From the EELS profile it appears that the dark and light lines m ap to a germanium and 

silicon profile respectively. It has been shown [59] that the determ ination o f  the in-plane 

strain is possible using the distance between occurring MFs. This calculation is 

independent o f  layer thickness and has been used to calculate strain and com position o f 

partially relaxed SiGe layers. Fig.3.26 shows a cross sectional view o f  the sample. These 

Bright Field TEM images were taken from the HREM  at 500x m agnification. Real MFs 

are clearly visible at the interface o f  the Si cap and the SiGe buffer layer.



(a) (b)

F ig.3 .26  Show ing the presence o f ‘real’ M oire fringes, indicated by the small box in (a) and shown in more 

detail in (b) (fringes found over the indicated dashed line)

T he lattice constan t a, can  be calcu la ted  u sin g  the d irection  o f  the planes and the 

m easured  d is tan ce  o f  the M oire  fringes from  each other. U sing E qns.3 .15  and  3.16 w here 

a is the lattice constan t o f  silicon , d represen ts the net p lane d istance o f  the layer and D h u  

is the average d istance betw een  fringes, the value o f  the lattice constan t parallel to the 

layer can be calcu la ted , and  thus the associa ted  stra in  presen t in the cap.

d =  . -  (3.15)

asiDhkî J
a n  =  - --------  -̂------- (3.16)

[Dhki^h  ̂+k^ ■ asi

U sing these equations bo th  S6 and  S I 1 can be eva lua ted  in term s o f  stra in  based  solely  on 

the presence  o f  M F , the resu lts  o f  w hich  are  show n in T able  3.5.
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3.10 Conclusions

Strained Si on strain relaxed SiGe heterostructures was identified as one o f the promising 

candidates for expanding existing Si CMOS capabilities. To realise high mobility 

devices, high quality strain relaxed SiGe buffers were required. Various theoretical 

considerations, such as lattice distortion, dislocation annihilation and nucleation etc. were 

discussed in terms of their relevance to the growth of suitable SiGe layers. Various 

experimental equations relating to micro-Raman analysis were introduced to the reader, 

with their suitability to the various samples discussed. Limitations in this technique as 

imposed by the maximum possible depth o f penetration were also outlined.

Efforts were described relating to the investigation o f optimal growth parameters o f both 

SiGe layers and subsequent strained Si cap layers in terms o f substrate orientation and 

surface roughness. This chapter reported the successful growth of a strained Si cap layer, 

(25 nm), on a SiGe layer, with the Si cap defect free and close to expected growth 

thickness. The threading dislocation density in the underlying SiGe layer was calculated 

at extremely acceptable value o f 5x10* cm'^, subject to experimental error. Earlier 

samples, SI, S2 and S3 were found to have a high degree o f dislocation density due to the 

orientation o f the wafer. AFM, TEM, and micro-Raman techniques were used to measure 

surface roughness and dislocation density, as well as the presence or not of strain in the Si 

cap respectively. This allowed for the successful growth o f samples S6 and SI 1 following 

an in-depth investigation o f previous unsuccessful efforts for samples SI to S3. Sample 

S6 had a stress value measured at 1.68 GPa, whereas sample S l l ’s stress was calculated 

at 1.82 GPa, the increase in stress relating to the extra steps o f the graded layer, with 

these results well above reported literature values for similar Ge concentration. These 

measurements were made using micro-Raman techniques, which also provided a value of 

the Ge composition in both samples. As expected, S l l  had a greater Ge composition 

(22%), than that o f S6 (21%), as reflected in the difference in stress of the Si cap. The 

RMS surface roughness values o f S6 and SI 1 are 2.785 and 3.089 nm respectively were 

in line with expected reported results.
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Moire like Fringes were reported in the SiGe layer and investigated using both TEM and 

EELS techniques. It It was identified for the very first time that variance in Si/Ge 

deposition rates caused the fringes to appear with closer control of the growth process 

suggested for ftiture samples. A thickness map was developed across the foil sample and 

the importance o f removing its effects from EELS spectra was outlined. Finally, as a 

complementary technique to micro-Raman analysis, the distance between real Moire 

Fringes was used in order to calculate the lattice constant parallel to the layer. This 

allowed for strain measurements o f the Si cap that agreed well with results measured 

using micro-Raman spectroscopy.
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Chapter 4

Dislocation, Composition and Strain analysis of SiGe layers 
within Ge P-N Photodiode structures

4.1 Introduction

Ge p-n photodiodes have been proposed as a suitable device for optical communications 

within the 1 -  1.6|im wavelength range. Due to their inherent advantages in bandwidth 

and noise immunity, several other applications have also been suggested for their use, 

including TV, Telephony and the Internet [1], However, the implementation of such 

strategies necessitates a reduction in cost over existing proven technologies such as 

coaxial cables etc. Therefore, it is vital that the price o f optical transceivers be reduced in 

line with present day solutions. The widespread demand for high speed data 

communications is driving the optical communications industry into devising more cost 

effective ways o f meeting these demands. Monolithic integration, with its ability to 

combine a variety o f devices such as sources/modulators to photodetectors on a single Si 

chip, can reduce both cost and system integration issues while increasing device 

capability. In addition, any proposed solution must use a material that can be readily 

adapted to current fabrication facilities. Epitaxial Ge is the material o f choice for 

photodetectors due to its compatibility with Si technology and its high absorption in the 

near infrared [2-4]. Absorption o f photons in a photodiode structure with suitable 

bandgap energy causes an electron to move from the valence band to the conduction band 

whereupon the generated carriers are then swept out o f the device to provide a current 

[5]. Therefore, the higher the absorption rate, the higher the current. Si based 

optoelectronics, and photodetectors in particular, are now receiving considerable interest 

in both industrial and academic research [6, 7].

In terms of integration, a common approach to the fabrication o f any Ge based device is 

the use of a fast graded SiGe buffer layer as has been suggested in Chapter 3 for strained 

Si. In addition, the growth o f Ge layers directly on the Si substrate has also been
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proposed [8, 9], As outlined in earlier chapters, the problem with integrating Ge with Si is 

the lattice mismatch o f -4% . As a result, one can expect TDs to be present. Indeed, 

diodes that have been manufactured using such a process were found to have poor signal- 

to-noise ratios and an equally large dark current, both o f which are related to the high 

density o f TDs in the Ge layer.

Depending on the technique employed, the growth o f a relaxed graded SiGe layer 

typically results in a dislocation structure which has long misfit segments and a low TD 

density. This was seen in Chapter 3 during the growth o f strained Si structures. There are 

however, several challenges in growing SiGe buffers when graded to high Ge 

concentrations. While resolving questions relating to growth is one issue, one must also 

consider the paradoxical situation o f maintaining a low TD density when growing a Ge 

epitaxial layer that greatly exceeds the pseudomorphic critical thickness, which is 

necessary for integration purposes [10].

4.2 Thin Film Virtual Substrates versus SiGe Graded Layers

In the world of electronics. Si has been the material o f choice for more than 40 years due 

to the inherent advantages associated with it. As a result, expensive stream lined 

fabrication facilities have been built that focus primarily on Si and now, to a lesser 

degree, on those materials that offer increased functionality for limited adaptation costs. 

In this report, relaxed SiGe is seen as a potential material o f choice, not just in terms of 

complementing existing CMOS devices but also as a link between separate devices all 

grown on a single wafer. In terms o f integration costs, SiGe based technologies could 

then be combined on a bulk Si wafer. This means SOC solutions could offer III-V 

devices (i.e. a GaAs photodetector grown on a SiGe buffer layer), SiGe metal oxide 

semiconductor field effect transistors (MOSFETs) etc., all on a Si based platform. This 

combines the approach o f increased functionality with reduced area for devices, in line 

with Moore’s Law. In Fig. 4.1 the band gap of III-V materials. Si, and Ge versus lattice 

constant is shown [11]. What can clearly be seen is the large mismatch between Si and 

GaAs. It can be directly inferred from such lattice disparity that it is almost impossible to
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create efficient devices that are made from abrupt GaAs on a bulk Si substrate. This is 

separate to the issue o f thermal expansion which must also be addressed should an 

engineer wish to combine the two materials. Therefore, it is evident that a ‘conduit’ must 

be found that allows one to integrate the advantages o f new materials with existing Si 

based technologies. SiGe, which is a miscible alloy, can be used to span the large lattice 

differential. In terms o f existing Si based technologies. Chapter 3 reinforces the 

suitability o f SiGe through the use o f lattice manipulation in creating tailor made devices 

with increased mobility [12-16].

SiOc ailoy ^
lattice constant Gc

5.4 5.5 5.6 5.7 5.8 5.9
Lattice Parameter (A)

Fig. 4.1 A map o f  band gap versus lattice constant for III-V alloys and Si and Ge [11].

This chapter investigates the benefits o f using a graded SiGe buffer layer in the growth of 

Ge p-n photodiode structures as apposed to the use of a thin, abrupt virtual Ge layer. 

Thin virtual substrates are considered important for monolithic integration. Critical 

disadvantages arise with standard monolithic approaches to integration because the 

typical epitaxial layer structure differs between the electronic and the optoelectronic 

elements, making processing complicated. The potential advantages o f using a thin 

virtual substrate are that it reduces chip count, with the potential o f incrementally lower 

packaging costs and improved efficiency between the elements [17]. In this chapter, two 

different samples, 1653 and 1654, are analysed, with their corresponding structures 

shown in Fig. 4.2 and Fig. 4.3 respectively.
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4.3 Sample Structure and Sample Preparation

Both sample 1653 and 1654 were grown by means o f molecular beam epitaxy (MBE) on 

different types of virtual substrates. For technological reasons, both samples are capped 

by a thin Si layer (25nm). Sample 1654, as shown in Fig. 4.3 has a structure very similar 

to that o f sample 1653, as outlined in Fig.4.2, except that a graded SiGe layer, with 

growth rate of 10% Ge per |xm, is present. TEM characterisation o f the Ge p-n 

photodiode structures include the analysis of the dislocation density present in the various 

layers, as well as using EDS and EELS spectra to quantify and qualify the structure’s 

both in terms o f elemental composition and gradient. Additional layer analysis relies on 

micro-Raman and XRD measurements to measure the stress levels present within the 

structures. Use o f these tools allows for structural investigation at the atomic level.

As discussed in Chapter 3, TEM analysis allows direct comparison on the structural 

differences, such as the dislocation density, between one sample and another. Sample 

1654 was grown on a virtual substrate with a thick graded buffer o f SiGe (from Si to Ge) 

overgrown with a constant composition Ge layer. Chemical Vapour Deposition (CVD) 

was used initially, with the sample then transferred to a Molecular Beam Epitaxy (MBE) 

unit for the Ge p-n layers to be deposited. For sample 1653, the Ge p-n layers were grown 

on a thin (13 nm) Ge buffer deposited using molecular beam epitaxy (MBE). A CVD 

process was used in the growth o f the thick graded SiGe layer due to the very slow 

growth rate (Inm/sec) and associated high cost o f MBE. Both samples were prepared for 

TEM analysis in the usual way, with dimpling and ion milling.
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25nm Si Cap (n^) 25nm Si Cap (n^)

252nm Ge (n"̂ ) 245nm Ge (n^)

378nm Ge (i) 367nm Ge (i)

377nm Ge (p"̂ ) 377nm Ge (p^)

13nm Ge (single step) 12nm Ge (single step)

150nm epi Si lO^m graded SiGe +

Si Substrate
2)j,m Ge

Si Substrate

Fig. 4.2 Schematic Structure o f  Sample 1653 Fig. 4.3 Schematic structure o f  Sample 1654

Absorption associated with a Ge p-n photodiode structure occurs in both the SiGe graded 

buffer layer and the overlying Ge layer. Parameters such as the density o f TDs are 

important due to the potential adverse effect they can have on the absorption capabilities. 

Enhanced carrier drift velocity and higher bandwidth are associated with increasing depth 

o f the buffer layer [10]. However, for improved integration schemes thin buffers below 

lOOnm, such as used in sample 1653, with an associated high relaxation are developed.

4.4 TEM Measurements

Bright Field TEM measurements were recorded on a high resolution microscope 

(HREM), JEOL 4000FX, with an accelerating voltage o f 400kV. The angle of rotation 

and tilt were adjusted to give suitable images while a diffraction aperture was inserted for 

maximum contrast.

4.5 Defect Dynamics and Structure in SiGe Graded Composition Layers

SiGe is especially suitable for studying constant strain rate experiments through 

composition grading. TDs, as shown in Fig. 4.4, are an inherent obstacle that must be 

overcome in device manufacture.
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Fig. 4.4 TDs in the SiGe buffer layer o f  sample 1654

At a variety of different magnifications and angles of tilt, TEM was used to analyse both 

samples. The advantages of such a technique are that layer interfaces, misfit dislocations 

and threading dislocations can all be investigated throughout the structures. As reported 

in the work by Fitzgerald [11], once a certain number o f TDs are moving in the system 

during grading, enough misfit dislocations can be created to maintain a low strain state. 

Since graded layer growth is a continuous strain rate experiment, where the strain rate is 

constant, as continued grading increases the strain due to lattice mismatch, TDs 

continually flow to relieve the strain. Fig. 4.5 is a schematic representation o f TD flow 

and misfit creation during relaxation.

Fig. 4 .5  Schem atic show ing the concept o f  dislocation flow  based on relaxed, graded SiG e data [11].

In Fig. 4.5, the top of the graded layer is strained due to a critical thickness (he) defined 

by the grading rate (i.e. mismatch/unit thickness). Increasing strain created by increased

Threading
d is loca t io n graded

layer

- 1 0 0 -



Ge com position at the surface creates TD m otion, as indicated by the arrow. The TD 

m otion creates increased m isfit segm ent length at about he below the surface 

A simple expression [19]

can be derived for the am ount o f strain relaxation versus tim e by realizing that the TD 

m otion creates strain relaxation, and the velocity o f  the TDs is known em pirically to be 

alm ost linearly dependent on strain and varies exponentially with tem perature. In Eqn.4.1

6 is the amount o f  strain relieved by TD m otion (and therefore m isfit dislocation 

extension), 8eq is the strain re lie f desired by equilibrium  for the graded structure, and C  is

a constant which is linearly dependent on TD density and exponentially dependent on 

temperature.

The Bright Field image o f  Fig. 4.6 shows the buffered SiGe layer used in the Ge p-n 

photodiode structure o f  sam ple 1654. The num ber o f  TDs present in this layer depends on 

their ability to m ove along the glide plane in such a m anner as to achieve an equilibrium 

state. This is controlled by the rate o f  com positional increase within the SiGe buffer layer

Fig. 4.6 TEM image o f  the SiGe buffer layer o f  sample 1654

(4.1)
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4.6 Dislocation Density

As the movement o f TDs relieves the strain present in the material, it is logical to then 

state that stopping TD glide in a material has a negative impact, i.e. an increase, on the 

TD density. This is due to the fact that in terms o f strain relief, more TDs are then needed 

in order to compensate for the blocked dislocations. When TDs interact with other 

dislocations, as outlined in Chapter 3, or with other surfaces etc., they are thus removed 

from the strain relief mechanism. It has been shown that the increase in TD density in 

SiGe is due to a mechanism that arrests dislocation flow [20, 21].

Fig. 4.7 Sample 1653 Bright Field TEM , indicating structure o f sample, taken at a magnification o f 60K

A TEM image o f sample 1653 is shown in Fig. 4.7. TDs dominate the material’s layers, 

moving across the whole Ge p-n structure. The difficulty in Ge heteroepitaxy on Si stems 

from the previously discussed lattice mismatch. Using a thin, non-annealed Ge buffer 

layer, the density o f TDs is extremely high as can be seen in Fig.4.7. A high TD density 

results in an associated high dark current value, unsuitable for photodetector operation 

[8]. The density o f threading dislocations in sample 1653 suggests that the upper Ge layer 

is tending towards a state o f lower relaxation than that o f sample 1654 as more TDs are

l o o n m
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working to try and relax the layer. This tendency is reflected in the higher stress value of 

the associated silicon cap measured using micro-Raman as discussed later.

Buried misfit dislocations can create inhomogeneous strain fields leading to surface 

crosshatch patterns as already discussed in Section 1.1.4 o f Chapter 1 [19, 22], It has 

already been identified that the blocking of TDs can lead to increased dislocation density. 

Surface interaction can occasionally block TD glide due to severe depressions in the 

crosshatch pattern, since the surface and the strain fields from the underlying misfit 

dislocations combine to eliminate the lateral force on the TD in this region. This is a self 

perpetuating situation as dislocations removed from the strain relieving mechanism due to 

surface interaction, can themselves interact with other TDs, thus creating a pile up of 

dislocations that can impact on the surface even further.

4.7 TEM Investigation of Graded SiGe Layers

Work in the GeSi/Si system has shown that step grading 20% Ge over 2000A to pure Ge 

produces the same high dislocation density as pure Ge on Si [23]. By compositionally 

grading at a rate where the strain level in the structure never reaches a high value, and by 

growing at a high temperature, dislocation nucleation should be suppressed but relaxation 

from existing dislocations should be quite rapid. From our TEM images, such as the one 

shown in Fig. 4.8, it is clear that the mean misfit dislocation lengths are extremely long, 

implying that the dislocation morphology o f a low mismatched system has been retained, 

as the Ge concentration increases.
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SlGe Graded Layer

Fig. 4.8 SiGe graded buffer layer o f  Sample 1654 detailing the threading (T) and misfit dislocations (M)

The graded structure not only retards new dislocation nucleations due to the low strain 

level, but also reduces dislocation interactions since the dislocations are distributed 

throughout the graded volume. Dislocation interactions indirectly nucleate additional 

dislocations, since the existing threading segm ents are prevented from further glide.

Fig. 4.9 depicts a Bright Field TEM  image, showing clearly the layers present. As can be 

seen, dislocations are m ostly confined to the graded SiGe buffer layer, thereby yielding 

high quality Ge layers, necessary for optimal perform ance o f photodiodes. A low TD 

density in the overlying Ge layer indicates the effectiveness o f  the buffer layers in 

relieving the strain and blocking the propagation o f the dislocations throughout the layer. 

Associated with effective strain re lie f through m isfit dislocations is a clearly defined 

crosshatch pattern on the surface in (110) directions which is indicated in Fig. 4.10.
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Fig. 4.9 Bright Field TEM image o f  Sample 1654, at an energy o f  12kV

Fig.4.10 Surface Micrograph of Sample 1654

The TEM image o f Fig. 4.9 shows a line running through the Ge layers which is 

indicative o f the resulting fallout from a thermal crack, due to the difference in thermal 

coefficients between the sample materials. Ge has a higher thermal coefficient o f 

expansion than Si at both the growth temperature (asi = 3.55 x 10'Vk , aoe = 7.66 x lO'^/K 

at 750°C) and room temperature (asi = 4 x lO'^/K, aoe = 5.7 x 10‘Vk  at 25°C). As the 

graded structure is cooled down from the growth temperature to room temperature, the
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Ge rich layers are tensilely strained relative to the Si rich layers, leading to the 

m icrocracking as evidenced in Figs. 4.9 and 4.11

2 0 0 n m

Fig. 4.11 Bright Field TEM Image o f  Sample 1654 , at 20K magnification.

Changes in growth systems, CVD to M BE, are indicated in Fig. 4.11, where the TEM 

image can be used to directly indicate the point o f  transfer. Fig. 4.11 shows four distinct 

layers, separated with lines running parallel to the surface. These layers are:

(1) a strained Si cap layer;

(2) Sb doped Ge, with Sb included in an effort to contribute to surface smoothness;

(3) Ge deposited using MBE;

(4) Ge deposited using CVD;

As stated in Section 4.3, initial growth o f  the thick Ge buffer layer, (4), was perform ed in 

a CVD system, whereas layer (3) o f  Fig. 4.11 relates to an M BE environment. This 

change in growth environm ents causes the boundary line. The distinction between layers 

(2) and (3) o f Fig. 4.11 is caused by the high Sb doping in the upper Ge layer. From TEM 

m icrographs o f  sam ple 1654, the area m easured differs somewhat from expected growth 

param eters. Using the TEM im ages o f  Fig. 4.11 and others already presented, it was 

found that the thick Ge buffer layer, (4), was closer to Ifxm than the expected 2\im. 

Similarly, the widths o f  both layers (3) and (2) are not as expected, but to a much sm aller 

degree. This difference is dependent on m any things, such as exact boundary position etc.
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As discussed earlier, the large lattice mismatch (-4% ) between Ge and Si leads to the 

formation o f a high density o f misfit and associated threading dislocations when uniform 

Ge layers are grown on Si substrates. The SiGe buffered graded layer in sample 1654 is 

suitable for alleviating threading dislocations for the incorporation o f Ge into the Si 

structure. The TEM image of sample 1653 as shown in Fig.4.12 demonstrates the 

presence o f threading dislocations throughout the entire Ge p-n structure, all the way to 

the surface. Fig. 4.12 (b) is a magnified version o f (a), focusing on the upper layers of 

sample 1653. Results are taken from the upper half o f the TEM picture but can be equally 

applicable to the lower half also. The Bright Field TEM images o f Fig. 4.12 show the 

high TD density associated with a large lattice mismatch. This large proportion o f TDs 

can be readily explained. Once a TD is removed from the strain relieving process, 

through interaction with other surfaces or dislocations, further TDs must then be 

introduced to the system as it works to achieve a steady state dislocation density. In 

layers that attempt to relieve more than 2% mismatch, (in this case 4%), the TD density 

can increase substantially as compared to the desired equilibrium density. In tandem with 

this, the relaxation of the layer is dependent on the number o f TDs present, and a high 

density o f TD indicates that the layer itself is moving towards, but may not necessarily be 

in, a fully relaxed state. From this analysis, it is interesting to note the agreement between 

this supposition and measured micro-Raman results for both the Ge upper layer and Si 

cap.

Ge Layer

Ge Layer

Fig. 4.12 (a) Bright Field TEM  micrograph o f sample 1653
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Fig. 4.12 (b) TEM image at 200x magnification focusing on a close up o f  the cap area

4,8 Composition and Growth Gradient

The work outlined to date has established that the growth o f SiGe buffer layers is a vital 

consideration in the development of Ge p-n photodiode structures. Threading and misfit 

dislocations are shown to be reduced through the use o f graded SiGe layers with 

increasing Ge composition. Therefore, to create structures and devices with low 

dislocation densities, the parameters associated with the SiGe buffer layer must 

themselves be carefully controlled. This means that increases in Ge concentration as well 

as proper compositional grading must be examined from the growth stages. In the past 

decade qualitative and quantitative analysis o f Ge p-n photodiode structures has been 

undertaken in order to understand the growth kinetics of the SiGe buffer layer. As 

outlined in Chapter 2, TEM characterization o f these materials has a vital role to play in 

the development of new and improved devices. This section focuses on how EDS and 

EELS were used to determine, and subsequently optimise, the growth of the SiGe graded 

buffer layers.

As reported earlier, EELS is the analysis o f the energy distribution o f electrons that have 

interacted inelastically with the specimen, c .f  Chapter 2 [24]. These inelastic collisions
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provide information about the electron structure of the specimen atoms, which in turn 

reveals details of the nature of these atoms. EDS uses detection equipment to measure the 

energy values of the characteristic X-rays generated within the electron microscope [25], 

It is then possible to create a spectrum representing the chemical analysis of the sample 

under investigation. In particular, the use of EDS in calculating the gradients of Ge 

growth is outlined, which allows us to compare the measured results against expected 

values. In developing suitable EELS spectra K edge excitation is shown to be a suitable 

mechanism in the measurement of the Si cap layer, while thickness per wavelength ( X )  
spectra are explained and then subsequently used to overcome the influence of the 

thickness in foil samples. In addition to the work reported earlier, conventional TEM 

techniques are used to investigate the presence of TDs resulting from different growth 

techniques. Due to the large thickness (12|im) of sample 1654, it was not possible to get 

an EELS map across the whole of the specimen, so EDS was deemed the most suitable 

quantitative tool to use. Conversely, for sample 1653, EELS analysis was undertaken as 

SiGe compositional trends are obviously not important due to the nature of the device 

structure, i.e. sample 1653 uses a thin Ge layer instead of the conventional SiGe layer, 

and the sample size is small enough to allow a full sample scan. This is further discussed 

in the following section.
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4.9 EDS Analysis

A series o f EDS spectra from sample 1654 were taken at fixed intervals across the Ge p-n 

photodiode structure. Through a collation o f these spectra it is then possible to determine 

the composition of relevant materials within the sample.

6 0 0 -

AOO

2 0 0 -

Ge

Si

Ge

Ge

X) 15

Energy (keV)

Fig. 4.13 EDS spectrum from Si cap
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Fig. 4.14 EDS near Ge/SiGe interface

- 1 1 0 -



30C0

16C0

10CC

500

15 20100

Energy (keV)

Fig. 4.15 EDS o f  upper SiGe layer
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Fig. 4.16 Spectrum in lower layers o f  SiGe
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Fig. 4 .1 7  EDS Spectrum o f  sample 1654 near bulk Si.

Figs.4.13 to Fig.4.17 show quite clearly the Ge/Si distribution across different layers 

within the material. It is evident from Fig.4.13 that the upper Ge layer consists o f  100% 

Ge with the detected Si peak coming from the Si cap itse lf As the spot size o f  the EDS 

probe is much greater than the size o f the Si cap, there will be a significant contribution 

from surrounding layers. This is reflected in the unexpectedly high Ge contribution 

visible in the spectrum. Various Ge lines in the spectra are explained by the photon 

er.ergies o f  principal K-, L-, and M -shell em ission lines. It is interesting to note that from 

Fig.4.13 to Fig.4.17 there is a reversal in the Ge/Si content underlying the presence o f  the 

SiGe buffer layer with the Ge com position decreasing closer to the Si bulk. Using the 

ratios o f  the intensity o f  the signal, the Ge/Si distribution can be calculated across the 

sample. The relevant com positional values achieved using EDS are outlined in Table 4.1, 

w iile  the position o f  the associated m easurem ents w ithin the structure are outlined in Fig. 

4.18 with the m easurem ent points clearly numbered, 1-4, in correspondence with the 

position in structure as identified in Table 4.1. Sample point 5 is not identified due to 

large sample size.
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Fig. 4.18 TEM micrograph o f  sam plel654

Table 4.3 EDS Compositional Analysis o f  Sample 1654

Position in Fig.6
Position in 

Structure
% Silicon “/oGerm anium

1 Near Silicon Cap 91.76 8.74

2 Ge/SiGe Interface 8.38 91.62

3 Upper SiGe Layer 33.81 66.19

4 Lower SiGe Layer 80.72 19.28

n/a SiGe/Si Bulk 99.97 0.03

Knowing the relative position on the sample from which measurements were taken, as 

well as the associated change in the Ge composition, it is possible to measure the gradient 

of Ge growth within the SiGe buffer layer. Calculations based on the above EDS 

spectrum yield a 12% Ge increase per l|j,m, close to the expected value o f 10%. It is the 

control of the Ge compositional increase which has a direct influence on both the 

threading dislocation density and the surface roughness. We have shown that using EDS
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one can conclusively prove the distribution o f the constituent materials across the whole 

of the device, as well as investigating the Ge gradient across the buffered structure.

4.10 EELS Analysis

Quantitative analysis o f sample 1653 was performed using various EELS measurements. 

In EELS analysis of Si and Ge, L and K edge filtering is possible and both L and K edge 

filtering is available for analysis from the Si and Ge materials. Both were used initially to 

establish the most suitable operating environment for the sample under investigation [26], 

Using the L edge Si, that is, using electrons excited from the L shell in silicon, the image 

shown in Fig. 4.19 was obtained. Note the roughness of the material revealed, detailing 

the contours present in our TEM prepared specimen of sample 1653. Switching to the K 

edge Si excitation gives a micrograph that is less influenced by the topographical nature 

of the specimen. The line presented in Fig.4.20 is the line map used for the elemental 

mapping necessary for the generation o f the EELS spectrum [27, 28].

Ge Layer

Fig. 4.19 Sample 1653 silicon L edge map
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Fig. 4.20 Sample 1653 silicon K edge map

The spectrum generated using the K edge Si excitation is shown in Fig. 4.21. The bulk Si 

layer is clearly seen, with a corresponding high count presence in both the bulk and the 

Si cap. It is interesting to note that in moving from left to right in Fig. 4.21, there is no 

other signal, i.e. no Si signature, otherwise present, as expected. The slight signal present 

is readily accountable due to noise. As the mapping reaches the Si cap, there is an 

observable increase in the counts for Si, indicating the presence o f a Si cap layer, from 

which the Full Width Half Maximum (FWHM) can be used to estimate the width o f the 

cap present. The Si cap layer thickness is calculated at 22nm, close to the expected value 

o f 20nm. It must be noted that the double peak on the left hand side of Fig.4.21 is due to 

the mapping running across the glue line and coming into the presence o f the Si cap at the 

other side o f the glue line, indicated by the dashed line. This is due to the TEM 

preparation technique as described earlier. Conversion between pixel and nanometres is 

possible based on machine specifications which link the two, based on primary issues 

such as the magnification used, binning, etc. Using the GATAN CCD camera, at a 

magnification of 31.5x, a 210 pixel count corresponds to lOOnm at Ix binning, whereas at 

2x binning, as used in the profile generation shown in Fig. 4.21, 105 pixels correspond to 

lOOnm. This relationship allows one to convert the measured pixel values into real 

physical measurements.
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Fig. 4.21 Profile fi'om K edge Si spectrum moving from the bulk Si layer to cap.

From Fig. 4.20 it is clear that, compared to L edge, using the K edge excitation gives a 

better pattern analysis for Si, and from similar analysis the same type o f excitation was 

chosen for Ge as well. The K edge is at 1869eV while the window used was 60eV. The 

spectrum obtained for Ge is shown in Fig.4.22. The line mapping in this case starts from 

the cap, left hand side, and moves across the p-n photodiode structure. From the spectrum 

an initial low count value is indicative o f the presence o f the Si cap. A Ge distribution 

across the Ge p-n layers is then observed, as expected. The shape o f the distribution is 

quite interesting and will be accounted for in the discussion o f Section 4.11.1.

Ge p-n l a y e r

counts

0 300 600 900
Pixel

Fig. 4.22 Ge EELS spectrum, showing Ge distribution from Si cap across Ge layers
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An EELs colour map is then generated to show primarily, the presence o f relevant 

materials, and secondary to this, the distribution o f elements in the material, i.e. 

interstitial diffiision etc. if  present can be readily identified. Fig. 4.23 shows a colour 

mapping, identifying the presence o f both Si and Ge at the cap end.

Fig.4.23 (a) EELS Colour Map, with Si in red and Ge in green, while (b) is a black and white copy o f  the 

same image with constituent elem ents identified.

4.10.1 Resolving the Effect of Foil Thickness

Elemental Mapping allows for the direct indication o f materials present as well as being a 

tool in the analysis o f diffusion etc. between layers. The black and white copy is for print 

purposes. As discussed in Section 3.9.1 o f Chapter 3, the thickness o f the TEM thin foil 

has a ready impact on the spectrum data obtained. The probability o f multiple scattering 

increases in proportion to the specimen thickness and rising atomic number or density 

and the more multiple scatterings a sample may present, the less reliable the analysis for 

the element characteristic single scattering. Thus, as outlined previously, the section 

thickness of a specimen for acquisition o f an EELS spectrum or calculation o f an 

elemental map should be optimised for best results. Fig. 4.24 (a) shows a profile o f the 

thickness of our foil, with Fig. 4.24(b) indicating a colour scale for the profile map. The
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line across indicates the map line for the collected spectra. A thickness per wavelength 

expression was resolved for our foil and the resulting spectrum is shown in Fig. 4.25. As 

we go from our Si cap, blue, to areas o f white, which correspond to the bulk Si, we move 

across areas of different thicknesses, thus giving us a different composition map as 

indicated in Fig.4.25.

Fig. 4.24 (a) Colour profile o f  thickness o f  the foil for sample 1653, and (b) a colour/thickness scale

If we compare Fig. 4.25 to that o f our Ge mapping spectrum of Fig. 4.22 we can see that 

the thickness profile peaks in areas where the Ge profile is seen to tail off. Variation in 

the Ge content can thus be explained by the variation o f thickness across the sample foil. 

This demonstrates that once the relationship between the thickness o f foil and Ge content 

is resolved, the Ge composition across the Ge p-n structure is constant.

(a)

(b)
TJfeiy Thick
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Fig. 4.25 Thickness per wavelength spectrum for foil, showing influence o f  foil thickness across sample 

1653

4.11 Strain Analysis

As outlined in earlier sections within this chapter, there is an intrinsic link between the 

density o f TDs present in a semiconductor layer and the degree of strain in the layer. 

Sample 1654 demonstrated that with proper growth techniques, dislocations can be 

mostly confined to the graded buffer layer. With the top Ge layer exhibiting a low 

dislocation density, it indicates that the buffer layers are effective in relieving the strain. 

Therefore, it is expected that the upper Ge layers are completely relaxed which would 

then allow for a strained Si cap to be grown. Micro-Raman spectroscopy has already been 

demonstrated as a suitable tool in the measurement of strain in novel materials, and here 

again it is used to identify the level of strain present in the upper layers of Ge p-n 

photodiode structures, namely samples 1653 and 1654 respectively. In addition, XRD is 

employed as a complementary analytical technique to micro-Raman analysis in the 

measurement o f strain, as well as being used to verify the growth of the buffer layer 

present in sample 1654.

4.11.1 Raman Spectroscopy

Micro-Raman spectroscopy is a technique suitable for the investigation o f strain in 

semiconductor materials as discussed in Chapters 2 and 3. Analysis is performed based 

on the phonon vibration position o f the relevant bonds, such as Si-Ge, Si-Si and Ge-Ge 

etc. In the discussion presented already, it has been shown that the depth o f penetration of 

the laser light is a critical factor. Depth o f penetration, dp, as it relates to Si and Ge is 

measured at dp(Si) ~ 763nm and dp(Ge) ~ 19.2nm respectively, calculated from known

\  Near 
7  Bulk
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equations, c.f. Chapter 3, Section 3.4.1. It is clear therefore, that any information from the 

Raman spectrum relates solely to the upper layers. Therefore, a peak at or near 520cm ‘ 

will relate solely to the Si cap with a shift in wavenumber depending on the amount of 

stress present in the layer. Other groups o f phonon modes that may be observed are 

associated with the SiGe layer and belong to the Si-Ge and Ge-Ge stretching modes.

G e - G3 0 0 0 0  -

2 0 0 0 0  -

S i - S i  ( f r o m C a p )1 0 0 0 0  -

T T

W a v e n u m  b e r  c m

Fig. 4.26 Raman spectrum o f  sample 1654

Observing Fig. 4.26, two main peaks o f interest can be identified. One of these peaks sits 

at 300cm ', indicating the presence o f Ge, and the other wide, soft peak sits at around 520 

cm ' indicating the presence o f the Si cap. The absence o f SiGe related peaks at either 

404 or 505 cm ’ indicates in general the absence o f interdiffusion between the Si cap and 

the Ge underlying layer. This analysis concurs with the earlier TEM micrographs which 

showed little or no interdiffusion between successive layers. The exact position of all 

aforementioned peaks depends on stress (for pure Si) and on stress and Ge content (for 

the SiGe layer). It is well known that the LO peak of Si at 520cm ' will shift to the low 

frequency side when the sample is under tensile stress and to the high frequency side 

when under compressive stress.
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Fig. 4.27 Ge-Ge phonon position and curve fitting (indicated by the broken line)

Fig. 4.27 and Fig. 4.28 highlight more clearly the peaks in the earlier spectrum, with an 

associated Lorenztian curve fit, indicated in dashed lines present also, allowing for good 

curve fitting parameters, such as FWHM and peak position, to be extrapolated

400-1

200 -

510 520 530 540500

Wavenumber cm ’

Fig. 4.28 Si-Si phonon position, from cap, and curve fit

From the above spectra, differences in intensity between the Ge-Ge peak and the Si-Si 

peak can be readily observed. Peak intensity is generally directly related to the thickness 

o f the material, but in this case, where light penetrates only to 19nm of Ge, the efficiency 

o f Raman scattering for both Si and Ge has to taken into account. For sample 1654, the 

Ge spectrum exhibits a small shift from the relaxed Ge-Ge phonon position.
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For calculations of the magnitude o f stress (a) present in the strained Si layer, Equation 

3.11 as given in Chapter 3 is used

a  = (A o)/4xlO -‘̂ ) (4.2)

where Auo is the shift of the Raman peak from the unstressed Si-Si peak position of

520cm '. In this case, the Si cap is calculated to have a stress value measured at 

1.060x10^ Pa.
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Fig. 4.29 Raman spectrum from Sample 1653

From analysis of Fig.4.29, the Raman spectrum of sample 1653, the following 

conclusions can be drawn. As is the case for sample 1654, there is no interstitial diffusion 

present between the Si cap and the underlying Ge layers. This is proven by the absence of 

the well documented SiGe and Si-Si bonds associated with such a layer. Therefore, the 

growth process is well controlled and stops the migration o f atoms between layers. Using 

the two indicated predominant peaks as discussed earlier, relevant information such as 

germanium content, and the presence o f stress in the upper layers can be calculated. Fig. 

4.30 and Fig. 4.31 show the Ge-Ge and Si-Si phonon spectra, again with a Lorentzian 

curve fit indicated in dashes. Measured peak positions and associated stress are 

summarised in Table 4.2.
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Fig. 4.30 Ge-Ge phonon Raman spectrum
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Using Eqn.(4.2) the magnitude o f  stress present in the Si cap is calculated at 1.060x10^ 

Pa, The Ge-Ge phonon position exhibits an increased red shift relative to sample 1654, 

and this (marginal) increase in associated tensile stress present in the upper Ge layer 

reflects the influence o f using a thin Ge virtual substrate as outlined earlier. On both 

samples the formation o f a Si cap is observed. This cap has a higher level o f stress in 

sample 1654, which can be explained following analysis o f the TEM micrographs. The 

density o f threading dislocations in sample 1653 suggests that the upper Ge layer is 

tending towards a state o f lower relaxation than that o f sample 1654 as the dislocations 

interact and reduce their effectiveness on the strain relieving process. Therefore, the 

lattice of the upper layer will not be effectively relaxed thus reducing the amount of
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stretching (stress) on the upper Si cap layer. T his is reflected  in the low er stress value in 

the silicon cap o f  sam ple 1653.

Table 4.4 Raman M easurem ents for samples 1653 and 1654

Sample
Number

Ge-Ge cm ' Si-Si cm * £Ce (%  )
(E q.3 .12)

A o  (Si) o(Si)

1653 298.07 517.67 0.09 2.33 582.5 M Pa
1654 299.12 515.76 0.2 4.24 1060 M Pa

4.11.2 XRD Strain Analysis

X -R ay D iffraction  (X R D ) constitu tes a pow erfu l nondestructive  technique for the 

structural analysis o f  crysta lline  and p o lycrysta lline  layers. It is based  on the d iffraction  

by  the crysta lline  p lanes o f  a co llim ated  beam  o f  X -rays w ith  w aveleng ths typ ically  in the 

range 0.7-2A. The X R D  spectrum  is usually  ob tained  by  m easuring  the d iffracted  

in tensity  as a function  o f  the d iffrac tion  angle 20 (angle betw een  the incident and 

diffracted  beam s) and the o rien ta tion  o f  the  specim en. D ifferent m axim a, corresponding  

to the con tribu tion  o f  the d ifferen t crysta lline  p lanes in the crystal, are obtained w hen 

constructive in terference o f  d iffrac ted  X -rays occurs accord ing  to the B ragg 's law,

>. = 2 d s i n e  (4.3)

A. being the w aveleng th  o f  the X -rays and d the spacing  betw een  the atom ic planes in the 

crystal. T he technique is ex trem ely  sensitive  to varia tions o f  d determ ined  by  strain in the 

crystal. S train  values in the range 10'^-10'^ un its are ro u tine ly  m easured, and values as 

low  as 10'* can be detected . T he penetra tion  dep th  o f  the X  rays is determ ined by  the 

absorption length, w hich  for Si has a value o f  66 |im  at = 1 .54 A .

4.11.2.1 Calculation of Strain Using XRD

X RD  spectra , ob tained by  m easu ring  the d iffrac ted  in tensity  as a fiinction o f  the 

diffraction  ang le  20 and the o rien ta tion  o f  the  specim en, w ere taken for both sam ples 

1653 and 1654.

Three sets o f  d ifferen t X R D  m easurem ents w ere perfo rm ed  w hich, w hen  analyzed, 

allow s one to  understand  the n a tu re  and ch aracteristics o f  the relevant sam ples. Show n in 

Fig. 4.32 (a) and (b) are the co scans a long  the Geoo4 p lane , w ith  tw o theta (2 0 )  fixed for
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both sample 1653 and 1654 respectively. A  perfectly epitaxial film  w ould g ive a peak 

with zero width, but in reality, individual crystallites in the film  have orientations w hich  

deviate slightly from the perfect epitaxial orientation and the resulting curve consists o f  a 

peak with a finite width, mirroring the m osaic structure o f  the film . The measured  

integral width for these sam ples is 0 .5“ and 0 .3738° respectively, indicating a suitably 

acceptable sharpness o f  texture in the material.

4000

CO 3000

2000

*2
c
3
Oo

20 0 0  -

31.82 32.32 32.82 33.32 33.82

Omega

Fig. 4.32 XR D  spectra showing (a) co scan along the Geoo4 plane for sample 1653 and (b) co scan along the 

Geoo4 plane for sam ple 1654

Similarly, F ig.4.33 (a) and (b) indicates the 2 0  scan along the Sioo4 plane for both 1653 

and 1654 respectively. U sing these two spectra w e can calculate the degree o f  strain 

present in the Si cap layer.
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Fig. 4.33 XRD spectra showing (a) 2 0  scan along the Sioo4 plane o f  sam ple 1653, and (b) 2 0  scan alcng 

the Sioo4 plane o f  1654

From Fig. 4.33 (a) and (b) the value o f 2 0  can be readily identified. The offset vake, 

introduced due to instrumentation error, is then calculated using a base silicon reference. 

Using well established values for 2 0  as indicated in the literature, the exact value o f A2 

0  can then be finalised as indicated in Table 4.3, where 2 0off is the offset introduced die 

to instrumentation error, 2 0  cor is the corrected value o f 2 theta after the offset has been 

removed and 2 0  ref is the journal based references for two theta [29].
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Table 4.3 XRD Analysis

SAMPLE 2 0 2 ©off 2 0  cor 2 0  ref A2 0

1653 67.108 0.028 67.080 67.013 0.067

1654 67.172 0.036 67.136 67.013 0.123

Using the values outlined in Table 4.3 and Eqns.4.3 and 4.4 shown below, the value of 

strain in the respective samples can be calculated:

(Ad)/(d) = e  = (-cot 0  )(A 0) (4.4)

For sample 1653, strain = 9 x 10'"̂  and is measured at 1.62 x 10'^ for sample 1654, which 

is in good agreement with previously stated results as detailed in Table 4.2, where both 

samples exhibited a slight red shift in Raman spectra.

4.12 XRD Structure Analysis

Using suitable XRD spectra, such as coupled two theta scans, it is possible to identify the 

layers present within the structure. Coupled two theta scans for samples 1653 and 1654 

are presented in Fig. 4.34 (a) and (b) respectively. The buffered layer of SiGe, which has 

already been shown using other characterisation techniques, such as EDS, is clearly 

identified. In Fig. 4.34(b), the Ge peak is indicated and represents 100% Ge content. The 

gradual fall off from this peak to the higher (Si) peak at the right hand side, demonstrates 

the decreasing Ge content in a SiGe buffer layer. Sample 1653 does not have a similar 

spectrum, indicating only the single 100% Ge step underneath the Ge p-n photodiode 

structure.
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Fig. 4.34 Coupled 2 0  scan (a) for sample 1653 and (b) for sample 1654

It m ust be noted that the tops o f the peaks are not visible in the spectra shown due to 

lim itations placed on the y axis count value.
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4.13 Conclusion

The importance o f a SiGe graded layer in the fabrication o f Ge p-n photodiode structures 

has been confirmed in this chapter using a variety o f techniques, including TEM, EELS, 

EDS, micro-Raman analysis and XRD. Excellent confinement of the dislocations to the 

threading layer was achieved using a graded SiGe layer. It was clear from Bright Field 

TEM images that the threading dislocations differed dramatically from one specimen to 

another and that the SiGe graded layer present in sample 1654 is a necessary step, thus 

far, in the suppression o f threading dislocations that occur due to lattice mismatch. In 

contrast, the use o f a thin Ge layer as a virtual substrate has shown that due to the high 

TD density present throughout sample 1653, the search for a suitable technology for 

monolithic integration must continue.

It has been shown that using EDS one can conclusively prove the distribution o f the 

constituent materials across the whole of the device, as well as investigating the Ge 

gradient across the buffered structure. In terms o f the SiGe graded layer, calculations 

based on EDS spectra yielded a 12% Ge increase per |im, close to the expected value of 

10%. We have shown that the Si cap thickness can be directly measured and that EDS 

profiles are suitable for composition analysis across such a thick material.

In addition, using EELS one can measure the thickness of the layers within a structure 

which can then be corroborated against any other complementary technique such as 

TEM, while also giving an indication of Ge and Si distribution across the layers present. 

It was also found that K edge excitation gives a better pattern analysis for both Si and Ge 

over L edge excitation as it was less influenced by the morphology of the sample. An 

EELs colour map was generated to show primarily, the presence o f relevant materials, 

and secondary to this, the distribution of elements in the material, and that no interstitial 

diffusion could be readily identified. It was shown that the section thickness o f a 

specimen for acquisition o f an electron energy loss spectrum or calculation o f an 

elemental map must be optimised for best results.
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Complementary to the EELS analysis, micro-Raman spectra revealed no interstitial 

diffusion present between the Si cap and the underlying Ge layers. This was proven by 

the absence o f the well documented SiGe and Si-Si bonds associated with such a layer. 

Therefore, the growth process was perfectly controlled and stopped the migration of 

atoms between layers. Using the two indicated predominant peaks as discussed earlier, 

relevant information such as Ge content, and the presence o f stress in the upper layers 

was calculated. On both samples the formation o f a Si cap was observed. For the first 

time, stress levels associated with Ge p-n photodiodes were investigated, with a 

noticeable level o f stress present in the cap, with the value ranging from 585MPa to 

1060MPa. The Si cap had a lower level of stress in sample 1653, which is related to the 

observed misfit dislocations in the TEM micrographs. The density of threading 

dislocations in sample 1653 suggested that the upper Ge layer was tending towards a state 

o f lower relaxation than that o f sample 1654, as was proven conclusively by the Raman 

measurements. This proves that not only must the density of dislocations be considered 

but also the stress imparted onto the Si cap.

XRD was used to verify the structure o f the SiGe layer present in sample 1654 as well as 

the increase in Ge composition per step within the layer. The exceptional accuracy of 

XRD in the calculation o f relatively low levels o f strain was confirmed in this chapter. 

XRD was employed as a complementary analytical technique to micro-Raman analysis in 

the measurement o f strain with calculated values from XRD of 0.09 and 0.16% for 

samples 1653 and 1654 respectively corresponding well to the values taken from 

independent Raman analysis. This demonstrates the usefulness of using both techniques 

in the characterisation o f such materials.
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Chapter 5

Interface Development and Dataset Analysis

5.1 Introduction

Data Management is o f critical importance within a wide variety of sectors [1]. It is 

critical to be able to retrieve data o f interest from multiple distributed heterogeneous data 

sources in a timely manner, and precisely enough to be able effectively to separate them 

from the distracting noise o f irrelevant, unreliable or insignificant data. The control and 

observation of test data and results are primary metrics within self contained and proper 

data management techniques. While datasets can explode exponentially over time, the 

ability to contain these results and extract trends etc is a time consuming and often 

confusing aspect o f research [2]. There are a variety o f search engines, citation indices 

etc., which are important to scientific research, but there is no tool that allows the 

integration of results from a wide variety o f significantly different datasets on the one 

platform. In this chapter details are given o f the development o f an interactive Graphical 

User Interface (GUI) that allows for seamless integration o f new datasets and, at a higher 

level, allows for easy interaction between the user (scientist, student, researcher etc) and 

the information data sheets. This GUI was developed using Visual Basic for Applications 

which is part o f the Microsoft Office tools suite and is bound to the Microsoft Excel 

platform [3], In parallel, statistical analysis was performed on existing datasets relating to 

thin SiGe films. Equations already introduced in Chapter 3 are investigated here using 

XRD as a reference benchmark [4-6]. Data trends across the set are observed and a new 

equation used to calculate Ge composition is proposed. This equation provides a 

corrected value o f Ge concentration, (x), based on the correlation that exists between 

Raman and XRD results. This is applicable to both experimental results and data 

mapping to existing equations. This work is important from a sense o f understanding the 

impact o f parameters, such as thickness, on Ge compositional analysis, as well as 

providing the scientific community with a more robust formula for Ge calculation.
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5.2 Visual Basic for Applications (VBA)

Microsoft Visual Basic for Applications (VBA) is part o f the Microsoft Visual Basic 

family that also includes the Microsoft Visual Basic development system (Learning 

Edition, Professional Edition, and Enterprise Edition) and Visual Basic Scripting Edition 

(VBScript) [3], VBA is an embeddable programming environment designed to enable 

developers to build custom solutions using the fiall power of Microsoft Visual Basic. 

Developers using applications that host VBA can automate and extend the application 

functionality, shortening the development cycle o f custom solutions.

5.3 Graphical User Interface (GUI)

The GUI consists o f several linked userforms which are themselves part o f underlying 

Excel spreadsheets. The interface developed is very intuitive with the user prompted for 

direction as well as information throughout. Links to detailed databases provide a 

seamless and non-obtrusive way o f manipulating data.

§
Select name of sample to  be Investigated.

1531

C2972
S6
Sll
1654 —
1655
Above Left 
Above Center ^

Next

Fig. 5.1 Introductory Userform

/

Si Cap 5nm

20nm SiGe (40% Ge)

9nm Strained Si

200nm SiGe (40%Ge)

Si substrate

picture of C2971

UserForm?
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The GUI was developed based on the increased need for accessible and useful data. 

Researchers need to be able to track data and find information in a quick and seamless 

fashion, for example analysing the TEM and micro-Raman spectra associated with a 

strained Si sample. This package allows one to navigate through a variety of sources in 

order to provide a complete and comprehensive analysis of samples. Fig.5.1 shows the 

GUI developed to allow the user to choose the sample which is to be investigated. 

Selecting the sample name on the scroll bar causes the associated structure to appear, as 

shown. Using the mouse button, pressing the “Next” button allows the user to move into 

the next level of the programme. Fig.5.2 shown below details the different methods of 

investigation possible. Raman, TEM or EELS data analysis is possible with the user 

choosing the required method. The “Next” button has the same functionality as before, 

and the “Back” button allows the user to move to the previous working userform.

UserFormB

S e le c t  D a ta  R e q u ire d  ;

< "  RAMAN

< TEM

< EELS

Fig. 5.2 Different methods o f analysis possible using the VBA GUI

Depending on the choice made, different userforms appear. In the case of TEM, the next 

userform, as shown in Fig.5.3, contains a scroll bar allowing a library of TEM images to 

appear. These TEM Bright Field images contain information such as tilt and 

magnification for the sample chosen. The GUI automatically directs the correct images to 

appear without having to waste time searching various directories.
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M«g “  ISOx, TIC •• 3 degrees

Fig. 5.3 Form showing TEM images

Similarly, should EELS be chosen as the research o f choice, the relevant EELS images 

for the sam ple under investigation will be displayed in the userform  as shown in Fig. 5.4. 

Selection o f Germ anium  (Ge) or Silicon (Si) analysis, using the K edge as described in 

Chapter 4, changes the image displayed.

I . K e i F o i m l l

^  Si K Edge

Ge K Edge

Back Directory C ri

Fig. 5.4 Userform showing EELS data displayed on request

In addition to TEM and EELS analysis, m icro-Raman spectra, as well as calculations 

relating to the Ge content, are provided also. Strain coefficients along with explanations

-  1 3 6 -



of the various labels used in formulae are shown by the GUI. This is done in order to 

allow the user to maximise the benefits o f such an interactive tool. Following the initial 

choice o f sample to be investigated, the associated spectrum is displayed, see for example 

Fig. 5.5. In order to call the spectrum to the form, it is simply a matter o f depressing the 

“Spectrum” button. Similarly, depressing the “Fonnula Used” button brings one to the 

next userform where relevant equations are detailed, as shown in Fig. 5.6. Parameters 

present in this equation are indicated in Fig. 5.7 where the user can scroll through all 

coefficients used and the associated explanation will appear on the screen.

Fig. 5 .5  U serform  dep ic ting  the re levan t R am an spectrum

IJ$etFoim5

' •  S tra in

TERMS EXPLAINED

kW- ôKo

cJoW = 0.5431 +  0.02;f +  0.0026;r'

Fig. 5 .6  E quations re la ting  to the calcu la tion  o f  strain
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UseiFoin»6

CommandButton2

Fig. 5.7 Explanation o f terms presented in equations 

5.4 Datasets

Various sets o f data have been collected for thin film SiGe buffer layers, distinguished by 

differences in thickness and Ge concentration. These datasets are stored in Excel 

spreadsheets and are analysed in VBA using equations presented in the literature which 

either include or ignore the impact of strain in the calculation o f Ge content. Independent 

XRD measurements have also been recorded in order to allow proper comparison 

between estimated and real Ge concentration measurements.

Table 1 o f Appendix I, outlines the important peak positions associated with a SiGe 

buffer layer, as discussed earlier in Chapter 3. The tables are not included here but are 

placed in the appendices for the reader’s convenience. In addition, thickness o f buffer and 

XRD values are also recorded. Substituting peak position into the relevant equations 

values as outlined in Tables 5.1 and 5.2, allow for the calculation o f the associated Ge 

concentration.
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T able 5.1 Equations w ithout Strain

X I Alonso LÔs (-^) 520 — 68x
X2 Brya =  520 —66.7x

X3 Tsang ^ss  ~  520.2 — 62x

X4 Shin w^^(x) =  521 .2 -67 .91x

X5 Olivares LOasix) =  400.5 +  12x

X6 Tsang ^Gs(-^) — 400.5 +  14.2,v
X7 Alonso ujgg{x) =  282.5 + \6x

X8 Shin iL>G(;(x) = 282.8 + \9.7>lx

Using the equations outlined, the values XI-X8, which represent the Ge concentration 

within the sample, are calculated. These variables are then used within the VBA program 

to allow comparison and data trend extraction.



Similarly, for analysis that takes into account the presence of strain, the equations as 

outlined in Table 5.2, are used. In this case a linear combination of equations is necessary 

in order to generate the Ge concentration variables XGEl to XGE8, which themselves are 

then used within the VBA programme.

T able 5.2 Equations with Strain

I Alonso — 520.2 — 62x — 830e

2 Brya uj^g{x) = 520 —66.7x —830£

3 Tsang ^ss (x) = 520.2 — 62x — 830e

4 Olivares ujccix) = 282.5 +  16x — 384e

5 Tsang w^^(x) =  400.5 +  14.2x -  575e

6 Alonso u>GQ (x) =  282.5 + 1 6x — 384e

Suitable combination o f relevant equations makes possible the calculation o f the Ge 

concentration across the samples using the various sample peak positions 

XGEl = ((u;oc(jc)-282.5) +  0 .6678(400.5-u;cs(x)))/7 .986 (5.9)

Combining Eq.l and Eq.4

X G E2= ( x ) - 400 .5 )-0 .6928  (o;5^(x)-520))/57. 154 (5.10)

Combining Eq.2 and Eq.4

XG E3= ( ( u ; o s ( ^ ) - 4 0 0 .5 ) -0.6928(tJ5^(x)-520))/60.41 (5.11)

Combining Eq.3 and Eq.4

X G E4= ((a ;cs(x )-400 .5 )-0 .6928(u ;55(x)-520))/59 .11  (5.12)

Combining Eq.l and Eq.5

X G E5= ((^^^(x)-4 0 0 .5 )-0 .6 9 2 8  (a;^5(x)-520))/54.954 (5.13)

Combining Eq.2 and Eq.5

XG E6= ( x ) - 400 .5)-0 .6928 (cc;5^(x)-520))/58.21 (5.14)

Combining Eq.3 and Eq.5

X G E7= ((u ;ec(x)-282 .5) +  0 .6678(400.5-cJcsW ))/6 .517  (5.15)

Combining Eq.4 and Eq.6
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XGE8 = ( ( w o c  W  -  282.5) +  0.6678(400.5 -  u^,{x)))l l M 6  
Combining Eq.5 and Eq.6

(5.16)

Tables 2 and 3 in Appendix 1 highlight the calculations of Ge using Equations 1 to 16, 

with the XRD measurement present also. These tables are calculated within the VBA 

programme.

5.5 VBA Raman Analysis

As outlined previously, the calculation of Ge content (x) is possible using Equations 5.1- 

5.8 or 5.9 to 5.16, depending on whether strain, 8, is considered or not. The VBA utility 

recognises this and allows the user to select which set of equations, are to be used, as 

outlined in Fig. 5.8. __________________________________________
UserForfn14

C hoose th e  n a tu re  of investigation, using;

Strain No Strain

Fig. 5.8 Interactive userform allowing user to choose which method o f  analysis to use

Choosing “Strain”, Fig. 5.9 illustrates the userform that is next displayed. This userform 

shows the various equation combinations possible, with the user being afforded the 

possibility of understanding the combinations of equations possible, as well as their 

association to the relevant researcher. This userform does not perform any calculations 

but is merely an interactive tool applied to educating the user. The resulting equation is 

then shown in blue on the userform.
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U s e i  F o i n i l  '5

S elect Equa»:lon C om b ina tions to  
b e  used  
Si-SI

Alonso

f *  B rya  

^  Tsang

S S (x ) =  520.0 - 66.7X-830

G e t E q u atio n

< G S (x ) - 4 0 0 ,5 )  -  0 .6 9 2 8 (  S S (x ) - 5 2 0 ) ) / 5 7 . 154

-  Si-Ge  

^  O livares

T s a n g (2 )

G S (x )  = 4 0 0 .5 - t -1 2 x  -5 7 5

G e-G e

A lonso (2 )  G e -G e  Ph onon  Position
NEXT

CLEAR

Fig. 5.9 UserfonnlS showing the combination o f  different equations

As has been demonstrated, the purpose o f the VBA utility is both to educate the user and 

to perform detailed analysis o f underlying information recorded from a variety o f sources. 

In line with this, Fig. 5.10 shows a userform where the user is informed of the various 

combinations possible, i.e. reflecting Eqns. 5.9 to 5.16 presented earlier. Additionally, the 

various terms used in the equations can be selected for user clarification. In this case, the 

button GG is depressed with an associated message box appearing defining the term GG 

used in the listed equations.
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UseiFoim17

EQUATION COMBINATIONS :

XGE1 = (((GS - 4 0 0 .5 )  - (0 .6928  * (SS - 520)) )  /  61 .31 )  

XGE2 = (((GS - 4 0 0 .5 )  - (0 .6928  * (SS- 5 2 0 )) )  /  5 7 .1 5 4 )  

X G E 3 =  (((GS - 4 0 0 .5 )  - (0 .6928  * (SS - 5 2 0 )) )  /  60 .4 1 )  

XGE4 = (((GS - 4 0 0 .5 )  - (0 .6928  * (SS - 5 2 0 )) )  /  59 .1 1 )  

XGE5 = (((GS - 4 0 0 .5 )  - (0 .6928  * (SS - 5 2 0 )) )  /  5 4 .954)  

XGE6 = (((GS - 4 0 0 .5 )  - (0 .6 9 2 8  * (SS - 520)) )  /  58 .2 1 )  

XGE7 = (((GS - 2 8 2 .5 )  + (0 .6 6 7 8  * (400 .5  - GG )))  /  6 .5 1 7 )  

XGEB = (((GS - 2 8 2 .5 )  + (0 .6678  * (400 .5  - GG )))  /  7 .9 8 6 )

P honon  Position o f Germ anium -Gertnanium  in SiGe b u ffe r  layer

Fig. 5.10 List o f  all Strain related equation com bina tions -  with user  p rom pted  information box

In terms o f mathematical analysis, the Ge content is the primary parameter investigated. 

Using the dataset presented in Table 1 o f Appendix I, it is possible to investigate the 

value of Ge using the different equation sets, all the time using the XRD recorded value 

as the reference value. This allows one to investigate both Ge content as well as deviation 

away from exact values (XRD) within the dataset. Userforml9, as shown in Fig. 5.11, 

illustrates the value o f Ge calculated across the whole dataset using Eqn. 5.9 as the 

equation of choice. Similarly, the user can select Eqns. 5.10 to 5.16 and recalculate the 

Ge value across the dataset based on the peak positions o f the recorded Raman spectrum. 

In essence, the GUI is creating and extracting information as presented earlier in Table 5 

in Appendix I in an interactive way, plotting the calculated values while at the same time 

creating an Excel spreadsheet for further investigation, should it be required.
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Do Calculdtions

GE e c n te n f  u sin g  s» k c t» d  ^qiia lion  com birw tions

Chart Ge

XGEl

XGE2 1
XGE3 

'■" XGE4 I I lllll
^  XGE5 

^  XGE6

S

0
*
"  C 3 • ■ I I  I i i i i i i \l

XGE7

XGE8

Clear

Z l - liiliillllllllllllH lillilllllllllli
Next j c l l l l l l l l l l l l l l l

I'ildhase S.iiNpk$

Fig. 5.11 Userform illustrating the variation o f  Ge content using Eqn.5.10

Pressing the “Chart G e” button for varying equations, allows the user to see the variations 

in Ge value across the sample set. The charts associated with these calculations are 

autom atically displayed in the userform. Similarly, the deviation aw ay from the reference 

value is calculated and displayed, as shown in Fig. 5.12. This allows the user to see the 

ability o f  the relevant equations to track the correct value across a variety o f thicknesses 

for a fixed equation. Again, the deviation can be examined in terms o f  the equation used 

in userform  19.
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U s«iFoiii»20 X

Difference between XRD values

XGEldlff 

XGE2 diff 

XGE3 dIff 

XGE4 diff 

^  XGE5 diff 

^  XGE6 diff 

r  XGE7 dtff 

'  XGE8 diff

Clear

Next

Fig. 5.12 Userform illustrating the deviation o f  the Ge value away from the XRD calculated value

From the various userforms presented thus far, it is quite conceivable that more detailed 

information, relating to particular samples, would be required. Individual samples can be 

investigated in terms o f previously presented parameters, such as Ge content relating to 

equation choice, as well as associated deviation from the XRD reference value. Fig.5.13 

shows the variation in Ge content for sample 773 depending on which equation is 

selected. The eight points plotted correspond to the eight different equations possible 

based on the combinations explained earlier. The pink line is a constant line reflecting the 

XRD value and thereby allowing the user to see the deviation on a sample by sample and 

equation by equation basis.

XRD-WE

OS

■1 . 1 l l  1

'
l l l l  ■•’ I ' I I "  ■

1 1

C l  -
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Fig. 5.13 Sample 773’s Ge content and XRD mapped against results for Eqns X1-X8

In order to evaluate the effectiveness o f the various equations, it is important also to 

examine trends that may occur due to the thickness of the sample under investigation. In 

this way it may be possible to modify equations based on thickness parameters. Fig.5.14 

shows the GUI used to browse Ge content and deviation based on a sample set thickness.
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Fig. 5.14 (a) Ge variation vs Eqns.X l-X 8 (b) Deviation across samples with common thickness vs X I-X 8
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Fig. 5.14(a) illustrates the variation o f Ge content, x, across a sample set with a common 

thickness, in this case lOOnm, while (b) shows the deviation being displayed on the same 

form. The user can select which analysis is made with the associated graph being linked 

to the active userform. As was shown in Fig. 5.8, the user is allowed the choice o f making 

analysis based on the incorporation or not o f strain in the relevant equations. The GUI 

illustrated thus far is based on the “Strain” box being selected in Fig. 5.8. Similar 

interfaces exist if  “No Strain” had been chosen, with the primary difference being the 

equation used in the calculation o f Ge content and deviation, as explained earlier.

Fig.5.15 illustrates the userform displayed when calculations that remove the influence of 

strain are used. This userform is very similar to the one shown already in Fig.5.9. All 

subsequent interfaces are identical to those shown already, with the underlying 

spreadsheets reflecting the new equations used.

EQUATIONS FOR G E(% ) USED FOR NON-STRAIN

XI = (520-S S )/68 
X2 = (520-S S )/66,7 
X3 = (520.2-S S )/62 
X4=(521.2-SS)/67.91 
X5 = (GS-400.5)/12 
X6 = (GS-400.5)/ 14.2 
X7 = (GG- 282.5)/ 16 
X 8-(G 6- 280.8)/19.37

GS SS
NEXT

F ig . 5 .1 5  U serform  illu strating the eq u ation s u sed  in the a b sen ce  o f  strain

The code for the GUI is to be found in the attached CD.
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5.6 Statistical Analysis

Thin film SiGe buffer layers are not as rigorous in their agreement with earlier equations 

as thick film buffer layers are. This section identifies modification to the calculated Ge 

concentration that are necessary in order to move the value closer to independent, and 

more trustworthy XRD results. As mentioned briefly in the introduction, the dataset of 

Table 1 in Appendix 1 was subjected to a rigorous statistical analysis using the following 

flow:

1. Data Mining and Cleaning

2. Single Factor Analysis

3. Multi Factor Analysis

This method is standard in relation to large sets of data and was used with the intention of 

determining the possibility or not o f generating a new equation for Ge compositional 

measurements.

5.6.1 Data Cleaning and Mining

Data cleaning and mining is standard practice in statistical analysis [7]. It involves the 

manipulation of data into a truer subset, where erroneous measurements or incomplete 

values are removed from the original profile. This allows results to move towards a 

steady state and not be influenced by the injection o f false values. Table 4 of Appendix 1 

shows the modified dataset, with rows having been removed for various reasons, namely:

1. Incomplete data;

2. Widely varying Ge values across the row;

3. Ge values calculated to be greater than 100%.

Data cleaning is typically done in several stages, but because o f the relatively small 

dataset available, only 1 pass is necessary. Data mining is the investigation o f available 

data and the subsequent detection and correction of untrustworthy values. In terms of 

detection, proper mining procedure involves the correlation o f individual cell values 

within the range of the majority o f values. Should issues arise, analysis is necessary to 

investigate whether spikes or unusual pattern behaviour results from inclusion. Logical 

checking, such as when Ge is great than 100%, is another step in the cleaning process.
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5.6.2 Single Factor Analysis

Factor analysis is a mathematical tool which can be used to examine a wide range of 

datasets [8], Each value o f X (from XI to X8), as well as thickness, is compared to the 

benchmark figure generated through XRD. From these graphs it can be deduced whether 

or not readings (XI-X8) provide additional, independent information. From this, the best 

datasets are found m which it is felt the plots add some information and help to show 

trends from which new information can be gleaned.

One can summarise the correlation between two variables in a scatter plot. A regression 

line is then drawn, which in essence is a line drawn through a scatterplot of two variables. 

From this trendline the R squared value can be calculated. The R-squared value is the 

fraction o f the variance (not 'variation') in the data that is explained by a regression. The 

percentage o f variance in the dependent variable can be expressed by:

=  1-
SSError
SSTotai

SSTotal -  SSError SSregression (5.17)
SSTotai SSTotal

Assuming "SS" = Sum Squared error, and that "SS(Total)" means the variance in the 

data. Shown in Figs. 5.16 to 5.23 is the linear regression for each individual equation, and 

the associated R squared value and the best fit linear regression equation. This equation 

describes the adjustments that must be made to the values o f X in order for it to more 

closely match the independently verified XRD value.
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y = 0.7219X + 0.1515 
= 0.5982 Linear Regression forX1 vs XRD

0.6

0.4

0.2

0.2 0.3 0.4 0.5 0.6 0.7

XI

Fig.5.16 X I vs XRD with trendline and R squared values shown

y = 0.7081X + 0.1515 
= 0.5982 Linear Regression for X2 vs XRD

0.8

0.4

0.2

0.5 0.6 0.70.2 0.3 0.4

X2

Fig.5.17 X2 vs XRD with trendline and R squared values shown

y = 0.6582X + 0.1494 
= 0.5982 Linear Regression of X3 vs XRD

0.8

0.6

0.4

0.2

0.4 0.6 0.80.2

X3

Fig.5.18 X3 vs XRD with trendline and R squared values shown
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y = 0.721X + 0.1388 
R2 = 0.5982 Linear Regression for X4 vs XRD

0.8
0.6

0.4

0.2

0,6 0.70.2 0.3 0.4 0.5

X4

Fig.5.19 X4 vs XRD with trendline and R squared values shown

V 0.1432X + 0.2763
 ̂ = 0 1734 Linear Regression for X5 V S XRD

0.8

0.6
Q

0.4
X

0.2

♦ * A i  •  •iiii.-n.
----- *------- »- * »  •TT

0
0 0.2 0.4 0.6 0.8 1 1.2

X5

Fig.5.20 X5 vs XRD with trendline and R squared values shown

y = 0.1694X + 0.2763 
r2 = 0.1734 Linear Regression for X6 vs XRD

0.8
0.6

0.4

0.2

0.80.60.2 0.4

X6

Fig.5.21 X6 vs XRD with trendline and R squared values shown
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y -  0 0303x + 0.349 Linear Regression for X7 vs XRD
=  0.0012 

0.8 
0.6

Q
OS 0.4 
X

0.2
0

*

♦ ♦  ♦

0.2 0.4 0.6

X7

0.8

Fig.5.22 X7 vs XRD with trendline and R squared values shown

y -  0.0367X + 0.3458 Linear Regression for X8 vs XRD
=  0.0012

0.8

0.6
a
a: 0 4
X

0.2

0

. A  --------------

♦
— *— . OH ■ * 

♦ ♦

0.2 0.4

X8

0.6 0.8

Fig.5.23 X8 vs XRD with trendline and R squared values shown

From analysis of the various graphs, a trend within the datasets is highlighted. As 

repetitious data cannot be used in order to extract more information o f trends with the 

dataset, the graphs for X2 to X4 can all be presumed to be represented by the graph of 

X 1. This is due to the similar nature o f the linear regression trendline, but also by the R 

squared value which remains unchanged from one sample to the next. The equation for 

X5 is seen to change, with an associated variation o f the R squared value, as is expected, 

based on the fact that the phonon positions used to calculate X5 and X6 differ from those 

used for XI to X4. The R squared value of X7 and X8, calculated on the position o f the 

Ge-Ge phonon position is very weak. This suggests that there is a weak relationship 

between X7, X8 and XRD. Therefore, this evidence signifies that X7 and X8 are poor
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predictors of the XRD value. As XI and X5 are shown to contribute information relating 

to the fitting of measured values o f XRD, these datasets are combined, as well as 

thickness, in Section 5.1.2 in the determination o f an overall equation.

5.6.3 XGE Data Analysis

Similar to the analysis performed in the earlier section, the dataset relating to those 

equations that included the influence of strain, that is XGEl to XGE 8 were investigated. 

Data cleaning and mining was carried out as before with Table 5 in Appendix 1 showing 

the result of this analysis. Linear regression was performed as before with a subset o f the 

more important graphs presented below.

y = 0.8852X + 0.0542 
= 0.7731 Linear Regression for XGE1 vs XRD

0.8
0.6

0.2

0.2 0.3 0.4 0.5 0.6

XGE1

Fig.5.24 XGEl vs XRD with trendline and R squared values shown

y = 0.7934X + 0.0542 
= 0.7731 Linear Regression for XGE5 vs XRD

0.8
0.6

0.2

0.2 0.6 0.70.3 0.4 0.5

XGE5

Fig.5.25 XGE5 vs XRD with trendline and R squared values shown
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y = -0.1568X + 0.4739
= 0.2204 Linear Regression for XGE7 vs XRD

n o  _ .._... ............ ________ ___ ____ _...._...................... ........._ ...............

0.6
o
Q£ 0.4 
X

0.2

0

*  i

♦ ^
D 0.5 1 1.5 

X G E 7

Fig.5.26 XGE7 vs XRD with trendline and R squared values shown

Fig. 5.25, which shows the regression test for equation XGE5 was chosen as a 

representative o f  equations X G El to XGE 6, as the reader is now fam iliar with the 

procedure. In comparison with results obtained for X5, the regression test reveals no 

additional impact on the data retrieved from X G El analysis, as shown in Fig.5.24, and 

therefore can be discounted as it is but a subset o f  the X G El data. Analysis o f  the 

trendline introduced in Fig.5.26 for XGE7 shows that the results are counter productive 

as the line is o f  opposite slope to that o f X G E l. As mentioned earlier, data from XGE7 

and XGE8 are known to be unreliable so their influence is ignored for the sake o f this 

investigation. Therefore, from limited data, an equation that takes the influence o f strain 

into account and that best fits the XRD results is described by:

0.8852X + 0.0542 (5.18)

with an R squared value o f 0.7731 (for X G E l). It should be noted that there is an 

associated variation in the m ultiplication factor depending on equation source used. This 

is possibly due to the limited data available and the limited influence o f the other five 

equations on the single factor analysis.
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5.6.4 Multi Factor Analysis

Following the single factor stage, m ulti factor analysis is necessary in order to analyse the 

com plem entary factors as a single unit [9], A new dataset has to be generated to take into 

account the outcom e from the single factor analysis. This dataset is shown in Table 5 o f 

Appendix 1, where X I and X5 are included for reasons presented already. The thickness 

variable is included so that its im pact can be analysed in terms o f  its contribution to the 

calculated Ge percentage.

ANOVA (Analysis O f V ariance) is a statistical m odel described by the equation:

Xij — /i/ ~i" Sij (5.19)

where Xij stands for the value o f  the response m easurem ent at the j*  observation under 

the i* treatment. The term Sij is assum ed to be a norm al random variable with m ean zero 

and standard deviation a  for all m easurem ents. This expression m eans that an observed 

response m easurem ent com es from an overall average group, /j; plus or minus some 

random error £ . It is w idely accepted that the ANOVA procedure derives from the work 

o f  Fisher[10].The table currently used when obtaining output from the ANOVA 

procedure is quite sim ilar to the original, which consisted o f the following four columns:

1. Sources o f  variation

2. Degrees o f freedom

3. Sums o f  squares

4. M ean squares

The addition o f the F-statistic into a fifth colum n and the corresponding p-values into a 

sixth colum n is now com m on practice [11]. The ANOVA model is outlined below in 

Table 5.3 as taken from an Excel spreadsheet, with the results included.
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Table 5.3 ANOVA Table

Multiple Regression Results

Intercept X1 X5 Thickness
b 0.0679 0.70074 0.1398 9E-06

s(b) 0.03533 0.08279 0.0321 7E-05
P-

value 0.0639 0.0000 0.0001 0.8948

ANOVA Table

Source SS df MS F ^ C r it ic a l

P-
value

Regn. 0.19028 3 0.0634 29.574 2.9113 0.0000 s 0.0463
Error 0.06648 31 0.0021

Total 0.25676 34 R̂ 0.7411
Adjusted

R^ 0.716

5.6.4.1 ANOVA Table Explanation

From the ANOVA Table 5.3, the equation that bests describes the ability to modify the X 

value results to give the appropriate Ge value as measured using XRD is:

0.0679 + 0.7004 X1 +0.1398 X5 (5.20)

as described in the first line of the table. Thickness, with a p-value recorded at 0.89 shows 

that its influence can be ignored in terms of influencing the Ge calculations, as the p- 

value represents the probability, out o f 1, that a term is insignificant. The R-squared 

value, as outlined earlier, describes how well the curve fits the data, i.e., how much the 

variance in XRD is explained by our model. With an R-squared value o f 0.7411, we can 

be relatively confident based on the small sample set that our model is good and the 

equation can be trusted. When the sum o f squares (SS) is divided by the degrees of 

freedom (df), it yields the sample variance. The ANOVA procedure seeks to decompose 

the total sample variance into the corresponding sources o f variation. The value of 

0.25676 is referred to as the total sum of squares and is merely the numerator in the 

familiar formula for the sample variance:

-̂---------------------------------  (5.21)
n  — \
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There are 35 resuhing values from the experiment and the corresponding degrees of 

freedom in the ANOVA table is 34, one less than the total number of observations. When 

the sum of squares is divided by the degrees o f freedom, it yields the sample variance. 

The sums of squares for the input variable effect is 0.19028. Therefore, roughly 70% of 

the total variation is explained by this effect. Note that this fraction (0,19028/0.25676 = 

74%) is used here as the value. This value is a comment on factors that have not been 

taken into account during the analysis, such as possible variations in:

1. Temperature

2. Growth conditions (MBE/CVD)

3. Data collection limitations

From the table, it is imperative to consider not only the individual sums of squares, but 

also the amount o f information used to obtain the degrees o f freedom. The sums of 

squares for the X values (XI and X5) and the residual error are weighted by the degrees 

of freedom in order to obtain a valid comparison. The comparison is illustrated in the 

column o f results in the mean square column (MS) where the sums o f squares are divided 

by the appropriate degrees of freedom. A large ratio of the mean squares (the F-statistic) 

implies that the amount o f variation explained by XI and X5 is large in comparison with 

the residual error. For this example the F-statistic is 29.74, with an associated p-value of 

0 .000 .
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5.7 Validation of Model

It is necessary to take a random selection o f input variables, i.e. XI and X5, in order to 

justify the proposed equation. The results of such feedback are shown below in Table 5.4.

Table 5.4 Validation o f  Model

Sample Name
Raman Value 

(using XI)

Raman Value 

(using X5)

New Equation 

Value
XRD Value

759 0.15868 0.45 0.24 0.23

760 0.19897 0.24417 0.24 0.23

773 0.40779 0.63083 0.44 0.453

774 0.39368 0.68083 0.438 0.441

936 0.29853 0.49167 0.3457 0.35

1308 0.39706 0.40833 0.403 0.4

1316 0.35 0.65833 0.405 0.42

As can be seen, results from the new equation map closely those XRD values selected for 

comparison. Variations in the exact nature of the value from the new equation is 

dependent on the small sample set used in its generation, as well as limiting factors such 

as only XI and X8 contributing to the multiple regression. However, it is clearly evident 

that the new Ge calculated values are much more closely aligned to exact XRD values 

than has previously been possible using equations based on thick SiGe buffer layers.

5.8 Conclusions

The importance o f proper data management techniques was a key factor in the work 

reported in this chapter. The development o f an interactive GUI, developed using VBA, 

was shown to provide for seamless integration o f various aspects o f research associated 

with a single sample. TEM, EELS and micro-Raman results were all readily accessible in 

an informative and interactive way. Through this technique, it was possible to build a
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library o f datasets which can be readily accessed by the researcher through a drop down 

menu. In addition, Excel analysis o f Ge composition was made possible. As VBA is 

linked to an underlying dataset, it was shown that information could be plotted on the 

GUI that allowed for a more uncluttered investigation o f samples. In addition, the 

calculations themselves were analysed on a sample by sample basis. The inclusion of 

strain as a determining factor in the calculation o f Ge composition was also investigated. 

The patentable and potentially commercially viable GUI was developed to allow users to 

interact with data dependent on the inclusion of strain or not in micro-Raman analysis. 

XRD results were used as a benchmark for comparative purposes, which allowed one to 

investigate the pertinent deviation between calculated and actual results. This deviation 

was then plotted for a range o f  samples with similar thickness, allowing for a quick 

intuitive review of sample behaviour.

Thin film SiGe buffer layers were examined in terms o f their relationship with 

experimental equations developed for thick layered SiGe buffer layers. The procedure 

used was based on any correlation that existed between Raman and XRD values 

examined under linear regression. For the very first time, a new equation:

0.0679 + 0.7004 XI + 0.1398 X5 

was proposed to provide a more accurate measure o f Ge concentration in thin SiGe 

layers, based on previously defined micro-Raman experimental equations developed for 

thick SiGe layers. This has potentially huge significance in the ability to quantify more 

accurately the elemental concentration in thin layers suitable for monolithic integration. 

In terms o f statistical certainty, the suggested equation was subjected to a validation 

procedure using 7 randomly selected samples with an average accuracy o f -98% . Future 

work would include these and other variable parameters.

In addition, what has been conclusively shown is that sample thickness has no bearing on 

the accuracy o f equations used in the calculation o f Ge content. Equations defined as 

giving solutions identified as XGEl to XGE8 were also investigated and a linear fit 

analysis revealed a more suitable equation in terms o f XRD values. A more thorough 

analysis o f this work is to be pursued under an Enterprise Ireland ‘Proof O f Concept’

-  1 6 0 -



grant. Results reported in this chapter have proven to be extremely important for thin film 

buffer layers as it has been clearly shown that results obtained from equations developed 

for bulk layers must be modified to produce a more accurate value for Ge concentration.
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Chapter 6 

Strained Si Quantum Wells

6.1 Introduction

The future o f devices made at the nanoscale is promising. The ability to hamess the 

benefits o f such structures provides an opportunity for new and as yet unknown 

possibilities in a variety o f disciplines. Advances made to date in conventional Si based 

platforms may have to be updated or completely revised when considering nanomaterials. 

In many ways this is reminiscent o f solid state physics research in around 1950. Scientists 

are making gains in understanding the fundamental properties o f these new systems; 

simultaneously they are making laboratory demonstrations o f possible technological spin

offs [1]. Research is still essentially at the embryonic stage, with significant potential for 

development in both the academic and industrial sphere. Some nanoscale technologies 

however are already beginning to permeate into the marketplace. For example, 

semiconductor lasers used in CD players and in fibre optic communication systems 

contain nanoscale structures called quannam wells [2]. These quantum structures have led 

to low cost and improved product performance.

In order to realise devices such as quantum wells or Ge nanowires, new and varied 

methods of growth and fabrication are currently being investigated due to the constraints 

of working at this geometrically challenging scale. Because of the associated reduction in 

size, it is envisaged that nanodevices will offer greater fiinctionality and less power usage 

as compared with current products. Working at the nanoscale level may lead to 

unprecedented products in electronics, biotechnology, medicine, transportation, national 

security and other fields [3]. In line with such possibilities, this chapter focuses on 

strained silicon quantum wells. The structure is analysed in terms o f both composition 

and strain using a variety o f spectroscopical tools.
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6.2 Strained Silicon Quantum Wells

In recent years Si/Ge quantum heterostructures have attracted considerable attention due 

to extensive progress in the growth technology, the considerable im provem ent in 

heterostructure quality, and their potential com patibility with the silicon based electronic 

industry needs. Quantum  wells are em erging as a new and exciting m aterial in the area o f  

thermal and sensing applications. Using a Si/SiGe quantum well, their exists an easy 

route to integration, the importance o f  which is discussed in detail in Chapter 4, as well as 

potential for far-infrared detection (>20|im ) [4]. In line with this, it is important that such 

a material is understood in terms o f  optim um  growth conditions as well as the associated 

im pact on dislocation density. This provides the m otivation behind the research reported 

here on strained Si QWs.

Two main features characterise the SiGe sem iconductor material system.

The first feature is the indirect energy gap o f both Si and Ge. The second one is the 

distribution o f  the band-gap energy difference between the two materials, which takes 

place m ostly within the valence bands [5, 6], Thus, in a typical SiGe/Si heterostructure 

interface the bottom indirect conduction bands from both sides o f  the interface are nearly 

aligned, and the valence bands are considerably offset.

Gore
Source Drain

Si

strained Si charinsl

Strain relaxed SiG»
v i r tu a l
substrateSi Sut>strate

Fig. 6.1 Schematic cross-section o f an nMODFET structure (xxx identifies areas o f  Sb modulation 
doping) [5],

A quantum  well is a sem iconductor structure in w hich an electron is sandwiched between 

two barriers so that its m otion is confined to two dim ensions. Fig.6.1 illustrates an 

nM ODFET device with the active structure containing a buried strained Si channel which
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acts as a quantum well for electrons, inserted between two modulation doped relaxed 

SiGe layers [7, 8], While this work investigates the different growth strategies possible 

for QWs, it is useful that some background information is provided as to what exactly a 

quantum well is and how it operates. Several websites and tutorials exist, and a brief 

synopsis o f one [9] presented below.

As Frensley states [10], if one makes a heterostructure with sufficiently thin layers, 

quantum interference effects begin to appear prominently in the motion o f the electrons. 

The simplest structure in which these may be observed is a quantum well, which simply 

consists o f a thin layer o f a narrower-gap semiconductor between thicker layers o f a 

wider-gap material [11], The band profile then shows a "rectangular well," as illustrated 

in Fig. 6.2.

a  0.0

0.2

- 0 .4
0 10 20 30 40 50 60

Position z (tiKi)

Fig. 6.2 Energy-band profile o f a structure containing three quantum wells, showing the confined states in 

each well [12].

The gaps in the lines indicating the confined state energies show the locations o f nodes of 

the corresponding wavefunctions.

The electron wavefunctions in such a well consist of a series o f standing waves, such as 

might be found in a resonant cavity in acoustic, optical or microwave technologies. The 

energy separation between these stationary states is enhanced by the small effective mass 

o f electrons in the conduction bands of direct-gap semiconductors. With advanced 

epitaxial techniques, the potential profile of the quantum well need not be rectangular. 

Because the band-edge energy is usually linear in the composition, the conducation and

-  1 6 4 -



valence energy level will follow the functional form o f  the com position. The quantum 

states in two parabolic wells are illustrated in Fig. 6.3.

«  - 0,2

- 0 , 4
400 10 20 30

Position z (iim)

Fig. 6.3 Energy band profile o f  a structure containing two parabolic quantum wells [13]

In a quantum  well, the SiGe region w ith a sm aller energy gap is where the light is 

generated due to radiative recom bination o f  the injected carriers; thus it is called the 

active region. Other pairs o f  sem iconductors m ay be used, but all require a sm aller energy 

gap active region with larger energy gap cladding layers. Also, to prevent non-radiative 

recom bination at the heterojunction interphases, the active layer and the cladding layers 

must have the same lattice constant. Electric current travels through the layers in the 

form o f  moving negatively charged electrons and positively charged holes. The middle 

layer acts as a pit, called a quantum  well, which the electrons either overshoot or fall into. 

W hen an electron falls into a hole, it gives up energy in the form o f  a photon, a bundle, or 

quantum  or light. A photon vibrates with a frequency equal to its energy divided by a 

num ber called Planck's constant. According to the laws o f  quantum  mechanics that 

govern the em ission o f  photons, electrons in an object can em it photons that have only 

certain special am ounts o f energy. Furtherm ore the num ber o f  possible amounts o f 

energy and the am ounts them selves given up by electrons as they fall into an object 

depend upon the size o f  the object. In other words, the sm aller the size o f  the object, the 

sm aller the num ber o f  possible energies.

The enhanced perform ances with tensile strained Si layers are associated with increased 

electron confinem ent at the heterointerface between Si and SiGe and to the splitting o f 

the degeneracy o f  the conduction valleys. The enhanced carrier m obility in tensile
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strained Si channel layers allows the development of high performance MOSFETS. 

These structures have been developed through the use o f MBE and UHV-CVD systems 

[14-18]. This chapter investigates strained silicon quantum wells (SSQWs) on top o f thin, 

abrupt virtual substrates. Thin virtual substrates are considered important in terms of 

monolithic integration. The virtual substrate consists of a silicon substrate and a strain 

relaxed SiGe buffer (SRB). Important parameters to be considered include the degree of 

relaxation present as well as the threading dislocation (TD) density.

6.3 Sample Growth

Two samples, C2971 and C2972, were grown at the University o f Stuttgart in 

collaboration with E. Kasper and K. Lyutovich, in order to investigate the impact o f using 

either a thin, low temperature virtual substrate on a Si buffer or a step like SiGe layer in 

the growth o f a Strained Si Quantum Well (SSQW). The impact of different growth 

techniques can be seen in terms o f the TD density present throughout either device. Both 

samples had a rather high Ge content (40%) which can lead to potential stress values of 

up to 6 GPa.

Si Cap 5nm Si cap 5nm

20nm SiGe (40% Ge) 20nm SiGe (40% Ge) 

9nm strained Si QW
9nm Strained Si

200nm SiGe (40% Ge)
200nm SiGe (40%Ge)

LTVS 160 °C (15+25) nm
Si substrate

Si substrate

Fig. 6.4 (a) Structure schematic for C2971 (b) Structure schematic for C2972

Sample C2972 has an extremely thin (40nm) low temperature virtual substrate (LTVS) 

with the SSQW sandwiched between SiGe barriers of constant composition, as detailed in 

Fig. 6.4(b). Sample C2971, on the other hand, contains a SiGe layer with no LTVS 

present, as shown in Fig. 6.4(a). For technological reasons, both structures are capped by 

a thin Si layer (5nm). Molecular Beam Epitaxy (MBE) was used in the growth o f the two 

distinct samples. It must be noted that for sample C2972 the growth was interrupted, with

-  1 6 6 -



the wafer being removed and cleaned again after the initial 200nm SiGe layer, with Ge 

composition o f 40%, having been deposited. This was done to investigate the transfer o f 

virtual substrates to other processing groups. Both samples C2971 and C2972 were 

prepared for TEM analysis in the usual way, w ith dimpling and ion milling.

As discussed earlier, a Si quantum well nominally consists o f three or more different 

planar layers on a silicon substrate in which the doping and/or the germanium content are 

varied [19]. The top four thin ‘active layers’ , as shown in Fig. 6.4(b), are:

1. the undoped silicon capping layer;

2. a Si X Gei-x supply layer (this layer is generally called the supply layer);

3. the strained silicon well;

4. an underlying Si i_x GCx layer.

The supply layer acquires this name, as a higher channel occupation and a related 

threshold voltage shift can be achieved by doping this layer. The well itself is formed by 

the conduction band offset in tensile strained silicon as compared with the Sii-xGcx 

[20,21].This allows electrons to be separated from their ionised dopant atoms and 

collected.

The tensile strain is produced by the virtual substrate present in both samples, with 

sample C2971 utilising the underlying barrier layer as the virtual substrate. For Si xGei-x 

/Si virtual substrates to be effective in the growth o f materials such as SSQWs, it is 

important that they first meet the essential requirements, as detailed in earlier chapters 

and summarised by Kasper et al([6]), such as:

1. high Ge content causing a corresponding strain in the Si channel;

2. high degree o f strain relaxation which provides lattice constants equivalent to the 

composition and stable device parameters during and after the processing, as 

expressed by:

(6.1)
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where a is the lattice constant, f  is the mismatch, and R is the degree of relaxation;

3. smooth surface with low roughness as well as low defect density preventing 

electron scattering in the overgrown channel and making the processing reliable;

4. low thickness, a desired parameter for easy integration with other devices in ICs 

as well as for better heat dissipation in the devices and for less energy 

consumption during the buffer layer production.

In order to overcome these problems and to enable the fabrication of ultra thin, highly 

relaxed, device quality SiGe buffers with a high Ge content, an approach has been 

developed that intentionally introduces point defects. This follows on from earlier work 

by Kasper and Lyutovich [22], the fundamental principles o f which are explained here. It 

is expected that point defects introduced in the metastable SiGe layer will initiate strain 

relaxation using misfit dislocations. This work focuses on developing this technique 

fiirther using point defect generation through a two stage low temperature process and 

then comparing the results, using a variety o f techniques, against a sample grown using a 

more traditional method. A high super saturation o f point defects will lead to their 

condensation and to the formation o f prismatic dislocation loops, mostly near the 

interface. Furthermore, interaction beUveen point defects and dislocations will support the 

climbing o f dislocations and, in this way, increase the probability o f the annihilation of 

threading dislocations with opposite Burgers vectors. Point defects can be introduced into 

the layers in different ways-growth at low temperatures, ion bombardment, surfactant 

mediated growth, etc. [23], The thickness o f the first part o f the buffer layer with the high 

point defect supersaturation should exceed the equilibrium critical thickness, given by the 

Matthews-Blakesley curve [24] for the corresponding SiGe composition, and lie in the 

area o f metastability. At the second stage, growth continues without point defect 

introduction until the total layer thickness slightly exceeds the non-equilibrium critical 

thickness [25]. At this stage, point defects should promote both early onset and high 

degree o f strain relaxation. Point defects also interact with arising dislocations and may 

contribute to the formation of a layer with a smooth surface morphology and lower defect 

density. The main ftinction of the first growth stage is to serve for the generation of
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necessary point defects and to accumulate them in the layer. The generation of point 

defects is carried out by reduction o f the growth temperature to a very low one. 

Decreased nucleus mobility at very low temperature growth causes a high super 

saturation o f point defects during layer formation [23]. The growth temperature is already 

reduced during the deposition o f a Si buffer and reaches the given value at the beginning 

of the SiGe growth. The first growth stage o f SiGe with very low temperature runs until 

the equilibrium critical thickness for the chosen composition is exceeded.

6.4 TEM Investigation

At a variety of different magnifications and angles o f tilt, TEM was used to analyse both 

samples. Using this technique, layer interfaces, misfit dislocations and threading 

dislocations throughout the structures were investigated. Fig. 6.5 shows a Bright Field 

TEM image of sample C2971, showing the distinct layers present. A low TD density is 

clearly present in the SiGe layers with a small number of MDs found at the SiGe/ Si 

substrate interface. Subsequent TEM images at a variety of tilt angles revealed similar 

results.

l O O n m

Fig. 6.5 Bright Field C2971 TEM im age, with 5 distinct layers: S ilicon Substrate, (1) 200nm  SiG e layer, 

Ge 40%, (2) 9nm Strained Si, (3)20nm  SiG e (40% ), (4) 5nm Si cap.
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Though TDs are present in the SiGe layer, their density is low, with terminations either in 

the prepared TEM foil, as indicated in Fig.6.6 by TDl or in the SiQW, as shown by TD2. 

This TEM image is in marked contrast to the Bright Field image for sample C2972 as 

shown in Fig. 6.7 which highlights the high threading dislocation density running from 

the Si/SiGe interface all through the structure. The contrast in TEM imagery is due to 

sample growth, with sample C2972 using a 40nm thick LTVS, while C2971 does not. In 

the case o f C2972, the TD density is very high, moving from the interface o f the Si bulk 

right across the layers. Various points are marked off along the micrograph o f Fig. 6.7 

and can be explained as follows. In the growth o f sample C2972, two MBE setups were 

used. After the very low temperature growth stage and with a total thickness o f 200nm in 

the initial MBE system, the wafer was unloaded and given an additional pre-epitaxial 

cleaning. The sample was then loaded into the second MBE setup, where a SiGe layer 

was overgrown with the final QW structure. Line 2 in this image is the boundary caused 

by this reloading. Line 1 is due to the epitaxial cleaning stage. The strained Si QW is 

located at point no. 3 while the cap is found at point no. 4.

iOv/erall Structure

SnGe
200nm

Fig. 6 .6  Bright Field Image o f  C 297I focusing on TD, with overall im age inserted also. Different T D s are 

seen running through the SiGe layer.
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20nm

Fig. 6.7 TEM image o f  C2972 indicating the TDs present throughout the layers

The TEM image of C2972 shown in Fig. 6.7 clearly shows the high density o f threading 

dislocations present in the material. TDs dominate the material layers due to the high 

stress caused by LTVS stage in wafer growth.

6.5 EELS Analysis

Using EELS mapping it is possible to determine the compositional map o f the material as 

well as the percentage o f materials present using a 'ratio of counts' technique. However, 

in order for this approach to be suitable, the TEM foil thickness should be constant. The 

disparity in counts moving from left to right in Fig. 6.8 is indicative of the influence of 

the foil thickness on the measured data. As detailed in Chapter 4, a thickness per 

wavelength scan is run which, when taken into account allows percentage compositional 

values to be calculated. In EELS, both L and K edge filtering is possible for Si and Ge 

materials. Both were used initially to establish the most suitable operating environment 

for the samples under investigation. However, switching to the K edge Si excitation gives 

us a clearer picture that is less influenced by the topographical nature o f the specimen. 

The K edge is at 1869eV while the window used was 60eV. Similarly, for Ge, K edge 

mapping was performed.
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Fig. 6.8 Sample C297I EELS Si profile going from bulk to cap.

The elemental profile map of Fig. 6.8 is performed moving across the sample from the 

bulk to the top layer. As indicated, the count value on the left side of the image 

corresponds to bulk Si, while the decrease in the count value while mapping across the 

SiGe layer corresponds to a reduction in Si levels, where a Si content o f 60% is recorded, 

in line with expected values. The two peaks on the right hand side o f Fig. 6.8 are 

indicative o f the Si well and Si cap respectively. The valley between these peaks 

corresponds to the presence o f the 20nm SiGe layer with Ge composition o f -40% .

20 

Qxnt

to

0 100 200 300 41

P i> e l

Fig. 6.9 EELS Germanium Profile moving from bulk to cap.

Similarly for Ge compositional analysis an EELS profile was developed, as shown in Fig. 

6.9. The profile is a raw profile map ignoring the influences of thickness but once again a 

clear pattern emerges. Moving from the bulk area, the Ge profile increases (as expected) 

as the mapping moves across the SiGe layer, and reduces again when the Si QW is 

encountered (at pixel = 300 approx). The top SiGe layer is clearly present as indicated by 

the peak after the QW. Conversion o f data from pixel into actual real dimensions is a
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straightforward process. The actual thickness o f the layers is in good agreement with the 

nominal one. Again, this information is cross-checked and verified using HREM.

Similarly, for sample C2972 an EELS map was developed that allows us to determine the 

materials present, as well as indicating both size and compositional ratios. A K edge filter 

was used for both Si and Ge profile mapping and the results are interpreted below. Fig. 

6.10 shows a Si profile map of C2972, moving from the Si cap into the bulk, in contrast 

to the setup used for C2971.

300
c o u n t

200

100

Fig. 6.10 Si (K edge) Profile map for C2972.

Moving from left to right in Fig. 6.10, two distinct peaks indicating the Si cap and 

SSQW, as well as the dominant feature o f the bulk are noted. The composition o f layers 

in between these peaks is determined using an EELS Ge profile map, shown in Fig. 6.11.

30 

Ccunrts 

20

10

0 100 200 300  400
P i x e l

Fig. 6.11 EELS Ge map, m oving from cap to bulk.

Noise peaks and thickness influences are subsequently removed to give accurate data 

readings. The determination o f sample composition is clearly evident from the EELs 

profile maps. Following image filtering to remove the spurious effects o f foil thickness

0 100 200 300 4-00
P i x e l
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and measurement noise, the various layers widths were calculated, as detailed in Section  

4.10  o f  Chapter 4. The Si cap o f  both sam ples w as measured at 6nm, in very good  

agreement with the expected 5nm width, w hile the QW  w as measured at 1 Onm for sample 

C2971 and at 11 run for sample C 2972, again in good agreem ent with expected values. 

The slight variation in measurements is accounted for in parts due to the difficulty in 

clearly identifying the exact position o f  the interface betw een the layers. Similarly, the 

SiG e layer widths present within the sam ple were found to be in good  agreement with  

expected results.

Thus, the SSQ W s have been analysed in terms o f  their respective thicknesses, TD  

density, and com position. These parameters are critical in the grow'th o f  application based 

quantum w ells. What is to be noted is that the novel growth technique is at this stage 

unrefined due to the high density o f  dislocations that permeate through the sample. Future 

work w ill look at investigating different growth temperatures as w ell as different 

thicknesses. However, for the two sam ples investigated, it is important to try and 

understand how  the low  temperature layer influences the relaxation levels. This is done 

using micro-Raman measurements to calculate both relaxation levels, as w ell as 

providing independent confirmation o f  Ge content.

6.6 Micro-Raman Spectroscopy

From equations presented in Chapter 2, and using x=0.4 , it can be estim ated that the laser 

light w ill penetrate through the four active layers o f  the sam ples. Raman spectra, as 

shown in Fig. 6 .12, underscore this estim ation, with all peaks associated with relevant 

layers present. The Si-Si peak at 520cm  ', corresponding to the substrate, is more 

pronounced in sample C2971 due to the difference in structure o f  the layers beneath the 

Si QW. However, the intensity o f  this peak for sam ple C 2972 is significantly smaller 

than can be expected from the presence o f  the additional 40  nm thick Sio.6Geo.4 layer. It is 

believed that this is due to the high density o f  dislocations found in C 2972 which causes 

additional loss o f  light within the sample.
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Fig.6.12 Raman spectra of Sample (a) C2971 and (b) C2972

A nalysis o f  these sandwich type structures using Raman spectroscopy is not trivial due to 

the reciprocal influence o f  neighbouring layers. Carefial curve fitting and the making o f  

certain assum ptions is necessary in order to extract relevant information. In particular, it 

must be assum ed that the major contribution to the phonon lines from the SiGe layer 

originates from the Sio,6Geo ,4 layer beneath the Si QW , since the thickness o f  this layer is 

much greater than the thickness o f  all other SiG e layers in the structure. A similar 

approach is follow er with regard to the Si QW  layer which is nearly tw ice as large as the

strained Si cap layer. Stress,a, in the Si cap w as estimated from the position o f  Si-Si

phonon m ode using the expressions outlined earlier in this work and stated once more for 

the reader's convenience;

(t= A uj/4 x 10^ Pa, (6 .2)

w hile strain, e, was determined by the fo llow ing very good estimation:

(6.3)

and
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| ^ ‘̂ i-,.max| =  l 4 k W - a o ] / a „

£jg(jr) =  0.5431 +  0 .02x  +  0.0026x^

(6 .3)

(6.5)

where AiJsi.exp, is the measured Raman shift, b=930 cm ' the strain-phonon coefficient

and ao=0.5431 nm the lattice constant for unstrained Si. The relaxation factor, R, is 

calculated from the equation:

A lo — 29 .1  ■ X
R =  -

1 0 - X - 2 9 . 1 - X
(6 .6)

The results o f measurements made from both the Raman spectra and the equations listed 

above are outlined in Tables 6.1 and 6.2.

Table 6.1 Raman Spectra Measurements

Sample W s i
substr.

W Si-Si W si-G e lO ce -G e Correction W si-S iC or W si-G eC or W o e

GoCor
C2971 520.078 500.342 408.59 289.369 -0.078 500.42 408.668 289.447
C2972 520.055 495.405 405.78 286.863 -0.055 495.46 405.835 286.918

Table 6.2 Summary o f  Calculations

Samples U )s i of top 
layer

Awsi Strain, Esi Ge
content,

X

Relaxation,
R

stress a,  
[GPa]

C2971 512.71 7.29 0.00784 0.38025 0.541 1.82
C2972 507.9 12 .1 0.01301 0.39081 0.821 3.03

In agreement with both EELS analysis and expected results, the Ge content is measured 

at -40%  for both samples. In terms o f the SiGe layers, the analysis shows an essential 

difference in the degree o f relaxation, r, associated with the relevant samples. Sample 

C2972, which was fabricated using a very low temperature SiGe buffer is much more 

relaxed with relaxation measured at -82% , while for C2971 the degree o f relaxation is

calculated at -54% . In addition, simple estimations o f the Si-Si linewidth (Av) for both

samples show a linewidth value of 9 cm"' for sample C2972 and 6.3 cm‘‘ for sample 

C2971. This is in good agreement with previously published work which found that an 

increase in the relaxation factor for a SiGe buffer layer can be identified by an associated 

increase in linewidth. From this (low relaxation factor) it can be concluded that the
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growth temperatures employed for point defect introduction were too low which accounts 

for the high density o f dislocations identified through TEM.

6.7 Conclusions

Two strained Si quantum well (Si QW) samples, C2971 and C2972, were grown in order 

to investigate the impact of using either a thin, low temperature virtual substrate on a Si 

buffer in comparison with the use o f a single step SiGe layer. Both growth techniques 

were novel in that the use o f a graded SiGe layer was avoided and that the layer 

thicknesses within the sample were very thin. The impact o f different growth techniques 

can be seen in terms o f the TD density present throughout either device. Using Bright 

Field TEM techniques, it was clearly shown that TDs dominate the material layers of a Si 

QW grown using a LTVS stage due to the high levels of stress it introduces.

Reported for the very first time was the successful growth o f a QW, sample C2971, using 

a single step SiGe buffer layer of 40%. Sample C2971 was shown to have a defect 

density very much in line with traditional SiQWs grown using the more conventional 

graded SiGe buffer layer approach. A nominal amount o f defects were present, which 

strongly suggests the suitability o f this structure for the manufacture o f device orientated 

SiQWs. This is important in the integration o f thin film devices. The importance of 

temperature control in the growth of novel materials, such as strained Si QWs was 

illustrated through the TEM images o f sample C2972. Amorphisation o f the first stage 

was quickly followed by re-crystallisation which leads to the high density of TDs evident 

throughout the layers. In marked contrast, various TEM images already presented have 

shown that the use of a single step SiGe layer is more conducive to the growth of QWs.

Complementary micro-Raman analysis provides an insight into the stress levels present 

throughout both materials. An exceptional stress value of l.SGPa was recorded for 

sample C2971, exceeding previously reported values which were achieved using the 

conventional graded layer approach. Conversely, sample C2972 displays unsurpassed 

strain levels in the Si cap which relate to the dislocation structure existing underneath. 

Future work would plan to resolve this conflict as well as achieving a narrow optimum
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growth temperature range for the low temperature virtual substrate, hi line with 

discussion presented earlier and in good agreement with reported behaviour, increasing 

Raman linewidths were matched to an associated increase in the relaxation factor of the 

layer.

Through the use of EELS, one was provided with information such as thickness and 

elemental distribution in relation to the individual layers present, such as the Si cap, the 

SiGe buffer layer as well as the Si QW itself, all of which were found to be in close 

agreement with expected growth widths. In addition, EELS analysis provided a 

quantitative measurement of the elements present that was in good agreement with 

Raman analysis, i.e. a Ge content of -40%  was estimated. As discussed in earlier 

chapters, it was conclusively shown that using the K edge Si excitation gave a resulting 

image that was influenced to a lesser extent by the topographical nature of the specimen.
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Chapter 7 

Microvalve MEMS

7.1 Introduction

The work presented so far in this thesis has dealt with analysing Si based structures, such 

as strained Si QWs in terms of structure and stress using a variety of characterisation 

techniques. However, the most important benefit of such materials, outside o f improved 

performance etc, probably relates to a very non-engineering parameter; their size. 

Nanoelectronics, and in this regard, quantumelectronics as well, will have a significant 

impact on the semiconductor industry. Electronic related items such as memory devices, 

storage devices, as well as display and communication devices will all be affected by the 

migration to a smaller scale. The integration o f devices at the micro or even nanolevel is a 

challenge that is being faced through the advent of N/MEMS. Nano/Micro-Electro- 

Mechanical-Systems (N/MEMS) is the integration of different elements such as 

mechanical elements, sensors, actuators, and electronics all on a common silicon 

substrate through the utilization o f microfabrication technology. The electronic devices 

are fabricated using integrated circuit (IC) process sequences, while the micromechanical 

components are fabricated using compatible ‘micromachining’ processes that selectively 

etch away parts of the silicon wafer or add new structural layers to form the mechanical 

and electromechanical devices. MEMS and nanotechnology are expected to play a 

leading role in the development o f technology in this millennium [1]. Progress of 

research and development in these areas depends on strong integration o f 

multidisciplinary areas that include Physics, Chemistry, Biology, Medicine and 

Engineering [2]. This section focuses on introducing the concept o f MEMs and the 

characterisation of a MEM device using a variety o f techniques.
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7.2 Significance of MEMs

MEMS promises to revolutionise nearly every product category by bringing together 

silicon based microelectronics with micromachining technology, thereby making possible 

the realisation of complete systems on a single chip. MEMS is an enabling technology 

allowing the development of smart products by augmenting the computational ability of 

microelectronics, such as those discussed in Chapters 3 to 6, with the perception and 

control capabilities o f microsensors and microactuators [3], Since MEMS devices are 

manufactured using batch fabrication techniques similar to integrated circuits, 

unprecedented levels o f functionality, reliability, and sophistication can be placed on a 

small silicon chip at a relatively low cost [4], The nature o f MEMS technology and its 

diversity makes it a potentially far more pervasive technology than even integrated circuit 

microchips, although time will tell. So far, very few commercial applications exist. Some 

that are presently on the market are pressure sensors and collision detectors (used for air 

bag deployment). However, there is a vast amount of research attempting to make 

different types o f MEMS devices available for commercial use.

7.3 Reliability Assessment

The current state o f MEMS reliability assessment is disjointed and limited. There is no 

cohesive effort or centre that deals solely with the reliability of microstuctures and 

microsystems [5]. In terms o f manufacturing devices on a large scale, the industry is 

hampered by the lack o f information available on reliability data (in terms o f temperature, 

voltage etc.) between foundries and actual devices. The creation o f libraries and 

templates for error free manufacture is as a result impacted upon and the collection of 

definitive statistical results for accurate risk assessment has not been obtained. This 

section aims to outline the benefits o f reliable Raman analysis in the verification o f MEM 

devices. Although industry addresses reliability issues as they are highlighted, this 

process is somewhat ad-hoc and many industries simply lack the resources (time, 

expertise, facilities) to do a comprehensive reliability assessment o f their products.
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However, some reliability issues have begun to be addressed at various universities. For 

example, the mechanical properties o f polysilicon (strain, Young's modulus, and fracture 

strength) have been characterised in air on a custom built test setup [6]. The phenomenon

(‘stiction’) has been studied and attempts to combat stiction include self assembled 

monolayers and the use o f lasers [7,8]. In this chapter, an array o f valves fabricated using 

a combination o f surface and bulk micromachining techniques are investigated. The 

structures are analysed using a variety o f methods including Scanning Electron 

Microscope (SEM), Focus Ion Beam system (FIBs), ZYGO surface profiling 

instrumentation as well as Raman Spectroscopy. Stress in the polycrystalline silicon 

beam can be calculated from the ZYGO measurement results and then compared against 

the noninvasive technique o f micro-Raman Spectroscopy.

7.4 Structure

The structure of a passive microvalve is presented in Fig. 7.1. The valve is comprised o f a 

silicon substrate with an etched aperture to form the inlet for gas or liquid. A surface 

micromachined polycrystalline silicon movable plate is located at the centre above the 

inlet hole. Depending on its position, the plate will either enable or restrict the flow. The 

movable plate is supported by four flexible polycrystalline silicon arms attached to the 

silicon substrate.

o f surface micromachined polysilicon layers sticking to the substrate after release etching

Fixed Valve Plate Polysilicon Valve
F  "

Valve Arm

SiliconOutlet
Hole Passage

Inlet Hole

(a) (b)

Fig. 7.1 (a) Surface view (b) Cross section A -A ’ o f  the polycrystalline silicon microvalve
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7.5 Microvalve Formation

The valve is fabricated utilising surface micromachining methods by depositing a layer of 

polycrystalline silicon and patterning to form the movable plate and its four flexible 

supporting arms. The inlet hole of the valve will be produced by bulk etching o f the 

silicon substrate in potassium hydroxide (KOH) solution. An array of microvalves, as 

indicated in Fig. 7.2, with different dimensions of movable plate and supporting arms is 

fabricated using these techniques.

Supporting
Armsv^ "pi!^

Ring]

yalve
Plate

Substrate

(a) (b)

Fig. 7.2 (a) Optical photograph o f  an array o f  valves fabricated on a silicon substrate; and (b) SEM im age  

o f  a m icrovalve after the sacrificial oxide has been rem oved in concentrated HF.

7.6 Results and Discussions

A Raman spectrum of pure c-Si is a Lorentzian shape peak centred at 520cm '‘ , with a 

full width at half maximum (FHWM) o f 3cm’'. For polycrystalline silicon it is found that 

the position and the FHWM of its Raman peak depends on the amount of residual stress 

in the material, the grain size as well as the density o f intergrain defects. All samples 

have shown a gi'ain size that is larger than lOOnm, which enables one to exclude any red 

shift of the first order optical phonon Raman line due to phonon confinement. It is vitally 

important, due to the nature o f polycrystalline Si, that power be kept to a minimum in
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Raman m easurem ents as heating effects on polycrystalline Si can give incorrect Ram an 

results.

A ZYGO surface profile scan o f  the fabricated m icrovalve is presented in Fig.7.3. The 

ZYGO system uses non contact scanning white light interferom etry to acquire ultrahigh 

vertical resolution images with 0.1 nm resolution [9]. The result shows that the polysilicon 

valve plate and supporting arm s were properly released, with the centre plate resting 

above the substrate. Valve plate deflection o f 17.8 ^m  was obtained from the ZYGO 

data. This deflection is due to stress in the polysilicon layer that was deposited at 620 “C. 

This stress m easured on the valve plate is found to be in tensile stress, as is expected from 

ZYGO plot o f  Fig. 7.3; this is in contrast to the com pressive nature o f  the polycrystalline 

wafer, which pushed the valve plate up on release giving a tensile strained plate. Using 

m icro-Raman spectroscopical techniques, one can investigate the stress present in the 

released valve and legs, and com pare directly to the more crude results obtained from the 

ZYGO plot.

Fig. 7.3 ZYGO Surface profiling scan.

7.7 Stress and Strain Calculation o f M EM

The stress in the polysilicon material deposited at 620“C, can be calculated from the data 

obtained from ZYGO surface profile m easurem ents. Fig. 7.4 shows the plot from ZYGO 

(points in red) for a relaxed (zero applied pressure) m em brane microvalve with
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dimensions o f 400 ^m square plate, 300 x 200 |xm supporting arms and 100 )im square

inlet hole (valve B). The original results were adjusted, with spikes and measurement 

errors compensated to obtain a relatively smooth curve (points in blue shown in Fig.7.4). 

The deflected curve can be broken into small linear increments 61, which are equally

spaced in length. The actual length (L + A L)  is equal to the summation o f all the small

increments (E61). Hence, the strain (e) and stress (a) o f the polysilicon material is given 

by:

Strain, e = (7.1)

Stress, a  = E -e  (7.2)

where E is the Young’s Modulus of the material (130.2 GPa for polysilicon) [10],

wc:o
t)
_Q)

Q)
Q

16
 Original ZYGO Plot

—  Adjusted ZYGO Plot
14

12

10

8

6

4

2

0
0 0.2 0.4 0.6 0.8 1 1.2

Measured Length (mm)

Fig. 7.4 The results plotted from ZYGO measurements used for stress and strain calculation o f the 

deposited polysilicon material.
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From the unadjusted ZYGO plot, the tensile stress of the polysilicon valve is 

approximately 130 MPa.

7.8 Raman Measurements

As an extremely reliable and non invasive stress measurement tool, Raman spectroscopy 

can be used to map stress across a structure, thus giving a clearer picture o f the impact o f 

the various steps involved in the process in terms of their relationship with measured 

stress. Fig. 7.5 gives the Raman wavenumber values taken from a line scan across the 

MEM structure. A line scan is an accumulation o f various Raman spectra taken at fixed 

intervals apart.
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(b)
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0 to !d to S) id 7D 41

S t e p  I n c r e m c n i

Fig. 7.5 (a) Raman shifts for MEM structure (b) Related shifts grouped together

Depending on the location o f the light on the MEM structure, different levels and natures, 

o f stress are recorded. Related levels o f stress can be grouped together in order to 

facilitate the understanding o f gathered measurements. Fig.7.5 (a) shows the raw
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measurements for the MEM structure and the shifts in wavenumber related to the degree 

and type o f stress present. Measured Raman shifts above the 520cm ' reference value for 

stress free silicon represent compressive stress while a shift below 520cm ' represents a 

tensile stress [11-13]. It has been shown that Raman microscopy can be used as a 

nondestructive technique for the immediate characterisation o f MEMs, and more 

specifically, for the investigation of the amount and type o f stress present in these devices 

[14-16]. Fig. 7.5 (b) relates 4 main areas o f the MEM valve structure with the recorded 

Raman data, namely:

1. Brown, BR, the polycrystalline wafer;

2. Green, G, interface o f structure with wafer;

3. Red, R, oxide;

4. Blue, B, the actual MEM device itself

Close examination o f these groups provides much information about the manufacturing 

techniques and the resultant structure. On release, as can be see from Fig. 7.3 o f the 

ZYGO plots, the valve is in a ‘hill’ shape, and thus, a tensile strain is expected in this 

region, independent o f the material used. Raman measurements confirm this hypothesis 

by a negative shift in the wavenumber position of the Raman spectrum, with stress levels 

in the range o f 0 -  100 MPA.

Fig. 7.6 The M EM  structure  w ith  R am an co lour coded  inform ation  d isp layed
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From Fig. 7.5 and using the associated letters B, G, R as outlined above as they apply to 

the different grouped areas recorded from the various Raman spectra. Fig. 7.6 shows how 

they apply directly to the valve of Fig.7.2. The compressive area corresponding to the 

brown box of the Raman spectrum is not shown here but is to be found to the left o f  the 

red area on the wafer itself Section B, indicating Blue, is divided into two subsections, 

B1 and B2, in order to indicate the variation o f tensile strain across the valve. Stress 

across the valve increases, in general, going towards the middle, B2, where it then begins 

to reduce in magnitude near the leg o f the valve, B 1

However, when analysing the Raman spectrum of Fig.7.5, and particularly the blue 

grouped section, the following can be identified. Within three 20|im increments, i.e. 

60|am, there is a shift in the wavenumber from 519.8 cm '' to 519.9 cm ' and down to 

519.6cm '. This corresponds to a wavenumber adjustment of 0.4 cm ', which gives an 

overall Raman stress variation of lOOMPa. Therefore, the maximum range of stress 

calculated for the central valve is seen in the first 15mm. However, rather than 

experiencing a stress plateau and a subsequent linear decrease, as would be expected 

from the ZYGO plot and the interferometry scans o f Fig.7.3, the stress is seen to fluctuate 

within this O-lOOMPa range for the whole o f the central valve. Several subsequent line 

scan measurements reveal a 50MPa variation, while quite small in terms o f stress (a 

O.lcm ' deviation in wavenumber gives a stress o f 25MPa), reveal a fluctuation in stress 

that is unexpected. Experimental error is comparable to the change in wavenumber for 

line scan variation, but this was eliminated as an impact factor due to the large number of 

scans taken at different positions over the central valve which revealed exactly the same 

behaviour. Therefore, stress variation is due to the nature o f the device itself, and though 

while minimal, must be accounted for in datasheets and subsequent usage o f the device. 

Stress variations in a central valve can, in the long term, lead to device failure if the 

fluctuation is unacceptably high. However, in the case o f these particular devices under 

investigation, the variation, as stated above, is in line with Raman experimental error so is 

relatively small. This allows acceptable stress variation associated with different grouped 

devices to be tabulated at the manufacturing site. For example, the future manufacture of
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such M EM  devices would be validated against an established library o f acceptable 

m etrics measured from the Raman spectra, including stress variation, before a device is 

released to the market. This allows for close control o f  both overall stress variation as 

well as detailed verification o f  acceptable local stress levels.

7.9 Conclusions

M icro-Electro-M echanical-System s (M EM S) were introduced to the reader, with a 

variety o f  potential applications outlined. A MEM valve was investigated using two 

separate techniques in terms o f  its surface profile and the associated stress levels. The 

im portance o f these m easurem ents relates to the ability to apply such techniques at the 

manufacturing level in order to create standard, repeatable structures.

M icro-Raman was shown to provide a method o f structure analysis as variations in stress 

across a structure give an insight into the topography o f the device. This was confirmed 

through the use o f  non contact scanning white light interferom etry and dedicated 

profiling software which showed the valve to have increasing stress when analysing from 

arm to valve. Line scan Raman spectra were recorded with stress levels found to vary 

from O-lOOMPa depending on the position o f  the valve under investigation.

M easured stress levels increase going across the valve legs to the centre plate, peak at the 

m iddle and then fall once more when moving to the other leg. This is in general 

agreem ent with expected results based on the ZYGO plot. Variations between measured 

results can be in part explained by the difficulty in choosing the most accurate value o f 

Y oung’s modulus available. However, what can be readily seen is that Raman spectra can 

be used to provide inform ation relating to the surface o f  a M EM , such as a raised centre 

valve, whilst in turn being used to calculate the variation o f stress across the device. This 

is o f  fundamental importance in order to calculate variations in process param eters across 

batch devices.

In terms o f  the Raman spectra, grouped Raman results on the central valve reveal a strong 

variation in stress values. This indicates manufacturing limitations in the strict control o f
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stress levels. Detailed analysis o f the central valve revealed a stress variation o f lOOMPa 

in general as well as a similar deviation across a 60|im area. This showed unusual high 

stress values over 140|.im from the centre o f the valve, the suggested point o f maximum 

stress. Experimental error was discounted as the source o f such variation due to the 

number o f scans performed and the exact replication o f behaviour in each scan. This 

confirmed the suitability o f Raman spectra for building a detailed analysis o f stress at 

both the general and more importantly, the micro level. This allows for development of 

allowable Raman stress templates for future devices which would have to be considered 

prior to release of the device.

What micro-Raman analysis demonstrated v/as the ability to develop a set o f acceptable 

templates, a ‘golden set’, which can then be used to establish a library of various metrics 

against which other devices can be compared. Development o f such a library helps in the 

ftiture characterisation o f similar products while at the same time develops information 

regarding the growth process itself. These sets o f data can then be accessed in the 

software package outlined in Chapter 5. This enables a developer/researcher to retrieve 

all relevant parameters, i.e. shape, general stress profile or even detailed stress analysis, 

instantaneously.
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Chapter 8

Conclusions and Suggestions for Future Work

8.1 Conclusions

Many advances in consumer electronics relate to the associated advances that have been 

made in the underlying materials upon which the technology is based. From both a 

consumer and an engineering perspective, the need for research into new materials is 

therefore obvious. While commercial motivation exists to create materials that offer 

advantages in terms of speed and performance, etc, the requirement to have future 

materials based around existing manufacturing capabilities is as important. This allows 

new devices and applications to be developed which enhance the cost savings that are 

already present for Si based components. In this respect, SiGe heterosystems are a natural 

choice. Both Si and Ge are group IV elements which, when mixed together, form a 

similar diamond formation as their constituent parts.

In line with this, the work reported here covered a variety o f novel materials all o f which, 

excepting MEMS, have a SiGe layer. The materials investigated were;

1. Strained Si;

2. Ge p-n photodiode structure;

3. Thin Film SiGe buffer layers;

4. Si Quantum Wells;

5. MEMS.

A strained Si cap grown on a relaxed SiGe buffer layer was successfiilly grown, with 

stress levels o f l.SGPa exceeding previously reported stress levels in the literature. 

Moire-Like Fringes were analysed for the first time using cross-sectional TEM images, 

with hitherto unexplained patterns accounted for using EELS analysis o f the various 

samples. Raman spectroscopy was shown to be o f benefit in the growth feedback process
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in tandem  with TEM  for predicting the m orphology o f Si cap layers grown on a SiGe 

layer w ith excessive dislocation density.

A strained Si quantum  well was successfully grown without the presence o f a thick SiGe 

graded layer. Dislocations were com parable to those in traditional techniques, with only 

m inim al dislocations perm eating the layers. This result highlights the benefit o f such an 

approach. Devices m anufactured without the traditional SiGe graded layer are obviously 

less expensive due to reduction o f  m anufacturing costs. M onolithic integration, which 

depends on thin layered devices on a single wafer, is most suitable to such an approach. 

The successful integration o f  thin layered devices onto a single w afer can in turn play a 

significant role in the developm ent o f  System On Chip (SOC) solutions. This would 

reduce cost and noise while increasing device perform ance In parallel, the use o f  a low 

tem perature virtual substrate was investigated, with dislocations introduced using point 

defects found to propagate and permeate through all the layers. This approach was 

successfully investigated using Raman techniques, which is not a trivial matter, with 

relaxation analysis successfully dem onstrating the use o f  a non-optim um  tem perature in 

the growth stage. This was confirmed through exhaustive TEM analysis o f dislocation 

behaviour within the layer, with high dislocation interaction resulting from slow 

dislocation propagation along the glide plane due to the use o f  a tem perature which was 

too low. Novel characterisation techniques, such as EELS, stressed the need for 

com plem entary analysis o f  such com plicated structure. Layer thicknesses and 

com positional values were verified to be in good agreem ent with m icro-Ram an results.

Using linear and m ultiple regression statistical techniques and algorithm s, a unique 

approach was taken in the investigation o f  the suitability o f  equations developed for thick 

layered SiGe buffer layers for use with thin SiGe layers. Through the use o f  an 

appropriate dataset, Ge content was m easured using a variety o f  m icro-Raman based 

experim entally evolved equations, as well as using XRD as an independent benchmark 

technique in order to verify the Ram an calculations. Using the statistical methods 

outlined above, the Raman values for Ge com position were m apped to the XRD values. 

Confidence levels were m easured for such an approach and an original, new equation was
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proposed for use on existing micro-Raman data. Data were subsequently fed back into the 

equation with remarkable accuracy achieved relative to the XRD values. This is 

important for thin film buffer layers as it has been shown that results obtained from 

equations developed for bulk layers must be modified to produce a more accurate value 

for Ge concentration. It was reported here for the first time that the thickness o f a thin 

layer sample had no bearing in calculating Ge content when using the experimental 

equations outlined in the chapter. This is highly significant in terms of its contribution to 

the understanding o f compositional variation in relation to phonon activity when using 

micro-Raman analysis.

In good agreement with reported results, the impact of foil thickness was shown to be a 

significant factor in the EELS analysis o f Ge p-n photodiode structures. Taking this into 

account, the successful growth of a Ge p-n photodiode with a graded SiGe layer was 

demonstrated. Dislocations were successfully confined to the SiGe layer without the need 

for external polishing or high temperature annealing steps, in contrast to work reported 

elsewhere. In addition, successful growth o f a structure combining hitherto independent 

techniques, CVD and MBE, was demonstrated. The use o f a thin Ge buffer layer instead 

o f a thick SiGe graded layer was investigated, with dislocation density found to propagate 

throughout the material. This approach, in terms o f removing costly and time consuming 

layers from a stmcture is something that is considered briefly in the next section, where 

future work ideas are discussed. For the first time, stress levels o f a deposited cap on the 

Ge p-n photodiode structures were investigated, with results showing that though the 

values are small, stress levels are not to be ignored. In addition, Raman analysis once 

more proved itself beneficial in the complementary analysis o f defects within a structure 

with relaxation levels directly linked to the amount of dislocation interaction present in 

the underlying layers.

Using micro-Raman techniques, it was shown that accurate verification o f various 

devices is possible in terms o f stress deviation. MEM valves were successfully created 

with a deflection value due to tensile stress confirmed by both white light interferometry 

and Raman spectroscopy. Micro-Raman allowed for the detailed analysis of stress
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distributions and showed that the central plate o f  the valve is itself prone to fluctuations 

in stress values. This is o f  m ore benefit than the general information offered by the 

ZYGO plots. Using this technique, it would enable m anufacturing sites to develop 

libraries o f  stress variation for every elem ent o f  the device, and not ju s t the general 

variation.

8.2 Future Work

It is im portant that once structures can be successfully grown, such as those identified in 

this work, the next logical step is the creation o f  a device containing such a structure, that 

w'ould allow for analysis in terms o f  operation speed, m obility enhancem ent, absorption 

current etc.

Strained Si devices offer the advantage o f a significant increase in mobilities, for both 

holes and electrons, and it is im portant that this is verified in terms o f  the structure that 

was m anufactured in Chapter 3. Sim ilarly for both Ge p-n photodiode and strained Si 

structures described in Chapters 4 and 6 respectively, it is o f  obvious interest to the 

scientific com m unity to investigate and param eterise devices based on the structures 

outlined. In addition, the investigation into the optimum  operating tem perature for the 

addition o f low tem perature thin virtual substrates must continue as it is believed that this 

can offer great advantages in terms o f  integration and dislocation control. As Raman 

spectroscopy has been proven to be a successful tool in the analysis o f  M EM S for stress 

distribution, it is clearly obvious that future MEM S should be m anufactured and 

subjected to such treatment. This allows a library o f  stress levels for various M EM S 

devices to be developed, which is necessary for the com m ercialisation o f  such a product.

As a new equation was suggested in term s o f  m odification o f Raman results in order to 

align more closely with their XRD counterparts, it is im portant that this equation be 

rigorously tested. In line w ith such work, the creation o f  a greater database allows the 

equation to be m odified if  necessary to take into account any extra inform ation that m ay 

be included in such work.
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In relation to library development and database management, it is interesting to note that 

Chapter 5, with the development o f a software GUI, possesses the greatest potential of all 

in terms of commercialisation and marketing. This software tool is Microsoft compatible, 

and therefore can be integrated in any existing computer solutions available. The 

development using Visual Basic for Applications (VBA) supports Excel spreadsheets 

which enhances the capability o f the tool. The key advantage to this GUI is that it is 

independent o f data sources (Raman, TEM, EELS), and can be created on a network o f 

computers to allow access from different researchers, even concurrently. It is envisaged 

that an application will be made to Enterprise Ireland for funding from the ‘Proof o f 

Concept’ fund in order to further develop the tool and explore any avenues for 

commercialisation.
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Appendix I
Table 1 Sample Peak Positions

Sample
Si-Si
Sub Si-Si Si-Ge Ge-Ge

SiGe Buffer 
Thicltness(nm)

%Ge
XRD

745 519.96 501.19 405.13 294.01 80 0.25
746 519.96 501.28 403.54 286.68 80 0.25
753 519.79 503.86 403.17 292.53 - 0.25
755 519.83 504.93 403.6 291.05 ~ 0.25
756 519.81 503.82 403.42 291.09 - 0.25
758 519.93 506.84 408.6 292.73 80 0.23
759 519.95 509.21 405.9 294.83 80 0.23
760 519.87 506.47 403.43 291.45 80 0.23
773 521.01 492.27 408.07 291.54 100 0.453
774 521.37 493.23 408.67 291.81 100 0.441
775 521.06 493.56 409.11 292.07 100 0.455
776 521.01 494.23 408.59 291.55 100 0.437
931 520.1 508.1 412.5 295.5 - -

935 520.1 500.1 404.1 290.1 - -

936 519.9 499.7 406.4 292.1 80 0.35
937 520 500.7 404.2 290.8 80 0.33
938 520.1 500.9 407.3 294.2 80 0.37
939 520.1 502.9 407.9 290.7 80 0.33
940 519.9 504.5 409.1 292.5 80 0.33
941 520.1 504.4 408.8 292.6 80 0.33
946 520.3 505 410 296.7 80 -

947 520.5 498.7 405.7 290.4 80 0.34
1027 520.2 492.3 408.6 292.7 - 0.5
1193 - - 399.3 294.6 - 1
1199 520.7 512.3 408.8 291.7 490 0.19
1200 520 495.7 411.3 291.7 426 0.43
1202 - 477.3 404.5 290.8 439 0.63
1298 522.4 517 410.3 292.5 40 0.41
1299 519.9 500.3 412.3 293.7 40 0.43
1300 519.9 500 412.8 293.3 40 0.43
1301 520.3 500.3 413 294.4 40 0.4
1302 520 499.49 413.83 294.01 40 0.4
1303 520.36 501.75 414.02 295.03 40 0.4
1304 519.98 499.32 413.28 293.37 40 0.4
1305 520.21 499.32 413.32 294.45 40 0.4
1306 520.03 495.27 408.75 292.65 40 0.4
1307 520.2 494 406 290 40 0.4
1308 520 493 405.4 288.7 225 0.4
1312 520 494.2 407.4 290 225 0.43
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1314 519.9 496.2 408.3 291.3 225 0.43
1316 520 496.2 408.4 291 225 0.42
1317 520.2 503.5 405.7 291.7 225 0.29
1318 520.2 498 409.7 292.3 225 0.42

Table 2 Ge Content values using equations w ithout strain factor

Sample X1 X2 X3 X4 X5 X6 X7 X8 XRD
745 0.27662 0.28201 0.30661 0.29465 0.38583 0.32606 0.71937 0.68198 0.25
746 0.27529 0.28066 0.30516 0.29333 0.25333 0.21408 0.26125 0.30356 0.25
753 0.23735 0.24198 0.26355 0.25534 0.2225 0.18803 0.62687 0.60558 0.25
755 0.22162 0.22594 0.24629 0.23958 0.25833 0.21831 0.53438 0.52917 0.25
756 0.23794 0.24258 0.26419 0.25593 0.24333 0.20563 0.53687 0.53123 0.25
758 0.19353 0.1973 0.21548 0.21146 0.675 0.57042 0.63938 0.6159 0.23
759 0.15868 0.16177 0.17726 0.17656 0.45 0.38028 0.77062 0.72432 0.23
760 0.19897 0.20285 0.22145 0.2169 0.24417 0.20634 0.55937 0.54982 0.23
773  ^ 0.40779 0.41574 0.45048 0.42601 0.63083 0.5331 0.565 0.55447 0.453
774 0.39368 0.40135 0.435 0.41187 0.68083 0.57535 0.58188 0.5684 0.441
775 0.38882 0.3964 0.42968 0.40701 0.7175 0.60634 0.59812 0.58183 0.455
776 0.37897 0.38636 0.41887 0.39714 0.67417 0.56972 0.56563 0.55498 0,437
931 0.175 0.17841 0.19516 0.1929 1 0.84507 0.8125 0.75891 -

935 0.29265 0.29835 0.32419 0.31071 0.3 0.25352 0.475 0.48012 -

936 0.29853 0.30435 0.33065 0.3166 0.49167 0.41549 0.6 0.58338 0.35
937 0.28382 0.28936 0.31452 0.30187 0.30833 0.26056 0.51875 0.51626 0.33
938 0.28088 0.28636 0.31129 0.29893 0.56667 0.47887 0.73125 0.69179 0.37
939 0.25147 0.25637 0.27903 0.26947 0.61667 0.52113 0.5125 0.5111 0.33
940 0.22794 0.23238 0.25323 0.24591 0.71667 0.60563 0.625 0.60403 0.33
941 0.22941 0.23388 0.25484 0.24739 0.69167 0.58451 0.63125 0.60919 0.33
946 0.22059 0.22489 0.24516 0.23855 0.79167 0.66901 0.8875 0.82086 -

947 0.31324 0.31934 0.34677 0.33132 0.43333 0.3662 0.49375 0.49561 0.34
1027 0.40735 0.41529 0.45 0.42556 0.675 0.57042 0.6375 0.61435 0.5
1193 - — — — - 0.1 - 0.0845 0.75625 0.71244 1
1199 0.11324 0.11544 0.12742 0.13106 0.69167 0.58451 0.575 0.56273 0.19
1200 0.35735 0.36432 0.39516 0.3755 0.9 0.76056 0.575 0.56273 0.43
1202 0.62794 0.64018 0.69194 0.64644 0.33333 0.28169 0.51875 0.51626 0.63
1298 0.04412 0.04498 0.05161 0.06185 0.81667 0.69014 0.625 0.60403 0.41
1299 0.28971 0.29535 0.32097 0.30776 0.98333 0.83099 0.7 0.66598 0.43
1300 0.29412 0.29985 0.32581 0.31218 1.025 0.8662 0.675 0.64533 0.43
1301 0.28971 0.29535 0.32097 0.30776 1.04167 0.88028 0.74375 0.70212 0.4
1302 0.30162 0.3075 0.33403 0.31969 1.11083 0.93873 0.71937 0.68198 0.4
1303 0.26838 0.27361 0.29758 0.28641 1.12667 0.95211 0.78312 0.73464 0.4
1304 0.30412 0.31004 0.33677 0.32219 1.065 0.9 0.67938 0.64894 0.4
1305 0.30412 0.31004 0.33677 0.32219 1.06833 0.90282 0.74687 0.7047 0.4
1306 0.36368 0.37076 0.4021 0.38183 0.6875 0.58099 0.63437 0.61177 0.4

-  1 9 9 -



1307 0.38235 0.38981 0.42258 0.40053 0.45833 0.38732 0.46875 0.47496 0.4
1308 0.39706 0.4048 0.43871 0.41526 0.40833 0.34507 0.3875 0.40785 0.4
1312 0.37941 0.38681 0.41935 0.39759 0.575 0.48592 0.46875 0.47496 0.43
1314 0.35 0.35682 0.3871 0.36813 0.65 0.5493 0.55 0.54208 0.43
1316 0.35 0.35682 0.3871 0.36813 0.65833 0.55634 0.53125 0.52659 0.42
1317 0.24265 0.24738 0.26935 0.26064 0.43333 0.3662 0.575 0.56273 0.29
1318 0.32353 0.32984 0.35806 0.34163 0.76667 0.64789 0.6125 0.5937 0.42

Table 3 Ge content values using equations with strain factor

Sample XGE1 XGE2 XGE3 XGE4 XGE5 XGE6 XGE7 XGE8 XRD
745 0.28807 0.30902 0.29236 0.29879 0.32139 0.30341 1.29171 1.05411 0.25
746 0.26112 0.28011 0.26501 0.27084 0.29132 0.27503 0.32989 0.26921 0.25
753 0.22593 0.24236 0.2293 0.23434 0.25206 0.23796 1.26546 1.03268 0.25
755 0.22085 0.23691 0.22414 0.22907 0.2464 0.23261 0.99429 0.8114 0.25
756 0.23046 0.24722 0.23389 0.23904 0.25712 0.24273 1.01888 0.83146 0.25
758 0.28082 0.30124 0.28501 0.29127 0.3133 0.29578 0.73973 0.60366 0.23
759 0.21 0.22527 0.21313 0.21782 0.23429 0.22119 1.33863 1.0924 0.23
760 0.20068 0.21527 0.20367 0.20815 0.22389 0.21137 1.07309 0.8757 0.23
773 0.43682 0.46858 0.44333 0.45308 0.48734 0.46008 0.61144 0.49897 0.453
774 0.43576 0.46744 0.44225 0.45198 0.48616 0.45896 0.59139 0.4826 0.441
775 0.4392 0.47114 0.44575 0.45555 0.49 0.46259 0.5862 0.47837 0.455
776 0.42315 0.45392 0.42946 0.4389 0.47209 0.44569 0.55969 0.45674 0.437
931 0.3302 0.35421 0.33512 0.34249 0.36839 0.34778 0.76514 0.62439 -

935 0.28359 0.30421 0.28781 0.29414 0.31639 0.29869 0.79729 0.65063 -

936 0.32562 0.3493 0.33047 0.33774 0.36328 0.34296 0.86849 0.70874 0.35
937 0.27844 0.29868 0.28259 0.2888 0.31064 0.29327 0.89445 0.72992 0.33
938 0.32674 0.3505 0.33161 0.3389 0.36453 0.34414 1.09851 0.89644 0.37
939 0.31393 0.33675 0.3186 0.32561 0.35024 0.33065 0.49997 0.408 0.33
940 0.31542 0.33836 0.32012 0.32716 0.3519 0.33222 0.6532 0.53305 0.33
941 0.31166 0.33432 0.3163 0.32326 0.3477 0.32825 0.69929 0.57066 0.33
946 0.32445 0.34804 0.32928 0.33653 0.36198 0.34173 1.20545 0.98371 -

947 0.3255 0.34917 0.33035 0.33762 0.36315 0.34284 0.67937 0.5544 0.34
1027 0.44512 0.47749 0.45176 0.46169 0.49661 0.46883 0.73513 0.5999 0.5
1193 — — — — — — 1.97965 1.6155 1
1199 0.22239 0.23856 0.2257 0.23066 0.24811 0.23423 0.56119 0.45796 0.19
1200 0.45074 0.48352 0.45746 0.46752 0.50288 0.47475 0.30501 0.24891 0.43
1202 0.54775 0.58758 0.55591 0.56814 0.6111 0.57692 0.86371 0.70483 0.63
1298 0.19374 0.20783 0.19663 0.20095 0.21615 0.20406 0.53024 0.4327 0.41
1299 0.41507 0.44526 0.42126 0.43052 0.46308 0.43718 0.50943 0.41572 0.43
1300 0.42662 0.45764 0.43297 0.4425 0.47596 0.44934 0.39682 0.32382 0.43
1301 0.42649 0.4575 0.43284 0.44236 0.47582 0.4492 0.54511 0.44484 0.4
1302 0.44918 0.48184 0.45587 0.4659 0.50113 0.4731 0.40022 0.3266 0.4
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1303 0.42674 0.45777 0.4331 0.44263 0.4761 0.44947 0.53726 0.43844 0.4
1304 0.44213 0.47428 0.44872 0.45859 0.49327 0.46568 0.35837 0.29245 0.4
1305 0.4384 0.47028 0.44493 0.45472 0.48911 0.46175 0.35837 0.29245 0.4
1306 0.41401 0.44411 0.42018 0.42942 0.46189 0.43606 0.71208 0.5811 0.4
1307 0.38351 0.41139 0.38922 0.39778 0.42786 0.40393 0.58725 0.47923 0.4
1308 0.38502 0.41302 0.39076 0.39935 0.42955 0.40552 0.44925 0.36661 0.4
1312 0.40408 0.43346 0.4101 0.41912 0.45082 0.4256 0.44379 0.36216 0.43
1314 0.39616 0.42497 0.40206 0.41091 0.44198 0.41726 0.55104 0.44968 0.43
1316 0.39779 0.42672 0.40372 0.4126 0.4438 0.41898 0.49476 0.40375 0.42
1317 0.27126 0.29099 0.27531 0.28136 0.30264 0.28571 0.87885 0.71719 0.29
1318 0.39866 0.42764 0.4046 0.41349 0.44476 0.41989 0.56103 0.45783 0.42

Table 4 Data for X I-X 8 following Cleaning/M ining

Sample X1 X2 X3 X4 X5 X6 X7 X8 XRD
745 0.27662 0.28201 0.30661 0.29465 0.38583 0.32606 0.71937 0.68198 0.25
746 0.27529 0.28066 0.30516 0.29333 0.25333 0.21408 0.26125 0.30356 0.25
758 0.19353 0.1973 0.21548 0.21146 0.675 0.57042 0.63938 0.6159 0.23
759 0.15868 0.16177 0.17726 0.17656 0.45 0.38028 0.77062 0.72432 0.23
760 0.19897 0.20285 0.22145 0.2169 0.24417 0.20634 0.55937 0.54982 0.23
773 0.40779 0.41574 0.45048 0.42601 0.63083 0.5331 0.565 0.55447 0.453
774 0.39368 0.40135 0.435 0.41187 0.68083 0.57535 0.58188 0.5684 0.441
775 0.38882 0.3964 0.42968 0.40701 0.7175 0.60634 0.59812 0.58183 0.455
776 0.37897 0.38636 0.41887 0.39714 0.67417 0.56972 0.56563 0.55498 0.437
936 0.29853 0.30435 0.33065 0.3166 0.49167 0.41549 0.6 0.58338 0.35
937 0.28382 0.28936 0.31452 0.30187 0.30833 0.26056 0.51875 0.51626 0.33
938 0.28088 0.28636 0.31129 0.29893 0.56667 0.47887 0.73125 0.69179 0.37
939 0.25147 0.25637 0.27903 0.26947 0.61667 0.52113 0.5125 0.5111 0.33
940 0.22794 0.23238 0.25323 0.24591 0.71667 0.60563 0.625 0.60403 0.33
941 0.22941 0.23388 0.25484 0.24739 0.69167 0.58451 0.63125 0.60919 0.33
947 0.31324 0.31934 0.34677 0.33132 0.43333 0.3662 0.49375 0.49561 0.34
1199 0.11324 0.11544 0.12742 0.13106 0.69167 0.58451 0.575 0.56273 0.19
1200 0.35735 0.36432 0.39516 0.3755 0.9 0.76056 0.575 0.56273 0.43
1202 0.62794 0.64018 0.69194 0.64644 0.33333 0.28169 0.51875 0.51626 0.63
1298 0.04412 0.04498 0.05161 0.06185 0.81667 0.69014 0.625 0.60403 0.41
1299 0.28971 0.29535 0.32097 0.30776 0.98333 0.83099 0.7 0.66598 0.43
1300 0.29412 0.29985 0.32581 0.31218 1.025 0.8662 0.675 0.64533 0.43
1301 0.28971 0.29535 0.32097 0.30776 1.04167 0.88028 0.74375 0.70212 0.4
1302 0.30162 0.3075 0.33403 0.31969 1.11083 0.93873 0.71937 0.68198 0.4
1303 0.26838 0.27361 0.29758 0.28641 1.12667 0.95211 0.78312 0.73464 0.4
1304 0.30412 0.31004 0.33677 0.32219 1.065 0.9 0.67938 0.64894 0.4
1305 0.30412 0.31004 0.33677 0.32219 1.06833 0.90282 0.74687 0.7047 0.4
1306 0.36368 0.37076 0.4021 0.38183 0.6875 0.58099 0.63437 0.61177 0.4
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1307 0.38235 0.38981 0.42258 0.40053 0.45833 0.38732 0.46875 0.47496 0.4
1308 0.39706 0.4048 0.43871 0.41526 0.40833 0.34507 0.3875 0.40785 0.4
1312 0.37941 0.38681 0.41935 0.39759 0.575 0.48592 0.46875 0.47496 0.43
1314 0.35 0.35682 0.3871 0.36813 0.65 0.5493 0.55 0.54208 0.43
1316 0.35 0.35682 0.3871 0.36813 0.65833 0.55634 0.53125 0.52659 0.42
1317 0.24265 0.24738 0.26935 0.26064 0.43333 0.3662 0.575 0.56273 0.29
1318 0.32353 0.32984 0.35806 0.34163 0.76667 0.64789 0.6125 0.5937 0.42

Table 5 Data for XGE1-XGE8 following Cleaning/M ining

Sample XGE1 XGE2 XGE3 XGE4 XGE5 XGE6 XGE7 XGE8 XRD
745 0.28807 0.30902 0.29236 0.29879 0.32139 0.30341 1.29171 1.05411 0.25
746 0.26112 0.28011 0.26501 0.27084 0.29132 0.27503 0.32989 0.26921 0.25
753 0.22593 0.24236 0.2293 0.23434 0.25206 0.23796 1.26546 1.03268 0.25
755 0.22085 0.23691 0.22414 0.22907 0.2464 0.23261 0.99429 0.8114 0.25
756 0.23046 0.24722 0.23389 0.23904 0.25712 0.24273 1.01888 0.83146 0.25
758 0.28082 0.30124 0.28501 0.29127 0.3133 0.29578 0.73973 0.60366 0.23
759 0.21 0.22527 0.21313 0.21782 0.23429 0.22119 1.33863 1.0924 0.23
760 0.20068 0.21527 0.20367 0.20815 0.22389 0.21137 1.07309 0.8757 0.23
773 0.43682 0.46858 0.44333 0.45308 0.48734 0.46008 0.61144 0.49897 0.453
774 0.43576 0.46744 0.44225 0.45198 0.48616 0.45896 0.59139 0.4826 0.441
775 0.4392 0.47114 0.44575 0.45555 0.49 0.46259 0.5862 0.47837 0.455
776 0.42315 0.45392 0.42946 0.4389 0.47209 0.44569 0.55969 0.45674 0.437
936 0.32562 0.3493 0.33047 0.33774 0.36328 0.34296 0.86849 0.70874 0.35
937 0.27844 0.29868 0.28259 0.2888 0.31064 0.29327 0.89445 0.72992 0.33
938 0.32674 0.3505 0.33161 0.3389 0.36453 0.34414 1.09851 0.89644 0.37
939 0.31393 0.33675 0.3186 0.32561 0.35024 0.33065 0.49997 0.408 0.33
940 0.31542 0.33836 0.32012 0.32716 0.3519 0.33222 0.6532 0.53305 0.33
941 0.31166 0.33432 0.3163 0.32326 0.3477 0.32825 0.69929 0.57066 0.33
947 0.3255 0.34917 0.33035 0.33762 0.36315 0.34284 0.67937 0.5544 0.34
1027 0.44512 0.47749 0.45176 0.46169 0.49661 0.46883 0.73513 0.5999 0.5
1199 0.22239 0.23856 0.2257 0.23066 0.24811 0.23423 0.56119 0.45796 0.19
1200 0.45074 0.48352 0.45746 0.46752 0.50288 0.47475 0.30501 0.24891 0.43
1202 0.54775 0.58758 0.55591 0.56814 0.6111 0.57692 0.86371 0.70483 0.63
1298 0.19374 0.20783 0.19663 0.20095 0.21615 0.20406 0.53024 0.4327 0.41
1299 0.41507 0.44526 0.42126 0.43052 0.46308 0.43718 0.50943 0.41572 0.43
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1300 0.42662 0.45764 0.43297 0.4425 0.47596 0.44934 0.39682 0.32382 0.43
1301 0.42649 0.4575 0.43284 0.44236 0.47582 0.4492 0.54511 0.44484 0.4
1302 0.44918 0.48184 0.45587 0.4659 0.50113 0.4731 0.40022 0.3266 0.4
1303 0.42674 0.45777 0.4331 0.44263 0.4761 0.44947 0.53726 0.43844 0.4
1304 0.44213 0.47428 0.44872 0.45859 0.49327 0.46568 0.35837 0.29245 0.4
1305 0.4384 0.47028 0.44493 0.45472 0.48911 0.46175 0.35837 0.29245 0.4
1306 0.41401 0.44411 0.42018 0.42942 0.46189 0.43606 0.71208 0.5811 0.4
1307 0.38351 0.41139 0.38922 0.39778 0.42786 0.40393 0.58725 0.47923 0.4
1308 0.38502 0.41302 0.39076 0.39935 0.42955 0.40552 0.44925 0.36661 0.4
1312 0.40408 0.43346 0.4101 0.41912 0.45082 0.4256 0.44379 0.36216 0.43
1314 0.39616 0.42497 0.40206 0.41091 0.44198 0.41726 0.55104 0.44968 0.43
1316 0.39779 0.42672 0.40372 0.4126 0.4438 0.41898 0.49476 0.40375 0.42
1317 0.27126 0.29099 0.27531 0.28136 0.30264 0.28571 0.87885 0.71719 0.29
1318 0.39866 0.42764 0.4046 0.41349 0.44476 0.41989 0.56103 0.45783 0.42

T able 6 Reduced Dataset for M ultifactor analysis

XRD XI X5 Thickness
0.25 0.27662 0.38583 80
0.25 0.27529 0.25333 80
0.23 0.19353 0.675 80
0.23 0.15868 0.45 80
0.23 0.19897 0.24417 80

0.453 0.40779 0.63083 100
0.441 0.39368 0.68083 100
0.455 0.38882 0.7175 100
0.437 0.37897 0.67417 100
0.35 0.29853 0.49167 80
0.33 0.28382 0.30833 80
0.37 0.28088 0.56667 80
0.33 0.25147 0.61667 80
0.33 0.22794 0.71667 80
0.33 0.22941 0.69167 80
0.34 0.31324 0.43333 80
0.19 0.11324 0.69167 490
0.43 0.35735 0.9 426
0.63 0.62794 0.33333 439
0.41 0.04412 0.81667 40
0.43 0.28971 0.98333 40
0.43 0.29412 1.025 40
0.4 0.28971 1.04167 40
0.4 0.30162 1.11083 40
0.4 0.26838 1.12667 40
0.4 0.30412 1.065 40
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0.4 0.30412 1.06833 40
0.4 0.36368 0.6875 40
0.4 0.38235 0.45833 40
0.4 0.39706 0.40833 225

0.43 0.37941 0.575 225
0.43 0.35 0.65 225
0.42 0.35 0.65833 225
0.29 0.24265 0.43333 225
0.42 0.32353 0.76667 225
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Appendix 11
An example of the code developed:

UserForm23

Private Sub CommandButtonl_Click()

Dim E_STAR(100) As Single 
Dim C_STAR(100) As Single 
Dim G STAR(IOO) As Single 
Dim F STAR(IOO) As Single 
Dim A STAR(IOO) As Single 
Dim XRD(IOO) As Single 
Dim count As Integer 
Dim try As Integer 
Dim XGEl(lOO) As Single 
Dim XGE2(100) As Single 
Dim XGE3(100) As Single 
Dim XGE4(100) As Single 
Dim XGE5(100) As Single 
Dim XGE6( 100) As Single 
Dim XGE7(100) As Single 
Dim XGE8(I00) As Single

Sheets("Sheetl").Select 
'Sheets. Add.Name = "Sheetl 1" 
count = 1 
For try = 1 To 60

A_STAR(try) = Application.Sum(Range("A" & try).Resize(, 1)) 
C STAR(try) = Application.Sum(Range("C" & try).Resize(, 1)) 
E_STAR(try) = Application.Sum(Range("D" & try).Resize(, 1)) 
G_STAR(try) = Application.Sum(Range("E" & try).Resize(, 1)) 
F STAR(try) = Application.Sum(Range("F" & try).Resize(, 1)) 
XRD(try) = Application.Sum(Range("G" & try).Resize(, 1))

' MsgBox F_STAR(try)

X G El(try) = (((E_STAR(try) - 400.5) - (0.6928 * (C_STAR(try) - 520))) / 61.31)
XGE2(try) = (((E_STAR(try) - 400.5) - (0.6928 * (C_STAR(try) - 520))) / 57.154)
XGE3(try) = (((E_STAR(try) - 400.5) - (0.6928 * (C_STAR(try) - 520))) / 60.41)
XGE4(try) = (((E_STAR(try) - 400.5) - (0.6928 * (C_STAR(try) - 520))) / 59.11)
XGE5(try) = (((E_STAR(try) - 400.5) - (0.6928 * (C_STAR(try) - 520))) / 54.954)
XGE6(try) = (((E_STAR(try) - 400.5) - (0.6928 * (C_STAR(try) - 520))) / 58.21)
XGE7(try) = (((G_STAR(try) - 282.5) + (0.6678 * (400.5 - E_STAR(try)))) / 6.517)
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XGE8(try) = (((G_STAR(try) - 282.5) + (0.6678 * (400.5 - E_STAR(try)))) / 7.986)

If OptionButtonl = True Then 
If  F_STAR(try) = 40 Then

SheetsC'Sheet 11 ").Range("Al").Offset(count). Value =
SheetsC'Sheet l").Range("Ar').Offset(try). Value

Sheets("Sheetl l").Range("Bl").Offset(count).Value = XGEl(try)
SheetsC'Sheet 11 ").Range("Cl").Offset(count). Value = XGE2(try)
SheetsC'Sheet 1 l").Range("Dl").Offset(count). Value = XGE3(try)
SheetsC'Sheetl r').Range("El").Offset(count).Value = XGE4(try)
SheetsC'Sheet 11 ").Range("Fl").Offset(count). Value = XGE5(try)
SheetsC'Sheetl l").Range("Gl").Offset(count).Value = XGE6(try)
SheetsC'Sheetl l").Range("Hl").Offset(count).Value = XGE7(try)
SheetsC'Sheetl l").Range("Il").Offset(count).Value = XGE8(try)

SheetsC'Sheetl l").Range("Jl").Offset(count).Value =
SheetsC'Sheetl ").Range("Gl").Offset(try).Value

SheetsC'Sheetl l").Range("A l000").Offset(count).Value =
SheetsC'Sheet r').Range("A l'').O ffset( try). Value

SheetsC'Sheetl l").Range("B1000").Offset(count).Value = XGEl(try) - XRD(try) 
SheetsC'Sheetl r').Range("C1000'').Offset(count).Value = XGE2(try) - XRD(try) 
SheetsC'Sheetl r').RangeC'D1000").Offset(count).Value = XGE3(try) - XRD(try) 
SheetsC'Sheetl l").Range("E1000").Offset(count).Value = XGE4(try) - XRD(try) 
SheetsC'Sheetl r').Range("F1000").Offset(count).Value = XGE5(try) - XRD(try) 
Sheets("Sheetl l").Range("G l000").Offset(count).Value = XGE6(try) - XRD(try) 
SheetsC'Sheet 11 ").Range("H1000'').Offset(count).Value = XGE7(try) - XRD(try) 
SheetsC'Sheetl l").Range("II000").0ffset(count).Value = XGE8(try) - XRD(try) 
SheetsC'Sheetl l").RangeC'Jl000").Offset(count).Value =

SheetsC'Sheetl ").Range("Gl ").Offset(try).Value

count = count + 1 
End If

End If

If OptionButton2 = True Then 
If F_STAR(try) = 80 Then

SheetsC'Sheetl r').RangeC 'Ar').Offset(count). Value =
SheetsC'Sheet l").Range("Al").Offset(try). Value

Sheets("Sheetl l").Range("Bl").Offset(count).Value = XGEl(try) 
Sheets("Sheetl l").Range("Cr').Offset(count).Value = XGE2(try) 
Sheets("Sheetl l").Range("Dl").Offset(count).Value = XGE3(try) 
SheetsC'Sheetl l").Range("El'').Offset(count).Value = XGE4(try) 
SheetsC'Sheetl r').Range(''Fl").Offset(count).Value = XGE5(try) 
SheetsC'Sheetl l").Range("Gl").Offset(count). Value = XGE6(try)
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Sheets("SheetH").Range("Hl").Offset(count).Value = XGE7(try)
SheetsC'Sheetl l").Range("Il").Offset(count).Value = XGE8(try)

SheetsC'Sheetl l").Range("Jl").Offset(count).Value =
SheetsC'Sheetl ").Range("Gl").Offset(try). Value

SheetsC'Sheetl l").Range("A1000").Offset(count).Value = 
Sheets("Sheetl").Range("Al").Offset(try). Value

SheetsC'Sheetl l").Range("B1000").Offset(count).Value = XG El(try) - XRD(try) 
SheetsC'Sheetl l").Range("C1000").Offset(count).Value = XGE2(try) - XRD(try) 
Sheets("Sheetll").Range("D1000").Offset(count).Value = XGE3(try) - XRD(try) 
Sheets("SheetH").Range("E1000").Offset(count).Value = XGE4(try) - XRD(try) 
SheetsC'Sheetl l").Range("F1000").Offset(count).Value = XGE5(try) - XRD(try) 
SheetsC'Sheetl l").Range("G1000").Offset(count).Value = XGE6(try) - XRD(try) 
SheetsC'Sheetl l").Range("H l000").Offset(count).Value = XGE7(try) - XRD(try) 
Sheets("Sheetl l").Range("I1000").Offset(count).Value -  XGE8(try) - XRD(try) 
Sheets("Sheetl r').Range("J1000").Offset(count).Value =

SheetsC'Sheetl ").Range("G 1 ").Offset( try). Value

count = count + 1 
End If 

End If
If OptionButton3 = True Then 

If F STAR(try) = 100 Then
SheetsC'Sheetl l").Range("Al").Offset(count).Value =

Sheets("Sheetl ").Range("Al ").Offset(try).Value
SheetsC'Sheetl l").Range("Bl").Offset(count).Value = XGEl(try)
Sheets("Sheetl l").Range("Cl").Offset(count).Value = XGE2(try)
SheetsC'Sheetl l").Range("Dl").Offset(count).Value = XGE3(try)
SheetsC'Sheetl l").Range("El").Offset(count).Value = XGE4(try)
SheetsC'Sheetl r').Range("Fl").Offset(count).Value = XGE5(try)
SheetsC'Sheetl l").Range("Gl").Offset(count).Value = XGE6(try)
SheetsC'Sheetl l").Range("Hl").Offset(count).Value = XGE7(try)
Sheets("Sheetl l").Range("Il").Offset(count).Value = XGE8(try)

SheetsC'Sheetl l").Range("Jl").Offset(count).Value =
SheetsC'Sheetl ").Range("Gl").Offset(try).Value

SheetsC'Sheetl l").Range("A l000").Offset(count).Value =
SheetsC'Sheetl ").Range("Al ").Offset(try). Value

SheetsC'Sheetl l").Range("B 1000").Offset(count).Value = X G El(try) - XRD(try) 
Sheets("Sheetl l").Range("C1000").Offset(count).Value = XGE2(try) - XRD(try) 
SheetsC'Sheetl l").Range("D1000").Offset(count).Value = XGE3(try) - XRD(try) 
Sheets("SheetH").Range("E1000").Offset(count).Value = XGE4(try) - XRD(try) 
SheetsC'Sheetl l").Range("F1000").Offset(count).Value = XGE5(try) - XRD(try) 
SheetsC'Sheetl l").Range("G l000").Offset(count).Value = XGE6(try) - XRD(try)
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SheetsC'Sheetl l").Range("H1000").Offset(count).Value = XGE7(try) - XRD(try) 
SheetsC'Sheetl l").R ange("Il000").Offset(count).Value = XGE8(try) - XRD(try) 
SheetsC'Sheetl l").R ange("Jl000").Offset(count).Value = 

Sheets("Sheetl").Range("Gl").Offset( try). Value

count = count + 1 
End If 

End If
If OptionButton4 = True Then 

If F_STAR(try) = 225 Then
Sheets("Sheetl l").Range("Al").Offset(count).Value =

SheetsC'Sheetl ").Range("Ar').Offset(try). Value
SheetsC'Sheetl r').Range("Bl").Offset(count).Value = XGEl(try)
SheetsC'Sheetl l").Range("Cl").Offset(count).Value = XGE2(try)
SheetsC'Sheetl l").Range("Dl").Offset(count).Value = XGE3(try)
Sheets("Sheet 11 ").Range("El").Offset(count). Value = XGE4(try)
Sheets("Sheetl l").Range("Fl").Offset(count).Value = XGE5(try)
Sheets("Sheetl l").Range("Gl").Offset(count).Value = XGE6(try)
SheetsC'Sheetl r').Range("Hl").Offset(count).Value = XGE7(try)
SheetsC'Sheetl l").Range("Il ").Offset(count).Value = XGE8(try)

Sheets("SheetH").Range("Jl").Offset(count).Value = 
Sheets("Sheetl").Range("Gl").Offset(try). Value

SheetsC'Sheetl l").Range("Al 000").Offset(count).Value =
SheetsC'Sheetl ").Range(" A 1 ").Offset( try). Value

Sheets("Sheetll").Range("B1000").Offset(count).Value = XGEl(try) - XRD(try) 
Sheets("Sheet 11 ").Range("Cl000").Offset(count).Value = XGE2(try) - XRD(try) 
SheetsC'Sheetl l").R ange("D l000").Offset(count).Value = XGE3(try) - XRD(try) 
Sheets("Sheetll").Range("E1000").Offset(count).Value = XGE4(try) - XRD(try) 
Sheets("Sheetl l").Range("Fl 000").Offset(count).Value = XGE5(try) - XRD(try) 
Sheets("Sheetl l").Range("Gl 000").Offset(count).Value = XGE6(try) - XRD(try) 
Sheets("Sheetll").Range("H1000").Offset(count).Value = XGE7(try) - XRD(try) 
SheetsC'Sheetl l").Range("I1000").Offset(count).Value = XGE8(try) - XRD(try) 
SheetsC'Sheetl l").Range("Jl000").0ffset(count).Value =

SheetsC'Sheetl ").Range("Gl ").Offset( try). Value

count = count + 1 
End If 

End If
If OptionButtonS = True Then 

If F_STAR(try) = 426 Then 
MsgBox "426"

Sheets("Sheetll").Range("Al").Offset(count).Value =
SheetsC'Sheetl ").Range("Al").Offset(try). Value
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SheetsC'Sheetl l").Range("Bl").Offset(count).Value = XG El(try) 
Sheets("Sheetll").Range("Cl").Offset(count).Value = XGE2(try) 
Sheets("SheetH").Range("Dl").Offset(count). Value = XGE3(try)
SheetsC'Sheetl l").Range("El ").Offset(count).Value = XGE4(try)
SheetsC'Sheetl l").Range("Fl ").Offset(count).Value = XGE5(try)
SheetsC'Sheetl l").Range("Gl").Offset(count).Value = XGE6(try)
SheetsC'Sheetl l").Range("Hl").Offset(count). Value = XGE7(try) 
Sheets("Sheetll").Range("Il").Offset(count).Value = XGE8(try)
SheetsC'Sheetl l").Range("Jl").Offset(count).Value = 

Sheets("Sheetl").Range("Gl").Offset(try). Value

SheetsC'Sheetl l").Range("A1000").Offset(count).Value =
SheetsC'Sheetl ").Range("Al").Offset(try).Value

Sheets("SheetH").Range("B1000").Offset(count).Value = XG El(try) - XRD(try) 
SheetsC'Sheetl l").Range("C1000").Offset(count).Value = XGE2(try) - XRD(try) 
Sheets("Sheetll").Range("D1000").Offset(count).Value = XGE3(try) - XRD(try) 
Sheets("SheetH").Range("E1000").Offset(count).Value = XGE4(try) - XRD(try) 
SheetsC'Sheetl l").Range("Fl000").Offset(count).Value = XGE5(try) - XRD(try) 
SheetsC'Sheetl l").Range("G1000").Offset(count).Value = XGE6(try) - XRD(try) 
SheetsC'Sheetl l").Range("H l000").Offset(count).Value = XGE7(try) - XRD(try) 
Sheets("Sheetl l").Range("I1000").Offset(count).Value = XGE8(try) - XRD(try) 
Sheets("Sheetl l").Range("J1000").Offset(count).Value =

SheetsC'Sheetl ").Range("Gl ").Offset(try).Value

count = count + 1 
End If 

End If

If OptionButton6 = True Then 
If F_STAR(try) = 439 Then

SheetsC'Sheetl l").Range("Al").Offset(count).Value =
SheetsC'Sheetl ").Range("Al ").Offset(try). Value

Sheets("SheetH").Range("Bl").Offset(count). Value = XGEl(try)
Sheets("Sheetl l").Range("Cl").Offset(count).Value = XGE2(try)
Sheets("Sheetl l").Range("Dl").Offset(count).Value = XGE3(try)
Sheets("Sheetl l").Range("El").Offset(count).Value = XGE4(try)
Sheets("Sheetl l").Range("Fl").Offset(count).Value = XGE5(try)
SheetsC'Sheetl l").Range("Gl").Offset(count).Value = XGE6(try)
SheetsC'Sheet 11 ").Range("H 1 ").Offset(count). Value = XGE7(try)
SheetsC'Sheetl l").Range("H ").Offset(count).Value = XGE8(try)
SheetsC'Sheetl l").Range("Jl").Offset(count).Value =

SheetsC'Sheetl ").Range("Gl").Offset(try). Value

Sheets("Sheetl l").Range("A l000").Offset(count).Value =
SheetsC'Sheet l").Range("Al").Offset(try). Value

Sheets("Sheetl l").Range("B l000").Offset(count).Value = XGEl(try) - XRD(try)
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SheetsC'Sheetl l").Range("C l000").Offset(count).Value = XGE2(try) - XRD(try) 
Sheets("SheetH").Range("D1000").Offset(count).Value = XGE3(try) - XRD(try) 
Sheets("Sheetl l").Range("E1000").Offset(count).Value = XGE4(try) - XRD(try) 
Sheets("Sheetl l").Range("F1000").Offset(count).Value = XGE5(try) - XRD(try) 
Sheets("Sheetl l").Range("G l000").Offset(count).Value = XGE6(try) - XRD(try) 
Sheets("Sheetl l").Range("H1000").Offset(count).Value = XGE7(try) - XRD(try) 
Sheets("Sheetl l").Range("I1000").Offset(count).Value = XGE8(try) - XRD(try) 
Sheets("Sheetl l").R ange("Jl000").Offset(count).Value = 

Sheets("Sheetl").Range("Gr').Offset( try). Value 
count = count + 1 

End If 
End If

If OptionButton? = True Then 
If F STAR(try) = 490 Then

Sheets("Sheetl l").Range("Al ").Offset(count). Value = 
Sheets("Sheetr').Range("Al").Offset(try). Value

Sheets("Sheetl r').Range("Bl").Offset(count).Value = XGEl(try)
Sheets("Sheetl l").Range("Cl").Offset(count).Value = XGE2(try)
Sheets("Sheetl r').Range("Dl").Offset(count).Value = XGE3(try)
Sheets("Sheetl l").Range("Er').Offset(count).Value = XGE4(try)
Sheets("Sheetl l").Range("Fl ").Offset(count).Value = XGE5(try)
Sheets("Sheetl r').Range("Gl").Offset(count).Value = XGE6(try)
Sheets("Sheetl l").Range("Hr').Offset(count).Value = XGE7(try)
Sheets("Sheetl l").Range("ir').Offset(count).Value = XGE8(try)

Sheets("Sheetl l").Range("Al 000").Offset(count).Value =
Sheets("Sheetl ").Range("Al ").Offset(try). Value

Sheets("Sheetl l").Range("B l000").Offset(count).Value = XGEl(try) - XRD(try) 
Sheets("Sheetl l").Range("Cl 000").Offset(count).Value = XGE2(try) - XRD(try) 
Sheets("Sheetl l").Range("D1000").Offset(count).Value = XGE3(try) - XRD(try) 
Sheets("Sheetl l").Range("E1000").Offset(count).Value = XGE4(try) - XRD(try) 
SheetsC'Sheetl l").Range("Fl000").Offset(count).Value = XGE5(try) - XRD(try) 
Sheets("Sheetll").Range("G1000").Offset(count).Value = XGE6(try) - XRD(try) 
Sheets("Sheetl l").Range("H1000").Offset(count).Value = XGE7(try) - XRD(try) 
Sheets("Sheetl l").Range("Il 000").Offset(count).Value = XGE8(try) - XRD(try) 
SheetsC'Sheet 11 ").Range("J1000").Offset(count). Value = 

Sheets("Sheetl").Range("Gl").Offset(try).Value 
count = count + 1 

End If 
End If

Next
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MsgBox "Done"
End Sub

Private Sub CommandButton2_Click()
Charts.Add
ActiveChart.ChartType = xlLineMarkers
ActiveChart.SetSourceData Source:=Sheets("Sheetl r ') .R an g e("A l:J ll" ), PlotBy 

:=xlRows
ActiveChart.Location Where:=xlLocationAsNewSheet 
With ActiveChart 

■ HasTitle = True
.ChartTitle.Characters.Text = "Ge for Selected Thickness"
,Axes(xlCategory, xlPrimary).HasTitle = True
•Axes(xlCategory, xlPrimary).AxisTitle.Characters.Text = "Equations"
.Axes(xlValue, xlPrimary).HasTitle = True
•Axes(xlValue, xlPrimary).AxisTitle.Characters.Text = "Ge Value"

End With 
With ActiveChart

.HasAxis(xlCategory, xlPrimary) = True 

.HasAxis(xlValue, xlPrimary) = True 
End With
ActiveChart.Axes(xlCategory, xlPrimary).CategoryType = xlAutomatic 
ActiveChart. HasDataTable = False

fname = ThisWorkbook.Path & "\" & ActiveChart.Name & ".gif'
ActiveChart.Export Filename:=fname, FilterName:="GIF"
Image 1.Picture = LoadPicture(fname)
Image l.PictureSizeMode = fmPictureSizeModeStretch 
End Sub

Private Sub CommandButton3_Click()
Charts.Add
ActiveChart.ChartType = xlLineMarkers
ActiveChart.SetSourceData Source:=Sheets("Sheetll").Range("A1000:J1020"), 

PlotBy _
~xlRow s

ActiveChart.Location Where:=xlLocationAsNewSheet 
With ActiveChart 

.HasTitle = True

.ChartTitle.Characters.Text = "Ge for Selectied Thickness"

.Axes(xlCategory, xlPrimary).HasTitle = True

.Axes(xlCategory, xlPrimary).AxisTitle.Characters.Text = "Equations"

.Axes(xlValue, xlPrimary).HasTitle = True

.Axes(xlValue, xlPrimary).AxisTitle.Characters.Text = "Ge Value"
End With 
With ActiveChart
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.HasAxis(xlCategory, xlPrimary) = True 
■HasAxis(xlValue, xlPrimary) = True 

End With
ActiveChart.Axes(xlCategory, xlPrimary).CategoryType = xlAutomatic 
ActiveChart.HasDataTable = False

fname = ThisWorkbook.Path & "\" & ActiveChart.Name & ".gif'
' MsgBox fname 

ActiveChart.Export Filename:=fname, FilterName:="GIF"
Image 1. Picture = LoadPicture(fname)
Image l.PictureSizeMode = fmPictureSizeModeStretch 
End Sub

Private Sub CommandButton4_Click()
UserForm23.Hide 
UserForml4.Show 
End Sub

Private Sub Image l_Click()

End Sub

Private Sub OptionButtonl_Click()

End Sub

Private Sub UserForm_Click()

End Sub
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