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CHAPTER 1  
 

 
 
 
 
 
 
 
 
 

Introduction 
 

The research of semiconductor devices dates back to 1874 when the rectifying 
properties of metal-PbS junctions were discovered [1]. Although these types of devices could 
demonstrate a diode-like functionality, the characteristics were quite unreliable and unstable. 
Therefore, at that time no big enthusiasm was shown to use this type of rectifier. 

It took many years until any substantial attention was paid to the fabrication of reliable 
rectifiers. A huge demand was ignited in the 1940’s during the Second World War when the 
RADAR project started. Work at Purdue University and Bell Labs led to the mass fabrication 
of stable Ge diodes, a key component in the radar systems. The early success of the Ge 
components was based on the fact that it was significantly easier to produce high purity Ge 
compared to other materials e.g. Si. The technological advancement as well as the increase in 
physical understanding of semiconductors led to invention of the first Ge-based transistors in 
1947. The report of this event received no huge attraction in the news titles at that time but we 
may definitely state that the transistor invention registered a new technological era in human 
history [2-3].    

Later, in 1960 when the technology for producing high quality single crystalline Si had 
matured, the first metal oxide semiconductor field effect transistor (MOSFET) was 
developed. A few years later in 1964 the famous Moore’s law was proposed [4] which 
predicted an exponential increase in the number of transistors on a chip yearly (see Fig. 1.1).  

 
 
 
 
Today’s the most common device used in microelectronics is the MOSFET. This 

component has reached extreme implementation in Integrated circuits (ICs) with more than 
one billion (1,000,000,000) transistors on a single chip. This is the backbone of home 
computers, cell phones, TVs, electronic gadgets and almost all electronic equipments today. 
This has been achieved by a continuous cost reduction per function which has been realized 
by miniaturization of devices and ICs, close packing, higher yields, higher throughput and 
using larger substrates. Some important milestones of the semiconductor research and 
development progress are summarized in Fig 1.2. A thorough review of the semiconductor 
material and device history can be found in references [4-5] and references therein.  

Although, the first transistor was manufactured of Ge but silicon-based materials soon 
became the dominant choice for mass production of microelectronics due to several unique 
properties e.g the stable and high quality oxide SiO2, robustness of the material and low 
processing costs.  
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Figure 1.1 Number of transistors on a chip and the cost per transistor vs year of 

production [5-6]. 
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The downscaling of devices has today reached the 45 nm node for production. In these 
technology nodes specified by the ITRS roadmap [7], gate lengths down to the order of 20-25 
nm are used. This rapid technological progress is the result of successful research in a wide 
range of different areas where the introduction of novel materials has become increasingly 
important. In the earlier days of MOSFET technology the gate length was the main and most 
important parameter for the performance of the MOSFET [5-7]. However, recently so-called 
“mobility boosters” which basically increase the conductivity of the semiconductor in special 
directions have attracted considerable attention and have also been integrated in commercial 
MOSFET devices [8]. These mobility boosters include wide range of different technologies, 
e.g. novel substrates, SiGe or SiGeC heterostructures, highly stressed nitride capping layers 
and/or optimized channel orientations [9-11], described in more detail in chapter 4. This 
enables improved performance without a reduction of the device dimensions.  

The research on Si/SiGe heterostructures is, however, extended to the late seventies 
when the struggle of SiGe epitaxial growth was initiated by molecular beam epitaxy (MBE) 
technique [12]. The first applications of these layers aimed for SiGe hetero-junction bipolar 
transistors (HBT) which were realized in the late 80’s [13]. Soon high-frequency Si HBT and 
CMOS with cut-off frequencies beyond several tens of GHz were manufactured. Almost ten 
years later the first commercial SiGe-based circuits were available [11]. At this point, the 
technology had matured and relatively cheap industrial chemical vapor deposition (CVD) 
reactors for large wafer sizes were available [14]. With this the SiGe technology became 
mature to be integrated in mainstream CMOS. The main events of semiconductor 
development with some emphasis on SiGe and Ge is displayed in Fig. 1.2. 

Carbon (C) in Si technology has on the other hand been considered as a contamination 
element during many years due to the creation of numerous defects [15]. In the early nineties, 
however, the addition of C to Si and SiGe was proposed and realized through different 
techniques [16]. The small size of C atoms enables the opportunity to create a tensile strain in 
Si-based materials creating a band off-set in the conduction band [17-18]. Another application 
of C in SiGe is the influence on dopant out-diffusion, especially on boron (B) [19-20]. The 
implementation of C in SiGe layers increases the temperature budget of the device fabrication 
process and pave the way for more aggressive device design. This is beneficial for selective 
implanted collector (SIC) layers through SiGe base layer where transient enhanced diffusion 
(TED) is very critical [21-22]. The main risk here is the out-diffusion of B from SiGe to the 
adjacent layers which degrades the high frequency behavior of the transistors [23-24]. The 
other benefit of C is an increase of thermal stability of SiGeC layers due to strain 
compensation [25]. New designs of HBTs involving SiGeC technology have demonstrated 
cut-off frequencies of 350 GHz which is approaching the values provided by III-V technology 
[26]. Recently integration of SiC layers in nMOSFET structures has also been accomplished 
to form recessed junction in S/D areas. The tensile strain of SiC layers in S/D areas induces 
uniaxial strain in the Si channel region. This design makes SiC layers an appropriate mobility 
booster in Si technology, however, the integration in mainstream production is yet to be 
shown [27].  
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Aim and outline of the thesis 

The purpose of this study is to provide knowledge about epitaxial growth of SiGeC 
layers using reduced pressure CVD and implementing SiGe and/or SiGeC heterostructures as 
mobility boosters in advanced Si-based MOSFET devices. The foundation of this thesis is 
based on a comprehensive experimental study of the growth of SiGeC epitaxial layers. High 
quality and highly stressed intrinsic and in-situ B-doped epitaxial SiGeC layers were realized 
using both selective and non selective epitaxial growth techniques. Issues concerning 
integration of SiGeC in MOSFET devices were also tackled. Moreover, the know-how 
obtained from the epitaxy and integration studies have been applied to fabricate advanced 
deca-nanometer MOSFETs, featuring strained Si or SiGe(C) channels. The devices with 
strained layers demonstrated excellent electrical characteristics with performance superior to 
the co-processed Si reference devices. 

The thesis begins with a basic introduction presenting the MOSFET transistor and 
motivating the research for mobility enhancement in order to improve the performance of 
CMOS devices. This is followed by chapter 3 reviewing the chemical and mechanical 
properties of the Si/SiGe(C) material system. The definition of strain parameters and strain 
relaxation are introduced. In the end of this chapter Ni silicidation of SiGe and SiGeC are 
discussed. A clearly improved thermal stability of the silicide is obtained when C is present in 
the SiGe matrix. The wide range of different mobility boosting technologies are reviewed in 
Chapter 4 where the Si/SiGe(C) system is identified as one of the main technologies for 
enabling improved performance on very short gate length devices. A comprehensive study on 
selective and non-selective epitaxial growth of SiGe layers was performed and is introduced 
in chapter 5. Furthermore, a basic growth model for CVD technique and growth kinetics of 
the Si/SiGeC systems are discussed for both selective and non-selective epitaxial growth.  The 
impact of different growth parameters on the dopant incorporation is also shown. These issues 
were investigated in order to understand the fundamentals of the growth behavior. Special 
emphasis has been put on understanding and predicting the pattern dependency behavior of 
the selective epitaxy process.  
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Figure 1.2 Timeline of some important milestones of microelectronics and semiconductor 

development [1-8]. 
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In chapter 6, the integration of SiGeC in conventional bulk and silicon on insulator 

(SOI) MOSFET processes with strained and relaxed SiGe(C) layers is demonstrated. In order 
to present a relevant device study aligned with the state of the art, special attention has been 
put on the gate formation to achieve a robust process for the patterning down to 45 nm gate 
lengths. Finally, a short summary of the main achievements is provided in Chapter 7.  
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CHAPTER 2  
 

 
 
 
 
 
 
 
 
 

Fundamentals of modern MOSFETs 
 

Si-based MOSFET devices form the fundament for modern microelectronics. 
Continuous research focuses on enabling smaller and faster devices. A basic understanding of 
the principles of the MOSFET operation is valuable for the understanding of the research in 
this thesis. In the simplest description, a MOSFET device can be described as an ON/OFF 
switch for current between source and drain (S/D). A bulk pMOSFET is schematically shown 
in Fig. 2.1. It is constructed with a silicon body where the S/D are heavily p-type doped 
whereas the channel region is n-type doped. The gate electrode (G) over the channel which is 
isolated from the channel via a thin dielectric film controls the carrier transport beneath. The 
sidewalls of the gate are isolated with oxide/nitride spacers. 
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Figure 2.1 a) Cross-section and b) top-view of a MOSFET transistor showing some 

important parameters in the device design.
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The current between S/D is controlled by the voltage at the gate terminal (VG). For 

example in a pMOS device by applying a negative potential to the gate, holes will be attracted 
and since the gate is isolated from the channel by the gate oxide, no current (except gate 
leakage current) will flow between the gate and channel. The channel region is n-type doped 
but when a sufficient amount of holes is present under the gate, the channel type will be 
inverted, i.e. the channel is said to be in inversion. The device is now p-type from source 
through the channel and to the drain which enables a current flow. An ideal switch would 
demonstrate zero current (off-state current (Ioff)) below a certain threshold gate voltage (VT). 
Above this threshold a constant high current (on-state current, Ion) should flow in the channel. 
In practice, the situation is not ideal, there will always be an Ioff current and the Ion current will 
be limited by several extrinsic resistances. In mathematical terms the current can be 
approximated as follows [1]:  
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Where µeff is the effective mobility, Cox is the gate capacitance per unit area, m is a body 
coefficient, kB is the Boltzmann constant, q is the electron charge and T is the temperature. VT 
is the threshold voltage which determines when the transistor turns on and it is given by three 
components.  
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The first term (VFB) is the voltage required to achieve the flat-band condition, i.e. there is no 
charge, electric field and a carrier concentration at thermal equilibrium from gate to substrate. 
It depends on the difference between the work function of the gate material and the substrate, 
and the charge density at the gate oxide interface. It is noted here that any bandgap change in 
substrate material or gate material, e.g. SiGe will change the VFB and consequently VT. This is 
extremely important when using transistors with SiGe in circuits since off-state leakage scales 
exponentially with VT. To keep a fixed VT, change of channel doping and/or gate material is 
necessary. The second term (2ψB) is the voltage to invert the channel charge to the same 
concentration as the substrate but with opposite polarity (often referred to as strong 
inversion). The last term is the voltage required to build up the depletion charge. 
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Typical ID-VG curves of a MOSFET device is displayed in Fig. 2.2 in both linear and 
logarithmic scale. Below VT the subthreshold behavior is visible for the curve plotted on the 
logarithmic axis. The steeper this slope, the faster the device can be turned off. The 
subthreshold slope (SS-1) is derived by differentiating eq. 2.3 with respect to VG: 
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An ideal low subthreshold slope of ~60 mV/decade is attractive for application where the off-
state current is crucial, e.g. hand-held electronics that are dependent on battery as energy 
source. However, in bulk transistors a SS-1<100mV/dec. is normally accepted. The extraction 
of VT is shown in the curve plotted on linear scale.  

An ideal transistor should demonstrate as low off-state current as possible (VG=0) and 
as high current as possible when the transistor is turned on, i.e. eq. 2.1 and 2.2 should be 
maximized and eq. 2.3 should be minimized.  

To maximize the on-current the simplest way is to increase the device width, W. 
However, this requires more chip area and it will not improve the intrinsic transistor high 
frequency switching. Different transistor widths are used in CMOS chips to compensate for 
the low hole mobility compared to the electron mobility. For pMOSFETs roughly two times 
wider W than nMOS is required to enable equivalent drive current.  

The next parameter which affects the current is the device gate length (LG). The current 
is inversely proportional to LG thus shorter LG is advantageous. This is the classical CMOS 
scaling described in ref. [2, 3]. Several issues evolve as the transistor gate length is reduced 
e.g. so called short channel effects (SCE). To overcome this effect, constant field scaling rules 
has been applied to the transistor design. This means that all device dimensions (horizontal 
and vertical) and voltages are scaled with the same factor and doping levels scaled with the 
inverse of the same factor. However, there are parameters that are not scalable e.g. 
temperature and bandgap of Si. For this reason it is difficult to scale voltages (supply and 
threshold voltages) and generalized scaling rules has to be used. In this approach the vertical 
and horizontal electric fields are scaled with a factor. This leads inevitably to an increment of 
the electric field in the device but the electric field pattern remains constant. Higher fields 
cause reliability issues and significant power density increase. Therefore, for every new 
generation of smaller devices improved performance is more difficult to achieve. 
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One of the important factors for the MOSFETs is mobility of the carriers (µ). The 

mobility is basically the proportionality factor between carrier drift velocity (νdrift) and electric 
field (E), i.e. νdrift=µ E. Thus, higher mobility leads to larger current for a specific electric 
field. The carriers are also scattered by various mechanism e.g. phonons, charges or 
defects/crystal imperfections. These scattering events drastically change the motion of the 
carrier under the conservation of motion and energy. A typical time span between these 
collisions (τ) is on the order of 0.1 ps [1]. Therefore, at any time the carriers will on average 
be accelerated by the force qE for the time τ. An expression for νdrift can now be formulated as 
τqE/m* where m* is the effective mass of the carriers  This means that µ=qτ/m*, so to 
increase the mobility we should either increase the time between collision or reduce the 
effective mass. In the eq. 2.1-2.3 it is not µ but rather the effective mobility (µeff) that is 
considered. Since µ normally notates the bulk crystal properties, µeff also takes into account 
the different surface scattering processes that are involved in the inversion layer conductance.  

During the recent years a variety of processes or designs are aimed at boosting the 
effective mobility in the channel. This could be e.g. highly stressed capping layers, strained 
S/D regions inducing uniaxial strain in the channel or biaxially strained epitaxial layers. These 
mobility boosters improve the performance of the devices. Problems arise in the integration of 
new processes which may cause yield and reliability problems. Chapter 4 is dedicated to 
survey the different mobility booster technologies suited for Si devices. 

The next parameter from the eq. 2.1 and 2.2 that we are discussing is the oxide 
capacitance Cox. Downscaling of the oxide capacitance Cox is necessary to maintain control of 
the channel as the device dimensions are decreased. Moreover, an increased capacitance 
creates stronger inversion and therefore decreases the channel resistance for the same gate 
voltage. Thinner insulator leads inevitably to a larger gate leakage current. High-k dielectrics 
and/or metal gates can possibly overcome this issue since thicker high-k films can provide the 
same capacitive equivalent thickness (CET) as thinner SiO2 films and metal gate can solve the 
problem with poly-depletion. The main problem with high-k integration has been the 
reduction of mobility. 
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Figure 2.2  ID-VGS characteristics in both logarithmic (left) and linear (right) scale, also 
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The body factor, m is a factor related to the body coupling of the device. This is 

given by eq 2.6: 
 

dm

ox

ox

dm

ox

BSubSi

W
t

C
C

C
qN

m 311
4/

1 +≈+≈+=
ψε

  (2.6) 

 
where εSi is the permittivity of Silicon, ψB is the potential difference between the 

intrinsic Fermi level and the Fermi level and Cdm is the Maximum depletion-layer capacitance 
per unit area. Ideally this factor should be equal to one but for traditional bulk MOSFETs, this 
normally lies between 1.3-1.5 depending on the gate oxide thickness (tox) and maximum 
depletion layer width (Wdm). To improve the subthreshold behavior, i.e. subthreshold slope a 
decreasing the body factor is the only alternative if the temperature is regarded to be fixed.  

The basis of these equations (eq. 2.1-2.3) is the assumption that the current is only 
limited by the channel resistance. However, this is generally not true for extremely scaled 
devices. The S/D part of the MOSFET can add a significant part to the total device resistance. 
For this reason, metal/silicide or silicide/semiconductor contact resistances are important for 
the device performance. Other issues here are the sheet resistance in both silicide and in the 
highly-doped Si. Contact resistance and sheet resistance are improved by higher dopant 
incorporation. Eq. 2.7 illustrates the exponential relationship between contact resistance (RC) 
and doping density (Nd) [4].   
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In this relation ФB is the barrier height of the metal, h is Planck’s constant, m* is charge 
carrier effective mass, q is the electron charge and εSi is the dielectric constant of Si. This 
relation illustrates that, in order to achieve low contact resistance, a low barrier height and 
high doping density is needed. Incorporation of high amount of B in SiGe is presented in 
chapter 5.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 12

References 
 
[1]  Y. Taur and T. H. Ning, “Fundamentals of modern VLSI devices,” Cambridge 

University Press, (1998). 
 
 
[2]  R. Dennard, F. Gaensslen, H. Yu, V. Rideout, E. Bassous, and A. LeBlanc, “Design of 

Ion-Implanted MOSFET's with Very Small Physical Dimensions,” IEEE J. Solid-State 
Circuits SC-9 (1974) p. 256. 

 
[3] G. Baccarani, M.R. Wordeman, and R.H. Dennard, “Generalized scaling theory and its 

application to a ¼ micrometer MOSFET design,” IEEE Trans. Electron Devices ED-31 
(1984) p. 452. 

 
[4] A.Y.C. Yu, “Electron tunneling and contact resistance of metal-silicon contact 

barriers,”Solid-State Electronics 13 (1970) p. 239. 
 
 
 



 13

CHAPTER 3  
 

 
 
 
 
 
 
 
 
 

Si/SiGeC as a material system 
 

Si-based materials are absolutely dominant in microelectronics due to low cost and high 
feasibility in device processing. Although the benefits of this type of material are high but 
there are still few problems of using Si-material for some applications. In this list, low carrier 
mobility, dopant segregation (especially for n-type dopants) and pattern dependency of 
growth (mainly for selective epitaxy) can be mentioned. There are methods to overcome these 
problems and some are tackled in this thesis. This chapter contains the basic chemical, 
structural and mechanical properties of Ge and C in the Si matrix. The strain parameters and 
strain relaxation are defined. Some integration issues of the Si/SiGeC system such as thermal 
stability of SiC/Si system are discussed. Finally, also Ni silicidation of Si/SiGeC systems is 
presented. 
 

3.1 Chemical and structural properties 
 
Si, Ge and C are all group IV element materials that crystallize with covalent bonds in 

the diamond lattice which is constituted of two fcc matrices displaced by a quarter of the 
space diagonal. The lattice constant for Si, Ge and C is 5.43, 5.66 and 3.56 Å, respectively 
[1]. Si and Ge can be alloyed over the whole compositional range showing no intermediate 
phases [2], on the other hand C alloying is significantly more complicated. By looking at the 
binary phase diagram of Si and C, it is clear that the only stable phase for carbon above the 
equilibrium solubility (i.e. 1017 cm-3 at the melting point) is stoichiometric silicon-carbide [3-
4], see Fig. 3.1. However, previous studies have reported that up to 5% C can be incorporated 
in Si1-yCy thin films, which is several orders of magnitude larger than the equilibrium 
solubility value [5-6]. Therefore, all layers with C concentrations exceeding the solubility 
limit are in a metastable (i.e. not thermodynamically stable) position and special care has to 
be taken in order to avoid silicon-carbide formation during growth or post annealing 
treatments. The solubility of carbon in Ge is even lower than in Si around 108 cm-3 at the 
melting point. Moreover, since the Ge/C phase diagram shows no stable intermediate phases, 
any formation of GeC crystallites can be out ruled [7]. 
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3.2 Si/SiGeC lattice mismatched systems 
 
Strain and mismatch definition 

When a grown layer has larger or smaller lattice constant compared to the substrate then 
a mismatch system is established with compressive or tensile strain [8]. An example in Si-
based material for compressive strain is SiGe/Si and for tensile is SiC/Si. As a result of the 
induced strain an elongation or shrinkage of lattice parameters along the growth direction 
(out-of-plane) is occurred as it is shown in Fig. 3.2. The relaxation behaviour of these systems 
is also schematically illustrated. [9]. The coordinate system is defined in Fig. 3.2 where z 
denotes the out-of-plane direction and x and y denotes the in-plane direction. 

 

Figure 3.1 Binary phase diagram of Si and C [3]. 
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In general, the lattice mismatch of a grown layer on a substrate is defined as follows: 
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where the lattice mismatch components (in-plane and out-of-plane) are defined by the 
following relations:  
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For a totally biaxially strained layer the in-plane lattice parameter is the same as the substrate 
which results in fx,y=0. Then the strain (ε) in the layer is described by the relaxed and strained 
lattice parameter perpendicular and parallel to the surface through the following definition: 
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The relation between the relaxed and strained layer is determined by the elastic compliances 
through the Poisson ratio (υ) which for an isotropic material as well as for [001] geometry is 
described by [10]: 
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The total mismatch can then be expressed as a function of the out-of-plane and in-plane 
contributions fz, fx,y and υ: 
 

 yxyxz ffff ,, )(
1
1

+−
+
−

=
ν
ν  (3.5) 

 
For most materials the Poisson ratio is in the range υ=0.3 ± 0.1 but it has been shown that for 
SiGe/Si systems a value of υ=0.278 is more suitable. This Poisson ratio can also be used for 
SiC/Si (or SiGeC/Si) layers since the low C content has no major influence on it [11]. By 
measuring the mismatch components by e.g. HRXRD (described in the appendix) and using 
the formulas; the strain, lattice parameters and relaxation amount can be obtained. The stress 
(σ) amount is obtained by using Hookes law: σ=Eε where E is the Youngs modulus. For 
biaxially strained Si the biaxial Youngs modulus is ~180 GPa. Therefore, for εz=1%, 1.8 GPa 
stress is obtained [12-13]. Paper 8 illustrates the use of HRXRD to determine the stress 
amount in strained Si films. The biaxial Youngs modulus for Ge is ~140 GPa and by using a 
linear relationship (Vegards law) between Si and Ge modulus, the stress in SiGe can be 
obtained. Typically 20% and 30% Ge in epitaxial SiGe films on Si yields stress amounts on 
the order of 1.5 and 2 GPa, respectively. The relaxation amount is defined as:  

                     
f

f
R yx,=     (3.6) 
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Relaxation of SiGeC layers 
Strained materials have by definition an elastic energy hidden in the lattice, which can 

be released totally, or partially when this energy is too large, i.e. in the case that the layer 
thickness exceeds the so-called critical thickness. In general, the relaxation of energy may 
result in the creation of misfit and threading dislocations, which degrade the electrical 
properties. The misfit dislocations are located at interface between two mismatched layer in 
order to create regions of good and bad coherence. In Si-based material (Diamond and Zinc-
Blende lattices) on (100) surfaces these misfit dislocation are oriented in the <110> direction 
and creates inhomogeneous strain fields which leads to a surface cross-hatch pattern. This can 
be observed in relaxed/partially relaxed SiGe layers under the microscope. The threading 
dislocations, on the other, hand pass through the material and terminate at the surface. These 
dislocations can be detected by wet-etching of the surface where the dislocation will appear as 
etch pits[14]. One of the early conceptually and simple models that predicted the critical 
thickness for strained layers was the Matthew-Blakeslee (MB) theory [15], see Fig. 3.3. This 
theory is based on the equilibrium between two forces: the force that is due to the lattice 
mismatch and the tension force that is created by the dislocation. Thus, theoretically 
equilibrium critical thickness (tequ) for different Ge amount can be obtained. However, 
subsequent experimental data demonstrated that thicker strained SiGe layers (texp) than tequ 
could be grown without any relaxation. The inconsistency of MB theory is due to the lack of 
consideration of a number of aspects, e.g. the interaction, multiplication and propagation of 
the dislocations. More complicated non-equilibrium models could describe the relaxation 
behavior more accurately [16]. 

It should be emphasized here that the onset of relaxation is gradual and significant 
relaxation is only obtained for films with thickness greatly exceeding the critical thickness. 
SiGe layers with thickness between tequ and texp are defined as metastable (see Fig. 3.3). 
Incorporation of small atoms, e.g. carbon or boron, compensates the strain in SiGe matrix and 
increases the critical thickness of the epitaxial layers. Recent results have also shown that the 
growth of SiGe layers on patterned substrates behaves differently. Thicker SiGe layers can be 
grown selectively in small oxide openings with minor relaxation; meanwhile equivalent non-
selectively grown SiGe layers (also on patterned substrates) may display a clear cross-hatch 
pattern, which indicates a narrower metastable region. These results point out that the 
formation of defects in layers grown on the pattern substrate differs significantly from the 
classical models for bulk material. A simple explanation for this difference in critical 
thickness is based on the strain distribution for selectively grown SiGe layers. The SiGe part 
close to the oxide edges is more relaxed compared to the central part. On the contrary, in the 
non-selective case the polycrystalline surrounding media induces defects into the crystalline 
SiGe layer. Thus, Fig. 3.3 is inapplicable for the SiGe layers grown on patterned substrates 
[17].  

Another important point about the relaxation is when the SiGe layer is thin then the 
relaxation occurs through surface roughening and not formation of dislocations [18]. This 
surface roughening appears as a sinusoidal perturbation which enables the lattice planes to 
relax towards the roughness peaks. The roughness results in an increase in surface energy, 
which balances the relaxation through decrease in strain energy.  

Recently new ways to obtain high quality SiGe layers have been demonstrated. As an 
example, by forming mesa structures via a trench etch, propagation and nucleation of 
dislocations can be inhibited, leading to dislocation free areas [19]. 

 



 18

 
 
Calculation of composition in SiGeC layers 

As has been pointed out above, strained layers experience different lattice parameters 
depending on the amount of alloying components. For a binary alloy e.g. Si1-xGex it is fairly 
easy to calculate the lattice constant using Vegard’s law or a polynomial expression when the 
composition is known [22]: 
 

32
1 00436.001957.002393.0))(()1)(()( xxxxGeaxSiaGeSia xx ++−+−=−  (3.7) 

 
When the composition is sought after, HRXRD is used to measure the SiGe lattice parameters 
which can be used to solve x from eq. 3.7. The first linear terms in relation 3.7 correspond to 
Vegard’s law and the other is higher order correction terms. For a ternary SiGeC compound a 
strain compensation effect will occur due to the size of the C atoms. This strain compensation 
amount can be converted to the substitutional C concentration. It has to be mentioned here 
that the Ge amount in SiGeC layers is not affected by the presence of C as confirmed by our 
results (see Fig 5.9) and other groups [11, 23-24]. For a ternary compound Vegard’s law can 
be formulated as following: 
 

)()()1(),( CGeSi ayaxayxyxa ++−−=  (3.8) 
 
where a(x,y) is the lattice parameter of the alloy and aSi, aGe and aC are the bulk lattice 
constants of the subscripted components. In a similar way this method is applicable for 
estimating the substitutional B concentration in SiGe layers [25-26]. Equation 3.8 yields, a 
Ge:C ratio of 8.2 which means that every C atom will compensate ~8 Ge atoms. 
 

 
Figure 3.3  Critical thickness values predicted by MB theory [15] and experimental

data for SiGe layers grown at 550 [20] and 750 °C [21]. 
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3.3 Compatibility of Si/SiGeC layers with CMOS processing 
 
Temperature stability 

The strained SiGe films can be grown both stable (in MB equilibrium region) and 
metastable. SiGe layers in MB region do not relax (diffusion may occur) whereas the films in 
the metastable zone relax e.g. by post-annealing treatments. However in order to achieve 
significant valence band off-set, SiGe layers with high Ge content is desired for devices and 
usually these layers lie within the metastable region. Therefore thermal stability issue of 
SiGe(C) becomes important since different annealing steps are required in the manufacturing 
of devices. 

Si1-yCy or Si1-x-yGexCy layers with carbon concentration exceeding the solid solubility  
~1017 cm-3 are always metastable. These films are thermally stable up to ~800 °C for long 
time annealing treatment or oxidation process as shown in Fig. 3.4 thereafter the C out-
diffusion is significant. When rapid thermal annealing treatment (RTA) is used the 
temperature window is expanded to almost 1000 °C. Further increased annealing temperatures 
will beside out-diffusion of C also lead to the formation of silicon-carbide precipitations. It is 
also noted that the temperature budget used for the devices in appended paper 6, i.e. FD SOI 
devices with SiGeC channels have no detectable degradation of the subthreshold 
characteristics indicating the out-diffusion of C, Ge and strain relaxation were minor. These 
devices exhibited long term oxidation treatment at 700 °C and short RTA treatment at 950 °C 
for 30 s.   

 
 

 

 
Figure 3.4 X-ray rocking curves illustrating the thermal stability of Si0.994C0.006 layers

with a) 10s RTA and b) long-time oxidation treatment. 
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Ni Silicidation of SiGeC 
Contact and access resistance in the device is an important issue in the various 

measurements of transistor characteristics. For instance, high contact resistances in MOSFETs 
shadow the mobility measurements in the short channel devices. One way to achieve low 
access resistance is formation of silicides. Different metals e.g. Ti, Co and Ni are used for 
formation of silicides. The study of these silicides have demonstrated a number of problems 
such as bridging or nucleation difficulties at small line-widths ~Ti and large Si consumption 
~Co [27].  

Among these monosilicides NiSi is a promising candidate for device applications since 
simpler processing (one-step annealing) is used and less Si is consumed during the silicidation 
process [28]. The interface reaction of Ni/Si consists of three steps, with Ni2Si formation at 
~200 °C followed by NiSi formation at 400–600 °C, and finally by NiSi2 formation at ~750 
°C. In the latest case, the sheet resistance is increased by transition from NiSi to NiSi2 [29]. 
The main disadvantage of Ni silicides is that the thermodynamically stable phase is NiSi2, 
which exhibits a significant increase in resistivity. Therefore, high-temperature steps cannot 
be performed once the NiSi is formed [27-29]. 

Since the application of SiGe in pMOSFETs as mobility booster, the attention of 
forming Ni on SiGe layers grew stronger. The composition of Ge in Si matrix reduces the 
thermal stability of the silicides. This may limit the use of SiGe layers with high Ge amount in 
the S/D areas. The implementation of C in SiGe could increase thermal stability effectively. 
Similar effect has been achieved by boron doping [30] which is normally introduced in the 
S/D areas of pMOSFETs. The effect of both B and C on the Ni silicidation remains an open 
issue.  

In this part of our discussion, the effect of Ge and C in Ni(SiGeC) crystalline films is 
presented. Fig. 3.5 shows the sheet resistance of three SiGe and two SiGeC samples 
demonstrate a sheet resistance of ~3 Ω/ at 450 °C annealing. The thermal stability of this 
sheet resistance value becomes poor with increasing Ge amount. Both Si0.89Ge0.11 and 
Si0.83Ge0.17 samples show 8 Ω/ for annealing at 825 °C compared to 700 °C for Si0.76Ge0.24. 
Since no Ni(SiGeC)2 phase was detected in the XRD diffractograms at this annealing 
temperature the increased sheet resistance is therefore completely attributed to the 
agglomeration formation. A high sheet resistance of up to 13 Ω/ has been measured for 
Ni/SiGeC samples after 360 °C annealing, and the formation of NiSiGeC is completed at 500 
°C for Si0.825Ge0.17C0.005 and 600 °C annealing for Si0.88Ge0.11C0.01. The agglomeration in these 
samples occurs at noticeably higher annealing temperature of 850–900 °C. A similar thermal 
stability behavior has also been reported for Ti/SiGeC and Co/SiGeC system [31-32]. In this 
case, it is evident that C plays a crucial role in retarding the interfacial reactions. 
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XTEM analysis of annealed NiSiGe and NiSiGeC shows a smoother interface of silicide 
film in presence of C.  At 800 °C annealing, the Ni(SiGeC) interface remains well defined, as 
shown in Fig. 3.6 (a). No dislocations or stacking faults were detected in the underlying 
SiGeC layer, and the crystalline quality is well preserved. This interfacial smoothness in 
NiSiGeC layers is similar to the reported results from NiSi(C) layers [33]. NiSiGe, on the 
other hand, no longer defines a layered structure. As it is apparent from Fig. 3.6 (b), large 
Ni(SiGe) grains (islands) are formed, which penetrate to the original SiGe/Si interface. The 
top surface of this sample is still relatively flat, which illustrates that the surface energy is 
much higher than the internal interface energies of the grains. 
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Figure 3.5  Variation of sheet resistance of NiSiGeC vs different RTA temperatures. 

 
Figure 3.6 XTEM photographs showing a) Ni/Si0.83Ge0.17 and b) sample

Ni/Si0.82Ge0.17C0.01 both annealed at 800 °C. 
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CHAPTER 4  
 

 
 
 
 
 
 
 
 
 

Mobility Boosters 
 

In the previous chapter, we discussed about the strain in Si and SiGe matrix. A 
composition of Si with Ge (or C) can provide strain in the GPa range which affects the 
electrical and optical properties of Si. Although the Si technology is mature, new processes 
still provide new device applications. The focus of today’s industry on SiGe material 
demonstrates a long term strategy of continuing to use this material for future devices. This 
chapter focuses on methods and principles of strain engineering in Si and the effect of 
inducing strain on band-structure. 

Improving the CMOS performance by geometric scaling and simultaneously lowering 
the supply voltage (VDD) is a very difficult matter. This is due to the fact that VT and gate 
oxide thickness cannot be downscaled with the same rate as VDD without going to the 
situation where the leakage current exceeds stand-by power requirements (this was also 
discussed in chapter 2). In the transistor design, higher channel doping levels and shallower 
S/D junctions are usually applied to control SCE at narrow gate lengths. On the other hand, 
these actions result in degrading carrier mobility and higher series resistances. Thus, a focus 
has been taken on high mobility channel and high carrier velocities in short channel devices. 
This goal can be achieved by inducing strain in the channel region or modifying the channel 
orientation. These suggestions raise the term mobility booster which is discussed in this 
chapter. Industry and research institutions have developed and investigated a substantial 
amount of different mobility enhancement techniques. The different mobility enhancement 
technologies are mainly based on inducing strain and it can be grouped in two main 
categories; substrate-based and process-based. This chapter is meant to give an overview of 
the different mobility boost technologies.  
 

4.1 Substrate-based technologies 
 

  The substrate based techniques use the advantage of either a built up strain or 
preferential crystal orientations of the wafer at the process start. Schematic diagrams 
displaying the different techniques are given in Fig 4.1. When we think about the mobility 
this substrate based category can be divided in two main groups addressing different 
enhancement mechanisms; using wafers with globally strained top layers, and applying 
wafers where the un-isotropic electrical conductivity in Si based materials can be utilized.  
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Globally strained wafers (biaxial Strain) 
This group includes a wide variety of different wafer types and materials. The wafers 

can be bulk wafers or SOI based. For pMOS devices, mainly compressively strained SiGe 
layers have been used. Ge contents between 20-30 % and layer thicknesses on the order of 10 
nm are normally used. This provides a stress level in the range 1.5 -2 GPa, as calculated in 
section 3.2. These, devices have shown significant enhancement even at short gate lengths 
[1]. 

  To achieve tensile strain, virtual substrates (VS) are normally used. In this case a 
relaxed SiGe or Ge layer is positioned on top of a Si wafer. A subsequent deposition of Si or 
SiGe layer creates a strained top layer. The strain in the top layer can be tensile or 
compressive depending on the application. Long channel mobility enhancements up to 10 
times for holes and 2 times for electrons have been obtained using this approach [2]. For 
nMOSFETs, a tensile strained Si layer is grown on top of relaxed SiGe. The most 
conventional way to grow relaxed-SiGe is to use a graded composition of 1µm/10%Ge. This 
technology is rather mature and dislocation densities on the order of 105 cm-2 can be obtained. 
The main drawback of this grading Ge method is the growth of thick buffer layers which 
suffers from long deposition times and large material consumption.  

Recently, more attractive methods were proposed to make VSs. The new methods rely 
on intense defect injection at the Si/SiGe interface to nucleate a substantial amount of 
dislocations and initiate a quick relaxation. One way is applying MBE technique. In this case, 
low temperature (up to 300° C) growth of SiGe buffer layer and/or using Sb surfactant during 
the first growth stage were the key points to achieve a high degree of relaxation [3]. As an 
alternative to this technique, CVD growth of thin SiGe layers containing C followed by an 
annealing step can also serve as VSs [4]. A review of biaxially strained VS and the 
applications can be found in reference [5].  

The use of SOI substrates is another method to create VSs. This is based on oxidation of 
a sacrificial SiGe layer grown on Si body. In this case, the oxidation of SiGe layers (usually 
with layer thickness of 20-50 nm) is at high temperature (1050-1150° C). Then the oxidation 
process favours the Si atoms and the Ge atoms are diffused down. The buried oxide (BOX) 
layer of SOI acts as a diffusion barrier leading to a condensation of Ge at the interface. As a 
result a thin relaxed-SiGe layer is obtained which is suitable for deposition of a tensile Si 
layer [6]. This layer can also be transferred to a new oxidized Si wafer which lead to a so-
called strained SOI (sSOI) wafer [7-8]. 
 
Crystal orientation 

The electrical properties of Si are highly dependent on the crystal orientation and the 
direction of carrier transport. Furthermore, hole and electron mobility are not maximized in 
the same direction and orientation. Therefore, a large amount of research today is focused on 
achieving substrates with so-called hybrid orientation technique (HOT). In this approach, the 
nMOS and pMOS devices will be processed for (100) and (110) Si crystal orientations, 
respectively [9]. The main advantage with this technology is that no novel material is 
introduced. Therefore, normally only minor changes to the processing sequence is anticipated 
(e.g. channelling differences during implantation and more complex substrate manufacturing).  
However, recent results point out that difficulties arise when SiGe is introduced on other 
surface than (100) due to relaxation and faceting [10].  
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4.2 Process-based technologies 
 

A rather recent approach to enhance carrier mobility in CMOS is by inducing uniaxial 
strain.  Fig. 4.2 demonstrates a schematic overview of process based techniques inducing 
strain in CMOS. These mobility boosters are usually effective only at gate lengths below 
roughly 100 nm.  
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Figure 4.1  Schematic overview of different substrate-based mobility enhancement 

technologies. 
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Figure 4.2  Schematic overview of different process-based mobility enhancement 
technologies. The different abbreviations are explained in the text. 
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Liners 
Highly stressed SiN layers have been used to induce strain in the channel region of 

MOSFET device. The SiN layer is deposited as a capping layer at the end of front-end 
processing. The strain in SiN can be tuned from compressive to tensile to achieve both nMOS 
and pMOS mobility enhancement. These types of layers may have stress values of several 
GPas. However, the stress amount in the channel is significantly lower [11]. The nitride layers 
can be used as a contact etch stop layer (CESL) and kept through to the end of device 
processing. A different approach is to use a stress memorization technique (SMT) where the 
nitride is deposited on the amorphous gate and removed after S/D activation. In both cases the 
nitride is stressor layer for channel region in the MOSFETs. 
 
Selective growth of SiGe in source and drain 

This design is based on a two-step process to form recessed junctions: a dry or vapor 
etch of Si in S/D regions and a selective epitaxy growth of B-doped SiGe layers (inducing 
compressive strain). The improvement of the transistor performance is not only a mobility 
enhancement but also from reduced S/D access resistance [12-13]. 

The vapour etching of Si is performed in a CVD reactor by introducing HCl gas prior to 
epitaxy step. The main drawback of implementing selective epitaxy is the pattern dependency 
behaviour which may result in an uncontrolled layer profile. More details about this method 
and pattern dependency are presented in the appended papers 2 and 3 in this thesis. 
 
Selective growth of SiC in source and drain 

This design can also be used for nMOS devices and it is similar to previous case for 
pMOS with SiGe but the recessed S/D is filled with SiC (inducing tensile strain). High C 
content and finding an optimized junction depth are two important issues to obtain a 
maximum electron mobility enhancement.  The growth is somewhat more complicated due to 
low growth rates as a result of Cl-based chemistry to preserve selectivity mode. Recently, a 
novel method was proposed for deposition of SiC layers with high C content and high growth 
rate. This is realized by using a new Si precursor, Silcore (Si3H8) at a growth temperature of 
500-550° C which enabled high C content and high growth rate. A subsequent HCl-exposure 
at low temperature was used to remove formed nuclides on the oxide surface resulting in a 
fully selective deposition [14-15]. 
 
Embedded SiGe 

Another approach of utilizing SiGe as stressor is to place it underneath the channel. This 
is performed by growing an epitaxial stack consisting of a Si top layer and a buried SiGe layer 
in the nMOS area. After gate definition and spacer formation the S/D regions are etched and 
regrown with epitaxial Si. In this way the SiGe will induce tensile strain in the Si channel 
improving nMOS device performance [16-17]. 
 
Shallow trench isolation (STI) 

Normally strain is induced from the oxide deposited normally by sub-atmospeheric 
CVD (SACVD) in STI regions. However, this is quite often unintentional since the induced 
stress from the STI may be non-uniform resulting in difference in the individual transistor 
performance. Also effects from other mobility booster technologies may be reduced. In 
principal however it could be used to induce beneficial strain in the channel region of the 
MOSFET [18].  
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Additive effects 

Recently, much attention has been focused on combining different mobility boosters to 
achieve even more enhancement. Reports have demonstrated that different mobility boosters 
are in fact additive when they are used on the same device. We may obtain stress levels of 
several GPa by combining a globally strained wafers with process induced liners [19]. As an 
example, the combination of CESL with substrate orientation and SiGe S/D improves 
performance of pMOS devices and Ion=1220 µA/µm at Ioff=100 nA/µm with VDD=1.2V is 
obtained [20].  

 

4.3 The strain effect on bandgap and carrier mobility in Si-based material 
 

Si and Ge have a bandgap of 1.11 and 0.66 eV, respectively. Both Si and Ge are indirect 
semiconductors meaning that the valence band maximum is located at the Γ point and 
conduction band edge at some other k value. For Si the conduction band has a six-fold 
degeneracy with ellipsoidal minima located at around 0.85Χ along the Γ-Χ direction, denoted 
Δ whereas Ge has the conduction band edge located at the L point. There are eight L points 
for the diamond structure but only four are independent since the opposite points are at 
equivalent positions [21-22]. The valence band of Si and Ge are similar with degenerated 
light (LH) and heavy hole (HH) band at the Γ point, whereas, the spin orbit (so) band has a 44 
meV and 290 meV split from the valence band edge for Si and Ge, respectively. The band 
diagram of Si and Ge are shown in Fig. 4.3a and 4.3b, respectively [22]. 

 
 

 

 
 

Figure 4.3 Band diagram of a) Si and b) Ge, figure from [21]. 
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A composition of Si and Ge will have a bandgap between the elemental values. Previous 
reports have stated that the SiGe alloy stays Si-like up to approximately 85% Ge [23]. SiGe 
alloys have an asymmetrical bandgap where the main change in the bandgap (band off-set) is 
in valence band side. The induced compressive strain splits the LH and HH together with 
spin-orbit bands. The HH band is shifted upwards and changes the curvature into light-
electron-like band. The original LH band also changes their character to become a heavy-
hole-like band. The induced strain shifts furthermore downwards the spin-orbit splitting band. 
These changes of the bandgap indicate that the SiGe/Si system can be used to enable 
confinement of a hole inversion layer in the SiGe of a pMOSFET device. An empirical result 
of the bandgap value for a strained SiGe on Si (100) substrate layer is given by eq. 4.1 [24-
25]: 
 
 3.0,396.0896.0107.1 2 <−−= xxxEg  (4.1) 
 

Incorporation of carbon in Si matrix or Si growth on relaxed SiGe layers will induce 
tensile strain which also alters the bandgap. An empirical relation for Si1-yCy films on Si show 
that the bandgap is in fact decreased when C is incorporated in the Si matrix. [26]: 
 
 yEg )3.05.6(17.1 ±−=  (4.2) 

 
Biaxial tensile strain (for SiC/Si and relaxed SiGe/Si systems) results in a type I bandstructure 
which splits the degenerated Δ6 valleys with a lowering of the Δ2 valleys in the growth 
direction. This provides a repopulation of electrons to these Δ2 valleys which has lower 
effective mass in the channel direction. In the valence band, LH and HH bands are split and 
the LH band will define the valence band edge. This is illustrated in Fig. 4.4 b). Enhancement 
of both hole and electron has been reported by having biaxial tensile Si as channel layer in the 
transistors [27]. The main reason for higher mobility is reduction of intervalley and interband 
phonon scatterings. Although biaxial tensile strain increases the hole mobility, this effect is 
vulnerable to high vertical electric fields [28].  

In the biaxially strained SiC/Si system, the amount of strain is increased by increasing 
the C content.  The exact effect of carbon in fully or partially strain compensated SiGeC 
layers is not well known. Mainly the band splitting is believed to decrease as the strain is 
compensated [29-30]. However the incorporation of small amounts of C into the Si1-x-yGexCy 
matrix leads to an increase of the bandgap by: 

 
yEg )2.03.2( ±=Δ      (4.3) 
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As mentioned earlier in this chapter, the uniaxial strain is induced by either 

implementing selective epitaxy or deposition of SiN layers to cover the whole transistor. 
In transistors with uniaxial compressive strain, hole mobility improvement is at both low 

and high vertical electrical field (in contrary to biaxial tensile strained case). For uniaxial 
stress the enhanced electron and hole mobility originates mainly from reduced conductivity 
effective masses [31]. 

Large mobility improvement can be achieved at rather low strain amount which has 
advantages from an industrial integration point of view since high strain amount may lead to 
the formation of dislocations and surface roughness. One of the points of this thesis is the 
study of leakage currents in nMOSFETs with biaxial tensile strain, see appended paper 8.  

Another benefit of the uniaxial strain is that it provides smaller n-channel VT shift. 
Normally the VT shift has to be compensated by changing gate material and /or channel 
doping. This may cause a significant part of the enhancement in electron mobility to be lost in 
biaxially strained devices [32]. 
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CHAPTER 5  
 

 
 
 
 
 
 
 
 
 

Chemical vapor deposition 
 

Epitaxy is considered as one of the most important step in device processing. By tuning 
the growth parameters different composition, dopant level and morphology can be obtained. 
This chapter is meant to be an introduction to the kinetics and methodology of the epitaxial 
growth. More details about epitaxy can be found in appended papers 1-3. 
 

 5.1 Epitaxy 
 

The word “epitaxy” is of Greek origin meaning “arranged upon” and is defined as the 
growth of a single crystalline layer arranged as the single crystalline bulk substrate. The 
mechanism behind epitaxy is that atoms can find a lower energy state as condensed matter 
aligned to the substrate. Defects will distort the system which will lead to an increase in the 
internal energy of the system, thus enabling the growth of extremely high quality epitaxial 
layers nearly defect free within the limits of the substrate quality. There are some major 
advantages of epitaxial growth compared to other techniques e.g. implantation, diffusion or 
bonding. An abrupt doping profile with low defect density can be obtained. Moreover, epitaxy 
can be performed at low temperatures, which solves many out-diffusion problems. 

There are many techniques available to manufacture high quality epitaxial layers. Many 
of these techniques can only be used in research applications due to low throughput. Among 
these research-oriented techniques are Molecular Beam Epitaxy (MBE) and Pulsed Laser 
Deposition (PLD) which are suitable for deposition of ultra thin layers. For industrial 
applications, however, chemical vapor deposition (CVD) has come to play the most dominant 
role. CVD uses chemical vapors that are stable in room-temperature. Therefore, only a minor 
amount of deposition occurs on the wall of cold- wall reactors. However, on the heated 
substrate the vapors decompose and react to create a film. CVD and especially reduced 
pressure CVD (RPCVD) provides a good trade-off between quality of the grown layer and 
deposition rate. One of the benefits with CVD is the possibility of using Cl-based chemistry 
which leads to both etch and deposition. By appropriate adjustment of the growth parameters 
deposition will only occur on selected Si areas on patterned substrates. This operation is 
referred to as selective epitaxial growth (SEG) and will be discussed in greater detail later in 
this chapter. The normal operation is thereby defined as non-selective epitaxial growth 
(NSEG). These issues are in fact the dominating reasons for the advantages of RPCVD 
technique [1-2]. 
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5.2 Fundamentals of CVD growth 
 

In a CVD process a variety of reactions may occur in the growth of an epitaxial layer. 
Fig. 5.1 a shows the overall processes in the reaction chamber and 5.1 b illustrates a 
schematic picture of wafer surface processes.   
 
1. Transportation of reactants to deposition chamber. 

2. Diffusion of reactants from main gas stream to the wafer surface. 

3. Flow of un-reacted process gases. 

4. The surface adsorbs reactants. 

5. Surface reactions. 

6. By-products leave the surface. 

7. Transportation of by-products together with un-reacted species. 

 
In these reactions the step number 2 or 4-6 are normally limiting, depending on the growth 
conditions.  
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Figure 5.1    a) Steps involved in the CVD process. The numbers are explained in the text 

   b) Schematic view of atomic processes, present in epitaxial growth [1-2]. 
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An important point in CVD is the transport of reactant from main gas stream to the 
substrate surface. Different models to describe this process have been proposed, however the 
most common (and simple) is normally referred to the boundary layer theory [1-3]. In this 
theory a laminar gas stream is flowing over the wafer. Due to the frictional force between the 
stationary susceptor/substrate a stagnant boundary layer arises. The main gas transport 
mechanism through this boundary layer is believed to be diffusion. As the gas molecules are 
deposited the boundary layer will be depleted of gas molecules if the reaction is faster than 
the diffusion. Over this boundary layer the gas is assumed to be well mixed and moving at a 
constant speed U. To determine the thickness of this boundary layer the balance of the 
frictional and accelerating force on a gas element yields a boundary layer thickness δ as a 
function of the position over the susceptor/substrate x to be: δ (x)=A(µx/U)1/2 where µ is the 
gas kinematical viscosity and A is a constant. The thickness of this boundary layer is however 
not easy to calculate exactly. Several unknown parameters are involved e.g. kinematical 
viscosity and gas velocity are highly dependent on the actual gas temperature which can be 
significantly different from the susceptor temperature. A quick calculation of the order of 
magnitude of this boundary layer yields values in the centimeter range. Fig. 5.2 show a 3-D 
plot illustrating the impact of different parameters on the boundary layer thickness, assuming 
ideal gases, kinematical viscosity unaffected by growth precursors, constant temperature 
profile and no effect of the reactor walls. These relatively crude assumptions in the rather 
simplified boundary layer theory, of course do not produce the absolute true picture. As a first 
estimate it still serves as a good approximation.   
.  
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Figure 5.2  3-D plot of the boundary layer thickness at the centre of the wafer vs the gas 

velocity and temperature. 
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Inside this boundary layer the gas transport is assumed to be dominated by diffusion [3-
4]. Then depending on the reaction rate the deposition can either be gas diffusion limited or 
surface reaction limited. At low temperatures the surface reaction rate is low and therefore it 
is the surface reaction that is the limiting mechanism. However, at high temperatures the 
surface reaction is very fast whereas the gas diffusion is relatively unaffected by the 
temperature leading to the gas diffusion limited deposition.  

The impinging molecules to the surface continuously grow the epitaxial layer. There 
are, however three growth modes of epitaxy resulting in radically different morphologies [8].  
The first mode is a layer-by-layer growth (Frank van der Merwe mode) resulting in a smooth 
2-D thin film. On the contrary, 3-D growth or islanding (Volume-Weber mode) can occur 
when the surface tension is too huge to preserve 2-D film growth. The third mode, Stranski-
Krastanov, is a combination of the 2-D and 3-D growth, i.e. the growth starts with a layer-by-
layer mode and later continues with island growth. Both Frank-van-der Merwe and Stranski-
Krastanov modes may occur when SiGe or Ge will be grown on Si depending on the growth 
parameters. 
 

5.3 ASM Epsilon CVD reactor 
 
The samples in this work were grown in an ASM epsilon 2000 single wafer RPCVD 

reactor (see Fig. 5.3). The system consists of four main parts: nitrogen purged load-locks, 
wafer handling section, process quartz chamber and gas exhaust cleaning section. A Bernouli 
arm transfers the samples from the load-lock to the susceptor in the process chamber. The 
susceptor area is heated by a series of halogen tungsten lamps from both the top- and down-
side which enable growth and rapid thermal adjustments in the range 550-1200 °C. The 
pressure in the chamber may range from atmospheric pressure down to 10 Torr. The 
connected process gases are the following: SiH4 and SiCl2H2 as the Si sources, 10% Ge in H2 
as Ge source and 1% SiH3CH3 in H2 as C source. The dopant gases are 1% B2H6, 1% AsH3 
and 1% PH3 diluted in H2 as B, As and P sources, respectively. In order to achieve extremely 
low partial pressures of the dopant sources, i.e. to create low doping, dilution lines are used to 
decrease the partial pressure of the dopant gases. In this way, partial pressures in the range 
~10-5 – 10-1 mtorr may be obtained. H2 and N2 are used as carrier and purge gases in the 
reactor. In this reactor, HCl is used for etching the quartz chamber or as a process gas in 
selective epitaxy. Pneumatic valves are used to control the on/off switching of the gas line. 
Both HCl and H2 have an in-line purifier unit in order to reduce O2 contamination in the 
epitaxial layers. The exhaust gases from the process chamber will be neutralized in a scrubber 
and later extinguished in a burner (not shown in the picture). All wafers are chemically 
cleaned prior to loading to Epsilon reactor and they are purged for 30 min in the load-lock in 
order to avoid the O2 contamination transfer to the process chamber [9]. 
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5.4 Substrate cleaning 
 

An epitaxial growth process is extremely sensitive to surface contamination, thus a 
reliable cleaning method is crucial in order to obtain a high quality epitaxial layer. In this 
study all substrates were chemically ex-situ cleaned. First an oxidizing step was performed for 
at least 5 min in a mixture of H2SO4 and H2O2 (2.5:1) at 120 °C. Thereafter, the formed oxide 
was stripped by a solution containing 50% HF, C3H7OH and de-ionized (DI) H2O (1:1:100) 
for 100 sec. at room temperature. After each step the wafers were rinsed for five minutes in  
N2 bubbled DI H2O. Finally the wafers were spin dried and inserted into the load locks. The 
in-situ cleaning consists of a 2 min bake at 1050 °C in H2 for blanket wafers and 5-20 min 
bake at 900-950 °C for patterned substrates. 
 

5.5 SiGeC epitaxy 
 

Chemical reactions 
Si deposition occurs in RPCVD by using hydrogen or chlorine based silicon sources. It 

is valuable to briefly discuss the steps in the chemical reaction: 
 
  Silane-based epitaxy 
 SiH4(g) + 2 _  ⇔  H + SiH3  (5.1) 
 SiH3 + _  ⇔  H + SiH2  (5.2) 
 2SiH2

  ⇔  H2(g)  + 2SiH  (5.3) 
 2SiH  ⇔  H2(g)+ 2Si(film)+2 _ (5.4) 

   

 

 
Figure 5.3 Outline of ASM Epsilon 2000 CVD reactor from [53]. 
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  Dichlorsilane-based epitaxy 
 SiH2Cl2 + 5_  ⇔ Si + 2H + 2Cl (5.5) 
 SiH2Cl2(g)   ⇔ SiCl2 +H2(g)  (5.6) 
 SiCl2 + 3_   ⇔ Si(film) + 2Cl  (5.7) 
 H + Cl  ⇔ HCl(g) + 2_  (5.8) 
 2Cl + Si  ⇔ SiCl2 + 3_  (5.9) 

 
where “_” denotes an incorporation site on the surface [10-11]. In these reactions, the species 
SiH2 and SiCl2 are very reactive. In general, the growth rate is limited by hydrogen desorption 
at low temperatures since this process is thermally activated and limited by the supply of 
reactants at high temperatures [1-2]. Germane (GeH4) and/or methylsilane (SiH3CH3) are then 
added to create Si1-xGex, Si1-xCx or Si1-x-yGexCy layers. The germane radicals are created 
analogously to the silane-based reactions, meanwhile the main radical for C incorporation 
(silylene) is created through the following reactions [10]: 
 
 SiH2 + SiH3CH3(g) ⇔ SiH4(g) + SiCH4  (5.10) 
 SiCl2 + SiH3CH3(g) ⇔ SiH2Cl2(g) + SiCH4  (5.11) 

 
In these reactions SiH2 or SiCl2 is needed and a SiH4 or SiH2Cl2 molecular is generated. 

SiCH4 is thus very sensitive to the fraction of SiH3CH3 or SiH2/SiCl2. A high partial pressure 
of methylsilane will result in C species that cannot be frozen into substitutional sites and 
nano-crystallites may be formed acting as the contamination [12]. Furthermore, if the SiH2 or 
SiCl2 amount is too low the reactions 5.10 and 5.11 will be distorted creating defects in the 
layer, see appended paper 1. 
 
 Growth kinetics 

A discussion of the basics in growth of SiGe layers (in this case illustrated for silane-
based chemistry) is valuable for the understanding of growth profile obtained when varying 
the silane and germane partial pressures, (PSi) and (PGe) respectively. Fig. 5.4 illustrates a 
significant increase in Ge amount as the PSi is reduced. However, an increase in defect density 
is seen as the mass flow ratio (germane/silane) is more than ~1/10. An interesting point is 
however the growth rate behaviour. The growth rate is nearly linearly increased for different 
germane partial pressures. Previous reports have suggested that this behavior is due to 
decrement of the hydrogen surface coverage in presence of Ge precursor on the surface. The 
activation energy for hydrogen desorption is in fact decreased on the Ge sites. The literature 
values for H desorption from Si (001) and Ge (001) is ~2 eV and ~1.6 [5-7] eV, respectively. 
Although the radically different Ge amount for different Silane partial pressures a constant 
growth rate is obtained when the Ge partial pressure is constant. Apparently the growth rate is 
completely determined by the surface coverage of Ge.  
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As we have discussed before from the binary Si/C phase diagram Si1-yCy, films are 

grown in meta-stable region. This raises several issues in the growth of layers containing C. 
First of all, the growth parameters must be set so that the deposition condition is far away 
from thermodynamic equilibrium where silicon carbide is formed (i.e. at low temperatures). 
Once deposited, though, the Si1-yCy/Si1-x-yGexCy films appear to be able to keep crystallinity 
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Figure 5.5  Impact of germane partial pressure on the growth rate for different silane 
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Figure 5.4  Impact of the germane partial pressure on the Ge amount for different 

silane partial pressures. 



 43

and composition up to significantly higher temperatures than the deposition temperature (see 
chapter 3.3). Furthermore, due to the small size of the C atom, interstitials are easily formed. 
In this study the maximum substitutional C amount incorporated in the Si matrix was 
increased from 4 1020 to 5.5 1020 cm-3 by lowering the temperature from 625 to 575 °C. 
This is consistent with previous results reported by Osten et al [13]. 

Although, the bulk solubility of C in Si is extremely low, during thin film growth it is 
the surface solubility that plays the most important role in C incorporation. It can be up to 
four orders of magnitude larger than the bulk value [14]. The increased solubility results from 
the fact that a surface offers additional degrees of freedom for the C atoms. This renders the 
possibility to incorporate a larger amount of C substitutionally. As the films grow thicker the 
C adatoms become rapidly buried on subsurface sites, and are quickly immobilized. The 
activation energy needed for C to leave the lattice is quite high (3.04 eV) [15], which makes 
the films rather stable. The substitutional carbon content in Si for different PSi vs PGe is shown 
in Fig 5.6. The issue of incorporating a high amount of carbon content while maintaining a 
high crystalline quality is not easy. For low silane partial pressures the C incorporation is 
increased rapidly by increasing partial pressure of the C precursor. However, low quality 
layers appear almost immediately for the low silane partial pressures, i.e. 20 mtorr. This is not 
surprising since the incorporation of each C atom requires a Si reactant specie in the reaction 
5.10 as mentioned above. 
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After optimization of all growth parameters for silane-based epitaxy a process window 
for growing high quality epitaxial SiGeC layers is obtained as illustrated in Fig. 5.7. In Cl-
based epitaxy low growth rate is obtained at the low temperature which is needed to 
incorporate large amount of C in Si/SiGe matrix.  
 
In-situ doping of SiGeC     

Creating sharp doping levels is an important issue in device design. In-situ doping 
offers several benefits over implantation technique. The thermal budget may be kept 
significantly lower than for the implantation and annealing process. Moreover, sharp 
interfaces between doped and undoped layers may be achieved. In CVD technique, dopant 
gases e.g.  arsine, phosphine, and diborane can be connected which enables a flexible scheme 
of both n- and p-type doping of SiGeC for different applications. A part of this thesis is 
attributed to incorporation of boron in SiGeC layers and it will be discussed in this part of 
chapter 5.  

The presence of boron atoms in the epitaxy process of SiGe layers may alter the growth 
kinetics of the adatoms. In this case, the influence of boron on growth rate of epitaxial layers 
has been investigated. In general, SiGeC layers showed a lower growth rate than SiGe, 
however, increasing the diborane partial pressure (PB) enhances the growth rate of these 
layers as illustrated in Fig. 5.8. This enhancement becomes significant for PB > 0.002 mtorr 
and a clear turning point is visible in the figure. This behaviour can alter both boron 
incorporation and defect density in SiGeC layers. The increase of the growth rate of SiGeC 
layers due to B-doping raises the theory that the Ge and C amount may be varied. To 
investigate this point SIMS (see Fig. 5.9) and RBS (not shown here) were performed in order 
to obtain the layer profile in these samples. It is evident within the accuracy of the SIMS 
measurement that the presence of boron had no influence on carbon and germanium atomic 
concentrations in any of the SiGeC samples. These results provide the possibility to calculate 
active boron concentration from the strain compensation amount. We have to emphasize here 
  

Figure 5.7  Process-window for non-selective SiGeC epitaxy at 625 °C on blanket
substrates. 
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that this method is easily applicable for SiGe samples but it is complicated in presence of 
carbon in SiGe layers. As the boron and carbon atomic concentration is known for each layer, 
it is possible to exploit the lattice mismatch variation due to incorporation of carbon in two 
radical different ways. In the first hypothesis, we can consider that incorporation of carbon 
has no effect on the active dopant concentration (substitutional boron) compared to sample 
without carbon. Then we subtract the strain compensation from boron and calculate the 
substitutional carbon content. In the second way, we can consider that the substitutional 
carbon amount is constant when boron is incorporated and analogously with the previous case 
calculate the active boron concentration. These two possibilities have been investigated by 
comparing with SIMS results, Hall measurements and HRXRD data and it appears that the 
first hypothesis is the more reliable: the incorporation of carbon seems to have only a minor 
effect on the active boron concentration. Since the atomic carbon concentration is constant in 
all B-doped SiGeC layers then we may conclude that the boron atoms have a tendency to 
locate at substitutional sites more preferentially compared to carbon. In this case, the carbon 
atoms may to a  higher extent locate interstitially in the lattice. 

A 4-point probe characterization was used to obtain information about the resistivity of 
the B-doped SiGeC layers. The resistivity behaviour of SiGeC layers vs active boron 
concentration is investigated as illustrated in Fig. 5.10. Reference curves for Si and Ge are 
also illustrated [16]. In general the measurement points are distributed within the published 
values of silicon and germanium. A clear trend is noticed that C containing layers seem to 
result in higher resistivity values compared to SiGe layers at the same doping level. This can 
be explained by the increased scattering terms due to C incorporation. Moreover, at high 
doping levels, saturation occurs which may be an indication of defects. 
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Figure 5.9  SIMS profile of a SiGeC:B/Si multilayer sample. The diborane partial
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5.6 SiGeC growth on patterned substrates 
 

Epitaxial growth on patterned structures offers several advantages compared to blanket 
growth. It allows a more flexible device design since epitaxy can be performed at later stages 
of device processing, e.g. after high temperature processing. The growth on patterned 
substrates can be in non-selective epitaxial growth  (NSEG) mode where the deposition is on 
the whole wafer. This means that a polycrystalline film will form over the dielectric mask and 
single crystalline layer grows inside the openings. In this case a thin seed layer is normally 
deposited (usually silane based) prior to the SiGe epitaxy step in order to have a uniform and 
smooth polycrystalline film. By applying a low pressure during the growth (~20 torr) the ratio 
of the polycrystalline to crystalline thickness will be close to one.  

Meanwhile, if the deposition occurs only in the openings (exposed Si areas) a selective 
epitaxial growth (SEG) mode takes place. This is achieved by inducing HCl gas during the 
epitaxy. In this way the Si layer in the openings and the formed nuclides on the oxide (nitride) 
surface are etched. In this type of epitaxy, the etch rate of the nuclides are remarkably faster 
than the crystalline Si leading to full selectivity mode. Integration of SEG in the devices is not 
an easy task since the epitaxy suffers from a pattern dependency behaviour (or loading effect) 
which has been investigated in detail in this thesis.  

The pattern dependency of the growth occurs also for NSEG but it can be solved by 
applying a polycrystalline seed layer prior to the growth.  

 
In-situ doping of selectively grown SiGeC  

Selectively grown in-situ doped layers are demanded in a wide range of applications. 
For MOSFETs channel doping or S/D formation are the most common. The channel of a bulk 
MOSFET transistor is normally implanted to control the short channel effects. However, by 
using in-situ doping extremely sharp doped/un-doped interfaces may be obtained. This can be 
applied to create ideal retrograded doping profiles with undoped surface channel regions. 
Moreover, for S/D regions an extremely low resisitivity is desired to reduce the parasitic 
resistances and thus increase the drive current of the device. Implantation and activation is 
successful in many ways doing this, however, in-situ doping has advantages for number of 
reasons. First of all in-situ doping is performed at substantially lower temperature budgets 
compared to the activation needed after implantation. This is beneficial for the introduction of 
various novel materials that cannot withstand high temperatures. Moreover, in-situ doping is a 
surface process that is performed far away from bulk equilibrium solubility. This means that 
the number of dopants, i.e. conductivity, can be significantly increased. This is illustrated in 
Fig. 5.11 where the substitutional boron incorporation is displayed vs the diborane partial 
pressure (PB) for small opening (10 10 µm2) and big reference openings (7 7 mm2). The 
small openings display that more than 1021 boron atoms per cm-3 may be incorporated in the 
film. Measuring the resisitivity of such films, however, show a saturation behaviour for 
increased boron concentrations. Still 0.5-1 mOhm cm is readily achievable by this 
technology, as illustrated in Fig. 5.12.         
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Pattern dependency in SEG of intrinsic SiGe layers  

In the literature a substantial amount of studies are focused on issues related to selective 
epitaxial growth on patterned substrates. These studies have demonstrated that the growth 
differs significantly from growth on blanket wafers [17-26]. This effect in SiGeC layers 
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Figure 5.11  Substitutional boron incorporation for different diborane partial
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Figure 5.12  Resisitivity for SiGe SEG layers vs the substitutional boron amount. 
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appears as variation of growth rate, Ge and C amount (even the doping concentration is 
affected, see next section) and also severe changes in morphological appearance. These 
changes on the patterned wafers can be divided into global effect meaning the variation of 
layout or architecture from wafer to wafer and local effect depending on the local layout. In 
this case, the layout refers to the size, geometry and density of openings (Si opening 
coverage) whereas architecture refers to the thickness of the oxide or nitride, oxide (or poly 
Si) which affects the thermal properties of the wafer. An un-controlled layer profile may be 
extremely devastating for the device performance since the composition and thickness 
variations may cause strain relaxation or resulting in undesirable thick epitaxial layers. An 
example of pattern dependency in SiGe selective epitaxial growth is shown in Fig. 5.13. Here 
three curves indicate the growth rate and Ge composition on blanket substrates, test chip 
(7 7 mm2) and 10 10 µm2 openings (separated by 100 µm corresponding to a Si coverage 
of around 1 %) on patterned substrates. A rather significant difference in growth profile is 
obtained. Note also that the 10 10 µm2 and test chip openings are located on the same wafer. 
Therefore it is only the local loading effect that causes this difference. 

Different reports have proposed methods (which are based on tuning the growth 
parameters) to reduce the pattern dependency of SEG but none has been able to eliminate this 
problem. One way is to apply low pressures (below 20 torr) during the growth which 
improves the lateral gas phase transport. Further improvements in growth rate uniformities 
may be achieved by increasing the HCl partial pressure [20-23, 26], though not confirmed by 
our experiments, see appended paper 3.  

More investigations about the pattern dependency behavior were performed by applying 
a new pattern containing chips with opening sizes of 1 1, 2 2, 4 4, 8 8, 10 10, 20 20, 
40 40, 80 80 and 160 160 µm2 which are located 100 µm distance from each other. This 
design corresponds to a Si coverage of chips ranging from 1-30%. Fig. 5.14 illustrates a 
sample with such mask layout.  
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Figure 5.13  Selective epitaxial growth performed in 10 µm openings, reference openings

and on blanket substrates. 
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The Ge content and growth rate versus Si coverage in the chips is shown in Fig. 5.15. 
Both growth rate and Ge content increase with decreasing the Si coverage and then saturate 
for coverage values below 1% which corresponds to chips with opening size smaller than 
10 10 µm2. A detailed study of pattern dependency of SEG is presented in the appended 
paper 3. 
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Figure 5.15  Effect of local Si coverage on the growth profile of selective SiGe layer. The
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Figure 5.14  Schematic view of the test pattern used for the pattern dependency study. 
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Pattern dependency in SEG of B-doped SiGe layers 

The variation of growth rate and Ge content due to the pattern dependency affects the 
boron incorporation in SiGe since the substitutional dopant concentration is dependent on the 
growth parameters. Fig. 5.16 shows the B content in SiGe layers with germane partial 
pressure of 0.3, 0.7 and 0.9 mtorr grown with three B partial pressure of 0.004, 0.016 and 
0.036 mtorr. 

We have estimated the substitutional boron concentration in SiGe layers from our 
HRXRD results. This can be performed by measuring the shift of the layer peak (comparing 
the intrinsic and B-doped SiGe layers) in the rocking curves and convert the strain 
compensation to the dopant concentration. It is worth mentioning here that the data in Fig. 
5.16 differs from the atomic boron concentration which is usually obtained from SIMS. In this 
figure the data from the defected SiGe layers is omitted. Comparing Fig. 5.15 and 5.16 
reveals that the boron incorporation follows a similar pattern dependency behaviour like the 
intrinsic SiGe layers, as expected.  
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Figure 5.16  Substitutional boron content vs chip Si coverage. 
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CHAPTER 6  
 

 
 
 
 
 
 
 
 
 

SiGeC in MOSFET devices 
 

 
This chapter introduces the MOSFET device reseach performed in this thesis. First the 

processing of short gate length MOSFETs is presented. The fabrication of SiGe-channel fully-
depleted (FD) pMOSFETs on ultra-thin body (UTB) SOI and strained Si (sSi) on relaxed 
SiGe virtual substrates nMOSFETs are illustrated. More details on the different devices are 
provided in the appended papers 5-8. 
 

6.1 Spacer gate technology for definition of deca-nanometer MOSFETs 
 

A substantial part of the investigation in this thesis was attributed to achieve deca-
nanometer gate lengths using the in-house I-line lithographic tools. This tool has a resolution 
limit of 0.3-0.5 µm depending on the application. The aim was to develop a robust patterning 
method for sub 50 nm lines. Similar methods, sometimes referred to as sidewall transfer 
lithography (STL), have also been used and developed in [1-4]. A detailed description of the 
fabrication process is presented in appended paper 5 and a brief overview is provided below. 
This paper illustrates a robust and reliable patterning of 45 nm lines and integration of these in 
nMOSFET devices. The MOSFETs demonstrated excellent electrical characteristics as well 
as yield from chip to chip and from wafer to wafer.  
 
Spacer gate fabrication sequence  

Isolation and standard gate-stack formation (gate oxidation, gate electrode poly-Si 
deposition and 40 nm TEOS deposition as hardmask for gate poly etching) was used as 
starting point for the spacer gate process. The realization of short gate length devices relies on 
a number of key issues: (1) good thickness control and step coverage of the various films 
involved, (2) selective dry- and wet-etching of one material with respect to the other 
materials, (3) complete removal of etch residuals, (4) anisotropic dry-etching with endpoint 
detection to create desired spacer arrays. On the oxide hard mask a 150 nm thick poly-
Si0.2Ge0.8 layer was deposited, see Fig. 6.1(a). After patterning using conventional I-line 
stepper lithography, the SiGe layer was dry etched. The etch generated vertical steps as a 
sacrificial support for the nitride (SiN) sidewall spacers. After resist removal SiN was 
deposited by plasma enhanced CVD. The thickness of the SiN film determined the final gate 
length, see Fig. 6.1(b). A second anisotropic dry-etch was applied to etch the SiN film. This 
consequently forms SiN spacers with width corresponding to the deposited thickness, see  
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Fig. 6.1(c). The remaining SiGe was selectively removed by a wet-etch, leaving behind 
rectangular SiN rings on top of the oxide hard mask, Fig. 6.1(d). At this point, the gate pads 
and gates with larger feature size were defined with an additional mask using I-line 
lithography, also illustrated in Fig. 6.1 (d). A third anisotropic dry-etch was applied to transfer 
the SiN/resist pattern to the hard mask. The hard mask was etched and the SiN spacers were 
removed by a wet-etch with a high selectivity towards the hard mask, as illustrated in Fig 6.1 
(e). Finally an anisotropic poly-Si dry-etch was employed to etch the gate electrodes, see Fig. 
6.1 (f). Scanning electron microscopy (SEM) was used to evaluate the line width roughness of 
the defined gates. A SEM and AFM image is displayed in Fig 6.1. A cross-sectional TEM 
image of a spacer gate transistor is illustrated in Fig. 2.1 in chapter 2, displaying a 45 nm gate 
length MOSFET. More details about Spacer gate fabrication sequence and device 
characteristics are found in appended paper 5. This fabrication process was used for 
fabrication of devices in appended papers 3 and 5-8. 

 

 
 
Figure 6.1  Process flow to manufacture short gate length devices by using spacer gate

technology. 
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6.2 pMOSFETs 
 
The hole mobility is inherently lower than the electron mobility in semiconductor 

devices. This demands an asymmetrical CMOS device design which increases the gate delay 
of the pMOS devices due to the increased device width. An approach of using SiGe as 
channel material has been widely used in order to increase the hole mobility as discussed in 
earlier chapters. By combining the advantages from a fully-depleted (FD) ultra-thin body 
(UTB) silicon on insulator (SOI) technology with a SiGe channel layer, a device with 
attractive properties is obtained. In this case, the body factor (m) for the transistors which 
were explained in chapter 2 can be substantially reduced. The maximum depletion width Wdm 
is significantly larger compared to a bulk device since the buried oxide (BOX) is added to the 
Si body. This creates an m value close to 1, see eq 2.6. This results in near ideal subthreshold 
slope and higher drive current. Moreover, the FD UTB SOI technology in itself displays 
significant improvements in mobility from the fact that intrinsic channel Si can be used due to 
the superior control of SCE compared to bulk devices. This leads to a significant decrease of 
the coulomb scattering from ionized impurities and decrease of the effective electric field. To 
control SCE effectively an undoped Si body thickness of around 1/3 of the gate lengths is 
required [5-7]. This sets large demands on the uniformity of the top Si layer. Other benefits 
from SOI technology includes improved radiation hardness and reduced parasitic 
capacitances. A comparison between bulk and SOI devices is performed in paper 7. It was 
shown that fabricated pMOSFETs on SOI substrates clearly demonstrate improved mobility 
values compared to bulk devices. In this study, an improvement of almost 100% was achieved 
in mobility of SiGe-based transistors on SOIs compared Si bulk material. By adding C to 
SiGe in active channel region an improvement in thermal stability and a decrease of dopant 
diffusion may be obtained. However, this may also lead to reduction of mobility which is 
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Figure 6.2  SEM top view (left) and AFM micrograph (right) showing a spacer gate

transistor. The line width roughness is correlated and no detrimental surface
roughness is introduced by the spacer gate process.
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