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Abstract 

Challenges with integrating high-κ gate dielectric, retrograde Si1-xGex channel and 
silicided contacts in future CMOS technologies are investigated experimentally and 
theoretically in this thesis.  pMOSFETs with either Si or strained Si1-xGex surface-channel and 
different high-κ gate dielectric are examined.  Si1-xGex pMOSFETs with an 
Al2O3/HfAlOx/Al2O3 nano-laminate gate dielectric prepared by means of Atomic Layer 
Deposition (ALD) exhibit a great-than-30% increase in current drive and peak 
transconductance compared to reference Si pMOSFETs with the same gate dielectric.  A poor 
high-κ/Si interface leading to carrier mobility degradation has often been reported in the 
literature, but this does not seem to be the case for our Si pMOSFETs whose effective 
mobility coincides with the universal hole mobility curve for Si.  For the Si1-xGex 
pMOSFETs, however, a high density of interface states giving rise to reduced carrier mobility 
is observed.  A method to extract the correct mobility in the presence of high-density traps is 
presented.  Coulomb scattering from the charged traps or trapped charges at the interface is 
found to play a dominant role in the observed mobility degradation in the Si1-xGex 
pMOSFETs. 

Studying contacts with metal silicides constitutes a major part of this thesis.  With the 
conventional device fabrication, the Si1-xGex incorporated for channel applications inevitably 
extends to the source-drain areas.  Measurement and modeling show that the presence of Ge 
in the source/drain areas positively affects the contact resistivity in such a way that it is 
decreased by an order of magnitude for the contact of TiW to p-type Si1-xGex/Si when the Ge 
content is increased from 0 to 30 at. %.  Modeling and extraction of contact resistivity are first 
carried out for the traditional TiSi2-Si contact but with an emphasis on the influence of a Nb 
interlayer for the silicide formation.  A two-dimensional numerical model is employed to 
account for effects due to current crowding.  For more advanced contacts to ultra-shallow 
junctions, Ni-based metallization scheme is used.  NiSi1-xGex is found to form on selectively 
grown p-type Si1-xGex used as low-resistivity source/drain.  Since the formed NiSi1-xGex with 
a specific resistivity of 20 µΩcm replaces a significant fraction of the shallow junction, a 
three-dimensional numerical model is employed in order to take the complex interface 
geometry and morphology into account.  The lowest contact resistivity obtained for our  
NiSi1-xGex/p-type Si1-xGex contacts is 5×10-8 Ωcm2, which satisfies the requirement for the  
45-nm technology node in 2010. 

When the Si1-xGex channel is incorporated in a MOSFET, it usually forms a 
retrograde channel with an undoped surface region on a moderately doped substrate.  Charge 
sheet models are used to study the effects of a Si retrograde channel on surface potential, 
drain current, intrinsic charges and intrinsic capacitances.  Closed-form solutions are found 
for an abrupt retrograde channel and results implicative for circuit designers are obtained.  
The model can be extended to include a Si1-xGex retrograde channel.  Although the analytical 
model developed in this thesis is one-dimensional for long-channel transistors with the 
retrograde channel profile varying along the depth of the transistor, it should also be 
applicable for short-channel transistors provided that the short channel effects are perfectly 
controlled. 
 
Key Words 

MOSFET, SiGe, high-κ dielectric, metal gate, mobility, charge sheet model, retrograde 
channel structure, intrinsic charge, intrinsic capacitance, contact resistivity. 
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1. Introduction 

In 1928 Lilienfeld [1] proposed a concept for a field effect electronic device 

using Al/Al2O3/Cu2S structure, which has gradually become today’s metal-oxide-

semiconductor field-effect-transistors (MOSFETs).  However, the first MOSFET was 

realized much later in 1960 [2] by using Si substrate and SiO2 gate insulator.  Since 

then, Si and SiO2 have become the key materials for electronic circuits and after the 

invention of the integrated circuit (IC) in 1958 there has been a tremendous increase 

in performance and number of transistors on a chip.  The key to these achievements is 

the downscaling of the MOSFETs.  Downscaling is in its simplicity to make the 

MOSFETs smaller in physical dimensions.  Today, as many as ~108 MOSFETs can 

be integrated on an IC.  The downscaling of MOSFETs has followed Moore’s law [3] 

which predicts a doubling of transistor performance and quadrupling of the number of 

devices on a chip every three years.  The downscaling is predicted to continue well 

into next decade following the International Technology Roadmap for Silicon (ITRS) 

[4], as shown in Table 1 where some key parameters directly related to this thesis are 

extracted.  To assist the downscaling for future CMOS technologies, new materials, 

Table 1. Scaling of MOSFETs according to the ITRS roadmap. 

Year 2001 2003 2005 2007 2013 

Physical gate length L 

HP* (nm) 

65 45 32 25 13 

Equivalent oxide thickness 

EOT (physical) (nm) 

2.3 2 1.9 1.4 1 

Supply voltage VDD (V) 1.2 1 0.9 0.7 0.5 

Nominal HP NMOS IDS,sat 

(µA/µm) 

900 900 900 900 1500 

Nominal HP NMOS Ioff 

(µA/µm) 

0.01 0.07 0.3 1 7 

Source/drain resistance RS+RD 

(Ωµm) 

190 180 180 140 90 

Contact maximum resistivity 

ρc (Ωcm2) 

4.1·10-7 2.7·10-7 1.8·10-7 1.1·10-7 3.8·10-8 

*HP=High Performance 
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notably high-κ dielectric, strained Si/Si1-xGex, metal gate and NiSi contact, are being 

incorporated in the MOSFETs.  Such an attempt is often referred to as “material-

scaling”, giving an extra dimension for the realization of future advanced devices.  

General review articles concerning the downscaling, new materials, and innovative 

device structures are available in the open literature [5-7].  In particular, the physical 

gate length L is reduced in order to increase speed.  At the same time the supply 

voltage, VDD is reduced in order to limit the increases in power consumption and 

electric fields.  The saturation current, Isat is kept constant, and it only allows for a 

small increase in the leakage current, Ioff.   

As the title suggests, this thesis is focused on modeling and characterization of 

novel MOSFETs integrating a number of new materials, as shown schematically in 

Fig. 1.  The thesis is organized as follows.  In Chapter 2, some of the basic MOSFET 

theory that is relevant for this thesis is reviewed.  Then, the concept of device-

dimension scaling is presented and it is concluded that to accomplish the predicted 

near-future and future downscaling trends, new materials and novel device concepts 

must be integrated in the MOSFET.  The rest of the thesis focuses on a few specific 

subjects about new materials and novel device concepts assisting the downscaling. 

Different aspects of the gate stack are discussed in Chapter 3.  The traditional 

polycrystalline Si gate and the emerging metal gates are briefly evaluated.  Different 

properties of high-κ gate dielectrics that are relevant are included.  The interface 

between the oxide and the channel is examined with a special focus on interface traps.  

Related results for MOSFETs with high-κ gate dielectrics are presented in Papers I 

and II.  Paper III presents a study of interface traps and their effect on channel carrier 

mobility. 

High-κ gate dielectrics

Retrograde Si1-xGex channel

Si n-well Bulk

p+ Drainp+ Source

Gate

Silicide
 

Figure 1. A schematic sketch of a modern pMOSFET 
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In Chapter 4, a description of channel engineering is provided.  It starts with 

an introduction to charge sheet models.  A charge sheet model for MOSFETs with a 

retrograde channel profile is presented.  The model deals with drain current, intrinsic 

charges and intrinsic capacitances.  The results for Si channel MOSFETs are 

presented in Papers IV and V.  Since compressively strained Si1-xGex gives rise to 

higher hole mobility than the usual Si channel, Si1-xGex channel pMOSFETs with a 

retrograde channel profile are also examined theoretically. 

Discussions about the source and drain regions in terms of contact resistance 

are presented in Chapter 5.  Different methods to measure specific contact resistivity 

are first presented with a thorough description of the cross-bridge Kelvin (CBK) 

structure.  The CBK structure is modeled in both two- and three-dimensions.  The 

results for the traditional TiSi2-Si contact as well as for the more advanced NiSi1-xGex-

Si1-xGex contact, both obtained using the CBK structure, are presented in Papers VI 

and VIII, respectively.  To quantify how energy band engineering could affect a 

metal-semiconductor contact, the results of the TiW-Si1-xGex contact, obtained using 

another commonly used method - Transmission Line Method (TLM) are presented in 

Paper VII.  Finally, a short summary of this thesis is given in Chapter 6. 
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2. Operation of MOSFET  

In this chapter, the basic MOSFET theory directly relevant to this thesis will 

be briefly reviewed.  The first section gives a description of basic MOSFET theory.  

The second section describes the scaling trend and the challenges to the scaling.  From 

the second section, it becomes clear that “unconventional” materials and a 

modification to the channel structure are necessary. 

 

2.1 Basic MOSFET theory 

For convenience, a schematic cross-section of an n-channel MOSFET is 

shown in Fig. 2.  When a negative voltage is applied to the gate terminal, holes are 

accumulated at the oxide-bulk interface.  Between the source and drain, there are now 

two diodes coupled back to back.  Therefore there can be no current between these 

two terminals, except for a leakage current.  When a positive voltage is applied to the 

gate terminal, electrons are attracted to the oxide-bulk interface by the vertical electric 

field.  These electrons form an n-type channel between the source and drain, where 

they can flow from the source to the drain under the influence of a lateral electric 

field.  Under this condition, the drain current [8] can be expressed as 
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How IDS varies with VDS is schematically shown in Fig. 3.  The voltage on the gate 

terminal needed to create a strong inversion in the channel is called threshold voltage, 

VT.  For a uniformly doped substrate, VT [9] is determined by 
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⎛
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N
q
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From a circuit point of view, an important performance factor is the switching 

response time.  It measures how fast a MOSFET inverter stage, shown in Fig. 4, can 

be turned on and off.  The switching response time, directly related to IDS, is given by 

[10] 

 

Source (S) Gate (G) Drain (D)

Bulk (B)

p

n+ n+

oxide

 
Figure 2. A schematic sketch of an nMOSFET. 
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Figure 3. IDS-VDS characteristics obtained according to Eq. (1). 
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satDS

DDLOAD
sw I

VC

,2
=τ  (4) 

 

The gate delay time, τg is another important parameter because the gate 

resistance and gate capacitance form an RC link along the width of the MOSFET.  

The gate delay should be much smaller than τsw in order to support the circuit 

operation.  The reason for this is simply that the entire MOSFET should switch at the 

same time along the width of the gate.  τg can be expressed as 

 

4

2WCR oxG
g =τ  (5) 

 

2.2 Scaling trend, short cannel effect, thin oxide and series 

resistance 

MOSFETs are becoming faster, less power consuming, and integrated with a 

higher packaging density by manufacturing them smaller through downscaling.  One 

downscaling approach is to keep the electric fields unaltered when scaling down the 

device dimensions, i.e. constant field scaling.  In the constant field scaling approach 

[11], all device dimensions are scaled down equally much.  The constant field scaling 

was proposed to keep drain induced barrier lowering (DIBL) (explained later) 

constant.  In Fig. 5, the idea of constant field scaling is schematically shown, and in 

Table 2 a number of scaling parameters at constant field scaling are found.  For 

instance, the doping concentration in the bulk is increased to keep the electric field in 

nMOS

pMOS

0

VDD

CLOAD
S

S

D

DG

G

VoutVin

 
Figure 4. A MOSFET inverter stage with a capacitance at the output. 
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the depletion region constant and to reduce depletion width.  The constant field 

scaling is however not always easy to realize because some parameters cannot really 

be scaled properly.  Notably, neither the thermal voltage nor the bandgap of Si change 

with dimensional scaling.  The non-scalable thermal voltage leads to a non-scalable 

sub-threshold current, which in turn determines how much threshold voltage can be 

scaled down.  The non-scalable bandgap leads to a non-scalable built-in potential, 

which, among others, determines the depletion layer width and the short channel 

effect.  The off-current [12] is determined by 
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where 
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is called body-effect coefficient [12].  Because of the exponential dependence, VT 

cannot be scaled down without causing a significant increase in off-current.  In fact, 

the off-current increases at a constant VT because Cox increases with downscaling.  

Since VT cannot be scaled down as much as the physical dimensions, a limitation also 

exists in downscaling of VDD because a reduction in IDS occurs when VGS-VT is 

reduced.  The solution is therefore to scale down VT and VDD less rapidly than the 

physical dimensions.  This approach is called generalized scaling [13], as seen in 

Table 2 where the electric field is increased by a factor of β so that the applied 

voltages are not scaled down so fast as the device dimensions. 

The high electric fields can result in electric breakdown and other reliability 

issues.  Furthermore, the channel carrier mobility is dependent on the vertical electric 

field and degrades with increasing vertical electric field [14,15].  As the gate length 

decreases, tox also need to decrease in order to increase the drive current and control 

DIBL.  However, tox cannot be smaller than around 20 Å due to electron tunneling 

[16].  The precise minimum value of tox depends of course on applications [4], high 

performance or low power, analog or digital.  One method to reduce gate leakage and 
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still ensure that the gate has a good control of the channel is to use a high-κ dielectric 

material to replace the currently used SiO2 as the gate oxide [17].  Consider two 

parallel plate oxide capacitors of the same capacitance given by 

 

oxt
WL

C 0κε
=  (8) 

 

When the oxide thickness increases, the dielectric constant also need to increase in 

order to keep the capacitance unaltered.  One of the capacitors actually has SiO2 as the 

n+
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tox

V

L

dB
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Doping αNA

 

Figure 5. Downscaling of device dimensions from left to right for constant field 

scaling. 

 

Table 2. Scaling parameters for both constant field scaling and generalized scaling. 

  Constant field 

scaling 

Generalized 

scaling 

Scaling 

assumptions 

Device dimensions 

(tox, L, W, xj) 

1/α 1/α 

 Doping concentration 

(NA) 

α αβ 

 Supply voltage (VDD) α α/β 

    

Electric field 1 β 

Depletion layer width 1/α 1/α 

Derived scaling 

behavior of 

device parameters Capacitance 1/α 1/α 
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oxide and the other with a high-κ dielectric.  The following relation is therefore found 

between these two oxide materials: 

 

κ
κκ

κ
−

−

= highox
high

SiO tEOT ,
2  (9) 

 

where EOT is the equivalent oxide thickness; it is the equivalent thickness of a SiO2 

layer which gives the same capacitance as the high-κ gate dielectric of a much larger 

thickness tox,high-κ.  Therefore, a high-κ gate dielectric can be thicker than a SiO2 gate 

dielectric and still give rise to an equally large capacitance. 

The DIBL is caused [18] by the depletion regions around the drain and the 

source as shown in Fig. 6.  When the gate length becomes shorter, the depletion 

regions constitute a relatively larger portion of the channel.  Therefore, the fraction of 

the bulk charge controlled by the gate decreases while that controlled by the drain 

increases.  Consequently, the gate voltage needed to create a strong inversion 

becomes smaller leading to a decrease in VT.  Eq. (2) can be rewritten as 
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Now, it is clear that VT decreases with decreasing BQ′ , because BQ′  is negative.  The 

reduction in VT is a 2-D problem.  The 2-D problem can of course be solved with 

numerical means.  There also exist many different analytical approximations of this 

problem.  The foundation for the solution is that the fraction of the bulk charge 

controlled by the gate is reduced.  The result for the reduction of VT [18,19] is 
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According to Eqs. (11)-(12), it is apparent that NA needs to increase and/or xj 

to decrease in order to reduce the DIBL.  However, NA is closely related to VT that 

also needs to decrease.  VT cannot be reduced below ~0.2 V because Ioff would then 

become too large and thermal instability would appear [4,20].  The competing 

requirements on NA for controlling DIBL and VT can be resolved with a retrograde 

structure as discussed in Chapter 4.  Another method to reduce the DIBL is to reduce 

xj.  A summary of how DIBL is affected by these parameters is shown in Table 3.  

When the source and drain series resistances increase, the drain-source intrinsic 

voltage decreases and therefore the drain current decreases.  A high source series 

resistance also reduces the gate overdrive, VGS-VT.  The influence of series resistances 

as well as the methods to reduce them are discussed in Chapter 5. 

n+ n+

toxoxide

Source (S) Drain (D)

Gate (G)

L

xj

Bulk (B)

p

Depletion region

 
Figure 6. A MOSFET with the depletion regions shown.  Also included are some 

parameters important for scaling and DIBL. 

 

Table 3.  Summary of parameter that affect DIBL.  

Drain Induced Barrier Lowering 

Decrease in DIBL 

xj decreases 

NA increases 

tox decreases 
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3. Gate Stack 

In this chapter the requirements for a gate stack, some of which already 

mentioned in Chapter 2, will be discussed.  Included are the requirements for the gate 

electrode, the high-κ gate dielectrics and the interface between the dielectric and the 

channel.  The discussion below also refers to the appended papers, I through III. 

 

3.1 Metal and semiconductor as gate material 

Metal gates [21,22] are anticipated to replace the prevailing poly-Si(Si1-xGex) 

gate in order to suppress the high gate resistance and poly-gate depletion.  Poly-gate 

depletion increases the EOT in inversion when p+ and n+ poly-Si are, respectively, 

used for pMOSFET and nMOSFET.  The dual poly-Si gates are needed for correct VT 

for both types of MOSFETs.  The basic requirements on a new gate material are, 

among others, appropriate work function, low resistivity, chemical stability with the 

surrounding materials (oxide and metallization), and process compatibility.  The 

depletion into a poly-Si gate [23] is calculated by 

 

gateSi

B
oxdepl Nq

Tkt 2

8
ε

ε=  (13) 

 

The threshold voltage is strongly dependent on the work function of the gate 

material as in Eq. (2).  To achieve a proper threshold voltage for both nMOSFET and 

pMOSFET, it is necessary to use two different gate metals [21] or a metal whose 

work function can be tailored with doping as with poly-Si.  The sheet resistance of the 

gate material determines the gate resistance and therefore gate delay, τg.  It is 

therefore important to use a gate material with a low resistivity.  Using metal gates 

may also yield a lower sheet resistance than silicided poly-Si(Si1-xGex) gates give. 

 

3.2 High-κ gate dielectrics 

High-κ gate dielectrics [17] are used to achieve a small EOT and at the same 

time a small gate leakage current.  It is anticipated that high-κ gate dielectrics will 

replace SiO2 as the gate dielectric for sub 53 nm MOSFETs aimed for digital 

applications [4].  There are a number of requirements for a new gate dielectric 
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material, such as permittivity, bandgap, band alignment to Si, thermal stability, film 

morphology, interface quality, compatibility with the current or expected materials to 

be used in processing for CMOS devices, process compatibility, and reliability. 

The permittivity of the high-κ material must be substantially higher than the 

permittivity of SiO2.  The bandgap must be large enough and adequately placed so 

that both ∆EV,c-o and ∆EC,c-o are substantially large (large band offsets), see Fig. 7.  A 

low ∆EC,c-o, for instance, leads to a high gate leakage current because electrons can be 

emitted from the conduction band of the channel to the conduction band of the oxide 

and further to the gate.  A similar process occurs for holes for a small ∆EV,c-o.  A 

summary of some properties of different high-κ candidates is shown in Table 4.  The 

upper limit of κ is around 20 because a higher value could lead to fringing field 

induced barrier lowering at the drain region of the device [24,25].  Moreover, 

materials with large κ generally have a small bandgap, which can lead to degradation 

of the on/off characteristics of the device.  As mentioned earlier about the 

downscaling, it is common that the oxide thickness is scaled down more rapidly than 

the supply voltage [17].  This difference in scaling rates results in an increased electric 

field that causes more severe dielectric break down and pulls the carrier closer to the 

interface.  Any imperfection at the interface [17] causes traps, roughness, and fixed 

charges, all tend to degrade the device performance.  Most alternative gate dielectrics 

have a substantial amount of, often positive, fixed charges that lead to a shift in VFB.  

Eg,oxide
Eg,channel

∆EC,c-o

∆EV,c-o

EC

EV

Electron emission if 
∆EC,c-o is small

Hole emission if 
∆EV,c-o is small

 
Figure 7. Band diagram of a Si MOSFET with a gate dielectric that displays 
appreciable band offset ∆EC,c-o and ∆EV,c-o to the conduction and valence band of Si, 
respectively. 
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As one of the few exceptions, Al2O3 has negative fixed charges.  It is important that 

the fixed charge density be low to avoid large shift in VFB so as to achieve correct VT.  

Fixed charges also lower the mobility due to Coulomb scattering.  Combinations of 

Al2O3 with other high-κ gate dielectrics can lead to a low net charge.  One method to 

increase the channel-oxide interface quality is to leave a thin SiO2 interlayer at the 

channel-oxide interface.  Such a SiO2 layer is also often created unintentionally prior 

to and/or during the deposition of high-κ dielectrics.  Using a thermally grown SiO2 

results in a high quality interface and therefore negligible mobility degradation.  

However, incorporating such a layer can lead to a substantial increase in EOT.  

Hence, if this solution should be used, the SiO2 thickness should preferably only be 

one monolayer, since with a SiO2 layer at the interface the EOT becomes 

 

κ
κκ

κ
−

−

+= highox
high

SiO
SiO ttEOT ,

2

2
 (14) 

 

It is also necessary that the high-κ gate dielectric be stable with Si, which rules 

out oxides such as Ta2O5 and SrTiO3.  Al2O3 is thermodynamically stable with Si and 

has a high crystallization temperature (> 900 ºC) [26].  Al2O3 is also a good barrier to 

oxygen diffusion and therefore protects the Si surface from oxidation [26-27].  A 

Table 4. Comparison of relevant properties for high-κ candidates [17]. 

Material Dielectric 

constant (κ) 

Band gap 

Eg oxide (eV) 

∆EC,c-o (eV) to 

Si 

Crystal structure(s) 

SiO2 3.9 8.9 3.2 Amorphous 

Si3N4 7 5.1 2 Amorphous 

Al2O3 9 8.7 2.8 Amorphous 

Y2O3 15 5.6 2.3 Cubic 

La2O3 30 4.3 2.3 Hexagonal, cubic 

Ta2O5 26 4.5 1-1.5 Orthorhombic 

TiO2 80 3.5 1.2 Tet.a (rutile, anatase) 

HfO2 25 5.7 1.5 Mono.a, tet.b, cubic 

ZrO2 25 7.8 1.4 Mono.a, tet.b, cubic 
 
aMono=monoclinic bTet.= tetragonal 
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drawback with Al2O3 is its relatively low dielectric constant.  HfO2 has a considerably 

higher dielectric constant.  Its main drawbacks are a low crystallization temperature 

(below 400 oC), interfacial reactions at the HfO2/Si interface and growth of interfacial 

layers [28-29].  HfO2 also features a poor barrier to oxygen diffusion.  Crystallization 

can lead to a high leakage current and a less uniform and reproducible dielectric, as 

compared to an amorphous material with otherwise equivalent properties.  The reason 

for a high leakage current is likely due to the presence of grain boundaries in the HfO2 

layer that generate states located in the bandgap of the HfO2.  The decrease in 

uniformity and reproducibility is likely caused by differences in κ that is different for 

different crystallographic structures of HfO2.  Local thinning of the HfO2 layer upon 

crystallization may also occur preferably at the grain boundaries due to grain 

grooving.  A possible solution to achieving a low EOT, a low leakage, and a good 

barrier to oxygen diffusion (and therefore protects the Si surface to the channel and 

the gate electrode material) is to use a tri-layer nano-laminate gate oxide stack such as 

Al2O3/HfO2/Al2O3.  This proof-of-concept structure motivated the work summarized 

in Papers I through III.  

Si pMOSFETs with Al2O3 as gate oxide were studied by Ragnarsson et. al. 

[30].  They extracted a degraded hole mobility.  The mobility degradation was 

attributed to Coulomb scattering by the high density of interface traps (low 1011 cm-

2eV-1).  Shi et. al. [31] studied pMOSFETs with both Si and Si0.8Ge0.2 channels where 

HfO2 was used as the gate dielectric.  The sub-threshold slope was found to be 85 and 

105 mV/dec for the Si and Si0.8Ge0.2 device, respectively.  The corresponding EOT 

was 2.1 and 2.4 nm.  This difference in sub-threshold behavior was explained as 

resulting from differences in density of interface states as well as in EOT.  Bae et. al. 

[32] studied nMOSFETs with AlHfOx as gate oxide with an EOT equal to 2.8 nm.  

The crystallization temperature of the AlHfOx layer was found to increase with 

decreasing Hf content.  The sub-threshold slope was 73 and 72 mV/dec for 20 and 38 

at. % Al, respectively. 

Our Si0.7Ge0.3 pMOSFET with Al2O3/HfAlOx/Al2O3, Al2O3/HfO2/Al2O3, and 

Al2O3 dielectrics displayed a sub-threshold slope of 110, 110, 135 mV/dec, 

respectively, see Papers I and II.  The Si pMOSFET with the Al2O3/HfAlOx/Al2O3 

stack exhibited a sub-threshold slope of 75 mV/dec.  An EOT of 2.3, 2.8, and 3.4 nm 

was extracted for the Si0.7Ge0.3 pMOSFET with Al2O3/HfO2/Al2O3, 
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Al2O3/HfO2/Al2O3, and Al2O3, respectively.  It is however hard to directly compare 

our pMOSFETs with those of Ragnarsson et. al., because no sub-threshold slope was 

specified in their work.  Since our Si pMOSFET with EOT=2.8 nm exhibited an 

appreciably lower sub-threshold slope (75 mV/dec) than in the MOSFET of Shi et. al. 

with EOT=2.1 nm (85 mV/dec), the interface quality of our Si device should be 

better.  For the SiGe devices, both the sub-threshold slope and the EOT are 

comparable although we had a larger Ge content than theirs (30 at.% vs. 20 at.%).  

Finally, it is difficult to make a fair comparison between our pMOSFETs with the 

nMOSFETs of Bae et. al.  Examples of other studies of MOSFET with high-k gate 

dielectrics can be found in [33-35]. 

 

3.3 Gate oxide-channel interface and interface traps 

The interface between gate oxide and channel is a crucial component of a 

MOSFET.  The electrons are very closely bound to this interface because of the high 

vertical electric field.  Imperfections at the interface can cause carrier trapping, 

mobility degradation, and change of threshold voltage.  Carriers trapped at the 

interface are named interface trapped charges [36].  Interface traps can be a result of 

structural defects, metal impurities, or other defects caused by radiation or similar 

bond-breaking process.  Since these traps are in electrical communication with the 

semiconductor, they can both trap and de-trap a carrier in the semiconductor.  

Depending on the nature of the trap as well as the Fermi level and bias condition, the 

trap can be positive, negative, or neutral.  These traps can also lead to increases in 

sub-threshold slope and decreases in carrier mobility due to increased Coulomb 

scattering.  Studies of interface traps in a MOS structure have been an important 

subject [37,38] and can be traced back in early semiconductor research [39].  Si 

channel MOSFET with thermally grown SiO2 gate dielectrics usually has a low 

density of interface traps.  However, MOS structures with SiGe channel and/or high-κ 

gate dielectrics often show a high density of interface traps. 

Density of interface traps, Dit can be measured with several different 

techniques.  One of them is three-level charge-pumping [40].  Three-level charge-

pumping can measure both the density of interface traps and the energy position of the 

traps in the bandgap.  The following is a short description of how the measurement 

actually works.  When a voltage pulse on the gate drives the surface into accumulation 
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(at time point ‘a’ in Fig. 8 (b)), the interface traps are filled with electrons supplied by 

the bulk.  At the transition to the step level (‘b’ in Fig. 8 (b)), electrons begin to emit 

from traps close to the conduction band first, since those traps have the shortest 

emission time.  If the time spent at VStep is much longer than the emission time at this 

energy level then all interface traps above ψs,Step, the surface potential corresponding 

to VStep, will be able to emit to the conduction band and to the bulk.  It is important 

that the electron emission time be shorter than the hole emission time.  Under such a 

condition, the measurement is performed for those traps in the upper half of the 

bandgap.  When the pulse drops to an energy level at which the channel is in strong 

inversion (‘c’ in Fig. 8 (b)), the traps are emptied by hole capture from the valence 

band supplied by the source/drain.  There is a net amount of electrons going into the 

bulk terminal each period.  This amount depends on Dit and ψs,Step.  Hence, by 

measuring the bulk current it is possible to get Dit as [40] 
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Stepsit d
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after certain mathematical derivations and simplifications.  In Eq. (15), the signs + 

and – refer to the charge pumping in the upper and lower halves of the band gap, 

respectively.  This description is valid for measuring Dit in the upper bandgap half.  

For measurement of traps in the lower half of the bandgap, the gate voltage should 

follow the variation shown in Fig. 8(d).  The corresponding surface potential 

variations are found in Figs. 8 (c) and (e). 
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Figure 8. In three-level charge-pumping, a time-varying voltage is applied to the gate 

terminal and the charge pumping current is measured at the bulk terminal (a).  The 

variation of the applied gate voltage (b) and the corresponding variation of surface 

potential (c) are schematically shown for measurement of traps in the upper half of 

the bandgap.  Similarly, one finds the variation of the applied gate voltage (d) and the 

corresponding variation of surface potential (e) for measurement of traps in the lower 

half of the bandgap. 
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3.4 Effects of interface traps on mobility and mobility 

measurement 

In Paper III, the extraction of effective hole mobility was performed on 

pMOSFETs with a strained-Si0.7Ge0.3 surface-channel in combination with an ALD 

TiN/Al2O3/HfAlOx/Al2O3 gate stack.  In these devices, a high density of interface 

traps on the order of 1012 cm-2eV-1 was found.  As a result, a heavily distorted 

effective mobility curve with a slow mobility roll-off towards low vertical electric 

field was found.  This distortion was mainly caused by mobility degradation as a 

result of Coulomb scattering of the mobile channel carriers by the charged interface 

defects, i.e. charged traps or trapped-carriers that remain charged (i.e. trapped 

charges).  A considerable proportion of the distortion resulted, however, from a direct 

use of the standard split-CV measurement results.  Since a significant fraction of the 

inversion carriers became trapped at the interface, an error arose when using the 

standard split-CV technique.  After compensation for the trapped charges, a 

substantial mobility enhancement was demonstrated with the devices, as compared to 

the Si reference devices with the same gate stack as well as to the universal hole 

mobility curve for Si. 

Recognizing the potential detrimental effect of charge trapping on the mobility 

extraction using the standard split-CV technique, a procedure for extraction of correct 

mobility was presented in Paper III.  In our approach there, the trapped, immobile 

charge was first found by counting the traps measured by charge-pumping over an 

appropriate energy/voltage interval.  The effective mobility was then calculated using 

the Split-CV method after removing the immobile charge from the measured QI curve 

using CV technique.  In short, our approach examined the charges.  An alternative 

method is to make the compensation on the Cgc curve, i.e. to examine the 

capacitances.  It is shown below that these two approaches are entirely equivalent, as 

expected. 

If trapping and de-trapping of carriers can follow the small AC signal in the 

CV measurement, the density of inversion carriers measured by means of the split-CV 

method consists of two components in the presence of interface traps,  

 

immobImobII QQQ ,, +=  (16) 
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In the split-CV measurement, capacitances are extracted from impedance 

measurements.  It is therefore practical to use equivalent circuits with capacitances to 

describe MOSFETs.  In the following, all capacitances are calculated per unit area.  

The equivalent circuit for measurement of the gate capacitance, Cg, between terminals 

G and B,S,D is shown in Fig. 9(a).  If de-trapping of the trapped carriers is fast 

enough, in comparison with the measurement frequency, the carriers trapped at the 

interface are able to follow the small AC signal that is used for capacitance 

measurement.  Therefore, all the traps in the bandgap can be represented by the 

interface trap capacitance, Cit, while the charges in the depletion region and the 

mobile carriers in the inversion layer are represented by CB and CI, respectively.  The 

equivalent circuit for measurement of the gate-channel capacitance, Cgc, and the gate-

bulk capacitance, Cgb, between terminals G and S,D and terminals G and B, 

respectively, is shown in Fig. 9(b).  The traps that have shorter hole emission time 

than electron emission time de-trap to the valence band and therefore contribute to 

Cit,c that is in turn connected in parallel with CI.  The traps that have shorter electron 

emission time than hole emission time de-trap to the conduction band and therefore 

contribute to Cit,b that is in turn connected in parallel with CB.  To clarify these 

statements, Fig. 9(c) shows schematically how Cit,b and Cit,c are correlated to the 

different traps located in the bandgap.  An important part of the split-CV method is 

the measurement of Cgc.  According to Fig. 9(b), Cgc can be expressed as 

 

( )
( )Icitox

Icitox
gc CCC

CCC
C

++

+
=

,

,  (17) 

 

The immobile charge [41] extracted from three-level charge-pumping is 
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From Eq. (16) and Eq. (18), the expression used for mobile carriers is 
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The relation between Dit,c and Cit,c is [41] 
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Inserting Eq. (20) in Eq. (19) gives 
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The inversion charge in the equivalent circuit in Fig. 9(b) is given by 
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Figure 9. Equivalent circuits for measurement of Cgg (a) and measurements of Cgc and 

Cgb (b), as well as correlation of Cit,b and Cit,c to the different traps located in the 

bandgap (c). 
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which can be rewritten as: 
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From Fig. 9(b) the relation between VGB and ψs is 
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using that VCB=0.  Inserting Eq. (24) and Eq. (17) in Eq. (23) yields 
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Since there exists no interface trap in communication with the inversion 

charge between ψs,FB and ψs,max, Eq. (25) is in fact identical to Eq. (21).  Furthermore, 

it has shown slightly earlier that Eq. (21) is equivalent to Eq. (19).  The latter equation 

is used in Paper III. 
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4. Channel Structure 

Different designs for the channel of a MOSFET are discussed in this chapter.  

A retrograde channel is used to reduce the short channel effect at a given threshold 

voltage, whereas a Si1-xGex channel is used to improve the performance of 

pMOSFETs (higher current).  This chapter begins with a charge sheet model that most 

models today are based on.  Extensive results related to the retrograde channel are 

presented in Papers IV and V.  Since retrograde Si1-xGex channels are found in Papers 

I and II, an extension is made of the charge sheet model developed in Papers IV and V 

to account for the influence of the retrograde Si1-xGex channels. 

 

4.1 Charge sheet model 

Charge sheet models [42-44] can be used for calculation of drain current, 

charges, and capacitances in MOSFETs.  The models are superior to threshold voltage 

models because of their general validity in all regions of inversion.  For MOSFETs 

with uniformly doped bodies (i.e. substrates, where the channel is found), analytical 

solutions of drain current, charge, and capacitances expressed as functions of surface 

potential have been developed.  The basic assumptions in the charge sheet models are 

that the inversion layer has an infinitesimal thickness and that the drain current is 

caused by drift and diffusion.  With these assumptions the surface potential, for an 

nMOSFET, is given by 

 

t
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tssFBGB
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φψ

−+++=
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 (26) 

 

with 
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C
Nqε

γ
2

=  (27) 

 

There also exist analytical approximations to Eq. (26) [45,46].  The inversion 

charge can be expressed as a function of surface potential by assuming a gradual 

channel from source to drain in the lateral direction and using the depletion 

approximation.  The result is  
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( )tssFBGBoxI VVCQ φψγψ −−−−−=′  (28) 

 

By assuming steady state and constant mobility, IDS is given by 
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4.2 Retrograde channel 

A common doping profile in the channel of modern MOSFETs is a retrograde 

one [47] with a lightly doped surface layer on top of a relatively heavily doped 

substrate.  Such a profile aims at controlling the short channel effect and achieving an 

acceptable threshold voltage.  The retrograde structure is shown in Figs. 10(a) and (b).  

The low surface doping concentration can also increase the effective mobility by 

reducing the Coulomb scattering in the channel.  Our mathematical analysis of the 

retrograde channel in Paper IV gives some revealing results for surface potential and 

capacitances.  A strikingly simple relation between ψs and ψξ, the potential at the 

interface between the intrinsic surface layer and the doped substrate, is derived as 

 

∆−−∆+=− tst φψφψ ξ  (30) 

 

with 

 

2

2
ξ

ε Si

AqN
=∆  (31) 

 

It leads to another important result with a simple change in bulk charge upon 

implementation of a retrograde channel.  In a uniformly doped channel, the bulk 

charge per unit area is  

 

tsoxB CQ φψγ −−=′  (32) 

 



Stefan Persson 27

which is decreased to  

 

toxB CQ φψγ ξ −−=′  (33) 

 

for retrograde channels.  This decrease (absolute value) in BQ′  is easily understood 

since there is no dopant, or a lower doping concentration, in the surface layer.  The 

decrease in BQ′  also leads to decreases of all capacitances related to the bulk terminal.  

Figure 11 shows some important calculation results for drain current (a),(b), gate-

source capacitance (c) and bulk-source capacitance (d).  The results can be 

summarized as follows.  For the drain current and capacitances that are not related to 
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Figure 10. (a) Schematic figure of a retrograde channel MOSFET and (b) the 

corresponding doping concentration as a function of depth.  (c) Schematic figure of a 

pulse-shape doped channel MOSFET and (d) the corresponding doping concentration 

as a function of depth. 
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the bulk terminal, a simple shift of the corresponding characteristics along the gate 

voltage axis is found as compared to the drain current and capacitance curves for a 

uniformly doped body.  A decrease in amplitude, in addition to the voltage shift, is 

found for the other capacitances.  For details, see Papers IV and V.   

The retrograde structure analyzed so far is a simplification of the actually used 

pulse-shape doped structure shown in Figs. 10(c) and (d), for the reason of 

mathematical derivations.  Apparently, the pulse-shape doped structure can be 

described with the same equations above as well as in Papers IV and V for the 

retrograde structure, as long as the depletion region does not exceeds xb.  This is 

justified by the fact that the depletion region does not become any wider after the 

inversion layer is formed.  Furthermore, a correct design of the channel doping profile 

should be such that the depletion region is confined within xb to avoid short channel 
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Figure 11. IDS versus VGS, at VDS=0.1V, for ξ=0, 10, 20 and 30 nm, presented in (a) 

linear and (b) logarithmic scale.  Variation of (c) Cgs and (d) Cbs with VGS at VDS=1V.  

Symbols are ATALS simulation and lines are analytical solution. 
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effect.  Hence, NA in the retrograde structure should correspond to the highest doping 

concentration in the pulse-shape doped structure.  The relatively lowly doped bulk 

with NB, Fig. 10(d), does not influence the drain current and intrinsic capacitances 

discussed in Papers IV and V, although it does affect the (extrinsic) junction 

capacitances.  This behavior is easily explained [48]: when there are several contact 

potentials in series, it is their sum that is of importance in accordance with 

Kirschhoff’s potential law.  The contact potential between the substrate and the metal 

in the bulk contact, in the retrograde structure, is expressed as 

 

mm φφφ −= 1,1  (34) 

 

The contact potential for the pulse shaped structure is identically given by: 

 

( ) ( ) mmm φφφφφφφ −=−−−= 1221,1  (35) 

 

Although the 1-D model described above as well as in Papers IV and V has 

been developed for long-channel transistors with the retrograde channel profile 

varying along the depth of the transistor, it should be applicable for short-channel 

transistors as long as the short channel effects are perfectly controlled.  

 

4.3 Si1-xGex channel 

The hole mobility is considerably smaller the electron mobility in Si.  This 

makes the drive current, per unit gate width, of pMOSFETs smaller than that of 

nMOSFETs.  The gate delay is, as a result, larger for pMOSFETs than for equally 

sized nMOSFETs.  Incorporating a Si1-xGex-channel in pMOSFETs [49,50] can 

benefit from an enhanced hole mobility in compressively strained Si1-xGex epitaxially 

grown on Si substrate.  To avoid a high density of interface states introduced as a 

result of direct oxidation of the Si1-xGex in order to grow the SiO2 gate dielectric [51], 

a Si cap-layer is often deposited on top of the strained Si1-xGex making the absolute 

majority of the fabricated Si1-xGex pMOSFETs buried-channel type.  Skipping the Si 

cap results in Si1-xGex surface-channel pMOSFETs as shown in Chapter 3 as well as 

in Papers I to III.  Both types of p-type Si1-xGex MOSFETs are shown in Fig. 12. 
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A charge sheet model for pMOSFETs can be derived following the method for 

that derived for nMOSFETs in Papers IV and V.  The resultant model differs from 

that for nMOSFETs with a few changes in signs, as shown below.  The surface 

potential equation is now expressed as 
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where 
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The surface potential equation at the source and drain ends can be evaluated from Eq. 

(36) with VCB=VSB and VCB=VDB, respectively.  The drain current is expressed as 
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and the Fermi level given by 
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Note that VGB, VSB, VDB, and ψs are usually zero or negative.   

With a few modifications, the model above can be further extended to describe 

Si1-xGex surface-channel pMOSFETs, as shown below.  For Si1-xGex epitaxy, a Si 
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Figure 12. Schematics of a Si1-xGex (a) surface-channel and (b) buried-channel 

pMOSFET.  
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buffer layer is usually needed for defect control.  Both the Si1-xGex layer and the 

underlying Si buffer are undoped, as shown in Fig. 12(a), resulting in a retrograde 

channel.  There is a band offset in the valence band, ∆EV that is positive, between the 

Si1-xGex and Si [52] making the inversion at a less negative gate voltage, as compared 

to a Si channel device with otherwise identical technological parameters.  The 

exponential term inside the square-root in Eq. (36) actually corresponds to the 

inversion charge.  Thus, with reference to the discussions in [53], a logic step in 

establishing an approximate charge sheet model for Si1-xGex surface-channel 

pMOSFETs, from Eq. (36), is to take into account the change in the valence band by 

adding the offset to the surface potential in the inversion charge term: 
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Correspondingly, the parameter ∆ is changed from Eq. (37) to  
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when the difference between the dielectric constants for Si and Si1-xGex is neglected.  

The drain current is still given by the same equation, i.e. Eq. (38), but with a higher 

mobility now. 
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5. Source and Drain Resistance  

In this chapter, one of the most important extrinsic components of a MOSFET 

is discussed, i.e. the specific contact resistivity between the external metallization and 

the source/drain terminals.  The results are found in Papers VI through VIII. 

 

5.1 Source and drain series resistance 

In a long channel MOSFET, the source and drain resistances are usually 

negligible compared to the channel resistance.  As the channel length is decreased, 

these parasitic resistances become significant compared to the channel resistance and 

can therefore cause a significant current degradation [54].  A MOSFET is mostly 

affected by the source and drain resistances in the linear region where VDS is low. 

In a non-silicided MOSFET with only one ion implantation of dopants to form 

the source/drain junctions, as shown in Fig. 13(a), the source and drain resistances (RS 

and RD) consist [55] of the following components: the accumulation layer resistance 

Rac for the region where the current is confined close to the surface layer, the 

spreading resistance Rsp corresponding to the transition region where the current 

spreads out from the aforementioned thin layer over the depth of the source and drain, 

the sheet resistance of the source and drain Rsh typically 200-500 Ω/□ [56], and the 

contact resistance between the source/drain terminals to the metal Rco.  A 

characteristic of a metal-semiconductor contact is its specific contact resistivity ρc.  

Both Rsh and Rco that can severely affect the performance of a MOSFET can be 

greatly reduced by using a metal silicide often formed using self-aligned silicide 

(SALICIDE) technology [57].  When the SALICIDE is used, the silicide is present in 

all three terminals including the gate as shown in Fig. 13(b).  For a thickness of 40 

nm, a silicide shunt layer typically lowers the sheet resistance to 3-5 Ω/□ using C54 

TiSi2, CoSi2 or NiSi with a resistivity of 10-20 µΩcm [57].  Therefore, the use of a 

silicide layer is effective and crucial for reduction of the parasitic resistances.  Using 

silicide can also lower the specific contact resistivity, because the metal-Si contact can 

be made intimate free from any interfacial contamination.  A silicide with an 

appropriate work function is important for low-resistivity contacts to both types of Si, 

as shown in Paper VI where TiSi2 is used.   

Another additional means to reduce the source/drain resistances and at the 

same time to attain a small DIBL is to use two ion implantations of dopants into the 
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source and drain regions, forming a doping profile schematically shown in Fig. 13(b).  

A low-energy implantation is first performed to form the two shallow junctions 

immediately adjacent to the two ends of the channel.  After the gate spacers are 

formed, a relatively high energy implantation is carried out to form the deep regions 

where the silicide-Si contacts are made using SALICIDE.  For the source/drain 

structure including a shallow and a deep profile shown in Fig. 13(b), calculation of RS 

and RD is more involved than for the structure in Fig. 13(a).  Numerical or 

approximate analytical modeling of RS and RD can be found in [58-60]. 
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Figure 13. MOSFET with (a) non-silicided and (b) silicided source/drains.  The 

different parasitic resistance components are shown in (a).  
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5.2 Methods for measurement of metal-semiconductor 

contact resistivity 

All contacts are characterized with a contact resistivity that is a vital parameter 

in designing MOSFETs.  For a metal-semiconductor contact, the primary origin of 

contact resistivity is the presence of a Schottky barrier between the semiconductor and 

the metal [61].  Several methods can be used for characterization and determination of 

the specific contact resistivity.  They include Cross-Bridge Kelvin (CBK) [62], 

Contact End Resistance (CER) [62], and Transfer Length Method (TLM) [62,63]; the 

structures are shown in Fig. 14.  These methods are, however, indirect in the sense 

that the specific contact resistivity is extracted from preferably several measured 

resistances.  One fundamental parameter for a contact is the transfer length, LT 

defining the electrical dimension along the contact where the current passing through 

drops to 1/e of its peak value measured at the entrance of the contact.  With this 

definition, LT can be found as [62] 

 

s

c
T R

L
ρ

=  (42) 

 

The width of the semiconductor (often referred to as “diffusion layer”) is 

usually larger than that of the contact in a CBK structure, due to process requirements.  

For TLM and CER, it is possible to make the width of the contact coincide with that 

of the diffusion layer.  The difference in widths in a CBK, as shown in Fig. 14(a), is 

the origin of current crowding around the contact in the surface plane.  The current 

crowding in the surface plane is more severe for contacts with a larger sheet resistance 

of the diffusion layer and/or smaller contact resistivity [62,64].  The advantage of 

using a CBK is its ability to obtain very small specific contact resistivity values.  

Modeling of a CBK is discussed in detail in Section 5.4 and Paper VIII.  Current 

crowding can also occur perpendicularly to the surface plane, if the contact is over-

etched during processing, i.e. a certain thickness of Si in the opening of the contact is 

etched off unintentionally.  It can also take place due to Si consumption during 

silicidation resulting in a silicide step recessed into the diffusion layer as shown in 

Fig. 1 and Fig. 13(b).  When the diffusion layer is thicker than LT, vertical current 

crowding may also occur.  
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Figure 14. Three test structures for extraction of specific contact resistivity: (a) CBK, 

(b) CER, and (c) TLM. 

 



Stefan Persson 37

5.3 Choice of metal silicides for contact formation 

Titanium disilicide (TiSi2) has been widely used because of its low specific 

resistivity, low contact resistivity to both p- and n-type Si, and relatively high thermal 

and morphological stability [65].  TiSi2 exists in two structural forms: C49 with a 

resistivity of 60-70 µΩcm and C54 with a resistivity of 15-20 µΩcm.  Incorporating 

Nb into the Ti-Si system has been shown [65] to enhance the formation of the desired 

C54 phase, by reducing the formation temperature by 100-150 oC, which is especially 

crucial for the TiSi2 formation on the poly-Si gate.  In detail, the Nb became 

incorporated in the formed silicide in the form of C40 (Ti,Nb)Si2 present at the 

interface between C54 TiSi2 and Si.  The C40 (Ti,Nb)Si2 acted as a seed for the 

formation of the desired C54 TiSi2 at lower temperatures than needed for the C54 

TiSi2 to form in samples without the Nb addition.  Thus, in Paper VI the interface 

between TiSi2 and poly-Si of both types was characterized electrically, with the 

emphasis on the influence of a Nb interlayer deposited between Ti and Si for the 

silicide formation.  Low contact resistivity values of 10-7-10-6 Ωcm2 were extracted, 

with the assistance of a two-dimensional (2-D) numerical model, for the TiSi2 

contacts to both types of poly-Si when the doping level was sufficiently high.  The 

presence of Nb led to a 2-4 fold reduction of contact resistivity on p-type Si, whereas 

little influence was found on n-type Si.  

The source and drain series resistances are usually higher for pMOSFET (with 

p+ source/drain) than for nMOSFET (with n+ source/drain), due to a lower mobility 

with holes than electrons [66].  Additionally, the low solid solubility of B in Si, 

≤1×1020 cm-3 [67], makes it more urgent to combat the contact resistance issue for p-

type Si than for n-type Si from a MOSFET design perspective.  With the conventional 

CMOS processing technology, the Si1-xGex layer grown for the channel extends into 

the source and drain regions where electrical contacts are made.  Therefore, the source 

and drain contacts are of the metal/Si1-xGex type.  Since the valence band maximum of 

p+ Si1-xGex strongly depends on Ge content [68], the barrier height in the metal/p+ 

type Si1-xGex contacts most likely decreases with increasing Ge content.  

Consequently, the specific contact resistivity should decrease as well.  Such contacts 

to p+ Si1-xGex are studied in Paper VII with a deposited TiW as the metal with little 

interfacial reaction in order to simplify the resistivity extraction procedure.  The 

extracted specific contact resistivity values for the TiW/p+ Si1-xGex contacts are much 
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higher than what is required according to the Roadmap.  But the focus of Paper VII is 

placed on how the specific contact resistivity varies with the Si1-xGex composition.  

The main conclusion of Paper VII is that the specific contact resistivity is reduced by 

one order of magnitude when the Ge concentration in the p+ Si1-xGex increases from 0 

to 30 at. %.  If this is also true for silicided contacts awaits experimental verification. 

For more advanced contacts to ultra-shallow junctions, Ni-based metallization 

scheme is attractive due to its low formation temperature and small Si consumption 

[57].  In Paper VIII, NiSi0.82Ge0.18 contacts to selectively grown p-type Si0.82Ge0.18 are 

studied.  The formed NiSi0.82Ge0.18 replaced a significant fraction of the shallow 

junction formed with the p+ Si0.82Ge0.18.  Furthermore, a considerable lateral growth of 

the NiSi0.82Ge0.18 into the Si0.82Ge0.18 beneath the surrounding SiO2 isolation took 

place, leading to a complex shape of the contact interface.  Thus, a three-dimensional 

(3-D) numerical model, which is described in detail momentarily, was employed in 

order to take the complex interface geometry and morphology into account.  

Additionally, process uncertainties with photolithography and dry-etching for contact 

opening led to changes in shape and dimension of the contacts.  Shown in Fig. 15 are 

two nominally square contacts upon completion of processing: (a) a 1 µm×1 µm 

contact that becomes almost completely circular and (b) a 1.5 µm×1.5 µm contact 

whose corners are rounded.  Different contact resistivity values were actually found 

for these two kinds of contacts in Paper VIII, although they were fabricated under 

identical conditions.  The lowest contact resistivity obtained our NiSi0.82Ge0.18/p+ 

(a) (b)

 
Figure 15. SEM top-view of fabricated contacts with nominal dimensions of (a) 1 

µm×1 µm and (b) 1.5 µm×1.5 µm.  The former becomes circular and the latter with 

rounded corners. 
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Si0.82Ge0.18 contacts was 5×10-8 Ωcm2, which satisfies the requirement for the 45-nm 

technology node in 2010. 

 

5.4 Modeling of CBK structure 

A general theoretical description of a CBK structure for contact resistivity 

extraction is based on three basic transport equations, i.e. a Poisson’s equation and the 

two carrier continuity equations [62].  Contacts are usually made with a highly doped 

semiconductor so that minority carriers can be neglected.  By assuming quasi-

neutrality, the majority carrier concentration is equal to the active dopant density.  

Therefore, it is only necessary to solve the continuity equation for majority carriers in 

the semiconductor region.  The advantage of a 3-D model is that there is no limitation 

in topology, so that the aforementioned contact overlap, rounded corners of square 

contacts, and irregular interface morphology due to Si consumption as well as lateral 

growth during silicidation can all be fully described.   

The schematic of a metal contact (here NiSi, for instance) eroding into the 

semiconductor (here Si substrate) is shown in Fig. 16.  The transport equation reads 

V1I

I

V4

Semiconductor

Metal

 
Figure 16. A 3-D overview of a CBK structure with a silicided contact recessed into 

the semiconductor.  An equipotential is assumed for the metal layer. 
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where J  is the current density given by  
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The conductivity in the semiconductor is given by [69] 

 

ss Nqµσ =  (45) 

 

The metal conductivity σm is taken as a constant finite quantity.  At the contact 

interface between the metal and the semiconductor, the Robbin boundary condition 

[70] is used.  The results are 
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The subscripts “s” and “m” represent, of course, semiconductor and metal, 

respectively.  At the boundaries that no current passes by, the boundary condition is 

 

0=∇⋅ Vn ti  (48) 

 

Eqs. (43)-(48) give a full description of the contact in three dimensions.  The 

equations are simple to understand, but it requires a lot of memory for computation.  

Therefore, it is sometimes practical to simplify this problem to two dimensions. 
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Transformation of the 3-D model to a 2-D model is based on a few 

simplifications [62].  The first is that the contact interface is regarded as a 2-D surface 

perpendicular to the z-axis, as shown in Fig. 17.  The semiconductor (diffusion) layer 

is located below the contact and its resistivity is independent of x and y spatial 

variables.  The metal is assumed as a perfect conductor and an equipotential prevails.  

The sheet resistance of the semiconductor layer is given by 

 

( )∫
=

jz

s

s

dzz

R

0

1

σ

 (49) 

 

A new variable, the conductivity weighted average potential, is defined as 

 

( ) ( )∫==
jz

ss dzzyxVzRyxVaVa
0

,,),( σ  (50) 

 

With the first two terms of Eq. (43), Eq. (44) can be written as 
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∫ ∫==
A A
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L
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R
VadAI 2

11
ρ

A

zj

 
Figure 17. In the 2-D model, the contact is a mathematical plane at the interface 

perpendicular to the z-axis. 
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( ) ( ) 0,, =
∂
∂

+∇⋅∇−
z
JzyxVz z

tst σ  (51) 

 

where t∇  is a 2-D gradient operator, which is normal to the z-axis.  It is defined as 

 

y
a

x
a yxt ∂

∂
+

∂
∂

≡∇  (52) 

 

By integrating Eq. (51) along the z-axis and using Eq. (49), Eq. (51) becomes 

 

( ) ( ) ( )jzzt
s

zJJyxVa
R

−=∇− 0,1 2  (53) 

 

Since there is no current in the z-direction outside the contact, the following is true: 

 

( ) 0,2 =∇ yxVat  (54) 

 

Inside the contact, the current is Jz(0), see Fig. 18.  Since the metal resistivity is zero, 

 

( )
c

t
s

VayxVa
R ρ

−
=∇−

0,1 2  (55) 

 

or in a more convenient form 

 

( ) 2
2 ,

T
t L

VayxVa =∇  (56) 

 

where LT has already been defined in Eq. (42).  The total current is the integral over 

the contact, given by 

 

∫ ∫==
A A

Tsc

dA
L
Va

R
VadAI 2

11
ρ

 (57) 
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The 2-D model of the Kelvin structure is solved by using Eqs. (54), (56)-(57) with the 

boundary conditions shown in Fig. 18. 
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Figure 18. A 2-D model of the Kelvin structure where the PDEs and boundary 

conditions used are shown.  Also included is the metal layer, which is again assumed 

equipotential in the 2-D model. 
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6. Summary 

This thesis examines the possibility to integrate high-κ gate dielectric, 

retrograde Si1-xGex channel and silicided contacts in a conventional, planar MOSFET.  

For all the three major areas studied, the thesis attempts to entail a balance between 

theoretical evaluations and experimental characterizations. 

MOSFETs with Si and strained-Si0.7Ge0.3 surface-channels integrated with 

high-κ gate dielectrics and metal gates were manufactured and examined.  Three 

different gate stacks investigated were TiN/Al2O3, TiN/Al2O3/HfAlOx/Al2O3, and 

TiN/Al2O3/HfO2/Al2O3, all deposited by means of ALD.  The Si0.7Ge0.3 pMOSFETs 

exhibited a more than 30% increase in current drive and peak transconductance 

compared to the Si pMOSFET with the same gate stack.  The extracted effective 

mobility for the Si pMOSFET coincided with the universal mobility curve, indicating 

that the high-κ/Si interface was of high quality.  The extracted mobility for the  

Si1-xGex pMOSFET was however heavily distorted with a slow mobility roll-off at 

low vertical electric field.  This distortion was explained as a result of trapping of a 

considerable fraction of the inversion carriers.  A procedure for calculation of the 

mobile inversion carriers for correct determination of channel carrier mobility was 

presented.  The effective mobility curve after compensation for the trapped carriers 

still showed a certain degree of distortion most likely due to Coulomb scattering by 

the trapped charges or charged traps. 

A charge sheet model for MOSFETs with a retrograde channel aiming at 

short-channel effect control, threshold voltage control and mobility enhancement was 

developed.  The emphasis was placed on variations of surface potential, drain current, 

intrinsic charge, and intrinsic capacitances with the incorporation of a retrograde 

channel.  When the retrograde channel was assumed ideally abrupt, closed-form 

solutions were found for Si channel devices.  An extension of the model to include a 

strained Si1-xGex channel was also presented, where the band offset in the valence 

band was considered.  To begin with, the bulk charge was reduced in a retrograde 

channel compared to a uniform channel.  For the drain current and intrinsic 

capacitance components not related to the bulk terminal, their characteristics were 

shifted along the gate voltage axis.  For the intrinsic capacitances related to the bulk 

terminal, their characteristics were both shifted along the gate voltage axis and 

reduced in value.  Both current and capacitances were compared with ATLAS 
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simulation with an excellent agreement.  Although the model is one-dimensional 

developed for long-channel MOSFETs, it should also be applicable for short-channel 

devices provided that the short channel effects are perfectly controlled. 

In order to study how the Ge content would affect the specific contact 

resistivity for Ohmic contacts to heavily doped p-type Si1-xGex, two different types of 

TiW/Si1-xGex contacts were characterized corresponding to Si1-xGex surface-channel 

and buried channel structures.  The contact resistivity was found to decrease by an 

order of magnitude with increasing the Ge content from 0 to 30 at. %, which was 

mainly due to an increase of the valence band energy of the p+ Si1-xGex.  Studying 

contacts with metal silicides constitutes a major part of this thesis.  The drastic 

downscaling has led to technological evolutions including the migration from Ti-

based to Ni-based contact metallization scheme.  The traditionally used TiSi2-Si 

contacts, with an emphasis on the influence of a Nb interlayer, were first examined.  

The specific contact resistivity was found to be almost independent of Nb on n-type 

Si.  On p-type Si, however, the contact resistivity was found to decrease by 2-4 fold in 

the presence of Nb.  In order to make an accurate specific contact resistivity extraction 

with CBK structures, a precise knowledge of contact area and contact overlap was 

needed.  It was also important to consider unintentional modifications to the interface 

morphology induced by processing, such as over-etching and Si consumption during 

silicide formation.  A three-dimensional numerical model was then necessary in order 

to account for all such effects.  The three-dimensional modeling was applied to study 

advanced contact metallization involving Ni and Si1-xGex forming a NiSi1-xGex on 

heavily doped p-type Si1-xGex.  This configuration is particularly attractive for low-

resistivity source/drain in pMOSFETs.  A low contact resistivity of 5×10-8 Ωcm2, 

satisfying the resistivity requirement for the 45-nm technology node in 2010, was 

obtained for the NiSi0.82Ge0.18/p-type Si0.82Ge0.18 contact. 
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