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Strained SiGe heterostructures prossess transport properties superior to Si. Their integration
in the channel of MOSFETSs can lead to an enhanced speed performance and is therefore an
alternative to the scaling of the channel length.

This thesis reports on the fabrication and characterization of p-MOSFETs with a strained
SiGe channel. As both design and material properties determine the performance of MOSFETs,
the mobility in the SiGe heterostructure must be seen in context with the MOSFET design. SiGe
heterostructures fabricated by molecular beam (MBE) and solid phase (SPE) epitaxial growth
have been successfully integrated in the channel of p-MOSFETSs.

A manufacturable SiGe CMOS process based on SPE has been demonstrated. A slightly
enhanced oxidation rate and an increased interface state density have been observed for Si ox-
idized after Ge™ implantation. The low performance of the SiGe p-MOSFETs is explained by
the scattering and trapping of carriers at the degraded interface. This suggests that changing
the annealing conditions could improve the SiGe p-MOSFETSs.

Devices have been fabricated on a locally grown MBE layer. A considerable mobility enhance-
ment over Si references has been shown for devices with a SiGe layer grown by MBE - more than
or nearly a factor of two for devices with an LTO or thermal gate oxide, respectively. The
devices fabricated on pillars display considerably better transport properties than the devices
not fabricated on pillars. Altering the standard cleaning procedures has enabled us to achieve
the required process control of one nanometer. Otherwise, the carriers would not be confined
in the buried SiGe channel and would not profit from its enhanced transport properties. Low
source and drain resistances have been obtained for SiGe p-MOSFETs subject to a maximum

processing temperature of 800°C.
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Glossary of Symbols

Symbol Description
a: lattice constant
A: frequency factor
A: Richardson’s constant
Ag: gate area
Qo' lattice constant of an unstrained Si;_,.Ge, alloy
Qc: hydrostatic deformation potential of the conduction band
adir: hydrostatic deformation potential of the direct conduction band
aind: hydrostatic deformation potential of the indirect conduction band
y hydrostatic deformation potential of the valence band
ay: lattice constant of an strained Si;_,Ge, epilayer parallel to the growth plane
al: lattice constant of an strained Si;_,Ge, epilayer perpendicular to the growth plane
b: amount of the Burgers vector
bo: amount of the Burgers vector of a perfect dislocation (a/2 < 101 >)
bi: amount of the Burgers vector of a /6 < 211 > dislocation
ba: amount of the Burgers vector of a a/6 < 112 > dislocation
be: edge component of the Burgers vector
bs: screw component of the Burgers vector
C: series capacitance of Cyp and Ciap
Ch: capacitance due to the bulk charge
Cy: depletion region capacitance
Cy: gate capacitance
Cy: oxygen concentration in the gas stream
Cye: gate-channel capacitance
Ci: capacitance due to the inversion charge
Ci: oxygen concentration at the Si0Os interface
Co: oxygen concentration in the oxide
Coz: gate oxide capacitance
Coap: cap layer capacitance
Cs: space region capacitance
Cs: oxygen concentration in the gas stream at the wafer surface
Cij.Ge' elastic constant of pure Ge
Cij,Sit elastic constant of pure Si
d: atomic spacing along the crystallographic direction
d: deformation potential
Dy mean surface state density
diffusion constant for electrons

diffusion coefficient of oxygen in Si0-
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Symbol Description
Dy: surface diffusivity
E: electrical field
E: incident energy
Ey: energy barrier for the desorption
Ey: activation energy
Ey: binding energy
Ey: potential barrier
Ep: kinetic energy associated with boron
Epp,: kinetic energy associated with BF;
E.: conduction band energy
E,: vacuuin energy
Ey: Fermi energy
Eegy: effective vertical field
Erp: Fermi energy of metal
Ey: energy gap
E;: intrinsic Fermi energy
E..: Fermi energy of silicon dioxide
E;: electric field at the oxide interface in S7
E,.: electric field at the oxide interface in 5S¢0,
Er: total energy
Ey: valence band energy
Eyq: light hole valence band
E, heavy hole valence band
E,3: split-off band
Es: energy accommodated by the dislocations
E.: energy associated with the elastic strain
f: frequency
I lattice mismatch
fe: cutoff frequency
i pre-exponential factor
Fy: desorbing flux
Fs: force due to the selfenergy of the interfacial dislocations
F.: elastic force
g: shear strain potential
ga: conductance
Gm: transconductance
G: epilayer shear modulus
Gemas: critical Ge dose
h: epilayer thickness
h: Planck’s constant
H: Henry’s gas constant
hyg: mass transport coefficient
Hoy: current gain
I, charge pumping current
Iys: current between source and drain
Tysas: saturation current
Ii: source and drain current

11:

current at port 1

il



GLOSSARY. OF SYMBOLS

Symbol Description

Iy: substrate current
Is: current at port 2
Jine: incident flux of adatoms
JIn: electron current density
Jst surface current density of adatoms
Ju net flux of adatoms
Ji: oxygen flow through the stagnant gas layer
Jo: oxygen flow through SiOs layer
Js: oxygen flow reacting with Si
Js: saturation current density
ks: chemical rate constant
Ky Preston coefficient
lg: length of the pinch-off region
L: effective channel length
L: drawn channel length
Lp: Debye length for holes
Ly drawn channel length
Mpg: mass of boron
Mpr,: mass of BFy
Mpp: heavy hole mass
Mip: light hole mass
m*: effective mass
n: free electron density
Ty electron density at thermal equilibrium
;e intrinsic carrier concentration
gt density of adsorbed atoms
Ng: electron surface concentration
Ng: density of surface positions
Ngeq: equilibrium density of adsorbed atoms
Ny: acceptor density
N: impurity concentration
Nasd: acceptor density in source and drain
Np: net bulk doping
Ny: donator density
p: free hole density
P pressure
Py partial pressure of oxygen in the gas flow
Do hole density at thermal equilibrium
q: elementary charge
Qo: effective interface charge
Qs: bulk charge
Qg: gate charge
Qi inversion charge
Qia: inversion charge at the drain end
Qis: inversion charge at the source end
Qs: space charge
Tot dislocation core parameter

R: deposition rate



GLOSSARY. OF SYMBOLS

Symbol Description
R: removal rate
R.: contact resistance
Teh: channel sheet resistance
R.p: channel resistance
Ry: drain resistance
Ry projected range
R;: source resistance
Rgy: combined source and drain resistance
511,812, 821, 522: s-parameters
T: absolute temperature
teh: thickness of the channel
ty: fall time
th: time at high voltage
ty: time at low voltage
tox: gate oxide thickness
tp: rise time
T: absolute temperature
Tp: period
Us: energy barrier
v relative velocity
V: voltage
Vo! superimposed signal
Vi: potential between bulk and source
Viase: base voltage
Vep: potential between channel surface and source
Vis: potential between source and drain
Visas: drain saturation voltage
Vis: flat band voltage
| 7% potential between gate and substrate
Voa: potential between gate and drain
Vou: potential dropped across the oxide
Vpt: punch-through voltage
Viev: reverse bias
Vi thermal voltage
Vin: threshold voltage
Vika: threshold voltage for a short channel device
W: effective channel width
W width of depletion region
Waist: selfenergy of misfit dislocations
Weautt: selfenergy of stacking faults
Wiayer: strain energy of the epilayer
Ws: activation energy
Y11, Y12, Y21, Y22,° y-parameters
x: distance from the Si/SiOs-interface into the silicon
T Ge content
Tyt end of the space charge region
XEeok, peak Ge concentration

distance from the edge of the source along the channel

v
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Symbol Description
Yo' position of the amorphous/crystalline interface
Z;: proton number of ion
Zy: proton number of target
o factor describing the energy of the dislocation core
B gain factor
Jox kurtosis
~: body factor
v skewness
5y stacking fault energy
é lattice strain mismatch relieved through the formation of misfit dislocations
A, spin orbit splitting parameter
AE,: conduction band offset
AFE,: valence band offset
AE:: shift of the conduction band valley i
AE, gyt shift of the position of the average conduction band
AEy g0 shift of the position of the average valence band
AE,q: shift of the light hole valence band
AE,5: shift of the heavy hole valence band
AE, 3: shift of the split-off band
AG: free energy change
AG,: free energy per unit volume
AL: difference between drawn and electrical channel length
AR,: standard deviation of the projected range
AVy: amplitude of superimposed signal
AAL: error of A L
€: dielectric constant
€ lattice mismatch strain between epitaxial layer and substrate
€ equilibrium strain
Ech: permittivity of the SiGe channel
€0 initial lattice mismatch strain
€o: vacuum permittivity
€oz: dielectric constant of S:0»
€s: initial density of dislocations
€gs: dielectric constant of silicon
€: lattice mismatch strain between epitaxial layer and substrate
parallel to the plane of the interface
€1: lattice mismatch strain between epitaxial layer and substrate
perpendicular to the plane of the interface
©: angle between the dislocation line and its Burgers vector
o: sum of ©, and R4
Oy: mobility degradation factor due to the substrate voltage
O.: mobility degradation due to the voltage between source and drain
0,: mobility degradation factor

angle between the misfit dislocation Burgers vector and a line
in the interface drawn perpendicular to the dislocation line
A channel length modulation factor
A propagation constant
Ast mean migration length



GLOSSARY OF SYMBOLS

Symbol Description

b mobility
Heff: effective mobility
Heffo' effective mobility taking into account the variation of Cy,
LFE: field-effect mobility
Hae: mobility in Ge
Ik mobility due to the longitudinal field
n electron mobility
Lot low-field mobility
st surface mobility
Hsi mobility in Si
e mobility due to the transversal field
v epilayer Poisson ratio
p: charge density
o: DIBL parameter
o: supersaturation parameter
o: surface energy
% capture cross section of electrons
Op: capture cross section of holes
OR,4° standard deviation of Ry
Oropt standard deviation of r.p,
OAL: standard deviation of AL
Opyt standard deviation of p,
ce,: standard deviation of 0,
Ty transport scattering time
v: carrier velocity
o: electrical potential
¢: implantation dose
Op: barrier height
Dbs: built-in potential of a pn-junction
oy Fermi potential
it intrinsic Fermi potential
Dpn: quasi-Fermi potential for n-type silicon
Dp: quasi-Fermi potential for p-type silicon
s surface potential
Pss: constant value for the surface potential
in the subthreshold region model
P,,: metal work function
[ I, critical implant dose
D s gate to substrate work function difference
b, semiconductor work function
Xs: electron affinity of silicon
Xoz: electron affinity of silicon dioxide
U: critical angel for channelling

We: cutoff frequency
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Chapter 1

Introduction

From the Dawn of the IC Era to SiGe MOS

The MOSFET (Metal-Oxide-Semiconductor-Field-Effect-Transistor) [1-4] was proposed in the
early 1930s by Lilienfeld and Heil. After Pearson and Shockley had studied the MOSFET in the
late 1940s, Kahng and Atalla fabricated the first MOSFET using a thermally oxidized silicon
structure in 1960. At the beginning of the IC era in 1959, ICs based on bipolar transistors occu-
pied the broadest market share. Because of the advantages in device miniaturization, low power
consumption, and high yield, the sales volume of CMOS (complementary MOS) based ICs that
employs the pairing of n- and p-channel MOSFETs has steadily soared. In 1993, the MOSFET
market share amounted to 75 % of the total IC market and is predicted to capture 88% by the
year 2000. Apart from Si based MOSFETs and bipolar transistors, III-IV compound semicon-
ductors for high speed devices form the third major IC group.

The speed performance of the MOSFET has steadily been improved by shrinking the channel
length and gate oxide thickness. Today, scaling is close to reaching its performance and physical
limits. Thin gate oxides result in the tunneling of carriers through the gate oxide degrading
continuously the oxide quality. The negative effect of scaling the gate length on the subthreshold
characteristics has to be compensated by increasing the bulk doping concentration. However, the
increase of the bulk doping concentration leads to the reduction of the mobility and an increase
of the electrical field at the source and drain junctions favoring hot carrier generation.

Semiconductor heterostructures were suggested by Shockley in a patent for the first time
in 1951. Since the beginning, Ge has been an obvious candidate for the fabrication of silicon
based heterostructures because it is chemically compatible with Si. However, the large lattice
mismatch between Si and Ge makes it difficult to grow Ge epilayers on a Si substrate. In the
late 1960s and early 1970s, the first unsuccessful attempts to grow Ge epilayers on a Si substrate

were performed.

The first strained SiGe heterostructure devices were realized by Erich Kasper based on the

1



INTRODUCTION 2

concept of Frank and Van der Merwe. The first SiGe FET was reported in 1985 [5]. SiGe
can be used in gate, source and drain or substrate. In the gate, SiGe can reduce the gate
resistance and adjust the threshold voltage. In source and drain, SiGe can improve the short
channel characteristics and prevent parasitic bipolar transistor action. The interest in strained
SiGe layers for the application in the channel arose from the discovery that strained SiGe layers
possess a higher mobility than silicon and was soon adopted as an alternative approach to enhance

the speed performance of MOSFETs.

Objective of this Project

This work focuses on the use of strained SiGe layers in the channel of p-MOSFETs. A consid-
erable performance improvement of SiGe MOSFETSs in comparison to Si reference MOSFETSs
was found [6]. However, the SiGe MOSFETSs presented in ref. [6], do not have a performance
comparable to state-of-the-art MOSFETSs because the process was tailored for the requirements
imposed by the incorporation of strained SiGe layers.

The integration of an MBE grown SiGe layer into a competitive CMOS process is one of
the three major objectives of this project. Fundamental problems are the thermal budget and
the control of the Si cap layer. A high thermal budget can lead to the relaxation of the SiGe
layer and, in consequence, a deteriorated performance. A thin Si cap layer is essential for the
confinement of the carriers in the SiGe channel.

A thick Si buffer layer is supposed to be the prerequisite for a high hole mobility in the
SiGe channel. However, small geometry devices require a sufficient dopant concentration in
the bulk in order to prevent short channel effects. Implantation may damage the integrity of
the heterostructure and little is known about the incorporation of dopants during MBE. The
incorporation of an insitu doped MBE layers poses further problems in CMOS as MBE does not
allow selective growth. A thick, insitu doped MBE layer must either be etched off or counterdoped
for the n-MOSFETs.

The fabrication of MOSFETs with a Ge't implanted channel [7-10] is a further objective
of this work. MBE is the ideal technique for the fabrication of high quality heterostructures.
But, its major drawback is that heterostructures grown by MBE cannot be easily integrated into
CMOS. Besides, MBE does not have a high throughput and is expensive. Although strained
heterostructures with only low Ge concentration can be achieved by ion implantation compared
to MBE, the low cost for implantation and the capability to implant Ge™ into a selected area
may render ion implantation an attractive alternative to MBE. In solid phase epitaxial growth
(SPEG), strained SiGe layers can be grown in a recrystallization step after the implantation
of Get. Ge™ implantation does not allow the fabrication of a Si cap layer on top of the SiGe
channel which reduces carrier scattering at the Si/SiOq-interface. As proposed in ref. [7], the

performance of Ge' implanted p-MOSFETs might be enhanced due to Ge segregation during
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gate oxide growth resulting in a higher Ge peak concentration. The EPIFAB process (epitaxial
regrowth across phase boundaries) developed at the University of Surrey enables the fabrication
of SiGe/Si heterojunctions without extended defects [11-15].

The third and last objective of this project is the investigation of p-HMOSFETSs displaying a
considerable mobility enhancement. A high Ge content in the strained SiGe channel resulting in
a considerable mobility enhancement can be achieved only if grown on top of a virtual substrate
[16-20]. As the virtual substrate has to be relaxed, a thick MBE layer is in general required.

The local MBE growth on microscopic pillars can reduce the required thickness of the virtual
substrate layer, crosshatch, and threading dislocations [21, 22]. Trenches etched into the Si
substrate interrupt the MBE layer and are suitable sites for the nucleation of dislocations. SiGe

MOSFETs fabricated on pillars should have a better performance than those on a flat surface.

Organization of the Thesis

The thesis contains 10 chapters and 4 appendices. All symbols are explained in the table at the
beginning of the thesis.

The first chapter introduces the reader into the topic of the thesis. Chapters 2-6 give an
overview over issues related to this work. Chapter 2 addresses the physical properties of SiGe
heterojunctions. Strain is inherent in SiGe heterojunctions due to the lattice mismatch between
Si and Ge and improves the electrical characteristics of SiGe alloys.

The third chapter describes the theory of conventional MOSFETs. The drain current char-
acteristics of HMOSFETs with a strained SiGe layer differ slightly from those of conventional
MOSFETs. The gate capacitance and the mobility can be a strong function of the gate bias. The
constant capacitance approximation and a simple mobility degradation model are usually not
justified. No analytical expression for the HMOSFET is given, but the different device behavior
can be explained qualitatively.

In the fourth chapter, parameter extraction routines for conventional and HMOSFETSs are
discussed. The mobility extraction for HMOSFETSs is investigated. It is shown that split-CV
measurements developed for conventional MOSFETs with an ultrathin oxide are the appropriate
methods for mobility extraction.

Chapter 5 deals with vapor phase deposition. Vapor-phase methods are predominant in the
deposition of thin films. UHVCVD and MBE - both vapor phase deposition methods - are the
most common methods for the fabrication of strained SiGe heterostructures. Chapter 6 reviews
further standard processing steps that are also used in SiGe technology. The adaptations which
may be imposed by the presence of strained SiGe layers (layer control, thermal budget, integrity
of the heterojunction) and the potential benefits arising from the use of Ge are discussed.

Chapters 7-9 present SiGe batches processed in the course of this work. A SiGe CMOS

process with a thin thermal gate oxide, an elevated thermal budget, a thin Si cap, and an insitu
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doped MBE layer is investigated in chapter 7. The MBE layer is counterdoped for the fabrication
of n-MOSFETs. The initial cap layer is thinned by several cleans and the growth of the thermal
gate oxide. The calculation of the final cap layer thickness is based on an internal experiment
on the etch rate of standard cleans. The control of the Si cap layer is even more critical than
previously thought.

Chapter 8 presents a SiGe CMOS/Ge™ implantation batch. This batch is based on a con-
ventional CMOS batch and the EPIFAB process developed at the University of Surrey and is
subject to the thermal budget of a conventional CMOS batch. The amorphous layer is recrystal-
lized during gate oxide growth. Emphasis is put on the characterization of the Si/S5iOq-interface
which may be modified due to the segregation of Ge during gate oxidation.

A SiGe virtual substrate/limited area PMOS batch is described in chapter 9. A virtual sub-
strate layer is grown in order to achieve a high Ge content in the SiGe channel. The devices
are fabricated on tiny pillars surrounded by trenches reducing the thickness of the virtual sub-
strate and improving its quality. Such devices are compared to Si reference p-MOSFETs and
p-HMOSFETSs which are not fabricated on pillars.

In chapter 10, a conclusion of this project and a proposal for further work are given. In
appendix A, a formula used in error calculation is derived. The detailed process listings of all
three fabrication processes are given in appendix B. Appendix C presents electrical results for
the SiGe CMOS/ Ge* implantation batch extracted with an alternative parameter extraction

routine. Appendix D lists the complete results for the limited area/virtual substrate batch.
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Chapter 2

SiGe Heterostructures

The performance of CMOS circuits has steadily been improved by aggressively scaling the device
dimensions to the submicron regime. The scaling becomes more and more difficult due to tech-
nological and physical limitations. But, the performance of CMOS devices could be improved by
applying new materials. Today, silicon dominates microelectronics, whereas other semiconductor
materials such as GaAs only occupy niche markets. In the near future, it is unlikely that other
materials will substitute silicon whose Si — Si0, structure offers unique physical and chemical
properties.

However, the development of new compound materials based on silicon could further enhance
the performance of integrated circuits. The Si/SiGe system is a strong candidate for a new
technology that would be compatible with the existing Si technology and might considerably
enhance the speed of microelectronics devices because of higher carrier velocities.

The purpose of this chapter is to review the fundamental physical properties of SiGe het-
erostructures. SiGe heterojunctions without defects are necessarily strained due to the lattice
mismatch between Si and Ge. Strain plays an integral role in the concept of the SiGe heterojunc-
tion. Strained SiGe heterostructures have better electrical properties than Si such as a higher
carrier mobility. But, the same properties can be degraded by strain relief. Defects are formed

if a certain energy barrier which is lowered with increasing temperature is surpassed.

2.1 Crystal Structure

Binary alloys of silicon and germanium are continuously miscible and crystallize in a diamond
lattice. The diamond lattice consists of two face-centered cubic lattices displaced a quarter of
the space diagonal. Its unit cell contains eight atoms (see fig. 2.1; note: in the 45%-perspective,
the two atoms at the front shown in red obscure two atoms at the back).

SiGe [1-13] bulk alloys are never ordered. However, order [1,14] exists at the interfaces of SiGe

layers deposited by MBE on Si substrates of (100) orientation at growth temperatures between
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Lattice constant

#

Figure 2.1: Diamond structure

Parameter “ Si | Ge l
c11 165.8 | 128.5
12 63.9 | 48.3
C44 79.6 66.8

Table 2.1: Elastic constants for S7 and Ge

300° C and 800°C. An energetically more favorable configuration is certainly responsible for the
order of thin SiGe layers and not yet fully explained.

The lattice parameter of Si and Ge differ by 4.2% at room temperature. The misfit increases
slightly with temperature. The lattice parameter ag(x) of Si;_,Ge, alloys deviates slightly from

Vegard’s rule and depends parabolically on the Ge composition [1, chap. 2]:
ao(r) = 0.002733z> + 0.01992z + 0.5431(nm) (2.1)

In an epitaxial layer with lattice constant a; grown on a substrate with different lattice constant
ap, the mismatch f can be accommodated by the tetragonal distortion and the formation of misfit
dislocations. In heterojunctions, misfit is exclusively accommodated by misfit strain within the
critical thickness. Then, its lattice parameter in the growth plane q) is completely determined
by the underlying substrate. In the strained epilayer, the lattice parameter perpendicular to the
growth plane a is 5.82 A for strained Ge on relaxed Si and 5.26 A for strained Si on relaxed
Ge.

The elastic constants of SiGe alloys ¢;; can be determined from linear interpolation [1, chap.
3.1; 16; 17]:

Cij = Cij,GeZ + Cij’Si(l — .’L‘) (2.2)

Where c¢;5,ge and c¢;j;,s; are the elastic constants of pure Si and Ge given in tab. 2.1.
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/

Figure 2.2: Threading dislocation acting as a misfit dislocation source in a capped SiGe layer

The strain parallel to the plane of the interface ¢ is given by [17]:
a
6 =~ - (2.3)

Where a and ag are respectively the lattice constant of the substrate and the lattice constant
of the relaxed alloy given by equation 2.1. The strain perpendicular to the plane of the interface

€, is given by [17]:

al
=—-1 24
=2 (24
Where a; is given by [17]:
a
ar = ao[l — D(=L —1)] (2.5)
ap

D depends on the interface orientation defined by Miller indices [17):

D = 2% (2.6)

Do — c11 + 3c12 — 2c44 (2 7)
€11+ c12 + 2C44 ’

piit = of1l + 2c12 — 2¢44 (2.8)

c11 + 2c12 + 4caa

2.2 Strain Relaxation of Si;_,Ge,/Si Heterostructures

The critical thickness [18-23] is the minimum layer thickness at which the generation of misfit
dislocations at the interface is energetically favored and can be found from equilibrium theory.
It depends on the growth conditions (temperature, pressure...), the design of the final transistor
(ie capped layer or not), the nucleation mechanism, the substrate and the germanium fraction.
Capped SiGe layers [1, chap. 1.2] are slightly more stable than uncapped SiGe layers. Misfit
strain relief may lag behind equilibrium predictions despite the presence of dislocations as it

is often retarded by barriers to nucleation and motion of dislocations (Peierls-Nabarro barrier,
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Figure 2.3: Plane (red hollow circles) slips over another plane (yellow solid circles)

[18, p. 215]). The discrepancy between theoretical predictions and experimental results be-
comes obvious for low growth temperatures. The regime between experimental measurement
and theoretical values is often referred to as metastable regime.

In general, dislocations cannot terminate within the bulk of a crystal, but must either form
a closed loop or at a node with another defect, eg other dislocation or surface (image forces,
[18, p. 88]). A dislocation segment within a stressed region of a crystal experiences a force that
has both climb and glide components. Gliding is opposed by the so-called Peierls barrier that is
due to the discrete nature of the crystal, but is usually much faster than climbing that requires
material transport. When the stress is too small to overcome the Peierls barrier, dislocations
can still migrate by thermal creation, migration of kinks and diffusion.

Threading dislocations are the most favorable sources of misfit dislocations. As displayed
in fig. 2.2, an existing threading dislocation is bowed under the elastic force F, of the strained
Si1_.Ge, layer and elongated to form a misfit dislocation line between A and B.

In crystals with diamond lattice, lattice constant a and covalent bonds like Si and Ge, perfect
dislocations whose Burgers vector is a lattice translation vector have Burgers vector a/2 < 101 >
and slip on {111} glide planes. Fig. 2.3 illustrates how the perfect dislocations dissociate into

Shockley partial dislocations [1, chap. 1.2; 18, p. 93]:

a1 + as

Qo

a/2<101> = a/6<211>+a/6< 112> (2.9)

Instead of moving directly from a lattice site A to another, it can be energetically favorable to
move first to a B site and then to an A site because the energy of a dislocation is proportional
to the square of its Burgers vector. The perfect dislocation with Burgers vector a/2 < 101 > is
stable for low Ge concentration and thick epilayers. It splits up otherwise into two dislocations
with Burgers vectors a/6 < 211 > and a/6 < 112 >. The angle between the Burgers vector
and the misfit dislocation line is 60° for the parent a/2 < 101 >, 30° and 90° respectively for
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the a/6 < 211 > and a/6 < 112 > dislocations. These two Shockley partial dislocations [18, p.
91] are mutually repelled and glide apart. It results a ribbon of stacking fault between them on
the [111] glide planes. The balance of their repulsive interactions and the intervening stacking
fault energy determine the equilibrium partial separation which is typically in the order of a
few nm for unstrained layers. The lattice mismatch stress is resolved differently onto the two
partials (much higher on the 90° than on the 30° partial). Compressive stress reduces the partial
separation whereas tensile stress increases the partial separation.

Results of general validity for strain relaxation can be obtained by the application of the
common harmonic models [19] although they are quite crude. Harmonic models assign isotropic
harmonic interactions to the the atoms within the crystal and on both sides of an interface where
the atoms are not out of step and unharmonic interactions to the atoms which are out of step.
Essentially, harmonic models treat the crystal as an elastic continuum. The two main harmonic
approaches differ essentially in the representation of the crystal around the dislocations.

The Frenkel-Kontorowa model supposes that the interfacial force is limited to the atoms at the
interface and varies periodically with disregistry (relative tangential displacement). Subsequently,
the model was extended for two seminfinite crystals (Nabarro and van der Merwe) and for a
monolayer with anisotropic interfacial misfit (Frank and van der Merwe). Unfortunately, the
governing equations are mathematically complex and are not solvable for intermediate and thick
epilayers.

The Volterra model assumes that two crystal halves that can be treated as elastic continua
and are ”glued” together all over the interface except for a hole of radius 7, along the dislocation
line (see fig. 2.4). r, eliminates a singularity in the mathematical description. It is of atomic
dimension and provides a ”core” energy for the dislocation. An outer radius R cancels stress
fields by other dislocations and by the presence of surfaces. R is limited by the thickness of the
eiplayer. The Volterra model is therefore not suitable for very thin epilayers. Besides, it does
not account for interactions between individual dislocations. The Volterra model is the basis of
the Matthews-Blakeslee theory [20], the most frequently quoted model for the calculation of the
critical layer thickness.

In the Matthews-Blakeslee theory, the critical thickness of a uniform and uncapped Si;_,Ge,-
layer grown on a Si substrate is found by equating the elastic force of the strained Si;_.Ge,
layer F, and the force due to the selfenergy of the interfacial dislocations Fj (see fig. 2.2, [1,
chap. 1.2]):

F, = F; (2.10)

According to the isotropic linear elasticity theory, the elastic force of the strained SiGe layer is

given by [1, chap. 1.2]:
1+v

— (2.11)

F, = 2Gbhecos A

The dislocation theory gives the following expression for the force due to the the selfenergy of
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dislocation line

Figure 2.4: Cross section through a dislocation line in the Volterra model

the dislocation line

dislocation line

Figure 2.5: Position of A and ©
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the interfacial dislocations [1, chap. 1.2]:

1—vcos?® . ah
F=GrP——1In— i
3 =GPy (2.12)

Where h is the epilayer thickness, G is the shear modulus of the epilayer, v is the Poisson ratio,
b is the magnitude of the Burgers vector, A is the angle between the misfit dislocation Burgers
vector and a line in the interface drawn perpendicular to the dislocation line direction, © is
the angle between the dislocation line and its Burgers vector and « is a factor describing the
energy of the dislocation core (see fig. 2.5). Figure 2.6 shows the results for G = 64 GPa,v =
0.28,cos A = 0.5,c0s0 = 0.5,b = 3.94,e = 0.041 z. As the core energy of Si and Ge is not
definitively known, different values of o are shown. Critical thicknesses can be calculated for
any Ge content in the relaxed substrate and in the strained channel if the appropriate material
parameters are chosen.

The Matthews-Blakeslee theory agrees well with experimental findings for Si;_,Ge, struc-
tures grown at high temperatures. For low growth temperatures the critical layer thickness can
exceed the predicted values considerably. In the metastable regime, strain relaxation is prevented
by the presence of activation energy barriers to the nucleation and propagation of misfit disloca-
tions. In the metastable regime and at a given temperature, The Dodson-Tsao model describes
the time-dependent relaxation [15, p. 51]:

) 06 e —elt) — P (el) +c) (2.13)

Where €*, €,, €; and C are respectively the equilibrium strain, the initial lattice mismatch strain,
strain due to dislocations present at the beginning and a constant. As these values are most often

not known, the Dodson-Tsao model seldom allows predictions concerning the strain relaxation.
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Figure 2.9: Band structure [25] of (a) Si (b) Ge

A linearly graded SiGe layer has the same critical thickness as a uniform SiGe layer that has
the average Ge concentration of the linearly graded SiGe layer [2]. F. Christiano derived the
critical Ge implantation dose [ 15, 23] from the minimization of the total energy Er = E, + Es.

The energy E. associated with the elastic strain e is given by [15, p. 152]:

B, = 20(1%) /Oh & (y)dy (2.14)

1—-v

The energy Es associated with the misfit 6 accommodated by dislocations is given by:

Br=(f - )2 )[m(%) 11 (2.15)

m(1-v)
The model predicts a critical elastic strain energy of 310 mJ/m? that is independent of the
implantation dose. Although the model does not account for stacking faults and is based on an
energy balance approach instead of a force balance approach, it agrees with experimental findings
[15, p. 160]. Assuming a Gaussian Ge profile, the following formula for the critical implant dose
®,,q2 can be derived [24] (see fig. 2.8):

5-10%0

[ p— (2.16)

D0e = V2TAR, - Gepag -

The projected range R, and straggle AR, are given in fig. 2.7 [15, p. 155]. ®,,, and the critical

Ge implantation dose are is shown in fig. 2.8 as a function of the implantation energy.

2.3 Band Structure of SiGe

Both Si and Ge possess an indirect fundamental band gap [ 25, 26]. Like for all semiconductors

with a diamond structure, the maximum of the valence band of Si and Ge is situated in the
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center of the Brillouin zone (I' maximum) and consists of two converging subbands that are
degenerated in the maximum.

In Si (see fig. 2.9 (a)), the minimum of the conduction band is situated in the (001) direction
(A minimum). Due to the diamond structure of silicon, (100),(100), (010), (010),(001) and (001)
are equivalent directions and the conduction band is sixfold degenerated. At 300 K, the indirect
band gap of Siis 1.12 eV.

In Ge (see fig. 2.9 (b)), the minimum of the conduction band is situated in the (111) direction
i1l),
the conduction band is fourfold degenerate because the eight semiellipses can be represented by
4 ellipses centered at the points (111), 111), (111) and (111). At 300 K, the indirect band gap
of Ge is 0.66 eV.

The latest band structure calculations of unstrained SiGe alloys [1, chap. 4; 16; 17] use the

at the edge of the Brillouin zone (L minimum). Although there are 8 equivalent directions (

molecular coherent potential approximation (MCPA) and nonlocal empirical pseudopotential
calculations. The agreement between theory and experiment is excellent if the effect of alloy
disorder is accounted for. In bulk alloys [1, chap. 4], the band gap decreases as a function of
the Ge concentration. The conduction band structure is silicon-like for Ge concentrations up to
85 % and germanium-like for Ge concentrations over 85 % when the band gap decreases rapidly.

The indirect energy gap of a Si;_,Ge, alloy for z < 0.85 is given by [1, chap. 4.1] 1:

E, = 1.155 — 0.43z + 0.0206z> (eV) (2.17)

And for z > 0.85:
E, =2.010-1.27z (eV) (2.18)

The band gap of strained Si grown on a relaxed Si;_.Ge, substrate is given by [29]:
E, =1.11—0.74z (V) (2.19)

The band gap of strained 5i;_.,Ge, grown on a relaxed Si substrate for < 0.25 can be described
by [1, chap. 4.1]:
E, = 1.17 — 0.896z + 0.39622 (eV) (2.20)

The impact of strain on the band structure was first calculated by C. G. van de Walle and R.
M. Martin [16, 17]. Their model-solid theory requires exclusively the knowledge of macroscopic
parameters, such as strain. It is based on the the local-density-functional theory, the artificial
introduction of a supercell that introduces translation invariance into the problem and nonlo-
cal norm-conserving pseudopotentials. The local-density-functional method underestimates the

band gaps of semiconductors severely, but is able to determine precisely the shift of the bands

LAll values for the energy gaps, band offsets, and effective masses have been proposed by the Glasgow device
modeling group. Estimated values for Si;_,Ge, substrates can often be obtained by replacing « with (z — y),

e.g. By =1.17 — 0.896z — 0.39622 becomes Ey = 1.17 — 0.896(z — y) — 0.396(x — y)?.
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Figure 2.10: Schematic representation of the splitting of a triply degenerate band due to strain

due to strain. In combination with bulk band structure calculations, the calculations provide
us with information about the valence and conduction band discontinuities without making any
assumptions.

As strain has two main effects on the conduction and valence band structure of a SiGe alloy,
the hydrostatic and uniaxial components of the strain are examined separately. The hydrostatic
strain affects the relative position of the valence and conduction bands. The effect of uniaxial
strain which splits the bands up is treated a posteriori. Fig. 2.10 illustrates the effect of strain
on a triply degenerate band. The average position of the band is shifted by hydrostatic strain.
In this particular case, the threefold degenerate band is split into a set of twofold degenerate
bands at lower energy and a singly degenerate band at higher energy by uniaxial strain (like for
the compressively strained conduction band of Si;_,Ge,). The average position of the band is

not shifted by uniaxial strain {dotted line).

2.3.1 Effect of Strain on the Valence Band

Effect of Hydrostatic Strain The shift of the valence band due to hydrostatic strain is nearly
independent on the interface orientation [1, chap. 4.2; 16, 17]. The shift of the average position

of the valence band AE, ., due to hydrostatic strain is given by:
AE’U,av = (1@(26“ + ei) (221)

Where a, is the hydrostatic deformation potential of the valence band. Material parameters for
Si and Ge can be found in tab. 2.2. ¢ is negative and e, positive for compressive strain (see

eq.’s (2.3) and (2.4)). Appropriate values for Si;_,Ge, can be obtained by linear interpolation
[17].

Effect of Uniaxial Strain The shifts of the light hole valence band E,;, the heavy hole
valence band E, > and the split-off band E, 3 under perpendicular uniaxial strain along [001] or

[111] with respect to the average position of the valence band are given by:

1 1 1 9 .
ABy =—Z80+ (0B + 5[&5 + AoSE + Z(5.@)2}1/2 (2.22)
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Figure 2.11: Valence band offset of strained Si;_,Ge, grown on a relaxed Si;_,Ge, substrate

[28]

AE, 5 = %Ao - %5E (2.23)
ABys = %AO + %m _ %[A% + AodE + 2(5E)2]1/2 (2.24)

For perpendicular uniaxial strain along [001], 0E is given by:
0E =2g(eL —¢) (2.25)

For perpendicular uniaxial strain along [001], 0F is given by:
6E = gx/ﬁd(ﬂ —€) (2.26)

A, is the spin orbit splitting parameter, g the shear strain potential, and d the deformation po-
tential. The case for uniaxial stress along [110] is more complicated and no analytical expression
can be written down.

The valance band offset (ie the difference of the maximum of the valence band of the strained
Si1-.Ge, layer with respect to Si) of strained Si;_,Ge, grown on a relaxed Si;_,Ge, substrate
can be described by [28]:

AE, = (0.74 — 0.53y)z (eV) (2.27)

2.3.2 Effect of Strain on the Conduction Band

Effect of Hydrostatic Strain The shift of the conduction band due to hydrostatic strain is

as well nearly independent on the interface orientation [1, chap. 4.3; 16, 17]. The shift of average
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l Parameter “ in eV for Si l in eV for Ge_J

A, 0.04 0.3
ay 2.46 1.24
adir 1.98 -8.24
aind 4.18 -1.54
g -2.35 -2.55
d -5.32 -5.50
=2 9.16 9.42
BL 16.14 15.13

Table 2.2: Theoretical parameters for Si and Ge

position of the conduction band AE, ., due to hydrostatic strain is given by:

AE. gy = ac(26“ +ey) (2.28)

Different values for the the hydrostatic deformation potential a. are used for the direct %" and

indirect a?*¢ band gap.

Effect of Uniaxial Strain The energy shift of the conduction band valley 1 for a homogenous

deformation can be written as:
. r
AE! = [B4 1 +E,{aibs}] i€ (2.29)

—
Where 1 is the unit tensor, &; a unit vector parallel to the k-vector of valley 4, and {} denotes
the dyadic product.

The shift of the mean energy of the conduction band extrema is given by:

AEL = (Ea+ 1:€ (2.30)

-
=
=u)

CO| bt

Perpendicular uniaxial strain along [001] causes the bands along [100] and [010] to split off from
the bands along [001]:
2
AE! — +§:f(ﬂ —€) (2.31)

1_
AE100,010 ——gzﬁ(el —€p) (2.32)
Under uniaxial strain along [110], the energy shifts are described by:

AEI = — 20 (el —€)) (2.33)

1
AEL00010 _ EES(GL —¢) (2.34)

The conduction bands at L are not affected by strain along [001], whereas strain along [111]

leads to:
2_
AEM = gzﬁ(ﬂ — €y (2.35)

. 2_
AEHLATLUT _ _525(@_ —€) (2.36)
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ﬁarameter H Si | Ge ]

my/me 0.1905 | 0.082
e /e 0.9163 | 1.58

Table 2.3: Effective electron masses for bulk Si and bulk Ge [25, chap. 4.4]

Finally, the effect of strain along [110] is described by:

_ 1_
ApULIT 5:{,’(@ —¢p) (2.37)

_ _ 1_

ABM = = 2Bi(er — ¢) (2.38)
In ref. [29], the conduction band offset (i.e. the difference of the conduction band minimum of
strained Si and relaxed Si;_,Ge,;) for strained Si on a relaxed Si;...Ge, substrate is given by :

AE, = 0.67z (2.39)

Valence bands and conduction bands in strained Si1_,Ge, grown on Si(100) and in strained
Siy1-Ge, grown on Ge(100) are shown in fig. 2.12 and 2.13, respectively. The top of the valence
band in Si is used as a reference point. Dashed lines indicate the average values for the valence
bands and A conduction bands. Valence bands and conduction band values for any substrate

can be found by interpolation.

2.4 Effective Masses of SiGe

The electron concentration n and the hole concentration p for nondegenerate semiconductors are

given by [25, 26]:

_ 27rme’D05kT 3/2 EC — Ef
n=2( e ) K- exp( T ) (2.40)
QWmh,DoskT 3 Ev — Ef
p = 2(FROS /2 exp () (2.41)

Where the density-of-state effective mass in the conduction band m. p.s and the density-of-state
effective mass in the valence band mp,pos are given by 2
Me,pos = (mymi)'/* (2.42)
3/2 3/2y:
M pos = (M3 +mi2)?/3 (2.43)
% refers to the degeneracy of the conduction band (x = 6 for Si and x = 8 for Ge). The
longitudinal effective electron mass and the transversal effective electron mass for Si and Ge are
given in tab. 2.3. Only slight changes of the electron masses due to strain and Ge content are
expected [1, chap. 4.4]. Appropriate values for Si;_,Ge, may be obtained by interpolation.

The dependence of the heavy hole and light hole masses on the Ge fraction z has been

investigated by the Glasgow device modeling group [30]. Their results are given in tab. 2.4 3.

2The notation m. pos = (k?mym?)'/? can also be found in literature. However, the resulting carrier concen-

trations are identical as equation (2.40) does not contain the factor 6 in this case.
3The values were proposed bu the Glasgow Modeling Group. They differ considerably from the values in
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Figure 2.12: Valence and conduction bands in strained Si;_,Ge, grown on Si(100) [16]
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Figure 2.13: Valence and conduction bands in strained Si;_;Ge, grown on Ge(100) [16]
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Mhh/Me f Man [Me |
bulk Si
0.951 (0.537) ] 0.256 (0.153)
bulk Ge
0.439 (0.284) | 0.061 (0.044)
Si_.Geg

0.94 — 1.442 + 1.1462> | 0.251 — 0.509z -+ 0.3962>
strained S7 on Si1_.Ge,

0.942x — 2.674x + 2.83922 I 0.259 + 0.536z — 0.2822
strained Si1-,Ge, on Si

0.927 — 2.266z + 1.82722 ‘ 0.255 — 0.334x + 0.21522

Table 2.4: Heavy hole and light hole masses for Si,Ge;_, [1, chap 5.1]

2.5 Dielectric Constant

The dielectric constant e is given by the Clausius-Mossotti relationship [31, 32]:

€Sii_oGe, — 1 €si — 1 €ge — 1
ettt —(1-2)- +z 2.44
€Siy_.Ge, +2 ( ) €g; + 2 €Ge + 2 ( )

Where €gi,__ e, is the dielectric constant of Si;_,Ge,, eg; = 11.9 the dielectric constant of Si,
and eg. = 16 the dielectric constant of Ge. A dependence of the dielectric constant on strain is

not known.

2.6 Mobility

The mobility [1, chap 5.1] is a function of the transport effective mass m* and the transport

scattering time 7y:

p=—Lr (2.45)

The transport scattering time can be decomposed according to Mathiessen’s rule into different

scattering times associated to a particular scattering mechanism:

1 1
= - > - (2.46)

I3
The mobility p is limited by the scattering mechanism with the smallest relaxation time. In

SiGe hetero structures, the main scattering mechanisms are [1, chap. 5.1]:
1. lattice scattering
2. ionized impurity scattering
3. neutral impurity scattering
4. alloy scattering

5. interface scattering
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Figure 2.14: Theoretical Mobility as a function of temperature as the sum of different scattering

mechanisms in a strained Sig.sGeg.2 layer grown on a Si substrate [33]

Theoretical values for the combined hole mobility u as a result of different scattering mech-
anisms are shown in fig. 2.14 for a strained SiggGeg.o layer grown on a Si substrate. Surface
and interface scattering are the limiting mechanisms at low temperature, whereas the mobility
is limited by acoustic phonon scattering at room temperature. The room temperature mobility
is considerably higher than the mobility in Si (see tab. 2.5).

Whereas mobility data exists for pure bulk Si and Ge over a wide range of temperature and
doping concentration, the mobility data available for SiGe bulk alloys and SiGe hetero structures
is incomplete and often questionable Besides, experimentally determined mobilities depend on
the measurement method, e.g. Hall mobility values and drift mobility values are not identical
because of the impact of the magnetic field during the measurement. The theoretical treatment
is in general more difficult for the hole mobilities than for the electron mobilities because of the
complicated valence band structure.

In ref. [34], a monotonic increase of the hole mobility of a strained SiGe layer grown on a Si
substrate is predicted the mobility in the SiGe heterostructure reaching the bulk Ge value for a
Ge content of 40 %. But, theoretical predictions [35] are disputable because of the complexity of
the calculations involved. Besides, the scattering mechanisms listed above are modified in hetero
structures due to the reduced dimensionality of the carrier gas. Most experimental results [36-62]

lack far behind the theoretical predictions. However, the discrepancy may also be attributed to

brackets found in [1]
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{7 | pe in em?/V's | pn in cm?/Vs |
Si 1450 505
Ge 3900 1800

Table 2.5: Mobilities of intrinsic bulk Ge and Si at room temperature [1, chap. 5.1]

growth defects.

A 138 % hole mobility increase in a strained Sig.gsGep.3s layer grown on Si is demonstrated
in ref. [36] by our collaboration. Hole mobilities of more than 1500 ¢m?/V's have been reported
for a strained Ge layer grown on a Sig.3Gep 7 substrate [8]. The data for n-MOSFETSs is as well
very dispersed [63-71]. For strained Si grown on a relaxed Sig7Geq 3 substrate [8] an electron
mobility in the order of 3000 ¢m?/V s has been found. For high electrical fields and short channel
SiGe HMOSFETs [8, 72-75], velocity overshoot has been predicted and observed.

2.7 Ternary Si_,_yGe,C, Alloys

Only a few percent of carbon can be incorporated into Si;_,Ge, until silicon carbide precip-
itates are formed. The lattice constant of carbon is ac = 0.774 and much smaller than the
lattice constants of Si (as; = 1.174) and Ge (ag. = 1.224). Therefore, the incorporation of
approximately one percent of carbon reduces the lattice mismatch between a Sig.1,Gep.0Cy layer
and bulk Si to zero. Complete strain relieve and high thermal stability can be achieved for most
Si1—z—yGe, Cy heterostructures [76-84].

Information about the band structure of Siy_,-,Ge,Cy alloys is extremely sparse. In
Si1_g—yGey Oy, higher electron and hole mobilities have been found than in Si.

The incorporation of carbon leads to an undersaturation of Si self-interstitials and a super-
saturation of vacancies. B and P diffuse by an interstitial mechanism, whereas As and Sb diffuse
by a vacancy mechanism. Therefore, the diffusion of B and P is suppressed in Si1—g-.yGezCy,
whereas the the diffusion of As and Sb is enhanced [82; 83]. The outdiffusion of dopants from
source and drain of MOSFETs degrades the short-channel performance and can be very severe
due to interstitials created during implantation (transient enhanced diffusion, TED) [85-87]. A

prospective application of Si;.,..,Ge,C, layers is the use as a barrier to B and P diffusion.

2.8 Conclusion

This second chapter provides a foundation for the whole thesis as it explains the physical proper-
ties of SiGe hetereostructures. SiGe heterostructures can be strained due to the lattice mismatch
between Si and Ge. Strained SiGe layers can only be grown within a critical thickness before

strain relaxation sets in. Strain alters the band structure and increases the carrier mobility.
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So far, experimentally determined mobilities have not matched theoretically predicted values
and the performance of HMOSFETs (hetero MOSFETSs) has been rather disappointing. The
reasons why it is so difficult to integrate SiGe heterolayers in HMOSFETs will be further ex-
plained in the following chapters before the electrical results for the devices fabricated in the

course of this project are presented.
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Chapter 3

MOSFET Theory

The third chapter reviews the theory of MOSFETs. HMOSFETSs and conventional MOSFETs
display qualitatively an identical behavior. However, quantitative drain current equations can in
general only be given for conventional MOSFETs.

Furthermore, the behavior of modern MOSFETs with a short channel and ultrathin gate
oxide is studied. The classical MOSFET equations describe the behavior of modern MOSFETs
with a short channel and ultrathin gate oxide only approximately.

Finally, the use of strained SiGe layers for HMOSFETSs and the impact of strained SiGe layers
on the MOSFET characteristics is discussed. SiGe heterojunctions can be used in the channel,
the gate, and the source and drain. A strained SiGe channel can enhance the drain current
drive with respect to conventional MOSFETs due to superior transport properties. In source
and drain, SiGe can improve the short channel characteristics and reduce the source and drain
resistance. Poly-SiGe as a gate material allows the adjustment of the threshold voltage and the

reduction of the gate resistance.

S G DM

p-substrate

Figure 3.1: Classical --MOSFET
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Figure 3.3: The same MOSFET structure for an applied gate voltage V, without interface charge

3.1 Gate Voltage

The charge neutrality condition requires that the total charge at the gate surface @4, in the oxide
and in the semiconductor space charge region s is zero. The oxide charge and interface charge

are represented by the effective interface charge Q, ! [1, p. 133]:
QQ+Q0+Q3 =0 (31)

Whereas the effective interface charge is always fixed, the charges at the gate and semiconductor
surface are determined by the applied voltage.

Electrons and holes possess a different potential energy in metal and semiconductor. In a
metal, the work function ®,, is defined as the energy that must be supplied to an electron to

take it across the surface energy barrier (i.e. energy difference between the vacuum energy E,

IThe charge and capacitance refer in the MOSFET theory always to a normalized area.
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Figure 3.4: Surface potential ¢, as a function of the gate voltage V, for Vy = 0V Ny =
1-10'%/em?, T = 300 K, and a 6 nm thick gate oxide

and the Fermi energy of the metal Ef,,). 2
In a semiconductor, the height of the surface barrier is described by the electron affinity xs.
The electron affinity is defined as the difference in the vacuum energy and the conduction band
edge at the surface and is a property of the semiconductor whereas the work function of the
semiconductor depends on the doping concentration. Neglecting the temperature dependence of
the Fermi level, the work function of a p-type and n-type semiconductor respectively is given by
([1, p. 124], see fig. 3.2):
®s > x5 + Eg/2+ qdsp (3.2)

@, >~ x; + Eg/2 - Q¢fn (3-3)
¢¢n and ¢y, are the the Fermi potentials ¢¢ of electrons and holes when the intrinsic Fermi level

is taken as the zero reference level as it is often done in literature [1, 2] and ¢ is the elementary

charge. ¢y can be calculated according to:
N,
@:wmf- (3.4)

where V; is the thermal voltage (V; = kT'/q), Ny the net bulk doping (ie the magnitude of the
difference between the concentration of acceptors N, and donors Ng; N = |N, — Ng4|) and n;
the intrinsic carrier concentration.

In thermal equilibrium, the bias between gate and substrate is determined by the potential
difference between gate and substrate and the effective interface charge. This bias is called the
flat band voltage because it corresponds to the bias opposite in sign that is necessary in order

to flatten the surface barrier. Thus, the following relation must be valid (see fig. 3.2):

Br= 8, + 2% 1V (3.5)

2Here we still use the theory for a metal gate. This is the usual approach in books, although polysilicon gates

are more common today.
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Using ®ms = @, — P55, we get the flat band voltage Vy, [1, p. 131]:
Vip = By — 22 (3.6)

Cox
In the MOSFET theory, the interface charge is neglected. Then, the magnitude of the charge
at the gate surface @y = €,€00Fo, and the magnitude of the charge in the semiconductor space
charge region Qs = —¢,€5;Es; must be identical (Where ¢, is the vacuum permittivity, €,, the
dielectric constant of Si0,, €4; the dielectric constant of silicon, E,,; the electric field at the oxide
interface in Si0Os, and Eg; the electric field at the oxide interface in silicon.).
An applied external bias V, (see fig. 3.3) is shared between the voltage across the oxide V,, the

surface potential ¢, and the work function difference ®,,s:
% =Voz + ¢s + ®ps (37)

Using Eoz = Voz/tor (Where t,. is the oxide thickness.), the gate voltage can be expressed as
[1, p. 134]:

Vo=Vi+ ¢s — gs (3.8)
or

3.1.1 Space Charge in the MOS Structure

The space charge @; is calculated solving the Poisson equation in the space charge region [1, p.
38; 2, p. 278] (0 < z < =mg; see fig. 3.5). Using the charge neutrality in the bulk, the Poisson
equation for the electrical potential ¢ becomes:

¢ apl@) _ _a(Na@) — Na(e) +p(a) — n()) g

dz? €0€si €0€si

The electron density n(z) and hole density p(z) are given by:
n(z) = n;exp [(¢(z) — d¢(2)/V2)] = no(x) exp [(¢(2)/ V)] (3.10)

p(z) = niexp [~ (¢(z) — ¢7(2))/Vi] = po(2) exp [ (¢(2)/ V] (3.11)
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The dopant profile is often uniform (n,(z) = n,, po(z) = Po)-

Using the boundary conditions at z = 0:

5(0) = 8, 20 = _g(0) (312

And at the end of the space charge region (z = z4):

do(zaq)

$(za) = —— =0 (3.13)
The electrical field becomes [2, p. 279]:
Vi
E(z) = Sign(¢s) 7 -F(#(x)) (3.14)

Where Lp is the extrinsic Debye length for holes:

€o€si \1/2
Lp =(———— 3.15
The Sign-function gives us the sign of the surface potential at the semiconductor surface.

F(¢(x)) is given by:

F(9(@) = [lexp (=0(@)/V) + 52 - 1) + 2(exp (80 - 52 =112 (310
At the semiconductor surface (¢(0) = ¢5), equation (3.16) becomes:
F(g0) = (exp (~6u/V0) + 22 exp (9o —20,/V) -1 - 2(Z 412 (37)
Vi Do Vi
Using the Gaussian law at the semiconductor surface:
/ Ed3 = Q,/eo€si (3.18)
We get the total charge (see fig. 3.6):
o siV
Qs = —Sign(¢s) =L F(g,) (3.19)

Lp
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Applying equation (3.4), the electron and hole density can be written as:
n(z) = Ny exp (¢(z) — 265/Vi) (3.20)
p(z) = Nyexp (—¢(z)/ Vi) (3.21)
Thus, the space charge can be expressed as [1, p. 145]:
Qs = —/2€065:aNo f (95) (3.22)
Where f(¢s) is given by:

F(8s) = [ps + exp (=267 /Vi) (Vi exp (6s/ Vi) — Vi — bs) + Viexp (—¢s/V2) = Vi]'/2 (3.23)

3.1.2 Gate Capacitance

The gate capacitance is defined as:

dQ,
= 29 .24

With d@Qs = —d@Q, and a fixed or zero effective interface charge (see eq. (3.8)), the variation of

the gate voltage is given by:

d
dv, = dg, + CQg (3.25)
Hence, the gate capacitance can be expressed as [1, p. 148; 2, p. 292]:
1 1 1 1 1
- = L = R — 3.26
C,” Co "G, C.. " d0,/d0, (3.26)
Where C,,; is given by:
Coz = €o€siflon (3.27)

The variation of the gate charge corresponds to the variation of the semiconductor charge that

is given by the depletion charge @) and the inversion charge Q;:
Cs = —dQs/dps = —(dQy/d¢s + dQi/ds) (3.28)
Posing Cy = —dQp/dos and C; = —dQ;/dds, we get:
Cs =Cy+C; (3.29)

The total capacitance is written:
(3.30)

Accumulation Region In accumulation, the surface charge is approximately given by [ 1, p.

293]:
. €0€si Vi

Qs = *Sign(d)s)L—d exp (—d5/2V}) (3.31)

For a p-type semiconductor, this charge consists of holes which are attracted to the surface.
Thus, the dynamic capacitance that is associated with the space charge is given by:

€o€si

S exp (—u/2V3) (332

CSECZ':
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Depletion and Weak Inversion Region In depletion, the space charge of a p-type semi-
conductor (n-MOSFET) is formed by ionized acceptors. The charge is then given by the bulk

charge:

Y/ _2qNbeo€sz¢s CYoac"/ (333)

Where « is given by: - .
V 4€0€5i1Vq
“rotsiila (3.34)

’y puused
Cox

Thus, the depletion capacitance for a p-type semiconductor is given by:
Cs ~ Cb = 4/ —qNa6063¢/2¢s (335)

Strong Inversion In strong inversion, electrons are attracted to the surface and the space

charge () can be approximated by [2, p. 294]:

Qo = =SSV, + exp (6 — 264 V)
= -V 26063ina{¢s + Vi €xXp ((¢s - 2¢f)/vi)]l/2 (336)

The total charge can be divided into depletion charge () and inversion charge @);. As the

depletion charge is given by eq. (3.33), the inversion charge becomes:

Qi = ~v/2eoeiaNal\[ 64 + Vi exp (65 — 204/V) — /5] (3.37)

The two terms do not respond to the variation of the gate voltage in the same way. The
depletion charge results from the evacuation of the majority carriers and follows instantaneously
the variation of the gate voltage, whereas the inversion charge results from the thermal creation of

minority carriers and is therefore much slower. Thus, the capacitance depends on the frequency.

Low Frequency Capacitance In inversion, the inversion charge is much higher than the

depletion charge and able to follow the variation of the bias for low frequencies. As the inversion

charge is given by:
€o€si kT
Qs = Qi = ————exp ((¢5 — 2¢5)/2V1) (3.38)
qLp

we get the following expression for the capacitance:

Co Ci = 577 exp (65 —201)/2V) (3.39)

High Frequency Capacitance At high frequency, the mobile charge is not able to follow
the variation of the gate voltage. The modulation of the space charge results exclusively from

the depletion charge:
Cs=0Cy = 6oesi/afd (340)
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3.2 MOSFET DC Model

The standard DC model [1, p. 230] for the n-MOSFET is derived under the following assumptions

3.

1. The variation of the electric field in the y-direction (along the channel ) is much less than the
variation of the electrical field in the x-direction (see fig. 3.5 and fig. 3.7, gradual channel
approximation, GCA). Using the GCA, the Poisson equation becomes one-dimensional:

A IC)) (3.41)

dx? €o€si

As it is verified, the GCA is valid for the whole channel except close to the drain and source

terminals. However, charge and potential depend on the y-direction.

2. In a n-channel device, the hole current can be neglected for the normal regions of operation.

In fact, the hole current gets important only in the avalanche region.

3. Recombination and generation processes are neglected. The drain current is constant at

any point along the channel.
4. Current flows in the y-direction only (0¢/0z = 0).
5. The surface potential is approximated by a value which is independent of the gate voltage.

6. The bulk charge is approximated by the value calculated for a constant value of the surface

potential.
7. The electrons are only due to the inversion of the surface.
8. The mobility is taken to be constant (u(z,y) = pesy; effective mobility).

9. The diffusion current is taken into account in the subthreshold region only.

3.2.1 Linear Region of MOSFET Operation
The drift current of a n-channel device which flows in the y-direction is given by:
0
In(2,9) = ~ana,y)uess (3.42)

Integrating equation (3.42) across the channel width W (z-direction) and depth (x-direction)

gives the drain current Iy,

o 5 s
Ias(y) = =W /O [gn (@, y) pres s %}dw = const (3.43)

3The p-MOSFET model is analogous. However, the electron mobility has to be replaced by the hole mobility.
Different results for n- and p-MOSFETSs are noted.



MOSFET THEORY 40

depletion
boundary

Qs
p-substrate

&V,

Figure 3.7: n-MOSFET

Using Ve (y) = ¢s(y) — ¢5(0), we can write equation (3.43) as:

dVe, [
I =-W 7 qn(z, y) teg rdz (3.44)
Y Jo
Equation (3.44) can be written as:
Iis(y)dy = —pes W Qi(y)dVes (3.45)

The variation of the surface potential as a function of the gate voltage and its contribution to
the gate capacitance are neglected. The surface potential is approximated by (see fig. 3.4 and
fig. 3.6, [1, p. 243]:

$s(y) =2¢5 + Vo + V(y) (3.46)

Where V; is the voltage between source and bulk that is supposed to be zero.

After integrating equation (3.45), we get [1, p. 243]:

W Vds
Lis = —hess T O Qi(y)dV (3.47)

The induced charge is related to the gate voltage by equation (3.8):

Vo=V + ¢s(y) — g) w (3.48)

Substituting ¢s(y) from equation (3.46) in (3.48) leads to the following expression for the inver-

sion charge density Q;:
Qi(y) = —Coa[Vg — Vio — 205 = V(y)] — @s(y) (3.49)

The bulk charge density is assumed to be constant along the channel length and independent of
the applied drain voltage Vys so that the surface potential ¢,(y) = 2¢y + V4 is constant along
the length of the channel. Then, equation (3.33) becomes:

Qv(y) = —Coc¥ /205 + Vs (3.50)
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Combining equations (3.49) and (3.50) results in:

Qi(y) = —Cou[Vy = Vin — V(y)] (3.51)
Where V;, is the threshold voltage for the n-MOSFET that is defined as:

Ven = Vs + 201 +7/26; + Vs (3.52)
The threshold voltage for the p-MOSFET is given by [3]:

Vin = Vpo = 26 = 7/205 = Vp (3.53)

Inserting @Q;(y) from equation (3.51) into equation (3.47) and integrating, we get the following
equation for the n-MOSFET drain current Iy, [1, p. 244}:

€ CO(EW
Ly = BLIZ0 V) — Vi — 0.5V Vias = B1Vy = Vi — 0.5V Vas (3.54)
Analogously, we get for the p-MOSFET:
e Coxw - r
Iis = —“—f’if——[vg — Vin — 0.5V Vas = —B[Vy — Vin — 0.5Vas] Vs (3.55)

3 is called the gain factor. For the p-MOSFET, we have to use the hole mobility instead of the

electron mobility.

When the drain voltage is small, equation (3.54) becomes approximately:

Igs = B(Vys — Vin)Vas (3.56)
Hence, we get the effective channel resistance:
Ron = 72 2 [8(V, = V)] (357)
The transconductance g,, and the conductance gy are respectively given by:
9m = g% _ Wu A Cosy,, (3.58)
ga = 0L [0V, = LhetiCor ) (3.59)

The mobility that is extracted using the transconductance is called the field-effect mobility prp:

. gmL
HFE = 7e—7 Co Vi (3.60)

The field-effect mobility is usually considerably lower than the physical effective mobility because
of the negligence of the mobility dependence on the gate voltage.
We obtain the maximum of 145 as a function of Vg, by differentiating equation (3.54) and equating

the result to zero:
dlgs . ﬂeffcomW

dVas L
The drain voltage that gives us the maximal value of the drain source is called the saturation

Vg — Vin — Vigs] =0 (3.61)

voltage Vysas:
Vasat = V}] — Vin (362)

For bias that are higher than the saturation voltage, equation (3.54) is no longer valid and we

have to use an other model.
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3.2.2 Saturation Region

Replacing Vis by Viser in equation (3.54) leads to the following equation for the drain current
Iysqt at the pinch-off point:

Tisar = g(Vg ~ Vin)? (3.63)
Eq. (3.63) is based on the assumption that the drain current is independent of Vs beyond the
pinch-off. In reality the channel length varies as a function of V. We modify expression (3.63)

by introducing an effective channel length:

)ueffCoa;W 2
Tisar = betfZoe :
dsat 2(L—ld) ( g ‘/th) (3 64)
Where [y increases with V. Using eq. (3.63), we get:
Idsat
[gs = —-dset :
ds = 7 1./L (3.65)

In general l; is small compared to L and to a first approximation:
(1-— l—d)—1 ~1+ ZZ" =1+ AV (3.66)
With this approximation, equation (3.65) for a n-MOSFET becomes:
Tas = Igsat (1 + AVis) (3.67)
Similarly, we have the following equation for a p-MOSFET:
Lgs = —Tysae (1 — AVyg) (3.68)

(3.54) and (3.68) are the drain current equations of the SPICE MOS level 1 model. The sub-

threshold current is considered first in higher spice level models.

3.2.3 Subthreshold Region Model

So far, the diffusion current has always been neglected while deriving the drain current. However,
the diffusion current dominates the subthreshold behavior. Subthreshold current is a leakage
current and affects therefore dynamic circuits and standby power. In the subthreshold region,
the charge density is nearly constant along the y-direction and we can replace the surface potential
&s(y) by a constant value ¢g,. The depletion charge @, can be expressed as (see eq. (3.33)):

Qb = —Coe7Vs(y) = —Coe ¥/ Pss (3.69)
Since @Q; << @y, we have Q; ~ @ and equation (3.8) becomes:

VQ = Vfb + ¢ss — CQ_b (370)
oz

Solving equations (3.69) and (3.70), we get

~2 4
G0 =Vy = Vo + 51— [T+ 5V, = Vo)

2
= [»% + -74- +Vy = Vpl (3.71)
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The diffusion current is given by:
dn

dy
Using the Einstein equation Dy, = u.zsV;, integrating eq. (3.72) across the channel of thickness

Jy, = qDn (3.72)

zq4 gives us Iy in the subthreshold region as:

d@;
T = iy WV, (3.73)

We further integrate from y=0 to y=L:
w Qia W
Iys = fueffvt/ dQ; = fugfth(Qid — Qis) (3.74)
Where Q;5 and Q4 are the inversion charge densities at the source and the drain end respectively
when the device is in the subthreshold region.
In weak inversion, the expression for the inversion charge density @Q;(y) (3.37) can be simplified

1, p. 143]:

%ly) = L7V exp (000 — 201 = Vasw)/V0) (3.75)
Thus, we get:
Ly = 2LV 0T 12 0 (e — 267 — Vi) [V (1 — exp (~Vis/V2)) (3.76)

2L/¢ss

The above equation is often rewritten in terms of the surface concentration ng:

_ W-andqns

Ids i3

(1 —exp (=Vas/ V%)) (3.77)

In general, a simplified form of equation (3.77) is used. The bulk charge @} is a weak function

of ¢s and can be expanded into a Taylor series around ¢g,:

7]
Qu(60) = Qoler) + (9 = bur) 5o (378)
Using equation (3.69), it follows:
6Qb ’YCoz
=Cy = 3.79
a(ps Cd 2 V ¢s ( )
Cyq is called the depletion region capacitance. Combining equations (3.78), (3.79), and (3.70)
yields:
88 C
Vg = Vfb - ¢ss + Qb(¢ ) + (¢s - Qbss)‘—i (380)
Co-z COCL‘

An appropriate value for ¢, would lie in the middle of the subthreshold region. However, using

¢ss = 2¢5 + V4 as in many circuit models, equation (3.80) becomes:

bs — 205 — Vi = Vo= Vin (3.81)

Where:

(3.82)
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Combining equations (3.76), (3.79), and (3.81) leads to:

Ca 2 exp Lo Vi

Cov v J(1 = exp (=Vas/ Vi) (3.83)

Iys =8

Neglecting the dependence on the drain voltage Vg, a simplified version of equation (3.83) can
be obtained (1, p. 262]:

Ve = Vi
Iy = I exp (2—2 3.84
d p( A ) ( )

3.2.4 Device Speed

The transconductance g, (w) depends on the frequency w [4]:

9m
w) = _ 3.85
gm( ) 1+ & ( )

We

Where g, is the DC value of the transconductance defined in equation (3.58).

In saturation, the cutoff frequency w, is given by [4]:

He
we = G5 (Vy = V) (3.86)

The device speed is therefore proportional to u.ss and 1/L?. In practice, the extrinsic capaci-

tances lead to a much lower switching speed than predicted.

3.3 Modern MOSFETs

The modern MOSFET is a short geometry MOSFET with a thin gate oxide. Then, the approx-
imations above for the inversion and bulk capacitance is not valid.

The depletion layer widths of source and drain junctions are comparable to the channel length
and the potential becomes two-dimensional. An effective channel length L.y is introduced which
can differ considerably from the drawn channel length L.

The off-state current is in general high and hot carrier effects occur because the scaling of
the device dimensions is not followed by a proportional scaling of the supply voltage. The source

and drain series resistance can not be neglected.

3.3.1 Change in Device Behavior

When the channel length is reduced, the depletion layer widths of source and drain junctions are

comparable to the channel length and the device characteristics change:

1. The punch-through is characterized by a super-linear increase of the drain current as a
function of the drain voltage. The punch-through can take place in all regions of device
operation. The punch-through effect occurs when the applied drain voltage surpasses the

punch-through voltage V,: and the depletion width of the source touches the depletion
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width of the drain. An important current can flow even when the gate voltage is lower

than the threshold voltage.
For an n-MOSFET, the punch-through voltage V,, is given by [1, p. 43, p. 74, p. 81}

elNg 2€,€4; Ppi 2
Vi ez [R e, (387

N, refers to the substrate, whereas Ny refers to the source and drain. ¢;; is the built-in
potential of a pn-junction:

N, N,
bui = Viln (=) (3.88)

%

For low substrate doping and a long channel, the punch-through voltage is very high and,

in general, the avalanche breakdown will take place first.

2. When the channel length is reduced and the drain voltage is increased, the source and
drain depletion regions move more closely together. Their electrical fields penetrate the
channel region. The threshold voltage for a short channel MOSFET V};, is dependent on
the drain voltage due to DIBL [1, p. 212]:

Vina = Vin(Vas) = Vi — oVas = Vi, — 6V, (3.89)

o is called the DIBL parameter.

The subthreshold slope increases as the channel length is shrunken. The subthreshold
behavior is critical in CMOS in order to reduce off-state current and power consumption.

A similar effect leads to the decrease of the threshold voltage in very narrow devices.

3. Source and drain resistance are no longer negligible in comparison to the channel resistance.

Now, they act as additional series resistance Rz; and change the device characteristics.

4. The variation of the gate capacitance as a function of the gate voltage cannot be neglected

for devices with a thin gate oxide. The drain current for small drain voltages is given by

5}
o Gitttess W ot = Rt o) (3.90)

Isd

5. Carriers experience in short channel devices a high electrical field. The velocity of elec-
trons and holes saturates respectively at 1-10%V/m and 2 - 10%V/m leading to mobility

degradation.

3.3.2 Hot Carrier Effects

Hot carrier effects [6-10] are indirectly linked to short channel effects as the continuous scaling
of the channel length was not accompanied by the proportional scaling of the supply voltage.
Therefore, the maximum electrical field experienced by the carriers in the channel region has
steadily increased and hot carrier effects may occur when the carriers move from source to drain

and acquire a kinetic energy that is higher than the thermal energy of the lattice (hot carriers).
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Figure 3.8: Electron and hole current due to impact ionization

Oxide charging Hot carriers can surmount the Si — SiO2 band offset (3.1 eV for electrons
and 4.8 eV for holes) and enter into the oxide (see fig. 3.8). Hole injection is much less efficient
than electron injection due to the higher energy barrier. The carriers can either be trapped in
the gate oxide or result is a gate current (n-MOSFETSs: channel hot electrons, CHE). Oxide
charging seriously affects long-term operating devices as the charge continues to increase during
operation. It deteriorates the transconductance and limits the maximum voltage that can be

applied. The gate current results in the degradation of the oxide quality and makes the device

eventually unreliable.

Avalanche multiplication Besides, hot carriers can create electron-hole pairs by impact ion-
ization. Both can be injected into the oxide (secondarily generated hot electrons, SGHE). The
majority carriers that are not injected into the gate oxide increase the substrate current (see
fig. 3.8), whereas the minority carriers contribute to the drain current. The carriers created
by impact ionization can create further electron-hole pairs if they acquire a sufficient energy
(drain avalanche hot carriers, DAHC). The avalanche multiplication is characterized by a strong
increase of the drain current as a function of the drain voltage. Due to the high resistivity of the

substrate, the bulk voltage close to the devices can easily be changed by the substrate current
leading to the malfunction of circuits.

Parasitic bipolar transistor action A CMOS process leads to the creation of two parasitic
bipolar transistors (see fig. 3.9). In a single MOSFET, source, substrate and drain form an
inherent parasitic bipolar transistor (PBT) in parallel with the MOSFET. In a n-well process,
pTsource, n-well and p-substrate form a vertical pnp transistor and n-well, p-substrate and n™
source a lateral npn transistor. The base of each PBT is driven by the collector of the other
(feed back loop). These two parasitic transistors constitute a silicon controlled rectifier (SCR).

A substrate current due to hot carriers can forward bias emitter-base junctions resulting in large
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p-substrate

Figure 3.9: n-MOSFET

conduction (latchup) which can easily destroy a chip.

3.4 SiGe for MOSFET applications

SiGe heterojunctions can be used in the channel, the gate, the source and the drain of MOSFETs.
The interest in SiGe for MOSFET applications arises from the band offset and the enhanced
transport properties as discussed in chap. 2. Additionally, a better dopant activation can be
achieved in SiGe than in Si.

As the work function depends on the Ge content [11], the use of poly-SiGe as a gate material
allows the adjustment of the threshold voltage. Besides, the better dopant activation in poly-SiGe
reduces the gate resistance [12-14].

In source and drain [15-19], SiGe can reduce the offstate current, the parasitic bipolar gain
and as a consequence punch-through and latch-up. The better dopant activation in SiGe can
lower the resistivity of source and drain and the contact resistance [20].

This project focuses on the use of SiGe in the channel. The interest in SiGe heterojunctions
in the channel originates from the enhanced transport properties leading to an increased cut-
off frequency (see eq. (3.86)). Besides, HMOSFETs display a better noise performance than
conventional MOSFETs [21, 22].

Although HMOSFETSs display qualitatively the same behavior as conventional MOSFETsS,
the quantitative drain current equations derived in this chapter are not valid for HMOSFETs
as it will be demonstrated in the following chapter. In contrast to conventional MOSFETsS, the
space charge region of HMOSFETSs has to be divided into three regions - the cap layer, the
heterochannel, and the buffer layer. A general analytical expression for the space charge region
of the HMOSFET is not known. Because of the band offset, the magnitude of the threshold
voltage is lowered for HMOSFETs [23].
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3.5 Conclusion

In this chapter, the electrical characteristics of MOSFETSs have been reviewed. Strained SiGe
heterojunctions can enhance the speed performance, reduce noise and short-channel effects of
MOSFETs.

The drain current equations derived for devices with a long channel are not strictly valid
for modern MOSFETs with a short channel and a thin gate oxide. This is as well the case
for HMOSFETs which display qualitatively the same electrical characteristics as conventional
MOSFETSs. The analytical formulas provide us with insight about the dependence of the device
performance on single parameters. Besides, HMOSFETs are always compared to conventional
MOSFETs. In the following chapter, it will be demonstrated that mobility extraction methods
developed for MOSFETSs with a thin gate oxide can be employed for HMOSFETs.
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Chapter 4

Electrical Characterization of

MOSFETSs

In this chapter, a few available characterization routines for MOSFETs out of the vast number
of existing routines are presented. Charge pumping measurements allow the characterization
of the oxide interface which contributes to carrier scattering, s-parameter measurements the
assessment of MOSFETSs at high frequencies and possibly even mobility extraction. Simple and
robust extraction routines of MOSFET parameters are based on the approximation of the gate
capacitance by a constant. But, the constant capacitance approximation may not be justified for
HMOSFETs. Schroedinger-Poisson simulations are used in order to demonstrate that split-CV

measurements are ideal for the mobility extraction on HMOSFETSs.

4.1 Split-CV Measurements

Split-CV methods were originally developed for MOSFET with an ultrathin gate oxide [1, 2]. The
constant capacitance approximation is not suitable for these devices and leads to a systematic
error in the mobility extraction because the varying capacitances associated with the inversion
charge and the bulk charge cannot be neglected.

In split-CV methods [3-7], the currents I; and I> are measured while a voltage V, is applied
to the gate (see fig. 4.1). The split-CV method is based on the assumption that the current I
consists of minority carriers which flow into the channel underneath the gate from the source
and the drain when the substrate is inverted, whereas the current Is is due to the variation of

the bulk charge. In quasistatic split-CV [3], the inversion charge Q; is obtained by:

Vg
Qi(Vy) = /_ L) ay (4.1)

Using eq. (3.8) in chap. 3, a theoretical expression for of the variation of the inversion charge as
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Figure 4.1: Setup for split-CV measurements

;
\

o—lllllllllllj S g i g it Lty gt
4 35 3

25 2 145 1 05 0
Gate Voltage in V

Cgc in pF

0.5

Figure 4.2: C,. extracted for a p-MOSFET
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a function of the gate voltage can be determined:

V9=Vfb+¢s—gs (4.2)

Differentiating eq. (4.2) with respect to Vj, the following equation is obtained:
d 1 dQsd
| _ 99, Q, o, @3

dV,  Co dos dV,

Using Qs = @Q; + @, eq. (4.3) can be rearranged:

deps Coe
_ 4.4)
Q. _ d0s (
aVy  Cop — dos ~ dos

Using eq. (4.4), the variation of the inversion charge as a function of the gate voltage, ie the

gate-channel capacitance d@;/dV, = Cy., can be expressed as [5]:

Cpo = ZQi dgs _ %‘%:‘quw = CoeCl (4.5)
¢stg COZ—@SL_M)SB Cor +C1+Cp
Where C; = —dQ;/d¢s and Cp = —dQy/des.
Thus, the inversion charge for a p-MOSFET is given by:
o0
Q= /V Coc(V)dV (4.6)

In practice, the integration should start at the flatband voltage V.

A measured Cy.-curve is shown in fig. 4.2 for a p-MOSFET with a 6 nm thick gate oxide
(W = 1000 gm and L = 6 wm). The fact that C,. does even for accumulation not become zero
can be attributed to the variation of the gate length as a function of the gate voltage and the
small width of the gate.

The gate-channel capacitance can also be obtained from LF [4] and HF [5] measurements.
Quasistatic split-CV measurements require large MOSFETs with a gate to channel capacitance
of at least a few tens of pF. Recent split-CV methods [5] are even able to account for the drain

voltage and interface traps [6].

4.2 S-Parameter Measurements

S-parameter measurements are used to characterize the performance of devices at high frequen-
cies. They are based on the description of electrical signals as power waves and require the

extensive use of calibration routines for the extraction of the intrinsic device parameters.

4.2.1 Measurement of a Two-Port System at High Frequencies
At low frequencies, a two-port system like a transistor is usually described by y-parameters [7-9]:

I y11 Vi +y12Ve

Y21 V1 + Y22 Vo 4.7)

I
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Figure 4.3: Two-error-two-port model

Where [; and V; denote the current and voltage at port 1, i. e. the gate and I, and V5 denote
the current and voltage at port 2, i. e. the drain.

At higher frequencies, voltages and currents are difficult to measure and their definitions may
even be questionable. Then, circuits are described by traveling 'power’ waves related to each
other by s- or scattering parameters in the form of linear simultaneous equations. S-parameters
relate the square roots of the reflected power at port 1 b; and at port 2 bs to the square roots of

the incident power at port 1 a; and port 2 ay [7-9]:

by = s1101 + 1262

bo $2101 + 82209 (48)

2

The y-parameters can be represented by s-parameters [8-10]:

(1 + 822)(1 — 811) -+ 812821 ) 1

= (1 +s12)(1 + s22) — $12821 Z
—2812 1
Y2 = C 5
(1 +s12)(1 + s22) — s12821 Zo
—2821 1
Ya1 = 5
(1 +s12)(1 + s22) — s12821 Zo

P (1 + 811)(1 — 822) + 812891 . i (49)

(1 +s10)(1 + s22) — 812821 Zo

Where Zj is the internal impedance of the signal generator.

The current gain Hs; which is 0 dB for the unity-gain frequency fr is given by [9}:

Ya1 —259
Ho = 252 — 4.10
2 yuu (1 —s11)(1+ s22) + s12821 (4.10)

4.2.2 Calibration and Deembedding

In s-parameter measurements, the DUT (device under test) is described by the two-error-two-

port model (see fig. 4.3). In order to get rid of the two error boxes which are parasitics of the
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Figure 4.4: DUT with parasitics

measurement system and the vector network analyzer (VNA), several known standards are mea-
sured (open, load, short, and through). Calibration is an active research area [10-21]. Common
calibration routines are LRM, LRRM, SOLT, SORL, and TRL.

In order to find the intrinsic device performance, the parasitic impedances zy, z3, 23, Z1,
Zs, and Z3 introduced by the wiring and contact pads on the chip and shown schematically in
fig. 4.4 have to be extracted. The open, shortened, and connected device are measured. The

matrices Yeoon, Yshors, and Yopen are obtained for the connected, shortened, and open device.

I i
= Yeon - 4.11
con

I _ Wi
([2 > — ZLshort (Vg ) (412)
short
I 1%
= Y; en .

Using the decomposition fshort = f;pen + f"ghom the current f;hm,t can be found and the matrix

Zshort = [Yshort - Yopen]vl can be determined:

Vi n 71 + 23 23 I
. _ 4.14
( V'z ) short ( Ié zZ3 29 -+ 23 Ié ( )

Using the decomposition Iy, = _;pen + —féam the current Iz(m can be found and the matrix

Zeon = [Yeon — Yopen] ™t can be determined:

Vi I
( Vo ) = Zeon < Ié ) (415)

The currents passing through the device have to pass through 21, 2o, and 23. The matrix Z..,

can therefore be decomposed Z.on = Zpur + Zshort- Then, the following relation for the device



ELECTRICAL CHARACTERIZATION OF MOSFETS 56

tanh)/)))

04} =

Im and Re (tanh A/ 1)
o
N

02
E N
04Ff

-0.6 L

OTeg

Figure 4.5: Real and imaginary part of the function tanh A/A

Vi) _ I
< v > = Zpur < I ) (4.16)

The matrix Zpyr can be transformed into a Y-matrix for the intrinsic device Ypyr = ZB%]T:

I V!
< IZ ) = Ypur - ( V;’ ) (4.17)

4.2.3 Mobility Extraction

without parasitics can be found:

The split-CV method in ref. [5] which is not influenced by interface traps and the applied drain
voltage might be adapted for VNAs. A realization of this mobility extraction method using
VNAs would require six devices - three devices for the determination of I; and three devices for
the determination of I (short, open connected). The setup is the same as the one used for the
other split-CV methods given in fig. 4.1. The gate voltage V, consists of a base voltage Vigse

and a small superimposed signal v, at high frequency:
Vg = Vbase + Vo €xp (jwi) (4.18)

In a transmission line model for high frequencies, the currents I; and I» in fig. 4.1 generated by

v, are given by [5]:
CozCy tanh /\U
Coe+Cp+C; X °
, CozCh Co:CpC tanh A
I, = —jwWL - o 4.20
2= W L e ~ (G T Cn)(Cos  C £C) AV ifa210)
Where C; = —dQ;/d¢s and Cp = —dQp/des.

The propagation constant A is given by:

I = —jwWL

(4.19)

_ S _ ijzcgc(Com + CD)
A = V JWTge = \/ 4Q2‘C’0mﬂeff (421)
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The function I'm[tanh A/A] has a minimum of —0.4172 for w7y, = 2.54. Cy. (see eq. (4.5)) and
Tge can be obtained from the real part of I; for a fixed base voltage.
Then, (); can be obtained from eq. (4.6):

Viase
Qi(V) = /_ Coo(V)AV (4.22)

The ratio (Cop + Cp)/Cl. is given by:
Co:)) + CD o Re[Il + IQ]

= 4.23
Coz Re{]l] ( )
Using, eq. (4.21), the mobility can be expressed as:
Re[h + IZ] L2
e =C ¢ 4.24
Hert = Coc el 40y (4.24)

This mobility extraction method does not take into account the gate resistance and might there-
fore not be suitable for extremely high frequencies. It is important to take care in the design of
the investigated devices that this assumption is justified. A finger-structure can help to reduce
the gate resistance.

Besides, the source and drain series resistance is not included in the model. The investigated
devices should therefore be relatively long. A large device may also be favorable because the
effect of the parasitics is less important. In ref. [5], a 200 pm long and 200 pum wide device
is studied. For such a long device, the gate resistance might be reduced considerably by using
a metal line on top of the poly-Si gate. However, the low frequency range which would be of

interest for devices with a long gate might not be suitable for VNAs.

4.3 Charge Pumping Measurements

Charge pumping measurements [22-32] can provide us with information about the average in-
terface trap density [23], the capture cross section of interface traps [24], the energy and spatial
distribution of the interface traps [22]. In comparison with CV measurements, charge pump-
ing measurements are far more sensitive and less prone to oxide leakage. Devices with a gate
capacitance in the order of 1 pF can easily be measured.

A pulse train V, is applied at the gate of a MOSFET and a reverse bias V.., is applied at
the source and drain of the MOSFET (see fig. 4.6). The substrate current I, is measured. The
MOSFET goes through three different modes when the transistor is switched from accumulation
towards inversion and vice-versa.

The cycle T}, for an n-MOSFET is considered. The form of the applied gate pulse is given in
fig. 4.7. The pulse consists of a base voltage Viqas. and a superimposed signal of amplitude AVy4.
The MOSFET is initially in accumulation.

During ¢,, the gate voltage is increased. The first holes which are emitted from traps towards

the valence band flow back to the substrate. When the gate voltage approaches the threshold
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Figure 4.6: Setup for charge pumping measurements

voltage, the remaining holes recombine with electrons coming from source and drain. Further
electrons from source and drain fill electron traps at the interface.

The gate voltage reaches the maximum value (V;, = AV4 + Viqse). As the capture processes
are nearly instantaneous, all the electron traps with an energy lower than the Fermi level are
filled during t5.

The gate voltage decreases again during ¢;. Electrons captured in interface states above the
Fermi level are emitted and flow back to source and drain. However, the emission process is not
instantaneous, but exponentially dependent on time and temperature. When the gate voltage
surpasses the flatband voltage, holes from the substrate recombine with the electrons left in the
channel and fill the hole traps.

During ¢;, all hole traps above the Fermi energy are filled with holes coming from the substrate.
The gate voltage reaches the minimum and the cycle starts from the beginning.

The resulting DC substrate current is due to holes which recombine with electrons. It is
a direct measure for the number of hole and electron traps swept through by the Fermi level.
However, the electrons and holes which are emitted from traps while the channel is in inversion
or accumulation, respectively, do not contribute to I.,. As the emission process depends on
temperature, the charge pumping current decreases with increasing temperature.

In case that the emission is neglected for small ¢, and ¢s, the charge pumping current is given
by:

Iy=q-f-Ac-Dx (4.25)

Where f is the frequency of the gate pulse, Ag the gate area, and D;; the mean surface state

density averaged over the energy levels swept through by the Fermi level.
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Figure 4.11: Charge pumping current as a function t,, for an n-MOSFET with a 12 nm thick
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Using a simple emission model, the resulting substrate or charge pumping current I, for a

square pulse is given by [22, 23]:

__ Viy — V4
Ip=2-q- f-Dy-Ag - k- T[ln (ven, - ni,/ana,,) +1n (%VATMI\/tf . t.,-)] (4.26)

Where k is the Boltzmann constant, T' the absolute temperature, vy, the thermal velocity of the
carriers, n; the intrinsic concentration, o, the capture cross section of electrons, o, the capture
cross section of holes, t; the pulse fall time, and ¢, the pulse rise time.

In the Elliot charge pumping technique [25], a constant reverse bias is applied at the source
and drain, while the base level of the gate pulse train is swept from a low accumulation to a
high inversion level. An increase of the reverse bias voltage reduces the part of the channel that
can be measured. Usually, no reverse bias is applied (ie Vyep = 0 V). The amplitude of the gate
pulse is kept constant, the fall and rise times can be neglected.

The Elliot curve comprises five distinct regions (see fig. 4.8 for an n-MOSFET). In strong
inversion (A), the surface potential is pinned close to 2¢ . There is little change in the occupancy
of the surface states and the charge pumping current is negligible. When the base voltage is varied
between accumulation and strong inversion, many surface states are swept through by the Fermi
level resulting in a high charge pumping current (C). When the gate voltage is permanently
below the threshold voltage with or without the applied pulse, the surface states can no longer
be filled by carriers from the source and the drain and I., is small (E). (B) and (D) are transition
regions. If AVy is larger than the interval between the regions (A) and (E), I, saturates in the
region (C). The maximum of |I.,| can be used in order to calculate Dy according to eq. (4.25).

Fig. 4.9 compares the Elliot charge pumping curves of HMOSFETs with different Si cap
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layers. The apparent increase of the interface state density of HMOSFETSs with the decrease of
the cap layer thickness can be attributed to Ge segregation during gate oxide growth (see section
6.3). A screening effect of the Si cap layer is not observed.

Fig.’s 4.11-4.13 show a few factors which may cause systematic errors in the extraction of the
interface state density. Using the pulse in fig. 4.10 with negligible fall and rise times, detailed
information should be obtainable. The MOSFET is in accumulation at V, = V; and in inversion
at V;, = V. During t,,, some carriers captured at voltages between V3 and V,, are emitted. The
number of emitted carriers depends on the emission rate and ¢,,. Varying ¢,,, the emission rate
and the exact number of interface traps might be determined.

In fig. 4.11, the charge pumping current is given as a function of t,, for an n-MOSFET with
a 12 nm thick gate oxide, L = 6 um ,and W = 1000 pm, V; = -2V, V,,, =0V | and various V},.
Instead of decreasing exponentially, the charge pumping current forms as plateau for small ¢,
and relatively high V3. As conflrmed by "HP Advanced Design System” simulations, the plateau
is due to the time it takes the wide gate to decharge. The charge pumping current saturates as
a function of V},. If ¢,, is smaller than the time it takes the gate voltage to reach the value of the
saturation voltage, it has no effect on I,,. The plateau gets wider with increasing V4. As the
emission process is not solely determined by the applied pulse, equation (4.26) is not suitable
for these devices with an extremely wide gate. However, such devices will be used in chapter 8
about the SiGe CMOS/Ge™ implantation batch as the charge pumping current is not stable for
devices with a small gate and influenced by the contact between the probes and the metal pads.
Instead, equation (4.25) will be used although it might underestimate the interface state density
slightly as it does not take into account the emission processes.

Fig. 4.12 shows the saturation of the charge pumping current as a function of T,. I, does
not increase further for T, lower than a few hundreds of nanoseconds because the gate voltage
is not able to follow the applied voltage. The value T}, for which I, saturates is similar to the
width of the plateau in fig. 4.11. Fig. 4.13 illustrates how the charge pumping current increases
overproportional for long gate lengths because the minority carriers in the inversion layer are not

completely evacuate while the gate voltages passes from inversion to accumulation.

4.4 Parameter Extraction for Conventional MOSFETSs

In the linear region of device operation for small drain voltages [33], the drain current equation

for MOSFETSs is given by:

Qi e W ;Vds — Ryq - Ias) (4.27)

Ids

Where Ig,, i, Vis, Rsd, trejs, L, and W are respectively the drain current, the inversion charge
per unit area, the drain voltage, the source and drain series resistance, the effective mobility, the

effective channel length, and the effective channel width.
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Figure 4.12: Charge pumping current as a function of T, for an n-MOSFET with a 12 nm thick
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Figure 4.13: Charge pumping current as a function the gate length L for an n-MOSFETSs with
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The effective mobility pezs can be described by [7]:

Ho
eff = 4.2
freff = 7 0.V, —Vin) (4.28)

Where 0, is the mobility degradation factor, and u, is the low field mobility.

The inversion charge can be described by (see chap. 3):
Qi =Cog - (Vg — Vin) (4.29)

Where V;, Vs, and C,; are respectively the gate voltage, the threshold voltage, and the gate

oxide capacitance.

Using eq. (4.28) and eq. (4.29), equation (4.27) can be expressed as [24, 25]:

e for n-MOSFETSs

B(Vy — Vin)Vas
ljs = — -ttt 4.30
@ TE OV, — Vin) (4:30)

e for p-MOSFETSs

B(=Vy + Vin)Vas
Igs = 4.31
@ TT0(=V, + Vin) (4.31)

£ is given by:

p=te O W (4.32)

L

As typically wide devices are used, we do not have to distinguish between the effective and drawn

channel width.

© depends on the source and drain series resistance Ry;y = Ry + R4 and the mobility degra-

dation factor ©,:
O =R+ 0, (4.33)

The parameters given in eq.’s (4.30) and (4.31) are determined by curve fitting for a particular
device, whereas the determination of the low field mobility u,, the mobility degradation factor
©,, the source and drain series resistance R4, and the difference between the drawn and effective
channel length AL = L,— L require the measurement of several devices which are identical except

for the gate length.

Determination of the Source and Drain Series Resistance and the Mobility Degra-
dation Factor Using N sets of devices with different channel lengths which are identical in

every other aspect, Rsq and ©, can be extracted by plotting @ as a function of 8 = 81,55 ... On:
O =pRyqq+ 06, (4.34)

©, can be expressed according to equation (see appendix A):

Ziil gl—?ﬁf ZL ‘,1_2@i - ZZI\;1 ;12‘51 Z,Nzl '0715/6181
@O — i i X 2 u (4.35)
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Y
0B, — ———A-z— (436)
R4 is given according to equation (see appendix A):
Zi\il Flf Ziil #&'@i - Zzlil a%ﬂi Zz]i1 %Gi
Rsg = * * . * (437)
A
Siti o
OR,y = \| —— (4.38)
o; and A are defined by:
L1 & M1
52 2
A= P z ;5 P (Z ;2'51‘) (4.39)
=1 =1 "t =1 2
oi =1/ (0e)} + (R:,(08)%) (4.40)

Where R}, is obtained from equation (4.37) when (og); is neglected. A more precise value can

be obtained by iteration.

Determination of the Low Field Mobility and AL Using the same results, AL and p,

can be extracted by plotting a graph of 1/ against the drawn channel length:
11 1
B B noCW ° e CW
A and B are given by (see appendix A):

S LN, 2D - TN, H(Le)i TN & (La)i(d):
A= : : 1 : : (4.42)

AL=B L,+A (4.41)

Eik 2 T FEoi(h)s - Bl (L) B 22(3):
A

The standard deviations o4 and op can be expressed as:

B= (4.43)

o4 = 3 (4.44)
A
i=1 g2
op =\ —— % (4.45)
Where A and o; are given by
N1 X N
A= 5D (L) = ()] (L)) (4.46)
=1 1 =1 1 i=1 1t
0i = (o) (4.47)
Thus, p, and AL can be calculated
1
0 4.
Ho = Bow (4.48)
oB
Oue = Bromw (4.49)
AL = Ap,CW = % (4.50)

OAL = \/(%)2 + (—B“Q—V (4.51)
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Figure 4.14: (a) Cross section of a HMOSFET (b) Space charge region of a p-MOSFET with a

6 nm gate oxide, a 5 nm Si cap, a 10 nm 40 % Ge channel, and a Si buffer at a gate voltage

V,=-1V
4.5 Parameter Extraction Routine for HMOSFETSs

HMOSFETSs have an epitaxial Si;_,Ge, layer underneath the gate. The Si;_,Ge, layer can be
divided into a buffer layer, a channel and a cap layer (see fig. 4.14 (a)). Typically, the Ge content
in the strained heterochannel is higher for the p-MOSFETSs and lower for the n-MOSFETS than
the Ge content in the unstrained cap and buffer layers. The hole mobility for p-MOSFETSs and
the electron mobility for n-MOSFETSs are therefore enhanced while the carriers are confined in
the hetero channel. However, the confinement might not be perfect and the gate capacitance
might vary as a function of the gate voltage (see fig. 4.14 (b)).

In the linear region of operation, for small drain voltages, the MOSFET can be described by
a resistance Ry, that is the sum of the source and drain series resistances Ry; and the channel

resistance Ry, [36] according to eq. (4.27):
Rio = Rsq + Rep (4.52)

Whereas the channel resistance R.p, is dependent on the gate voltage, inversely proportional to
the channel width, and proportional to the channel length, R, is independent of the gate voltage
and the channel length, but inversely proportional to the channel width.

The channel resistance Ry, is given by:

1w W-Q; - e
B f/0 p(z)p(z)de = ._Q_L e f (4.53)

Where p, p, ¢, and d are respectively the mobility, the charge density, the depth in the substrate

direction (the oxide-silicon interface is situated at z = 0, see fig. 4.14 (b)), and the end of the

space charge region.

Taking into account AL, the difference between drawn channel length L, and effective channel

length L, R.p is given by:
L,— AL

7 ren(Vg — Vin) (4.54)

Rch =
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Where 1.4, is the channel sheet resistance and given as a function of the gate drive as the dispersion
in the values of the threshold voltage renders the determination of device parameters otherwise
difficult.

The total resistance can be written as:

Rto = de+Rch (455)

AL L,
W%h(vg - Vin) + WTch(Vg — Vin)
= RindL + Lo : RdepL

de -

Where Rinqp is in contrast with Rg.pr independent of L.

Determination of the Threshold Voltage The extrapolation method for the determination
of the threshold voltage is not necessarily suitable for HMOSFETSs because the dependence of
the mobility on the gate voltage is in general not known. Instead, the constant current method
seems to be most appropriate for the determination of the threshold voltage. In the constant

current method, the drain current is measured for a low drain voltage. At the threshold voltage,

the drain current Iy, is given by [7, p. 438]:

w .
Iys = Ith-f (4.56)

For drain voltages typically lower than 0.1 V, I;;, = 1- 1077 A results often in a good fit.

Determination of R;q and AL Using N devices with different channel lengths which are
identical in every other aspect, Raepr, (Vy — Vin) = Raepr and Ringr can be extracted by plotting
Ry, as a function of L = Ly, Ly ... L for a particular gate drive. R;,4r can be expressed as (see

appendix A):
Zi:l ;1?(1’0)3 Zf\l 1 T(Rto z ZA: ;1? Zizl ;_?(Lo)i(Rto)i

Rinar = A (4.57)
ZA; o—l_f(LO)z
ORinar =\ =R (4.58)
Rgepr is given by (see appendix A):
Zg—.l ;17 Zzzil ;?(LO)i(Rto)i - Zi:l ;_?(LO)Z' Zi:l (,-l_z(RtO)i
RdepL = : . A * * (459)
A
i=1 g2
ORgepr, — - (4'60)
o; and A are defined by:
A LA Yo
A=Y 5 5= Q) (L))’ (4.61)
g 2 i=1 2

0i = O(Ru0)i (4.62)
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Varying the gate drive V; — Vi, Rinar can be expressed as a function of Rgepr:
Rinar = Reg + AL - RdepL (463)

R4 can be expressed as (see appendix A):

Zﬁ\;l (,-L?(RdepLﬁ Zi\il %(Rmdll)i - Zi\il ;l?(RdePL)i Zi:l %(RdepL)i(RindL)i

Req = A (4.64)
Zﬁ\; ;IIZ(RdepL)?
OR,y = A (4.65)
AL is given by (see appendix A):
PO = > L (Raepr)i(Rinar)i — S L (Raepr)i 2 iy 22 (Rinar)i
AL — i i i i (466)
A
N
_ T 4.67
OAL — T ( . )
o; and A are defined by:
NN N o
A= z o2 Z B‘g(RdezﬂL)? - (Z B‘g(RdepL)i)Q (4.68)
=1t i=1 1 i=1 4
0 = \/(URindL)zz + (AL*(URdepL)lZ (469)

Where AL* is obtained from equation (4.66) when (o), is neglected. A more precise value can

be obtained by iteration.

Determination of the Channel Sheet Resistance and the Effective Mobility Alterna-
tively, parameter extraction routines described in [33, 36-40] can be applied to HMOSFETSs in
order to extract the effective channel length and the source and drain series resistance as long
as they are not based on unjustified assumptions about the dependence of the inversion charge
on the gate voltage. Once the effective channel length and the source and drain series resistance
are known, the channel sheet resistance, which is inversely proportional to the effective mobility,
can be calculated.

The channel resistance is calculated according to:

R = Ryo — Rsa (470)

OR., =1/0%, +0%., (4.71)

The channel sheet resistance can also be extracted for devices with an extremely long gate for
which Rgq can be neglected. This approximation is very common for split-CV measurements
which require large MOSFETs.

The channel sheet resistance for a device of a particular channel length is given by:

w
Teh = chh (472)
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w w
Org = \/(faRch)Q + (g3 Renoar)? (4.73)
The measurements for devices with different channel lengths can be combined using the weighted
averages:
N
Zi:l a—?rl N (TCh)i
Tep = N - (4.74)
Zi:l AN
(repdi
1 (4.75)
Oren = =7 .
Zz’:l ﬁ;
(ren i
The channel sheet resistance r.;, can also be written as:
1 d
= [ ule) pitado = sy - Qs (4.76)
Teh 0

Where @y, 1, pi, z, and d are respectively the inversion charge, the mobility, the inversion charge
density, the depth in the substrate direction (the dielectric-silicon interface is situated at z = 0,

see fig. 4.14), and the depth of the space charge region.

Knowing the channel sheet resistance, the accurate extraction of the effective mobility requires

the determination of the inversion charge which might be approximated by:
Qi(Vy = Vi) = C - (Vg — Vin) (4.77)

Where Vj is the gate voltage, V1, the threshold voltage and C the series capacitance of the gate

oxide C,; and the Si cap C,qp per unit area as all carriers would ideally be confined in the SiGe

channel:
1 1 1
= = + 4.78
¢~ Co " o 78
Substituting equation (4.77) into equation (4.76), the effective mobility can be expressed as:
1
(4.79)

fett = & (Vg = Vin) - Ten
Alternatively, the capacitance associated with the inversion charge can be obtained from split-
CV measurements [1-6]. Substituting equation (4.6) into equation (4.76) yields the following
equation for the effective mobility pers, which takes account of the variable capacitance:

1
ren - fy? Coe(V)dV

ﬂeffv = (480)

If a split-CV method is used which takes into account the interface traps, the drain voltage,

expression (4.80) is exact except for the neglect of the diffusion current.

4.6 Validity of the Constant Capacitance Approximation

The error in the mobility extraction for a typical p-channel HMOSFET with a thin gate oxide
is examined [41] when the constant capacitance approximation is applied. A 1D Schroedinger-
Poisson solver [42] is used to calculate the hole density. It takes account of QM effects and

includes the strain dependence of the light and heavy hole masses.
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Figure 4.15: (a) Comparison between piesf, and pegs for a p-MOSFET with a 6 nm gate oxide,
5 nm cap, and a 10 nm 40 % Ge channel (b) C, Cy. and hole density in the Si cap and SiGe
channel for a p-MOSFET with a 6 nm gate oxide, 5 nm cap, and a 10 nm 40 % Ge channel

The band offset [43] in the valence band of the SiGe channel is described by (see fig. 4.14

(b)):
AE, = —0.74z (eV) (4.81)

where z is the Ge fraction.
The effective light hole m;, and heavy hole m;, masses fitted to the density of states effective

mass at 300 K obtained from k.p theory [44] are given by:
myp, = 0.255 — 0.334z + 0.215z> (4.82)

mpn = 0.927 — 2.266z + 1.827x2 (4.83)

Typical hole mobilities of 100 cm?/V's and 200 ecm?/V s are respectively used for ug; and psige.
The 10 nm thick heterochannel has a Ge content of 40 %. The oxide is 6 nm thick whereas
the thickness of the Si cap is varied between 0 and 8 nm. The substrate is uniformly doped
(1-10*" em=2). The threshold voltage is defined as the voltage at which the hole density reaches
1-10Mem=2.

Fig. 4.15 (b) compares fiesfy and pess as a function of the gate voltage for a HMOSFET with
a 5 nm cap layer. For a small gate drive, the carriers are confined in the the SiGe channel and
the constant capacitance approximation underestimates the effective mobility as for conventional
MOSFETSs due to the contribution of the inversion layer capacitance associated with the inversion
charge. At higher gate drive, the Si cap is populated. Then, Cy. (see fig. 4.15 (a)) and fes sy
are incorrectly estimated.

Fig. 4.16 (a) illustrates the variation of p.ss with respect to p.rsy as a function of the cap
layer thickness at V; = —2V. For thicker cap layers, the effective mobility can be severely
overestimated by the constant capacitance approximation (see fig. 4.16 (b)). The quotient

Weff/leffo varies 30 % for the devices with an 8 nm cap layer over a gate voltage range of 2 V.
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Figure 4.16: (a) Comparison between fi.¢f, and pers for a p-MOSFET with a 6 nm gate oxide,
and a 10 nm 40 % Ge channel at a gate voltage Vy = —2 V' (b) piefs/pessv as a function of the
gate voltage for p-MOSFETs with a 6 nm gate oxide, and a 10 nm 40 % Ge channel

4.7 Conclusion

In this chapter, a few techniques which are used in this work for the characterization of HMOS-
FETs have been presented. Charge pumping measurements are a useful technique for the char-
acterization of the oxide interface of HMOSFETs which may have interface traps due to the
presence of Ge. The speed performance can be assessed by s-parameter measurements. The
presented mobility extraction routine which may make use of s-parameter extraction in case that
the VNA possesses the required sensitivity at low frequencies is ideal for HMOSFETs.
HMOSFETsSs require in general a mobility extraction routine which takes account of the
variable gate capacitance. Schroedinger-Poisson simulations show that the constant capacitance
approximation produces a considerable error in the mobility extraction for typical HMOSFETs.
The effective mobility extracted with the constant capacitance approximation can vary 30.0 %
with respect to the correct value for a 40 % SiGe MOSFET with a 6 nm thick oxide and 8 nm

thick cap layer over a voltage range of 2 V.
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Chapter 5

Vapor-Phase Deposition

In IC fabrication, vapor-phase methods are predominant in the deposition of thin films. Vapor-
phase epitaxy methods can be classified into chemical (CVD) and physical (PVD) vapor deposi-
tion methods. Physical vapor deposition methods do not involve chemical reactions. Neverthe-
less, the distinction begins to blur because CVD growth techniques are extended to ultrahigh
vacuum and MBE, a physical vapor deposition method, can use gaseous sources.

This chapter focuses on the application of vapor-phase methods relevant to conventional
processing and this work. Chemical vapor phase deposition methods are used in conventional
circuit manufacturing for the deposition of dielectric, polysilicon, and epitaxial silicon layers
whereas sputtering is the only common physical vapor phase deposition method. However,
molecular beam epitaxy, a physical vapor phase deposition method, is ideal for the growth of

SiGe heterostructures.

5.1 Chemical Vapor Deposition

Chemical vapor deposition [1, pp. 312; 2] is a material synthesis process whereby the constituents
of the vapor phases react chemically near or on the substrate surface to form a nonvolatile solid
film. All CVD methods are based upon the same growth process and possess a similar growth
reactor. However, they use different temperature and pressure regimes that are the most suitable

for certain layers. Some CVD techniques enhance their capability making use of additional

physical effects.

5.1.1 CVD Growth and Reactor

A detailed understanding of CVD is a formidable task because it involves chemical reactions and
flow dynamics. Chemical vapor deposition is described in the laminar flow pattern where the
input reactant gases are flowing in one direction and passing over the substrate to the exhaust.

Then, a growth process consists of the following steps [2, pp. 108]:

75
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1. Introduction of the reactant species to the substrate region

2. Transfer to the substrate surface

3. Absorption or chemisorption on the substrate surface

4. Surface diffusion, site accommodation, chemical reaction, and layer deposition
5. Desorption of residual reactants and by-products

6. Transfer of residual reactants and by products from the substrate surface

7. Removal of residual reactants and by-products from the substrate region

The steps can occur consecutively or in series. The slowest step is called the rate-limiting step
and determines the overall rate of the growth process. A growth process that is dominated by 3,
4 or 5 is called a surface-controlled process, whereas a growth process that is dominated by step
1 and 2 is called a mass-transport-controlled process.

Mass-transport-limited processes occur at high temperatures when temperature has little
influence on the growth rate. The deposition rate is controlled by the concentration of the
deposition gases. Mass-transport-limited processes require a uniform concentration of reactants
in the bulk gas.

In contrast, surface-controlled processes occur at low temperatures when the reaction rate

determines growth. Then, the deposition rate R is given by the Arrhenius equation [2, p. 228]:
R = Aexp(—E,/kT) (5.1)

Where the frequency factor, the activation energy, temperature and the Boltzmann constant are
respectively given by A | E,, T and k. E. g. the activation energy FE, for polysilicon is 1.7 eV.
The uniformity of reactants in the bulk gas is not critical, but temperature control has to be
excellent.

The deposition of a thin layer on the substrate can be decomposed into nucleation and growth. In
the nucleation process, a newly formed phase grows to a critical size and becomes stable (nucleus).
The nucleation process can be homogenous or heterogenous. The heterogenous nucleation process
occurs in contrast to the homogenous nucleation process in the presence of other objects like the
substrate surface and is thermodynamically always preferable to homogenous nucleation.

The chemical reactions lead to the formation of a solid material as well on the substrate surface
(heterogenous reaction) as in the gas phase (homogeneous reaction). Heterogenous reactions
occur selectively on the the heated surface and produce therefore good quality films. Homogenous
reactions are not desirable because they form gas-phase clusters of the depositing material and
result in poorly adhering, low density films with defects.

The design and operation of CVD reactors are determined by various factors. The CVD

reactors can be classified according to the method that is used to heat up the wafers and the
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pressure regime of operation. The reactor geometry is determined by the pressure regime, energy

source and throughput. They can be further split into subgroups defined by the method of heating
[2, pp. 210]:

e Resistance heating
e RF induction heating
o Heating with a glow discharge (plasma)

e Heating by photon energy

Energy is transferred either to the reactant gases or directly to the substrate. Reaction chambers
where the whole reaction tube is surrounded by resistance-heated coils and not only the wafers
become hot are known as hot-wall reactors. In these systems, chemical reactions occur as well
on the wafer surface as on the reaction chamber walls. Hence, these systems have to be cleaned
regularly. In contrast, energy input via RF induction or infrared lamps mounted within the
reactor does not heats up the reaction chamber walls appreciably (cold-wall systems). In some
cold wall systems, even means of cooling the walls are implemented. Most gases used in film

deposition are toxic or at least hazardous. They can be categorized into four different groups:
e pyrophoric
e poisonous
e corrosive

e dangerous combinations of gases

Combinations as silane with halogens, silane with hydrogen and oxygen with hydrogen cause
safety problems. Silane can react with air to form solid products causing particle contamination
or plugging of the pipes. More over, an inert carrier gas is often used in order to improve the

uniformity of the reactant species.

5.1.2 Different CVD Methods

In this section, a short overview over the most common CVD techniques is given. The basics of

each method and its applications are discussed.

Atmospheric Pressure CVD Atmospheric pressure CVD (APCVD) is an early and simple
CVD technique. APCVD takes place in the mass-transport-limited regime and has therefore
large reaction rates, but it does not allow a high throughput as the wafers cannot be vertically
stacked. APCVD is suitable for thick dielectrics. It operates at atmospheric pressure. Deposition
rates can be in excess of 1000 A / min. Particle formation due to homogenous reactions is a major
drawback in APCVD. In order to achieve a good morphology, APCVD requires a diluent, e. g.
Ny for SiOy-deposition.
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Figure 5.1: Schematic of an UHVCVD system

Low Pressure CVD Low pressure CVD (LPCVD) enables uniform step coverage, precise
control of composition and structure, low-temperature processing, high deposition rate and high
throughput. LPCVD is more popular than APCVD due to its superior properties. It requires no
carrier gas as gas phase nucleation is reduced by low pressures. LPCVD operates in general in
the surface-reaction-rate-limited mode. Therefore, the wafers can be stacked vertically at very

close spacing. The chamber holds up to 200 wafers.

Plasma Enhanced CVD Plasma enhanced CVD (PECVD) does not rely solely on thermal
energy and, therefore, allows film deposition at very low substrate temperatures. The energy
provided to the reactant species by an RF plasma allows them to react and to diffuse further
along the surface at low temperature. The RF frequency is normally less than 1 MHz. The
process fills small feature sizes easily. Although particle contamination and limited capacity

pose still major concerns, it has been used for the growth of SiGe layers [3].

Ultra High Vacuum CVD The UHVCVD [4-7] growth reactor is very similar to a con-
ventional LPCVD reactor (see fig. 5.1). It is not commonly used in industrial fabrication. In
comparison to conventional CVD, ultrahigh vacuum CVD (UHVCVD) is based on a ultrapure
growth environment throughout the deposition process (low limits of oxygen and carbon). The
base pressure is typically as low as 10~ torr.

UHVCVD is suitable for the growth of high quality epitaxial Si and SiGe layers. Growth
occurs in the range of 550°C in about a mtorr of silane instead of 850°C or higher for conventional
CVD. Thus, little silane is decomposed in the gas phase. The low growth rate of UHVCVD (a

few A/ min.) is acceptable because up to 35 wafers can be loaded in the current generation
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research reactors.

Further CVD Methods Metal organic CVD [9], laser ablation CVD, hybrid excitation CVD,
photon-induced CVD [9, 10], electron cyclotron resonance CVD, rapid thermal CVD [4] are
examples for further CVD methods. Photon-induced CVD (PHCVD) may allow film deposition
at very low temperatures without the disadvantages of PECVD. PHCVD employs either a laser,
UV or IR lamp. In UV lamp reactors, mercury vapor absorbs the UV light in the CVD chamber
[2, p. 249]. The energy that is transferred to the silane lowers the activation energy for the Si
film deposition.

Electron cyclotron resonance CVD (ECRCVD) is very similar to PECVD. However, the RF-
field in order to generate a plasma is replaced by a microwave power. ECRCVD requires less
energy for the generation of a plasma than PECVD resulting in a low defect density of deposited
films.

Metal organic CVD (MOCVD) is a competitor to MBE as it is also able to grow thin,
atomically abrupt, extremely perfect epilayers. MOCVD uses organometallics. It is used for the
fabrication of GaAs devices, but not for the fabrication of SiGe devices.

Rapid thermal CVD combines rapid thermal processing technology and CVD. The wafer is

heated by lamps above and below the flow tube. It can be used for SiGe heterostructures.

5.1.3 Deposition of Thin Films by CVD

Whereas sputtering is the most suitable methods for metal and alloy deposition, CVD is mainly
used for the deposition of dielectric , poly- and silicon films. The deposition of the most common

layers and SiGe layers by CVD is described in this section.

Deposition of Dielectric Layers Dielectric films, such as silicon dioxide and silicon nitride,
are used as isolation, mask, and passivation layers. Silicon dioxide is formed either thermally at
high temperature in oxygen or by chemical reaction. Thermal oxide is stoichiometric, displays
excellent properties and is used as gate oxide, whereas CVD oxide is used for most other appli-
cations (poly-metal interlevel dielectrics, intermetal dielectrics, dopant mask, passivation layers,
diffusion sources). Silicon nitride films possess a higher dielectric constant than silicon diox-
ide and are not suitable as stand-alone intermetal dielectrics or poly-metal interlevel dielectrics

(PMD). Requirements for dielectric CVD films are [2, pp. 215}
e no residual constituents outgassing during later processing
e good step coverage
s ease of etching

e thermal stability
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e good adhesion

e low dielectric constant (isolation)
e high breakdown field strength

e no moisture absorption

PMDs can be deposited and flowed at temperatures in excess of 800°C, whereas dielectric films
employed between metal layers (intermetal dielectrics) have to be processed below 450°C due to

the presence of Al

Deposition of Silicon Dioxide Films Furnace oxide possess a unbeatable quality, but
requires a high thermal budget. The quality of deposited silicon dioxide films is affected by
pressure, deposition temperature, reactant concentration and dopant concentration. High tem-
perature leads as well to an increase of the density of the deposited oxide and of the deposition
rate for all CVD methods as to good step coverage.

Feeding dopant hydrides such as phosphine, arsine and diborane into the CVD reactor results
in doped silicon dioxides. Trimethylphosphite (TMOP) is used for phosphorus-doped oxides. The
viscosity decreases with the concentration of phosphorus and boron (PSG: Phosphosilicate glass,
BPSG: borophosphosilicate glass). Doped dioxide used for the refiow process contain 6 to 9
wt % phosphorus. Unfortunately, silicon dioxide with high phosphorus concentration results in
aluminium corrosion. Boron dopants can be added in order to reduce the reflow temperature
further. The boron concentration should not exceed 5 % because the silicon dioxide films become
unstable.

In the following chemical reactions, s, 1, g means respectively solid, liquid, and gaseous.

Silicon dioxide films can be formed by different chemical reactions:

e Below 500°C, the following reaction is suitable for the growth of intermetal dielectrics by

APCVD and LPCVD [2, p. 216]:
SiHy(g) + O2(g) — SiOs(s) + 2H(g) (5.2)
4PH;3(g) +502(g) = 2P205(s) + 6Ha(g) (5.3)
The dielectrics exhibit high particle concentration and poor step coverage.
e An LPCVD process taking place at about 900°C is [2, p. 217]:
SiClaHa(g) + 2N20(g) — SiOa(s) + 2Ns(g) + 2HCl(g) (5.4)

The disadvantages of the particular process are that the chlorine damages the underly-
ing polysilicon and that the deposition temperature is too high for the use as intermetal

dielectric.
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e The following reaction uses tetraethyl orthosilicate (TEOS, S2(OC2Hs)4) for the formation
of silicon dioxide between 650 and 750°C [2, p. 216]:

Si(OC3Hs)4(l) — Si02(s) + by — products(g) (5.5)
TEOS silicon dioxide displays very good uniformity and step coverage.

e In PECVD, silicon dioxide can be formed according to [2, p. 244]:
SiHy(g) + O2(g) — SiO2(s) + 2Hs(g) (5.6)

SiHy(g) + 4N20(g) — SiO2(s) + 4N2(g) + 2H20(g) (65.7)

For PECVD, radicals are formed and further chemical reactions occur in the plasma dis-

charge. The silicon dioxide is not perfectly stoichiometric and contains some by-products.

Deposition of Silicon Nitride Films Silicon nitride (SizNVy) possesses the ability to
protect against the diffusion of water, dopants and impurities. In LOCOS, it is used as a mask

and passivation layer. The most common silicon nitride deposition methods are:

e At temperatures between 700 and 800°C) silicon nitride is deposited by APCVD according
to [2, p. 225]:
3SiH4(g) + 4N H3(g) — SisNy(s) + 12Hs(g) (5.8)

o It can also be deposited by LPCVD in the same temperature range [2, p. 225]:
3SiClaHo(g) + 4NH3(g) — SigNy(s) + 6H(g) (59)

The properties of both LPCVD and APCVD silicon nitride depends on total pressure,
reactant concentrations, deposition temperature and temperature gradient. The deposi-
tion rate increases with temperature, total pressure and partial pressure of dichlorosilane,
whereas ammonia reduces the deposition rate. Deposited silicon nitride is amorphous and
can contain a large amount of hydrogen. High ammonia to dichlorosilane ratio and low
deposition temperature increase the hydrogen content. The hydrogen atoms passivate the
dangling bonds of silicon. The refractive index of deposited silicon nitride (2.01) is higher
than the refractive index of silicon dioxide (1.46). The refractive index of silicon oxinitride
can vary between both of these indices. Relatively thick silicon nitride layers (> 200nm)

may crack because of high tensile stress.

e In PECVD, the reaction of silane with ammonia or nitrogen results in the formation of a

silicon nitride film [2, p. 244]:
SiHu(g) + NH;(g) — SiN : H(s) + 3Hs(g) (5.10)

SZH4(Q) + Ng(g) — 25iN H(S) -+ 3H2(g) (511)
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Recently, thin CVD nitrides have been used extensively as dielectrics for storage capacitors of
dynamic random-access memories (DRAMS) and as interpoly dielectrics for nonvolatile memory
devices. This application of nitride oxides requires smooth surfaces that can be grown solely at

low temperature.

Deposition of Polysilicon and Amorphous Silicon Polycrystalline films are widely de-

posited by LPCVD and PECVD according to [2, p. 227):

Deposition pressure, deposition temperature, silane content and dopant concentration affect the
film properties. At temperatures between 500 and 650°C, pure silane or 20 to 30 % silane,
diluted with nitrogen, is fed into the LPCVD or PECVD reactor. The deposition is either
surface-reaction-limited or mass-transport-limited. High temperature results in a rough surface
and loosely adhering deposit with poor uniformity. The in situ doping of polysilicon is possible
by adding phosphine, arsine, diborane to the reaction gases. The introduction of an inert gas
into the growth chamber can improve the film uniformity. Diborane enhances the deposition rate
of polysilicon films, whereas phosphine and arsine seriously reduce the deposition rate.

Deposited silicon films exhibit an amorphous structure for temperatures below 600°C, whereas
polysilicon is formed above 600°C. A subsequent anneal is necessary for the activation of dopants
or the crystallization of the amorphous film. A typical grain size for polysilicon films is between
0.03 and 0.1 wm increasing to the top surface. Annealing does not affect the size of polysilicon
grains considerably. For amorphous silicon films, polysilicon grains of a size up to 0.2 pym grow
during annealing,.

The resistivity of dopant-implanted polysilicon films is affected by implant energy, implant
species, implant dose, annealing temperature and annealing time. Some dopants diffuse to the

boundaries of grains where they are segregated resulting in low resistivity.

Silicon Epitaxy Epitaxy [12, 13] is a process to grow a single crystal layer with well-controlled
doping profile on a crystal substrate. Epitaxy enables the fabrication of bipolar transistors with
high collector-substrate breakdown voltage and low collector resistance and the fabrication of
MOSFETSs with high channel mobility and high speed performance. In CMOS, latchup can be
reduced considerably.

The term epitaxy means ”"upon-ordered” in Greek. Homoepitaxy occurs when the single
crystal substrate and the single crystal layer are of exactly the same material. Heteroepitaxy
occurs when the substrate and the single crystal layer are different in any aspect. In reality, almost
all epitaxial processes are heteroepitaxial because there are always some differences between the
substrate and the epilayer. However, it is broadly accepted that homoepitaxy is the process that

occurs when substrate and epilayer are chemically identical.
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In industry, conventional Si and selective epitaxy are exclusively employed. For chlorosilane

chemistry, the overall reaction can be expressed as [2, p. 117}:
SiCly +2H, — 4HCI (5.13)
An alternative reaction is based on silane chemistry [2, p. 118]:
SiHy — Si+ 2H, (5.14)

In selective epitaxial growth (SEG), a selective epitaxial layer is grown on a bare substrate while
no silicon (type 1) or polysilicon (type 2) is grown on a dielectric mask. High surface mobility and
SiCly based chemistry is characteristic for type 1. Adding HC! or Cl, increases the selectivity.
Type 2 is typical of SiH4 based chemistry.

Conventional epitaxy is carried out at temperatures between 1100 and 1300°C. Silane en-
ables the growth of silicon epitaxial layers at lower temperatures than chlorosilane. However,
the Si layers display poor surface morphology and might even be polycrystalline due to homoge-
nous reactions. More over, SiH, is explosive and susceptible to oxidation. Metals are often
incorporated into the epitaxial layer because no etching process occurs in silane chemistry.

Epitaxy might result in pattern shift, distortion and washout. All these effects are undesirable
because they cause the displacement of alignment marks. Pattern shift is less severe for high
growth temperature, low growth pressure and rate. SiH, suppresses pattern shift that is very
important for SiCly [2, p. 123], but enhances pattern distortion. In contrast to pattern shift,
pattern distortion augments with increasing growth temperature and diminishing growth rate.

Pattern shift is usually not a problem for the SiGe CMOS and PMOS devices with an MBE
layer. The active area mask is the first mask used after MBE growth and all critical alignments
are done with respect to the active area mask. Pattern shift might be a problem for the virtual
substrate/limited area batch presented in chapter 8 because the devices are fabricated on tiny
pillars surrounded by trenches etched before MBE deposition. The alignment with respect to
the trenches is critical. As fig. 5.2 shows, the thick MBE layer leads apart from washout to a
narrowing of the trenches. As the size of the pillars gets effectively larger, the alignment is now
affected by washout.

In UHVCVD [6], germane GeHy is used as a source gas for the growth of strained Si;_,Ge,
epilayers exceeding the critical thickness [7]. High temperature processing would lead to strain
relaxation and islanding. However, the growth temperature must be high enough in order to
ensure a sufficient surface mobility resulting in good quality epitaxial growth. An additional
benefit of UHVCVD is that outdiffusion and outgassing (autodoping) can be suppressed due to
growth temperatures of 550°C or even less.

In UHVCVD, epitaxial growth is based on the high quality substrate, the purity of the
source gas and the low growth pressure. The control of the oxygen and water partial pressures

is essential to reduce the SiOs film. The surface preparation is an even more crucial step in
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Figure 5.2: Washout of patterns by MBE deposition for the virtual substrate/limited area batch

UHVCVD than in conventional Si epitaxy. The surface cleaning techniques can be classified
into ex-situ (surface cleaning outside the growth reactor) and in-situ (surface cleaning inside the

growth reactor) techniques.

5.2 Physical Vapor Phase Deposition

Typical physical vapor phase deposition methods are evaporation, sputtering, and molecular
beam epitaxy (MBE). Evaporation was used for the early semiconductor technologies. However,
multi-component films, step coverage and film uniformity are primary problems of this technique.
Sputtering is primarily used for the deposition of metals and alloys. MBE is the ideal method

for the fabrication of well-defined SiGe heterostructures.

5.2.1 Molecular Beam Epitaxy

BCF Theory A 2-D growth theory (BCF theory) for the growth of MBE layers was developed
by Burton, Cabrera, and Frank (see fig 5.4). In comparison to CVD, the MBE growth theory
is quite accurate. In the BCF theory, the surface of the wafer consists of two levels of terraces
where the upper terrace is one atomic layer higher than the lower terrace. The terraces can
either be due to dislocations, previous growth or imperfect crystal orientation.

The BCF theory is based on the evaporation model. In order to liberate itself from the upper
level, an atom at a kink site has just to break a few bonds. Such an atom diffuses across the

surface and eventually desorbs. Assuming that the activation energy for liberating an atom from
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Figure 5.3: Schematic of an MBE system

the kink site is W, the equilibrium density of adsorbed atoms is [2, p. 372):
Nseqg = Nye=We/T (5.15)

N, is the density of surface positions. Freed from the kink sites, the small energy barrier for
the adsorbed atoms to move from site to site is Uy, With a the distance between sites and f the

frequency of lattice vibrations, the surface diffusivity D; is given by [2, p. 372]:

D, = a?fe Us/FT (5.16)

The mean time T for the adsorbed atoms to desorb is given by [2, p. 372]:
1 1
7= fle EalkT (5.17)

Where Ey is the energy barrier for the desorption and f' a pre-exponential factor related to the

lattice vibrational frequency f. The desorbing flux F, can be expressed as [2, p. 373]:

F, = n;fq = N, fle~ (EatW:)/kT (5.18)

Generally, W, and Ey4 are comparable and considerably larger than Us.

In the BCF theory, adatoms arrive on the surface between the surface steps, diffuse to the edges
of the step and along the step edge until they reach a kink site where they are incorporated into
the crystal. With j;,. the incident flux of adatoms and n, the density of adsorbed atoms, the
net flux j, of adatoms is given by [2, p. 373]:

Ur

oy = ine — 7= .1
Jo =1 T (5.19)

The surface current density of adatoms is given by [2, p. 373]:

js = —DsVn, (5.20)
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Figure 5.4: MBE Growth in the BCF Theory

For steady state conditions, the divergence of the surface current density equals the net flux of

adatoms [2, p. 373}:
Vijs+Jju =0 (5.21)

Introducing the supersaturation parameter ¢ which describes growth (o > 0) and evaporation

(0 <0) [2, p. 374]:
o= Jine 1 (5.22)

Nseq

And the mean migration length before desorption A; [2, p. 373):
As = VDT (5.23)
Combining equations (5.20) and (5.21) leads to the following differential equation [2, p. 374]:
N2V, = ngey (o + 1) (5.24)

BCF solved this differential equation in one dimension with the boundary conditions n5(y) = ngeq

and n(co) = (14 0)ngeq [2, p. 374]:
Ms = Ngeq(1+ 01 — e7¥/74)) (5.25)

The growth rate can be calculated if one knows the step distribution. However, the BCF theory
applies only when the degree of saturation is not too large because 3-D growth dominates the

process at high admolecule concentrations.

MBE Growth of Si and SiGe Layers Molecular beam epitaxy (MBE) [1, 2, 15, 16] is a
sophisticated method for growing epitaxial films in an ultrahigh vacuum at temperatures between
500° €' and 900° C. The evaporated species impinge on the heated substrate and condense to
form epitaxial layers. MBE has so far received little attention because of its complexity and its
low throughput. The low growth temperatures preclude dopant diffusion and the relaxation of
strained SiGe layers. Its base vacuum is at least 10719 torr.

Typically, MBE systems include several in situ analysis tools ( e.g. electron diffraction and
Auger spectroscopy) and use adsorption or turbomolecular pumps in order to achieve the high

vacuum (see fig. 5.3). Besides, MBE systems possess a load lock in which a pressure of 10~°
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torr is obtained within 15 min.. The wafer is radiantly or resistively heated through the chuck
and rotated in order to ensure excellent lateral uniformity across the entire wafer. Shutters in
front of the sources are used in order to turn on and off the source elements abruptly.

A bakeout that can take up to a week depending on the level of exposure is performed in
order to clean the MBE chamber. Particulation from other surfaces during growth is a major
source of defects. Cooling the chambers walls reduces the defect density considerably. A residual
metal contamination is a further serious concern in MBE. Incorporated into MBE Si and SiGe
films, metal contamination reduces the minority carrier lifetime.

The two most common MBE techniques [17] are the solid source (SSMBE) and gas source
(GSMBE) molecular beam epitaxy. Whereas in SSMBE the Si and Ge fluxes are generated by
electron evaporation of the solid charges, GSMBE employs the same gases as CVD for epitaxial
growth.

SSMBE allows a control of the layer thickness of up to one monolayer and extremely abrupt
dopant profiles. The abruptness of dopant profiles and interfaces is limited by segregation [18-25].
The incorporation of dopants and Ge is a complex function of growth environment (temperature,
partial pressure, chemicals), Ge and dopant concentration - variables on which also the quality
of the SiGe layer depends [24]. Applying a bias voltage to the wafer enhances the dopant
incorporation considerably (potential enhanced doping - PED). Growth rates are in the order of
1to3 4/s.

In contrast to SSMBE, GSMBE is selective, but not as controllable. The Ge segregation is
suppressed and the planarity of Si/SiGe interfaces is promoted by the presence of hydrogen. The
same effect is achieved in surfactant-mediated epitaxy in which growth takes place in the presence
of a third atomic species [24-28]. The Ge segregation increases with the Ge concentration, but is
independent of temperature and contradicts therefore the two state model that is used in order
to describe the surface segregation during epitaxial growth.

Compressively strained SiGe layers with high Ge content [30] (> 30 %) tend to roughen.
Performing an anneal after the deposition of the SiGe layer by MBE can lead to the improvement
of the crystal quality [20, 24].

In order to fabricate n-MOSFETSs with a strained Si channel and p-MOSFETs with a high
Ge-content SiGe channel, a virtual substrate has to be grown, i. e. a relaxed SiGe layer. The
quality of the virtual substrate determines the quality of the channel which is grown on top of it.
A graded Ge profile reduces the defect density [31-37]. Crystal defects in the virtual substrate
are the origin of leakage current [37]. The thickness of the virtual substrate layer can be reduced
by injection of point defects [38-40] or the local growth on pillars [41, 42]. Furthermore, the local
growth on pillars can eliminate cross-hatch [43-48].

For a virtual substrate grown on a standard (100) Si substrate, cross-hatch and misfit disloca-
tions run along the [011] and the [011] directions (see fig. 5.5). Stress relief in virtual substrates

on flat surfaces and on large pillars is dominated by the modified Frank-Read (MFR) relaxation
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Figure 5.5: Interface of two crystals with different lattice constant. Two excess crystal planes

end in dislocation lines along the [011] or [011] directions.

mechanism resulting in a high threading dislocation density, cross-hatch, and residually strained
virtual substrates [47]. The two opposite edges of a microscopic pillar induce the formation of
misfit dislocations along the [011] and the [011] directions and perpendicular to the edges of the
pillar. The closer the distance between two edges along these crystallographic directions is, the
more likely it is that a misfit dislocation along these directions is formed [44]. Therefore, the
dimensions and orientation have an decisive impact on the relaxation mechanism. Long pillars
along the [011] or [011] direction relieve strain asymmetrically, whereas long pillars along the [010]

direction can relieve both strain components. Pillars with sufficiently small lateral dimensions

(< 10 pwm) relieve both strain components effectively.

5.2.2 Sputtering

Sputtering is the predominant technique for metal deposition due to the following capabilities

[1, p. 379]:
1. high deposition rate
2. deposition of complex alloy compositions
3. deposition of high-temperature and refractory metals
4. deposition of well-controlled, uniform layers on large wafers

5. in situ clean of the wafer surface before deposition



VAPOR-PHASE DEPOSITION 89

In sputtering, an Ar plasma is generated by a glow discharge. The ionized Ar atoms bombard the
cathode (target) and eject some of the target atoms which move to the wafer surface. The ejected
atoms are in general neutral. When a magnetic field is applied, the deposition rate increases
because the trapped electrons ionize more Ar atoms. A RF-field instead of a dc field prevents
the charge accumulation at the target. RF sputtering is therefore used for the deposition of
insulating or semiconducting materials.

Ag, Au and Cu are the only three materials with a higher conductivity than Al. Today, Al
is still predominant in wiring although wiring with Cu has been introduced recently. Cu can
diffuse through Si0s and a barrier layer such as Si3N4 is needed. More over, copper lacks a
dense oxide and is vulnerable to corrosion.

Al films are usually deposited between 200 and 300°C. Due to the high solubility of Si in Al,
Al spikes into the Si substrate leading to source/drain junction leakage. In order to prevent the
Si diffusion, Si is often alloyed into Al [2, p. 383]. TiN serves as a barrier or glue metal layer.
In reactive sputtering of TiN, nitrogen is introduced into the sputtering chamber. Reactive
sputtering is suitable for the deposition of compounds which are difficult to sputter. TiN-Si
contacts have a high contact resistance. A Ti layer below the TiN is therefore usually used to
ensure good contact resistance [2, p. 388]. CVD is suitable for the deposition of a number of
metals and metal compounds. For the deposition of TiN, CVD provides better step coverage

than PVD.

5.3 Conclusion

This chapter reviewed the vapor phase deposition methods relevant to conventional processing
and this work. CVD methods are used in industry for the deposition of dielectric, polysilicon
and epitaxial silicon films. Sputtering is ideal for the deposition of metal and alloy layers.
MBE enables the control of layer thicknesses of up to one monolayer and extremely abrupt
dopant profiles. Because of its low throughput, MBE is not used in industry. Besides, MBE
is nonselective and requires the use of a deposited field oxide for MOS or CMOS heterochannel
applications. The Ge and dopant incorporation are a complex function of the growth environment

(temperature, partial pressure, chemicals).
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Chapter 6

Processing

HMOS is compatible with the conventional Si technology and based on the same processes.
However, the presence of a strained SiGe layer often imposes additional constraints.

In this chapter, further fabrication processes which are not as fundamental as vapor-phase
deposition for HMOS, but as crucial are reviewed. Their effect on a strained SiGe channel is
examined. In a very limited number of cases, Ge can be used in a beneficial way. Implantation is
an alternative method to fabricate strained SiGe layers. In silicidation, the presence of Ge leads

to a better dopant activation and reduces the contact resistance.

6.1 Lithography

Lithography [1, chap. 7-9; 2, chap. 6] is the key technology is semiconductor industry because it
determines the device dimensions and affects the device quality. The lithographic methods can
be classified into direct write techniques and techniques applying a master mask.

In master mask techniques, a resist that is sensitive to radiation is coated on the wafer surface.
The circuit patterns are projected on the resist by different sorts of radiation (optical, electrons,
x-rays and ions). After the projection of the circuit patterns on the resist, the resist is developed.

In direct writing, patterns are directly printed on the resist-coated substrate. As direct
writing does not suffer from diffraction effects, it is more accurate than master mask techniques.
Direct writing can be applied for low-volume production. Whereas X-rays can be solely used for
master mask techniques, optical, ion and electron radiation can be used either for direct writing

or master mask techniques.

6.1.1 Lithography Techniques

Optical Lithography In optical lithography, the image is formed in a photoresist with visible
or ultraviolet radiation. Optical lithography using a photomask is the most common lithography

technique as it has so far fulfilled the industrial requirements and allows a high throughput. The
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master masks are either made be electron beam exposure or laser beam scanning. They consist
of a thin chromium layer (0.1 um) in which the circuit patterns are etched.

Contact and proximity printing do not have any means of image formation between the mas-
ter mask and photoresist. In contact printing, the master mask is in direct contact with the
photoresist, whereas there is a space between 20 — 50 ym in proximity printing. In reality, the
master mask is also not everywhere in direct contact with the photoresist due to the nonunifor-
mity of the wafer surface and mask surface. The direct contact printing produces defects in both
mask and wafer. Hence, the masks have a short lifetime.

Projection printing has a higher resolution than proximity printing and uses an optical system
(e.g. catadioptric and refraction) between the master mask and the photoresist. The resolution is
determined by the optical system and the wave length. The common types of projection printers
are scanners and steppers (see fig. 6.1). Scanners have a higher throughput than steppers. The

achieved maximum resolution is 0.2 pum for optical systems.

Electron Lithography In electron lithography, a tungsten tip with a radius between 0.5 —
1 um heated to about 1900°C' emits current with high stability and density. The emitted electrons
are accelerated by a high voltage (10-50 kV). The electron beam is focused with magnetic lenses.
The resolution for e-beam lithography is higher than 0.1 wm. It is not limited by wavelength
but by electron scattering in the Si and resist, various aberration of electron optics (spherical,
chromatic, astigmatism, deflection) and Coulomb repulsion of the electrons. E-beam lithography
is used for mask fabrication and direct writing on the wafer surface.

The high energies used in nonoptical lithography can damage oxide, oxide/semiconductor
interfaces and SiGe heterostructures [3]. High energy irradiation leads to an increase of the fixed

oxide charge density, the neutral trap density, and the interface state density of MOS devices.
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The damage is most pronounced in thick oxides and very thin wet oxides are quite radiation
hard because the number of ionizing events increases with the oxide thickness. The integrity of

the oxide and SiGe heterostructure can be partly restored in an anneal.

X-ray Lithography X-ray lithography was proposed in 1972. In deep UV, all optical materials
become opaque. However, transmission increases again in the x-ray region. Compared to optical
lithography, the advantages of x-ray lithography are the depth of focus and the fact that light
organic contaminants do not print as defects. In general, x-ray lithography uses proximity
printing. A masks that is illuminated by x-rays casts a shadow on a resist-covered wafer.

X-ray masks consist of a transmittive membrane on which an absorbing metal layer is pat-
terned. Tungsten and tantalum are used as absorber materials because they can easily be dry
etched. The layer is considerably thicker than the chromium layers on photomasks because all
materials allow the transmission of x-rays to a certain degree. The projected features have the
same size as on the master mask. Hence, the resolution is lower than for e-beam lithography
that is used for the mask fabrication. So far, the best achievable resolution has been 0.16 pum.

X-rays are produced by the interaction of electrons on a target material or plasma discharge.
Most of the input power is converted to heat. Plasma discharge leads to a higher x-ray flux than
the bombardment of a target, but is still very ineffective. The maximum x-ray energy is the

energy of the incident electrons.

Ion Beam Lithography Ions are produced by the electrical field in a gas or liquefied metal
surrounding a tungsten tip and accelerated by an electrical field. Electrostatic lenses are used
to focus the ion beam. These systems have higher aberrations than magnetic systems. However,
the resolution of an ion beam is higher than for an electron beam because of less scattering. The

best resolution that has ever been attained is 400 A.

6.1.2 Photoresist

Photolithography is based on the different solubility between irradiated and unirradiated areas
and can be categorized by its polarity. Its most important features are the contrast between
exposed and unexposed areas of photoresist, the adhesion to the substrate and the resistance to
wet and dry etch. The regions of positive resist which were exposed to irradiation are dissolved
more quickly during the development process than the unexposed regions, whereas negative resist
has the opposite response to irradiation and the development process. Positive resist is more
common than negative resist because of its better resolution. The standard positive photoresists
have three components { a resin or base material, a photoactive compound PAC, a solvent)
and contains carbon compounds (aromatic rings and polymers). The solvent is responsible for
the mechanical properties of the resist. When the photoactive compound that is a dissolution

inhibitor is destroyed by the exposure to light, the resin becomes more soluble in an aqueous
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developer solution whereas the unexposed regions do not swell much. In consequence, high
resolution is possible with this resist.

The wafers have to receive a pretreatment before they are coated with resist. First of all,
dehydration bake at 150 — 200°C' is performed. Immediately before the wafer is coated with
photoresist, the wafer is typically primed with hexamethyldisilazane to improve the adhesion.
Spin coating is the most common method. The wafer is spun at 2000-6000 rpm. After the spin,
less than 1 % of the dispensed resist is typically left on the wafer. The resist thickness depends
mainly on the spin speed and the viscosity of the resist.

Before exposure, the resist has to undergo a prebake in order to drive off the solvents as
the dissolution rate in the developer is strongly dependent on the solvent concentration. The
prebake takes typically between 0.5 to 30 min. at 90 — 100°C. After exposure, the resist is
developed in alkaline developers dissolved in water. The development process is very temperature
sensitive and the developer which is consumed during the development cycle has to be replenished.
A hardbake is performed after the development in order to harden the resist against further

energetic processes (e.g. implantation and plasma etching).

6.2 Chemical/Mechanical Polishing

The planarity of interlevel dielectrics is crucial for the realization of complex circuits requiring
several levels of metal wiring. Former approaches were the introduction of dummy oxide/metal
features or an oxide etching process. Today, the standard method to achieve planarity is chemi-
cal/mechanical polishing (CMP, see fig. 6.2).

In CMP [4], a polishing platen and a wafer holder rotate with different or identical frequency.
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The Preston equation gives the mechanical removal rate R of glass [2, p. 434]:
R = K,pv (6.1)

Where p, v, K, are respectively pressure, relative velocity and the Preston coefficient. K,
depends on the glass, the polishing pad and the slurry. Planarization occurs because high spots
are subject to high pressure and removed preferentially. In order to achieve uniform polishing, the
relative velocity between wafer and platen surface has to compensate the effect of the nonuniform
polishing slurry that is transported from the edge to the center of the wafer by the surface of
the pad. Hence, the wafer should rotate at a higher frequency than the platen.

In Si0, polishing, the slurry consists of silica suspended in a KOH solution. The pH deter-
mines the formation of hydrogen bonds. Typically, the slurry has a particle size between 10 and
90 nm. Microscopically, polishing is rather chemical in nature than mechanical abrasion. The

chemical mechanism can be divided into the following steps [2, p. 436] (see fig.’s 6.3 and 6.4):
1. formation of hydrogen bonds with the oxidized surface of wafer and slurry particles
2. formation of hydrogen bonds between the wafer and slurry particles
3. formation of molecular bonds between wafer and slurry particles

4. breaking of the oxide bonds with the wafer surface/slurry particles surface
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In metal CMP [5], the slurry must contain three different components: fine slurry particles, a
corrosion agent and an oxidant. For example, W CMP is extensively used. Its slurry consists of
fine alumina powder suspended in a solution of potassium ferricyanide (K3Fe(CN)g) and potas-
sium dihydrogen phosphate (K H,PQO,4). The ferricyanide serves as both etchant and oxidant,
whereas the potassium dihydrogen determines the pH. The etching reaction can be written as

[2, p. 439]:
W +6[Fe(CN)s]®~ 4+ 4H0 — (W04)?>~ +6[Fe(CN)g]*~ + 8HT (6.2)
The passivation reaction is given by:
W + 6[Fe(CN)g]®~ + 3H0 — WO3 + 6[Fe(CN)g]*~ + 6H* (6.3)

Effective planarization requires the simultaneous balance of etching, passivation and oxide re-
moval. A pH close to to neutral is favorable for planarization. Etylenediamine can be added
in order to adjust the pH close to neutral. Today, potassium ferricyanide that is very toxic is

replaced by ferric nitrate Fe(NO3)s.

6.3 Thermal Oxidation of Si and SiGe

The thermal oxide is widely used as a gate dielectric for MOSFETSs and as a field oxide. The
excellent properties of thermally grown SiO» contributed very much to the popularity of silicon
ICs. Thermal oxidation is described by the Deal-Grove model [1, chap. 4] that allows the
prediction of oxides larger than 300 A. The oxide growth is determined by the diffusion of
oxygen through the SiO; to the Si interface because the diffusivity of oxygen in SiO, is several
orders of magnitude higher than the diffusivity of Si. As the Si/SiOs—interface has not come
into contact with the ambient it is very clean. The diffusivity increases largely with temperature.
The amount of Si consumed during thermal oxidation is roughly 44% of the final oxide thickness.

In dry oxidation, molecular oxygen O» reacts with Si according to:

Si(s) + 0s(g) = Si0s (6.4)
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Figure 6.6: Thermal Oxide Growth as simulated with TSUPREM-4 in steps of 100°C

In the Deal-Grove model, oxygen diffuses from the gas stream through a stagnant gas layer and
the silicon oxide to the Si interface (see fig 6.5). The oxygen flow J; through the stagnant gas

layer is described by [1, p. 69]:
J1=hy(Cy = Cs) (6.5)
hg, Cy and C;, are respectively the mass transport coeflicient, the oxygen concentration in the
gas stream and the oxygen concentration in the gas at the surface of the wafer.
The flow J, through the silicon oxide layer can be described by Fick’s first law [1, p. 69]:
C,—-C;

ox

Jo = Do, (6.6)

Do,, toz, Co and C; are respectively the diffusion coefficient of oxygen in SiOs, the the thick-
ness of the oxide, the oxygen concentration in the oxide at the wafer surface, and the oxygen

concentration at the Si/SiO; interface.

The flow of oxygen J3 reacting with the Si to form SiO; is determined by chemical reaction

kinetics and proportional to the oxygen concentration [1, p. 70]:
J3 = ksC; (6.7)

Where k; is the chemical rate constant for the overall reaction.

In equilibrium, all three flows balance [1, p. 70]:
J = Jl = J2 = J3 (68)
Using equations 6.5 - 6.8 and Henry’s law [1, p. 70]:

C, = HP, = HKTC, (6.9)
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The interface concentration of oxygen is found [1, p. 70]:

HP,

= o o Fatos (6.10)
L b * Do

i
Where H is Henry’s gas constant, P, the partial pressure of oxygen in the gas flow, k£ the
Boltzmann constant, and 7 the temperature.

In order to obtain the growth rate R, the flux J has to be divided by N, the number of

oxygen molecules per unit volume of SiOy (N = 2.2-1022¢m™3) [1, p. 70):

J  toa HK,P,
R= - =2 = 6.11
Nodt o N+ e+ ke (6.1)

Assuming that the oxide thickness is ¢, at time ¢ = 0, the solution of equation 6.11 can be written

as |1, p. 70}:

2, 4+ Aty = B(t + 1) (6.12)
Where:
A= QD(kis + é—) (6.13)
B= % (6.14)
T = tg—i-Bil—tg (6.15)

Si is usually oxidized at atmospheric pressure when k; << hy and the growth rate is nearly
independent of the gas phase mass transport and reactor geometry. A and B are well know for
the general process conditions. The two limiting forms of equation 6.12 describe the growth of

sufficiently thin oxides:
(t+7) (6.16)

toa

| by

And sufhiciently thick oxides:
toe = B(t+7) (6.17)

B/A is called the linear rate coefficient whereas B is called the parabolic rate coefficient.
The growth of ultrathin oxides that are used as gate oxides for the MOSFETSs is not yet fully
understood. The oxidation rate of ultrathin oxides follows the following function [1, p. 76]:

dt,, B

— C _tom/LI _toz/L2 X
at ——_th; A -+ (e + Che (6 18)

Where Cy, Cs, L, and L, are all constants.

Wet oxidation employs HyO and oxidizes at a much higher rate than dry oxidation because
the HoO—molecule is considerably smaller than the Os—molecule. Unfortunately, wet oxides are
less dense and do not support as much electrical stress as dry oxides. Often, the growth chamber
also contains a small amount of HCI gas (1 to 3 %) that reacts with most heavy metal atoms and
is used to clean the gas ambient of these impurities. Moreover, HC1 increases the oxidation rate

and can improve the Si/Si0;~—interface properties. However, HCI should be avoided for thin
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gate oxides as it can roughen their Si/Si0s—interface. An HCl—purge to clean up the furnace
before oxidation is advisable before the growth of thin gate oxides.

A heavy substrate dopant concentration tends to enhance the oxidation rate by increasing the
diffusivity in S¢Os. Fluorine implanted into the gate can lead to an increase [6] and degradation
[7] of the gate oxide.

The oxidation of SiGe can be described by a formalism based on Wagner’s work on the
oxidation of metallic alloys. Ge acts as a catalyst in wet oxidation whereas no enhanced oxide
growth is reported for dry oxidation [8-11]. However, capacitance measurements indicate an
increased gate oxide growth for the SiGe MOSFETSs as discussed in chap. 8.

Germanium and silicon are oxidized simultaneously and the growth of pure SiOs; prevails
as long as sufficiently Si is supplied towards the reaction interface. The GeOs is subsequently

reduced by free silicon [8-11]:
Si+ GeOy — SiO, + Ge (6.19)

The liberated Ge is rejected by the growing SiO2, piles up at the interface and is finally incorpo-
rated into the oxide when a critical Ge concentration is surpassed. The critical Ge concentration
is temperature dependent. The Ge pile up results in a high oxide charge, a high interface state
density and poor break down characteristics [12]. In general, the interface between the Si cap
and SiGe channel is not abrupt and Ge is piles up when the Si cap is thermally oxidized [13].
The interface can be improved in an anneal in H20O [14] or N [15] ambient. As for thermal
oxidation, Ge segregates at the SiOq/5Si;_,Ge,—interface of a buried oxide formed by oxygen
implantation (SIMOX, see chap. 5.7, [16, 17]).

At low growth temperature [18-24], the diffusion of Ge is prevented which is therefore incor-
porated in the oxide instead of piling up at the growth interface. The use of anodic oxide [25-28]
as an alternative to thermal oxide was investigated at the University of Southampton [29]. The
major draw back of anodic oxide is that it is very leaky when grown in small active area windows
as required for MOSFETs than over the whole wafer.

Thermal oxidation is supposed to reduce the mobility in the SiGe channel due to strain
relaxation and diffusion of dopants and Ge even when no SiGe is oxidized [30]. Alternative
dielectrics such as high dielectric constant (high-K) materials (e. g. ZrQs, HFO,, Al2Os,
Ta>0s) are under investigation as prospective candidates in conventional CMOS. Deposited
oxides [31, 32] or high-K dielectrics [33, 34] might be beneficial to HMOSFETs.

Silicon nitride is seen as a natural alternative to SiO- because deposited nitrides are already
in use. The dielectric constant of silicon nitride is roughly twice that of Si0Os. Furthermore,

nitride layers are excellent diffusion barriers. But, silicon nitride films have three major set

backs:

e Silicon nitride has a high interface state density because it is formed by the diffusion of Si

to the top surface and not at the Si/SiNs-interface.
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e Thermal nitridization requires very elevated temperatures and leads to considerable strain

because the thermal expansion coefficient for silicon nitride is about twice that of silicon.
e Thick nitrides films (> 40 A) cannot be grown due to the low diffusivity of Si.

Oxynitride St0,N, can be formed by exposing a thermal oxide to a high temperature N Hs
anneal. The exact composition depends on the process conditions. Nitrided films are more
resistant to oxide breakdown, radiation damage and have a higher dielectric constant than SiOs
[35, 36]. Nitrided oxides display a high concentration of electron traps that can be reduce by the

reoxidation of the nitrided film.

6.4 Rapid Thermal Processes

In conventional thermal processes, a whole batch of wafers is processed at the same time. The
batch is always in thermal equilibrium with the environment during processing. The processes
typically take place in a clean, high-purity fused quartz tube surrounded by heating elements.

Rapid thermal processing methods (RTP, [1, chap. 6; 2, chap. 4; 37]) which originate from
single wafer processing were originally designed for tight control of contamination and process
parameters and try to compensate the loss of time due to single wafer processing [1, chap. 6; 2,
chap. 4]. The wafer is either heated by a transient lamp or has to be loaded very quickly in a
heated process chamber. The first case where the wafer is not in thermal equilibrium with the
surroundings is more common than the second case where the wafer is in thermal equilibrium
with the surroundings. The temperature and its uniformity are in general difficult to control and
RTP is difficult to model [38].

RTP requires a lower thermal budget than conventional thermal processes because the wafer is
heated up rapidly. Due to the high temperature ramp rate, RTP is seldom an isothermal process
and thermal stress can produce slip lines. After implantation, annealing leads to the creation of
excess point defects and in consequence transient enhanced diffusion (TED). Although the rapid
temperature ramp of RTP can reduce the number of point defects quickly, the diffusion during
the short RTP is often determined by TED. In comparison with conventional furnace annealing,
TED is suppressed.

The merger of single-wafer RTP and single-wafer CVD has lead to continuous improvements
to the deposition of thin Si films. In RTCVD Si epitaxy, the incorporation of dopants is mainly
controlled by ramping the temperature instead of regulating the gas flow. This method is called
limited reaction processing (LRP, [2, chap. 4.3]).

High quality silicides and oxides can be grown by RTCVD [2, chap. 4.3]. Deposited oxides
such as TEOS (tetraethoxysilane) and TMCTS (tetramethylcyclotrasiloxane) display a good step
coverage. In rapid thermal oxidation (RTO), oxidation is accelerated by UV radiation. The oxide

quality is comparable or better than furnace oxide. For the deposition of other films, RTP has
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met only limited success. Sometimes, the advantages of RTP cannot compensate the loss of time
due to single wafer processing.

The role of RTP for SiGe technology is not yet investigated and far from obvious. On the one
hand, the relatively low thermal budget of RTP might prevent strain relaxation. On the other

hand, the high thermal stress during the ramp of the temperature might cause strain relaxation.

6.5 Etching

The patterns in the photoresist on the wafer surface can be transferred into the layer underneath
the resist by etching [1, 2]. The selectivity, rate, and anisotropy are important figures of merit of
an etch technique. Etching techniques consist either of dry etch or wet etch methods. In contrast

to wet etch, dry etch can be anisotropic, but damages the wafer surface more than wet etching.

6.5.1 Wet Etching

Wet etching is a purely chemical process. Except for a possible dependence of the etch rate on
the crystal orientation, it is therefore isotropic. It can be highly selective and harmless to the
substrate. The etch rate depends on the transfer of the etchant species to the wafer, the chemical
reaction with the exposed surface, and the transfer of the reaction products away from the wafer.
The slowest step, the so called rate limiting step, determines the etch rate. Agitating the wet
etch solution can therefore enhance the etch rate.

As wet etch does not harm the underlying substrate excessively, it is especially used for

etching oxide which protects the substrate during processing [1, p. 255]:
57,02 +6HF — H2 + SZFG + 2H20 (620)

The selectivity of HF solutions is usually higher than 100:1 with respect to oxide over silicon.
Deposited oxides usually have a higher etch rate than thermal oxides. Dopant impurities further
increase the etch rate. A HNQOs3 : HyO : HF —mixture can be used in order to remove Si;_.Ge;
selectively from Si [39] and a KOH : K3Cr:07 : Propanol : H;O— in order to remove Si

selectively from Si;_,Ge, [40].

6.5.2 Dry Etching

Dry etching can be anisotropic and also be much better controlled. Dry etching is synonymous
with plasma assisted etch because plasma reactive and ion etch are the most popular methods.
In general, dry etching is more accurate, but damages the wafer surface more than wet etching.
The etch damage induced in the Si/Si;_,Ge, is reduced for low power reactive ion etching [41,
42].

The plasma is an ionized gas with equal amount of positively and negatively charged particles.

The gas does not have to be completely ionized. In ULSI, typically less than 10 % of the particles
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are ionized. The plasma is formed between two electrodes at low pressure. Electrons accelerated
by an RF field collide with atoms and molecules. After dissociation, they become extremely
reactive and are absorbed at the wafer surface where they form volatile products. These products
are pumped out of the reactor. Dry etching can be further categorized into physical and chemical

methods.

Plasma etch techniques include the following standard methods [2, p. 344]:
e barrel etching (chemical)

s down stream plasma etching (chemical)

e reactive ion etching (RIE, chemical+physical)

o magnetic enhanced RIE (chemical+physical)

e magnetic confinement triode RIE(chemical+physical)

s electron cyclotron resonance etching (chemical+physical)

o inductively coupled plasma etching (ICP, chemical+physical)

In chemical etching, a plasma generates neutral reactive species which interact with the wafer

surface to form volatile products. Chemical etching is associated with high etch rate, good

selectivity, low damage and is always isotropic. C'Fy plasmas etches selectively Si on Si0Os and
Si05 on Si [2, p. 336]:

Si+ F — SiFy (6.21)

Si0y +4F — SiFy + Oq (6.22)

The addition of small concentrations of Oy increase the etch rate of both S7 and SiO,, but
enhances the selectivity of Si with respect to Si0Os. In contrast, the addition of moderate
concentrations of Hy decreases the etch rate of both Si and Si0,, but enhances the selectivity
of §i0y with respect to Si. The same chemistry can be used for the etch of Si;_,Ge, whose
etch rate increases with @ [43].

In physical etching, positive ions bombard the surface at high speed. In practice, physical
etching techniques exist mostly in combination with chemical etching. Physical etching exhibits
low selectivity, high damage and can be anisotropic. Pure physical etching consumes the mask at
the same etch rate as the underlying layer and has a low throughput. Chlorine-, bromine-, and
fluorine-based chemistry etches Si. Chlorine based chemistry is used in order to etch aluminium

and tungsten, oxygen based chemistry in order to etch resist.

6.6 Wafer Cleaning Technology

The requirements for ultraclean and smooth Si surfaces increase with device scaling. Particles,

native oxide, microroughness, metals, and organic contamination are detrimental to the wafer
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surface. In general, cleaning leads to the degradation of the wafer surface and is never 100 %
efficient. Thus, the first priority is to prevent the wafer contamination by maintaining a clean
environment. The contamination of the wafer surface occurs from the equipment, ambient, gas,
chemicals, and DI water. Wet cleans are critical for HMOSFETs because they can lead to the
removal of Si which is part of the Si cap on top of the SiGe channel of p-MOSFETs. The control
of the Si cap layer thickness is crucial in order to ensure the confinement of the carriers (see
chap. 3, [44]).

The RCA was invented by Kern and Puotinen in 1960 and is still the predominant clean.
It consists of the two sequential cleaning solutions SC1 (NH,OH-H209-H20, 1:1:5 to 1:2:7,
70 — 80°C) and SC2 (HCL-H30,-H»0, 1:1:6 to 1:2:8, 70 — 80°C). SC means standard clean.

The SC1 removes effectively organic contaminants and particles. Particle contamination [2,
p. 63] is critical because their size can be close to the feature size of ICs. Photoresist consists of
organic material and is the main source of contamination apart the ambient [2, p. 71]. Organic
contamination can change the oxidation rate and is not very dangerous. On the wafer surface,
organic contamination prevents the removal of other contaminants. The etch rate of SC1 [45]
depends exponentially on the Ge fraction [40]. Hence, residual Ge (see section 6.3) in the Si cap
might enhance the etch rate considerably.

The adhesion of particles and organic contaminants is a strong function of the pH of the
solution. Particles adhere to the wafer surface due to Van der Waals forces, electrical double
layers, capillary forces and chemical bonds. The hydrogen peroxide oxidizes the silicon surface
while the OH~ from the NH;OH provides a negative charge on the silicon surface and the
particle. The particles are repelled from the wafer surface. The megasonic clean further enhances
the effectiveness of the SC1. Sonic pressure waves wet the particle at high power (300 W) and
high frequency (850-900 kHz). The solvent can diffuse into the interface and the particle is easily
removed.

The SC2 desorbs metal contaminants (except noble metals) due to its low pH value by forming
soluble complexes while oxidizing the wafer surface. According to ref. [46], SC2 oxidizes blank
Si, but does not etch Si0s>. A good controllability of the Si cap of HMOSFETS can therefore be
achieved if native oxide is cleaned only by SC2.

Metal contamination has a deleterious impact even underneath its detection limit by TRXF
and AAS. Tt results in structural defects at the interface, stacking faults during later oxidation
or epitaxial growth, increased leakage current and reduced carrier lifetime. Noble metals adhere
to the wafer surface due to their high electronegativity and are extremely difficult to remove,
whereas other metals are incorporated into the oxide (Ca, Fe...).

An immersion in a mixture of HF-Hs0-H204 [2, p. 92] is proposed for the removal of the
native oxide and noble metals. However, a complete removal of noble metals is impossible. The
only secure means against contamination with noble metals is an ultraclean environment.

Cleaning and especially the combined oxidation and etching processes of the SC1 lead to the
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F Process | Etch Rate l
NH,OH + SC1+ SC2+ HF | 4.33 nm/stage
SC1+HF 3.0 nm/stage
SCl+ HF + H,O 3.0 nm/stage
HyOy + HF 1.8 nm/stage
SC1 0.144 nm/min.

Table 6.1: Etch rate of different cleans

increase of the surface roughness. The surface roughening effect decreases by reducing:
e the portion of the NH4OH
e the temperature
e the cleaning time

Today, there are some new dry cleaning techniques (H F/H20O vapor cleaning, ultraviolet-ozone
cleaning [UVOC], laser cleaning [47]) and new cleaning sequences applying the same chemicals
as the RCA (Advanced wet cleaning processes, IMEC), HF and ozone [48].

The Si etch rate of the cleaning sequences given in tab. 6.1 was investigated by Glyn Braith-
waite. The cleaning sequence were repeated many times and the etch depth was measured by
a—stepper, AFM and Sloane DekTak 3030. The standard SUMC compositions, bath tempera-

tures and batch times were used:
e SC1 (NH,OH : HyOs : Hy0): 1.2: 1: 21 for 10 min. at 72°C
e SC2 (HCL : HyOs : HyO): 1.1:1:21.7 for 10 min. at 72°C
e Fuming nitric acid clean (70 %): 10 min. at room temperature
e HF dip (2.4 %) : a few seconds to hydrophobic the wafer at room temperature

H05 (30 %): 10 min. at room temperature

However, the etch rate for the Si cap of HMOSFETs may be considerably higher than the ones

given in tab. 6.1 due to residual Ge in the Si cap.

6.7 Ion Implantation

Originally, dopants were introduced into semiconductors by diffusion and the dopant profile
was difficult to control. The first commercial implanters [1, chap. 5] were sold in 1973 and
soon became ubiquitous despite initial reluctance. Apart from doping, implantation can also
be employed for Ge implantation, preamorphization and device isolation. Device isolation is
not described in more detail and shortly mentioned here. Silicon on insulator uses either a

high energy implant of N* (Separation by Implanted Nitrogen, SIMNI) or O (Separation
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Ion acceleration tube

Figure 6.7: Schematic of an ion implanter

by Implanted Oxygen, SIMOX). In order to minimize the surface damage, the wafer must be
heated during implantation. This is so important because the underlying oxide layer prevents a
recrystallization from the substrate. A very high temperature step is performed in order to form

the oxide.

6.7.1 Ion Implanter

The major components of an ion implanter can be seen in fig. 6.7. The ion source contains a
feed gas. In Si technology, the most common feed gases are: BF3, AsHs, PH3. Alternatively, a
solid charge that is heated can be used. The resultant vapor is used as the source gas.

In a low pressure chamber, the feed gas is broken up into a variety of atomic and molecular
species. The feed gas passes between a hot filament and a metal plate. The filament is highly
negative with respect to the plate. Electrons that boil off the hot filament are accelerated towards
the metal plate. On their way, they collide with feed gas molecules and molecular dissociation
occurs if the energy is high enough. BF; breaks up into B, B, BF,, BF; , FT, and some other
species. The positive ions pass through a slit at the exit side of the source chamber which is
negatively biased with respect to the filament. The ion beam is typically a few millimeters by
one or two centimeters wide and consists of a variety of species.

The desired implant species is normally selected with an analyzing magnet. The analyzing
magnet typically has a radius of up to 1 m. The ions can be accelerated either before of after the
mass analysis. If the ions are accelerated before analysis, a larger magnet is required. However,
the ions are much more likely not to lose their energy before reaching the sample surface. In

general, the acceleration tube is several meters long and kept at a high vacuum in order to
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prevent, collisions during acceleration. In high current machines, the charge of the ions causes

the beam to expand.
In many implanters, the ion beam is directed by both horizontal and vertical deflection plates
on to the target. The current which is measured with a Faraday cup at the end station serves

as a direct measurement of the implantation dose.

6.8 Implantation Profile

When an energetic ion enters the solid, it starts losing energy through interactions with electrons
and lattice atoms. The range R is the distance that ions travel in the semiconductor, whereas the
projected range R, is the distance along the depth axis for an uniform beam. The ions are also
scattered laterally and penetrate past the edges of a mask. In an amorphous solid, a Gaussian

distribution can approximate the resulting impurity concentration N(z) as a function of depth

[1, p. 106]:

1) _p2 2
N(z) ~ ——t (z—Rp)° /28R 6.23
(@) \/2_7?AR,,6 (6.23)

Where AR, and ¢ are respectively the standard deviation of the projected range and the dose.
In order to describe the boron profile, a Person type IV distribution is usually used. The

profile is described by four moments {1, p. 108; 51, p. 94]:

1. The first moment or projected range Rp:
o>
R, =/ e N(z)dz (6.24)
0
R, is the average penetration depth.

2. The second moment or straggle ARy:
AR, = / (z — Ry)®N(z)dz (6.25)
0
It is a measure of the width of the profile

3. The skewness v is based on the third moment:

fooc(ac — R,)®N(z)dx

= AR (6.26)

It is a measure of the asymmetry of the profile. Negative values represent an increased

concentration on the surface side.

4. The kurtosis S is based on the fourth moment:

fooo (z — Rp)*N(z)dz

b= AR,y

(6.27)

The kurtosis increases with the flatness of the top of the implantation profile.
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The Pearson type IV distribution is given by [1, p. 110}:

Inb -~ R ba(x — 2
n(m) _ n(Rp) exp n{ 0 + bl (-'1: 222) + 2(3: RP) ] (628)
_ by + 2b1bs an1 QbQ(ZIJ - Rp) + b
\/4bob3 — b3b2 V4boby — b2
Where: , ,
AR?(48 — 3+*
__ARUS-3y) (6.29)
108 — 1242 — 18
_ 8+3
b = —yAR, 105 — 1272 — 138 (6.30)
And:
28 — 342 —
by = 20737 6 (6.31)

108 — 1272 - 18
In single crystals, channeling is possible when the ion velocity is parallel to a major crystal
orientation. In a channel, nuclear stopping is not very effective and the electron density is low.
The ion makes many glancing internal collisions that are nearly elastic. The ion continues either
in the same direction until it loses all its energy or dechannels as a result of crystal defects or
impurities. The incident ion can be redirected by a scattering event inside the target along a
crystallographic orientation. However, as the probability for such an event is very low, this effect
produces no substantial distortion of the implant profile for ion velocities that are not in parallel
with a major crystallographic orientation.
The critical angle ¥ for channeling is given by [1, p. 111]:

ZiZy

= (6.32)

¥ =9.73°

Where F is the incident energy in keV, d the atomic spacing along the crystallographic orientation
in A, Z; the number of proton for the ion and Z; the number of protons for the target. Submicron
CMOS requires shallow junctions. A tilt angle or preamorphization with Si or Ge is normally
used in order to prevent channeling. The preamorphization implant also serves for the prevention
of transient enhanced diffusion (TED) that is extremely critical for boron. TED is due to the
large number of interstitial atoms after implantation.

Shallow boron junctions are especially difficult to form because boron is very light and has
therefore a deep projected range. Besides, it is difficult to lower the implant energy below 10
keV because of concerns about the beam stability. Therefore, BE; is often implanted instead of
B. For a BFs-implant, the kinetic energy associated with boron that is believed to dissociate
upon impact is given by [1, p. 118]:

Es = Epp, A%; = Eur, % (6.33)
Unfortunately, F' has a negative effect on the reliability of ultrathin gate oxides although it can

prevent boron diffusion (see chap. 6.3, [7, 49, 50]).
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6.8.1 Implantation Damage and Solid Phase Epitaxial Growth

When ions are implanted into a crystal wafer, they can create point defects like interstitials and
vacancies (primary defects). Some of the substrate atoms even gain a sufficient energy to eject
some further atoms. Vacancies in the atomic lattice can occur if the energy loss per collision is
high enough to overcome the binding energy of the Si target atoms (E, ~ 15 eV/atom). When
a critical dose of ions is implanted, no evidence of long range order exists any more and the
substrate is rendered amorphous. The critical dose is determined by the implant energy, the
implant species, the target material and the substrate temperature during implantation. The
critical dose becomes very large at high temperature because the substrate self-anneals during
implantation. Heavy ions lose a higher fraction of their energy by interactions with lattice atoms
and cause therefore more damage than light atoms. Strained SiGe heterojunctions can support
a low dose implant whereas a high dose implant is detrimental [52-54].

In solid phase epitaxial growth (SPEG) [1, p. 112], the crystallinity is restored in the high
temperature anneal (typically between 550 — 1000°C) during regrowth from the crystalline sub-
strate. Besides, the anneal moves a large fraction of the implanted impurities to lattice sites.
Depending on the species, the implanted atoms can act as dopants or form a heterojunction.
During the annealing of the implanted crystal, the high potential energy of the defects is reduced
by recombination or agglomeration.

However, microislands of single crystal material can also serve as nucleation centers during
SPEG. When disparate growth fronts meet, defects are created. Therefore, layers regrown by
SPEG can contain 1-D defects like dislocations loops, divacancies, but also 2-D and 3-D defects
like twins and stacking faults.

SPEG enables the activation of dopants at much lower temperature than conventional dopant
activation. The thermal recrystallization rate decreases exponentially with inverse temperature.
For amorphous Si onto a < 100 > Si substrate, the thermal recrystallization rate is 1072 c¢m/s
for 1000°C and 10~7 ¢m/s for 600°C [55).

Defects formed during the recrystallization (secondary defects) can be categorized into five

different groups [56, p. 8], [1, p. 177]:

e Type I defects arise for doses exceeding a critical value while no amorphous layer is formed.
They are typically located close to the projected range R, of the implanted species and
consist mainly of dislocations loops formed during the annihilation of a supersaturated

number of interstitial point defects.

e Type II defects or end-of-range (EOR) defects occur after solid phase epitaxial growth
(SPEG) of an amorphous layer and are formed below the amorphous/crystalline (a/c)

interface in the implanted material.

e Type III defects are due to the imperfect SPEG of the amorphous layer. They extend from
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the a/c interface to the surface. Among typical type III defects (microtwins, segregation

related defects...), hairpin dislocations are the most common defects.

e When the threshold damage density (TDD) for the formation of an amorphous layer is
only slightly surpassed, the amorphous layer is buried and the regrowth starts at both a/c
interfaces. Type IV defects are formed where the two advancing a/c interfaces intercept

and consist of perfect or faulted dislocation loops known as ”clamshell” defects.

o Type V defects arise when the solid solubility of the implanted species in the crystalline

silicon is exceeded and a second chemical phase is formed.

For SiGe heterojunctions [57-64], only type II and III defects are expected as Si and Ge are
completely miscible and the implant concentrations are high.

The EOR defects are the result of the agglomeration of interstitial Si atoms that are shaped
as dislocation loops at the a/c interface. Due to their interstitial nature, EOR defects introduce
compressive strain. The density of EOR defects increases slightly with dose, but dramatically
with implantation energy and implantation temperature. For low annealing temperatures (700 —
800°C"), the number of loops decreases, while the mean radius of the loops augments and the
number of atoms bound by the loops stays constant. A high-temperature anneal (> 900°C)
reduces the number of atoms bound by the loops and finally dissolves the dislocation loops. The
EOR defects can be spatially separated from the SiGe heterojunction by applying a Si implant
which has a higher energy than the Ge implant (EPIFAB process [65-69]).

Hairpin dislocations nucleate at the advancing a/c interface during the recrystallization of the
amorphous layer. The number of "hairpin defects” is reduced for low implantation temperature
and low implantation energy. A high mass and dose of the implanted ions results in severe
hairpin dislocations. An annealing step at very high temperatures (~ 1150°C") can completely

eliminate hairpin dislocations.

6.9 Silicidation

Silicide films [70-86] are used for the gate, source, and drain of MOSFETs to reduce the se-
ries resistance and therefore increase the switching speed. Silicide films are formed either by
codepositing a metal and Si (polycide process) or in a solid-state reaction between a metal and
Si (salicide process). Polycides are often used on gates in memory chips whereas salicides is

preferred for logic chips.

6.9.1 Metal-Semiconductor Contact

In general, the work function of the metal ®,, is not equal to the work function of the semicon-

ductor ®; (®,, # ®,). Hence, there is a potential barrier E, at the interface of a metal and a
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Figure 6.8: Schematic diagram of T salicide process

semiconductor analog to the flatband voltage in a MOS structure (see chap. 3):
Ey = q(®m — ®5) = q¢B (6.34)

Where ¢p is the barrier height.
The potential barrier results in a contact resistance R, defined as [71, p. 304]:
817"
R, = [——} (6.35)
Where j is the current density and V the voltage across the metal-semiconductor interface.
The contact is rectifying when a depletion region exists at the interface in the semiconductor

and ohmic when an accumulation region exists at the interface in the semiconductor (see tab.

6.2).

The thermionic emission current density across a rectifying metal-semiconductor contact is
given by [71, p. 262]:
j = Js(exp(gV/kT) — 1) (6.36)

The saturation current density Js is given by:
Js = AT? exp(—q¢p/kT) (6.37)

Where A and V' are the Richardson’s constant and the voltage at the metal-Si interface respec-

tively.

The width of the depletion region W in the semiconductor at the rectifying metal-semiconductor

2€,
W = ”qNb oB (6.38)

contact is given by [72, p. 254]:
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Semiconductor R,
P, > P,
n rectifying
p ohmic
b, < O,
n ohmic
p rectifying

Table 6.2: Four different cases of the contact resistance

The size of the depletion region decreases as ¢p decreases and N increases. Apart from the
thermionic emission current, there are still the diffusion and the tunneling currents. Doping the
semiconductor heavily and choosing a metal for which ¢p is small as for silicides, the width of
the depletion layer decreases and tunneling is easy. As only the active dopant concentration
contributes to the lowering of the contact resistance, the activation step is crucial for reducing
the contact resistance. An RTA anneal is ideal because the fast ramp down rates freeze in the
high temperature dopant activation while diffusion is minimized. SiGe leads to a better dopant
activation and therefore an increase in the tunnel current [73, 74].

The contact resistance R, between a metal and a heavily doped semiconductor is proportional

to [70}:

4 o
Rcwexp< ”;ff"> 6]3;‘ (6.39)

Where h is the Planck’s constant and m* the effective mass.

Ultra-shallow junction can be achieved by the outdiffusion from doped silicide which is implanted
with Ge™ [75, 76] in order to enhance the outdiffusion. The decrease in yield, degradation of the
gate oxide and oxide interface, and counterdoping have been reported as negative side effects of

silicide [70].

6.9.2 Silicidation Process

Salicide T'iSi, has a relatively high thermal stability and a low resistivity. It is the most
common silicide for salicide application, but CoSis is under investigation as an alternative [77-
79]. A T salicide (self-aligned silicide) process [70] is schematically shown in fig. 6.8. First of
all, the gate stack is created and source, drain, and gate are implanted (a). Then, T is deposited
by sputtering (b). During a nitrogen anneal at a temperature between 600 and 700°C, T' reacts
with exposed Si to form C49 TiSi» (c). The C49 phase has a base-centered orthorhombic
structure and a high resistivity (60 — 300 plem). 2.3 nm of Si are consumed per nm of Ti in the
solid-state reaction.

Nucleation limited reactions as it is the case for €49 TiSi, are expected when the free energy

change AG for the reaction is small with respect to the increase in surface energy o. The free
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Figure 6.9: Schematic diagram of W polycide process

energy per unit volume AG,, for a nucleus of radius r is given by:

AG, =0 -4mr? — AG - %7‘(’7‘3 (6.40)

Only nuclei surpassing a critical size r* = 20 /AG can grow. The number of nuclei is a strong
function of temperature. Hence, the metal-Ti reaction takes place in a very limited temperature
window and can produce rough films.

A low oxygen level ensures that the metal is not oxidized and can be achieved more easily in an
RTA chamber than in a furnace. Besides, RTA is ideal for nucleation limited reactions requiring
a a high temperature for a short time. The metal-Si reaction is very sensitive to contamination
and all the native oxide has to be removed before T'i deposition.

The nitrogen diffuses into the Si, forms TN in the field regions and over the spacers, and
blocks the lateral movement of Si. Thus, the shorting of adjacent contacts (bridging) due to
the diffusion of Si and lateral silicide formation can be prevented by the use of a relatively low
annealing temperature and an nitrogen ambient. The T'¢/N formation is diffusion limited and
reduces the amount of Ti available for the formation of C49 T'iS%s.

The T'iN and unreacted T are removed in a preferential wet etch, typically NH4OH : Hy05 :
H,0 (1:1:5). The etch mechanism is not yet understood. Then, C49 T'iS4, is transformed into
less resistive face-centered orthorhombic C54 T'iSis (15 — 35 pufdem) in a second anneal above
(800°C, (d)). This transformation is as well nucleation limited and dependent on the thickness
of the C'49 T'iSi, layer. Grain boundary triple points are the preferred nucleation sites for thin
films (55 nm or less), whereas grain boundaries are favored for films exceeding 100 nm. The
surface-to-volume ratio, the nucleation barrier and in consequence the temperature required for

the transformation of the C'49-phase to the C'54-phase increase with decreasing film thickness.
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Polycide W Si; is the most common silicide for polycide application because of its high thermal
stability, low resistivity, and ease of patterning by dry etching processes. A W polycide process
[70] used for the gate stack is shown in fig. 6.9. The deposition of W Sis on top of the doped
poly-Si is followed by the deposition of oxide. The stoichiometry of the deposited silicide must
be well controlled in order to ensure low resistivity. The removal of the native oxide before
W Si2 deposition is essential for reducing the contact resistance. The deposited amorphous or
polycrystalline film with a hexagonal structure transforms to a tetragonal phase at 600°C.
After the etching of the gate stack, a brief thermal oxidation is performed to restore the
integrity of the gate oxide (a). Then, the sidewalls are formed (b), and the source and drain are

implanted and annealed (c). The source and drain can be salicided in a salicide process (d).

6.10 Conclusion

An overview over essential process steps already known from conventional Si technology was
given. The existence of a strained SiGe layer channel is especially critical for process steps
affecting the substrate surface, ie cleaning and oxidation. The cleaning of SiGe is not yet inves-
tigated in detail. However, the SC1 can etch SiGe at a considerable rate and might have to be
omitted.

High temperature steps can relax strained SiGe layers, lead to the outdiffusion of Ge, and
therefore be detrimental for HMOS devices. RTP reduces the thermal budget. It might be
beneficial to HMOS depending on the effect caused by the increase of thermal stress.

Thermal oxidized HMOSFETS typically display a high interface state density (see sections
4.3 and 6.3). Besides, thermal oxidation can lead to strain relaxation, Ge and dopant diffusion.
Deposited high-K dielectrics which are supposed to replace the thermal gate oxide eventually
may be advisable for HMOSFETSs.

Etch processes have to be adapted, whereas other steps such as lithography and chemi-
cal/mechanical polishing are completely identical for SiGe and Si technology. Alternatively to
CVD and PVD, implantation can be used for the fabrication of SiGe heterojunctions. A high
dose implant into a SiGe layer should be prevented. As an enhanced dopant activation is achieved

in SiGe, Ge can be used in conjunction with silicide for the reduction of the contact resistance.
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Chapter 7

Pseudomorphic SiGe CMOS

Process

Problems in the fabrication of SiGe CMOS chips may be as severe as those arising during
heterolayer growth. A remarkable performance improvement of SiGe p-MOSFETSs in comparison
with Si reference p-MOSFETs was demonstrated in ref. [1]. However, the process was tailored for
the low thermal budget constraints imposed by SiGe. In contrast, the investigated pseudomorphic
SiGe CMOS process addresses the requirements for an industrial type of CMOS process. A
thermal gate oxide is grown and the MBE layer is counterdoped for the n-MOSFETs. The
devices experience a considerable thermal budget and the substrate is doped at a level typical of
conventional Si MOSFETs.

The aim of the presented batch is to approach gently a competitive industrial process. The
standard cleaning procedures are therefore employed. As mentioned in chapter 4 and 6, the
control of the Si cap layer is critical. The estimation of the removed Si cap layer thickness is
based on the cleaning experiments given in section 6.6. The calculations assume that the Si cap
layer thickness has the properties of pure Si. However, latest research suggests (see section 6.3,
[2]) that the interface between the SiGe channel and Si cap layer is not abrupt. The considerable
amount of Ge in the Si cap can enhance the etch rate during cleaning (see section 6.6).

No difference in the electrical characteristics of the fabricated SiGe and Si reference p-
MOSFETs were found. Extensive x-ray, TEM, and SIMS analysis showed that this was due
to a lack of germanium in the active channel. Instead of discussing the electrical results in
detail, it is investigated why the expected Si,_,Ge, layers are not present. The MOSFETs
suffer from processing problems, which are the results of required adaptations (LTO field oxide,
thermal budget, layer architecture, substrate doping). The batch was useful in that it highlights

problems in the manufacturing of competitive SiGe MOSFETs.
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7.1 Fabrication Process

The process is depicted in fig. 7.1. A complete process listing in given in appendix B. The
process sequence starts with the growth of a thin thermal oxide (20 nm @ 900°C) that protects
the substrate against contamination. Consecutively, alignment marks are etched in the 4-inch
wafers (p-type, CZ, 17— 33 Qem resistivity, step 1). N-well and p-well are respectively formed by
the implantation of phosphorus (2.0 - 102 at./em? @ 160 keV, 4.0 - 102 at./cm?@ 70 keV) and
boron (2.0-10'%at./em?® @ 160 keV, 4.0-10'2 at./em?®@ 25 keV/, step 2). An RTA (10" @ 1100°C,
step 3) anneals the implantation damage and activates the dopants.

At Warwick university, the protective oxide is wet etched. For different wafers, different MBE
layers are grown over the whole wafer surface by solid-source molecular beam epitaxy (MBE) in
a VG Semicon V90S MBE system as MBE is non-selective (step 4). The thick Si buffer ensures a
good crystal quality of the SiGe heterostructures and in consequence good transport properties.
Uniform and linearly graded Ge profiles are used (0 % , 20 % , 36 % and 0-40 % Ge). The side
with the low Ge content of the linearly graded 0 — 40 % SiGe layer is close to the substrate.

The process was simulated with TSUPREM-4 and MEDICI. In order to achieve a threshold
voltage of —0.5 V for the SiGe p-MOSFETs with a linearly graded 0 — 40 % Ge channel for
undepleted poly-Si gates and good turn-off characteristics, the MBE layer is insitu doped. An
implant could destroy the integrity of the SiGe heterostructure. The intended antimony profile
and the layer structure are depicted in fig. 7.2. The red line is the technologically realizable
antimony profile which tails off much slower than the ideal dopant profile (broken blue line)
because of surface segregation during MBE growth. Besides, the shape of the Sb profile allows
us to counterdope it easily as required for the n-MOSFETs.

After the MBE growth, a 20 nm low-pressure CVD oxide (LTO) is deposited in order to
protect the substrate against contamination (step 5). In the p-well, the n-type doping of the
MBE layer is compensated by a boron implant (2.5 - 10*® at./em?® @ 20 keV, step 6) and is
expected to result in a threshold voltage of 0.5 V for the n-MOSFETs. Another 500 nm of LTO
are deposited (step 7) for device isolation. Consecutively, the active area is wet etched (step
8). Wet etch is very selective and removes only a tiny fraction of a Si substrate. However, HF
can etch SiGe at a much higher rate (chap. 6.5, [3]). The wet etch turned out to be rather
inhomogeneous. Therefore, the field oxide was not etched completely in some active areas. This
explains a reduced performance of some MOSFETs.

A 6 nm gate oxide is grown at 800°C (step 9). Then, 200 nm of undoped amorphous silicon
is deposited as gate material (step 10). The Si surface under the field oxide receives a full RCA
clean between MBE growth and field oxide deposition, whereas the Si surface in the active areas
receives two RCAs and an HF dip. The etch rate of the SC-1 increases exponentially with the Ge
content (chap. 6.6, [4]), whereas the SC-2 removes only a negligible amount of Si [5]. According

to an etch experiment carried out by Glyn Braithwaite (see chap 6.6), the remaining Si cap



PSEUDOMORPHIC SIGE CMOS PROCESS 124

Silicon Substrate - -

Step 1: Alignment Masks Step 2+3: n- and p-well Implantation and Fur-
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Figure 7.1: Schematic representation of the pseudomorphic SiGe CMOS process, the dimensions

are not to scale



PSEUDOMORPHIC SIGE CMOS PROCESS

substrate

Si buffer, Sb doped

R

1E+018

9E+017
8E+017

7E+017
6E+017
5E+017

0.07

SiGe cap
——>

—— D —
0.09 0.1 0.11

0.01

10 nm Si cap layer

/

10 nm SiGe channel

/

[ 100 nm buffer

4E+017

\

Antimony in cnt3

3E+017

\

2E+017

\

1E+017

oy Py e

0 1 I I I 1 1 1 L 1
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1 0.11 0.12

Deposited MBE layer in pum

Figure 7.2: Substrate doping profile and layer structure

1E+022¢ I
- Oxide Interface =+
o 1E+021 —E=—>
e T \\
S 1evo20 A\
£ r \
c
§ 1E+019, %
=] F
g i s,
£ 1E+018} \/\_\
§ r ./\/\_N\/_,
§ 1E+017, \
< 1E+016; \\
1E+015_ — — —
0 0.05 0.1 0.15 0.2
Depth irpm

Figure 7.3: Gate doping profile for an As™ implant at a dose of 5 - 101®/em? at 40 keV

125



PSEUDOMORPHIC SIGE CMOS PROCESS 126

T 20

‘.'5]

100 T
Gate Voltage|
—8—ov
80 v ||
- -2v
[ —=— 3V
s B e B e B e B m o T O— -4V
g 60 | = D—t,\S\E—E—sv —%
c \ g
= 40 <4 =
’ &l MNN&\ ;
56 N

Figure 7.4: Si MOSFET characteristics (L = 1 pm): (a) p-MOSFET annealed for 1 min. at
900°C (b) n-MOSFET annealed for 1 min. at 850°C

thickness is estimated as approximately 2 nm.

The gates are defined by e-beam lithography (step 11). A poly reoxidation stage is performed
in order to anneal the damage due to the polysilicon etch and in order to grow a thin protective
oxide (6 nm @ 800°C, step 12). 5-10'5 at./em? @ 40 keV of arsenic and 5-10'° at./ecm? @ 45 keV
of boron difluoride are implanted into gate, source and drain respectively of n-MOSFET and p-
MOSFET in a selfaligning process. The implant energies and the thickness of the amorphous Si
layer to be used were determined in a previous implantation experiment.

Fig. 7.3 shows that the implantation profile is deeper than simulated by TSUPREM-4 and has
a much wider tail. Due to the wide tail, it is impossible to achieve a high dopant concentration
close to the gate oxide without a considerable penetration in the substrate. However, this would
lead to a high off-state current and might destroy the integrity of the SiGe channel. As the
thermal budget has to be low and the implantation of the SiGe channel has to be prevented,
a sufficient concentration of dopants may not diffuse to the gate oxide in order to avoid poly
depletion. Insitu doped poly-Si is not available, but will be used for limited area/virtual substrate
PMOS batch.

Furthermore, 400 nm of LTO (step 14) is deposited for planarization. Three alternative RTAs
(1 min. @ 850°C, 3 min. @ 850°C, 1 min. @ 900°C) are used for the diffusion of the dopants
in the gate and the activation of source, drain and gate dopants (step 15). After the creation of
the contact windows (step 16), a thin (100 nm) titanium layer and an aluminium layer (1 um)
are deposited (step 17). The titanium layer lowers the contact resistance between metal and
semiconductor. The aluminium contains 1 % Si in order to prevent the spiking of aluminium.
The metallic wires are created in a dry etch. Finally, an alloy anneal is performed for 30 min.

at 420°C. The process is completed by several cleaning steps.
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7.2 Electrical Results

On each wafer, n- and p-MOSFETs with a channel width of 20 um and a channel length of 20,
5, 2, and 1 pum were measured for V; = 50mV. The gate voltage was in general varied from 0
to - 3 V for the p-MOSFETs and from 0 to 5 V for the n-MOSFETs. The routine discussed in
section 4.5 was used for parameter extraction. For the n-MOSFETSs, the whole measured voltage
range was not always used due to gate leakage. The mobility is not extracted because the low
values for the HF capacitance indicate gate depletion (see also fig. 7.8). Typically, very dispersed
results were found for MOSFETs with identical design on all wafers.

Poly depletion can explain slight variations in the MOSFET performance. A variation in the
thickness of the amorphous layer combined with a low annealing time and temperature can lead
to a different dopant concentration in the gate at the gate oxide. This effect should be more
severe for decreasing annealing temperature and time.

The etch of the active area was an extremely critical stage for this process. On the one hand,
the Si cap layer on top of the SiGe channel had to be extremely thin in order to assure the
confinement of the carriers in the SiGe channel. On the other hand, the cap layer should not
be completely removed during processing. The etch of the field oxide in the active area was
nonuniform and had to be stopped before the field oxide was completely removed in all active
areas in order to ensure that enough Si was left for further processing on top of the SiGe layer
and in order to to prevent the undercutting of the field oxide.

In general, it was observed across all wafers that some active areas were perfectly etched
whereas in some active areas an important fraction of the active area remained covered by
field oxide. The incomplete etch of the field oxide in the active area should reduce the device
performance considerably and the MOSFETSs affected by an incomplete etch of the active area
should easily be identified.

In order to eliminate the error introduced by the dispersion in the device characteristics,
the six best devices among eighteen with relatively good device characteristics and the same
dimensions were evaluated. It has to be stressed that there is an interdependence between the
vield and the device performance. A low yield can cause a low extracted device performance
because not many devices with a good performance are found.

Fig. 7.4 shows that the p-MOSFETSs have good device characteristics whereas the n-MOSFETs
have poor punchthrough characteristics. The counterdoping of an n-doped substrate in order to
produce n-MOSFETs is definitively not ideal. This route was chosen as an alternative to the
removal of the thick MBE layer. It stresses the importance to grow MOSFETSs with a thin buffer
layer which does not have to be insitu doped as further alternatives would require a far more
complicated process.

The n- and p-MOSFETs for all splits have a similar channel sheet resistance, respectively

(fig.’s 7.5- 7.7). The large dispersion in the measurements has an important impact on the
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Ge content R4 AL Vi (L=1pm) | S (L =1 um)
in % in kQum in um inV in mV/dec B
Split annealed for 1 min. at 850°C
0 6.18 +£1.88 0.16 £ 0.06 —1.50 £ 0.08 130.6 + 8.6
20 7.28+2.7 0.03 £0.07 —1.60 £ 0.02 133.74+4.1
36 25.28 £ 5.04 0.18 = 0.11 -1.50 £ 0.02 121.6 9.8
0-40 5.68 £ 2.08 0.21 +0.05 -~1.20 £0.01 109.5 £ 3.0
Split annealed for 3 min. at 850°C
0 6.00 £0.76 0.22 +0.02 —1.45 £ 0.01 118.1£1.3
36 7.14 £1.96 0.01 +0.05 -~1.10 £ 0.01 126.6 = 2.0
0-40 4.3+1.26 0.12 £ 0.04 —1.40 £0.07 156.8 = 9.8
Split annealed for 1 min. at 900°C
0 5.84 £2.52 —0.124+0.08 -0.90 £ 0.09 151.7 £ 25.6
20 2.06 £1.60 | —0.03£0.05 —1.05 +0.02 173.5+5.8
36 2.42 + 0.96 0.10 £0.03 —0.95+0.01 141.5+£1.2
0-40 3.30 £1.10 0.04 +0.03 —1.20 £ 0.04 141.9+1.6
Table 7.1: R4, AL, Vi, and S for the p-MOSFETs
Ge cont. Rea AL Vin (L=1wum) | S(L=1pum)
in % in kQum in pm inV in mV/dec
Split annealed for 1 min. at 850°C
0 1.70 & 0.24 0.14 4+ 0.02 2.05 £ 0.02 239.5+3.3
20 1.51 4+ 0.07 0.13£0.04 2.10 £0.05 272.1£6.1
36 141 4+0.29 | —0.01 £0.02 1.95 £ 0.04 270.0 6.8
0-40 0.47 £0.62 | —0.04+0.05 2.05£0.01 2794+ 31.5
Split annealed for 3 min. at 850°C
0 2.44 £0.15 0.16 = 0.01 1.75 £ 0.04 2295+ 3.0
36 1.54 £0.47 | —0.08 £ 0.04 2.154+0.02 244.7+9.5
0-40 0.67-+0.32 | —0.02+0.03 2.10 £ 0.02 236.5 £5.1
Split annealed for 1 min. at 900°C
0 2.98 £0.21 0.26 £ 0.02 1.90 £ 0.06 225.8+4.3
36 0.24 +0.83 | —0.04 £0.06 1.95 £0.03 219.6 £6.9
20 1.94 £ 0.77 0.22 £ 0.05 2.15+0.02 2213+ 5.6
0-40 1424149 | —0.24 +:0.10 2.35 £ 0.02 2749+ 9.6

Table 7.2: Ryq, AL, Vi, and S for the n-MOSFETSs
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extraction of Ryq and AL (see tab.’s 7.1 and 7.2) and results in unreasonable values in some cases
(E.g., 36 % Ge, split annealed for 1 min. at 850°C. The same wafer has a pretty high channel
sheet resistance). Whereas the threshold voltage for the n-MOSFETS is in general far higher
than intended, the magnitude of the p-MOSFET threshold voltage decreases with the activation
temperature and time and is the only parameter clearly depending on the annealing conditions.
A substantial percentage of the MOSFETs display gate leakage which can be attributed to poly-
Si fillets left in the corners of the active areas. These fillets are a common problems of processes

with active areas etched into the field oxide because the edges of the active area are very steep.

7.3 Analysis of the Layer Structure

The wafers were further analyzed by SIMS, TEM, and x-ray. Fig. 7.8 (a) and (b) show a SIMS
profile of a completely processed capacitor annealed for 1 min. at 900°C with the substrate
dopant profile of an p-MOSFET and gate dopant profile of a n-MOSFET and with the substrate
dopant profile of a n-MOSFET and gate dopant profile of an p-MOSFET, respectively. The
profiles themselves are distorted by a thin film left in the contact windows after the removal of
the metal and field oxide which covered a part of the profiled area on top of the poly-Si gate.
The step at the surface of the poly gates results in the twofold measurement of the actual dopant
profile shifted by a distance given by the thickness of the layer left in the active areas, but does
not hamper the detection of a Ge peak.

The low dopant concentration in the gate at the gate oxide interface suggests that the MOS-
FETs are susceptible to poly depletion. An even lower dopant concentration is expected for the
MOSFETs annealed at 850°C. A 36 % Ge peak was expected between the oxide interface (red
line) and the peak in the antimony profile (yellow curve). However, only residual Ge was found
in the active area and under the field oxide as it was confirmed by further analysis for all SiGe
wafers.

It is questionable why the SiGe MOSFETs do not have the expected SiGe layer. The SiGe
layer must either not have been grown by MBE or have been removed during cleaning. The
literature about the etch of SiGe is very sparse. The data given in ref. [4] and the data of the
internal etch experiment carried out by G. Braithwaite is used in order to investigate the removal
of SiGe during SC-1. It is assumed the the SC-2 etches a negligible amount of SiGe as it is the
case for Si [5]. The Ge profile as a function of depth z(d) takes into account that the cap layer

can contain a substantial percentage of Ge (see fig. 7.9):

0.36 -exp (d — 10)%/b d < 10 nm
z(d) = 0.36 : 10nm <d<20nm (7.1)
0.36 -exp (d — 20)%/b : 20 nm < d

The parameter b determines the width of the Ge tail outside the channel.
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Figure 7.12: MBE layer for the previous SiGe MBE CMOS batch (a) under the field oxide (b)

under the gate oxide

The etch rate r(z) is exponentially dependent on the Ge content [4]:
r(z) = exp(a-z+c)(nm/s) (7.2)

Fig.’s 7.10 and 7.11 show the etch depth as a function of the etch time based on the data given
in [4] and on ¢ determined from the internal cleaning experiments combined with a determined
from [4], respectively. A single SC-1 as it is seen by the wafer surface under the field oxide should
definitively not remove the SiGe layer. This suggests that the SiGe layers may not have been
grown. However, the limited data available is valid for poly-Si;—,Ge, and we can not be sure
that it is also the case for Si,_,Ge,.

For a previous SiGe MBE batch [1], the strained SiGe MBE layer was found in the processed
devices. Initially, a 15 nm Si cap layer was grown on top of a 15 nm SiGe channel. Underneath
the field oxide, 1.5 nm of Si is expected to be removed by an RCA clean followed by a fuming
nitric acid clean. Fig. 7.12 a shows that the thickness of the remaining cap layer is comparable
to the thickness of the SiGe layer. 6 nm of Si is expected to be removed by the cleaning sequence
RCA-fuming nitric acid clean-HF-RCA before the deposition of the LTO gate oxide.

In contrast, no Si cap layer was found on top of the SiGe channel under the gate oxide (see fig.
7.12 (b)). This indicates that the results of the internal cleaning experiments may not completely
apply to the Si cap on top of the SiGe channel.

A definite answer to the question whether the SiGe layer could have been removed by a single
RCA as it was experienced by the wafer surface under the field oxide can only be obtained from
a cleaning experiment. Therefore, an MBE layer with a 10 nm thick Sig.sGeg.o layer covered
by a 10 nm Si cap was grown over a wafer as a replica of the specified layer architecture for

batch presented in this chapter. The wafer underwent an RCA, the deposition of 20 nm of LTO,
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Figure 7.13: TEM photograph of the sample used for the cleaning experiment

and a further RCA like the processed wafers after MBE growth and before the deposition of the
complete field oxide. The further cleans could not have had an effect on the substrate underneath
the thick field oxide. TEM analysis confirmed the existence of a Si cap on top of the Si channel
after the clean (see fig. 7.13). Only a mistake during growth can explain the non-existence of

the SiGe heterostructure.

7.4 Conclusion

Due to an error in MBE growth, none of the wafers possessed the expected SiGe heterostructures.

This raises the question whether the monitoring of the MBE growth should be improved.
Furthermore, this batch highlights how difficult the preservation of the SiGe heterostructure

during cleaning is. As yield is not the critical issue, it is suggested to omit the SC-1 and to use

solely the SC-2 for the cleaning of the exposed wafer surface after MBE growth for future SiGe

batches.
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Chapter 8

SiGe CMOS/Ge™ Implantation

Process

High quality strained SiGe heterostructures can be fabricated by UHCVD and MBE. However,
the growth processes are time-consuming and expensive. In contrast, implantation is an industrial
standard process and cheap. The species can be implanted into a selected area defined by resist.
Although, only low Ge concentrations can be expected by implantation and no abrupt interfaces
can be achieved, the above mentioned advantages render Ge™ implantation a potential candidate
for the fabrication of HMOSFETSs on an industrial scale [1-7; chap. 6.8.1].

In this chapter, a CMOS process with Ge™* implanted p-MOSFETs is presented. The process
is based on a conventional CMOS process and employs the EPIFAB process developed at the
University of Surrey [8-13; chap. 6.8.1]. The parameter extraction routines presented in chapter
4.4 and 4.5 were used in order to assess the MOSFET device performance. The Ge implanted

MOSFETSs were compared to Si reference MOSFETs.

8.1 Fabrication Process

The process is based on an industrial CMOS process and depicted in fig. 8.1. A complete process
listing is given in appendix B. The reference Si MOSFETs and SiGe MOSFETs are on the same
wafer. The process sequence starts with the growth of a thin thermal oxide (20 nm @ 900°C)
that protects the substrate against contamination. Alignment marks are etched in the 4-inch
wafers (p-type, CZ, 17 — 33 Qcm resistivity, orientation 100). Consecutively, the whole oxide is
stripped off and regrown. Then, LOCOS is performed for device isolation (400 nm @ 1000°C)
(step 1). In order to ensure a clean substrate, the oxide is stripped off, regrown and stripped off
again in the active area. Then, either 20 nm or 10 nm of oxide are grown as a pad oxide (see
tab. 8.1).

A spilt is made in the p-well and n-well triple implants (step 2) for the two different gate

136
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Figure 8.1: Schematic representation of the SiGe CMOS/ Ge™ implantation process
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wafer | pad oxide Ge conc. gate oxide
number in nm in atoms/cm? in nm
1 10 5-101° 12
2 10 5-1015 6
3 10 1-1016 12
4 10 1-1016 6
5 10 2-10'° 12
6 10 2 -10%¢ 6
7 20 5-10' 12
8 20 5-10%° 6
9 20 1-10!° 12
10 20 1-1016 6
11 20 2-10'° 12
12 20 2-1016 6

Table 8.1: Splits for the SiGe CMOS/Ge* implantation batch

oxide thicknesses. The implant doses and energies for the 6 nm gate oxides are overtaken from
a conventional process (batch k1543s). They satisfy threshold voltage requirements and are

adapted for the 12 nm gate oxide devices !:

e 6 nm gate oxide:

— p-well: 4.0-10'2 BT at./em? @ 200 keV, 3.0- 10" BT at./em® @ 120 keV, 4.0 -
10'2 BT at./cm? @ 25 keV

— n-well: 4.0 - 102 P* at./em? @ 400 keV, 2.0 - 10'3 P* at./em® @ 280 keV, 8.0 -
1012 Pt at./em?® @ 70 keV

e 12 nm gate oxide:

— p-well: 2.0+ 102 Bt qat./em? @ 200 keV, 1.5- 10 Bt at./em? @ 120 keV, 2.0 -
10'? B at./em? @ 25 keV

— n-well: 2.0-10'2 Pt at./em? @ 400 keV, 1.0 - 10'® Pt at./em? @ 280 keV, 4.0 -
10'2 P at./em? @ 70 keV

The EPIFAB process [8-13] developed at the University of Surrey is used in order to create
defect free SiGe heterojunctions. Ge™ is implanted at room temperature and 30 keV into the
n-well of each second row whereas the rest of the wafers is protected by resist (step 3). The
splits are denoted in tab. 8.1. The chosen implant doses are all within the critical thickness (see
section 2.2). However, the experimental values cannot be applied exactly because some of the
Ge is removed when the oxide is stripped off and and the Ge concentration increase during gate
oxidation. The protected p-MOSFETs serve as Si reference devices.

After the resist strip, the wafers are implanted with Si (6 - 10'° Si™/em? @ 500 keV') while

they are cooled with liquid nitrogen (step 4). The Si¥ implant under low temperature conditions

I Accidentally, twice the specified dose was used for the 70 keV n-well implant
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Figure 8.2: TEM photograph underneath the gate region for samples with a 12 nm gate oxide,

a 20 nm pad oxide implanted at a Ge™ dose of 5 - 101%/cm?

leads to a well amorphized layer and a good crystal quality of the regrown epilayer. The wafers
are not cooled during the Get implant because the resist would get brittle. Besides, the SiT
implant drives the end of range defects out of the active device regions about 1 um deep into
the substrate. The TEM photograph of a gate stack shows no defects in the active device region
(see fig. 8.2).

Either a 6 nm (800°C) or 12 nm (900°C) gate oxide is grown (step 5). The recrystallization
of the amorphous layer takes place during the growth of the gate oxide. The gate oxidation
is followed by a 15 min. N, anneal at the same temperature the gates are grown. Then, 250
nm of amorphous Si is deposited as gate material (step 6) and defined by e-beam lithography
(step 7). In the next step, a 6 nm oxide is grown in order to protect the wafer during sub-
sequent processing and anneal the damage due to the etch (step 8). Then, a LDD implant
that consists of four implantation steps at the same energy and doping concentration is per-
formed. Between each implantation step, the wafers are rotated by 90°C (p-MOSFETs: BFE;",
4 x2.5-10'% at./em? @ 33 keV; n-MOSFETs: P*, 4 x 4.0-10'3 at./em? @ 50 keV, step 9) to
ensure that the source and drain are uniformly implanted.

The creation of the LTO spacers (step 10) includes an etch step and, hence, requires a
further oxidation stage (step 11). Then, the HDD implant is performed (p-MOSFETs: 5.0 -
10'® BF;" Jem? @ 45 keV, n-MOSFETs: 5.0-10'® As*/cm? @ 60 keV, step 12). After the gate,
source, and drain implant, an anneal (20 min. at 650°C) removes the fluorine.

100 nm of SILOX and 500 nm of BPSG are deposited (step 13) for planarization of the wafer

surface. SILOX is undoped and does therefore not contaminate the substrate, whereas BPSG
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Figure 8.3: MOSFET with L =1 wm and W =5 um

is easy to reflow and smoothes the surface. In an RTA (temperature ramped to 1050°C' within
20 s and then kept at this temperature for another 20 s, step 14), the gate, source, and drain
dopants are activated and the SILOX and BPSG are reflowed. Then, the contact windows are
dry etched (step 15). A dip etch in BHF before the metallization stage is used in order to make
good source, drain and gate contacts.

25 nm of Ti, 75 nm of TiN, 1 um of Al, and 30 nm TiN are deposited and defined (step
16). The Ti layer reduces the contact resistance between metal and semiconductor. The first
TIN layer prevents the spiking of Si and the second reflections during optical lithography. The
metallic wires are created by dry etching the aluminium and titanium layer. Finally, the wafers
are annealed at 420°C for 30 min. in an H2 /N> ambient. Several cleaning steps are implemented

when ever necessary.

8.2 Results

Six identical n- and p-MOSFETs with a channel width of 20 um and gate lengths of either 32,
16, 8, or 1 um were chosen for parameter extraction. The drain voltage was fixed at —50 mV for
the p-MOSFETs and 50 mV for the n-MOSFETs. The gate voltage was varied between 0 and
-3 V for the p-MOSFETSs and between 0 and 3 V for the n-MOSFETSs. Additionally, the n- and
p-MOSFETSs with L = 1 um were respectively measured for V; = 2.5 V and V; = —2.5 V. The
parameters extracted with the parameter extraction routine described in chap. 4.5 are given in

appendix C. The given error is one standard deviation.
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Figure 8.4: Device characteristics for MOSFET without Ge implant, with L =1 pm and W =
20 pum on wafer # 2 (6 nm gate oxide) (a) p-MOSFET (b) n-MOSFET

Wafer Rsq AL CH Mo
No. in kQum in um in1/V in em?/Vs
6 nm gate oxide
2 0.89 £0.04 | 0.30 £0.01 | 0.171 +£0.001 | 76.14 £ 0.38
4 0.94+0.10 | 0.20 £0.00 | 0.184 £0.001 | 80.75 £ 0.14
6 0.79£0.07 | 0.19+£0.01 | 0.169 +£0.001 | 76.22 £ 0.14
8 0.94+0.07 | 0.40 £0.03 | 0.162 £0.001 | 73.79 £ 0.20
10 1.00£0.03 | 0.23 +£0.01 | 0.171 £0.001 | 76.65 + 0.21
12 1.42+£0.06 | 0.21 £0.01 | 0.140 = 0.001 | 66.49 + 0.41
12 nm gate oxide
1 1.37£0.10 | 0.23 £0.01 | 0.102 +0.000 | 96.65 + 0.18
3 1.80 £0.26 | 0.29 £0.02 | 0.096 £ 0.002 | 94.12 £+ 0.86
5 1.46 +£0.17 | 0.39 +£0.02 | 0.105 £0.001 | 98.74 £ 0.24
7 1.17+0.06 | 0.22 +0.01 | 0.089 +0.002 | 94.48 +0.80
9 124 +£0.14 | 0.28 +£0.02 | 0.089 +0.002 | 88.96 + 0.80
11 1.26 £0.01 | 0.23 £0.01 | 0.103 = 0.000 | 96.26 £ 0.08

Table 8.2: Rsq, AL, O, and p, for the p-MOSFETSs without Ge implant

8.2.1 P-MOSFETs

P-MOSFETs without Get implant The devices with the same gate oxide thickness dis-
tinguish from each other only by the thickness of the pad oxide which was grown before well
implantation (see tab. 8.1). As the pad oxide should not have a pronounced effect, devices with
the same gate oxide thickness display very similar device characteristics. Slight variations are of

a merely random nature.

Devices with a 6 nm gate oxide The parameters extracted for various L are given in
tab. 8.2. R4, AL, ©,, and u, range respectively from 0.79 to 1.42 kQum, 0.19 to 0.40 um,
0.140 to 0.184 V1, and 66.49 to 80.75 ecm?/V's.

For L =1 pm (see tab. 8.3), In (V, = Va=—-25V), Lss (V, =0V;Vy=—-25V), S, and
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wafer I,n in Ioprin S in Vi in

number | 107% A/um | 107 A/um mV/dec Vv

6 nm gate oxide
2 4.16 £0.38 70.6 +£17.3 135.4+4.1 —0.913 £ 0.016
4 3.89 £ 0.39 4.82 +0.58 134.7+ 7.3 —0.858 £0.037
6 2.98 £0.27 3.31£1.31 145.3 £ 2.7 —1.024 £ 0.020
8 3.86 £ 0.17 5.78 = 1.50 123.44+0.4 —0.928 +0.003
10 4.06 = 0.06 4.19 £+ 0.62 141.1+2.7 —0.798 £ 0.003
12 2.91+0.04 8.60 +1.32 129.2 £ 0.2 —~1.006 £ 0.008

12 nm gate oxide
1 2.12+0.09 5.67 + 1.62 139.4+ 7.8 —1.002 £ 0.010
3 1.74 £0.15 4.39 £+ 2.09 136.2+ 3.8 | —1.1974+0.048
5 1.81 £ 0.27 16.6 + 2.8 137.0+£ 3.1 -1.168 £ 0.007
7 1.73 4+ 0.03 3.02 £0.70 140.1 £ 1.9 | —1.191 £ 0.007
9 1.72 £ 0.06 2.69 £ 0.45 141.1 £ 2.7 —1.237 £ 0.010
11 1.98 £ 0.07 2.01 +£0.23 129.2 4+ 0.2 —1.073 £+ 0.002
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Table 8.3: Parameters for the p-MOSFETs without Ge implant and with L =1 um

Vin range respectively from 29.1 to 41.6 pA/pm, 33.1 to 706 pA/um, 123.4 to 141.1 mV/dec.,
and —0.798 to —1.024 V. The drain currents and transconductances as a function of V, for
Vig=—25V and L =1 pm are given in fig. 8.5. The drain current as a function of the drain
voltage is shown in fig. 8.4 (a) for a device with L = 1 um and different gate voltages.

The p-MOSFETS are slightly superior to the ones of a similar process (batch k1543s, # 10) for
which the following parameters have been found: Ry; = 2.64+0.1 kQum, AL = 0.00£0.01 pm,
O, = 0.170 £ 0.002 V™1, p, = 69.40 £ 0.50 cm?/Vs, S = 119.9 £+ 0.8 mV/dec, I,n, = 21.8 +
3.6 pA/pm, Iypy =1.65%+2.52 pA/um, and Vi, = —-0.913 £0.008 V.

Devices with a 12 nm gate oxide The parameters extracted for various L are given in
tab. 8.2. Rgsy, AL, O, and pu,, range respectively from 1.17 to 1.80 kQum, 0.23 to 0.39 wm,
0.089 to 0.105 V1, and 88.56 to 98.74 em?/V's.

For L =1 pm (see tab. 8.3), Ipp, (Vg =Va=-25V), Ly (V,=0V;Vg=-25V), S, and
Vip range respectively from 17.2 to 21.2 pA/pm, 20.1 to 166 pA/um, 129.2 to 141.1 mV/dec.,
and —1.002 to —1.237 V. The drain currents and transconductances as a function of V, for
Va=—-25V and L =1 pum are given in fig. 8.6.

Compared to the split with the 6 nm oxide, the low field mobility and the magnitude of the
threshold are higher, the mobility degradation factor and the on state current are lower. The
higher mobility is due to a lower n-well dopant concentration and a smaller systematic error in
the mobility extraction because of the neglect of the capacitance associated with the inversion
layer. The higher threshold voltage is a consequence of the thicker gate oxide.

The mobility degradation factor typically decreases with increasing oxide thickness because
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Interface states in 1011 /em?
gate oxide 12 nm 6 nm
pad oxide 10 nm 20 nm 10 nm 20 nm
Ge™ dose
in at./cm?
Si ref. 1.25+0.09 | 0.954+0.12 | 0.84+0.01 | 1.20£0.04
5-1018 3.07£0.02 | 3.13£0.07 | 4.04£0.19 | 2.63+£0.04
1-10% 6.65+034 | 6.84£1.14 | 14.10£0.20 | 9.35+0.30
2-10'8 22.60+0.39 | 11.18+0.14 | 40.70+0.31 | 31.1 +0.37
Table 8.4: Number of interface states per c¢m?
Ge™ dose Rsa AL 0, o
in at./cm? in kQum in um in1/V in em?/Vs
6 nm gate oxide
10 nm pad oxide
5-10%° 0.90 £ 0.08 0.26 + 0.02 0.117 £ 0.001 68.47 £+ 0.36
1-10% 0.87 +0.14 0.10 £0.01 0.077 £ 0.002 59.36 £ 0.58
2.10% 15.61 £ 1.71 0.11 = 0.06 —0.171 £ 0.004 14.23 £ 0.45
20 nm pad oxide
5.10%° 0.80 £0.05 0.24 +0.01 0.112 + 0.001 64.87 £0.19
110 0.72 £0.14 0.15 £ 0.02 0.072 £ 0.002 58.08 £ 0.54
2.10' 18.96 = 0.99 0.29 4+ 0.03 ~0.275 £ 0.006 | 13.30 & 00.41
12 nm gate oxide
10 nm pad oxide
5.10%° 1.05 £0.02 0.20 £ 0.01 0.064 £ 0.000 87.12+£0.24
1-10% 1.34+0.09 | 0.23+0.01 0.049 £0.001 | 83.54+0.36
2.101 1.89 £ 0.57 0.26 + 0.04 ~0.174 £ 0.002 | 27.02 +0.62
20 nm pad oxide
5-10'° 2.51+0.36 | —0.08+0.05 | 0.061£0.001 | 82.34+0.34
1-10% 1.04 £0.06 | 0.20+0.01 0.034 4 0.001 | 73.64£0.16
2.100 1.234£0.25 | 0.20+0.01 | —0.056 +0.003 | 49.82 £ 0.77 |

Table 8.5: Rsq, AL, ©, and p, for the Ge implanted p-MOSFETSs
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mobility degradation depends on the variation of the electrical field. ? The electrical field varies

less for thick than for thin gate oxides as a function of the gate voltage. The on state current is

lower due to the thicker gate oxide and the higher magnitude of the threshold voltage.

Ge™ implanted p-MOSFETs In fig. 8.11 - 8.13, device parameters of the Ge™ implanted

p-MOSFETs are displayed as a function of the Ge™ dose. The interface state density has been

extracted from the peak of the Elliot charge pumping curve (see tab. 8.4) measured at 100

kHz for AVy = 4 V. The values are subject to the restrictions discussed in chap. 4.3. The

21f the space charge is neglected, the variation of the gate voltage is given by AV = —~AEg;0, - tgi0,. Hence,

the variation of the electrical field is proportional to the inverse of the oxide thickness for a given variation of the

gate voltage (AEs;p, « 1/ -ts5;0,). The mobility can be modeled by u = po/(1 + Es;0,/Ec) and be expressed
as p = po/(1 + AV/(tsi0s - Ec)) = Bo/(1 + ©oAV). Where E. is a constant. The mobility degradation factor

Qo = 1/(tsio, - Ec) decreases with the oxide thickness.
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Get dose I, in Ifpin S in Vip in
inat./em?® | 1075A/um | 1072 A/pm | mV/dec v
6 nm gate oxide
10 nm pad oxide
5-10%° 3.59+020 | 2124123 | 165.64+2.0 | —1.000 & 0.027
1-10% 1.934+0.12 | 458=+1.17 | 232.4+9.7 | —1.248 £0.034
2.10' 0.16 +0.02 | 0.88+0.08 | 372.3+20 | —1.762 % 0.008
20 nm pad oxide
5.101 2.89 £0.07 | 3.304+0.68 | 150.742.0 | —1.056 + 0.025
1-10% 1.874+0.13 | 5.07+1.28 | 216.9+5.0 | —1.164 £ 0.017
2.10 0.1440.01 | 7.35+056 | 473.0+7.8 | —1.862 £0.007
12 nm gate oxide
10 nm pad oxide
51018 1.634+0.15 | 4.00+£3.23 | 160.0 £0.5 | —1.125 =+ 0.004
1-10'8 1.10+0.17 | 0.35+0.11 | 211.6£7.6 | —1.378 -+ 0.029
2.10' 0.10+0.02 | 1.58+0.37 | 380.8%+7.7 | —1.946 & 0.005
20 nm pad oxide
5.10%° 1.13+£0.02 | 4.06+1.39 | 171.6 £0.5 | —1.375%0.003
1-10%¢ 5.580.60 | 0.05=0.00 | 272.4+4.8 | —1.653 £ 0.012
2.10 0.234+0.02 | 2544058 | 380.4+24 | —1.751 +0.009

Table 8.6: Parameters for the Ge implanted p-MOSFETs with L = 1 um

parameters for the MOSFETSs without Ge are extracted on the MOSFETs with the lowest Ge™
dose. The parameters extracted for various L are given in tab. 8.5. There is no remarkable
difference between the devices which had a 10 nm thick and a 20 nm thick pad oxide.

The source and drain series resistance is in general independent of the Ge™ dose. The
mobility degradation factors decreases slightly for the devices with the Ge™ doses of 5e15 at./cm?
and lel6 at./cm? (see fig. 8.12 (b)), and gets even negative for the devices with a Get dose
of 2e16 at./cm?. The trapping of carriers in the channel region might be responsible for the
physically unacceptable negative mobility degradation factor. More carriers are trapped at a
small magnitude of the gate drive than at a high magnitude of the gate drive because the
variation of the surface potential is more important for a small magnitude of the gate drive than
for a large magnitude of the gate drive. The number of interface traps increases with the Ge™
dose (see tab. 8.4, fig.’s 8.19 and 8.16 ).

The low-field mobility decreases as well slightly for the Get doses of 5el5 at./em? and
1el6 at./cm? (see fig. 8.11 (a)), whereas there is a considerable mobility reduction for a Ge™
dose of 2el16 at./cm?. Interface traps can as well be blamed for the decrease of the extracted
mobility. They contribute to Coulomb scattering and reduces the number of carriers. The
extracted mobility does not necessarily correspond to the physical mobility as the number of
interface traps becomes actually comparable to the number of expected carriers for a high Ge™
dose (see tab. 8.4).

Besides, a slight increase of the oxide thickness has been found for the Ge™t implanted samples
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by quasistatic CV measurements for MOSFETSs with L = 6 pym and W = 1000 pum on wafer #
8 and wafer # 10 which have a nominally 6 nm gate oxide as it can be seen from the gate-to-
channel capacitance Cy.. The split-CV equipment was found to be close to the detection limit for
all MOSFETSs and could be used only for the wafers with a 6 nm thick gate oxide. An increase
of the oxide thickness with the Ge™ dose reduces the extracted mobility further as the nominal
value (6 nm) for the oxide thickness is used in the calculations. The mobility extracted with the
routine described in chap. 4.5 is shown in fig. 8.9 and fig. 8.10.

Ion (Vy =Vy==25V), I (V; =0V;Vg=-25V), S, and Vy, are given as a function
of the Ge™ dose for L = 1 wm in tab. 8.6. The magnitude of the threshold voltage increases
slightly for the Ge™ doses of 5e15 at./cm? and 1el6 at./cm? and considerably for a Get dose
of 2e16 at./cm? (see fig. 8.12 (a)) due to a fixed interface charge and an increase of the oxide
thickness. Whereas I, is largely independent of the Ge™ dose, I, is the parameter which is
most sensitive to the Ge™ dose because it is influenced by the mobility reduction and the increase
of the magnitude of the threshold voltage as a function of the Ge™' dose (see fig. 8.13(a)). The
subthreshold slope (see fig. 8.13 (b)) increases as a function of the Ge™ implant because the
interface state density increases.

The drain currents and transconductances for Vg = —2.5 V as a function of the gate voltage
are displayed in fig. 8.14 and fig. 8.15 for the devices with a 6 nm gate oxide and in fig. 8.17
and fig. 8.18 for the devices with a 12 nm gate oxide and compared to the Si reference devices
on the wafer with the lowest Ge™ implant.

The Ge profile was measured on samples with all different gate and pad oxide thicknesses
and a Ge™’ dose of 5-10° at./cm? by SIMS (see fig. 8.7). The approximate position of the oxide
interface is z = 0. The exact position can not be determined because SIMS broadens the correct
profile due to the limited space resolution. The influence of the Si cap and gate oxide thickness
manifests in the width and height of the Ge profile. A thicker oxide and thicker cap layer reduce
the width of the Ge profile. An increase of the oxide thickness results in a higher peak Ge
concentration due to Ge segregation. The peak values are in general lower for a 20 nm pad oxide
than for a 10 nm pad oxide. It is important to note that the real Ge peak concentrations may

be considerably higher, but are broadened and reduced in height because they are not wide.

Devices with a 6 nm gate oxide The source and drain series resistance (see fig. 8.11 (b))
increases suddenly for the devices with a Ge™ dose of 2-10'6 at./em?. However, the high source
and drain resistance might be the consequence of a systematic error due to parameter extraction
because the equation given in chap. 4.4 may not be appropriate to fit the drain current of the

devices with a Ge™ dose of 2- 106 at./em?.

Devices with a 12 nm gate oxide Except for Ry; which is not particularly higher for a

Ge™ dose of 2-10'% at./cm? than for the two other Ge™ doses, the results for the Get implanted
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Figure 8.14: P-MOSFETs with a 6 nm gate oxide and a 10 nm pad oxide (L =1,V = —2.5 V)
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Figure 8.21: N-MOSFETSs with a 6 nm gate oxide (L =1,V; = —2.5V) (a) Iz (b) gm

MOSFETSs with a 12 nm gate oxide show the same dependence on the Ge™ dose as the Ge™
implanted MOSFET with a 6 nm gate oxide. Compared to the split with the 6 nm gate oxide,
the magnitude of the threshold is higher and the on state current lower. The higher threshold
voltage is a consequence of the thicker gate oxide. The on state current is lower due to the thicker

gate oxide and the higher magnitude of the threshold voltage.

8.2.2 N-MOSFETs

The devices with the same gate oxide thickness are distinguished from each other only by the
thickness of the pad oxide which was grown before well implantation (see tab. 8.1). As the pad
oxide should not have a pronounced effect, devices with the same gate oxide thickness display
very similar device characteristics. Slight variations are of a merely random nature. The reason

for the low performance of wafer no. 12 is not obvious.

Devices with a 6 nm gate oxide For L =1 um (see tab. 8.8), Io, (V; = V4 =25 V),
Igr (Vg =0V;Vg =25V), S, and Vi, range respectively from 147 to 190 pA/um, 0.02 to
1.11 nA/pm, 116.9 to 123.2 mV/dec., and 0.607 to 0.818 V. The drain currents and transcon-

ductances as a function of V, for Vg = —2.5 V and L =1 pm are given in fig. 8.21.
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Wafer Ry in AL in O, in Lo in
No. kQum um v em?[Vs
6 nm gate oxide
2 0.52+0.04 | 0.13+0.03 | 0.241 £ 0.004 | 361.54 £ 2.07
4 0.51 £0.01 | 0.08 +0.01 | 0.249 + 0.000 | 367.42 +0.85
6 0.64+0.01 | 0.11+£0.01 | 0.243£0.001 | 363.99 + 1.06
8 0.59+£0.01 | 0.17+0.01 | 0.240 4 0.001 | 357.60 £0.79
10 0.50 +0.03 | 0.06 £0.01 | 0.252 4+ 0.002 | 357.73 £1.18
12 0.71£0.05 | 0.10£0.01 | 0.198 £0.003 | 313.94 + 1.66
12 nm gate oxide
1 0.88+0.04 | 0.14+0.02 | 0.063 + 0.001 | 379.38 £ 2.58
3 1.13+0.17 | 0.30+0.26 | 0.060£0.001 | 370.67 +7.96
5 0.88£0.04 | 0.31 £0.02 | 0.059 £0.001 | 371.10 &+ 3.97
7 0.88 :0.04 | 0.19x0.02 | 0.061 £0.001 | 374.92 +5.16
9 0.95£0.06 | 0.28£0.03 | 0.049 +0.001 | 329.21 + 5.32
11 0.87 £0.01 | 0.17+0.01 | 0.056 + 0.000 | 360.04 £ 0.60

Table 8.7: Ryq, AL, ©, and p, for the n-MOSFETs

Wafer I,, in Iy in S in Vin in
No. | 107* A/um | 1071 4A/um | mV/dec |
6 nm gate oxide
2 1.81 £0.04 2.08 £0.05 117.0 +£4.0 | 0.652 + 0.008
4 1.90 £ 0.01 111 +43 1185+ 1.4 | 0.607 & 0.005
6 1.76 = 0.02 4.91 £2.77 117.1 £9.1 | 0.748 £ 0.006
8 1.78 £ 0.01 61.9 £ 31.3 116.9 £ 0.8 | 0.797 £ 0.007
10 1.68 £ 0.01 61.4 £ 8.7 122.8 £ 0.9 | 0.678 = 0.003
12 1.47 £+ 0.01 12.2 422 123.2+1.1 | 0.818 +0.007
12 nm gate oxide
1 1.00 £ 0.02 2.08 £0.51 123.2+ 2.1 | 0.828 +0.003
3 1.12 £ 0.03 11.7+6.1 121.4£0.9 | 0.799 £ 0.016
5 1.14 £0.02 8.78 £3.30 1241+ 1.3 | 0.850 £ 0.025
7 1.03 £0.03 16.4£7.1 125.7+ 2.4 | 0.845 £ 0.021
9 1.06 = 0.02 0.58 £0.23 128.5 4+ 2.7 | 0.792 + 0.009
11 1.04 £0.01 51.2 +13.6 133.2+ 1.1 | 0.770 + 0.004

Table 8.8: Parameters for the n-MOSFETs with L =1 um
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Figure 8.22: Ring oscillator

The n-MOSFETs are slightly superior to the ones of a similar process (batch k1543s, #
10) for which the following parameters have been found: Rsy = 0.95 + 0.08 kQum, AL =
0.18 £ 0.06 um, ©, = 0.225+0.002 V1, u, = 307.91 £ 4.06 cm?/Vs, I,, = 22.7 £ 4.7 pA/um,
Isr =0.624+0.20 pA/pm, Vip = 1.786 £0.009 V, and S = 236.0 & 3.6 mV/dec,

Devices with a 12 nm gate oxide The parameters extracted for various L are given in tab.
8.7, Rsq, AL, O,, and p,, range respectively from 0.87 to 1.13 kQum, 0.14 to 0.31 um, 0.049 to
0.63 V1, and 274.34 to 316.15 cm?/V's.

For L =1 pm (see tab. 8.8), In (V3 =Va=25V), Ljs (Vo =0V;V3=25V), S, and V;p,
range respectively from 100 to 114 pA/um, 5.80 to 512 pA/um, 121.4 to 133.2 mV/dec., and
0.770 to 0.850 V. The drain currents and transconductances as a function of V;, for Vg = -2.5 V
and L =1 um are given in fig. 8.20.

Compared to the previous split, the source and drain series resistance, the threshold voltage,
and the low field mobility are a bit higher. The mobility degradation factor typically decreases
with increasing oxide thickness because mobility degradation depends on the variation of the
electrical field. The increase of the threshold voltage can be attributed to the thicker gate oxide
and the increase of the mobility to the lower dopant concentration in the substrate. The higher

values for the source and drain series resistance will be further discussed in appendix C.

8.2.3 Ring Oscillators

Working ring oscillators could be found only on the chip in the upper left corner for the splits

with the 6 nm gate oxide. The ring oscillators themselves are in the upper left corner of the chip.
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These ring oscillators consist of 13 CMOS inverters (L = 4 um; W = 4 um for the n-MOSFETs;
W = 10 pm for the p-MOSFETs). For Vg, = 4 V, the period was always within a range of a
few nanoseconds around 45 ns.

The working of the very few ring oscillators is presumably due to their position. A possible
explanation is that other ring oscillators fail because the contact windows are (1.5 um by 1.5 pum)
quite small and the oxide etch rate depends on the window size. The planarization oxide close
to the edge of the wafer might be slightly thinner than in the centre. This explains as well why

no working ring oscillators have been found for the split with a 12 nm gate oxide.

8.3 Conclusion

The integration of Ge implanted p-MOSFETs into a CMOS process [14] does not encounter
any mayor obstacles. SiGe oxidizes at a slightly higher rate than Si. No negative effect of
the Ge™ implant on the quality of the gate oxide grown after Ge™ implantation was found.
A simultaneous performance degradation and increase of the interface state density has been
observed as a function of the Ge™ dose. The observed link between performance degradation
and increase of the interface state density suggests that an anneal [14, 15; chap. 6.3] which

decreases the interface state density might as well enhance the device performance of the Ge

implanted MOSFETs.
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Chapter 9

SiGe Virtual Substrate/Limited
Area PMOS Process

A high Ge content in the strained SiGe channel resulting in a considerable mobility enhancement
can be achieved only if grown on top of a virtual substrate [1-6]. As the virtual substrate has to be
relaxed, a substantial thickness of the MBE layer is in general required. However, the relaxation
of the virtual substrate can be eased up by the growth on microscopic pillars [6-10] . The edges
of the pillars are suitable sites for the nucleation of dislocations. The lateral dimensions and
orientations are crucial for the relaxation of the virtual substrate (see section 5.2.1).

This chapter deals with a SiGe virtual substrate/limited area PMOS process. Whereas typical
virtual substrates are 2 — 5 pm thick, the thickness of the presented virtual substrate batch is
only 1.25 pum. The required process deviates considerably from a standard process because of
the trenches which surround the tiny pillars on which the devices are fabricated. The fabrication
of MOSFETSs on tiny pillars requires an extremely tight mask control. A Si development batch
was used in order to investigate the process and masks. The SiGe p-MOSFETSs are compared to

Si reference p-MOSFETs and p-HMOSFETSs which are not fabricated on pillars.

9.1 Fabrication Process

The process for which 4-inch wafers (p-type, CZ, 17 — 33 Qcm resistivity, orientation 100) are
used is depicted in fig. 9.1. The complete process listing is given in appendix B. The process
sequence starts with the growth of a 1000 nm thick furnace oxide at 1000°C in which trenches
are dry etched while the rest of the wafer is protected by resist. The oxide is used as a mask
in the following Si etch (step 1). The trenches cover a few percent of the total chip area. The
etch controllability is not good if the exposed area is too small. Large trenches are used in order
to increase the size of the area exposed during the etch. Unfortunately, the large trenches fill

up with resist in further processing and lead to a nonuniformity of the resist thickness. The
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Silicon Substrate

Step 1: Trench Etch Step 2+3+4: Growth of MBE layer, LTO Depo-
sition I and poly-Si Deposition

Step 5+6: poly-Si back etch, LTO Deposition II Step 7: Etch of Active Area

Step 8+9:G ate Dielectric and Amorphous Silicon Step 10+11: Gate Stack Creation and LDD Im-
Deposition plant

Step 12+13+14: Spacer Creation, HDD, and LTO Step 15+16+17: Anneal, Contact Windows, and
Deposition M etallisation
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2 nm 30 % SiGe cap

S nm SiGe channel
250 nm 30 % SiGe

1l um 0 % —*30 % SiGe

Si substrate

Figure 9.1: Grown MBE layer structure

Figure 9.2: TEM photograph of a MOSFETSs fabricated on a square pillar
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Figure 9.5: (a) Loss of substrate in source and drain of the processed devices with a thermal

gate oxide (b) Fluctuation of the Ge content in the SiGe channel
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wafer Si reference wafers gate oxide
number in nm
5 5
9 50
11 5
wafer Ge content Si cap | gate oxide
number || in the channel | in nm in nm
3 60 % 5 50
4 70 % 7 5
8 60 % 5 5
12 70 % 5 50
13 60 % 7 5

Table 9.1: Splits for the SiGe virtual substrate/limited area PMOS process

oxide is stripped off and a thin thermal oxide is grown (20 nm @ 900°C) in order to protect
the substrate against contamination during the n-well implant (2 - 10'® P /em? @ 160 keV,
4-10'2 P*/em?® @ 70 keV). The dopants are activated during an RTA (10 s at 1100°C).

Now, the MBE layer is grown (step 2). The MBE layer structure for the SiGe wafer is given
in fig. 9.1. The splits are given in tab. 9.1. A 250 nm Si layer is grown for the Si reference
wafers. The MBE layer is not intentionally doped and contains according to the growers about
1-10'at./em? of phosphorus which comes from the stainless steel of the MBE growth reactor.
From here on, the cleaning procedure deviates from the standard in order to prevent damage to
the SiGe substrate. The SC-1 is omitted for all cleans which come in contact with the substrate.

The deposition of either 100 nm of LTO (step 3) is followed by the deposition of 900 nm of
poly-8i for the refill of the trenches (step 4). The LTO protects the substrate in the following
poly back etch leaving the trenches filled with poly-Si (step 5) and serves as part of the field
oxide. Then, 500 nm LTO is deposited (step 6) as a field oxide. The active area is etched into
the field oxide (step 7). A 5 nm oxide is grown at 800°C (step 8) or a 50 nm thick gate oxide is
deposited as gate dielectric (see tab. 9.1). 200 nm of insitu p-type doped a-Si is deposited as a
gate material (step 9).

Fig.’s 9.3 (a) and (b) shows that a thin Si cap layer is left after gate oxidation/LTO deposition.
The Si cap was initially 5 nm thick. The SiGe channel is substantially thicker for the thermally
oxidized wafer than for the wafer with an LT O oxide indicating Ge diffusion during gate oxidation.
Variations in color show that the Ge content in the Si cap and the SiGe channel underneath the
thermal gate oxide can vary substantially over a small distance (see fig. 9.5 (b)).

In fig.’s 9.4(a) and (b), the Ge profile of the channel for the same samples is displayed.
Whereas the virtual substrate layer and the SiGe channel can be recognized due to its Ge content,
the localization of the oxide interface is difficult as a high Ge content can be found at the surface
of the substrate much further away from the Ge peak in the SiGe channel than expected. This
suggests that the profile may be broadened by the analysis technique. According to the growth
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specifications, the Ge concentration in the channel should be 70 %. For the thermally oxidized
sample the Ge peak concentration is reduced due to diffusion during gate oxidation, whereas no
significant Ge diffusion can occur during LTO deposition. The Ge peak measured by EDS is far
lower than intended. The specified error for the measurement technique is 1-2 %. However, a
broadening of the Ge profile due to the analysis technique could also explain the discrepancy.
Further processing will reduce the peak Ge concentration even more.

The gates are defined by e-beam lithography (step 10). Many devices were lost because their
gates fell off. The problems probably were persevered by the trenches leading to a nonuniformity
in the resist. The longest possible overetch is applied during dry etching in order to ensure that
no fillets are left in the edges of the active areas. These are typical of devices which have the
active area etched into the substrate instead of LOCOS because the edges are very steep.

For the wafers with a thermal gate oxide, a 5 nm oxide is grown at 800°C) in order to protect
the wafer during subsequent processing and anneal the damage due to the etch. Then, a LDD
implant that consists of four implantation steps at the same energy and doping concentration is
performed (step 11). Between each implantation step, the wafers are rotated by 90°C (4 x 2.5 -
1013 BE;}" /em? @ 33 keV). The LTO spacers are created (step 12). The wafers with a thermal
gate oxide are reoxidized (5nm @ 800°C) in order to protect the Si from contamination during
implantation. After the HDD implant into source, drain, and gate (5.0-10'® BF,"/em? @ 45 keV
(step 13), a fluorine removal anneal is performed for 20 min at 650°C.

400 nm LTO (step 14) are deposited for planarization of the wafer surface. The dopants
are activated in an anneal (30 min. furnace anneal at 750°C for the wafers with a deposited
gate oxide, 30 min. at 800°C for the wafers with a thermal gate oxide, step 15). Then, the
contact windows are created (step 16) by the LTO oxide with CHF3 + Ar. A dip etch in BHF is
performed before the metallization stage in order to make good source, drain and gate contacts.

25 nm of Ti, 75 nm of TiN, 1 um of Al, and 30 nm TiN are deposited and defined (step
17). The Ti layer reduces the contact resistance between metal and semiconductor. The first
TIN layer prevents the spiking of Si and the second reflections during optical lithography. The
metallic wires are created by dry etching the aluminium and titanium layer. Finally, the wafers
are annealed at 420°C for 30 min.. Several cleaning steps are implemented when ever necessary.

A cross section of a fabricated device is given in fig. 9.2. In this particular case, the metal etch
seems to have penetrated into the substrate because metal mask overlapped with the contact
window mask. Therefore, the metal etch was not stopped by the LTO oxide. This process
problems may be responsible for the high source and drain series resistance found for many
devices. A substantial amount of the substrate is lost in the source and drain due to cleaning
and thermal oxidation for the investigated MOSFET with a thermal gate oxide (see fig. 9.5 (a)).
Close to the poly-Si gates, less substrate is lost because it is protected by the LTO spacers.
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9.2 Measurements and Parameter Extraction

P-MOSFETSs on square pillars (10 gm x 10 ym) with W = 8 pm and L = 2,1,0.5,0.2 um, their
reference devices (not fabricated on square pillars), p-MOSFETSs on long, 7.07 um or 14.85 um
wide pillars with W = 5.66 pm and L = 1.41,9.19,19.80 um along the [010] direction, and their
reference devices (not fabricated on pillars) were measured.

Out of twelve measured devices of a certain type, the best six representative devices were
chosen for parameter extraction with the two routines - routine 1 described in section 4.4 and
routine 2 described in section 4.5. The drain current was fixed at —50 mV, the gate voltage was
varied between 1 V and —3 V for the devices with a thermal gate oxide and between 2 V and
5 V for the devices with an LTO gate oxide. Additionally, the MOSFETSs on square pillars with
W =8 um and L = 0.5 um were measured for Vy = —-2.5 V.

In this chapter, only the parameters extracted with routine 1 are given because many devices
displayed bad turn-off characteristics rendering the application of routine 2 inaccurate. For wafer
# 4, # 8, # 12, # 13, the leakage current, i. e. the drain current measured for the highest
applied gate voltage was subtracted before application of routine 2 (1 V or 2 V). However,
this modification was not very successful because the leakage changed as a function of the gate
voltage in some cases. The mobilities extracted as a function of the gate voltage with routine 2
suggest that routine 1 can be applied. The complete results are given in appendix D.

The mobilities extracted with routine 1 were displayed as a function of the effective vertical
field Eqyy:

Bty = —[Qu(Vy) + 1Qu(V5)] 0.1)

Where €., is the permittivity of the channel, = 1/3 for holes, @ the bulk charge, and Q;
the inversion charge. It was assumed that the substrate was n-type (Ng = 1-10'5/em?) and
always €., = €4. For the calculation of @, and @Q; = Qs — @, eq.’s (3.33) and (3.22) were
used. V,(¢s) was calculated with Eq. (3.8) and Vy;, = 0 V. The approximate inversion charge
Qigpp = Coz - (Vg — Vi) was calculated from a constant capacitance approximation and the
threshold voltage was chosen so that the approximate inversion charge equals the surface charge
Qiapp = Qs for a hole density of 1-10'2/em®. The depletion charge, inversion, surface and
approximate inversion charge are given as a function of the effective field and the gate drive in

fig.’s 9.6 and 9.7 for t,, = 5 nm and t,, = 50 nm.

9.3 Results

9.3.1 MOSFETSs with an LTO Gate Oxide

Devices on square pillars Vi, AL, and R4 for the LTO devices on square pillars and their

reference devices are given in tab. 9.2. The magnitude of the threshold voltage decreases as a
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Walfer no. VipinV AL Ry Int. states

Ge cont. (L =1 pm) in pm in kQum | in 1011 /em?
On pillars

11; Si ref. —0.917+0.017 | 0.08 £0.01 | 2.37+£0.20 | 1.90+0.11
3;60 % Ge | —0.224£0.025 | 0.23£0.01 | 2.44+0.88 | 4.92+0.25
12; 70 % Ge | —0.041£0.023 | 0.324+£0.02 | 1.82£0.20 | 5.48+0.31
Not on pillars

11; Si ref. —0.996 +0.016 | 0.09+0.01 | 2.71+0.34 not meas.
3;60 % Ge | —0.169+0.015 | 0.16 £ 0.00 | 3.07 £0.12 not meas.
12; 70 % Ge | 0.0134+0.023 | 0.29+0.01 | 2.33+0.20 not meas.

Table 9.2: Vi, AL, and Ryq for the LTO devices on square pillars and their reference devices

function of the Ge content due to the band offset in the SiGe channel. The devices display a
considerable threshold voltage roll-off because the substrate is not heavily doped. Surprisingly,
AL is higher for the Si reference devices than for the SiGe devices. The values for the SiGe
devices are unreasonable as devices with L = 0.2 ym were measured which is smaller than AL
for the SiGe devices.

The SiGe wafers and Si devices display a comparable source and drain series resistance. The
fact that the source and drain series resistances were not extracted very accurately should not
surprise although devices with a small channel length were used. The influence of the source and
drain series resistance is especially important when the channel is highly populated. However,
this spilt has a thick gate oxide and even a high gate drive does not populate the channel
considerably.

For the calculation of the mobility, the constant capacitance approximation was used. The
effect of the Si cap was neglected. HF CV-measurements show that the gate oxide is about 50
nm thick as assumed in the calculations (see fig. 9.10 (a)). The mobility as a function of the
effective fleld is given in fig’s 9.9 (a) and (b). The SiGe devices beat the Si references by more
than a factor 2 for the devices fabricated on pillars. The SiGe devices not fabricated on pillars
display much worse transport properties than the SiGe devices fabricated on pillars. It is worth
noting that the Si devices on pillars seems as well to have a slightly better performance than the
Si devices not fabricated on pillars.

The interface state density was extracted from charge pumping measurement for AVy =10V
and f = 500 kHz (see fig. 9.10 (b)).

higher density of interface states was found for the SiGe devices than for the Si devices.

Despite the fact that the gate dielectric is deposited, a

Measurements at high gate drive In fig. 9.12 (a), the drain currents of the Si reference
devices and the SiGe devices with L = 0.5 um are compared for V3 = 50 mV. The SiGe devices
have clearly a steeper slope than the Si reference. In contrast (see fig. 9.12(b)), the slope for the
Si and SiGe devices is pretty similar when the devices are measured at Vg3 = —2.5 V. Obviously,

the velocity of the SiGe devices saturates at high drain voltages.
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Figure 9.13: Mobility for the MOSFETs with an LTO gate oxide fabricated as a function of the
effective electric field (a) fabricated on long, 14.85 um wide pillars (b) not fabricated on long

pillars

Fig. 9.11 (b) shows the turn-off characteristics of the same devices. The SiGe devices are
far more leaky than the Si reference. The leakage current passes from the drain to the substrate
and the source. It can be attributed to the low doping concentration of the substrate. Instead of
being unintentionally doped (n-type: 1-10'®/em?), some parts of the substrate may be p-type.
The leakage current may be higher for the SiGe devices because they have a thicker MBE layer
or because the p-type dopants are introduced by the Ge source in MBE.

Devices on long pillars Fig.’s 9.13 (a) and (b) compare devices which are fabricated on
long, 14.85 um wide pillars along the [010] direction to devices which are not fabricated on such
structures. Long pillars along the [010] direction could relieve both strain components ([011] and
[011] directions, see section 5.2.1). However, the performance is obviously not enhanced by the

fabrication on long pillars 1. Devices on long, 7.07 um wide pillars can as well not beat their

IThree different gate lengths (L = 1.41,9.19,19.80 um) were used for the extraction of the parameters of the

devices fabricated on long, 14.85 um wide pillars, whereas two devices were used for their references and devices
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Wafer VipinV AL Ry Int. states
no. ; Ge cont. | (L =1 um) in um in kQum | in 10" /em?
On pillars

5; Si ref. 0.040 £0.003 | 0.10x=0.01 | 2.54=0.13 | 1.11£0.06
9; Si ref. 0.0414+0.003 | 0.26£0.00 | 2.71£0.19 | 0.98+£0.04
13; 60 % Ge | 0.396£0.003 | 0.16 £0.07 | 5.92£1.08 | 247+0.17
8; 60 % Ge 0.465 £0.006 | 0.36 £0.05 | 2.91£0.52 | 5.49+0.58
4; 70 % Ge 0.372+0.006 | 0.34£0.02 | 1.55£0.13 | 2.66£=0.13

Not on pillars
5; Si ref. 0.021 £0.004 | 0.09+0.01 | 2.66=+0.16 not meas.

9; Si ref. 0.033+0.005 | 0.23+0.01 | 2.15+£0.20 not meas.
13; 60 % Ge | 0.442 +0.004 | 0.47+0.11 | 10.49+ 2.02 | not meas.
8; 60 % Ge 0.541+0.012 | 1.00+£0.15 | 11.474+2.07 | not meas.
4; 70 % Ge 0.423 £0.008 | 0.28 £0.02 | 1.884+0.18 not meas.

Table 9.3: Vi, AL, and R4 for the devices with a thermal gate oxide on square pillars and their

reference devices

references (see appendix D). The extracted mobilities are very similar to those in fig. 9.9 (b). On

wafer # 3, no working devices of these types were found due to the problem with gate definition.

9.3.2 MOSFETs with a Thermal Gate Oxide

Devices on square pillars V;;,, AL, and R,y for the devices with a thermal gate oxide on
square pillars and their reference devices are given in tab. 9.3. The magnitude of the threshold
voltage decreases as a function of the Ge content due to the band offset in the SiGe channel. The
devices with a thermal gate oxide display less threshold voltage roll-off than the devices with an
LTO gate oxide because the gate dielectric is thinner (see fig. 9.16 (b)).

The devices on wafer # 8 and # 13 suffer from a high source and drain series resistance. As
the source and drain series resistances are very dispersed , all parameter cannot be accurately
extracted for these wafers. Their dispersion and the fact that they can be comparable to the
channel resistance of the longest devices (L = 2 wm) results for the devices of wafer # 8 on
pillars in the extraction of a low value for the source and drain series resistance. The low source
and drain series resistance for the SiGe devices with a 70 % Ge channel channel indicates that
the virtual substrate devices can have a lower source and drain series resistance than the Si
references due to better dopant activation and higher mobility as long as the process does not
go wrong. High source and drain series resistances can be attributed to the misalignment due
to metal definition as the current path between source and drain can be interrupted by damage
due to the penetration of the metal etch in to the substrate (see fig. 9.2).

For the calculation of the mobility, the constant capacitance approximation was used. The

effect of the Si cap was neglected. HF CV-measurements show that the gate oxide is about

fabricated on long, 7.07 ym wide pillars (L = 1.41,9.19 um).
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5 nm thick as assumed in the calculations (see fig.’s 9.15 (a) and (b)). The quasi-static CV-
measurements suggest that the application of the constant capacitance approximation may reduce
the extracted mobility by 30 %. As the quasi-static CV-curves are comparable for the Si and
SiGe wafers, the neglect of the Si cap on the gate capacitance is justified.

The mobility as a function of the effective field is given in fig’s 9.14 (a) and (b). The mobilities
were extracted at considerably higher effective vertical fields than for the LTO split and are
therefore considerably lower. The SiGe devices beat the Si references by nearly a factor 2 for
the devices fabricated on pillars. The reduced performance of the SiGe devices compared to
the LTO split can be attributed to the higher thermal budget and enhanced Ge diffusion. The
SiGe devices with a 70 % SiGe not fabricated on pillars channel displays slightly worse transport
properties than those on pillars. The Si devices on pillars seem again to have a slightly better
performance than the Si devices not on pillars. Precise mobilities cannot be extracted for wafer
# 8 and # 13 because of the high and dispersed values for source and drain series resistance
which has an important effect on the device characteristics for relatively short gates. The error in
the extracted mobility increases with the gate drive or the effective field because the contribution
of the source and drain series resistance becomes more important.

The interface state density was extracted from charge pumping measurements for AVy =10V
and f = 500 kHz (see fig. 9.16 (a)). As expected, a higher density of interface states was found
for the SiGe devices and for wafer # 8 which has a thinner Si cap layer than the two other SiGe
wafers (see tab. 9.3).

Measurements at high gate drive In fig. 9.17 (a) the drain currents of the Si reference
devices and the SiGe device with a 70 % Ge channel with L = 0.5 ym are compared for V; =
—50 mV. The SiGe device has clearly a steeper slope than the Si reference. In contrast (see fig.
9.17 (b)), the slopes for the Si and SiGe devices with a 70 % Ge channel are pretty similar when

the devices are measured at Vz = —2.5 V. This suggests that carrier velocity of the SiGe devices
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saturates as it is the case for the LTO devices. The SiGe devices display as well for this split

worse turn-off characteristics than the Si devices (see fig. 9.18).

Devices on long pillars Fig.’s 9.19 (a) and (b) compare devices which are fabricated on
long, 14.85 pm wide pillars along the [010] direction to devices which are not fabricated on such
structures. As for the LTO split, the performance is not enhanced by the fabrication on pillars?.
Devices on long, 7.07 um wide pillars can as well not beat their references (see appendix D).
On wafer # 13, no working devices of these types were found due to the problem with gate
definition. The mobilities for wafer # 8 could be determined accurately due to the long devices
lengths. The thicker cap layer may be to blame for the higher mobility degradation on wafer #

8 than wafer # 4.

9.4 Conclusion

The mobility enhancement of more than 100 % for MOSFETs with an LTO gate oxide is far lower
than values cited in literature for virtual substrate MOSFETSs [1-6]. According to reference [1], a
substantial mobility enhancement is only found for Ge concentrations above 60 %. However, the
fabricated MOSFETSs seem to have a Ge content of less than 55 % in the channel. The Ge peak

concentration is substantially reduced by the interdiffusion of Si and Ge enhanced by strain [11]

2Three different gate lengths (L = 1.41,9.19,19.80 um) were used for the extraction of the parameters of the
devices fabricated on long, 14.85 um wide pillars, whereas two devices were used for their references and devices

fabricated on long, 7.07 um wide pillars(L = 1.41,9.19 um).
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Figure 9.19: Mobility for the MOSFETs with a thermal gate oxide fabricated as a function of
the effective electric field (a) fabricated on long, 14.85 um wide pillars (b) not fabricated on long

pillars

during thermal oxidation.

Although the mobility of 350 em?/V's cited in ref [5] for a process with a thermal oxide is
considerably higher than the mobilities found for the split with a thermal oxide, the mobility
enhancement itself is comparable, because the same authors quote in ref. [4] a mobility in the
range of 200 cm?/V's for Si devices. This corresponds to a mobility enhancement of less than a
factor 2 (= 1.75) and is slightly lower than the mobility enhancement of a factor 1.87 obtained
for the spilt with a thermal gate oxide. The fact that the measurements for this batch were
performed at higher vertical fields and the use of the constant capacitance approximation can
explain the extraction of low mobilities. For the same split, a lower source and drain series
resistance has been observed for SiGe MOSFETSs than for the Si reference MOSFETsS.

A better performance could be demonstrated for SiGe MOSFETSs fabricated on microscopic
pillars than those fabricated on a plain substrate due to a reduction in crosshatch and and im-
proved relaxation of the virtual substrate. However, SiGe p-MOSFETSs do not beat Si references
for short channel lengths and high gate drives (L = 0.5 um and V; = —2.5 V) supporting the
idea that Si and SiGe have similar saturation velocities [12]. As the SiGe p-MOSFETs display
bad turn-off characteristics, it is therefore recommended to use a doped virtual substrate for

further batches.
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Chapter 10

Conclusions and Suggestions for

Further Work

SiGe is a novel compound material that can be beneficially used in the channel, gate, source and
drain of MOSFETs. In source and drain, SiGe can improve the short channel characteristics,
reduce the source and drain series resistance and parasitic bipolar transistor action. Poly-SiGe
gates can be used for the adjustment of the threshold voltage and reduction of the gate resistance.

Strained SiGe heterostructures possess transport properties superior to Si. Their integration
in the channel of MOSFETs can lead to an enhanced speed performance and is therefore an
alternative to the scaling of the channel length. This thesis has focused on the integration of

strained SiGe layers in the channel of p-MOSFETs. The SiGe layers have either been fabricated

by implantation or MBE.

10.1 Integration of Heterostructures in the Channel of MOS-
FETs

As both design and material properties determine the performance of MOSFETs, SiGe MOS-
FETs will beat conventional MOSFETs only if their design and fabrication process are compet-
itive. The implementation of heterostructures into a competitive design struggles in particular

with the following problems.

10.1.1 Substrate Doping

MOSFETSs are continuously scaled because their speed is inversely proportional to the square of
the channel length. However, submicron MOSFETSs require a highly doped substrate in order to
maintain their turn-off capability. Whereas the incorporation of dopants in SiGe during MBE

is not well investigated, the implantation of the substrate after epilayer growth can damage the
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heterolayer and introduce dopants in the channel region reducing the mobility. A very thin MBE

layer would not have to be doped in order to guarantee good device characteristics.

10.1.2 Thermal Budget

Annealing temperatures in excess of 1000°C are used for the dopant activation of conventional
MOSFETs and the diffusion of the dopants in the poly gates to the gate oxide. Such elevated
temperatures are in general not acceptable for SiGe MOSFETs as they can lead to the relaxation
of the heterolayer and Ge diffusion. The diffusion of dopants into the SiGe channel is a possi-
ble negative side effect of a high temperature anneal as the superior mobilities found for SiGe

MOSFETs are partly attributed to the low dopant concentration in the conducting channel.

10.1.3 Layer Architecture and Process Flow

The layer architecture is closely linked to the the thermal budget and the doping of the substrate.
The supportable thermal budget is determined by the layer structure and usually not exactly
known. In thick MBE layers with high Ge content, particularly high intrinsic mobilities can be
achieved. However, these layers may be especially susceptible to strain relaxation. Lowering the
thermal budget reduces the dopant activation as well as the damage to the heterostructure by
strain relaxation.

In order to incorporate thick MBE layers into CMOS requiring n- and p-type dopants in
the wells, the process flow has to be modified. An insitu doped MBE layer would have to be
removed over some parts of the wafer. If dopants are introduced by implantation, the strained
SiGe channel might be damaged. Alternatively, the MBE growth could be interrupted for well
implantation before the growth of the SiGe channel. Further complications arise from the fact
that the optimum performance for n- and p-MOSFETs may be achieved for different layer archi-

tectures. All effects have to be balanced in order to achieve a cost-effective process with optimum

performance.

10.1.4 Wafer Cleaning

The high yield obtained for conventional MOSFETSs is based on the well established cleaning
procedures. The amount of Si removed during cleaning is negligible for conventional MOSFETSs.
In contrast, the etch of the substrate during cleaning can be critical for HMOSFETSs requiring
an exact control of the vertical layer architecture. This control is made more difficult because
the etch rate of the standard cleaning procedures increases considerably with the Ge content.
Wafer cleaning will be a crucial issue for industrial HMOSFET production when a high yield
has to be achieved and should be studied before the industrial fabrication of HMOSFETsS starts.

Currently, it is far more important to ensure that the vertical layer structure is well controlled
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during fabrication so that the potential benefits of SiGe MOSFETs can be proven. Instead of

maximizing the yield, the preliminary aim is to minimize the loss of substrate during cleaning.

10.2 Fabricated Batches

Three batches addressing the issues raised in the above section have been fabricated. Actually,
there is only a limited number of ways to integrate heterolayers into MOSFETs. Due to the
considerable amount of time it takes to complete a full process, it is impossible to choose and
optimize a particular way in the course of a Ph.D. project. Instead, three different SiGe process

were carried out in order to investigate the fabrication of SiGe MOSFETSs from a different angle.

10.2.1 Pseudomorphic SiGe CMOS Process

The pseudomorphic SiGe CMOS process was designed as a gentle approach towards a competitive
industrial process and advancement of the process given in [1]. The performance of HMOSFETS
with an insitu doped MBE layer having experienced an elevated thermal budget was to be
analyzed. The dopant concentration in the substrate satisfied threshold voltage and short-channel
requirements.

A 2 nm Si cap on top of the heterochannel underneath the gate oxide was expected according
to experiments on Si samples. However, extensive SIMS, TEM, and x-ray analysis revealed
no heterochannel at all and only negligible Ge concentrations attributed to shutter leakage.
Experimental evidence suggests that the SiGe channel was not grown.

However, the control of the Si cap layer thickness is far more critical than previously assumed.
Recent research [2] shows that the interfaces of SiGe heterostructures grown by MBE are not
perfectly defined. Residual Ge in the Si cap enhances the etch rate of the HF [3] and SC-1 [4]
cleans considerably. For future batches, it is advised to use only SC-2 in order to clean the MBE
layer.

Even so no SiGe devices were fabricated, the SiGe CMOS batch highlighted the following

processing problems:

1. Poly-Si fillets: Many devices displayed a considerable gate leakage which may be attributed
to poly-Si fillets left in the edges of the active areas after gate definition. Poly-Si fillets are
typical for SiGe batches using LTO as field oxide. The etch of active area windows into
the field oxide results in steep edges. A deposited layer is much thicker in the edges of the
active area windows than on the plane wafer surface. In these edges, the gate material can
only be removed if a sufficient overetch is applied. However the possible overetch is limited
by the thickness of the gate oxide. Modern devices with a thin gate oxide do not support
a considerable over etch. Therefore, thinner poly-Si layers should be employed for future

batches.
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2. Poly depletion: The reduced thermal budget for this batch did not allow the diffusion of
a sufficient number of dopants to the oxide interface in the gate in order to avoid poly
depletion. The increase of the implantation energy is no solution because implantation
profiles have in general a long tail and dopants would penetrate into the substrate during
the implantation of the gate. The use of insitu doped poly-Si is a suitable alternative for
PMOS, whereas a short fix may not be found for CMOS using n-type n-MOSFET gates
and p-type p-MOSFET gates satisfying threshold voltage requirements.

3. Integration of the MBE layer: A thick insitu doped MBE buffer layer was used in order
to satisfy threshold voltage requirements and ensure a good crystal quality of the SiGe
channel and good short channel characteristics. Introducing dopants by implantation can
damage the heterostructure. However, the insitu doping is especially problematic for CMOS
requiring n- and p-wells. N-MOSFETSs with a counterdoped MBE have poor device charac-
teristics. Further alternatives are far more complicated (e.g., the etch of the MBE layer for
the n-MOSFETS, selective epitaxial growth). The growth of a thin, undoped MBE layer
would simplify CMOS processing considerably.

10.2.2 SiGe CMOS/Ge"' Implantation Process

In order to explore Get implantation as an alternative to MBE for CMOS fabrication, the SiGe
CMOS/Ge™ implantation process [5] was carried out. Although only low Ge concentrations and
no abrupt interfaces can be achieved by implantation, the use of Ge™ implantation may be so
attractive because the integration of Ge™ implanted MOSFETSs into a CMOS process is very
simple. Besides, implantation is less expensive and time-consuming than MBE.

The process is based on a conventional process and the EPIFAB process [6] developed at
the University of Surrey. GeT can be implanted before or after gate oxidation. For the SiGe
CMOS/Ge™ implantation batch, Ge™t implantation before gate oxidation was chosen as it enables
a relatively high peak Ge concentration in the SiGe channel and prevents the contamination of
the gate oxide during Ge™ implantation.

In contrast to previous work [7], a decrease in the MOSFET performance was found with

increasing Ge™ dose. The performance deterioration can be attributed to the following three

factors:

1. A slight increase of the oxidation rate for Ge implanted samples reduces the gate drive

of Ge™ implanted MOSFETSs in comparison with Si references.
2. Carriers trapped in interface states do not contribute to conduction.
3. The mobility is lowered due to carrier scattering at the degraded silicon interface.

This suggest that the performance could be improved by changing the the annealing conditions
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[8, 9]. Furthermore, these findings question whether the Ge™ implantation of the channel before

gate oxidation is really the better alternative as stated in ref. [7].

10.2.3 SiGe Virtual Substrate/Limited Area Process

Unlike the two above mentioned batches, the main emphasis of the SiGe virtual substrate/
limited area process is not put on the realization of an industrial process, but the achievement
of high hole mobilities. Such high mobilities can only be achieved if the SiGe channel has a high
Ge content and is grown on a virtual substrate [10-13].

The SiGe MOSFETs were subject to an intermediate thermal budget (750°C — 800°C) in
order to obtain a low source and drain series resistance. The wafers have a < 100 > substrate.
MBE growth took place on the plain substrate and on microscopic pillars. The growth on pillars
can reduce crosshatch and renders the relaxation of the virtual substrate more easy [14, 15].

SiGe MOSFETSs fabricated on square microscopic pillars show a considerable performance
improvement compared to Si reference MOSFETs and SiGe MOSFETs which were not fabricated
on pillars whereas the performance of SiGe MOSFETSs fabricated on long, narrow pillars aligned
along the [010] direction is only enhanced with respect to Si devices.

The SiGe devices with an LTO gate oxide display a mobility enhancement of more than a
factor 2 compared to Si devices. However, their performance is relatively low in comparison with
previous work because the Ge content in the channel is far lower than intended. A considerable
performance improvements starts for Ge concentrations above 60 % [10], whereas the devices of
this batch contain less than 55 % Ge. In contrast, the mobility enhancement of the SiGe devices
with a thermal gate oxide is about the same as the one found for comparable devices [12, 13]. For
the same split, a lower source and drain series resistance has been observed for SiGe MOSFETSs
than for the Si reference MOSFETs.

The bad turn-off characteristics of the investigated SiGe devices are probably caused by the
presence of p-type dopants in the MBE layer. Unfortunately, the fabricated submicron SiGe
MOSFETSs are not better than Si devices for a high drain bias. This result can only be explained

by velocity saturation.

10.3 Further Work

In general, the SC-1 clean should be omitted for the cleaning of the MBE layer. Future batches
should profit from the experience gained during the fabrication of the presented three batches

and try to answer the following questions:

e Pseudomorphic SiGe CMOS Process:
The missing of the Ge channel was realized very late. Should the monitoring of MBE

growth and fabrication be improved? For example, spare wafers could be examined after a
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mayor processing step. Poly-Si gate deposition is a suitable step. The next step is e-beam
lithography and often takes quite long. The SiGe channel of the processed wafers is altered
only by diffusion during further processing. The spare wafer can be used for TEM analysis.

These results can be obtained long before the batch is completed.

The integration of a thick insitu doped MBE layer into CMOS poses extreme difficulties.
What would be the performance of devices with a thin undoped MBE layer?

e SiGe CMOS/Ge™ Implantation Process:
Get implanted MOSFETSs are easy to integrate into a CMOS process. However, they can
suffer from the degradation of the oxide interface. How much could annealing improve the
performance of Ge™ implanted MOSFETs? Is the implantation of the channel after gate

oxidation the better alternative?

e SiGe Virtual Substrate/Limited Area Process:
The processed MOSFETs did not possess the expected high Ge content in the SiGe channel.
What would be the performance of SiGe MOSFETSs with a higher Ge content in the channel

or even a pure Ge channel?

A considerable Ge diffusion has been observed. But, the MOSFETs still display a consid-
erable performance improvement. Could a performance improvement as well be obtained

for SiGe MOSFETs subject to the thermal budget of a conventional fabrication process?

The reduced source and drain resistance found for a SiGe MOSFETSs with a thermal gate
oxide opens interesting perspectives for the application of SiGe virtual substrate devices.
Would it be possible to reduce the source and drain series resistance further by modifying

the dose of the source and drain implant or for different annealing conditions?

Submicron SiGe devices measured at high drain voltages could not beat the Si reference

devices. How would the SiGe devices perform if the gate length was further scaled down?

The SiGe MOSFETSs did not display good turn-off characteristics. Thus, it is recommended

to use an insitu doped MBE layer for future batches.

The characterization of HMOSFETSs requires suitable techniques. Split-CV measurements
are essential for the mobility extraction of HMOSFETS, charge pumping measurements for the
characterization of their oxide interface which may be altered by Ge segregation. S-parameter
measurements may be used for the assessment of the speed performance and possibly mobility
extraction. Devices suitable for these measurements should be part of any batch.

In general, I recommend to investigate as many problems as possible separately. Although
the time gained by using a PMOS process instead of a CMOS process should not be overesti-
mated, presently, it may often be advisable to produce PMOS and NMOS devices separately

and to minimize the fabrication time. CMOS requirements interfere to a certain extent with
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the requirements for SiGe MOSFETSs. Especially, the trial to fulfill threshold requirements for
CMOS renders the investigation of SiGe MOSFETs difficult. MBE growth often delays process-
ing considerably.

Batches based on a reliable process can investigate the transport properties of layer structures
suitable for integration into CMOS dependent on the thermal budget and optimize the balance
between the layer architecture and the thermal budget. Si trial batches can be carried out in
order to investigate problems arising from the integration of a particular layer architecture within
a given thermal budget into CMOS such as threshold voltage requirements, n- and p-channel
behavior. Si CVD can be used in order to simulate the MBE layer in the process flow.

Laser annealing enables the local activation of dopants close to the wafer surface. It is
a prospective technique for the SiGe technology for which the thermal budget is critical. Its
capability to activate dopants in source, drain and gate without damaging the strained SiGe
channel should be assessed. This technique may reduce the thermal budget considerably in

conjunction with the uses of novel deposited oxides.
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Appendix A

Calculation of the Error for

Linear Curve Fitting

Both parameter extraction routines (see sections 4.4 and 4.5) are based on the parameter fit for
a linear curve. When the error in x is assumed to be negligible [1, chap. 8], the probability of

obtaining the observed value y; for a linear problem (y; = A + Bx;) is proportional to:

1
Probs p(y;) « ;e"m"A'B“)Q/?”iZ (A.1)

T
Where o; corresponds to the standard deviation in y (0y); at a particular measurement point

(zs,y;) The probability of obtaining the complete set of N measurements is proportional to the

product:

1 _
Proba g(y1,...,yn) = Proba,g(y1) ... Proba p(yn) o mfi X2 (A.2)

Where the exponent can be expressed:
N
. ; — A — Bx;)?
— Z (yi . ) (A.3)
; o}
i=1 2
Applying the method of least-squares fitting, the derivatives of ¥? with respect to A and B have

to be equal to zero:

8x? . —2(y; — A — Ba;) _
X = - ~0 (A.4)
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Thus, we obtain the two following equations:
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Thus, A and B are given by:

N 1 oxN 1 N 1 N o1
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A= X (A.8)
N N
>im1 gl—z Zi\il ;_zwzyz - Zf\il %mz 2im1 g%yz
B = x (A.9)
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The standard deviations o4 and op are given by:
oa =1 = IA"" (A.11)
Yl &
o5 = --—Al—" (A.12)
An error Az in x produces exactly the same effect as an error in y expressed as:
d
Ay = E%Ax (A.13)

As the errors in x and y are independent, they must be combined in quadrature. For a linear

problem y; = A + Bz, the equivalent standard deviation is therefore given by:

oi =1/ (0)} + (B(oz)?) (A.14)

The equivalent standard deviation substitutes the standard deviation in x. B can be calculated
neglecting the error in x. A more exact result might be found by iteration.

For a particular measurement point, y; and z; are given by:

1 T
yi = Zyjl (A.15)
j=1
1 « )
(oy)i = — Z(ym‘ — i) (A.16)
j=1
1 2": g (A.17)
T;= n 2~ Tji .
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(oy)i and (o, ); are the standard deviations for a particular measurement point. n is the number
of measurements at a particular measurement point (e. g. channel length), In contrast to the

index i that refers to a measurement point, the index j refers to a single measurement.
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Appendix B

Process Listings

B.1 Pseudomorphic SiGe CMOS Process

1.

2.

10.

11.

12.

13.

14.

15.

Substrate material: 11 wafers, 17 — 33 Qem, CZ, < 100 >, p-type
RCA clean

Pad oxidation: 20 nm at 900°C
Photolith mask AL DF

Hardbake

Dry etch Si0s: 20 nm

Alignment marks: dry etch Si 1 um deep
Resist strip

Fuming nitric acid clean

Photolith mask NW DF

Hardbake

N-well implant:

(a) 2.0-10'3 P*/em? @ 160 keV

(b) 4.0-102 P /em? @ 70 keV
Resist strip

Photolith mask PW LF
Hardbake
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16.

17.

18.

19.

20.

21.

22.

23.

24.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

P-well implant:

(a) 2.0-10% BT /em? @ 160 keV

(b) 4.0-10'2 BT /em? @ 25 keV
Resist strip

Front spin resist

Hardbake

Dry etch SiOq

Resist strip

RCA

RTA: 10 s at 1100°C

MBE growth at the University of Warwick

. RCA

LTO deposition: 20 nm
Photolith mask PW LF

Hardbake

Counterdoping implant for the n-MOSFETs: 2.5-10*® Bt /cm? @ 20 keV

Resist strip

RCA

LTO deposition: 500 nm

Photolith mask AA DF

Hardbake

Active area etch: wet etch SiOs until hydrophobic: 20:1 BHF
Resist strip

RCA

Gate oxidation: 6 nm at 800°C

o-Si deposition: 200 nm

E-beam lithography mask PF/PC LF
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41

42,

43.

44.

45.

46.

47.

48.

49.

92.

53.

54.

59.

60.

61.

62.

63.

64.

. Hardbake

Gate definition: dry etch a-Si

Resist strip

RCA

Sidewall oxidation: 6 nm at 800°C
Photolith mask NA DF

HDD Implant (NMOS): 5.0 - 10*® Ast/em? @ 40 keV
Resist strip

Fuming nitric acid clean

Photolith mask PA DF

. Hardbake

HDD Implant (PMOS): 5.0- 10 BF,' /em? @ 45 keV
Resist strip

RCA clean

. LTO deposition: 400 nm

. Frontspin resist

. Hardbake

. Wet etch Si0; until hydrophobic: 7:1 BHF
Resist strip

RCA clean

RTA

(a) wafer # 1,2, 5, 9: 1 min. at 850°C
(b) wafer # 3, 6, 10: 3 min. at 850°C

(¢) wafer # 4,7, 8, 12: 1 min. at 900°C
Photolith CW: DF
Hardbake

Contact window creation: dry etch Si0O,
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65. Resist strip

66. RCA

67. Pre-metal dip etch: 20:1 BHF for 30 s

68. Sputter Ti (100 nm) and Al (1000 nm, 1 % Si)
69. Photolith M1 LF

70. Hardbake

71. Metal wires: dry etch Al/Si + Ti

72. Resist strip

73. Fuming nitric acid clean

74. Alloy anneal: 30 min. at 420°C

B.2 SiGe CMOS/Ge* Implantation Process
1. Substrate material: 12 wafers, 17 — 33 Qem, CZ, < 100 >, p-type
2. RCA clean
3. Pad oxidation: 20 nm at 900°C
4. Deposit nitride: 130 nm

. Photolith mask AA LF

(@3

6. Hardbake
7. Dry etch SigNy
8. Resist strip
9. Full clean
10. LOCOS: 400 nm at 1000°C
11. Dip etch: 20:1 BHF for 30 s
12. Wet etch Si3Ny: orthophosphoric acid at 160°C
13. Full clean
14. White ribbon oxidation: 20 nm at 900°

15. Dip etch: 20:1 BHF
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16. RCA clean
17. Pad oxidation:

(a) wafers # 1-6: 10 nm at 900°C'
(b) wafers # 7-12: 20 nm at 900°C
18. Photolith mask PW LF
19. Hardbake
20. P-well implant:
(a) wafers # 1, 3,5, 7,9, 11:
i. 2.0-10'2 BT /em? @ 200 keV
ii. 1.5-10'% BT /em? @ 120 keV
iii. 2.0-10'2 BT /em? @ 25 keV
(b) wafers # 2, 4, 6, 8, 10, 12:
i. 4.0-10'2 BT /em? @ 200 keV
ii. 3.0-10" Bt /em? @ 120 keV
iii. 4.0-10'2 BT /cm? @ 25 keV
21. Resist strip
22. Photolith mask NW DF
23. Hardbake
24. N-well implant:
(a) wafers # 1,3,5,7, 9, 11:
i. 2.0-10'2 P*/em? @ 400 keV
ii. 1.0 103 P*/em? @ 280 keV
iii. 4.0- 102 PT/em? @ 70 keV
(b) wafers # 2, 4, 6, 8, 10, 12:
i. 4.0-10'2 P /em? @ 400 keV
i, 2.0- 101 P /em? @ 280 keV
iii. 8.0-10'2 B*/cm? @ 70 keV
25. Resist strip

26. Photolith mask NW DF

27. Hardbake
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28.

29,

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Ge implant into the n-well

(a) wafer # 1,2, 7,8: 5-10" GeT/ecm? @ 30 keV
(b) wafer # 3,4, 9, 10: 1-10'6 Get/em? @ 30 keV

(c) wafer # 5,6, 11, 12: 2-10'6 Get /ecm? @ 30 keV
Resist strip
Si implant: 6-10'% Sit/cm? @ 500 keV
Sulphuric/peroxide clean
Dip etch until hydrophobic: 20:1 BHF
RCA clean
Gate oxidation and recrystallization:

(a) wafer # 1, 3,5, 7,9, 11: 12 nm at 900°C

(b) wafer # 2, 4, 6, 8, 10, 12: 6 nm at 800°C
a-Si deposition: 250 nm
Implant P: 2-10' P*/em? @ 20 keV
RCA clean
Dopant activation: 30 min. at 850°C
Fuming nitride acid clean
E-beam lithography mask PF/PC LF
Hardbake
Gate definition: Dry etch o-Si
Resist strip
Full clean
Sidewall oxidation: 6 nm at 800°C
Photolith mask PP DF
Hardbake
LDD Implant (PMOS): 1.0 - 10'* BF; /em? @ 33 keV

Resist strip
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50. Fuming nitric acid clean
51. Photolith mask NN DF
52. LDD Implant (NMOS): 1.6 - 101* P+ /cm? @ 50 keV
53. Resist strip
54. RCA clean
55. LTO deposition for spacers: 180 nm
56. Dry etch SiOs to leave fillets
57. Polymer removal
58. Full clean
59. HDD implant oxide: 6 nm at 800°C
60. Photolith mask NN DF
61. Hardbake
62. S & D implant (NMOS): 5- 10 As*/em? @ 60 keV
63. Resist strip
64. Fuming nitric acid
65. Photolith mask PP DF
66. Hardbake
67. S & D implant (PMOS): 5- 10 BF; /em? @ 45 keV
68. Resist strip
69. RCA clean
70. Post-implant F removal anneal: 20 min. at 650°C
71. RCA clean
72. Deposit 100 nm undoped Silox & 500 nm BSPG
73. RCA clean
74. RTA for 20 s at 1050°C
75. Photolith CW DF

76.

Hardbake
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77. Dry etch Si0,

78. Resist strip

79. Full clean

80. Pre-metal dip etch: 20:1 BHF for 20 s
81. Sputter 1000 nm Ti-TiN-Al-Si

82. Photolith M1 LF

83. Hardbake

84. Dry Etch Al/Si + Ti

85. Resist strip

86. Alloy anneal: 30 min. at 420°C

B.3 SiGe virtual substrate/limited area PMOS Process

1. Substrate material: 15 wafers, 17 — 33 Qem, CZ, < 100 >, p-type
2. RCA clean

3. Wet oxidation: 1000 nm at 1000°C
4. Photolith mask XTR DF

5. Hardbake

6. Dry etch S5i0,

7. Resist strip

8. Fuming nitric acid clean

9. Trench etch: dry etch SiOq
10. Strip all oxide: 7:1 BHF
11. RCA clean
12. Pad oxidation: 20 nm at 900°C
13. N-well implant:

(a) 2.0-10'® P+ /cm? @ 160 keV

(b) 4.0-10'2 P+ /em? @ 70 keV
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14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

RTA for 10 s at 1100°C

MBE growth in Warwick

SC-2 clean only

LTO deposition: 100 nm

poly-Si deposition: 900 nm

Dry etch poly-Si to leave only trenches filled
LTO deposition: 500 nm

Photolith mask AA DF

Hardbake

Dry etch S5i0s, leave a few nm of oxide in all AA
Resist strip

Fuming nitric acid clean

Dip etch until AA hydrophobic: 20:1 BHF
SC-2 clean only

Gate Oxide

(a) wafer # 4, 5, 8,9, 13: 5 nm at 800°C

(b) wafer # 3, 11, 12: 50 nm LTO
poly-Si deposition: p-type, insitu, 200 nm
RCA clean
E-beam lithography mask PF/PC LF
Hardbake
Gate definition: Dry etch poly-Si
Resist strip
SC-2 clean only; # 4, 5, 8,9, 13
Sidewall oxidation: 5 nm at 800°C; # 4, 5, 8, 9, 13
Photolith mask PA DF

Hardbake
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39. LDD Implant: 1.0-10'* BFE," /em? @ 33 keV
40. Resist strip
41. SC-2 clean only
42. LTO deposition for spacers: 180 nm
43. Dry etch Si0; to leave fillets
44. Polymer removal
45. Full clean
46. HDD implant oxide: 5 nm at 800°C; # 4, 5, 8, 9, 13
47. Photolith mask NA DF
48. Hardbake
49. S & D implant: 5- 10 Ast/em? @ 60 keV
50. Resist strip
51. Fuming nitric acid clean
52. Photolith mask PA DF
53. Hardbake
54. S & D implant: 510 BF, /em® @ 45 keV
55. Resist strip
56. SC-2 clean only
57. Post-implant F removal anneal: 20 min. at 650°C
58. LTO deposition: 400 nm
59. RCA clean
60. S & D activation:
(a) wafer # 4, 5, 8, 9, 13; Furnace anneal: 30 min. at 800°C
(b) wafer # 3, 11, 12; Furnace anneal: 30 min. at 750°C
61. Photolith CW DF
62. Hardbake
63. Dry etch SiO-
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64. Resist strip

65. SC-2 clean only

66. Pre-metal dip etch: 20:1 BHF for 20 s
67. Sputter 1000 nm Ti-TiN-Al-Si

68. Photolith M1 LF

69. Hardbake

70. Dry Etch Al/Si + Ti

71. Resist strip

72. Fuming nitric acid clean

73. Alloy anneal: 30 min. at 420°C



Appendix C

Comparison between two

parameter extraction routines

C.1 Measurements

The parameter extraction routine 1 for conventional MOSFETSs (see section 4.4) and the param-
eter extraction routine 2 for HMOSFETSs (see section 4.5) were employed in order to assess the
SiGe CMOS/ Ge™ implantation process (see chapter 8). The measurements based on the routine
1 are discussed in chapter 8. The same data was used for routine 2. The threshold voltage for
routine 2 was defined as the voltage for which Iys(in A) > 1-107"W/L. R, was determined at
Vg — Vin = —0.5, —=1.0, —1.25, and —1.5 V for the p-MOSFETs and V;, — V;, = 0.5, 1.0, 1.5, and
2.0 V for the n-MOSFETs.

C.2 Comparison of Results

Rs4, AL, and Vi, extracted with both routines are compared for n- and p-MOSFETs without
Ge™ implant, and Ge™t implanted p-MOSFETs (see tab. C.1 and C.2):

o Ry

Routine 1 uses the following equation for the determination of Rsy (see section 4.4):
O=pRu+ 0, (C.1)

It leads in general to consistent results for the source and drain series resistance. However,
it is based on a mobility model and a constant gate capacitance. Hence, the extracted
results depend on the applicability of both assumptions. The constant capacitance approx-
imation is not valid for MOSFETs with a thin gate oxide. As a consequence, f is not an

appropriate parameter for their description and can explain the dependence of Rgq on the
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?utine 1 2 1 2 1 2
Wafer Rgg AL
in kQum in pm inV
p-MOSFETs
6 nm gate oxide
2 0.89 4+ 0.04 0.33 £0.90 0.30 £0.01 | 0.22£0.04 | —0.91£0.02 | —0.80 £ 0.02
4 0.94+£0.10 | —0.96+0.88 | 0.20£0.00 | 0.08£0.04 | —0.86£0.04 | —0.75£0.03
6 0.79£0.07 | —1.01+0.82 | 0.19£0.01 | 0.08 £0.03 | —1.02£0.02 | —0.90 £0.02
8 0.94 +0.07 | —2.66 +1.35 | 0.40£0.03 | 0.16 £0.05 | —0.93+0.00 | —0.85 £ 0.00
10 1.00 £0.03 0.90 +0.45 0.23+0.01 | 0.23£0.02 | —0.80+0.00 | —0.7540.00
12 1.42 + 0.06 0.30 £ 0.55 0.21£0.01 | 0.15£0.02 | —1.01 £0.01 | —0.95 £ 0.02
12 nm gate oxide
1 1.37 £ 0.10 1.65 £0.76 0.234+0.01 | 0.23£0.02 | —1.00£0.01 | —0.95£0.02
3 1.80 £ 0.26 0.56 + 1.49 0.29 £0.02 | 0.244+0.04 | —1.20£+0.05 | —1.30 £ 0.07
5 1.46 4+0.17 0.37+£1.34 0.39+£0.02 | 0.31£0.04 | —1.174+0.01 | —1.30+0.09
7 1.17 £ 0.06 1.03 £ 0.57 0.224+0.01 | 0.22+£0.01 | —1.19+0.01 | —1.20 £ 0.02
9 1.24 +£0.14 0.29 +1.75 0.28 £0.02 | 0.24 £0.05 | —1.24 £0.01 | —1.20£0.01
11 1.26 +0.01 0.40 £ 0.54 0.23£0.01 | 0.19£0.01 | —1.07+0.00 | —1.05 £ 0.00
| n-MOSFETs
6 nm gate oxide
2 0.52 4 0.04 0.81 £0.22 0.13£0.03 | 0.21 +0.04 0.65 £ 0.01 0.50 £ 0.00
4 0.51 £0.01 0.86 £ 0.05 0.08 £0.01 | 0.19£0.01 0.61 £ 0.01 0.45 £ 0.00
6 0.64 £0.01 0.93 £ 0.09 0.11£0.01 | 0.20 £0.02 0.75 £ 0.01 0.60 £ 0.01
8 0.59 £0.01 0.79 £0.07 0.17£0.01 | 0.23 £0.01 0.80 £ 0.01 0.60 £ 0.01
10 0.50 £ 0.03 0.80 = 0.09 0.06 £0.01 | 0.14 £ 0.02 0.68 = 0.00 0.50 £ 0.00
12 0.71£0.05 0.09 £ 0.54 0.10 £0.01 | 0.15=0.02 0.82 £0.01 0.65 £ 0.01
12 nm gate oxide
1 0.88 =+ 0.04 0.76 = 0.26 0.14+0.02 | 0.13£0.03 0.83 £ 0.00 0.70 £ 0.00
3 1.13 £0.17 1.00 £ 0.25 0.30+£0.26 | 0.26 £0.03 0.80 £ 0.02 0.70 £ 0.02
5 0.88 £ 0.04 0.92 +£0.18 0.31 £0.02 | 0.32£0.02 0.85 =+ 0.03 0.80 = 0.04
7 0.88 £ 0.04 1.11 £ 0.20 0.19 £0.02 | 0.23 £0.02 0.85 £ 0.02 0.80 £ 0.04
9 0.95 £ 0.06 1.31+0.35 0.28 £0.03 | 0.34 £0.04 0.79 £0.01 0.70 £ 0.02
11 0.87 £0.01 1.20+0.10 0.17 £0.01 | 0.23 £0.01 0.77 £ 0.00 0.65 £ 0.00

Get implant with both routines
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Table C.1: Comparison between Ry, AL, and V}y, extracted for n- and p-MOSFETSs without
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oxide thickness (see tab. C.1). Besides, unreasonable values can be found for MOSFETs

with a Ge™ implant of 2106 at./cm? because the mobility model does not apply to them.

Routine 2 uses the following equation for the simultaneous determination of AL and Ry

(see section 4.5):
Rinar = Req + AL - Ryepr, (C.2)

Exact values for R,q can only be obtained if the difference Rinar, —AL-Rgepr, is relative large
in comparison to the respective error. As this is not the case, even physically unacceptable

negative values for R4 are obtained.

e AL:
Similar values for AL are found by both routines. The fact that routine 1 is based on a

mobility model and a constant gate capacitance does not influence the extraction of AL

considerably.

o Vin:
The magnitude of V4, extracted by routine 1 is usually larger than the one extracted by
routine 2 for a 6 nm thick gate oxide. Similar values are extracted for a 12 nm gate oxide
(see tab. C.1). This disparity can again be attributed to the mobility model and the

constant capacitance approximation used by routine 1.

In contrast with the extraction of Rgg and AL, the extraction of Vi, by routine 2 is also
vague. The threshold voltages extracted by routine 2 depend on the drain current and
therefore the transport parameters. Consequently, the magnitude of the threshold voltage
extracted by routine 1 is even higher than the one extracted by routine 2 for MOSFET
with a Ge™ implant of 2 - 1016 at./cm? (see tab. C.2).

C.3 Conclusion

Routine 1 can provide consistent results for Rgq, AL, and Vy,. Whereas the impact on the
extraction of AL is negligible, the constant capacitance approximation and the mobility model
seem to influence the extraction of Rgyq and Viy.

Routine 2 leads to reasonable values for AL, but cannot extract Rgg with the required pre-

cision. The extracted threshold voltage depends systematically on the transport properties.
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routine 1 2 1 2 1 2
Getdose Raqg AL
in at./cm? in kQum in pm inV
6 nm gate oxide
10 nm pad oxide
51018 0.90 £0.08 | —0.46 £ 0.90 0.26 £ 0.02 0.18 £0.03 —1.00 £0.03 | —0.90 +0.03
1-10'6 0.87+0.14 | —0.17£0.81 0.10 £ 0.01 0.06 + 0.03 —1.25+0.03 | —1.10 4 0.03
21016 15.61+£1.71 | —4.75+4.10 0.11 £ 0.06 0.01 £0.03 —1.76 £0.01 | —1.90 £0.04
20 nm pad oxide
5.101% 0.80 £0.05 | —0.09 + 7.06 0.24 +0.01 0.19 £0.03 —1.06 £0.03 | —0.95+0.03
1-1016 0.72+£0.14 | —-0.42+1.03 0.15 £ 0.02 0.09 = 0.04 —-1.16 +0.02 | —1.05 £ 0.01
21016 18.96 + 0.99 0.05 +6.18 0.29 £ 0.03 —0.03£0.05 | —1.86£0.01 | —1.90 £0.03
12 nm gate oxide
10 nm pad oxide
5.10%8 1.05 £0.02 2.22 +0.41 0.20 £ 0.01 0.24 £ 0.01 —1.134+0.00 | —1.10 +0.00
1-1018 1.34 £ 0.09 0.69 =+ 0.60 0.23 £ 0.01 0.20 £0.02 —1.384+0.03 | —1.30+£0.03
2.10%8 1.89+£0.57 | —4.30+1.75 0.26 = 0.04 0.11 £ 0.02 —1.954+0.01 | —2.154+0.04
20 nm pad oxide
5.101% 251+0.36 | —0.15+1.23 | —0.08 =0.05 0.15 = 0.03 —1.38+£0.00 | —1.35+£0.01
1-10%6 1.04+£0.06 | —0.54 £0.83 0.20 + 0.01 0.15 £ 0.02 —1.65 £ 0.01 | —1.550.01
2.1016 1.23+£0.25 | —0.34+1.82 0.20 + 0.01 0.06 + 0.03 —1.754+0.01 | —1.85-+0.02

Table C.2: Comparison between R.q, AL, and Vjy, extracted for Get implanted p-MOSFETs

with both routines
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Virtual Substrate/Limited Area
PMOS Process - Complete
Results

D.1 Measurements

The parameter extraction routine 1 for conventional MOSFETSs (see section 4.4) and the param-
eter extraction routine 2 for HMOSFETS (see section 4.5) were employed in order to assess the
virtual substrate/limited area PMOS process (see chapter 9). In chapter 9, only the parameters
extracted with routine 1 are given because many devices displayed bad turn-off characteristics
rendering the application of routine 2 inaccurate. The same data was used for routine 2.

For wafer # 4, # 8, # 12, # 13, the leakage current, ie the drain current measured for
the highest applied gate voltage was subtracted before application of routine 2 (1 V or 2 V).
However, this modification was not very successful because the leakage changed as a function
of the gate voltage in some cases. Then, the threshold voltage for routine 2 was defined as the
voltage for which I;s(in 4) > 1-107"W/L. R, was determined at V, — V, = —1.0, =2, —2.5,
and —3.0 V for the split with a thermal gate oxide and V, — V3, = -1, —2, —3, and —-3.5 V for
the split with an LTO gate oxide.

This appendix lists all extracted parameters and drain current measurements. The provided
information shows the considerable impact of the bad turn-off characteristics on the extracted

parameters.

D.2 Extracted Parameters
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Wafer Vipin V AL in pm | Rsq in kQum
no. ; Ge content | (L =1 um)
Wafers with a thermal gate oxide
5; Si ref. 0.1£0.00 | 0.07£0.03| 265+£0.28
9; Si ref. 0.1£0.01 0.20£0.03 | 276 £0.35
13; 60 % Ge 0.454+0.00 | 0.14+0.22 | 6.84+1.70
8; 60 % Ge 0.50£0.02 | 0.21 +£0.07 | 3.294+0.67
4; 70 % Ge 0.50£0.01 |0.19+£0.03] 2.19+0.19
Wafers with an LTO gate oxide
11; Si ref. —1.05+0.02 | 0.07+0.01 | 2.60%0.32
3; 60 % Ge —0.20+0.02 | 0.15£0.02 | 2.96+0.28
12; 70 % Ge 0.20+0.07 | 0.17x£0.02 | 3.32+0.28
Table D.1: routine 2, square pillars
Wafer VininV AL in pm | Rgq in kQum
no. ; Ge content | (L =1 um)
Wafers with a thermal gate oxide
5; Si ref. 0.10£0.00 | 0.04+0.02 | 3.24+£0.28
9; Si ref. 0.06+0.01 | 0.19+0.02 | 2.69+0.27
13; 60 % Ge 0.40+0.02 | 0.334£0.13 | 8.72+1.02
8; 60 % Ge 0.45£0.00 | 0.42+£0.20 8.66 +1.12
4: 70 % Ge 0.65+0.02 | 0.4+£0.02 2.95+0.12
Wafers with an LTO gate oxide
11; Si ref. —1.10£0.02 | 0.05+0.01 | 3.44+£0.50
3; 60 % Ge —0.154+0.02 | 0.11£0.01 | 3.08£0.22
12; 70 % Ge 0.10£0.02 | 0.13£0.01 3.45+0.14

Table D.2: routine 2, no square pillars
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Wafer VininV O, AL Rsq o
no. ; Ge cont. (L=1pm) in1/V in pm in kQum in em?/Vs
Wafers with a thermal gate oxide
5; Si ref. 0.040 £ 0.003 | 0.419£0.008 | 0.10£0.01 | 2.54£0.13 | 138.52+1.72
9; Si ref. 0.041 £0.003 | 0.399+0.011 | 0.26+£0.00 | 2.71+0.19 | 141.45+0.39
13; 60 % Ge 0.396 £0.003 | 0.2374+0.095 | 0.16 £0.07 | 5.92+1.08 | 161.16 £7.44
8; 60 % Ge 0.465 £0.006 | 0.627+£0.072 } 0.36 £0.05 | 2.91+0.52 | 182.79 £5.73
4: 70 % Ge 0.372+£0.006 | 0.462£0.014 | 0.34 £0.02 | 1.55 £0.13 | 259.68 &+ 5.53
Wafers with an LTO gate oxide
11; Si ref. —0.917 £0.017 | 0.080+0.003 | 0.08 £0.01 | 2.37+0.20 | 235.86+3.36
3; 60 % Ge —0.224 £ 0.025 | 0.040£0.002 | 0.23+0.01 | 2.444+0.88 | 412.98 £11.23
12; 70 % Ge | —0.041+0.023 | 0.057 £ 0.006 | 0.32+0.02 | 1.82£0.20 | 478.29 + 1.65
Table D.3: routine 1, square pillars
Wafer VipinV e, AL Ry Lo
no. ; Ge cont. | (L =1 um) in1/V in um in kQum in cm?/Vs
Wafers with a thermal gate oxide
5; Si ref. 0.021 £ 0.004 0.4144+0.011 | 0.09£0.01 | 2.66£0.16 | 123.06 £+ 2.00
9; Si ref. 0.033 £ 0.005 0.442+0.008 | 0.23£0.01 | 2.154+0.20 | 135.19+1.90
13; 60 % Ge 0.442 4+ 0.004 0.1124+0.160 | 047 +0.11 | 10.49+2.02 | 197.39 £ 17.42
8; 60 % Ge 0.541+0.012 | —0.039£0.177 | 1.00+0.15 | 11.47£2.07 | 235.79 £ 17.67
4; 70 % Ge 0.423 + 0.008 0.375£0.017 | 0.28+£0.02 | 1.884£0.18 | 217.31+5.08
Wafers with an LTO gate oxide
11; Si ref. —0.996 £0.016 | 0.086+£0.004 | 0.094+0.01 | 2.71£0.34 | 216.70 £4.03
3,60 % Ge —0.169 £0.015 | 0.036+0.002 | 0.16+0.00 | 3.07£0.12 | 351.51+£4.77
12; 70 % Ge 0.013 £ 0.023 0.052+0.004 | 0.29£0.01 | 2.334+0.20 | 420.29 £ 0.80

Table D.4: routine 1, no square pillars
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Wafer Vibin V O, AL Ry Lo
no. ; Ge cont. | (L = 1.41 um) in1/V in pm in kQum in em?/Vs
Wafers with a thermal gate oxide
5; Si ref. 0.035+0.005 | 0.391£0.005 | 0.08£0.01 | 1.90+0.08 | 141.97+0.38
9; Si ref. 0.039£0.002 | 0.394+0.001 | 0.14+0.03 | 2.23+0.10 | 133.39+0.98
8; 60 % Ge 0.440 £0.006 | 0.263+0.011 | 0.36 £0.03 | 7.08+1.01 | 235.06 +1.33
4; 70 % Ge 0.415+0.006 | 0.390+0.002 | 0.21£0.02 | 1.34+0.06 | 249.32+2.74
Wafers with an LTO gate oxide
11; Si ref. —1.081 £0.036 | 0.051 £0.003 | 0.63£0.08 | —0.814+0.80 | 196.87 4 3.95
12; 70 % Ge | —0.174£0.014 | 0.042£0.001 | 0.10+£0.02 | 1.76+0.10 | 419.35 +£2.72
Table D.5: routine 1, long, 14.85 um wide pillars, three devices
Walfer VininV O, AL Ry Lo
no. ; Ge cont. | (L =141 pm) in1/V in pym in kQum in cm?/Vs
Wafers with a thermal gate oxide
5; Si ref. 0.035+0.005 | 0.392+0.005 | 0.08+0.01 | 1.88+0.84 | 142.02 +0.38
9; Si ref. 0.039 £0.002 | 0.396 £ 0.001 | 0.08£0.03 | 2.20+0.11 | 128.32 +2.51
8; 60 % Ge 0.440 £0.006 | 0.255+0.031 | 0.37+£0.03 | 7.15+1.54 | 235.84 4+ 1.43
4; 70 % Ge 0.415+0.006 | 0.384 +0.003 | 0.17+0.03 | 1.43+0.06 | 243.07 = 4.83
Wafers with an LTO gate oxide
11; Si ref. —1.081 +£0.036 | 0.045+0.004 | 0.45+0.09 | 0.194+0.94 | 182.14 £5.85
12; 70 % Ge | -0.174 £0.014 | 0.043£0.001 | 0.09+0.02 | 1.72+0.09 | 416.68 + 3.41
Table D.6: routine 1, long, 14.85 um wide pillars, two devices
Wafer V;gh nV @o AL de Mo
no. ; Ge cont. | (L =1.41 pum) inl/V in um in kQum in em?/Vs
Wafers with a thermal gate oxide
5; Si ref. 0.016 =0.005 | 0.407 £0.001 | 0.05+0.01 | 1.72+0.04 | 140.49 = 0.94
9; Si ref. 0.040+0.002 | 0.399+0.004 | 0.10+0.03 | 2.31+0.14 | 133.23 £ 2.55
8; 60 % Ge 0.398 £ 0.008 | 0.250+0.023 | 0.21 £0.10 | 6.21 +£1.58 | 193.37 + 2.89
4; 70 % Ge 0.347+0.006 | 0.413+0.002 | 0.17+0.02 | 1.35+0.06 | 235.29 4+ 1.19
Wafers with an LTO gate oxide
11; Si ref. —1.189 £+ 0.040 | 0.050+£0.006 | 0.44+0.09 | 1.34+1.23 | 177.00 +8.63
12, 70 % Ge | —0.210+0.012 | 0.046 £0.001 | 0.07£0.03 | 1.62£0.28 | 389.27 +4.20
Table D.7: routine 1, long, 7.07 ym wide pillars
Wafer VininV ®, AL Rsa Lo
no. ; Ge cont. | (L =1.41 pm) in1/V in um in kQum in em?/V's
Wafers with a thermal gate oxide
5; Si ref. 0.028 +£0.006 | 0.403+0.001 | 0.054+0.01 | 1.804+0.06 | 143.16 £0.82
9; Si ref. 0.038 £ 0.002 | 0.402+0.001 | 0.11£0.03 | 2.27+0.09 | 141.39+1.32
8; 60 % Ge 0.460 £ 0.006 | 0.236+0.034 | 0.34 £0.05 | 8.89+1.72 | 230.51+3.09
4; 70 % Ge 0.435+0.003 | 0.3844+0.020 | 0.37+0.04 | 1.514+0.20 | 283.65+7.49
Wafers with an LTO gate oxide
11; Si ref. —1.055 £+ 0.021 | 0.050 £0.007 | 0.37£0.11 | —0.35+£1.36 | 186.06 = 11.61
12, 70 % Ge | —0.161+0.022 | 0.041 £0.001 | 0.05£0.02 | 1.99£0.14 | 41520+ 3.64

Table D.8: routine 1, no pillars
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Wafer Vi in V AL in pm | Rsq in kQum
no. ; Ge content | (L = 1.41 um)
Wafers with a thermal gate oxide
5; Si ref. 0.05 +£0.02 0.02£0.03 2.51+0.26
9; Si ref. 0.1+0.00 0.13£0.06 2.344+0.65
8; 60 % Ge 0.50 +£0.01 1.47 £ 0.36 4.06 +1.92
4; 70 % Ge 0.70 £ 0.01 —0.384+0.05| 3.86+0.28
Wafers with an LTO gate oxide
11; Si ref. —1.25 +£0.02 0.31+0.06 5.83-+1.93
12; 70 % Ge —0.05 £ 0.02 0.02+0.02 2.554+043
Table D.9: routine 2, long, 14.85 wm wide pillars
Wafer Vi in V AL in pym | Rsg in kQum
no. ; Ge content | (L = 1.41 um)
Wafers with a thermal gate oxide
5; Si ref. 0.1+0.01 —0.01+0.04 | 2.16+0.37
9: Si ref. 0.1 £0.00 0.10 £0.07 2.31+0.71
8; 60 % Ge 0.45 +0.00 0.17 £ 0.52 5.38 4+ 3.39
4; 70 % Ge 0.45 +£0.01 0.12£0.03 1.55+£0.13
Wafers with an LTO gate oxide
11; Si ref. -1.25+0.03 0.314+0.11 1.21 £ 3.58
12; 70 % Ge —0.05+0.01 | —0.02£0.03 | 2.44+0.52
Table D.10: routine 2, long, 7.07 ym wide pillars
Wafer Vin in V AL in pm | Rgy in kQum
no. ; Ge content | (L = 1.41 um)
Wafers with a thermal gate oxide
5; Si ref. 0.05+0.02 0.01+£0.03 2.21+£0.24
9; Si ref. 0.10+£0.00 0.06 + 0.05 2.64+049
8; 60 % Ge 0.45+0.01 0.24 +£0.51 8.37 + 3.34
4; 70 % Ge 0.85+0.04 —~0.04£0.09 | 3.05+0.43
Wafers with an LTO gate oxide
11; Si ref. —1.20+0.01 0.16 £0.12 422+4.11
12; 70 % Ge 0.05 +0.04 —0.11+£0.04 | 3.44+0.69

Table D.11: routine 2,

no long pillars

206
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D.3 Extracted Mobilities as a Function of the Gate Drive
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Figure D.1: Mobility for the MOSFETSs with a LTO gate oxide fabricated on square pillars as a

function of the gate drive extracted by (a) routine 1 (b) routine 2

500 500
400 400 |
% 30 % 300
£ £ E
£ 200 £ 200
g Split LTO é Split LTO|
100 —&— 11: Sirefl. 100 £ —£— 3: 60 % Ge,|5 nm Sj cap
—&3 3} 60 % Ge, 5 nn{ Si cap E 3: 60 % Ge,|5 nm S{ cap
—©— 1R:70 % Ge, 5 nm Si cap| E —©— 12: 70 % Gg, 5 nm $i cap
° ot 9]
-4 .35 -3 2.5 2 1.5 - -0.5 o -4 3.5 -3 2.5 2 15 - -0.5 [
Vg-Mthin V Vg-Mhin V

(a) (b)

Figure D.2: Mobility for the MOSFETs with an LTO gate oxide not fabricated on square pillars

as a function of the gate drive extracted by (a) routine 1 (b) routine 2
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Figure D.3: Mobility for the MOSFETSs with an LTO gate oxide fabricated on long, 14.85 um

wide pillars as a function of the gate drive extracted by (a) routine 1 (b) routine 2
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Figure D.4: Mobility for the MOSFETs with an LTO gate oxide fabricated on long, 7.07 um

wide pillars as a function of the gate drive extracted by (a) routine 1 (b) routine 2
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Figure D.5: Mobility for the MOSFETs with an LTO gate oxide not fabricated on long pillars

as a function of the gate drive extracted by (a) routine 1 (b) routine 2
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Figure D.6: Mobility for the MOSFETs with a thermal gate oxide fabricated on square pillars

as a function of the gate drive extracted by (a) routine 1 (b) routine 2
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Figure D.7: Mobility for the MOSFETs with a thermal gate oxide not fabricated on square

pillars as a function of the gate drive extracted by (a) routine 1 (b) routine 2
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Figure D.8: Mobility for the MOSFETSs with a thermal gate oxide fabricated on long, 14.85 um

wide pillars as a function of the gate drive extracted by (a) routine 1 (b) routine 2
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Figure D.9: Mobility for the MOSFETSs with a thermal gate oxide fabricated on long, 7.07 um

wide pillars as a function of the gate drive extracted by (a) routine 1 (b) routine 2
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Figure D.10: Mobility for the MOSFETS with a thermal gate oxide not fabricated on long pillars

as a function of the gate drive extracted by (a) routine 1 (b) routine 2
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D.4 Drain Current Measurements for V; = —50 mV
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Figure D.12: p-MOSFETs (L = 1 pm) with thermal gate oxide (a) on pillar (b) no pillar
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Figure D.13: p-MOSFETs (L = 0.5 um) with thermal gate oxide (a) on pillar (b) no pillar
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Figure D.16: p-MOSFETs (L = 1 pm) with LTO gate oxide (a) on pillar (b) no pillar
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Figure D.17: p-MOSFETs (L = 0.5 pwm) with LTO gate oxide (a) on pillar (b) no pillar
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Figure D.18: p-MOSFETs (L = 0.2 ym) with LTO gate oxide (a) on pillar (b) no pillar
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Figure D.19: p-MOSFETs (L = 1.41 pm) on a long, 14.85 um wide pillar (a) Thermal Oxide

(b) LTO
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Figure D.20: p-MOSFETs (L = 9.19 pm) on a long, 14.85 pym wide pillar (a) Thermal Oxide
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Figure D.21: p-MOSFETs (L = 19.80 ym) on a long, 14.85 um wide pillar (a) Thermal Oxide
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Figure D.22: p-MOSFETs (L = 1.41 pm) on a long, 7.07 wm wide pillar (a) Thermal Oxide (b)
LTO
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Figure D.23: p-MOSFETs (L = 9.19 um) on a long, 7.07 um wide pillar (a) Thermal Oxide (b)
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Figure D.24: p-MOSFETSs (L = 1.41 pm) on no long pillar (a) Thermal Oxide (b) LTO
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Figure D.25: p-MOSFETs (L = 9.19 um) on no long pillar (a) Thermal Oxide (b) LTO
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