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Prologue

For many years, inside the Electronic World, the best way to explore the future
has been to concoct it. Since in 1947 Dr. John Bardeen and Dr. William Shockley
invented the transistor at Bell Labs, the Electronics has experimented a vertiginous
advance. Six years after the revolutionary device saw the light, in 1954, Texas Instru-
ments built the first transistorized radio receiver. In 1958, the American engineers
Jack Kilby and Robert Noyce developed the first integrated circuit merging, in the
same silicon chip, different components by means of gold connections: the first solid
state circuit was born.

At the end of 1961 Dr. Steven Hofstein and Dr. Frederic Heiman, from RCA
Princeton Lab., built the first operating MOSFET transistor. Although initially it
was slower than the junction bipolar transistor, the MOSFET was smaller, cheaper
and it needed less power to operate, allowing a higher number of transistors in the
same area and reducing the power dissipation problems.

Currently most of the electronic integrated circuits are built with MOSFETs
as basic component. The take off of the electronics industry has been exponential:
adaptive automatic equalizers, the pocket calculator, the CD-ROM, computers on
chip. .. The performance of the commercial applications has improved spectacularly
due to the underlying increment in the device performance. This improvement
is linked to the progressive transistor miniaturization, making possible a higher
integration level, a higher operation speed and reducing the cost.

Nevertheless, the device miniaturization causes a set of problems with complex
solution. Nowadays feature dimensions of the transistors are in the range of few
atomic layers. The discrete nature of the matter and the quantum limitations make

these effects, ignored a few years ago, to be included in the current design and
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modelling.

This work studies the impact, chances and challenges of the decananometric
miniaturization on the performance of the incoming transistor generation (45nm
node [ITR06]).

Two are the main research task accomplished:

1. The characterization and modelling of the quantum effects revealed when the

device dimensions are exploited to the physical limits.

2. The introduction of the FD SOI technology as one of the best candidates for
the future technology, extending the life of the MOSFET based world.

The structure of the work is described as follows:

PART I: THE ULTIMATE MOSFET TECHNOLOGY

Chapter 1. MOSFET quantum simulation: A brief review of the quantum
mechanical description of the MOSFET structure is depicted. Also in this chapter,
the Poisson-Schrodinger self-consistent solver is introduced and the effective mass

evaluation method is explained.

Chapter 2. Crystallographic orientation influence on static properties:
The inclusion of quantum effects in MOSFETs models is motivated to accurately
describe the behavior of today’s devices. An empirical expression is developed for the
inversion layer centroid and the polysilicon-gate depletion region for bulk MOSFETs
with different crystallographic orientations. In particular, results for the most com-
monly used wafer orientations, i.e., (100), (110), (111), are given. These expressions
are used to accurately model the inversion charge and the gate-to-channel capaci-
tance of MOSFETs with oxides of nanometric thickness (T,;<1nm) and different
surface orientations. The Poisson and Schrodinger equations are self-consistently
solved for different values of silicon and polysilicon doping concentrations in these
devices. The results show important reductions both in the inversion charge and

the gate-to-channel capacitance. It is possible to include these effects in accurate
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MOSFET models by means of a corrected gate-oxide thickness, which accounts for

both the effect of the inversion layer centroid and the polysilicon depletion thickness.

Chapter 3. Accumulated carrier quantization and its effects on silicide-
gated MOSFET: The electrical behavior of MOSFETs with polysilicon gates in
accumulation and inversion is studied when the silicon doping concentration is in-
creased up to a level emulating the metallic limit for silicides. It is showed that poly-
accumulation/depletion effects are still present in metal gate. Poisson-Schrodinger
simulations reveal a lower capacitance in the case of the silicide-gate when compared
to the ideal metal-gates; as a consequence, the assumption that silicided gates behave
like ideal metals leads to an overestimate of the physical thickness of the extracted
insulator. Polysilicon quantization produces a shift of the flat-band voltage when is
compared to the classical flat-band voltage value. This quantum shift increases as
the polysilicon doping increases, up to 10*'cm™=3. However, for higher doping, this
flat-band shift decreases. Finally analytical models are used to interpret the highly
doped silicide limit.

Chapter 4. Remote scattering mechanisms in ultra-thin gate-oxide
MOSFETSs: The effect of remote scattering mechanisms (such as remote coulomb
scattering and remote surface-roughness scattering) on electron mobility in ultra-
thin oxide MOSFETSs is studied. The important role these scattering mechanisms
play in the state-of-art devices, mainly at low temperature is highlighted. A mobility
model which takes into account the contribution of these remote mechanisms is de-
veloped. The proposed expression allows to reproduce the Monte Carlo simulations

of mobility.

PART II: THE SOI PARADIGM

Chapter 5. SOI technology: This chapter introduces Silicon On Insulator
technology (SOI). The main motivations to develop this technology are commented
followed by the description of the processes to obtain SOI wafers. Then, the main
advantages to the conventional bulk technology are discussed finishing with the

taxonomy of the different kind of devices that can be fabricated from SOI wafers.

Characterization, Modelling and Simulation of Deca-nm SOI MOSFET's XXV



Prologue

Chapter 6. SOI wafers characterization: In this chapter, two of the most
advanced and reliable wafer characterization techniques are presented: the second
harmonic generation and the pseudo-MOSFET (U-MOSFET). Numerical simula-
tions clarify the influence of the free surface quality on the W-MOSFET characteris-
tics, shedding light on the dramatic threshold voltage shift experimentally observed
when the SOI layer thickness is reduced below 50 nm. Analytical and empirical

models are proposed.

Chapter 7. Mobility extraction for SOI transistors: The methodology of
mobility extraction is revisited in the context of SOI MOSFET transistors including
the genuine magnetoresistance technique. The Y-function is proposed like a reliable
characterization technique. Based on a simple 2-channels model the biasing condi-
tions enabling the Y-function to be applied to both single-gate (SG) and double-gate
(DG) modes are discussed. In SG-mode, the mobility is overestimated as soon as the
opposite channel is activated. In partially depleted or relatively thick fully-depleted
MOSFETSs, the two channels are separated, hence the total apparent mobility in
DG-mode is the sum of the front and back channel mobilities.

In the second part of this chapter, Systematic mobility measurements in thick
and ultra-thin SOI transistors are presented for the front- channel, back-channels
and in quasi double-gate mode. The validity of the model is checked on PD and
relatively thick FD MOSFETSs. By contrast, the 2-channel model fails in ultra-thin
transistors, where the two channels become strongly coupled and volume inversion
occurs. Volume inversion is reflected in a remarkable increase of the apparent mo-
bility in DG mode.

Chapter 8. Mobility simulation results: The electron transport is studied
by the Monte Carlo method. The chapter starts studying the behavior of electron
mobility in bulk MOSFETs and SOI MOSFETSs with different surface (hkl) orienta-
tions and channel <hkl> directions, using a Monte Carlo simulator. For each surface
orientation, different channel directions are also considered. In the case of the (110)
surface, a strong anisotropy of electron mobility with the channel direction is ob-
served: when the channel is built in the (110)/<001> direction, electron mobility is
50% higher than in (110)/<110>, and is closer to the mobility for a (100)/<001>

direction. This anisotropic behavior with channel orientation is not observed in the
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(100) or (111) surface orientations. The study with silicon thickness also revealed
some interesting consequences of the volume inversion effect.

The second part of this chapter is dedicated to the electron transport in strained
double gate silicon on insulator transistors. Poisson and Schrédinger equations are
self-consistently solved in these devices for different silicon layer thicknesses both
for unstrained and strained silicon channels. The results show that the strain of the
silicon layer leads to a larger population of the no-primed subbands, thus decreasing
the average conduction effective mass. However, strain also contributes to a larger
confinement of the charge close to the two Si/SiOs interfaces, thus weakening the
volume inversion effect, and limiting the potential increase of the electron mobility.

Finally, the geometric magnetoresistance is reproduced by Monte Carlo simula-
tions and used to accurately extract the carrier mobility. This original method allows
comparing the transport mechanisms in various cases of interest: Single-Gate (SG)
versus Double-Gate (DG) operation, Si-high-k versus Si-SiOg interfaces, in-depth

inhomogeneous transport.
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Chapter 1

MOSFET quantum simulation

The inclusion of quantum effects in MOSFET simulators is essential to accu-
rately describe the electrical behavior of today’s devices [LVCCBT97], [RGLVC97],
[RGLVT01], [TT95], [FL93]. However, the need for simulation tools fast enough to
take into account the great number of simulations required to deal with the first
stages of a design process creates an incentive for introducing modifications in clas-
sical simulators. Accounting in this way, for quantum effects by means of simple
empirical or semi-empirical models [LVCCB'97], [RGLV*01]. Monte Carlo tech-
niques are very reliable and accurate, but excessively time-consuming and cannot
be used in massive simulations due to the huge computational power required. In
this case, the use of analytical and empirical models is imperative. Both the drift-
diffusion approach for device simulation and the compact modelling approach for
circuit simulation strongly depend on accurate models to describe the physical be-
havior that takes place in present devices or in future devices developed under more

aggressive dimension reduction schemes.

1.1 Introduction: The Schrédinger equation

External electric fields or charges can change the properties of semiconductor
surfaces significantly. An n-type inversion layer is produced at the surface of a p-
type semiconductor when the energy bands near the surface are bent down enough

so that the bottom of the conduction band lies near or below the Fermi level.
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1.1. Introduction: The Schrédinger equation

This band bending is achieved by applying an electric field to the surface (1.1).
The inversion channel can also be created by the presence of positive charges at or

near the surface.

Ve

channel

Figure 1.1: Schematic MOSFET structure.

When the potential well in the z direction, perpendicular to the interface is
produced, the energy levels for the electrons are split in electric subbands. Each of
them corresponds to a quantized level of motion in the z direction with a continuum
of motion in the plane parallel to the surface.

The band bending at the semiconductor surface can be characterized by an
electrostatic potential V'(z).

The effective-mass equation (EME) provides an accurate, easy way to implement
the Hamiltonian. In the effective-mass approximation, the electronic wave function
for the i-th subband is the product of the Bloch function at the bottom of the

conduction band and the envelope function:

Vi (2,y,2) = i (2) 02Ttk (L.1)

where k1 and ko are measured relative to the band edge, # depends on k1 and ko
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and 1);(z) is the solution of

d>p; 2
B By eV (@) (2) = 0 (12)

We are interested in the bounded solutions. Each eigenvalue FE; is found from

the solution of Eq. 1.2 and it is the bottom of a continuum of levels called subband
with energy levels given by:
_ h2k2 h2]€2
E(k:)zE 2,05 1.3
; it o T o (1.3)
where m1 and mo are the principal effective masses for the motion parallel to the

surface.

1.2 Effective-mass approximation for arbitrarily oriented
MOSFETSs

It is necessary to extend the application of EME to analyze NMOSFET for
arbitrary wafer orientations.

The conduction band minima of cubic semiconductor materials appear either at
a single point (for direct band-gap materials such as GaAs) or at multiple equivalent
points (for indirect band-gap materials such as Si and Ge) within the first Brillouin
zone (Figure 1.2). The constant energy surfaces become nonparabolic and warped for
energies away from the band minima; close to the band edges, however, the relevant
electronic states for transport calculations can be described by simple ellipsoidal
surfaces. Under these circumstances, the constant energy surface for electrons in a
direct band-gap material is spherical, centered on the I' point and described as:

n2k?

E(k) = 5 (1.4)

with a constant, isotropic effective mass m.y¢. For indirect semiconductor materials,
the conduction band minima are located at multiple equivalent points: six points
near X along the A or <100> crystallographic directions for silicon, and eight

equivalent points at L along A or <111> for germanium.
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1.2. Effective-mass approximation for arbitrarily oriented MOSFETs

Figure 1.2: (a) Silicon band structure. (b) First Brillouin zone and associated isoenergetic
ellipsoids for silicon. Source hitp:\\iue.tuwien.ac.at.

In indirect semiconductors, the constant energy surfaces are ellipsoids of revolu-
tion around A and A axes, respectively, requiring two effective masses, longitudinal
m; and transverse my, for description (Figure 1.2(b)). In general, the nonalignment
of the ellipsoids principal axes with the device coordinate axes causes the effective

mass to become a 3x3 tensor quantity in the device coordinate system [See97].

The case of silicon (100) wafers devices is substantially simplified by the fact that
the principal axes of the sixfold-degenerate conduction-band ellipsoids are aligned
along the device coordinates axes, effectively decoupling the kinetic energy along the
device coordinate axes. In general, however, the principal axes of the conduction
band ellipsoids are not aligned with the device axes so that the associated kinetic

energies becomes coupled and the EME equation becomes non trivial.

Such situation arises for transistors that employ germanium as a high-mobility

material as well as for alternative wafer orientation.

Following the procedure depicted in Ref. [RLGO5], the following evaluation
method for the effective-mass has been implemented in our simulators for arbitrary

oriented devices.

The matrix Reop transforms the device coordinate system (DCS) into the crystal

"

coordinate system (CCS). Each column defines direction of transport, "z”, trans-

versal, ”y” and confinement, ”z”:
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Rep = ﬁjy :'Qy 2y (15)
The matrix defining the transformation from the device axes to the ellipse coor-

dinate system is calculated through the matrix product:

Regp = RgcRcop (1.6)

Rpc establish the transform from the crystal coordinate system to the ellipse

coordinate system; for the A valleys case, these matrix are given by:

0
RA1_
SL=10 10 (1.7)
0 1
0 0
RAQ_
rc= (0 0 1 (1.8)
0
0 0 1
R, =110 0 1
EC = (1.9)
010

The inverse effective-mass tensor on the device coordinate system is:

(RED)li (RED)U i (RED)% (RED)zj + (RED)3i (RED)Sj
my my

(Mp'),; = (1.10)

where m; and m; are the longitudinal and transversal effective-masses. For silicon

in the A valleys:

my = 0.91 (1.11)

me = 0.19 (1.12)
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1.3. Poisson-Schrodinger Self-Consistent solver

It should be noticed that there exists one M, ! tensor for each valley because
the Rpc matrix is different in each valley.

Using the values of M, ! the effective masses in each direction and in each valley

can be obtained. Calling m;;j= (MBI)U, we have:
for the "x" transport axis:
1

Mo = T 7igg (1.13)

mi1 m3,

for the "y" transversal axis:

my = me (1.14)

1 1 ’
= — - L (1.15)

My My My

1 1 mas
=3 (1.16)

My M22 M3
1 _ 1 o mss (1 17)

m'l2 miz2  M23Ma31
and for the "z" confinement axis:

m, = 133 (1.18)

Special attention must be paid in the numerical implementation to avoid dividing
by zero in the previous equations.

The flowchart of the software implementation for the effective mass calculation
is shown in Figure 1.3.

1.3 Poisson-Schrédinger Self-Consistent solver

For the self-consistent numerical solution of the Poisson and Schrodinger equa-
tions we made use of a non-uniform adaptive mesh and for the device structure
an iterative Newton numerical scheme. These equations are also solved inside the

dielectric layer in order to take into account the wavefunction penetration effect,
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Figure 1.3: Flowchart for the effective-mass evaluation.

i.e., the non-zero value of the electron probability density inside the insulator.

The penetration of the wavefunctions inside the oxide has an important effect
on the charge distribution as shown in Ref. [MRO1], [HK02]. The wavefunction
penetration inside the gate insulator is a function of the barrier height between
the silicon and the insulator [HKO04]. This means that when different insulator
materials are used (this is becoming popular with the use of high-k materials), the
wavefunction penetration, and therefore the centroid, will depend on the insulator
used. However, in actual MOSFET devices there is usually a thin silicon dioxide
layer between the silicon and the high-k dielectric in order to improve the quality

of the interface. This means that the potential barrier seen from the silicon to the
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dielectric is in fact the barrier of the silicon dioxide. Following the work of Mudanai
et al. (Figure 4 in Ref. [MRO1]) it is shown that the electron distribution (and
therefore the centroid) does not depend on the oxide thickness if the same material
is used (SiO2).

To accurately model the polysilicon depletion effect, the free-carrier density in the
polysilicon region is described by Fermi-Dirac statistics and a complete ionization
model [SAS06]. As usual, very high doping concentrations have been considered in
the polysilicon gate. However, the assumption of incomplete or complete ionization
of impurities in the poly-gate does not have an important influence on the results
in the inversion region of operation. The band-bending in the polysilicon at the
interface poly-oxide makes all the impurities to be ionized in the poly depletion
region (regardless of the assumption of complete or incomplete ionization used).
Some simulations have been repeated using a incomplete ionization model, and the
only effect we have found is a slight modification of the flat band voltage (this agrees
with the results published by Watanabe and Takagi [WTO01]).

A non-parabolic band model was utilized for the silicon conduction band. The
Kane model is used, and a parameter «, for including non-parabolicity in the E (k)
dispersion relationship, Ref. [FL93|. Non-parabolicity parameter is taken into ac-
count in the evaluation of the two dimensional density of states (DOS) as explained
in Ref. [LVGM™193], and in the solution of the Schrodinger equation following the
procedure developed in Ref. [LVMJT93].

Silicon effective masses are calculated for the specific crystallographic orienta-
tions in every case, following the procedure depicted in Section 1.2. The procedure
developed in reference [RLGO05] does not consider non-parabolicity effects. However,
as mentioned above, the non-parabolicity correction is an “a posteriori” empirical
correction in the model. Therefore, we applied the procedure developed in Ref.
[RLGO5] to calculate the corresponding effective mass for our system (i.e. for the
chosen crystallographic and channel orientations) assuming parabolic bands. Then,
a correction factor «, is empirically added following Kane’s model and the procedure

explained above:

h2k?

E(1+4+aF) = st
€

(1.19)
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The non-parabolicity factor has been considered to be the same regardless of the
crystallographic orientation (o = 0.5eV ~1) in the present work [FL93]. However, as
shown by Yamaji et al. [YTH96], the non-parabolicity parameter, «, could have an
anisotropic behavior. In any case, the non-parabolicity correction is not going to be
very important in our results since we are considering here equilibrium properties

(centroid, gate-channel capacitance, etc.).

1.4 Conclusions

In this chapter a brief review of the quantum mechanical description of the
MOSFET structure was depicted. The Poisson-Schrodinger self-consistent solver
used along this work was introduced and the effective mass evaluation method im-

plemented for arbitrarily oriented devices was explained.
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Chapter 2

Crystallographic orientation

influence on static properties

2.1 Introduction

In state-of-art devices, gate-oxide thickness approaches T',,=1nm, and classical
MOSFET models are not good enough to reproduce the total channel charge Q.
(which in other words determines the drain-current) or the inversion capacitance
Cye (which contributes to the transconductance of the device)

The total electron charge in the inversion layer is classically given by:

Qinv = Coac (VG - VFB - ¢s - g,D> (21)

where V¢ is the gate voltage, V pp the flat-band voltage, ¥ the surface potential,
Cor the oxide capacitance and QQp the depletion charge in the silicon substrate
[Tsi99]. The classical model (Equation 2.1) reproduces with accuracy the inversion
charge for thick oxides, but it fails when small oxide thicknesses are used as a
consequence of quantum effects, which must be taken into account in the models.
Figure 2.1 shows the inversion charge versus the gate voltage in a Metal-Oxide-
Semiconductor (MOS) structure for two values of the gate-oxide thickness (the
thicker, T, =40nm, right-hand side and the thinner, T',, =Inm, left-hand side). The

substrate doping was considered to be N 4 =10'"c¢m ™3, and a n*-polysilicon gate was
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assumed with a doping concentration of N D,poly:JOQO em 3. Closed squares are cal-
culated from the self-consistent solution of Poisson and Schréodinger equations in the

MOS structure, while open triangles are obtained using Equation 2.1.
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Figure 2.1: Electron density versus gate voltage in a MOS structure for two values of the
gate oxide thickness. Classical modeling (Expression 2.1, open symbols) fails dramatically
when oxide thickness is reduced due to inversion charge penetration in the silicon bulk and
polysilicon depletion effect. Closed symbols are calculated from the self-consistent solution
of Poisson and Schrédinger equations.

Having a look to Figure 2.2 will help us to determine the reasons for this behavior.
This figure shows the charge distribution in a MOS structure, both in the silicon
bulk and in the polysilicon gate, obtained from the self-consistent solution of Poisson
and Schrodinger equations. The oxide thickness was assumed to be Ty, = 1nm, the
silicon doping N4 = 3 x 10¥em ™3, Np_p0, = 102em™3, and Viz = 2.4V. The bulk
region extends from z = 0 to positive values.

Figure 2.2 shows two important effects which are ignored in classical models and
which are responsible for the inaccurate behavior of Eq. 2.1 when the oxide thickness

approaches 1nm:

1. It is well known that as a consequence of quantum effects, electron density

does not reach its maximum at the oxide-semiconductor interface but inside
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Figure 2.2: Charge distribution in a MOS structure obtained from the self consistent solution
of Poisson-Schridinger equations.

the semiconductor, while it almost vanishes right at the interface. If n(z) is
the 3D electron density in the inversion layer, the average penetration depth

is defined as:

zn(z)dz

7= ffn(i)zzz (2.2)

2. Figure 2.2 also reveals the formation of a depletion layer (positive charge) near
the polysilicon/SiO2 interface [ARH98]. As a consequence of this charged
layer, the poly-gate is a non-equipotential area, and there is a voltage drop in
the gate. In fact, some authors have modeled this effect by taking into account
the voltage drop in the polysilicon gate [HS90]. This effect produces a decrease

in the channel charge and a decrease in the gate-to-channel capacitance (Figure
2.3). However, it will be shown that the polysilicon depletion effect can also
be modeled as an increase in the effective gate oxide thickness and thus a

reduction in the device drain current [HA93] and transconductance.

These effects were known early and have been considered by the modelling
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Figure 2.3: Gate-to-channel capacitance versus (Vg — V) /T,; in a n-channel MOSFET for
various gate-oxide thicknesses.

community. In particular, the effect of polysilicon depletion has been modeled by
[ARH98], [HS90], [HA93], [LLP"92], [LBT99]. Classical models worked reasonably
well with previous generations of transistors. In those transistors, gate oxides were
relatively thick (75, > 10nm), and therefore, most of the gate voltage drop was
produced in the oxide, making the error in the interface potential relatively unim-
portant since the average distance of the electron density from the interface, the
inversion layer centroid, Z7, and the poly depletion region width, Zp were small
compared to the oxide thickness, T,,. However, when gate oxide is scaled down,
both Z; and Zp, become comparable to T,,, and therefore their effects must be
incorporated in accurate models for the inversion charge, Q;n., and gate-to-channel

capacitance, Cyc.

The inversion layer centroid, Zj, shows the influence of quantum effects on the
inversion charge distribution. These quantum effects depend on the semiconductor
effective mass perpendicular to the Si — SiOs interface, m, [TT95], [Ste72], [Ste70].
In addition, m, depends on the surface orientation [TT95], [SH70], [Ste72], [RLGO5];

therefore quantum effects depend on the surface orientation. To show this, Figure

16 Characterization, Modelling and Simulation of Deca-nm SOI MOSFET'Ss



Chapter 2. Crystallographic orientation influence on static properties

2.4 represents Z; (calculated by self-consistently solving Poisson and Schrédinger
equations and equation 2.2) as a function of the total inversion charge concentration
for the three common surface orientations (100), (110) and (111). Note that smaller
Zr values are obtained for the (100) orientation, since in this orientation a higher
perpendicular effective mass is obtained, m, = m;. Silicon effective masses are
calculated for the specific crystallographic orientations in every case, following the
procedure depicted in the previous chapter. The values of the effective mass tensor
used in the calculations are presented in Expressions 2.3, 2.4, 2.5. Note that the
rows (representing each valley) are ordered with the minor effective mass for the z

direction (the confinement direction; third column).

0.916 0.190 0.190

m{V=[0.190 0916 0.190 (23)
0.190 0.190 0.916
0.916 0.190 0.190

m{;'P=[0.190 0553 0315 (24)
0.190 0.553 0.315
0.232 0.553 0.258

m{}\V= (0232 0553 0258 (2.5)
0.432 0.190 0.258

Once more, this dependence on the crystallographic orientation is not captured

by classical models, making them, inadequate for current devices.

Interest in using different crystallographic alignments to augment St field-effect
transistor (FET) performance has been described recently [YIST03], [IKKT04].
Here, the fabrication of hybrid substrates with different crystal orientations is sug-
gested, since hole mobility is more than doubled on (110) silicon substrates with
current flow direction along (110) in comparison with conventional (100) substrates
and (100) channels [YIST03]. This fact has given rise to a new kind of techno-
logy based on transistors fabricated in different crystal orientated substrates, HOTs
(Hybrid Orientation Transistors) [YCCT06]. In this context, the study of channel

orientation can be included in the optimization processes linked to the design of the
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Figure 2.4: Inversion charge centroid versus the inverson electron concentration in a MOS
structure for three common silicon crystallographic orientations.

transistor gate and full advantage can be taken of carrier mobility dependence on
surface orientation [Van06]; in this respect, choosing the best orientations in terms
of mobility suggests that the introduction of new materials could be delayed for
some time. The study of MOSFET devices fabricated in arbitrary crystal orienta-
ted substrates is also interesting in relation with new devices like DG-MOSFETs
and FinFETs, where different channel orientations can be found in the same film
[LIT*03], [LMIT04]. A mobility study of these devices will be presented in Chapter
8.

The effect of the inversion layer centroid also has to be considered in the mo-
delling of gate-to-channel capacitance, Cy.. It has a significant influence on the
performance of scaled MOSFETSs with thin gate oxides [TT95] since it determines
the transconductance of the MOSFET. According to the classical model and with
the channel operating in the inversion region, Cy. should approach its maximum

value, i.e., Cyemax = Coz, given by:

o
3
Il
)
)
‘ez

(2.6)

~
[}
8
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However, in the inversion condition, Cy. is generally given by

aQinv 1 1 !
= - 2.
Cg 5)%e <Cow + Cmv) ( 7)

where @iy is the inversion charge; therefore, Cy. is the series combination of the

gate oxide and the inversion capacitance, Cjp,,

aQinv
Ms

15 being the surface potential. According to Ref.[TT95] there are two physical

Cinp = (2.8)

limitations to Cjyy,

1. the finite effective density of states (DOS) of the conduction band,

2. the finite inversion layer thickness, due to the quantum behavior of the in-
version layer. As the gate oxide thickness decreases pushed down by the
device scaling rules, C,; increases making it comparable to Cj,,, and as a

consequence, Cy. becomes significantly lower than C,:

On the other hand, if we study the effect of the substrate orientation on Cy,
Figure 2.5 shows the low-frequency gate-to-channel capacitance obtained from the
self-consistent solution of Poisson and Schroédinger equations for different confine-
ment directions. The penetration of the inversion charge inside the bulk degrades
Cyc, and the values obtained for Cy. are much smaller than C,,;, as T;, decreases
[LBT99]. This important effect of the substrate crystallographic orientation agrees
with the experimental results of Takagi et al [TT95]. As can be seen, the values
of the Cy. associated to the (100) crystallographic orientation are greater than for
the (110) and (111) orientations. This is due to the lower values of the inversion
charge centroid obtained for the (100) orientation (see Figure 2.4), and this fact is
related to the higher confinement effective mass (the effective mass perpendicular
the interface) in the (100) orientation [RLGO5]. All these effects should be taken into
account in MOSFET models if one wants to reproduce the experimental behavior
of today’s devices [LVCCB'97].

However, as mentioned above, this is not the only effect we have to deal with

when oxide thickness is reduced: the use of highly doped polysilicon gates is a great
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Figure 2.5: Gate-to-channel capacitance versus the gate voltage in an ultrathin-gate-oxide
NMOSFET for various silicon crystallographic orientations. As shown, Cg. is greater for
the (100) crystallographic orientation due to the lower value of the centroid of the inversion
charge associated with this orientation.

advance in CMOS technology, since it allows the source and drain regions to be self-
aligned to the gate, thus eliminating parasitic effects from overlay errors [TN9S§].
Not all the effects are beneficial however, since the use of a polysilicon gate can

also cause various problems which seriously limit the operation of ultrashort devices

[GGR*03], [GFO03].

The first negative effect of poly-depletion is the appearance of an additional ca-
pacitance in series with the oxide capacitance. This fact limits the total capacitance
of the structure in inversion and leads to a reduced inversion charge density and
therefore to a degradation of the MOSFET transconductance. When the substrate
becomes inverted, and therefore the poly-gate becomes depleted, the capacitance of

the polysilicon in depletion adds to the oxide capacitance in series, according to:

L_ 1,1
Cgc Cox Cinv Cpoly

(2.9)

where ()0 is the capacitance of the polysilicon depletion region. Clop is a func-
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tion of the total charge in the polysilicon gate, Q,o1y, and of the polysilicon doping
concentration, Np_poy. The higher the Qo, the lower the Cpy,, and according
to expression 2.9, the lower the Cy. [HS90], [LBT99], as observed in Figure 2.5. In
this figure we see that in inversion regime, Cgy. reaches a maximum, and instead
of increasing towards Cy,, it decreases as Vg (i.e. Qiny and therefore Qo) in-
creases [ARH98], [GGR103]. In order to make the poly-depletion effects negligible,
Cpoly must be sufficiently greater than C,,. This can be achieved by increasing
the polysilicon doping concentration for a given oxide thickness, Ty, (which makes
Choly increase) or by increasing T, for a given Np_p., value, which makes Co; to
decrease [RA94].

In summary, both the finite extension of the inversion charge inside the silicon
bulk and the width of the poly-depletion region degrade the inversion charge and
gate-channel capacitance in MOS structures with ultrathin oxide thickness. As a
consequence, classical MOSFET models are no longer valid. However, it will be
shown next that it is possible to extend the range of application of these models by
means of a corrected gate-oxide thickness, T, which includes both the effect of the
inversion layer centroid, Z7, and the poly depletion region thickness, Zp. To do this,
we have developed an accurate model for Z; as a function of the inversion charge
concentration, the depletion charge concentration and the silicon doping concentra-
tion for the (100), (110) and (111) crystallographic wafer orientations. The validity
of the model can be easily extended to other crystallographic orientations following
the scheme used in this work. Similarly, we provide an expression for the depletion
zone width in the polysilicon, as a function of the poly doping concentration, the
inversion charge, and the silicon doping.

In order to allow the inclusion of these quantum effects in MOSFETSs fabri-
cated on arbitrarily oriented wafers we have enhanced a previous inversion layer
centroid model for the conventional surface orientation (100) and in-plane channel
direction (110) [LVCCB™'97]. To do this, we followed a procedure similar to the
one previously developed and included the modifications needed in our quantum
simulator in order to account for different surface orientations and in-plane channel
directions following the steps described in [RLGO05]. We made use of a MOSFET
simulator including quantization to verify that the inversion layer centroid model

presented works sufficiently well. The range of validity has been checked for the
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doping concentrations used (1017(:77”f3 —3x10'8em™3), the kind of values employed
in deep-submicron devices, and for polysilicon doping concentrations ranging from
Np_poly=5x 108ecm™3-5x10%'cm™3. In such cases, thin gate oxides are used to con-
trol the threshold voltage values and consequently, corrections to their thicknesses
by the average inversion layer penetration and poly-gate depletion region width are

significant.

2.2 Inversion layer centroid model

The starting point for the model was the one introduced previously for bulk
MOSFETs fabricated in the conventional crystallographic orientation, Si — (100)
[LVCCB"97]. To obtain the inversion-layer centroid, an accurate solution of the
Poisson and Schrodinger equations is obtained. After the first variational calculation
by Stern and Howard [SHT70], these equations were self-consistently solved in the
pioneering work by Stern [Ste70], [Ste72] where the most important features of the
quantization were shown. The self-consistent solution has been used to obtain the
electric potential, the inversion and the depletion charges, the energy of the lowest
subband minima, and the inversion layer centroid as a function of the applied gate
voltage or the effective electric field.

The total electron density has a shape similar to the electron density contained
in the ground subband, although multisubband occupation causes the total electron
density to widen, and the centroid of the total density is therefore different from
the ground subband centroid. This similarity in shape is the reason for the relati-
vely good behavior of the variational expression, which was obtained by Stern and
Howard by considering occupation of the ground subband [SH70], even in the case
of multisubband occupation at room temperature, as reported by several authors
[TT95], [RA94]. According to this approximation, the centroid position Z; depends

on the depletion and inversion charges as:

1\
Zr =0y <QD + 32Q1> (2.10)

where @Qp and @Q; are the modulus of the depletion and inversion-charge densities

per unit area, respectively, and C] is a fitting parameter.
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A more general expression was obtained in 1997 by Lopez-Villanueva et al.
[LVCCB™97] accounting for the multisubband occupation. In that case, the ex-

pression obtained for the inversion charge centroid was:

MvN2[ G (on 101\
ZI:Z]O<ICm> [ < +>] (2.11)

€5i \ €5i  2€s;

where €g; is the silicon permittivity and Zjp is a fitting parameter.

A good agreement between the self consistent solution of the Schrédinger-Poisson
equations and the model was achieved in conventionally oriented silicon MOSFET's
for a value of Z;o = 1.2nm and for the doping concentration values we are conside-
ring here, as shown in Figure 2.6. In the previous work, the Z;o parameter did not
show dependencies on the substrate doping and for that reason it was considered
to be a constant for the range of doping concentrations used. However, if we want
to keep the same functional dependence shown in Equation 2.11 when the inversion
layer centroid is plotted versus inversion charge, there is an important dependence
on the doping concentration for the (110) and (111) wafer orientations.

This dependence has been taken into consideration in our model so that the
simulation results can be reproduced. To do so, a doping concentration depend-
ent term has been included in the expression of the Zjo fitting parameter. The

expressions obtained are the following:

2\ — 1.2 nm (2.12)
Ny
ZW0) _qogq (144 2.1
10 BT o3 x 100 ) M (2.13)
Na
ZU) _ g 14— A4 2.14
10 B3\ 567 < 1019 ) M (2.14)

where N 4 concentrations are expressed in cm™3.

The inversion layer centroid has been plotted versus inversion charge at room
temperature (Figures 2.7 and 2.8) for MOSFETSs fabricated on (110) and (111)
wafers. The data obtained using our model are plotted in symbols and the simula-

tion results in solid lines. It can be seen that the model reproduces well the simu-
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Figure 2.6: Inversion charge centroid versus the inversion charge concentration for MOS-
FETs on (100) wafers at room temperature for different substrate doping concentrations.
The results obtained from the Poisson-Schriodinger solution are shown in solid lines, and the
data calculated with the model (Eq. 2.11) are shown in symbols.

lation data for the different substrate doping concentrations and wafer orientations

considered in this work.

At this point, it is important to consider why there is no dependence of the Z;o
fitting parameter on the substrate doping concentration in (100) wafers while this
dependence is clear in the (111) and (110) crystallographic orientations. It is well
known that if the doping concentration and the inversion charge are fixed, a unique
potential profile is obtained, so the Zjo doping concentration dependence obtained
on (111) and (110) wafers is counterintuitive. The explanation for this is related
to the definition of the inversion charge centroid, which is calculated taking into

account that the total density of electrons in the inversion layer is:

n(z) = D milz) = SNl (o) (215)

where n;(z) is the population of the i-th subband, N; the density of electrons per

unit area in the i-th subband, and 1); the wave function in the i-th subband. If
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Figure 2.7: Inversion charge centroid versus inversion charge concentration for MOSFETSs
on (110) wafers at room temperature for different substrate doping concentrations. The
results obtained from the Poisson-Schrédinger solution are shown in solid lines and the data
calculated with the proposed model in symbols.

Expression 2.15 is combined with the centroid definition (Equation 2.2), we obtain:

ZNZ-/,% b ()] dz
o /n(z)dz

which is connected with the first momentum of the electron density within each

(2.16)

subband. For the same potential well the only difference that could be found in
MOSFETSs fabricated on differently oriented wafers relates to the effective masses
included in the Schrédinger equation and associated with each subband. Because of
this, different wave functions and consequently different inversion charge centroids
are expected. The function shown in squared brackets in Equation 2.11 is calculated
by using the depletion and inversion charges and is based on the definition of the
effective field on (100) wafers. It should probably be changed to include the particu-

larities of the effective masses associated with the subbands in MOSFET structures
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Figure 2.8: Inversion charge centroid versus inversion charge concentration for MOSFETSs
on (111) wafers at room temperature for different substrate doping concentrations. The
results obtained from the Poisson-Schrédinger solution are shown in solid lines and the data
calculated with the proposed model in symbols.

based on the (111) and (110) oriented wafers. However, we decided not to follow this
strategy in order to simplify the model and retain the original algebraic expression.
Therefore, in order to fit the simulation data we had to introduce a dependence
on the doping concentration in the Zjo fitting parameter as can be observed in
Expressions 2.13 and 2.14.

The dependence of the inversion layer centroid on the transport direction for seve-
ral fixed confinement orientations has been studied considering several gate voltages
(Ve = 0.2—1V). To do so, the conventional transport directions for each confinement
orientation have been used, i.e., [110] for (001) wafers, [001] for (110) and [211] for
(111), a 90 degree rotation of the transport directions has been performed in each
case, see Figure 2.9 where the first Brillouin zone showing the in-plane transport
direction variation for a (110) wafer is sketched.

The simulation results for the inversion charge centroid corresponding to Figure
2.9 are shown in Figure 2.10. As can be seen, the centroid does not depend on

the in-plane transport direction. The same results were obtained in all confinement
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orientation directions used even in the conventional (100). Therefore the model
presented can be considered valid for any channel orientation on the wafer orienta-
tions considered here. By contrast, differences will be revealed when Monte Carlo
simulations are performed to study the transport since the different conductivity
effective masses associated to the subbands in each in-plane transport direction will

make a difference (Chapter 8).

Figure 2.9: First Brillouin Zone showing the in-plane transport direction variation angle for
a (110) wafer.

It is already shown in a previous work that it is possible to incorporate the effects
of Z; for the evaluation of the inversion charge concentration, (J;, by means of a
modified expression for C,, [LVCCB'97].

Qr=Cs, (VG — Vg — s — gD> (2.17)

€ox
cr = ——"— 2.18
O (2.18)
This expression accurately reproduces the numerical simulation results with gate
oxide thickness in the range of 10nm [LVCCB'97]. When the oxide thickness is
reduced to 1nm, the model given by Equations 2.17 and 2.18 only works for devices

with metal gates or with very high polysilicon doping concentrations as shown in
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Figure 2.10: Inversion charge centroid versus in-plane transport direction variation angle for
different gate voltages in a MOSFET fabricated on a (110) wafer.

Figure 2.11(a). The inversion charge is represented in a MOS structure with an
oxide thickness of Inm obtained numerically from the self-consistent solution of
Poisson and Schrodinger equations (solid line) and with the classical model given by
Expressions 2.1 and 2.6 (dashed line). The results provided by Expressions 2.17 and
2.18 are shown in open squares ((J). The silicon doping concentration was assumed
to be Ny = 3 x 10"¥em ™2 and the polysilicon doping Np_pory =1 X 102'em 3. The
oxide thickness is T, = 1nm. As observed, the agreement is excellent. However, the

situation is considerably worse when the polysilicon doping is lower.

Figure 2.11(b) shows the same results as Figure 2.11(a) but for a polysilicon
doping concentration of Np_puy = 5 X 10em™3. In this case, the correction given
by Expression 2.18 is not enough to capture the actual behavior, as a consequence
of the poly depletion effect. Therefore, the model given by Expressions 2.17 and
2.18 should be improved, taking into account the effect of the charged layer formed

in the polysilicon gate, near the oxide interface.
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Figure 2.11: Electron concentration versus gate voltage in an n-channel MOSFET with
Top=Inm and the following polysilicon doping levels: (a) N p_pory=1 x10?*em=3; (b)
N p_poty =9 % 10 ¢e¢m™3; A comparison among different models and the self-consistent solu-
tion of Poisson and Schrodinger equations (solid line) is shown.

2.3 Polysilicon depletion effect

As shown in Figure 2.2, even in the case of a high doping concentration in the
poly-gate, the polysilicon depletion region width is comparable to the inversion-
charge centroid values. To take into account the effect of the charge distribution in

the poly-gate, we have defined, Zp, as

— J % Qpoiy(2)dz
S Qpoiy(2)dz

where @poly is the charge distribution in the gate (see Figure 2.2). Figure 2.12 shows
Zp for different values of the polysilicon doping concentration in a MOS structure

with a gate oxide thickness of T, = 1nm and Ny = 3 x 108e¢m 3. As shown in

Zp (2.19)

Figure 2.12, Zp is comparable to the inversion layer centroid, Z;, and increases
as Np_poly decreases. These results explain why Expressions 2.17 and 2.18, which
do not take into account the effect of polysilicon depletion, cannot reproduce the

Niny — Vg curves with ultrathin gate oxides. Therefore a new correction must be
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introduced to include the effects of Zp. This is done by adding the contribution of

the polysilicon depletion region, Zp, in the same way as for Z:

€
Cr = or 2.20
oxr tox + ELS? (Z] +ZD) ( )

Figure 2.11(b) shows that this correction is now enough to reproduce the nu-
merical Nj,, results even in the worst conditions, high N4 and low Np_,q, values.
The curve with open circles accurately reproduces the results obtained from the

self-consistent solution of Poisson and Schrodinger equations.
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Figure 2.12: Polysilicon charge centroid in an n-MOSFET versus gate voltage, for different
values of polysilicon doping.

We have evaluated Zp by applying the Expression 2.19 to the data obtained by
the self-consistent solution of Poisson and Schriodinger equations for different MOS
structures with different values of the silicon doping concentration, N4, and diffe-
rent values of the poly-doping concentration, Np_pa,. After considering different

possibilities, the following model has been obtained for Zp:
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Zp (Na, Np—poty, Ninv) = Zpo (Na, Np_poly)+a (NDprZy)><10_15><(va)ﬁ(ND_p°ly)

(2.21)
with
Zpo (N4, Np—poty) = 5.75 (fgj;)m N CArDaoTiN) (2.22)
a (Np—poly) = 56 — 2.3log (Np—_poly) (2.23)
B (Np—poty) = 1.65 — 0.056 log (Np_poty) (2.24)

(in Expression 2.21, Zp is given in ¢m and all doping concentrations are expressed

in em™3).

Using these expressions for Zp in the model given by Equation 2.17 and 2.20
we are able to reproduce the Q;n, — Vg curves for a wide range of Np_jq, and
N4 values and for different silicon crystallographic orientations as shown in Figure
2.13. Solid lines correspond to the self-consistent solution of Poisson and Schrédinger
equations, and symbols correspond to data obtained with the proposed model. For
the sake of clarity, curves corresponding to poly doping concentrations higher than
Np_poly = 5 % 10em ™3 have been vertically drifted by a fixed amount, i.e., we
added 5 x 102¢m ™2 to the curve corresponding to Np_pory =1 X 1020¢m 3 (down
triangles), 1 x 10'3¢m ™2 to the curve corresponding to Np_poly = 95 X 102cm=3 (up
triangles) and so on. In fact, all the curves should coincide in the lower left-hand

corner of the graph.

Finally, Figure 2.14 shows that the model proposed here also takes into account
the possible different crystallographic orientation of the silicon substrate. In all

cases, the oxide thickness was assumed to be T,, = 1nm.
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Figure 2.13: Inversion electron concentration versus the gate voltage in an n-channel MOS-
FET for different values of the polysilicon doping concentration. Two different values
of the silicon doping concentration have been considered: (a) Ny = 3 x 10%¥cm™3, (b)
N4 = 107em™3 Solid lines correspond to the self-consistent solution of Poisson and
Schrodinger equations, and symbols correspond to data obtained with the proposed model
(Egs. 2.20 & 2.21). For the sake of reading clarity, curves corresponding to poly doping
concentrations higher than Np_p,01;, =5 % 10"%em =3 have been vertically drifted by a fixed
amount, i.e., we added 5 x 10'?c¢m ™2 to the curve corresponding to Np_por, = 1 x 102%cm =3
(down triangles), 1 x 103¢m =2 to the curve corresponding to Np_pory = 5 x 102%cm =3 (up

triangles) and so on. In fact, all the curves should coincide in the lower left-hand corner of
the graph.

2.4 (Gate-to-channel capacitance modelling

As mentioned in the Section 2.1, the gate-to-channel capacitance is also strongly
affected by Zj, and, Zp, i.e., by the finite thickness of the charges in the silicon
substrate and in the polysilicon gate. The effect of Z; has already been considered in
a previous work [LVCCB™97]. On that occasion, the following analytical expression

for Cy. was provided:

kpT 37,171

Coe ™ | a4 o BL 221
9 Cox quXQI 2€g;

(2.25)
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Figure 2.14: Inversion electron concentration versus gate voltage in an n-channel MOSFET
for different silicon crystallographic orientations.

where f is a fitting factor depending on the bulk doping concentration, N4 and is
given by:

1862

P

(2.26)

with N4 in em™3. This model was shown to be useful for oxide thicknesses down to
Tor = 10nm.

However, expression 2.25 does not take into account polysilicon depletion, and
a non-negligible error is introduced, as it has already been proved. We have pro-
posed a new empirical model with polysilicon depletion correction by adding a series

capacitance term to expression 2.25:

1 kT 3 27 -1
- AT 2.27
Cox+quXQI+2€Si+77QI ( )

where 7 is given by the following relationship:

Cye ~
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= Wl () 22

a and b parameters are obtained by fitting the model with the simulations. They

show a dependence on the substrate doping, N4, given by the following expressions:

a=19.05(N4)*! (2.29)
b=0.52(Ny)"0° (2.30)
(In expressions 2.28, 2.29 and 2.30, doping concentrations must be expressed in
cm™3)
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2.0 20
O <
£ 1.5 (\E) 15
N el
2 o 1.0
S | // O Simulation Si-(111)
O 0-5 Model Si-(111); N, =5x10"" cm™
: 0.5 O  Simulation Si-(110) 1
0.0 k-~~~ Model Si-(110); N, =10 cm”®
" 1 " 1 " 1 " OO " ! " ! " ! "
0.0 0.4 0.8 1.2 1.6 0.0 0.4 0.8 1.2 1.6
Ve (V) Ve (V)

Figure 2.15: (a) Gate-to-channel capacitance versus gate voltage in an n-channel MOSFET
with Tpy = Inm. Solid line: model results Eq. 2.27). Symbols: simulation results. (b)
Gate-to-channel capacitance versus gate voltage in an n-channel MOSFET with T,, = 1nm
for different silicon crystallographic orientations (N4 = 107em=3).

Figure 2.15(a) shows a comparison between the modelling and the simulation
results. Gate-to-channel capacitance is plotted versus gate voltage. Solid lines

represent model results and numerical simulation results are plotted in symbols.
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A good agreement has been obtained for Np_p,, ranging from 5 x 10¥em=3 to
5 x 102'em ™3, and for different crystallographic orientations (as shown in Figure
2.15(b)).

2.5 Conclusions

The influence of the inversion layer centroid and the polysilicon depletion effect
on the inversion charge concentration (Q;n,) and the gate-to-channel capacitance
(Cg4e) of MOSFETs with gate oxides of nanometric thickness (7T, <Inm) have
been studied in this chapter. The Poisson and Schrédinger equations were self-
consistently solved in these devices for different values of the silicon and polysilicon
doping concentrations.

Our results show important reductions of both @;n, and Cg4. because of the
polysilicon depletion effect and the displacement of the inversion charge centroid
from the interface towards the silicon bulk as a consequence of quantum effects,
which degrade the device behavior (both drain current and transconductance are
negatively influenced by these effects). The effects are very noticeable for gate oxide
thicknesses around 1nm and must be taken into account in the development of
accurate MOSFET models. We show that this can be done by means of a corrected
gate-oxide thickness which includes both the effect of the inversion layer centroid,
Zr, and the poly depletion zone thickness, Zp. To do so, we have developed an
accurate empirical model for Z; as a function of the inversion charge concentration,
silicon doping concentration and the crystallographic wafer orientation.

The validity of the model has been checked for the three common wafer orien-
tations (100), (110), (111). Similarly, an expression for the depletion region width
in the polysilicon has been provided, as a function of the poly doping concentration
and the substrate doping. Using these expressions, an effective oxide thickness, Ty,
is defined, which makes possible to reproduce the actual behavior of Q;,, — Vg for
a wide range of substrate doping concentrations, polysilicon gate doping concentra-
tions, and different crystallographic orientations in ultrathin gate oxide MOSFETSs
(Tpy = Inm). A model which satisfactorily reproduces the gate-to-channel capaci-
tance (Cy.) for these devices has also been provided.

Finally, gate-to-channel capacitance was also carefully analyzed as a function of
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the substrate and poly-gate doping concentrations and silicon surface orientations.
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Chapter 3

Accumulated carrier

quantization and its effects on
silicide-gated M OSFET

3.1 Introduction

After more than 40 years of silicon-dioxide/polysilicon gates, the industry is
facing a challenging transition to higk-k/metal gate stacks. Metal gate electrodes
are currently being investigated as a replacement for conventional SiO9/poly-Si elec-
trodes in today’s shrinking devices [[TR06]. Thus, INTEL is introducing metal gates
in their 45nm products [M*07].

Traditionally, a polysilicon gate electrode with an overlying silicide was used
for gate electrodes in CMOS devices. However as we approach to the end of the
Roadmap, polysilicon gate sheet resistance and poly-depletion become serious issues
[ARH98].

To overcome these problems, the metal silicided gate has been proposed as an
alternative (FUSI process): a metal is deposited over the polysilicon gate; when
the silicidation step takes place, the metal reacts and completely consumes the
polysilicon, resulting in a fully silicided metal gate rather than a deposited metal
gate [KLPT05].

Characterization, Modelling and Simulation of Deca-nm SOI MOSFET's 37



3.2. Higher polysilicon doping

Accurate modeling of the quantum-mechanical charge distribution in MOSFETs
has received considerable attention, resulting in analytical or semi-analytical mo-
dels to correct the device characteristics. However, quantization has always been
described in correspondence with the oxide/substrate interface, where considerable
band bending occurs either in strong inversion or accumulation. On the other hand,
the oxide/polysilicon interface has been described classically. In fact, due to its very
high doping level, a small band bending occurs in accumulation, and polysilicon
enters the depletion region when the device is biased in inversion. In both cases
quantum effects are often taken as negligible.

Chapter 2 is extended here focussing the study on the accumulation and flat-band
operation regions. A self-consistent Poisson-Schrodinger solver is used to emulate the
electrical properties of silicided gates and actual metal gates by artificially extending
the polysilicon doping to its metallic limit (some 10?2cm™3) where each atom behaves
like a doping atom [AMT76]. Quantization of electrons and holes is accounted for in
both the polysilicon and silicon layers. Schrodinger equation is solved whenever
the bias conditions result in a potential well (for electrons or holes). The effective
mass approximation is used on the Si-(100) surface: a) two non-primed valleys
with longitudinal effective mass perpendicular to the interface, and four primed-
valleys with transversal effective mass perpendicular to the interface in the case
of electrons; b) heavy-holes, light-holes and split-holes model for the valence band

when the quantization of positive carriers is taken into account [SH70].

3.2 Higher polysilicon doping

In Section 2.1 essential non-metallic effects to predict the behavior of the state-
of-art devices with gate-oxide thickness approaching to T,, = 1nm where described
[LVCCB™'97], [TT95], [RGROT7]. Those limitations (basically the inversion layer
centroid and the polysilicon depletion) are intrinsic problems when the device is
operated in inversion. However, there exits another non-classical effect not taken
into account in the classical MOSFETSs models when the device is operated in accu-
mulation or at flat band condition: the quantization of the majority carriers both
in the polysilicon and in the substrate.

The presence of an abrupt potential barrier at the polysilicon/SiOs interface
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causes the drop of the electron concentration a few nanometers from the interface
[APP99], [SPLO0] even if carriers are not spatially confined. This effect, also referred
to as “dark space” (see Figure 3.2), is responsible for the extraction inaccuracy in
oxide thickness when ultrathin insulator devices are considered due to its strong
impact on the gate capacitance. In other words, the decrease in the capacitance due
to the “dark space” can be expressed as an increase in the effective oxide thickness
and thus a reduction in the device drain current and transconductance of the device
[APP99], [SPLO0O].

It is expected that metal gates (like TiN or TaC) or fully silicided gates (NiSi)
will make disappear the poly-accumulation/depletion effects, but this is not really
true. Even a metal gate has a finite number of atoms, and for this reason cannot be
considered as an ideal metal gate. The free electron density in a metal is a factor
in determining its electrical conductivity. It is involved in the Ohm’s law behavior
of metals on a microscopic scale. Because electrons are fermions and obey the Pauli
exclusion principle, then at 0 K temperature the electrons fill all available energy
levels up to the Fermi level (the top of that "Fermi sea" of electrons").

The conduction electron population for a metal is calculated by multiplying
the density of conduction electron states, p(F), times the Fermi function f(E). The

number of conduction electrons per unit volume after integration in energy is [AMT76]:

n

_ 8V (me)*"? <2E3/2> (3.1)

(hc)3 37 F
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Figure 3.1: Estimated free electron density range in polysilicon, silicide and metals [AM76].

In Eq. 3.1, ¢ is the light speed in the vacuum, m, the free electron mass and h

the Planck’s constant. The direct evaluation of 3.1 yields n=1.8 x 10?3e¢m ™3 for alu-
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minium or n=8 x 10?2¢m =3 for copper. Figure 3.1 shows the estimated free electron

density rage in polysilicon, silicides and metals.
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Figure 3.2: Cross section electron concentration of the Metal-Oxide-Semiconductor structure
at flat-band bias for two different polysilicon doping levels. Classical solution: dashed line,
full-quantum: continuous line.

Figure 3.2 shows the cross-section electron distribution of the MOS at a flat-band
voltage, Vrp, defined here as the gate voltage needed to have space charge neutra-
lity in the semiconductor. Classical (dashed line) and full-quantum (continuous line)
solutions are presented for two polysilicon doping values. Whereas the electron dis-
tribution along the axis corresponds with the doping level for the classical solution
(full ionization of doping impurities was assumed [SAS06]), the full-quantum ap-
proach reveals the presence of a dark space depleted of carriers. Since at flat-band,
the total charge in the gate must be zero, the quantum electron distribution in the
poly exhibits a peak (negative accumulated charge) to compensate for the positive
depleted region near the interface. This charge distribution in the poly at flat-band
produces a non-zero electric field, and a shift of Vppg.

The important consequences of non-metallic effects are especially visible when
the gate capacitance curve is evaluated.

Figure 3.3 shows the simulated low-frequency gate-to-channel capacitance re-
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Figure 3.3: Low-frequency gate-to-channel capacitance normalized by the physical oxide
capacitance for different polysilicon doping levels. Ideal metal behavior is never reproduced.

lative to the insulator capacitance for a NMOS capacitor with ultrathin-oxide of

017

T,»=1nm and substrate doping of N4=5x10""cm =3, for different values of the poly-

silicon doping. The parasitic effects add to the oxide capacitance according to:
1 1 1 1

=
Cac  Cor  Csi Choy

(3.2)

where C,; is the insulator capacitance (Cor = €ox/Tor); Csi and Chpeyy the series
capacitances corresponding to the non-metallic behavior of silicon and polysilicon.
The capacitance reduction compared to the metal gate curve in the inversion re-
gion (positive Vgp — Vpp values over 1 V), is the result of both the penetration
of the inversion electron layer into the semiconductor and the polysilicon depletion.
For higher doping values in the gate, the polysilicon depleted layer is reduced and
Caco/Coyp increases. In any case, Co cannot achieve the theoretical values of Cpy
because the inversion layer centroid effect is always present.

For negative Vgp — Vrp, when the structure is in accumulation in both the
polysilicon and substrate sides, the capacitance reduction is, essentially, the direct

consequence of the polysilicon dark space and the quantization of holes accumulation
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layer in the substrate. If gate non-metallic effect can be ignored (ideal metal curve
in Figure 3.3), the physical oxide capacitance is not recovered (Cgc/Cor<1)due to
the effect of the accumulated holes in the substrate.

It is worth noting, that even for extremely high free electron density, when silicide
is supposed to behave like a metal, the ideal metal gate curve is never recovered,
leading to a capacitance loss around 8%. As an important consequence, the extracted
physical insulator thickness tends to be overestimated in silicided gates where an
ideal metal is assumed; i. e. when the voltage boundary condition is applied directly

to the oxide.

3.3 The role of the majority carriers

Many times the role of the holes tends to be neglected or just considered minor
in NMOS transistors. These statements could involve a mistake if we have to deal
with the accumulation operation region of the transistors and ultrathin oxide la-
yers. Figure 3.4(a) represents the energy-band diagram of the NMOS structure for
Va=—2V (accumulation of electrons in the polysilicon and accumulation of holes
in the bulk). The corresponding charge density is superposed on the bands.

As a consequence of the quantum treatment of the polysilicon, the maximum
of the charge distribution is no longer at the interface. In addition, the quantum
solution betrays that the holes play an important part in the substrate.

The influence of the centroid of the holes is clearly revealed in the gate-to-
channel capacitance curve (Figure 3.4(b)). For Vg > Vg, both the full-quantum
solution and the classical solution for the holes yield the same capacitance values as
a consequence of the negligible population of holes. The situation is quite different

if Vo < Vg, resulting in up to 15% of error.

3.4 Flat-band voltage shift

The flat-band condition is defined as the gate voltage needed to have space
charge neutrality in the semiconductor (Qg; = 0) (Figure 3.5). For uniformly doped
substrates this means that bands are flat in the semiconductor. Since the total charge

in the MOS capacitor must be zero and under the assumption of no trapped charge
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Figure 3.4: (a) Energy-band diagram (maximum of the valence band and minumum of the
conduction band) of the MOS structure in accumulation for Vg = —2V. The corresponding
charge density in superposed. (b) Low-frequency gate-to-channel capacitance normalized by
the physical insulator capacitance. Classical solution for holes and quantum for electrons:
dashed line. Full-quantum: continuous line.

in the oxide, Qpo1y = Qsi, therefore at flat band conditions, @y, = 0. However, this
does not mean flat bands in the polysilicon as classical theory predicts for uniformly
doped materials. In fact, the combination of high doping levels and polysilicon
quantization produces interesting results. The insulator barrier at the polysilicon-
SiO» interface induces an almost-zero majority carrier concentration at the interface
(“dark space” effect) leading to an electrical dipole and therefore a non-zero electric
field distribution to achieve the flat band condition, Qpey = 0 (Figure 3.2). This
effect has been previously reported by different authors [SCG02] until 102°cm—3
poly-gate doping levels. However, exploring the physical limits of the polysilicon
doping reveals new intriguing features.

The electric field in the polysilicon leads to an additive voltage drop which shifts
the classical flat-band voltage up to AVrp = Vrp_ca — Vrp—q = 200mV.

Figure 3.6(a) presents the simulation extracted flat-band voltages for different
polysilicon doping levels when classical (dashed line) and full-quantum (continuous
line) approaches are used. Up to Np_poy = 10%'em ™2 the full-quantum solution

shift, Vrp_4, is more noticeable than the classical solution. But once this doping
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Figure 3.5: Total charge in silicon versus gate voltage for the classical (dashed-line) and
full-quantum (continuous-line) solution. Flat-band voltage is defined for zero charge the
silicon.

limit is exceeded both solutions tend to merge again. This is more remarkable
when the difference of the flat-band voltage is plotted (Figure 3.6(b)). As reported
previously ([SCGO02], open circles) Vrp_4 decreases faster than Vip_qq at least up
to some critical value when the trend is inverted and both Vpp_, and Vpp_g, tend
towards the same value. For the sake of comparison, it is also shown in Figure
3.6(b) the quantum flat-band voltage shift in the case of an ideal metal gate. In
this case, the quantum corrections are very small since the only contribution comes
from the quantization of the substrate, which has a very low doping compared to

the polysilicon doping values.

Although its validity has not been checked until now, this interesting effect can
be analyzed using the analytical model suggested in [SCGO02], where the quantum
model induces flat-band. A flat band voltage shift AVppg:

2
ND/\q 4 qNDAq)\S
2e

where V, represents the voltage drop in the dark-space region and V; the voltage

AVpp =V, +Vs=¢q (3.3)
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Figure 3.6: (a) Simulation extracted flat-band voltage for different polysilicon doping levels.
Solid line: from full-quantum solution; dashed line: from classical solution. (b) Comparison
between simulation results (continuous line and circles) and the model (dashed line) for the
shift in the flat-band voltage as a function of the polysilicon doping.

drop in the remaining polysilicon region, A, is the carrier depleted region assumed

after an exponential relaxation, and ) is the screening length:

—(z=2q)

n(z) = Np + Ane™ % (3.4)

Using the standard carrier concentration dependence of A\; and A, [SCGO02] we
plotted in Figure 3.7 enables a qualitatively good interpretation of the AVpp va-
riation with doping level to be obtained with Eq. 3.3. In particular, it explains
the tendency observed at very high doping level for the AVpp amplitude reduction
(Figure 3.6). This feature can be understood by the faster decrease of A2 and AgA,
in Eq. 3.3 with doping concentration Np.

The metal shift (also indicated in Figure 3.6(b)) is constant in all the doping
range since the only contribution comes from the substrate (independently of the

polysilicon doping).
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Figure 3.7: A, and A, variation as a function of the polysilicon doping.

3.5 Conclusions

The electrical behavior of MOSFETs with polysilicon gates at the silicided do-
ping limit was studied. Poisson and Schroédinger equations were self-consistently
solved throughout the structure taking into account quantization of both electrons
and holes.

Although their effects are weaker than in polygate, poly-accumulation/depletion
effects are still present in actual deposited and fully silicided gates. Simulations
show that assuming an ideal metal behavior leads to an overestimated extracted
insulator physical thickness and a capacitance loss. The important role of the holes in
accumulation has been revealed. Flat-band voltage definition was revisited; different
values of the flat-band voltage have been obtained for classical and full-quantum
approaches, showing that both values converge on the nearly same shift as the
polysilicon doping increases to the silicided limit. Finally, Spinelli-Clerc-Ghibaudo
analytical model for this shift was corroborated through comparison to simulated
data.
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Chapter 4

Remote scattering mechanisms
in ultra-thin-gate-oxide
MOSFETSs

4.1 Introduction

The International Technology Roadmap for Semiconductor (ITRS) imposes very
hard restrictions on the gate oxide thickness of MOSFETSs transistors for new tech-
nology nodes [ITR06]. As a consequence, the emerging decananometer MOSFETSs
technology with channel lengths of less than 50nm require oxide thickness of less
than Inm. Such ultrathin oxide layers impose important limitations on MOSFET
operation, including the following [GGR™T03]:

1. Non-negligible tunnelling currents.

2. Long-range Coulomb interaction between the carriers in the channel and the
ionized impurities to be found in the heavily doped areas corresponding to the
gate, source and drain, which strongly reduces the mobility in MOSFETs with

oxides thinner than 3nm.

3. Channel mobility decrease due to gate-oxide roughness.
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4. Polysilicon depletion near the oxide interface, which produces a significant
degradation of C-V characteristics (and MOSFET transconductance) if the

polysilicon gate is not doped enough.

5. Remote Coulomb scattering due to the polysilicon charges, which also strongly
degrades channel mobility [TT02].

These effects should be taken into consideration for an in-depth study of thin
oxide MOSFETs. Among the limitations listed above, remote scattering mechanisms
have been shown to play an important role on the channel mobility of the carriers
[GRO3]. These remote scattering mechanisms have already been introduced in pre-
vious works by means of Monte Carlo simulations [GGR03], [GR03], [GCFT06].
However, Monte Carlo techniques are time-consuming and cannot be used in massive
simulations due to the huge computational power required. In such cases, the use
of analytical models is essential. The drift-diffusion approach for device simulation
and the compact modelling approach for circuit simulation both depend on accu-
rate models to describe the main physical interactions that take place in the devices
(fabricated under current and future aggressive dimension reduction schemes). This
is the case with remote polysilicon-oxide surface-roughness scattering and remote
Coulomb scattering due to the polysilicon depletion charges. These two mechanisms
are particularly relevant when the oxide thickness is reduced [GGRT03], [GRO3],
[GGIMT03]. Figure 4.1 shows a schematic representation of the two scattering

mechanisms.

In this chapter, a model for the mobility component (obtained using the appro-
ximations related to the use of Matthiessen’s rule) [Zim72] connected with these two
remote scattering mechanisms is developed as a function of the oxide thickness (T,,).
To do this, a great number of Monte Carlo simulations have been performed in order
to characterize and determine the dependences of this mobility component. Once
the analytical expression for the mobility was obtained, it is used along with other
well-known models to account for other mobility components, in order to reproduce

the experimental results corresponding to a very thin oxide MOSFET.
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Source Drain

Figure 4.1: Schematic representation of the modeled scattering mechanisms. The
polysilicon-SiOy roughness is equivalent to a change in the insulator thickness, while the
depleted charges in the polysilicon cause remote Coulomb scattering.

4.2 Simulator description

A self-consistent Poisson—Schrodinger solution is developed making use of a non-
uniform adaptive mesh and an iterative Newton numerical scheme for the structure.
A non-parabolic band model was used for the silicon conduction band [FL93]. For
more details see Sectionl.3.

Once the electron distribution was known, the effect of a constant longitudinal
electric field, Fy, applied parallel to the Si — SiOs interface was considered by
solving the Boltzmann transport equation by the Monte Carlo method [FL93]. The
longitudinal electric field caused electrons to drift along the channel where they were
scattered by different scattering mechanisms. The simulator includes intravalley and
intervalley phonon scattering mechanisms as well as improved models to account for
silicon-oxide surface-roughness and Coulomb scattering mechanisms in the channel
[GRO3], [FL93]. In addition, the remote poly-oxide surface-roughness scattering
and Coulomb scattering due to the polysilicon depletion charges have been included
[GGRT03], [GRO3], [GGIMT03].

Remote interface roughness scattering is implemented in the Monte Carlo simula-

tor, where, in addition, and simultaneously, the participation of phonon scattering,
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Coulomb scattering and Si/SiOy interface roughness can be considered. Remote
roughness scattering is assumed like a fluctuation of the oxide thickness from its
average value, T,,, as represented in Figure 4.2. So at a given position r in the

plane parallel to the gate, it is assumed that the oxide thickness is given by

tox (1) = Tou + A (1) (4.1)

where T,, is the average oxide thickness and A () being the oxide thickness devia-
tions from its average value, which are assumed to be correlated in an exponential
law [GRO3].

Si

Figure 4.2: Schematics of the polysilicon-oxide interface roughness considered.

The basic simulated structure consisted of a conventional NMOSFET with an
NPOLY gate with a doping concentration ranging from Np_j,o,= 6 X 10 em™3 to
10?°c¢m=3. The substrate doping concentration ranged from Nq= & x 10%cm=3 to
5 x 10 e¢m™3. This high doping permitted a reasonable control of short channel
effects as the dimensions of the transistors were scaled down. The oxide thicknesses

used were in the range of T,, = 0.8 nm to 1.5 nm.
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4.3 Remote scattering model

The important role that remote scattering mechanisms play in the channel mo-
bility calculation is sketched in Figure 4.3. A comparison between Monte Carlo
simulated mobility curves with and without remote scattering mechanisms is illus-
trated. A substrate doping concentration of Ny= 5 x 10'7¢m ™2, and a polysilicon
doping concentration of N p_o, =1 0%%¢m ™3 is assumed. The parameters for the
surface roughness scattering were considered to be Ly, = 1.5 nm, A = 0.185 nm,
at both interfaces (polysilicon—SiOg and SiO2—-Si).

In the first group of curves (where remote scattering mechanisms are neglected)
there is no oxide thickness dependence and all the curves merge (solid lines). How-
ever, when remote scattering mechanisms are included, the behavior of the mobility
curves is different. As can be seen, the mobility drops at low and medium effective

fields (0.5-1.5 MV /cm) as the oxide thickness is reduced.
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Figure 4.3: Electron mobility versus effective field for the MOSFET devices used. The
mobility curves plotted in symbols are calculated taking into account the surface-roughness
of the polysilicon—oxide interface as well as the polysilicon depletion charge by means of
the remote surface-roughness and Coulomb scattering mechanisms. The curves shown in
lines are calculated by neglecting these mechanisms. Tox= 0.8 nm (W), Tox= 1.0 nm (o),
Tox=12nm (A), Tox= 1.5 nm (A).
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For the sake of clarity, Coulomb scattering due to substrate doping is not con-
sidered in these curves. As known, Coulomb scattering has a big impact on the
mobility at low vertical effective fields, and looses its importance as the inversion
charge concentration increases because of the screening by mobile carriers [FL93],
[TIT94], [JR83]. When substrate doping concentration is high, it is seen that Cou-
lomb scattering effects produced by the substrate doping partially mask the role of
remote scattering mechanisms [GGIJM™T03]. However, the contribution of Coulomb
scattering produced by the substrate doping will have to be taken into account if
one wants to reproduce experimental results (see Section 4.4 and Figure 4.7).

The different scattering mechanisms considered here (remote surface-roughness
and remote Coulomb scattering due to the polysilicon depletion charges) play diffe-
rent roles depending on the effective field considered. Figure 4.4 shows mobility
curves calculated by using these mechanisms independently. The following proce-
dure was applied: to evaluate the mobility curve labelled ‘remote interface roughness’
(A), we first calculated (using the Monte Carlo simulator) the phonon-limited mo-
bility curve (i.e. assuming phonon scattering as the only scattering mechanism). We
then calculated another mobility curve, but now when phonon and remote interface
roughness scattering were simultaneously taken into account. Finally, the Matth-
iessen’s rule is applied to both curves to extract the mobility limited by remote
interface roughness. The same procedure is used to evaluate the rest of curves in
Figure 4.4, activating the corresponding scattering mechanisms in the Monte Carlo
simulation, and applying Mathiessen’s rule to the resulting mobility curve and the
phonon-limited mobility to isolate the contribution of the desired scattering mecha-
nism.

As can be seen, remote surface-roughness is only predominant at low fields.
Indeed it can be considered as a variation on the oxide thickness and therefore a
variation on the threshold voltage; however, this is the most interesting effective field
range to study because at higher fields other scattering mechanisms such as phonon
and substrate-oxide surface-roughness play a major role [TT02]. By comparison,
remote Coulomb scattering is rather constant with vertical field.

Having seen the results, an in-depth study to characterize and model the effects
of these remote scattering mechanisms on the total channel mobility was performed.

In particular, an analytical expression for the mobility as a function of the gate-oxide
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Figure 4.4: Mobility versus electric field showing the distinct remote scattering mechan-
isms obtained by means of Mathiessen’s rule for a MOS structure (Np.poly =10%%¢m 3,
Na=5x10Y"em™2, Lgremote = 1.5nm, Agremote =0.185mm). Open triangles: remote
surface-roughness scattering. Open circles: remote coulomb scattering.

thickness for heavily doped MOSFETSs with ultra-thin oxides was developed. This is
carried out using Mathiessen’s rule whereby the following scattering processes were
considered: phonon scattering (upn), Si-SiO2 surface-roughness scattering (us,) and
remote scattering (p), including in this last component both remote polysilicon
depletion charge Coulomb scattering and polysilicon—SiOg surface-roughness scatte-

ring (see equation 4.2) [Zim72].

P = st 4 (4.2)

For the sake of clarity, Coulomb scattering due to the substrate charges was not
considered in the extraction of an analytical expression of the remote-scattering-
limited mobility (ure). As explained before, Coulomb scattering due to doping im-
purities strongly affects the mobility at low electric fields, and thus, partially masks
remote scattering effects. This makes the application of Mathiessen’s rule (Eq. 4.2) a

noisy procedure. To avoid this, and only for the extraction of the remote-scattering-
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limited mobility model, we ignored the effect of the Coulomb scattering due to
substrate doping. This procedure does not affect the extraction of u,. under the
assumption that the different scattering mechanisms are independent [JR83]. How-
ever, as shown in Section 4.4, this scattering mechanism will have to be necessarily
taken into account in order to reproduce the experimental results.

In the course of this, we studied and characterized a great number of mobility
curves. The phonon limited mobility (p,,) was calculated in order to isolate the
remote (pre) and Si-SiOg surface-roughness (us,) scattering components by means
of Mathiessen’s rule. After the calculation of u.,.. for a great number of oxide thick-
nesses by this procedure, these curves were empirically fitted to an analytical ex-

pression given in Eq. 4.3. The remote mobility component model obtained is given

Eprr— stD
exp| ——3 -
Hre = 3]
Egrr— ESL,)
a+cexp | ——5—+

where a, b and c are fitting parameters depending on temperature, substrate doping,

in Equation 4.3

(4.3)

oxide thickness, correlation length (Ls,) and rms values of the oxide thickness fluc-
tuation (Asg,); they must be fitted for each technology; @p is the depletion charge
and eg; the silicon dielectric constant. Equation 4.3 takes into account the strong
variation of u,. at low fields and also the saturation observed when the effective field
rises (see Figure 4.4).

The inverse of the isolated remote scattering mobility component, ., shown
in Figure 4.5 is plotted versus @/ (2es;) following the well-known relation for the
effective field (see equation 4.4) [TIT88], [TIT94]:

1 1

Eppp = — <QD + 2Q1> (4.4)
1

where 7 is the inversion charge. Due to the strong influence of remote scattering

mechanisms at low effective fields, special care has to be taken in modelling this part

of the mobility curve; the p, . representation plotted in Figure 4.5 is used in order

to obtain greater resolution at low effective fields. Indeed, p, . ~ ¢+ exp (—Qy),
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which clearly shows the effect of remote scattering (¢) and the screening effect of
the inversion charge. The importance of the other scattering mechanisms at high
effective fields in comparison with the contribution of remote scattering mechanisms

makes high levels of accuracy unnecessary in modelling this part of the curve.

10° . .

w " (em®Vs)

re

Q/(2s,) (V/cm)

Figure 4.5: Remote scattering mobility component versus the inversion charge. Accuracy in
modelling this component is only needed at low inversion charges; at high inversion charges
its role is minor in comparison with other scattering mechanisms such as Si-SiOy surface-
roughness scattering.

For the technological parameter of the simulated devices (N p_pory = 10%° ¢cm ™3

)

Na= 5 x 10" em™3, Ly, = 1.5 nm, A, = 0.185 nm) the algebraic expressions used

for the set of constants included in the remote scattering model given in Equation
4.3:

a = —0.0071 + 0.0227T,, — 0.020972, + 0.006172, (4.5)

b= —671000 + 1.57 x 10°T,,, + 1.33 x 10°72, + 3710007, (4.6)
TOI

¢ = 0.00148¢™ 05632 (4.7)
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in Equations 4.5, 4.6 and 4.7, T, is given in nm.

The validity of the model was checked not only by comparing with the Monte
Carlo results for this mobility component but also by adding the different mobility
components usually included in mobility models [VLPB98], making use of Mathi-
essen’s rule and fitting experimental and simulated mobility curves. The models

used for the different mobility components are as follows:

1. The Si-SiOs surface-roughness mobility component is described by using the

analytical expression given in [MLPP99]:

4]

= (4.8)
E%FF

Hsr

where o and ¢ are fitting parameters depending on the temperature. The
« parameter also depends on the correlation length of the SiOy—Si surface-
roughness (its value ranges from 2 to 1 at room temperature for correlation
lengths from 5 to 25 A in length) [MLPP99]. These parameters must be fitted

for each technology used.

2. The phonon scattering was described in [GLV95]:

)G )]

where T is the temperature and n and r are fitting parameters. The fitting

1 1

Kph B HphB

parameters p,,p and 3 depend on the temperature. Although the analytical
expressions used to calculate their values were given in previous works, the thin
oxide MOSFETSs considered here and the high effective field associated with
it led us to select a new set of parameters to fit the mobility values obtained

for this scattering mechanism.

The results of the modelling performed by using Equations 4.3, 4.8 and 4.9 were
compared with Monte Carlo simulations where phonon, Si—SiO» surface-roughness
and remote scattering mechanisms were considered. Figure 4.6 shows the compari-
son between the Monte Carlo simulated mobility and the analytically calculated mo-

bility for several oxide thickness values (N p_poiy =1 0P¢em™3, Na= 5 x 107 em™3,
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Ly =Lgr_remote =1.5nm, Agp =Agr_remote =0.185nm). As can be seen, the mobility
reduction due to remote scattering mechanisms at low effective fields is now repro-

duced with a reasonable fit. (Coulomb scattering due to doping substrate is ignored

in this figure.)
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Figure 4.6: Electron mobility versus effective field for different oxide thicknesses at room
temperature. Monte Carlo calculated results are shown in symbols and the data obtained
using the analytical model are shown in solid lines.

It is important to note that the mobility curves calculated in this work are low-
field electron mobility curves. In addition, we have used a one-electron Monte Carlo
simulator. This kind of simulator does not allow us to describe the behavior of short
channel devices [Tom93]. However, this does not mean that the expression obtained
in this work could not be useful to simulate ultrashort devices in drift-diffusion-

based simulators. In such a case, it is necessary, for example, to take into account
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the effect of the longitudinal electric field [Tom93], [Sel84], [RGLV97].

4.4 Comparison with experimental results

After developing the remote scattering model, it is used along with the other
mobility component models to compare with experimental data in order to check
its validity. To do this, we used the electron mobility data reported by Takagi et al.
[TT02] on Ty, =1.5nm and Ty =3.5nm MOSFETSs.
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Figure 4.7: Electron mobility versus effective field at room temperature. The experimental
electron mobility curves reported in [TT02] are shown in symbols. The mobility mode-
lled including phonons, interface Si-SiOs roughness, Coulomb scattering, remote rough-
ness and Coulomb scattering due to polysilicon depletion charges are shown in solid lines.
The mobility modelled without taking remote mechanisms into account is shown in dashed
lines. (NA:EXZOIGCm’S, Np—_poiy= 6x10¥em™3, Ny = 5x10° em™2, Ly, = 1.3 nm,
Ag-=0.35nm).

Firstly, the structure is simulated by using our Monte Carlo simulator and the
different scattering mechanisms are modeled: phonon scattering (Eq. 4.9), substrate
Coulomb scattering (which is absolutely necessary here), surface-roughness scatte-
ring (Eq. 4.8) and remote scattering (Eq. 4.3). Substrate Coulomb scattering was
modelled with the model introduced by Takagi [TIT88], where mobility was con-
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sidered to be linearly dependent on the inversion charge. The MOSFETSs considered
have the following technological features: N 4=3x10'em™3, N p_poly="6X 10 em3,
charge concentration at the SiOo-Si interface: Nij;=5x10'"cm™?; roughness para-
meters: Lg.=1.3nm, Ag-=0.35nm; T, =1.5nm in the first case and T, =38.5nm in
the second case.

Figure 4.7 shows the comparison between the experimental results and the mo-
bility curve modeled. The experimental data are well fitted. The influence of remote
scattering mechanisms can be observed by looking at the mobility curve plotted in
dashed line where the remote scattering mechanisms are turned off. As can be seen,
the effect of the remote interface roughness cannot be neglected at low fields, showing
clearly the need to include this mobility component when modelling ultra-thin oxide
MOSFETSs. Neglecting remote scattering mechanisms in the curve corresponding to

T e =1.5nm leads up to 30% error.

4.5 Conclusions

A mobility model taking into account the remote scattering mechanisms in
ultra-thin oxide MOSFETs was developed, including both polysilicon-oxide surface-
roughness and Coulomb scattering due to the polysilicon depletion charge.

The proposed mobility expression allowed us to reproduce the Monte Carlo si-
mulation results obtained for several of these ultra-thin gate oxide devices.

This expression is also used along with the previously developed models to ac-
count for the different scattering mechanisms usually included in mobility analytical
models in order to reproduce the experimental results obtained with very thin oxide
MOSFETs.
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THE SOI PARADIGM
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Chapter 5

SOI technology

The traditional integrated circuit technology is associated with the concept of
integrated circuit conceived by Noyce [Noy77] and Kilby [Kil76], where multiple
transistors could be made in the same piece of Si by insolating neighboring devices
from each other with reverse biased p-n junctions, field oxides or stop channels.
Despite the fact that the monolitic integration has revolutionized the technology and
the World, as the microelectronics industry has evolved, it has become increasingly
clear that junction insolation is not always the best approach to achieve monolithic
integration. Among its damaging effects, extra capacitance, slowing down the circuit
operation and the reduction of integration density in circuits should be mentioned.
If the ambient temperature is high enough, leakage currents diminish the isolation
between various circuit components.

Nowadays, the semiconductor industry follows Moore’s law [Moo65]. According
to it, the performance of the electronic circuits must double every eighteen moths.
This improvement has been achieved by gradual miniaturization of the devices.
However, as the featuring size of the devices becomes lower than 0.1um, new pro-
blems with non-trivial solution appear, questioning the possibility of maintaining
this policy for a long term.

The solution of these problems demand a total reconsideration of the classical
concepts that have been used in all design aspects until now. Therefore, it is ne-
cessary to optimize all the areas involved in the production, from the substrate ma-

nufacture, device improvement, new architectures for microprocessors and finishing
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with the redefinition of the encapsulation and external interconnections.
The new innovative concepts must be compatible with the present processes and
techniques to ensure a gradual reconversion of the current technology and recovering

in that way, the huge amount of money invested in clean rooms.

5.1 SOI technology motivation

It is possible and in some cases advantageous, to build monolithic semiconductor
circuits with dielectric, instead of junction, isolation. This is accomplished by utili-
zing silicon-on-insulator (SOI) wafers [Maz06]. Since one decade, commercial appli-
cations of SOI have grown exponentially, and entered the mainstream of ultralarge

(ULSI) electronic circuits as shown in Figure 5.1.
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Figure 5.1: Comparison between Moore prediction and the perfomances of traditional bulk
Si and SOI technologies.

Three have been the main reasons to motivate the development and use of SOI
technology. In the 1970’s and 1980’s radiation hardness of SOI circuits was the
main motivation for choosing these new substrates. The thin active films minimized
the impact of ionizing radiation on device performance. The majority of charges

generated, for example, by an alpha particle impinging on a Si substrate would be
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stopped by the buried oxide, thus reducing the current surge in the active film.

In second place, currently, performance enhancement motivates many integrated
circuit companies to use SOI wafers. For the same supply voltage, digital logic
circuits, such as microprocessors, run faster in SOI than in bulk Si. Alternatively,
it is possible to reduce power consumption of SOI chips by lowering their operating
voltage, while still keeping the clock rate, i.e. their performance which is the same

as in more power-wasteful circuits.

Finally, as we approach what is known as the "end of the Roadmap", SOI is
needed to extend life of the traditional Si technology [CCO03]. Transistors with gate
lengths of 25nm or less do not perform well in bulk Si. The electric field in the
transistor channel induced by the gate has to compete with the fields from the
source and the drain regions. These short channel effects (SCE) are reduced or

eliminated by using thin SOI structures.

The change from the technology hasn’t been so critical as it was thought in
the beginning. Once the technological challenge of making crystal silicon films on
a dielectric substrate has been overcome, the circuit design is similar to the one
used on the previous technology. In practice, it is not necessary to introduce heavy
modifications in the design to translate a conventional bulk circuit into SOL. In fact,
some of the layout structures that should be introduced to isolate the devices and
avoid parasitic effects such as leakage current, photo-current induced by radiation
or the so called latch-up, are not necessary due to the buried oxide (BOX) and
the lateral electrical insulation [CCO03]. The resulting circuits are simpler and more

compact.

In parallel with purely electronic applications, SOI wafers are becoming the ma-
terial of choice for many kinds of micro-electro-mechanical systems (MEMS) and mi-
crophotonic chips [CC03]. MEMS applications of SOI take advantage of mechanical
properties of the monocrystalline films, which are superior to those of polycrystal-
line Si. Photonic applications rely on the high refractive index contrast between Si
and SiO9, which permits photon confinement in small waveguides with sharp bends
[CL95], [CCO03].
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5.2 SOI wafers fabrication

The main problem to build a SOI wafer comes up when a crystalline silicon layer
must be grown on a amorphous substrate. Numerous efforts have been made in
that way without success. At the same time the knowledge of the structure and the
morphology of the Si films has been improved.

On the next pages, the most advantageous SOI techniques for the commercial

manufacture are presented.

5.2.1 SIMOX

The acronym SIMOX stands for "Separation by IMplanted OXygen". The prin-
ciple of SIMOX material formation is quite simple, and consists in the synthesis
of a buried layer of SiO2 by implantation of oxygen ions beneath the surface of a
silicon wafer. Processing conditions must be such that a single-crystal overlayer of
silicon is maintained above the oxide. In contrast to conventional microelectronics
implantation, in the case of SIMOX, ion implantation is used to synthesize a "new"
material, namely SiOs. This means that 2 atoms of oxygen have to be implanted
for every silicon atom over a depth over which the silicon dioxide has to be formed.
The implanted dose required to form a BOX, has to be from 100 to 500 times higher
than the heaviest doses commonly used for microelectronics processing. As result,

it is necessary to use an implantation dose in the order of 1.8x10'¥cm =2 at 200keV.

Oxygen ion implantation

'

Silicon overlayer
Buried oxide
S annealing laver
~ e s
W Silicon substrate r B Silicon substrate o

500-650 °C

Figure 5.2: The principle of SIMOX: a heavy-dose oxygen implantation into silicon followed
by a very high temperature annealing step produces a buried layer of silicon dioxide below
a thin, single-crystal silicon overlayer.
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The temperature at which the implantation is performed is also an important
parameter which influences the quality of the silicon overlayer. Indeed, the oxygen
implantation step does amorphize the silicon which is located above the projected
range. If the temperature of the silicon wafer during the implantation is too low,
the silicon overlayer gets completely amorphized, and it forms polycrystalline silicon
upon further annealing, an undesirable effect. When the implantation is carried
out at higher temperatures (above 500°C), the amorphization damage anneals out
during the implantation process ("self annealing"), and a single-crystallinity of the
top silicon layer is maintained. The silicon overlayer, however is highly defective.

At higher implant temperatures (700-800°C), SiOgy precipitates in the silicon
overlayer, mostly near its bottom interface, although large precipitates have been
observed near the surface region of the silicon film. This effect seems to set an
upper limit on the implantation temperature of approximately 700°C. Implantation
temperatures most commonly used range between 600°C and 650°C.

In 1990, Nakashima ant Izumi [NI93] proposed the reduction of the implanted
dose pursuing the drastic limitation of the dislocation density in the silicon layer
over the BOX. The "low-dose" SIMOX is obtained by implanting O ions at a
specific dose located in a very narrow window around 4x10'7cm~2. With a single
implantation and a 6 hour anneal at 1320°C, a continuous BOX having a thickness
of 8nm is formed. In this way, thinner buried oxides were obtained waking up the
interest in the thin layer devices. Moreover, carbon and heavy metal contaminants
and wafer price were reduced since they were proportional to the oxygen implanted
dose. For all these reasons, during the last years new techniques based on low-dose
oxygen implantation have been derived like ITOX or SIMOX MLD.

Early SIMOX wafers typically had 10'°cm =2 threading dislocations intersecting
the Si film. Formation of these defects depends on a complex interplay of many
factors. Reduction to 10cm~2 threading dislocations was achieved by increasing
implantation temperature to ~ 600°C' [CC03]. A sequence of multiple partial-dose
implants and anneals was shown to further reduce the defect density by an order
of magnitude, but at the added cost of the process complexity [HFF88]. Further
reductions in defect density relied on modifying the implanters.

Finally, the quality of the SiOs achieved through this technique is considerably

lower than the native thermal oxide quality.
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5.2.2 ELTRAN®

The Epitaxial Layer TRANsfer (ELTRAN®) is another approach that combines
the formation of a porous layer and a wafer bonding to produce Bond-and-Etchback
SOI (BESOI) material with good film thickness uniformity. This technique was
developed by Canon in 1990 for the industrial production of SOI wafers [YSS94].
As presented in Figure 5.3 it is possible to grow a high-quality silicon epitaxial film
on porous silicon. The porous silicon wafer with the epitaxial layer film can then be
oxidized and bonded to another wafer. Polishing is then used to thin the SOI wafer
down to porous silicon layer, and chemical etching is then used to remove the latter
[Col04].

1.- Initial Si 2.- Epitaxial growth

Double porous

— A~ silicon layer =3 €— Epitaxial silicon

B —— _
3.- Cleaning and
bonding
<+— 5i0, !
‘—
5.- Etching and
annealing
Water Jet
> SOI Wafer

Figure 5.3: Schematic of the ELTRAN process.

Porous Si is formed by an electrochemical reaction when Si constitutes the anode
of an electrolytic cell with an HF solution as the electrode. The etching process cuts
a random network of nanometer scale pores in Si, producing a porous layer than

has a fraction of the density of Si and a very large surface-to-volume ratio (200-
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1000m?2 /em3).

The ELTRAN® technique takes advantage of the fact that porous Si is mecha-
nically weak, but still preserves the single crystalline quality of the wafer on which it
was formed. As further refinement, instead of porous Si layer, two layers are formed
with different pore morphology. By suitably changing current flow conditions during
anodic etching, a layer with very fine pores is formed at the surface, with a second
layer that has coarse pores positioned deeper into the substrate (Double porous si-
licon layer in Figure 5.3). Since there is considerable surface stress at the boundary
between these two porous layers, a water jet causes cracking along the planar porous
layers, leading to a more uniform cleavage.

After wafer cleavage, the residual porous Si on the SOI wafer is etched away,
and the newly exposed SOI wafer surface is smoothed by a second application of
hydrogen annealing at about 1100°C. The wafer A’ that donated the epitaxial film
can be reclaimed, polished if necessary, and then reutilized.

The crystal quality of the SOI material obtained by wafer bonding and etch-back
is, in principle, as good as that of the starting silicon wafer. The dislocation density,
however increased in the case where epi is used on a P™T buried layer as an etch

stop (instead of porous film).

5.2.3 Smart-CUT™™

This process combines ion implantation technology and wafer bonding techniques
to transfer a thin surface layer from a wafer onto another wafer or an insulating
substrate. It was discovered in 1991 by M. Bruel from CEA-LETI [Bru95] who filled
a patent application on a method of preparing thin silicon films that could be used
to form SOI wafers. As applied to the fabrication of SOI, the method consisted of
wafer bonding followed by splitting of a thin layer from one of the wafers.

Figure 5.4 shows the basic steps of this technique. The starting point are two
conventional silicon wafers (A and B). The A seed wafer, from which a layer of Si will
be removed, is oxidized to desired thickness. This oxide will become the buried oxide
or BOX after bonding. The following step is hydrogen implantation through the

016

oxide into Si with a dose that is typically > 5x106em =2 producing fine microcavities

in the Si lattice. After implantation, A wafer and B wafer (handle wafer) are carefully

Characterization, Modelling and Simulation of Deca-nm SOI MOSFET's 69



5.2. SOI wafers fabrication

cleaned in order to eliminate any particle and surface contaminants and to make both
surfaces hydrophilic. Wafers pairs are aligned and contacted so that the fusion wave
can propagate across the entire interface. A batch of bonded pairs is loaded into
furnace and heated to a temperature of 400-600°C. The pressure builds up to a
point of fracture and the wafers split along the hydrogen implanted plane. The size
increase of the microcavities takes place along a <100> direction (i.e. parallel to

the wafer surface).

1.- Initial Si 2.- Oxidation 3.- Ion implant
. H ops
— 0 — —

5.- Splitting 4.- Cleaning and Bonding

S I g

— B ]

6.- Finishing 7.- Wafer becomes
SoT vt —
OR
—>  Bulk Si " NewB

Figure 5.4: Obtaining SOI wafers by Smart-Cut”™ method.

A second heat treatment takes place at a higher temperature (1100°C) and is
aimed at strengthening the bond between the handle wafer and the SOI film. Finally,
chemo-mechanical polishing is performed on the SOI film to give it the desired
mirror-like surface. Indeed, this layer exhibits significant micro-roughness after wafer
A splitting, such that a final touch-polish step is necessary to reduce the surface
roughness to less than 0.15 nm and consume a few hundreds of angstroms of the
SOI film.

The Smart-Cut’™ process requires only N+1 starting wafers to produce N SOI
wafers, while other BESOI processes require 2N wafers to produce N SOI wafers

70 Characterization, Modelling and Simulation of Deca-nm SOI MOSFET'Ss



Chapter 5. SOI technology

[Col04]. This process has proved to be the most efficient and nowadays is the most
utilized in the commercial production of SOI wafers [CCO03].

There are other wafer bonding based methods to obtain monocrystalline silicon
films on almost any substrate. In this way it is possible to fabricate circuits for
certain applications where the properties of the mechanical support are important,
like in the case of integrated circuits on flexible substrate, glass or plastic, allowing

a best integration of embedded systems.

5.3 Advantages of the SOI technology

As shown is the previous sections, although most of the technological processes
related to the SOI devices manufacture are compatible with the standards of the
semiconductor industry, the final cost of the product is slightly higher than the
conventional technology essentially due to the pre-processing of the wafers for each
application. In spite of it all, the advantages of the SOI technology over bulk are
important, and the cost increment is justified, even being the only alternative for

certain architectures. Among the main advantages should be mentioned [CCO03]:

e Reduction of parasitic capacitance and junction depth.
e Full compatible technology with the traditional processes.
e Steps reduction in the manufacture process.

e In some cases, increase of the level of integration due to the layouts simplific-

ation.
e Jonizing radiation hardness devices.

e Reduced power consumption of SOI chips by lowering their operating voltage,

while still keeping the clock rate.
e Higher operation speed for the same supplied voltage.

e Short channel effects (SCEs) are reduced or eliminated by using thin SOI

structures.
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e Architecture flexibility.

e Integration of different structures in the same chip such as high speed devices,

power devices, MEMS and optic elements.

e Three-dimensional devices.

5.4 SOI devices classification

In SOI technology, the MOSFET still remains as the most used part for con-
ventional single gate devices. This fact and the technological compatibility has
allowed the direct transfer of the conventional CMOS technology into SOI wafer
based circuits. However, the existence of a buried oxide and the development of new
techniques for obtaining SOI structures has opened a new scenario for new devices
impossible to implement under the conventional CMOS technology. A new range
of opportunities has appeared making possible the suitable device for each appli-
cation. Such a huge lot of configurations and operation principle lead to multiple
classifications.

In SOI MOSFETSs, two inversion channels can be activated, one at the front
Si-SiOs interface and the other at the back Si-BOX interface.

5.4.1 Partially depleted MOSFET'Ss

In partially depleted (PD) SOI MOSFETS, the depletion region induced by the
gates does not extend from one interface to another, and a neutral region subsists
between the too insulators. The interface coupling effects are not present, but instead
floating-body effects arise (Figure 5.5), inducing kink effect, transient variations of

the potential, threshold voltage and current.

5.4.2 Fully depleted MOSFETSs

Full depletion happens when the depletion region covers the whole transistor
body. The depletion charge is constant and cannot extend further when the gate
bias increases. The excellent coupling between the gate and the inversion charge of-

fers improved current and subthreshold slope. The front and back surface potentials
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channel

Si substrate

Figure 5.5: Configuration of a partially depleted SOI MOSFET.

become inter-related. Interface coupling means that the electrical characteristics of
one channel vary with the opposite gate bias. In practice, the front-gate measure-
ment may include contributions from the BOX and from the BOX/bulk interface,
and highly depends on the back-gate bias. FD characteristics are complex, controlled

by both gate voltages.

5.4.3 Multigate devices

One of the problems that the semiconductor industry has to deal with in the
near future is the increase of the driven current by reducing the dimensions without
losing the control of the charge by the gate (SCEs). Multigate devices arise from
that necessity: If one gate is not enough, why don’t we have more than one?

The dual-gate configuration is the intrinsic feature of SOI devices. The double-
gate MOSFET is one step ahead of the context of the interface coupling. The two
gates are simultaneously scanned. The first device based on this concept was the
XMOS [SH84], Figure 5.6(a), taking its name from the greek letter =. It presents
better charge control than its single-gate counterpart. The first double gate ever
fabricated was call DELTA [HKKT89], it became a vertical device, being the first
precedent of the FinFET, Figure 5.6(c), which manufacture is simpler than in the
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horizontal channel device. However, there are limitations between the ratio of the

channel length, Lg, and silicon film thickness, T's;.

Figure 5.6: Schematic representation of SOI devices: (a)SGSOI, (b) DGSOI, (c¢) FinFET.

Once the advantages of a second gate were observed, the next step was the
addition of another gate to increase even more the control over the charge in order
to reduce the short-channel effects as the final premise. Thus, new devices called
trigates appeared; a narrow and thin silicon island was surrounded by the oxide,
Figure 5.7(a). There are more sophisticated devices situated between the three
and four gates; the so-called triple+. The II-FET and Q-FET are two examples
(Figures 5.7(b) and 5.7(c) respectively). In the first one, the gate penetrates into
the buried oxide providing greater control over the charge. In the second one, the
gate not only penetrates in the BOX, but also it extends laterally under the silicon
film without closing. If the device is narrow enough, this configuration allows an
additional virtual-gate below the silicon island induced by the field below the gate

extensions [Col04].

Figure 5.7: Schematic representation of SOI devices: (a) Trigate, (b) II-Gate, (c) Q2-Gate.

Finally, if the silicon layer is completely surrounded by structures assigned to
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the charge control the device is called four-gate. Different approaches have been
proposed but no one is under manufacture. In one of them (GAA), the silicon
film is completely covered. This structure reduces to the quantum wire [BCBG95]
concept when the thickness and the width are small enough. Figure 5.8(a) shows
the gate-all-around MOSFET (GAA) as a horizontal device with rectangular section
completely surrounded by the gate. If the device is vertically conceived as a silicon
pillar with circular section the device is called CYNTHIA (cylindrical thin-pillar)
and if the section is rectangular it is called pillar surrounding-gate.

Another known option, the G*-FET [CCO03] (Figure 5.8b), consists in a device
with two MOS gates on the up and low sides and two JFETSs on the lateral sides.
The GAFET is operated in accumulation mode. The conductive path is modulated
by mixed MOS-JFET effects: from tiny quantum wire, surrounded by depletion
regions, to a strongly accumulated body. Each gate has the capability of switching
the transistor on and off. The independent action of the four gates opens new
perspectives for mixed-signal applications, quantum wire effects, and quaternary

logic schemes.

Gate

Drain
Gat
Gate
- //L Source
— ate
BOX

Figure 5.8: Schematic representation of SOI devices: (a) GAA, (b) G*FET.

5.4.4 Non-conventional effects

In thick partially depleted double-gate films, increasing the gate bias simulta-
neously in both gates, V¢, ,, has only the effect of forming two channels instead of
one. The two channels grow independently, whereas the undepleted central region of

the film is controlled by majority carriers. The total current comes from the parallel
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combination of two transistors. The case of fully depleted films is far more exciting;
the whole film can reach strong inversion [BCB*87]. The minority carriers are no
longer confined at interfaces, and many of them can fly in the silicon film volume
(Figure 5.9) being less affected by the presence of interface traps, oxide charges,

surface roughness, and other surface-related scattering events.
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Figure 5.9: Charge density dependence along the silicon thickness in double gate devices.
The interaction between both channels (volume inversion) is revealed being specially signi-
ficant below 10nm.

One of the goals of this work is to show the expected increase in mobility and
transconductance previously anticipated by Monte Carlo simulations [GF01]. Figure
5.10 shows the electron mobility as a function of the silicon thickness when the SOI
transistors are operated in single-gate and double-gate mode. The beneficial effect
of the volume inversion is clearly seen for silicon films thinner than 10nm.

Another important effect caused by the reduction of the silicon film thickness is
the subband modulation effect [GRCCT99]. This effect is related to the split of the
degeneracy of the Si conduction-band minima. The self-consistent solution of the
Poisson and Schrédinger equations shows that the populations of the non-primed
subbands increase at the expense of the primed subband population as the silicon
layer thickness is reduced. Examples of this effect will be given in Section 8.2.2.2.

As a consequence, the conduction effective mass of the electrons decreases as the

76 Characterization, Modelling and Simulation of Deca-nm SOI MOSFET'Ss



600

Chapter 5. SOI technology

400 |

N

o

o
T

Phonon+S.R.+Coulomb |

E__ =5x105 V/icm
EFF

Electron Mobility (cm2/V s)

~
Ul
T

w w
o ~l
o oo
T T

N

N

[¢;]
T

-

al

o
T

= 6 i
EEFF 1x10° V/cm |

0]

10

20 30 40

Silicon Thickness (nm)

50

Figure 5.10: Monte Carlo simulated mobility dependence on the silicon film thickness. The
effect of volume inversion is clearly seen leading to an important mobility increase for silicon

films thinner than 10nm.

silicon layers thickness decreases and therefore the effective mobility increases.

5.5 Conclusions

In this chapter some essential aspects of the SOI technology have been treated.
An in-depth study was already done by different authors ([CL95], [CCO03], [Col04]).
The future of SOI is bright: process compatibility with standard semiconductor

industry, geometric flexibility for each application and the performance increase are

claiming SOI as the base of the future semiconductor industry. SOI is facing the

traditional bulk processes, gaining ground day by day and representing the best

alternative to extend life of the traditional Si technology as we approach to the "end

of the Roadmap".
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Chapter 6

SOI wafers characterization

6.1 Introduction

The demand for SOI wafers with ultrathin silicon films, without degradation of
their electrical properties, is strong. As for all products dedicated to device fabri-
cation, these wafers require a quick, detailed, and reliable electrical characterization
to asses their quality [HAHCO07]. The list of evaluation techniques includes C(V),
transport, photo-transport, Hall effect, deep level spectroscopy, etc [CL95]. The
main problem is how to deal with fully-depleted films and coupling effects between
multiple interfaces.

In this chapter, two are presented: the second harmonic generation which is
being adapted to SOI an the pseudo-MOSFET which is the most advanced and

reliable wafer characterization technique.

6.2 Second Harmonic Generation in V-MOS

Although SOI devices are naturally resistant to transient photocurrents and
single event upset, total-dose irradiation may induce a parasitic conduction path at
the buried oxide (BOX) interface due to radiation-induced oxide and interface traps
[JEST03].

The Si/BOX interface quality has been studied electrically through various tech-

niques such as I-V and C-V. Wafer-level measurements via the pseudo-MOS tech-
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nique are frequently used for evaluation of partially-processed wafers. The limitation
of this technique is that it damages the active device regions by directly probing the
Si-film, and it is limited to the characterization of the top Si/SiOq interface.

Recently, the second harmonic generation (SHG) technique has been proposed
as a nondestructive and non invasive probing technique since the SH signal detects
the electric field at the Si/SiOg interface without directly contacting the surface
[JSE104].

o 20

Figure 6.1: Schematic diagram of UNIBOND wafer structure for optical measurements:
Incident fundamental beam and selected SHG signals.

Laser irradiation generates electron-hole pairs in the Si-region; some of the elec-
trons acquire enough energy to overcome the barrier at the Si/SiOy interface and
are injected into the oxide. Some of the injected electrons are trapped on free
surface or at defects in the oxide regions. These electrons are responsible for the

time-dependent electric field at the Si/SiO2 interfaces

The time-dependent electric field-induced second-harmonic generation is gover-
ned by Eq. 6.1 for a single interface (Figure 6.1). As expressed in Egs. 6.1-6.3, E (t)
is a quasi-static electric field related to the effective oxide surface charge density, o,

which is the integral of the oxide volume charge density, p over the normal axis.

2
1% () = 2@ + 2O E (1) (1%)? (6.1)
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E(t) = (6.2)

Tox
o(t)= /p(z,t) dz (6.3)
o
where I¥and I are the fundamental and SHG signal intensities; 5®) and =)
are the third-order susceptibility in silicon and the effective SHG susceptibility from
other sources respectively.
For multi-interfacial structures, the total SH intensity includes contributions
from all interfaces. The time-dependent electric field is created independently at
each interface. The SH intensity I?* is described by Eq. 6.4 which includes the

effects of the electric fields at the different interfaces.

IZw (t) — Z

7

2
=2+ 208 ()| (1) (6:4)

The electric field generated at each interface contributes to the total SHG inten-
sity independently, yet it is also affected by an externally applied electric field. The
SHG intensity including the contribution of the constant applied field is expressed
in 6.5. Depending on the polarity of the external field, it can add or subtract from
the existing field:

2
=@ 1 20 (B £ B ()| (14)? (6.5)

() =>"

i

Transistor like curves are presented in Figure 6.2; the interface field can be
associated with the channel inversion charge. The bias dependence is analogous
to the I-V characteristics commonly obtained using the ¥ — M OSFET technique
[CMLO0].

Furthermore, the large penetration depth of the optical radiation allows to use
SHG as a sensitive probe of electric field at deeply buried SOI interfaces. Therefore,
SHG can be an attractive alternative to investigate carrier dynamics in SOI wafers.

The second harmonic generation constitutes a promising and useful noninva-

sive technique to characterize the radiation response of multi-interface SOI wafers
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Figure 6.2: Transistor like contact less W-MOSFET curves similar to drain-gate voltage
curves.

providing information about charge carrier dynamics in SOI structures. Optical and
electrical methods can be combined to separate the contributions of the signal from
each interface to the total SHG intensity [JSFT04].

6.3 Pseudo-MOSFET

Any SOI material has a natural, upside-down MOS configuration (Figure 6.3).
The silicon film represents the transistor body and the buried oxide serves as the
gate insulator. The thick Si substrate plays the role of the gate and it can be biased
through a metal support to induce a conducting channel at the interface between
the film and oxide [CW92], [CML00]. Depending on the positive or negative "gate"
bias, an inversion or accumulation channel can be activated. The source and drain
electrodes can be formed by two point-contact tugsten carbide probes.

This device is named pseudo-MOSFET (U-MOSFET) and represents a unique
method allowing the wafer characterization before any CMOS device processing.
Typical Ip (Vi, Vp) curves characteristics are reproduced in Figure 6.4. The low-
field carrier mobility (holes or electrons), threshold voltage, flat-band voltage, den-

sity of interface defects can be obtained combining this configuration with usual
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Figure 6.3: Schematic configuration of the -MOSFET.

extraction procedures [CW92], [CMLO00], [Hov03].

Previous studies indicated that pseudo-MOSFET characteristics are affected by
silicon thickness. As the film gets thinner, the current level decreases (leading to a
decrease of the transconductance), while the subthreshold swing and the absolute
values of both threshold and flat band voltage increase.

In particular, the threshold (and flat band) voltage shift has been subjected to
detailed discussions and some explanations have been offered [SKBT05], [HAHCO07],
[BCO4].

6.3.1 Threshold voltage shift

In this section the outstanding increase in the threshold voltage that was ex-
perimentally observed in SOI films thinner than 50nm is investigated [BC04]. The
symbols in figure 6.5 show the Y-function [Ghi88] extracted threshold voltage versus
the silicon layer thickness in UNIBOND® wafers with tgox = 145nm. As observed,
the threshold voltage (and also the flat-band voltage, not shown) increases as the
film thickness is reduced.

This effect is not accounted in classical pseudo-MOSFET model which suggests

an opposite variation. In fact conventional equations give:
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Figure 6.4: Typical U—MOSFET characteristics in UNIBOND® material: (a) drain current
versus drain voltage, (b) drain current versus gate voltage in strong inversion and strong
accumulation, (c¢) weak inversion/ accumulation curves, and (d) transconductance curves.
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where Nyym, and Ny, are the doping levels in the silicon film and substrate (in
Unibond wafers N¢ij, = Noup). Qoz is the fixed charge in the oxide and Dy is the
trap density at the film-BOX interface. These equations show no dependence of Vrp

with the silicon film thickness, and suggest a decrease of the threshold voltage for

thinner films. The discrepancy with the experimental data (reproduced in Figure

6.5) suggests that a corrected model is needed accounting for the coupling between

the top and bottom interfaces.

The in-depth 1-D numerical solution of Poisson equation was calculated by consi-
dering that the gate voltage drops exclusively in the BOX and SOI film. Both buried
interface (film-BOX) density of traps, D;;,, and top (free surface of the film) den-
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Figure 6.5: Experimental extracted (solid symbols) and simulated threshold voltage versus
the silicon thickness for various trap densities of surface states. For Do =2x108em=3eV 1
the simulation fits the experimental data. tpox=145nm.

sity of traps, D;;,, were considered. Then the threshold voltage was extracted from
the peak of the second derivative of the inversion charge versus substrate voltage
characteristic.

The solid-lines in Figure 6.5 show the simulation-extracted threshold voltage
versus the silicon layer thickness for different values of free surface density of states,
Djyo. It is clear that the top surface density of charge is responsible for the threshold
voltage shift with the film thickness. For Dy = 2 x 1013c¢m™2eV ! the simulation
reproduces the experimental curve for non-passivated wafers, and this density of
traps is in good agreement with suggested values [HAHCO7]. The effect of the buried
density of states (not shown) is just a vertical shift of the curves (~ ¢D;11/Cos as in
the usual MOSFET transistor).

Figure 6.6 illustrates the threshold voltage extraction procedure used to obtain
the data plotted in Figure 6.5. The charge density obtained from the numerical solu-
tion of Poisson equation is derived two times. The peak positions of this derivative
correspond to the threshold voltage values [CL95]. Observe also the lateral shift of

the charge curves as the top density of states increases due to the coupling effect.
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Figure 6.6: Charge density (continuous line) and second derivative of the charge den-
sity (dashed line) illustrating the threshold voltage extraction procedure. In all cases
D1 =2x10" em=2eV L.

6.3.2 Vertical potential profile

Figure 6.7 explains the reason for this behavior governed by the density of states.
The simulations reveal that the potential profile is severely dominated by the top
interface when the trap density is high (Djz = 2 x 1013em™2eV !, Figure 6.7a) and
the film is ultrathin. This invalidated the usual thick-film W-MOSFET model which
assumes zero top-charges. It follows that the inversion condition (quasi-fixed BOX
interface potential) requires a higher voltage than for lower free-surface charge. The
potential profile corresponding to threshold is presented in dashed line. For Do =
0 em~2eV ! (Figure 6.7b), the potential profile presents the usual parabolic-like
shape. This contrasts with the case of high D;;o (Figure 6.7a), where the potential
variation is quasi-linear; indeed, the field is roughly constant being imposed by the
surface charge. The W-MOSFET model [CL95] was developed for relatively thick
SOI films where the top surface and native oxide are not relevant. The present
simulation indicates the need for model reconsideration by including the coupling

effect between the two interfaces of the film.
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Figure 6.7: Potential profiles from BOX interface to free surface for a 16nm thick pseudo-
MOSFET with (a) high and (b) zero density of states at the top surface. Vi increases from

1V by 1V steps. The portential profile corresponding to the threshold voltage is shown in
dashed line.

As a consequence of the floating top potential the gate voltage must support
an additional term accounting for the band shift. The total band curvature at
inversion cannot be considered as 2¢p = 2kT/qIn (Nyipm/ni). This effect is the

direct consequence of the absence of potential condition at the top interface.

A schematic energy-band diagram is presented in Figure 6.8. For simplification,
the gate (wafer substrate for the pseudo-MOSFET case) is assumed to have the
same Fermi level position as the film and therefore for Vg = 0 the structure is at
flat-band (Figure 6.8a). For a positive gate bias (Figure 6.8b), the intrinsic Fermi
level (E'r;) never achieves the original equilibrium value (unlike the bulk MOSFET).

Figure 6.9 shows potential profiles similar to those presented in Figure 6.7 but
for a silicon film thickness of 82nm. Note that in this case the threshold voltage
difference is not so noticeable due to the lower coupling effect of the top interface.
Figure 6.9a exhibits smaller top potential shift, ¢, than Figure 6.7a; this difference

is also the consequence of the film thickness.
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Figure 6.8: Schematic energy band diagram. (a) No bias is supplied. (b) For positive bias, as
a consequence of the absence of top potential condition, the band shifts leading an additional
potential term supported by the gate voltage (circled area).

6.3.3 Analytical model for the threshold voltage

Analytical current-voltage (I-V) models are indispensable in compact modelling
and for the comprehension of the fundamentals of pseudo-MOSFET characteristics
[CMLO00]. The starting point of the modelling task is Poisson’s equation along a
vertical cut perpendicular to the Si film:

>y q av
e (niekT i NA) (6.8)

Models for the threshold voltage by always neglecting the minority carriers have

been proposed [CW92], [Hov03]:
2
% - giSiNA (6.9)

At present, ignoring the minority carriers in ultrathin layers is a delicate matter.
An inaccurate expression of the threshold voltage is unable to reproduce the strong
inversion current.

Our strategy was opposite: we tried to face the problem in an analytical way,
solving Poisson’s equation while neglecting the film doping (< 10em™3) and ac-

counting for the minority carriers. Then, the Pao-Sah integrals are the straight
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Figure 6.9: Potential profiles from BOX interface to free surface for a 83nm thick pseudo-
MOSFET with (a) high and (b) zero density of states at the top surface. Vi increases from

1V by 1V steps. The portential profile corresponding to the threshold voltage is shown in
dashed line.

forward way to obtain the current and therefore the threshold voltage ([Tau00]).

We considered Poisson’s equation for minority carriers:

> ¢ @

where v is the potential, i. e. 1) = Er, — Er (Figure 6.8) A first integration yields:

2T, [ 4
d _ [ (et — ) (6.11)

= — e kT

dx £Sj
In Eq. 6.11 the electrical field at the top free interface has been supposed to be
zero. This is in accordance with Figure 6.7b where the potential profile becomes flat
when no charges are considered at the top interface. By contrast no assumption is
made about the top interface potential (¢o = EF, (tsi) — Er (tsi)) leaving it like an

open condition. After a second integration:
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_ 2.
qw]{:TwO) = —2In |cos QZ‘TZZSie%x (6.12)

and now using the change of variable:

20 .
=] L enit g (6.13)

kT tsi q3n; Bz
— 2w |5 re 14
Y (z) . n 5\ 2hTes, cos <tSi (6.14)

Figure 6.10 shows the potential profile comparison between Eq. 6.14 and the

Eq. 6.12 becomes:

numerical solution of Poisson equation for (a) T's; = 20nm and (b) T's; = 100nm film
thicknesses. As it was expected, the agreement is perfect since Eq. 6.14 represents

the analytical solution of Eq. 6.10. Different values of the gate (substrate) bias are

presented.
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Figure 6.10: Potential profile comparison between Eq. 6.14 and the numerical solution of
Poisson equation (Eq. 6.10).
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The total inversion charge is easy to obtain from Gauss law (zero field at the top

interface):

d kT
Qinv = €si <dfﬁ)wts = 5512(175681 tan () (6.15)

Pao-Sah’s integral [PS66] from source to drain can be written as:

av
g
Above threshold, combining Eqs. 6.14, 6.15, 6.16 with the boundary condition

referred to the continuity of the electrical displacement:

Vo= —w(w=ts) ___ <CW’> (6.17)
r=tgj

W [Vos W [Bp

h— ag (6.16)
L Jy L Jgg

Ip =

oxr

dzx

t0$

where ¢, is the Fermi levels difference between the film and the substrate, i.e.

s = Er_fitm — Er_substrate- Using Eq. 6.17 after integrating in Eq. 6.16, yields:

2
Ip = fo1Cos [(Vg V) Vi — VzD] (6.18)

where f; is the pseudo-MOSFET form factor and Vr plays the role of the threshold

voltage:

2kT

1 [2egkT
VT = ¢f3 + T In S

tsi || ¢%ni

(6.19)

This equation holds for ideal bottom and top interfaces (no charge).

The charge at the BOX-Silicon film interface (Qpox and D) can be accounted
in the continuity of the electrical displacement, Eq. 6.17, generating only a shift in
the threshold voltage.

Vg — &5 — ¥ (z = tsi)

tOCL’

ox

+ Qpox — qDin? (tsi) = esi (ﬁ) (6.20)
r=tgi

This correction results in an improved expression of V.
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tsi || ¢%ni

2 D; 1 2eq; kT
QBox kT <1 L4 t1> n [ esik (6.21)

Vi = o+ 20X 4 22
r=opt o Tt Con

Equation 6.21 is analytical and it represents a very good approximation to eva-
luate the threshold voltage, but with limited validity (only for the case when the
top interface charges can be neglected). Otherwise there is no way to perform the
integration of Eq. 6.10 if the top field is not assumed as zero.

Equation 6.21 also reveals that under this analytical (and classical) approach
the threshold voltage could become out of control in ultrathin layers as seen in
the functional dependence of the logarithm in Eq. 6.21 when tg; decreases. Note
that this extreme case needs to be accounted for by including the thickness-related
quantum effects (subband splitting and carrier confinement).

Figure 6.11 shows the comparison of the analytical threshold voltage expression
(Eq. 6.12) with experimental results. The film and substrate are assumed to have
the same doping level (¢fs = 0). The BOX-film interface features a density of

interface states, Dj;1=2x 10" em=2eV 1.
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Figure 6.11: Comparison between the the analytical model (Eq. 6.21) considering a buried
interface density of charge (BOX/Si-film interface) determined by D;;; =2x 10 em=2eV =1
and the experimental extracted values for the threshold voltage.
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As observed the analytical model (Eq. 6.21) is only able to reproduce the ex-
perimental values of the threshold voltage for the thicker silicon films where the
influence of the non-passivated top interface (with high density of charge) is reduced

or it can be simply neglected.

6.3.4 Empirical model for the threshold voltage

Due to the difficulty to derive an analytical model, a