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Abstract

Carrier mobility is one of the most important parameters affecting the I-V
characteristics of MOSFETs. Hence, accurate mobility models that account for all the
important scattering mechanisms are an essential requirement for predictive MOS device
simulation. This dissertation focuses on issues related to mobility modeling in MOSFETs
as they scale to deep submicron dimensions. A new physically-based mobility model for
two dimensional (2D) device ssimulation is presented that accurately models MOSFETs
for al channel lengths down to 0.25um. Enhanced physical features of the new model
include terms for 2D Coulombic scattering and 2D accumulation-layer mobility.

As MOSFETSs scale to shorter channel lengths, channel doping levels increase in
order to suppress undesirable short-channel effects such as punchthrough and drain-
induced barrier lowering (DIBL). One direct conseguence of increased doping is enhanced
impurity scattering, the importance of which in scaled MOSFETSs is established by
demonstrating its impact on critical design parameters such as threshold voltage and
off-state leakage current. An accurate model for impurity scattering has been devel oped
that, for the first time, properly accounts for 2D confinement and quantum mechanical
effects in the inversion layer. A systematic methodology for extracting Coulombic
mobility from |-V datais also presented. Based on this scheme, it is shown that in regimes
where three dimensional (3D) models grossly over-predict mobility, the new 2D model
demonstrates its broad applicability by accurately reproducing experimental results over a
wide range of channel dopings, substrate biases, and electron concentrations.

Traditionally, channel resistance has been the dominant factor limiting current
transport in MOSFETSs. However, in deep submicron MOSFETs with lightly-doped drain
(LDD) structures, channel resistance has become comparable to the parasitic series
resistance, a mgjor component of which comes from the accumulation layer in the LDD
region. A unified mobility model is presented that is applicable in both inversion and
accumulation layers. A systematic methodology is presented for the calibration and



validation of the new model with experimental data. Broad applicability of the new model
is established with excellent agreement over a wide range of operating conditions

(subthreshold, linear, and saturation) for gate lengths ranging from 20.0um down to
0.25um.
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Chapter 1

| ntroduction

1.1 Motivation

Asaresult of MOS technology scaling over the last three decades, the complexity of
integrated circuits has increased tremendously from small-scale integration of a few
transistors on a silicon substrate to the ultra-large-scale integration (ULSI) of tens of
millions of transistorsin today’s chips. The complexity associated with aULSI circuit has
mandated the use of sophisticated computer-aided design (CAD) tools at al levelsin the
design hierarchy — process, device, circuit, and system design respectively. It has been
recognized in recent years that the design of “integrated systems’ (i.e. ULSI chips) would
entail a concurrent optimization of circuit architecture and device technology, which is
going to present new challenges for the CAD development community.

In previous chip generations, the circuit architecture was optimized independently of
technology. As a result, CAD tools were broadly divided into two categories:
electronic-design-automation (EDA) tools that included circuit and logic simulators,
layout editors, and logic synthesis tools primarily served the needs of the circuit and
system design community, whereas technology-CAD (TCAD) tools that included process
and device simulators were largely used by technologists. Regarding the use of tools, an
interesting distinction exists between the two communities. The circuit and system
designers rely heavily on the EDA tools for the design work since a system typically
involves a very large number of transistors. On the other hand, the use of TCAD tools by
the technologists has been limited, primarily because of its lack of predictivity, which
compels them to perform costly and time-consuming experiments to evaluate various
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technology options. For the most part, TCAD tools serve the purpose of providing insight
into complex process and device physics phenomena that is not possible through
experimentation alone.

However, the scenario changes in the design of integrated systems. Since, a
simultaneous optimization of circuit and technology is desired, coupled device and circuit
simulations would need to be performed, thus making the device simulators an integral
part of the optimization and design loop. Hence, it has become important more than ever
that the TCAD tools be as predictive as possible, since circuits and systems would have to
be designed based on the data supplied by process and device simulators.

Predicitivity of TCAD tools hinges on the accuracy of models involved. The
challenge facing TCAD tool developers is the formulation and efficient numerical
implementation of physically-based models that exhibit a high degree of predictivity. To
this end, this thesis attempts to improve the accuracy of MOSFET simulations by
considering the modeling of one of the most important parameters affecting its -V
characteristics — mobility of electronsin MOS inversion and accumulation layers.

Thisthesis focuses on issues related to mobility modeling in MOSFETs as they scale
to deep submicron dimensions. The am is to extend the applicability of existing mobility
models by incorporating new physical effectsthat arise due to the scaling of MOS devices.
In this regard, two particular issues — Coulombic scattering and LDD resistance — have
been identified that require further modeling work, and are briefly discussed below.

Scaling of MOSFETs to deep submicron dimensions mandates an increase in
channel doping levels to suppress undesirable short-channel effects. One direct
consequence of increased doping is enhanced impurity scattering, fundamental treatment
of which is currently lacking in MOS inversion layers. The first half of the thesis is
devoted to a thorough examination of 2D Coulombic scattering and how it needs to be
modeled in the context of moment-based device simulators.

Traditionally, channel resistance has been the dominant factor limiting current
transport in MOSFETs. As a consequence, mobility models existing in literature only
addressed scattering in MOS inversion layers. However, in deep submicron MOSFETs
with LDD structures, parasitic series resistance has become comparable to channel
resistance, because of which it has become imperative to accurately model the extrinsic
region of the device. Thus, the mobility model developed in the first half of the thesis for
inversion layer electronsis extended to accurately model the accumulation layer occurring
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in the extrinsic (parasitic) region of LDD MOSFETSs.

1.2 Scopeand Organization

Mobility models fall into one three broad categories. physically-based,
semi-empirical, and empirical. Physically-based models are those that are obtained from a
first-principles calculation, i.e. both the coefficients and the power dependencies
appearing in the model are obtained from a fundamental calculation. In practice,
physically-based models rarely agree with experimental data since considerable
simplifying assumptions are made in order to arrive at a closed form solution. Therefore,
to reconcile the model with experimental data, the coefficients appearing in the
physically-based model are allowed to vary from their original values. In this process the
power-law dependencies resulting from the first-principles calculation are preserved, and
the resulting model is termed as semi-empirical.

At the other end of the spectrum are empirically-based models in which the
power-law dependencies are also allowed to vary. Empirica models have less physica
content compared to the other two models, and also exhibit a narrower range of validity.
Empirical models are usually resorted to when the dependencies predicted by the
first-principles calculation do not allow a good fit between the experimental data and the
corresponding semi-empirical model.

The organization of thisthesisis based on the following systematic methodol ogy for
mobility modeling. The first step involves consideration of first principles calculation for
mobility. Then the coefficients appearing in the physically-based model are allowed to
vary in order to get a good fit between the model and experimental data. If this step is
successful, then the calibration procedure is complete, and the model is ready for
implementation in a device simulator. Otherwise, the power-law dependencies are also
allowed to vary until a good fit is obtained. In this case, the empirical model is then
implemented in the device simulator.

The objective of this thesis is to develop a semi-empirical model obtained from a
first-principles calculation. Since afirst principles calculation islacking for 2D Coulombic
scattering, it is discussed first. Chapter 2 provides the background material on the
calculation of mobility starting from the Boltzmann transport equation (BTE). The
machinery developed in Chapter 2 is then employed in Chapter 3 to calculate the
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two-dimensional Coulombic mobility in MOS inversion layers due to scattering with
channel impurities. Separate calculations are performed for screened and unscreened
Coulombic scattering. A systematic extraction technique is also proposed for the
extraction of unscreened Coulombic mobility from experimental data, which in the case of
screened Coulombic mobility is taken from the literature. On comparison with
experimental data, it is shown that the new 2D model exhibits better agreement than
existing models for 3D Coulombic scattering.

Chapter 4 is concerned with the semi-empirical modeling of the inversion layer.
Extraction of semi-empirical models for phonon and surface roughness scattering from
first principles calculations is outlined. Based on the first principles model for Coulombic
scattering presented in Chapter 3, an empirical model for 2D Coulombic scattering is
extracted. The resulting model containing terms for phonon, surface roughness, and
Coulombic scattering is shown to accurately model experimental data over a wide range
of technology and bias conditions expressed in the form of a generalized mobility curve.

Finaly, in Chapter 5, the importance of modeling mobility in the accumulation layer
is presented in the context of trying to accurately simulate deep submicron LDD
MOSFETSs. To this end, the semi-empirical model for inversion-layer electronsis extended
to model the accumulation layer, and a systematic technique is presented for the validation
and calibration of the new model. A striking feature of the new model is that it exhibits
excellent agreement over a wide range of bias conditions in MOSFETs whose channel
length ranges from 20pum to 0.25um. Very high confidence is placed in the predictive
nature of the new model since the same parameter set matches experimental data over
such a broad range.

Chapter 6 summarizes the conclusions of this research and offers suggestions for
future work.



Chapter 2

The Boltzmann
Transport Equation

2.1 Introduction

A “first principles’ calculation of macroscopic transport parameters such as mobility
starts with a description of the state of the electron gas in microscopic terms, and then
proceeds through a set of simplifying assumptions to arrive at the macroscopic parameter
that describes the state of the gas as a whole. Quantum-mechanically, the microscopic
state of the electron gas is described in terms of a many-body wavefunction, whereas
classically, it is described by specifying the position and momentum of each particle. To
characterize the operation of a MOSFET, we are not so much interested in the behavior of
each and every electron, rather we are interested in their collective motion. Thus, the
objective of performing the first-principles calculation isto filter out the essential piece of
information from the detailed microscopic description of the electron gas.

If we consider the inversion layer to be a classica ensemble, then its microscopic
state can be deterministically described by specifying the position and momentum of each
electron. Dueto our lack of knowledge concerning theinitial conditions, we have to resort
to aprobabilistic description of the electron gas, which involves an N-particle distribution
function that gives the joint probability of finding the N particles at their respective
locations r with their respective momenta p. This description is still very detailed, and if
we assume the interactions among the electrons to be weak, and the time scales under
consideration to be much larger than the interaction time between electrons, then the
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N-particle distribution function can be reduced to a single particle distribution function.
Thus, we postulate that under these simplifying assumptions, the single particle
distribution function f(r,p,t) describes the collective state of the electron gas. The
evolution of f(r,p,t) with time is governed by the Boltzmann transport equation (BTE)
which forms the cornerstone of semiclassical electron dynamics.

In this chapter, we present a methodology for calculating mobility p from the
Boltzmann transport equation. The BTE is a complex integro-differential equation that is
based on both guantum-mechanical and classical laws of dynamics. As such, the BTE in
its original form does not yield a closed form solution for mobility, and simplifying
assumptions are necessary to make the solution tractable. A detailed discussion of the
assumptions made is presented in this chapter, which is organized into three main sections.

The first part, Section 2.2, deals with the derivation and simplification of the BTE.
Derivation of the classical part isdiscussed earlier onin Section 2.2, while Section 2.2.1is
devoted to setting up the collision integral based on quantum mechanical principles.
Section 2.2.2 presents a very important simplification to the collision integral, known as
the relaxation time approximation (RTA). RTA permits us to calculate a closed form
expression for mobility. Because of its significance, it isimportant to know the conditions
under which the RTA is applicable. This forms the subject of discussion in Section 2.2.3.
Thus, by the end of Section 2.2, we have a simplified form of the BTE that permits us to
arrive at a closed form solution for mobility.

In Section 2.3, we discuss the approximations and outline the method for calculating
mobility from the BTE using the RTA. This section concludes with an expression for
mobility that has the relaxation time as a parameter.

Finally Section 2.4 discusses the quantum mechanical calculation of the relaxation
time from the scattering potential. This calculation is based on the Fermi’s golden rule that
is derived from first-order time-dependent perturbation theory.

Thus the methodology that is presented in this chapter allows one to calculate
mobility from a knowledge of the scattering potential. Calculation of the scattering
potential forms the subject of the next chapter in which we first calculate the scattering
potential for a screened two-dimensiona Coulombic center, and then employ the
machinery developed in this chapter to calculate the Coulombic mobility from the
scattering potential.
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2.2 Boltzmann Transport Equation

The classical theory of transport processes is based on the Boltzmann transport
equation, which specifies the tempora evolution of the single-particle distribution
function f(r,p,t) in the six-dimensional phase space of Cartesian coordinates r and
momentum p, and it is defined by the relation

f(r, p) drdp = probability of finding aparticlein drdp (2.1

Since tragjectories in phase space do not intersect, Liouville's theorem states that the
probability density of pointsin phase space remains constant in time, provided thereis no
scattering. Thus, in the 6 dimensional phase space [83]:

df (r,p,t) _
—q - 0 (2.2)

In the presence of scattering, the total rate of change of f(r,p,t) with time equals the rate of
scattering. Equation (2.2) thus transforms into:

df (r,p,t) _ 00
dt Datleon (2:3)

Expanding the total derivative in equation (2.3) yields:

of . ) _ [ofg
5 +r EI]rf +p D]pf = Dé—tDcoll (2.4)

Equation (2.4) is the celebrated Boltzmann’s transport equation (BTE) [16], which finds
applications in diverse areas such as neutron transport in reactors, propagation of light
through stellar matter, plasma dynamics, rarified gas dynamics, and electron transport in

metals and semiconductors [17]. The rate of change of momentum p is equa to the
applied force F, and in the absence of amagnetic field, it issimply given by Lorentz'slaw:

p=F =qE(r1) (2.5
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The rate of change of distance with time i is equal to the group velocity of Bloch?
electrons [14]. Thus, the BTE for the Bloch electrons can be written as:

of _ o
3t + Vg D]rf + C]E D]pf = Datmcoll (26)
While the left hand side of equation (2.6) is a classical description of electron motion, the

collision term on the right side requires a quantum treatment, which we discuss next.

2.2.1 Treatment of the Scattering Term

Electrons in solids are commonly represented by wave packets, and according to
Heisenberg's uncertainty principle, they have a certain amount of spread in both real and
momentum space. Typically, the extent of spread in rea space is of the order of a few
lattice constants. Usually, the externally applied potentials vary over hundreds of lattice
constants, and to a very good approximation these potentials can be considered as constant
over the dimensions of a wave packet. In such a scenario, the interaction between the
electron and the external potential can be treated according to the classical laws of
dynamics. On the other hand, if the variation in potential is of the order of the spread of a
wavepacket, then this interaction needs to be treated quantum mechanically via the
single-electron Schrodinger’s equation.

Clearly, the periodic potential due to the atomic cores, i.e. the nuclel, varies on the
order of a lattice constant, and hence this interaction needs to be treated quantum
mechanically. When Schrodinger’s equation is solved with this periodic potential, one
finds that the electrons can be treated as “free” particles travelling with an effective mass

that is different from the free electron® mass. The effective mass approximation failsif the
externally applied field varies very rapidly, since that field can no longer be treated in the
classical framework, and instead needs to be included in Schrodinger’s equation. Thus, for
the left hand side in equation (2.6) to be valid, the externally applied electric fields have to
vary slowly compared to the dimensions of awavepacket, asillustrated in Figure 2.1 [14].

1. Electronsmovinginaperiodic potential and satisfying the single-electron Schrodinger’ s equation
are known as Bloch electrons [14].

2. A freeelectron, by definition, is one that movesin a zero potential field.
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Profile of Electron wavepacket

/1/ Profile of applied field

L attice Spread of S~. .7
Constant wavepacket 000000 TT=--7

<
-

\J

wavelength of applied field

Figure 2.1 Schematic view of the dimensions involved in semiclassical transport
[14].

However, when electrons scatter off an imperfection in a semiconductor, the spatial
extent of the interaction potential is of the same order of magnitude as the dimensions of a
wavepacket. That iswhy all collision events need to be considered quantum mechanically.
While the “free” flight of electrons between two collision events is treated classically, the
collision event itself is treated quantum mechanically.

In an effort to model the collision term, we examine in greater detail its role in the
BTE. The left hand side of equation (2.6) governs the evolution of the distribution
function f(r,p,t) with time at a point (r,p) in phase space due to externally applied forces,
whereas its right hand side accounts for the effect of random scattering events on f(r,p,t).
The various contributions are seen more clearly if equation (2.6) is rewritten as follows:

of _ B 0f0)
5 (vg J,f) — (gE D]pf) + Bt (2.7
Then, the local rate of change of f(r,p,t) with time at a point (r,p) in phase spaceis given by
the sum of the three terms: the first term represents the effect of diffusion due to spatial
gradients in f(r,p,t); the second term represents the effect of drift due to the externally

applied field E, and the last term represents the effect of scattering events on f(r,p,t). These
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various processes are depicted graphically in Figure 2.2.

Y
A
Out-scattering X
Out-flow
f(p+dp).qE
In-scattering
p+dp —
~0 ||
In-flow | _ Out-flow
f(r).v — — f(r+dr).v,
0wy P TP
0 (Diffusion)
[
In-flow ,
(p).qE (Drift)
| | > I
r r+dr

Figure2.2 A cel intwo-dimensional phase space. The three processes, namely drift,
diffusion, and scattering, that affect the evolution of f(r,p,t) with time in phase space are
shown [15].

If we consider a small volume in phase space centered around the point (r,p) (see
Figure 2.2), then some particles would be leaving this volume due to out-scattering, while
others would be entering it due to in-scattering. It should be noted that a scattering event
abruptly changes the momentum of the particle without changing its position. The net
effect of scattering on the number of particles in the volume element is simply the
difference between the number of in-scattered and out-scattered particles:

E%]E 0 (In scattering rate) — (Out scattering rate)
co

_ DafDin _DafDout
ot eon — Hot o

(2.8)

Since the details of the scattering event need to be treated quantum mechanically, the
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electron is specified in terms of its Bloch wavefunction which is characterized by
guasi-continuous momentum eigenvalues p, or equivaently the wavevector k in

momentum space, where k = p/h. In addition to the k vector, the Bloch wavefunction is

also characterized by aband index; however, this parameter would be ignored since it will
be assumed that scattering events are strictly intraband. Thus, Bloch wavefunctions take
on the following form [14]:

i (k)

g (r) =u(r)e (2.9

where u(r) is a periodic function such that u(r+R)=u(r), where R is the periodicity of the
lattice. An electron incident on a scattering center with wavevector k; would emerge with

wavevector ks , and if ke is different from k; , the electron is said to have been scattered,
while ki = k; implies that the electron emerges unscattered. Scattering centers typically
result from perturbations in the background electrostatic potential, and are characterized
by a scattering potential V(r,t). Scattering potential may be well localized in space, asin
Coulombic scattering, or it may extend throughout the crystal, as in phonon scattering. A
scattering event by alocalized scattering potential isillustrated graphically in Figure 2.3.
K
(t - o)
Ki
_—
(t=0)

Figure2.3 Scattering of an electron from initial wavevector k; to final wavevector k
by scattering potential V(r,t).

Strictly speaking, we need to represent electrons by wavepackets instead of by
Eigen-wavefunctions as in equation (2.9), where the wavepackets are typically
constructed by combining Bloch wavefunctions whose k values span a certain range. For
instance, a wavepacket can be represented as:
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o “Le(it
W(rt) = J'c(k,ko)tpk(r)eh dk (2.10)

—00

where c(k,ky) is a function centered around k,, and goes to zero if k is far from k,. A

candidate function for instance could be a Gaussian distribution centered around k.

The property of the wavepacket in equation (2.10) is that it is localized in space at
the expense of a spread in momentum space (i.e. this wavepacket does not have a
well-defined momentum). On the other hand, the Eigen-wavefunction in equation (2.9)
exhibits a definite momentum but is not localized in space, and thus not really
representative of an electron travelling in a solid. Nevertheless, we shall work with
Eigenfunctions asin equation (2.9) since it istoo cumbersome to work with wavepackets.

In order to find the rate at which electrons scatter into or scatter out of an element in
phase space, we first need to know the probability per unit time, also known as the
transition rate S(k,k"), with which an electron in state k; would scatter to a state ks in unit
time. The probability that a scattering event does take place al so depends upon the number
of electron present in the initial state and the availability of the final states. Pauli’s
exclusion principle for fermions (which includes electrons) prohibits more than two of
them from occupying the same eigenstate. Thus, an arbitrary number of electrons can not
occupy a given state even if one exists. Hence, the probability of scattering per unit time
from k to k', also known as the scattering rate, is given by:

P(k - K) = S(kK)f(K) [1—f(K)] (2.12)

The probability per unit time that an electron initially in state k would scatter out to any
possible k state is known as the total scattering rate, and is obtained from equation (2.11)
by summing over all the possible fina k™ vectors:

P(k) = ZS(k, K) f(K) [1—f(K)] (2.12)

The summation over k space can be converted to integration in k space by introducing the

density of statesin k space D(k)zV/(2T[)3, where the number of k states in dk is D(K)dk,
and V is the volume of the crystal. Assuming that scattering does not flip spin, we get:
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Pout () = —L5[S(k K)f(K) [1-1(K)] oK 219

(2m)”
Pout(K) thus corresponds to the probability of scattering out of state k in unit time, i.e.

_ [pofeut : , . _
Pout (K = Doy Conversdly, the scattering rate from k™ to k is given by:

P(K - k) = S(K, K f(K) [1=F(K)] (2.14)

and the total scattering rate into state k is given by:

V

Pin(k) =
(2m)

3[S(K K (K) [1-f (k)] dk (2.15)

Pin(K) thus corresponds to the probability of scattering into state k in unit time, i.e.

in
P. (k) = 0o . Therefore, the net change in the distribution function due to
n WETEST

scattering is given by the difference Pj,(K)-Pg«(K):

E%ECO“ = E%)’J-{S(kl’ K)Yf(k) [1-f(k)] —S(k K)f(k) [1-f(k)]} dk (2.16)
Tt

Equation (2.16) is commonly known as the collision integral. SKk,k) appearing in the
collision integra is obtained from the scattering potential Vg(rt) via a

guantum-mechanical calculation which is outlined in greater detail in Section 2.4.
Replacing the right-hand side of the BTE in equation (2.6) with the collision integral, it
now reads:

of
5 +V, [ f+qE EI]pf
(2.17)

= iI{S(k‘, K)f(K) [1-f(K)] =S(k K)f(k) [1-f(k)]} dk
8T[3

Equation (2.17) isan integro-differential equation in f(r,p,t), and clearly simplifications are
required in order to make the solution tractable. In the next section, we discuss one such
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simplification to the collision integral, known as the relaxation time approximation.

2.2.2 TheCallison Integral in the Relaxation Time Approximation

The collision integral as it stands in equation (2.16) makes equation (2.17) a
complex integro-differential equation whose solution under the most general conditionsis
not possible. In the relaxation time approximation (RTA), the collision integral is replaced
by an algebraic equation that involves a parameter known as the relaxation time 1 :

g _ =T,
otleon ~ 1 (2.18)

where f is the distribution function that needs to be determined and f,, is the equilibrium

distribution function (Maxwell-Boltzmann for non-degenerate gases and Fermi-Dirac for
degenerate gases). The physical interpretation of equation (2.18) is that the scattering rate
is proportional to the deviation from equilibrium f-f,, and inversely proportional to the

relaxation time (i.e. if T is short, scattering rate would be high). Since scattering tends to
return a system to equilibrium, T represents the characteristic time over which a system
relaxes back to equilibrium after an excitation has been removed. Since the RTA is a
useful approximation to the BTE, the next section critically examines the conditions under
which equation (2.18) is a valid approximation to the collision integral in equation (2.16).

2.2.3 Validity of the Relaxation Time Approximation

In Section 2.2.1, aformulation for [df/at] _,, was presented (see equation (2.16))

col
that involved the quantum-mechanical entity Sk,k). In Section 2.2.2, a relaxation time
approximation to the collision integral was postulated that would considerably simplify
solving the BTE. In this section, we discuss the conditions under which the RTA is valid
and also show how the relaxation time 1 is calculated from the transition rate Sk,k’). In
Section 2.3 we will show how the calculation of mobility u proceeds from the BTE oncet
is known. Finaly, in Section 2.4, we outline the quantum-mechanical calculation of
Sk,K') from first-order time-dependent perturbation theory.

We start by expressing the non-equilibrium distribution function f as the sum of a
symmetric and an asymmetric part:
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f=f+f, (2.19)

where fg is symmetric and f, is asymmetric in momentum. The benefit of splitting up f in
thisway is that f5 cannot cause any current flow due to its symmetrical nature, since there

are equal number of carriers moving in opposite directions. Hence, any contribution to
current would come from a non-zero f,. The collision integral can also be split up as:

o _ g oo
DatDCOII B DEDCOH ¥ DED(;O” (2.20)

The first smplification is to assume a non-degenerate semiconductor, i.e f << 1. Then all
the [1-f] terms appearing in the collision integral in equation (2.16) reduce to unity.
Hence, we get:

ofg v . . . .
T o = 5.3 SO (K) =Sk KT, (9) die (221)
and
DaD—faE = —V I{S(k‘, K)f, (K) —S(k k)f,(k)} dk (2.22)
ot —coll 8T[3 a a

In equilibrium, fs = f,, and hence [df./dt] oll = 0 . Thus, from equation (2.21) we find
that at equilibrium, Sk',k) = Sk,K), i.e. forward and backward transitions occur with

equal probability!. Even under non-equilibrium conditions, if the applied fields are weak,
the deviation from equilibrium is small, and the principle of detailed balance remains
applicable. Moreover, fg = f, under such conditions, and it is reasonable to assume that

[of/ot] ol = 0 . The collision term then reduces to:

ofn _ VvV : : :
Bteg — 8—ngj5(k,k) [f, (k) —f, (k)] dK (2.23)

1. Commonly known as the principle of detailed balance [18].
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Equation (2.23) is still complicated because it is afunctional of f,. We need to arrive at a

form for [0f/dt] = 0 that would make it proportional to f,, not a functional of fj.

coll

Since integration in equation (2.23) is being carried over k', we can rewrite it as follows:

0 _ Vv , , ’ Y/ . .
Do ~ gl SU K fa () k] = =5 [, (1) [S(k k) ok (2.24)

If the first integral term on the right hand side of equation (2.24) vanishes, then the
collision term would become proportional to f, as desired. Since f4(k") is an odd function

of K, if Sk,K’) can be shown to be an even function of k', then their product would be an
odd function of k’, and hence the integral would vanish when integrated over k'. Sk,k)
gives the probability that an electron in state k would scatter to state k'. For Bloch

electrons, v, = hk/ml. Hence, a velocity-randomizing scattering event is one in which

g
an electron incident on the scattering center with velocity v; has an equal probability of
scattering off in any direction (i.e. S(kK)=9k,-k") which implies that k' and -k are
equally probable final states). Thus, for a given value of k, all values of K are equally
probable, implying that S(k,K") is an even function of k. That is why velocity randomizing
collisions are also known as isotropic scattering events, since all angles after scattering are
equally probably — the direction of the final wavevector isindependent of the direction of
the incident wavevector. Collisions with phonons are typically isotropic, whereas those
with Coulombic centers are not. Thus, for isotropic scattering, the collision integral takes
on the simple form:

ofn - _ V. Y di
Biey ~ - f (k) J’S(k, k') dk (2.25)
Going back to the definition of the RTA in equation (2.18), we have:

o f=fy (K
Bteon ~ "t(k) ~ T(K)

(2.26)

Equating (2.25) and (2.26), the relationship between T and S(k,k") is then given by:
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1 _ Vv N A
T 8n3J’S(k, K) dk (2.27)

The fact that T in equation (2.27) is independent of f implies that the collision integral in
eguation (2.16) can be effectively reduced to the algebraic expression in equation (2.18).
The approximations and assumptions made in reducing equation (2.16) to equation (2.25)
are collectively referred to as the relaxation time approximation or RTA.

A velocity randomizing collision is not the only type of scattering event that is
compatible with the RTA. Here, we discuss another type of scattering event, namely an
elastic collision, that can treated in the RTA. For arbitrary electric field strengths, the
non-equilibrium distribution function f(k) can be expanded in a series of spherical
harmonic functions [41], [42]:

f(k) = z f, ()P, (cosb) = f (g)P,(cosb) +f, (¢)P,(cosb) +... (2.28)

m=0
where 8 is the angle between the electron wave vector k and the applied electric field, and

€ isthe electron energy given by € = (hk) 2/ 2mU. The unknown functions f(€) need to

be solved for by substituting for f in the BTE. The rationale for this choice of expansionis
that the electric field is a symmetry-breaking operator that introduces a preferred axis (i.e.
the direction of the electric field) along which a shift of the distribution function occurs.
On the other hand, there is no breaking of symmetry in the azimuthal plane around the
electric field vector, so that the polar angle becomes a good expansion function for the
cylindrical symmetry of the problem. For low applied electric fields, the perturbation
would be weak, and thus the series may be terminated after the second term to give:

f(k) = f,+k[os6 [T, (¢) (2.29)
Thus, according to our definition, f, (k) = k[kos6 [f, (¢) . Substituting for f; in

equation (2.23) gives:

f, (¢') k cos®' } die (2.30)

oo _ V. N A
Bt oon ~ g3 (8) KeosO STk K) {fl(a) koose
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If scattering is elastic, then € = € and k' = k. Note that k' # k. Then equation (2.30)
reduces to:

ofo _ V. n [1_C0S67T ..
oeon = 551 (0 S(K 1) [1 —Cose}dk (2.31)
Therefore, if we define relaxation time as
1 _ Vv w[1_COS67 ..
T - SHSIS(k, K) [1 —Cose}dk (2.32)
the collision integral takes on the familiar form g _ —fa(k) Equation (2.32) can
= Bt 0eon ~ T(R) 1 '

be simplified further if we assume spherical bands. Figure 2.4 represents the coordinate
system illustrating a scattering event. We are interested in finding the relationship among

k=ku,
k” =k ('sina cospuy + sina sing Uy, + cosa U, )

E=E(sinBuy +cosBu,)

Figure2.4 Coordinate system illustrating a scattering event. The incident carrier has
wavevector Kk, the scattered el ectron has wavevector k”, and the applied force isE.

o (the angle between k and k*), 6, and 8" . Using the expression for dot product between
two vectorsr jer ,=|r4| r o| cos(8), we get for cos(0"):
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% = cos®' = sinBsinasing+ cosBcosa (2.33)
and hence,
coso' _ : .
Pl tanBsinasing + cosa (2.34)

For spherical bands, Sk,k') is independent of ¢; hence, sing would integrate to zero,
leaving the cosa term. Thus, relaxation time can be expressed more smply as:

1

_V : :
i é—n—SIS(k,k) [1- cosa] dk (2.35)

In summary, the assumptions under which the relaxation time approximation holds are:
(1) Non-degenerate semiconductor.
(2) Low applied fields, i.e. carrier temperature = lattice temperature.
(3) Deviation of the distribution function from equilibriumis small.
(4) Caoallisionsare either velocity randomizing or elastic.

(5) If collisions are elagtic, then energy bands must be spherical.

2.3 Calculation of Mobility from the BTE in the RTA

The relaxation time approximation to the collision integral allows us to solve for the
non-equilibrium distribution function f(r,k,t) for some special cases of interest. An
important parameter appearing in the solution f(r,kt) is the relaxation time, which is
calculated from either equation (2.27) or (2.35) as discussed in the previous section.
Equations (2.27) and (2.35) in turn need to know the transition rate Sk,k’), which is
calculated quantum mechanically from first-order time-dependent perturbation theory. In
the next section, we show how Sk,k) can be calculated if the nature of the interaction
between the electron and the scattering center is known.

Once f(r,k,t) is known, it is possible to calculate macroscopic transport coefficients
such as mobility and thermal conductivity. In this section, we show how the low-field
mobility is calculated from the BTE using the RTA.
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The expression for the convective current density vector is given by
J =qgnlyv(r)O (2.36)

where J = J i+ 3]+ J,k, and <v(r)> is the average velocity vector at point r. Since the

average is over the ensemble of particles, the average velocity is calculated by weighting
it with the non-equilibrium distribution function f(r,k,t). Therefore, in terms of the
distribution function, the expression for J takes on the following form:

_,_9
J= 2(2T[) 3V (k. 1) dk (2.37)

where f(r,k,t)=fs(r,k,t)+f4(r,k,t) as given in equation (2.19). Since the symmetric part of the

distribution function does not contribute to current?, equation (2.37) reduces to:

J = 2(2q)3J'vfa(r, k, t) dk (2.38)
T

In order to proceed with the calculation of J, we first need to evaluate the non-equilibrium
distribution function f(r,k,t) from the BTE using the RTA, which assumes the form:

of o fa(k)
=+ Vg [0, f+qE [, f = TR

S (2.39)

In steady state, df/dt = 0, and if we further assume a spatialy homogeneous

semiconductor, [,f = 0 aswell. The asymmetric part of the distribution f, is then given

by:

1. Convective current density is due to flow of particles. Thisis contrasted with the displacement
current density which is due to the rate of change of electric field with respect to time at acertain
point in space.

2. For the symmetric part of the distribution function, fy(r k,t)=f4(r,-k.t); hence, there are as many
carrier moving to theright as there are to the left. Therefore, net movement of the carriersis zero.
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£(K) = -1 (K % T (2.40)
Relaxation time approximation holds under the condition that f should not deviate

significantly from f,. By replacing f by f, in the momentum-space gradient, and with a

change of variables, we get:

O.f = O, f —afOEI] Kk —ﬁaf" 2.41
K =0y = 52 ks()—EV (2.41)

Therefore, f, takes on the following form:

of
f (k) = —qr(k)a_;(v [E) (2.42)

Hence, J is now given by:

(@]
I

q of
—L [T (k) 32V (v [E) dk (2.43)
Tt

According to Ohm’'slaw, J = oE. Intensor form, J is given by:

Y E

x% O, O, OXZ = x%

)D Oyx Oyy Oy E )Ja (2.44)
ELU] Oy Oy O DEQJ

Equating (2.43) and (2.44), we see that an entry in the conductivity tensor is given by:

q of |
o = ——Ir(k)avivjdk (2.45)

For elastic scattering mechanisms |k|=|k"|, and hence the transition rate is independent of
theinitial direction of the wavevector k since S(k,k")=S(k-k")=5(|k|,8). Thus, t(k) can be
expressed as 1(€). Moreover, if the band structure is assumed to be isotropic, the
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conductivity tensor becomes diagonal [60]. Thus, any one component on the diagonal is
given by:

0. = gnu = —L r(s)a—fovzdk (2.46)
P ank = 4-’-[3.[ o€ i '

where i=x, y, or z, and P is the mobility. Assuming Maxwell-Boltzmann statistics,

/K

f, O e’ T, which impliesthat of /de = —f /KT . Given that the electron concentration

n can be written as;

1
n(r,t) = 4—T[3If(r, k, t) dk (2.47)

the expression for mobility becomes:

kT
U= (2.48)

1
ffotk

f
q 0,72
—=(1(¢) =V. dk
4T[3‘[

Since we are dealing with an isotropic band structure, we can perform the integration over
the scalar € instead of the vector k. For an isotropic band structure, the constant energy

surfaces are spherical, i.e. € = (hk) 2/ 2mU. The density of statesin energy is defined as:

D (¢) de = No. of statesin de/ Crystal Volume
= [ (Vol in k-space corresponding to de) [D (k)] / Vol

L (2.49)
= dk D—?)
4an
o 2 2. .2, 2 2
From the  equipartition of energy, VoS VetV Y = 3v;, and

1. Insemiconductors, mobility is treated separately from conductivity since n can vary by orders of
magnitude in doped semiconductors, and p can vary independently of n. However, in metals, nis
constant and very high, and conductivity istaken to be synonymous with mobility.
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e = (1/2) m3/ = (3/2) mEk/iz. Changing the variable of integration from k to € and

substituting for vi2 , the expression for mobility in equation (2.48) simplifiesto:

q(z (¢) 05 2¢ 041D (g) de
L [1(®) o 250

Ifo4n D (¢) de

3/2
Since f,0e e/KT ,and in 3D, D (g) = (em) ED , the expression for mobility in

21 2R
equation (2.50) becomes:

g L€ D kTD € D N
s [ O L v dDﬁD
= (2.51)

£
3 _k_TD8D1/2dD8D
oJ¢ G0 90q0

If we define x=¢€/kT, and are able to express 1(€) as

T(e) =1, EHkiTES (2.52)
then,
Aty & % —X
_ O d 253
H 3. 1/2 ~ '

0

Now, Ie_xxsdx =T (s+1), where I (1/2) = .J/m and T (s+1) = sl(s).

Therefore, equation (2.53) can be rewritten as:
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mO T (5/2)

Equation (2.54) specifies the relationship between the momentum relaxation time t(€) and
mobility p. Momentum relaxation time when expressed as 1(€) specifies the time it would
take for an electron with energy € to randomize its initial momentum. Since electronsin a
system are distributed in energy, electrons with different energies would take different
times to randomize their initial momentum. Mobility can thus be viewed as being
proportional to the average time it takes the electron gas to randomize its initia
momentum.

In summary, starting with Boltzmann’'s transport equation as given in equation
(2.17), the following assumptions and simplifications alow us to derive an expression for
low-field mobility:

(1) In the relaxation time approximation, the collision integral in equation (2.16)
can be reduced to the simplified formin equation (2.26) provided the collisions
are either elastic (as in Coulomb scattering) or velocity randomizing (as in
acoustic phonon scattering).

(2) An implicit assumption in the RTA is that the non-equilibrium distribution
function f is only dlightly perturbed from the equilibrium distribution function

fo. Hence O,f = O,f .

(3) Maxwell-Boltzmann statistics is assumed, which is consistent with the
assumption underlying the derivation of the BTE that the gas should be weakly
interacting. If the gas is dense, then due to strong interactions among the
particles, the single-electron distribution function f(r,p,t) loses its validity.

(4) Momentum relaxation timeis assumed to be independent of the direction of the
wavevector of the incident electron. This can only be true if the scattering
eventiselagtic, i.e. S(k, k') = S(k—-k') = S(|k|, 8) whichimpliesthat the
transition rate depends upon the speed with which the carriers approach the
scattering potential and the angle through which they are deflected. Under this
simplification, t(k) can be written as 1(g).

(5) The band structure is assumed to be spherical (i.e. isotropic) and parabolic.
The assumption of isotropy allows us to perform integrations over the scalar
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guantity € as opposed to the vector quantity k.

Thus, the calculation of mobility in equation (2.54) starting with the momentum
relaxation time 1(€) is a purely classical calculation since it involves the use of the
classically-described distribution function f(r,k,t). Momentum relaxation time can be
calculated from either equation (2.27) or equation (2.35). In either case, we need to know
the transition rate SkK') first, caculation of which is based on purely quantum
mechanical terms. We discuss this calculation in the next section. The mix of quantum and
classical calculations in calculating the macroscopic transport parameter mobility is what
makes this particular treatment semi-classical in nature.

2.4 Calculation of the Transition Rate
from Perturbation Theory

In this section, we draw the connection between the transition rate SkKk’) and
scattering potential V_(r, t) which describes the potential field created by the scattering
center. It is the interaction of an electron with the scattering potential that is

phenomenologically known as an scattering event, and mathematically described through
time-dependent perturbation theory as we discuss next.

At the fundamental level, Schrodinger’s equation describes the interaction of the
electrons with various forces, or equivalently potential fields, appearing in the solid:

2
iﬁ%w = [V (1) +V, (1) +V (r, )] W —;—mmzw (2.55)

The crystal potential, V.(r) , is periodic in nature and it describes the electrostatic
potential due to the atomic cores. V, (r,t) describes potentials that are built-in or applied

to the device, while V_(r, t) describes the scattering potential due to random deviations
in potential that may be caused by ionized impurities or lattice vibrations. As discussed in
Section 2.2.1, applied potentials are treated classically, and hence V, (r,t) need not be
considered in equation (2.55). Even with this simplification, it is not possible to solve
equation (2.55). We make another simplification by neglecting V (r,t) under the
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assumption that it is much smaller than V_(r) . The resulting equation yields the
well-known Bloch wavefunction as its solution, described by equation (2.9).

Since V(r,t) «V (r) , itistreated asasmall perturbationto V_(r) . The effect of
such a perturbation is to cause an electron initialy in Bloch state W, (r,t) to make a

transition to another Bloch state W, (r, t) . The rate of transition SkK’) is given by the

Fermi’s Golden Rule [70] that is derived from first-order time-dependent perturbation
theory [70]:

S(k k') = ZFT[|BP]¢|VS|Wi IF 8[e(k) —€ (k)] (2.56)

The rate of transition quadratically depends upon how strongly the scattering potential Vg
couples the two Bloch states W; and W;. This coupling is expressed through the matrix
element <W; | V| W; >. The delta function appearing in equation (2.56) expresses the
conservation of energy during the scattering process.

The task that finaly remains is identifying the nature of the scattering potential
V((r) . Thediscussion so far is applicable to al kinds of scattering mechanisms. However,

calculation of V(r) specifically depends upon the nature of the scattering process. In the
next chapter, we shall discuss in considerable detail how to set up Vg for a

two-dimensional Coulombic potential that is screened by atwo-dimensional electron gas.
Once Vg has been calculated, we shall use the machinery developed in this chapter to

calculate the mobility for two-dimensional Coulombic scattering.

More commonly, the Fourier transform of the scattering potential V¢(q) is easier to
calculate than V(r) itself. As we shall show, it is not necessary to convert back to real
space r since we can very well work in its Fourier space representation.

When the matrix element W |V | W, Ois expressed in the coordinate-space

representation, we get:

WV | W, O= IVWfD(r) V ()W, (r)dr (2.57)
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The Fourier series expansion of V(r) isgiven by V_(r) = sz(q) e (4t , Where the
q

Fourier coefficients are given by V,(q) = \_1/_[ Vs(r)e_i @5 " For Bloch electrons,
\

P = u(r) g KH) Hence, equation (2.57) becomes [59]

WV, 0= [ [yl ] PAAC) eiqﬂ} + [ue Jar
v q

. (2.58)
(q+k —k;) O
= zvs(q)Juka(r) Uki(r)eI ; Y dr
q Vv
Since the integral is zero except when q = k; —k; , equation (2.58) simplifiesto
W, |V | W, O= V(q)IVuk'D(r) uy (r) ar (2.59)

For parabolic bands, ka(r) = Uy (r) ; hence, the overlap integral in equation (2.59)

reduces to unity, and we get
[WiVs | W 0= V(a) (2.60)
Therefore, calculation of the matrix element simply reduces to evaluating the Fourier

transform V(q) of the perturbing potential V(r), and equation (2.56) simplifies to:

S(k k) = S(q) = gﬁf[| V() [? 8[e(k) —&(K)] (2.61)

25 Summary

In this chapter, we have presented a systematic treatment of the calculation of
mobility p from the Boltzmann Transport Equation provided the scattering potential V(r)

is known. In the next chapter, we shall calculate V(r) for a screened two-dimensional

Coulombic potential, and make use of the methodology outlined in this chapter to
calculate the mobility associated with this scattering potential.
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We summarize here the mobility calculation methodology presented in this chapter.
Starting with a description of the scattering potential V¢(q), the transition rate Sk,K) is

calculated according to Fermi’s golden rule as given in equation (2.61):

S(k k) = S(q) = ?ﬁf‘| V() [* 8[e(k) —&(K)] (2.61)

If the scattering mechanism is elastic, as in Coulombic scattering, then the momentum
relaxation 1(€) is given by equation (2.35):

_1_

— V 1 1
9 C é—n—g’[S(k, k') [1- cosa] dk (2.35)

Expressing 1(€) as 1, (¢/KT) ° where s denotes the energy dependence of t(€), mobility p

isgiven by equation (2.54):

_ 9}2[! (s+5/2)

W= 0T (G2 (2:54)

It should be noted that the calculation methodology for mobility presented in this
chapter is semiclassical in nature: calculation of scattering potential and transition rate
invokes quantum mechanics, whereas calculation of momentum relaxation time and
mobility is based on classical laws.



Chapter 3

Coulombic Scattering in
MOSInversion Layers

3.1 Introduction

Design of low-power systems has gained considerable interest in recent years,
particularly for portable applications such as laptops computers and cellular phones. For
maximum savings in power dissipation with minimum impact on performance,
optimizations would have to be carried out at all levels in the design hierarchy — device,
circuit, system, and software [97]. To address the issue of power dissipation in today’s
ULSI chips, various technology options are being explored that would help minimize both
standby and active power dissipation without compromising the operating speed. One
such option is the design of low threshold devices with aggressively scaled Vg [84].

Proper design and optimization of such devices requires accurate prediction of threshold
voltage (V1) and drain leakage current (l), particularly since small changes in V1 can

significantly alter | . It is recognized that the |-V characteristics of a MOSFET in the
subthreshold region, and hence the calculation of V1, are severely affected by the

Coulombic scattering of inversion-layer electrons due to channel impurities [2]. This is
exacerbated in scaled devices, that tend to have high channel doping levels to prevent
undesirable short channel effects. However, what has been lacking is accurate
characterization and fundamental modeling of Coulombic scattering in the inversion layer.

Inlight of the above concerns, we present in this chapter afirst-principles calculation
of Coulombic scattering in the quasi two-dimensional inversion layer. The objectives are

29
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two fold: (i) to formulate a closed-form (analytical) model for Coulombic scattering that
can be readily implemented in moment-based device simulators, and (ii) a
physically-based model is an essential requirement for predictive device smulation.

The organization of this chapter is as follows. In Section 3.2, we discuss the new
modeling approach and identify the deficiencies of existing models. There are two aspects
to Coulombic scattering: the screened and unscreened components. Unscreened
Coulombic scattering is due to a bare Coulombic potential which, if screened by free
carriers, results in screened Coulombic scattering. An important aspect of first-principles
modeling is the formulation of the scattering potential for both screened and unscreened
two-dimensional Coulombic charge effects. Once the scattering potentials have been
calculated, we then employ the methodology developed in the previous chapter to
calculate respective mobility terms from their scattering potentials. Section 3.2.1 is
devoted to the calculation of unscreened Coulombic scattering, and in Section 3.2.2,
screened Coulombic scattering is considered.

In Section 3.3, we test the accuracy of the new 2D model by comparing it with
experimental data obtained from the literature. The new model, properly accounting for
2D confinement and quantum mechanical effects, is shown to be in much better agreement
with experimental data compared to the 3D model by Brooks and Herring.

In Section 3.4, we investigate the effect of substrate bias on screened Coulombic
scattering. This experimental investigation confirms the hypothesis that Coulombic
scattering is a stronger function of electron density compared to the effective normal field
in the inversion layer. It will be seen in Chapter 4 that it is this property of Coulombic
scattering that causes marked deviations from the universal behavior of mobility [43].

In Section 3.5, we present a new systematic technique for extracting unscreened
Coulombic mobility from experimental data. Currently, techniques only exist for
extracting screened Coulombic mobility. We then present a comparison between the
extracted data and various models for unscreened Coulombic scattering, and show that our
new modeling approach yields better fits than 3D classical models previously published in
literature.

Finally in Section 3.6, we establish the importance of modeling Coulombic
scattering in MOS inversion layers by demonstrating its impact on critical design
parameters such as threshold voltage and off-state |eakage current.
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3.2 New Modeling Approach

The scattering of inversion layer electrons by charge centers in its vicinity is
generically termed as Coulombic scattering. Possible sources of charge centers include
ionized impurities in the channel, interfacial charge, fixed oxide charge, and mobile oxide
charge. Since we shall only be concerned with modeling ionized impurity scattering, in
the ensuing discussion Coulombic scattering will be synonymouswith impurity scattering.

The three parameters that affect impurity scattering in MOS inversion layers are
ionized impurity concentration, carrier density and temperature. Charge carriers respond
to an electrostatic potential in such a way as to always reduce its strength. This effect is
known as screening, and it istypically proportional to the density of mobile carriers. In the
limit of low carrier concentrations, scattering is essentialy due to the bare Coulomb
potential and is termed as unscreened Coulombic scattering. With the increase of carrier
density in the inversion layer, Coulombic scattering makes a transition from the
unscreened to the screened regime.

From a physical stand point, since there is a smooth transition from one regime to
the next, one might expect that a single mathematical expression would be sufficient to
model both the regimes. However, such is not the case since a mathematical singularity
occurs if the carrier density is set to zero in the expression for screened Coulombic
scattering. As a result, a separate formulation is required for unscreened Coulombic
scattering.

Over the last three decades, Coulombic scattering has received scrutiny by both
theorists and experimentalists since it was recognized earlier on that ionized impurity
scattering would be a limiting factor in carrier transport in semiconductors. The earliest
theoretical works on Coulombic scattering include that of Brooks and Herring [13] and of
Conwell and Weisskopf [12]. Brooks and Herring computed the screened Coulombic
mobility of a three dimensional electron gas whereas Conwell and Weisskopf computed
the unscreened mobility. While these 3D models were expressed in closed form, and
hence suitable for implementation in a 2D device simulator, they did not accurately model
Coulombic scattering in MOS inversion layers, as will be shown in Sections 3.3 and 3.5.
Thus, what we need to consider are analytical models formulated for a two-dimensional
electron gas.

With the emerging interest in MOS systems, severa works appeared on Coulombic
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scattering in a two-dimensional electron gas. The seminal paper on this subject by Stern
and Howard [8] presented a theoretical treatment of Coulombic scattering in MOS
inversion layers assuming that only the lowest sub-band (i.e. the ground state) was
occupied. Since the treatment was quite rigorous, they were unable to arrive at a closed
form solution for mobility. Instead, the results were obtained through numerical
integration for very low temperature cases. The objective here is in achieving a closed
form solution for mobility, applicable at room temperature, that can be implemented in a
moment-based device simulator such as PISCES [54].

Following the work of Stern and Howard [8], Sah et. al. [47] calculated a
closed-form solution for unscreened Coulombic mobility in MOS inversion layers.
However, this work only considered the scattering of electrons by fixed oxide charges,
which at that time was the dominant source of Coulombic scattering. However, significant
advances in MOS processing technology have led to a considerable reduction of
interfacial and oxide chargesin modern day MOSFETS. Instead, now the dominant source
of Coulombic scattering in the inversion layer is due to ionized impurities in the channel
[1] whose concentration, as a result of device scaling, continues to increase in an effort to
suppress short channel effects such as punchthrough and drain-induced-barrier lowering.

Subsequently, Ning and Sah [98] expanded on their earlier work of Sah [47] and
included screening among other effects in their calculation. However, this work ill
concentrated on Coulombic scattering due to oxide charges. Based on current needs,
interest has now shifted to the study of Coulombic scattering due to channel dopants.

Other works have appeared in literature that have treated impurity scattering in a
quantum well [100]-[104] instead of an MOS inversion layer. While the structure is
different, the problem is essentially similar since in both cases the electron gas behaves as
aquas two-dimensional system. However, the mgjor shortcoming with these analysesis
that they treat Coulombic scattering only in the low-temperature limit.

Recently, a comprehensive account of Coulombic scattering has been presented by
Gamiz et. al. [99]. Due to the completeness and complexity of their treatment, they are
only able to calculate the mobility numerically. Such a model however is not suitable for
implementation in a drift-diffusion device simulator.

In direct support of creating a mobility model for Coulombic scattering that can be
implemented in a device simulator requires the following features:

(1) The model should be analytical — expressed in closed-form.
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(2) Themodel should consider Coulombic scattering due to channel dopants.
(3 The model should be applicable at room temperature.

Since none of the previous works provide a model that possess the features
mentioned above, our objective in performing a first-principles calculation of Coulombic
scattering isto arrive at amodel that would exhibit all these three features. Since screened
scattering logically follows unscreened scattering, we first present a calculation for
unscreened Coulombic scattering in Section 3.2.1 followed by a calculation for screened
Coulombic scattering in Section 3.2.2.

3.2.1 Unscreened Coulombic Scattering

In this section, we shal compute the mobility due to unscreened Coulombic
scattering. In computing this mobility, we will ignore the screening effect due to the
electron gas which will be taken up in the next section. Assume that the electron gas can

move in the x-y plane and is confined in the z direction’. Electrons are considered confined
or quantized if their deBroglie wavelength is larger than or comparable to the width of the

confining potential. The deBroglie wavelength of electrons, givenby A = h/J/2mlkT, is
approximately 150A at room temperature, whereas the thickness of the inversion layer is
typically around 50A to 100A. Thus, we are justified in treating the inversion layer as a
two dimensional electron gas. However, due to its finite extension in the z direction, the
inversion layer is considered as a quasi 2D as opposed to a strictly 2D gas. As we shall
see, the finite extension of the inversion layer in the z direction leads to further complexity
in our analysis of Coulombic scattering.

The Coulomb potential due to a charge center located at (r;, z;) in the semiconductor

isgiven by [8]
O e O 5 -1/2
V(r,2) = E‘fm%[(r—ri) +(z-2)°]

(3.1)

O .2 00 — O -1/2
+0E oo T8 Fo il (r-r)®+ (z+2)”]
EIA'T[SODDKsi (Ksi - Kox) H

1. z=0corresponds the Si/fSiO, interface. z> 0 isin silicon whereas z < O is in the oxide.
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where Kg and K, is the dielectric constant of silicon and oxide respectively, and g is the

permittivity of free space. The first term on the right hand side of equation (3.1)
corresponds to the direct interaction between the electron at (r, z) and the charge center at
(ri, z), whereas the second term corresponds to the interaction between the electron and

the charge center’simage at (rj, -z;). Theimage chargeisaresult of the differing dielectric
constants of oxide and silicon.

Since inversion layer electrons are restricted to move in the x-y plane, they would
only scatter off potential perturbations that they see in the x-y plane. Therefore, we are
only interested in determining the potential variations along that plane. To do so, we need
to calculate the two dimensional Fourier transform of the potential appearing in equation
(3.1), where the result is given by [8]

2

V(a,z) = F(a.z) (3.2)

2K8

where K = (Kg +K,y) 72 and the form factor F(q, z) accounts for the separation z

between the impurity layer and the electron gas and aso for the finite extension of the
electron gas in the z dimension. Considering that the wavefunction of inversion-layer

electrons in the ground state is given by (_(2) e (K , where (,(2) is the envelope
function, F(q, z) isalso given by [8]
1 ol ~dz-z] O K O ezl
F(gz) = 5 I|z (z)| DD1+ < Ee + 51— KSEe Edz (3.3
[0}

The form factor appearing in equation (3.3) is complex enough that it does not
permit a closed form solution for mobility. In order to make the solution tractable, we

assume the inversion layer to be infinitessimally thin, i.e. { (z) = &(2) . In this strictly

two dimensional limit, equation (3.3) ssmplifiesto

—q|z|

F(a.z) =€ (3.4)

Inserting V(g) from equation (3.2) into (2.61), the transition rate §q,z) takes the
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following form:

onH & —CHZ.\
S(9,z) = P Em E o[e(k) —e (k)] (3.5

The transition rate given in equation (3.5) is due to a sheet of impurity atoms located
at a distance z from the electron gas. Since, the impurity atoms are distributed in a three

dimensional space underneath the interface, we need to sum the contribution due to each
sheet of impurity atoms. If this distribution is given by N(2), then the total transition rate

SQq) isgiven by

2

D , 2qz
S(q) = ﬁ EZFOCE o[e(k) —e(K)] IN(Z)e (36)

In an attempt to arrive at a closed form solution, we assume that scattering is
primarily due to a two-dimensional sheet of charge located at the interface, i.e.
N(2) = Nop 9(2). In modern submicron MOSFETS, the channel region is typically doped

more heavily than the substrate to suppress drain-induced-barrier lowering (DIBL) and
surface punchthrough effects. Thus, it is reasonable to assume that impurity scattering is
primarily due to dopants that are situated near the interface. With this assumption,
eguation (3.6) reducesto

2T[D 2 52 ’
S(q) = -ﬁ- DZD—KSOqD Nyp d[e(k’) —e (k)] (3.7)

Since, Coulombic scattering is an elastic scattering mechanism, the scattering rate or
equivalently the inverse of the momentum relaxation time is calculated according to
equation (2.35) :

N 0 g2 02
%L _ (22';225" Eﬁm Ilé[s(k)-a(k)] [1— cosf] dk 3.9)
m T

where k is the wavevector in the x-y plane, and in 2D dk = k dk dB. The relationship
between k, 0, and g for elastic scattering is illustrated in Fig. 3.1 In light of this
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In elastic scattering, |k¢| = [k;|

According to the law of cosines,
o = k% + k? - 2k? cosd
=k?[2-2cosD]
= 4k? sin%(6/2)
O g=2ksin(6/2)

Figure3.1 Relationship among the various variablesin elastic scattering.

relationship, equation (3.8) can be transformed to

Tt
1 _NpdefPpa 21 o
= =20-0 5r:3[e(k)—e(K]dkg Of = ded 3.9
Ty 2mh O2Ke] g i oletk) —e (0] - 270 59

(0]

For spherical parabolic bands, € = (ﬁk)z/ (2mb), and the transformation
dk = [mR°k]de simplifies the integral in equation (3.9) with the delta function to
mLy/ (ﬁk)2 . Thus, the expression for momentum relaxation simplifiesto :

_ 32A(Re) (KT) gep

= 3.10
T, (€) e4N2D OerC (3.10)

Mobility is calculated according to equation (2.54), and with the energy dependence
of 1, equal to unity, s equals 1 in equation (2.52). Hence, mobility due to unscreened

Coulombic scattering is given by
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_ 80 R(key)® (KT)

I'lunscreened -

- (3.11)
e miN,,

3.2.2 Screened Coulombic Scattering

Having calcul ated the expression for unscreened mobility in the previous section, we
now consider the effect of screening due to inversion layer electrons on Coulombic
scattering. Screening is actually a many-body phenomena since it involves the collective
motion of the electron gas. To keep the analysis smple, we shall consider screening only
in the context of the linear response theory, wherein applied fields are treated as small
perturbations to which the response of the electron gas is assumed linear. We consider a
free electron gas that is subjected to a perturbation that varies in both space and time.
Suppose that the potential seen by an electron at r and at timet is given by

i(qr+wt)

Vi (1, 1) =V, e (3.12)

This externally applied potential gives rise to a fluctuation in electron density that obeys
the same dependence in space and time :

i(q+wt)

Ping (1) = Ping € (3.13)

According to Poisson’s equation, the induced charge density results in an induced
potential Vj.q (r,t) with the same q and w dependence :

2 e
OVing (1) = === Pipg (1, ) (3.14)
SI "o

In the random phase approximation [105], the electrons respond linearly to the effective
potential Vi , which is given by the sum of Vg and Vg - Thus, we have

Ping = €X (Q, W) Vg (3.15)

where X(q,w) is known as the screened response function [86]. From equations (3.14) and
(3.15), we get the following relationship between Vg and Vg for a two-dimensional
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electron gas [86] :
Vext = {1—Ee—zgx(q, w)}v (3.16)
[RKg €0 eff
If we define
Vext = €(0, 0) Vg (3.17)

where g(q,w) isthe longitudinal dielectric function of the electron gas[87], then
€ (ql (0) = 1_Vext (q) [k (q1 (L)) (318)

where Vi (Q) is the 2D Fourier transform of the 3D Coulomb potential e’/ (41K E 1)

[86]. Theinteraction potential between two inversion-layer electronsis given by [8], [88] :

2

Vext (@) = F () (3.19)

e
2Ke
wherek = (Kg *+ Ky 72 and F(q) is the form factor accounting for the finite width of

the inversion layer. Neglecting the potential due to image charges [8], the form factor is
given by

[ee]

2 —
F(a) = [|¢ )] e Tz (3.20)
0]
where (,(2) is the ground-state envelope function. To keep the analysis tractable, we

assume that the inversion layer has an infinitesimal thickness, i.e. {,(z) = 0(2) . Under

thisassumption, F (g) — 1 and we get

2
e
ext (q) 2K80q ( )
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In the random phase approximation, the screened response function is given by the
Lindhard function [86], [88]:

_ f(k) —f(k+q)
x(a0) = %[£(k+ q) —e(k) + (ﬁw—iﬁa)} (322

where a accounts for the dissipative part of the carrier-carrier interaction [41]. Typically it
has a small effect, and hence we shall neglect it in our analysis. Since the potential due to
an ionized impurity atom does not vary with time, we only need to compute the screened

response function in the static limit, i.e. w — 0. Also Coulombic scattering is
non-isotropic in nature and it tends to deflect carriers through small angles. Finally,
g = 2ksin(6/2) , and since 8 is assumed to be small, it is reasonable to assume that

g « k. With this assumption, we get the following pair of simplifications :

f(k)—f(k+q):—q[%{<:—q[%i[§< (3.23)

e(k+q) —£(K) =qrle (3.24)

With the help of equation (3.23) and (3.24), the expression for the screened response
function in equation (3.22) smplifiesto :

x@@ =Y- % (3.25)
k

Assuming Maxwell-Boltzmann statistics, f(g) 0e” <" which implies 9f/de = f/kT.

Hence, x(g) in equation (3.25) transforms to x (q) = —ki_I_Zf(k). Since, f(r,k)
k

corresponds to the probability of finding an electron at r with momentum k, if we perform
the summation over al k, we simply get the 2D electron density N, a point r, wherer is
a vector in the x-y plane of the inversion layer. Thus, the expression for the screened
response function becomes :
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_ Ninv(r)

= = (3.26)

Substituting for X in the expression for the dielectric function in equation (3.18), and using
the expression for V,; from equation (3.21), we get for £(q) the following:

2 Nipy (1)
e inv
=1+ —= 27
e(a) 2ke,q KT (3.27)
If we define the inverse screening length g4 in the inversion layer as
2
— e I\Iinv
4 2Re kT (3:28)
then the dielectric function €(q) for a 2D electron gas can be rewritten as :
€(q) =1+ Ja (3.29)

q

2
In contrast, the dielectric function for a3D gasisgivenby e (q) = 1+ EggD/ q% .

Now that the dielectric function for the 2D electron gas has been computed, we
proceed to compute the screened Coulombic potential in the inversion layer. Combining
equations (3.17), (3.21), and (3.29), the expression for screened Coulombic scattering is
given by :

Vg (A) = DD—?Z E 1 (3.30)
eff DZKSOD q + qd

To obtain the transition rate for screened Coulombic scattering, we replace the
unscreened Coulombic potential in equation (3.7) with Vg (Q) given in equation (3.30) to

obtain :
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2 2

S(a) = 2 Bt

R mmg Nyp 0[e(k) —e (k)] (3.31)

As in the case for unscreened Coulombic scattering, screened scattering is assumed to be
predominantly due to a sheet of impurity atoms located near the interface.

Due to the elastic nature of Coulombic scattering, its scattering rate ought to be
calculated according to eguation (2.35). However, in trying to calculate the elastic
(1 - cosB)
[sin(6/2) +q >
not permit a closed-form solution. We instead find that such a solution exists for the

isotropic scattering rate (also defined as the inverse of the single-particle relaxation time
T9 as given in equation (2.27). While unscreened and weakly screened Coulombic

scattering rate (i.e. 1/1,,,) we find that the resulting integral J’ do does

potentials lead to non-isotropic scattering, moderately and strongly screened potentials
result in isotropic scattering [15]. It has also been experimentally observed that in asilicon
MOSFET, momentum relaxation and single-particle relaxation times are nearly equal
[89], [90]. Hence, it is a reasonable approximation to calculate screened Coulombic
mobility based on the single-particle relaxation time as opposed to the momentum
relaxation time. The isotropic scattering rate, defined in equation (2.27), isgiven by :

N 0 2 02
o2 o DAL L 5[e(k) e (K] ck (332)
Tm T (2T[) h D2ke & (a+dy)

With q = 2ksin (6/2) , dk = k dk d8, and dk = [m/R’k]de, equation (3.32)

simplifiesto:

4
1 eNp 1
Ts  32nh(ke)”

= de 3.33
2 {[ 6+qd/(2k)] (539

If we define a = q,/ 2k, and represent the integral in equation (3.33) by F(a), then F(a)

isgiven by :



Chapter 3  Coulombic Scattering in MOS Inversion Layers 42

| O

1 a DO(2+0([1+A/1—0(2}D
7 5 3/2DOQE %
al1-a’] [1-0?] Da%a[l—dl—aﬂm

The energy dependence of the scattering rate in equation (3.33) is equal to unity. Thus,
according to equation (2.54), mobility due to screened Coulombic scattering is given by :

F(a) =

(3.34)

_ 80mh (Re,) “ (KT)

M d =
screene engNZDF (@)

(3.35)

where F(a) is given by equation (3.34). a is evaluated at € = (s+3/2) kT [15], and
hence we get:

2
e h Ny

i 4(ke,) BmO(KT) ¥

a

(3.36)

At room temperature, o CIN, _ / 1x10™, and hence for Niny Varying between 1x10™ and

1x10% cm_z, a is 0.1 or smaller. From equation (3.34), we see that for smal q,

F (a) O1/a. Thus, over thisrange of N; ON;,, -

nvH screened

3.3 Comparison with Experimental data

Thefirst experimental investigation of Coulombic scattering due to ionized impurity
atomsin the channel was reported by Takagi et. al. [9], [10]. However, Takagi’s extraction
technique, based on the split C-V method [75], restricted him to study only the screened
aspect of Coulombic scattering. Since Takagi’s first results on Coulombic scattering, other
works have appeared in the literature [78], [80] that support the original findings.
Moreover, improved techniques have been proposed for extracting Coulombic scattering
[91], [92].

In an attempt to model screened Coulombic scattering in MOS inversion layers,
consistent with 2D device simulation, researchers [80] have examined existing models in
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the literature that were originally formulated in closed form. The premier analytical model
based on a first-principles calculation was first proposed by Brooks and Herring [13] who
had treated screened Coulombic scattering in a three dimensional electron gas. However,
it was noted by Shin et. al. [80] that the Brooks-Herring model did not provide good
agreement with Takagi’s [9] experimental data for 2D screened Coulombic scattering.
Shin's solution to this problem was to introduce sufficient number of calibrating
parameters to fit the model and data. In doing so however, there still exists a fundamental
deficiency in Shin's model since it was not obtained from a first-principles calculation of
2D Coulombic scattering. The first principles calculation presented in Section 3.2 is an
attempt to more accurately model 2D Coulombic scattering, and in doing so, fewer
calibrating parameters are needed to fit the model with experimental data.

As a demonstration of the success of the new modeling effort, Fig. 3.2 presents a
comparison between the Brooks-Herring model, the new 2D model for screened

Coulombic scattering (specified by equations (3.34)-(3.36) ), and experimental datal by
Takagi et. al. [9]. It should be emphasized that in presenting the comparison in Fig. 3.2, no
calibrating parameters have been introduced in either the Brooks-Herring model or the
new 2D model. For the Brooks-Herring model, one can observe that both the magnitude of
mobility and its dependence on N;,, do not agree with experimental data. While the new

model does not predict the magnitude of mobility correctly, it does capture the N,
dependence with great accuracy.

From Fig. 3.2, we note that Brooks-Herring model exhibits a super-linear
dependence on N;,, Whereas the new 2D model exhibits a linear dependence. This

behavior, which results from fact that screening in 3D is stronger than in 2D [85], can be
explained as follows. Imagine a point charge (whose electric field lines emanate in all
three dimensions) which isimmersed in an electron gas whose movement is confined to a
plane. This 2D electron gas would be able to effectively screen only those field lines that
lie within its plane, whereas the field lines that are perpendicular to the plane of the
electron gas would be poorly screened. On the other hand, an electron gas that can freely
movein all three dimensions would be able to screen field linesin al three dimensions. As
aresult, 3D electrons screen Coulomb potentials better than 2D electrons.

Due to the nature of first-principles calculations, it is not expected that the new 2D

1. extraction of screened Coulombic scattering from experimental datais discussed in Section 3.5.



Chapter 3  Coulombic Scattering in MOS Inversion Layers 44

()]

[EEN
o

o1
\
\

|_\
(@)
T
Z
>
Il
N
N
X
'_\
o
'_\
e}
o
S
@
\
\
[
\
|

o
o
N
!
&
\
\
&
\
|

r——ATTT

e

©—< New First-Principles Model (2-D) J

w

=
o
T
I

N

[N

|
o
T
I

o

=
(@)
T

'
[y

&~-—A Brooks-Herring Model (3-D)

Coulombic Mobility (cm2/V-sec)
S 5

e—e Experimental Data
L ! ! ! ! IR |

10" 10 ,
Integrated Channel Charge, N, (cm *)

'
N

=
o

12

Figure 3.2 Comparison between Brooks-Herring model, the new 2D model,
and Takagi et. al.’s experimental data[9]. Mobility ishigher in 3D compared to
2D because of stronger screening [85], which results from the fact that field
lines emanating in 3D can never be completely screened in 2D.

model would correctly predict both the magnitude as well as the screening dependence,
since a series of simplifying assumptions have to be made to render the solution possible.
In light of this fact, the screening dependence correctly predicted by the new model when
the 3D model could not certainly impliesthat the inversion layer should be treated as a 2D
gas. The major benefit of this new model, as we have aready stated, is that only one
calibrating parameter in the form of a pre-factor is required to achieve complete
agreement with the experimental data. This, however, can not be said for the
Brook-Herrings model since its screening dependence also needs to be “corrected” in
order to match it with experimental data.
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The calibrated model ﬁscreened isgiven by k [l where k is the calibrating

screened’
parameter and Pgreened 1S given by equation (3.35). Broad applicability of the new
calibrated model is demonstrated in Fig. 3.3 which exhibits excellent agreement between
the new model and experimental data over a wide range of channel doping values. It may

O Experimental Data
—— New Model
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[E=Y
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Figure 3.3 Broad applicability of the new model, fitted with one calibrating
parameter, is demonstrated by comparing it with experimental data over a
wide range of channel doping levels and electron densities.

be noted from Fig. 3.3 that the fit for the lowest doping case is not as good as for the
higher doped cases. This has to do with the fact that the model for screened Coulombic
scattering was derived for a strictly two-dimensional gas. For the higher doped cases, the
potential well in the inversion layer is steep, leading to strong quantization. Hence, the
assumption of two-dimensionality holds quite well for the higher doped cases. For the
lower doped cases, the potential well is fairly shallow, and quantization is weak. Thus, a
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strictly 2D model for the electron gasis a poor approximation for low doped substrates.

3.4 Substrate Bias Dependence

One aspect of Coulombic scattering that distinguishes it from phonon and surface
roughness scattering in the inversion layer is that Coulomb scattering is afunction of N,

whereas the latter two are functions of the effective electric field Eg which is defined as
[43]:

1r1
ur = 2| 5 * e (3:37)

In order to express Eg in terms of terminal voltages, use of the following relations is

mede  (98) i Qu = CoulVos—Ve): Vi = Vit Quep/Co  ad

Quept = Y Cox /2cpp + |VSB| ,wherey = ,/2e,qNg .,/ C,, . Thus, Eg isgiven by:

C
Eur = 2| (Vos™V10) *¥./28, % Vs (339

Both phonon and surface-roughness mobility decrease with increasing Eg [43].
Thus, according to equation (3.38), increasing either Vgg or Vg would increase Eq,
which would cause phonon and surface roughness mobilities to decrease. If Vggand Vg
are both increased such that Q;,,, is held constant (i.e. screening strength is not changed),

then although phonon and surface roughness mobilities would decrease, we would expect
Coulombic mobility to remain unchanged based on the model derived in Section 3.2.2.

To test our hypothesis, we experimentally investigated the effect of substrate bias on
screened Coulombic mobility. Results shown in Fig. 3.4 indicate that Coulombic mobility
is a very weak function of substrate bias, thus confirming our hypothesis as well as the
validity of the new model.
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Figure 3.4  Coulombic mobility is shown to be a weak function of
substrate bias, demonstrating that electron density and channel charge are
the dominant parameters affecting Coulombic scattering.

3.5 Systematic Extraction Technique

The technique used by Takagi et. al. [9] and other researchers [91] for extracting
Coulombic mobility in the inversion-layer is based on the split C-V method [75]. For a
MOSFET biased in the linear region, the expression for drain current |pgis given by (see

Ref. [93]) :

W Vos
= Epeff Io Qinv[q) (x)] dp (3.39)
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where ¢ is the quasi-fermi potential, Q;,, IS the inversion charge per unit of channel area,
W and L are the channel width and length respectively, and Vpgisthe drain voltage. In the

limit of V5 - 0, Qjpp, can be considered as a constant, and equation (3.39) reduces to:

VDS

IDS = Wp‘eff Qian (3.40)

Thus, if measurements are performed at a vanishingly small Vpg (around 10 to 30

mV in practice), effective mobility can be computed from equation (3.40) as
I

_ DS
et = WGy (Vo) 349

Inversion charge per unit area can be mapped as a function of gate voltage by noting
that

VGS
Qinv (Vgs = I [dQI nv/dVGS] dVGS (342)

— 00

where dQ;,,/dVgsis simply the gate-to-channel capacitance which can be measured using

the “split” C-V technique [94] performed at intermediate frequencies to suppress the
response of interface states and the effect of channel resistance [95]. Resolution of the
split C-V technique is severely degraded if the carrier concentration in the inversion layer
is small [96] (i.e. in weak inversion which corresponds to the subthreshold region of
operation). Since equation (3.42) gives accurate results in strong inversion, the C-V
technique can be successfully applied to extract screened Coulombic mobility from
equation (3.41). However, the split C-V technique can not be extended to extract
unscreened Coulombic mobility from equation (3.41) since that requires measurement of
Qi 1N subthreshold which can not be accurately performed by the split C-V technique.

Since Q;,, can not be accurately measured in subthreshold, we instead work with g

which can be accurately measured in subthreshold. A new and systematic technique is
proposed that involves classical and quantum simulations, and requires |-V and C-V data
from measurements. We see from equation (3.40), which is applicable in subthreshold,
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that an accurate simulation of 15 would require correctly calculating Q;,, and pg . The

simulations are performed using PISCES [54], a two-dimensional device simulator that
solves the drift-diffusion equation. The following pieces of information must be supplied
to PISCES in order for it to accurately calculate Qjp, :

(1) Doping profile:
The devices that are being simulated have a uniform doping profile [9]. A high
degree of uniformity was achieved by annealing the samples at 1190°C for 60
minutes. Background doping was determined from the C-V capacitance

measurements in the high—frequency1 (100 kHz) [10] regime using the
maximum-minimum capacitance method [109]. Based on comparison with
process simulation results, the accuracy of this extraction was found to be
limited to 10% [96].

(2) Oxidethickness:
The oxide thickness was determined from high frequency C-V measurements
in the accumulation region. The accuracy of this measurement is typically
within 2% [109].

(3) Interfacial and fixed oxide charge:
Interfacial and fixed oxide charges were determined by comparing theoretical
and measured high-frequency C-V curves. Accuracy of the theoretical curves
is limited to the accuracy with which oxide thickness and substrate doping is
known. Since, shifts are measured between flatband and threshold voltage,
based on the expression for capacitance near flatband [93], the accuracy of this
calculation is around 12%.

(4) Quantum corrections:
Since PISCES does not solve the Schrodinger’s equation for electrons in the
inversion layer, we need to consider two corrections that arise from the
guantization of the electron gas. The first effect of quantization is the creation
of energy sub-bands in the inversion layer [8]. Classically, electrons would
start occupying the conduction band at € = 0. However, quantum mechanically,
the lowest energy level in the conduction band that they can occupy
corresponds to the first sub-band at € = &, . Thisenergy separation €, appears as

1. High frequency suppresses the response of interface states [109].
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an effective increase in band-gap which tends to reduce Qjy,, . The other effect
of quantization is the emergence of wavefunctions. Classically, electrons
would distribute themselves according to Maxwell-Boltzmann statistics, in
which case the electron concentration would be maximum at the interface and
decrease monotonically away from the interface. Quantum mechanically,
electron concentration peaks where the wavefunction is a maximum which
occurs at a certain distance z,, below the interface. The effective oxide
thickness (toy + z,,) is larger than the physical oxide thickness t,,, which also
tends to reduce Q;,,. The net effect of both the quantum corrections can be
determined by comparing the Qjn-Vgys curves of a self-consistent
Schrodinger-Poisson solution with a classical solution from PISCES. The shift

due to the quantum mechanical correction approximately follows T_ JN_A
[110]. Hence, the accuracy of this calculation is limited to about 5%.

Calculation of drain current by PISCES, using the four pieces of information mentioned
above, would be limited to an accuracy of about 30%.

To correctly calculate mobility in subthreshold, the model in PISCES should
incorporate the following terms:

(1) Phonon scattering:
Mobility due to phonon scattering is extracted using the same methodology
[43] as for screened Coulombic scattering. When plotted as effective mobility
versus effective field Eg4, phonon scattering yields what is known as the
universal mobility curve. The concept of the universal mobility curve (UMC)
was first proposed by Sabnis and Clemens [43], and since then other
researchers [9], [33], [77], have successfully reproduced the UMC. While
phonon mobility is extracted in strong inversion, its model can be extended to
the subthreshold region by virtue of the UMC, and is explained as follows.
From equation (3.38), for the same Vgg- V1o (Which determines the degree to
which the channel is inverted), a lightly doped substrate results in a smaller
value of Eg compared to a heavily doped substrate. It is an experimentally

observed property of the UMC that both the doping levels would overlap on
the UMC [43], with the curve generated by the lightly doped substrate starting
at asmaller value of E4; compared to the heavily doped substrate. The UMC is
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applicable to phonon mobility regardless of substrate doping [43], since an Eg

value corresponding to subthreshold for a certain doping would correspond to
strong inversion for a lighter doping. Hence, the UMC can be used to
determine phonon mobility in subthreshold. Implicit in this argument is that
the screening of the phonon deformation potential by the electron gas is
considered to be negligible [106].

(2) Surface roughness scattering:

Mobility due to surface roughness scattering is extracted using the same
methodology as for screened Coulombic scattering [10]. Surface roughness
scattering will follow the UMC provided the interfacial properties of the
Si-SiO, system remain invariant. This for instance would be true for
MOSFETSs whose gate oxide is grown under similar conditions. Based on the
same reasoning as for phonon scattering, surface roughness scattering can also
be determined from the UMC in subthreshold.

(3 Coulombic scattering
Unscreened mobility is the last piece of information that would be needed to
accurately simulate | g in subthresnold. Unlike phonon and surface roughness
scattering, Coulombic mobility in strong inversion is very different from that
in weak inversion; hence Coulombic scattering does not follow the UMC [9].
The new extraction technique for unscreened Coulombic mobility is based on the
following observation: for the simulated 155 to exactly match the measured Ipg in
subthresnhold, the device simulator would have to correctly calculate Q;,,, and pgf in this
region. Assume that the four pieces of information required to accurately calculate Q;p,,
are available. On the other hand, the only available mobility model isthe one that is based
on the UMC (see Section 4.6), which incorporates phonon and surface roughness
scattering. Due to the lack of aterm for unscreened Coulombic scattering, calculation of
Mg N subthreshold is inaccurate. Any discrepancy between simulated and measured Ipg
in subthreshold is now attributed to unscreened Coulombic scattering. The extraction of
unscreened Coulombic scattering from this discrepancy is described below.
The MOSFET devices used in this study are 200um long and 100um wide, each
with a gate oxide thickness of 2504, and a uniform substrate doping that lies between

1x10% and 1x10'® cm™. For each substrate doping level, the following five steps are
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performed to arrive at a value for unscreened mobility and its corresponding effective
doping level:

(1) For the device under test, the interfacial and fixed oxide charges are
determined from high-frequency C-V measurements, and the values supplied to
PISCES Snce interfacial and oxide charge is typically positive, its
electrostatic effect on Q;,, IS to increase it. This results in a rigid left shift of
the 55 Vg curve in subthreshold. The accuracy of this correction is limited to
12%. 1t should be mentioned that the value extracted for interfacial and oxide
charges also includes the difference in workfunctions.

(2) For that particular substrate doping level, self-consistent 1-D
Schrodinger-Poisson simulations are performed to generate an Q;,,-Vgs Curve
which is then compared with a corresponding classical curve generated by
PISCES The shift between the two curves is taken to be the quantum
correction, which is supplied to PISCES in the form of a rigid V1 shift. The
shift in the 155 Vs curve is to the right since quantum corrections appear as
an effective increase in bandgap. The accuracy of this calculation is limited to
around 5%.

After steps 1 and 2 have been performed, the simulated | 55 curve, accurate to within 30%,
is compared with the corresponding experimental g curve, an illustration of which is
shown in Fig. 3.5. We note from Fig. 3.5 that the simulation results predict Ipg that is
higher than the measured values. Since we have accounted for all the factors affecting the
calculation of Qjp,,, this discrepancy is attributed to an incorrect calculation of mobility by
PISCES. The mobility model used in PISCES simulations has terms for phonon and
surface roughness scattering. Thus, it is the lack of a term for unscreened Coulombic
scattering that is the cause of this discrepancy. Since Qg = Qexp , from equation (3.40),

the ratio of drain currentsis simply the ratio of mobilities:

lsm _ HumcQsimVos’L _ Humc
lexp HMexpQexpVps’L  Hexp

(3.43)

where Iq)y and Igxp are simulated and experimental 1pg respectively, pyyc is the
mobility model based on the universal mobility curve, pgxp is the actual value for
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Figure 3.5 Comparison between simulated and experimental Ipg in
subthreshold. Lack of the unscreened Coulomb term accounts for the
discrepancy.

mobility in subthreshold, and Qg and Qgxp are simulated and experimental Q.
respectively. For the three doping cases considered in this work, the ratio I g / |gxp took
on values between 10 and 20. The 30% error in Igy is clearly much less than the

discrepancy due to unscreened Coulombic scattering, thus establishing the accuracy of the
proposed extraction technique.

In the third step, pexp is obtained from equation (3.43) as:

3

Calculation of pgxp :

! EXP

Hexr = 7~ Mumc
SIM

(3.44)
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If we assume that the various scattering mechanisms can be summed up using
Matthiessen’s rule [14], then the unscreened Coulombic mobility pyy is calculated as:

(4) Calculation of pyy :

TR
Moy = umc ~ Mexp (3.45)
HumcHexp

Thus, for each channel doping level, we are able to extract a value for unscreened
Coulombic mobility by performing steps 1 through 4. In the final step, we need to
calculate the effective substrate doping level associated with this mobility value.

It is important to note that besides affecting the calculation of Q;,,, interfacial and

oxide charges aso affect the calculation of Coulombic mobility. The total charge in
two-dimensions that would scatter inversion layer electronsis:

N,y = N +N.+N, 0Z, [ (3.46)

where Njs isthe interfacial charge, N; is the oxide charge, N, is the acceptor charge in the
channel and <Zz;,> is the average thickness of the inversion layer in subthreshold. This

thickness is calculated from a self-consistent 1-D solution of the Schrodinger-Poisson’s
equation. Thus, the equivalent charge in the substrate <Np> that would scatter the

electronsis calculated as;

(5 Calculation of effective charge in substrate:

N N:+N
|:NAD = 2D — if f+
eff |:Zin\)] |:Zin\)]

N, (3.47)

As can be seen from equation (3.47), the effect of interfacial and oxide charges is to
increase the “effective” channel doping density seen by the inversion layer electrons.

The result of applying steps 1 through 5 is shown in Fig. 3.6 which also presents the
comparison between extracted data, the new 2D model for unscreened Coulombic
scattering, and the 3D model of Conwell and Weisskopf [12]. As can be seen from Fig.
3.6, the new 2D model exhibits much better agreement than the 3D model, suggesting that
even in subthreshold, the electron gas behaves as a two-dimensional gas. This has to do
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with the fact that at high doping levels, such as those shown in Fig. 3.6, the potential wells
are still quite steep in subthreshold, leading to significant quantization of the electron gas.

(2]
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Figure 3.6  Comparison between extracted experimental data, new 2D
model for unscreened Coulombic scattering, and 3D model due to Conwell
and Weisskopf.

3.6 Impact of Coulombic scattering on Vy

Threshold voltage, V, is a very important design parameter for digital MOS
applications since it represents the trade-off between |, the off-state leakage, and |,
the current drive of the MOSFET. Aggressive design and optimization of submicron
MOSFETs would require an accurate prediction of V.

Consider the design of MOSFETs for low-power applications. One method for
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reducing power dissipation, which is proportional to Vsd, IS to scale Vy4. However,

reduction of V4 causes | 5, to decrease, which negatively impacts the performance of the
system. In an effort to improve the performance, the design of low-threshold devices has
been suggested [84], [4]. While the I, of such devices would increase, so would |
which would result in increased standby power dissipation. Thus, for devices that are to
operate at low Vyq, optimization of V4 isrequired to maximize performance and minimize
standby power dissipation. If deep submicron MOSFETSs are to be designed for |ow-power
applications using 2D device simulation tools, it is essential that the simulator be able to
accurately calculate the V1 of such devices which are doped heavily to suppress
punchthrough and DIBL effects.

Figure 3.7 presents the V1 comparison between experimental data and simulation
results obtained without a model for unscreened Coulombic scattering. The devices used
in this study have the same oxide thickness (250A) but different channel doping levels.
Thus, as the channel doping is increased, the absolute value of threshold voltage also
increases. In practice, MOSFETs with heavily doped channels will have thinner oxides
(less than 250R), as mandated by the scaling rules to keep the V1 at areasonable value.

What is important to note, however, is that the discrepancy between predicted and
measured V1 values increases as the channel doping goes up. This is because there is

increased Coulombic scattering at higher channel doping levels, and hence the error is
expected to be larger. Therefore, it becomes even more important to include a model for
Coulombic scattering when designing MOSFETs with heavily doped channels. For

instance, 0.1lum MOSFETs are expected to have channel doping levels around 1x10'8
cm3 and would be desi gned to operate at a Vyq of 1.0 to 1.5V [6]. Thus, amobility model

containing Coulombic scattering would be an important aid in technology scaling and
optimization.

3.7 Conclusion

In this chapter, a first-principles analysis of two dimensional Coulombic scattering
was presented. Unscreened Coulombic scattering was treated first, which is the scattering
of electrons by a bare Coulombic potential. This type of scattering dominates in weak
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Figure 3.7 Comparison between experimental data and simulation results
obtained without a model for unscreened Coulombic scattering.

inversion where there are too few carriers to screen the Coulomb potential. To keep the
analysis tractable, the following assumptions were made: (a) the electron gas was treated
as being strictly two dimensional (i.e. the envelope wavefunction was taken to be a delta
function), and (b) the impurity atoms were assumed to be distributed as a sheet of charge
near the interface. The first assumption holds if there is strong quantization (i.e. the
deBroglie wavelength of electrons is larger than the confining potential). The second
assumption holds in deep submicron MOSFETSs that tend to have alarge amount of charge
implanted near the interface to suppress DIBL and punchthrough effects.

Screened Coulombic scattering was treated next. The longitudinal dielectric function

for the electron gas was calculated in the random phase approximation, which led to an
expression for the screened Coulomb potential. In addition to the assumptions made for
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unscreened scattering, it was further assumed that for strongly screened scattering, the
single-particle relaxation time is approximately equal to the momentum relaxation time.
This assumption permitted a closed-form solution to be calculated for screened
Coulombic mobility. On comparison with experimental data, it was demonstrated that the
new 2D model for screened Coulombic scattering accurately captures the screening
dependence whereas the 3D model due to Brooks-Herring fails to do so. It was also
established that screened Coulombic mobility is a strong function of channel charge and
not of the effective electric field. This behavior is in sharp contrast with phonon and
surface roughness scattering.

Since no known technique exists for extracting unscreened Coulombic scattering, a
new and systematic technigue was presented that involves quantum and classical
simulations and requires the use of C-V and |-V data. Comparison of the extracted data
with models showed that the new 2D model for unscreened Coulombic scattering gives
better agreement with experimental data than the 3D model based on the formulation of
Conwell and Wel sskopf.

Finally, the importance of modeling Coulombic scattering in MOS inversion layers
was established by demonstrating its impact on critical design parameters such as
threshold voltage and off-state leakage current. It was noted that a mobility model
containing Coulombic scattering would be an important aid in technology scaling and
optimization.



Chapter 4

Numerical Modeling of the
Generalized Mobility curve

4.1 Introduction

To be able to better predict the I1-V characteristics of modern scaled MOSFETS,
accurate mobility models are required which incorporate all of the basic scattering
mechanisms operating in the inversion layer. At least three different scattering
mechanisms have been identified that affect carrier mobility in the inversion layer. These
include phonon scattering, Coulomb scattering, and surface roughness scattering [72]. At
room temperature, Coulomb scattering is only important if there are a large number of
charge centers present which can arise from either interfacial charge or channel dopants.
Both phonon scattering and surface roughness scattering are important at room
temperature, with surface roughness being especially important at high transverse electric
fields. Therefore, in long channel MOSFETs with moderate to low channel doping levels,
inversion-layer mobility is primarily limited by phonon scattering and surface roughness
scattering.

There are two kinds of interactions possible between electrons and phonons: elastic
and inelastic scattering. In elastic scattering, the energy of the electron after collision with
the phonon is relatively unchanged, and this type of interaction dominates when the
electrons are not very energetic. In contrast, inelastic scattering involves energy exchange
between the electron and phonon systems, and the probability of thisinteraction increases
asthe energy of the carriersincrease.

59
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In the ohmic regime, the relationship between carrier velocity v and longitudinal
electric field E islinear. In this regime, the applied fields are sufficiently low such that the
electron gas is aways in thermodynamic equilibrium with the lattice, i.e. the temperature
of the electron gas is approximately equal to the lattice temperature. Thus, in the ohmic
regime, phonon scattering is predominantly elastic. However, as the magnitude of the
applied field increases, the electron gas is able to gain more energy from the field and
“heat” itself. The resulting hot carriers have a much higher probability of engaging in
inelastic collisions. In thisregime, the relationship between velocity and applied field isno
longer linear. In the discussion that follows, we shall be concerned exclusively with
aspects of low-field transport in which v 0 E. The constant of proportionality istermed as
mobility p, and it is a measure of how well the carriers respond to adriving field E.

It is well known that low field mobility in a long channel MOSFET follows the
universal mobility curve [9], [33], [43], a concept that was first introduced by Sabnis and
Clemens [43]. The principal features of the universal mobility curve (UMC) are that it is
invariant to changesin (i) oxide thickness, (ii) channel doping, and (iii) substrate bias. The
universality of mobility indicates that it is a property associated with the SI/S IO, system
and not a parameter sensitive to nominal process variations [43]. It was shown by Lee et.
al. [53] that the universal mobility curve can be explained on the basis of phonon
scattering and surface roughness scattering in the inversion layer.

In short channel MOSFETS, which tend to have high channel doping levels to
suppress punchthrough and drain-induced-barrier-lowering effects, another scattering
mechanism has become important, namely Coulombic scattering due to ionized channel
dopants. While phonon scattering and surface roughness scattering lead to the universal
mobility curve, it was experimentally observed by Takagi et. al. [9] that in the presence of
strong Coulombic scattering, marked deviations from the universal mobility curve are
obtained. The resulting curve is termed as the generalized mobility curve or the GMC.

In the previous chapter, we presented a theoretical analysis for two dimensional
Coulombic scattering in the inversion layer. The model presented there (see equations
(3.11), (3.35), and (3.36) ) was cast in terms of non-local variables such as N, and Nop,
the electron and impurity charge density per unit of channel area respectively. While
physically based models may originally appear in non-local form, for implementation in
device simulators based on the finite-volume method [55] such as PISCES [54], it is
highly desirable to reformulate the model in terms of local variables such asn and N, the
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electron and impurity charge density per unit volume respectively.
Moment-based device simulators [55] solve a set of coupled non-linear partial

differential equations by discretizing them in space and time domai nl. These discretized
equations are then solved by either linearizing or decoupling them [55], [56]. In the
discretization process, the continuum of space and time is broken into a set of discrete
points, which are typically called nodes. The goal then is to calculate the variables of
interest at these nodes at a given time. Thus, within a device ssimulator, a local
computation is one which involves information from the nearest neighboring nodes only.
The implication is that during the linearization step, the less the coupling among the
various nodes, the easier it is to solve the discretized set of algebraic equations. On the
other hand, anon local computation involves information from nodes that can be far apart.
This tends to increase the degree of coupling among the nodes in the device, whose
primary effect is to increase the computation time.

There are other attributes to implementing models in a local form. Parallel device
simulators that are based on the domain decomposition scheme [57] see a significant
decrease in computation speedup if non-local models are used. Moreover, local models
alow for the smulation of complex, non-planar 2-D and 3-D structures which is not
possible if a non-local formulation is used since a non-local model assumes a planar
structure [30].

In this chapter we present alocal model for low-field mobility that includes phonon,
surface-roughness, and Coulombic scattering. A local model should satisfy the properties
attributed to the non-local generalized mobility curve (GMC), since the general form of
the GMC lends itself to physical interpretation [53]. We define the GMC as the sum of a
universal part (the Universal Mobility Curve (UMC) [43]) and a hon-universal part [9].
The new model has been implemented in PISCES [54], a 2-D device simulator, and it
indeed reproduces the GMC over awide range of parameters. Good agreement of the new
model with several sets of experimental datais shown.

The organization of this chapter is as follows. First, in Section 4.2, a physically
correct scheme is presented for combining the various scattering mechanisms. In Section
4.3, phonon scattering in MOSFETS is discussed: Section 4.3.2 presents the theoretical

1. The differential equations are converted into algebraic equations through the discretization
procedure.
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basis for 2D phonon scattering; Section 4.3.3 outlines the extraction of a 2D
semi-empirical model from the first-principles model; and Section 4.3.4 presents an
empirical model for 3D phonon scattering.

Surface roughness scattering is discussed next in Section 4.4: theoretical treatment is
considered in Section 4.4.1, and its semi-empirical formulation presented in Section 4.4.2.

Section 4.5 is concerned with Coulombic scattering. Since, a first-principles model
for 2D Coulombic scattering was presented in Chapter 3, Section 4.5.1 discusses the
extraction of the semi-empirical model. Section 4.5.2 presents an empirical model for 3D
Coulombic scattering.

The universal mobility curve is modeled in Section 4.6 by combining the
semi-empirical models for phonon and surface-roughness scattering. The parameters
appearing in phonon and surface-roughness terms are calibrated to reproduce all the
properties of the UMC.

Finally, in Section 4.7, the generalized mobility curve is modeled by including the
term for Coulombic scattering in the model for the UMC. The resulting semi-empirical
model is shown to accurately reproduce the GM C over awide range of biases and channel
doping levels.

4.2 Formulation of the Model

Most formulations of inversion-layer mobility start with the following functional
form [29], [30], [31], [32]:

1 -1 1 (4.2)

utotal p‘surface ubuI k

The surface term models the 2D scattering mechanisms, whereas the bulk term
models the 3D effects. Matthiessen’s rule summation is strictly correct when the scattering
mechanisms that are being added are independent [15], but not mutually exclusive.
Independence here means that the probability of scattering due to a particular mechanism
does not depend on the previous scattering events of a particle. Assumption of
independence alows usto simply add the momentum relaxation times to arrive at the total
relaxation time [15]. Moreover, if the energy-dependence of the scattering mechanisms
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are identical, then we can add the mobilities instead of relaxation timesto arrive at the net
mobility [15]. Thisin essence is the Matthiessen’s summation rule.

The property of mutual-exclusiveness means that if a certain scattering event occurs,
then it precludes some other scattering event from happening. For example, in equation
(4.1), the phonon scattering term is added twice: first asa 2D term, and then asa 3D term.
However, calculation of mobility near the surface must only consider the interaction of a
guantized electron with a 3D phonon, and not the interaction of 3D electrons with 3D
phonons. Nevertheless, equation (4.1) includes both interactions, and thus is a limitation
of that formulation. We present a more physically-based formulation which is consistent
with the nature of the various scattering mechanisms involved. Instead of partitioning
events as either surface or bulk, we split them according to the nature of the perturbing
potential. Thus, the proposed formulation takes on the following form:

1 _ 1 + 1 + 1 (4.2

“total uphonon l'lsurface roughness I'lCoqumb

The hierarchical taxonomy of the new model in equation (4.2) is shown in Figure 4.1. A
detailed discussion on the modeling of each term in the hierarchy is covered in the
following sections.

4.3 Phonon Scattering

43.1 General Considerations

To ensure the mutual-exclusivity of phonon scattering, it is expressed as the infinity

norm® of 2D phonon and 3D phonon scattering:

. h h
Hon = min[p55, uap (4.3)

In this formulation, ugg, the phonon-limited mobility near the surface, represents the
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Figure4.1 Hierarchica taxonomy of the new semi-empirical local model.

interaction between quantized electrons and bulk-mode (3D) phonons!, whereas ugg , the

phonon-limited mobility in the bulk, represents the interaction between bulk electrons and
bulk-mode phonons. On the other hand, the physical interpretation of the commonly used
formulation — the one given in equation (4.1) — is that the calculation of phonon-limited
mobility near the surface considers the interaction of 2D electrons with 3D phonons (the
surface term) as well as the interaction of 3D electrons with 3D phonons (the bulk term).
Clearly, calculation of mobility near the surface in the presence of a strong transverse field
need not include the interaction of 3D electrons with phonons since electrons near the
surface are quantized! This distinction is elegantly handled by equations (4.2) and (4.3).

1. 3D phonons are generated by atomic vibrationsin which the elastic constant of the lattice is close
toidentical in al three directions, thus allowing bulk modes to exist. 2D phonons, also known as
surfons, are generated if the elastic constant is sufficiently different in onedirection, thusallowing
interface modesto exist. In the Si/SiO, system, velocity of sound is not very different between the
two media; hence, interface modes do not play a significant role in electron-phonon scattering.
Thus, electron-phonon scattering in the inversion layer is treated entirely as the interaction
between bulk-mode phonons and the two dimensional electron gas[8], [46].
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Besides the fact that equation (4.1) inherently presents a non-physical picture, we shall see
later that such aformulation does not allow usto extend the model to accumulation layers.
Moreover, it was found that with the improved formulation given in equation (4.2),
calibrating parameters assumed values that were in closer agreement with first-principle
calculations.

4.3.2 Theoretical basisfor 2D Phonon scattering

At room temperature, mobility in semiconductors is often dominated by phonon
scattering, and hence its study occupies a central place in the theory of electrical transport
in semiconductors. More importantly, phonon scattering unlike impurity scattering
provides a mechanism for energy loss, i.e. interaction of electrons with certain kinds of
phonons are inelastic in nature. In contrast, impurity scattering is purely elastic, and other
than contributing to momentum randomization, it plays no role in energy relaxation. For
instance, velocity saturation in semiconductors occurs entirely due to inelastic phonon
scattering.

In developing the theory of energy band structure, it is assumed that the lattice atoms
are frozen in space. However, in redlity, the atoms vibrate about their equilibrium position,
and it is this vibration that accounts for the thermal energy of the lattice. As a result of
these vibrations, the periodic potential in the crysta varies with time and causes
aterations in the electronic states with time. The scattering of electrons due to alterations
in the periodic potential arising from atomic vibrations depends on the nature of these
vibrations and the nature of the atoms making up the crystal.

Atomic vibrations in the crystal generate elastic waves which can vibrate in one of
two modes. In the acoustic mode, neighboring atoms vibrate in phase, whereas in the
optical mode, they vibrate out of phase. The frequency of vibration, and hence the energy,
associated with the optical mode is higher than that of the acoustic mode. Optical mode
gets it name because electromagnetic radiation in the optical region of the spectrum
interacts with the optical mode, whereas acoustic mode gets it name because sound waves

in a solid propagate via the longitudinall acoustic mode. Phonons represent the
guasi-particles associated with vibratory motion in the crystal, and depending on the

1. It should be pointed out that both acoustic and optical modes can vibrate either transversely or
longitudinaly.
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mode, they are also termed as either acoustic or optical phonons.

Acoustic phonons in a crystal cause perturbations in potential in one of two ways.
First, due to changes in the spacing of the lattice atoms, the energy band gap and the
position of conduction and valence band edges vary from point to point. Potentia
discontinuites are thus produced in the conduction and valence bands. The potential so
produced due to the deformation of the crystal is called the deformation potential, the
magnitude of which is evidently proportional to the strain produced by the vibrations. The
scattering of carriers by the deformation potential is called deformation potential
scattering. The second kind of perturbation is produced by acoustic vibrations through the
piezoelectric effect. If the atoms constituting the crystal are partially ionized, the
displacement of atoms due to the acoustic vibrations would produce potentials, the
magnitude of which would depend on the arrangement of the ionized atomsin the crystal.
The scattering of electrons by a piezoelectric potential is referred to as piezoelectric
scattering. This kind of scattering is important in compound semiconductors, particularly
at low temperatures.

Optical phonons also scatter electrons in one of two ways. The deformation of the
crystal due to optical vibrations produces a perturbing potential that is proportional to the
optical strain. Thistype of scattering is termed as deformation potential scattering viathe
optical phonons, and in order to differentiate it from acoustic phonon deformation
potential scattering, it is typically termed as non-polar optical phonon scattering. The
second type of optical phonon scattering occurs by the creation of dipole moments due to
oppositely charged neighboring atoms. These dipole moments result in a perturbing
potential, and this type of scattering is known as polar optical phonon scattering.

Lastly, phonon scattering can either be intravalley or intervalley. The hierarchy of
lattice scattering is shown in Figure 4.2. In silicon with six equivalent X-valleys,
intervalley phonon scattering is an extremely important process, especially at high fields.
It should also be pointed out that acoustic phonon scattering is quasi-elastic since it
involves little exchange of energy with the electron. On the other hand, optical phonon
scattering is highly inelastic, and hence plays an important role in high-field transport.

In low field transport, acoustic phonon scattering plays an important role. In pure
silicon at low temperatures, intravalley acoustic phonon scattering dominates. As
temperature rises, intervalley scattering becomes important, while at room temperature
intravalley acoustic phonon scattering via the deformation potential and intervalley
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Figure4.2 Hierarchical taxonomy of lattice scattering.

scattering are equally frequent. While intravalley scattering is predominantly due to
acoustic phonon scattering, intervalley scattering is primarily due to optical phonon
scattering. Since, we are interested in deriving an expression for low field mobility, we
present a theoretical treatment of acoustic phonon scattering via the deformation potential
(ADP).

In the deformation potential interaction, the scattering between electrons and
phonons occurs when the electron waves scatter off phonon waves which are represented
by elastic wavesin asolid [15]:

u(x 1) = ABei (FBx— wt) (4.4)

where u(x.t) is the atomic displacement from the equilibrium position, Ag is the amplitude

of the wave, [ is the wavevector, and w is the frequency. Since atoms vibrate in phase in
acoustic phonon scattering, the interaction potential is given by [15]:
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H, = D,

ac acﬁ

= #iBD, U (4.5)

where H,. is the interaction potential, and D, is known the deformation potential. The
matrix element can hence be written as:

M (k K) = +iD,cAgB[e ™ ax = 4D, A5 (k—k£B) (4.6)

By equating classical and quantum energy terms, the following expression for Ag is
obtained [15]:

> _ (Ny*+1/2)R

A
P 2Mw

4.7)

N,, is the occupation number of phonons (i.e. the number of phonons with frequency w
and hence with energy hw), M is the total mass of atoms that interact with the electrons,
N, IS specified by Bose-Einstein statistics, and in the equipartition approximation,
N, = KT/hw. From the dispersion relationship for phonons, w/ 8 = u,, where y is the

velocity of sound in the crystal. Thus, the square of the matrix element becomes:

D, KT

2u|2M

IM (k k')|? = 5 (k—k'+B) (4.8)

In3D, M = p,, V. where py isthe density of silicon atoms per unit volume and V is

the volume. In 2D, M Q, where p4eq IS the density of silicon atoms per unit area

= parea
and Q is the area. Since phonon scattering is isotropic (i.e. velocity randomizing),
momentum relaxation time is the same as the inverse of the total scattering rate [15] (also
see equation (2.27) ). The expression for the total scattering rate in two dimensions is
given by:

1 _
T(e)

Q 21 ) P 2
2 ZIF“VI(k’k)l 0(e—¢'+xhw) d'k (4.9
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Substituting equation (4.8) in (4.9), the following expression for the momentum relaxation
time isobtained [58], [46], [63]:

2
mCD; kT
1 - " Tact (4.10)

1 3 2
ac h pareaul

Low-field mobility is obtained by averaging the momentum relaxation time weighted by
the energy over the distribution function [15], [59], [60]:

_q.2 [sEt(s) [f, (¢) [D (¢) de
= BT [fo(®) D (e)de

(4.11)

where f,(€) is the Maxwell-Boltzmann distribution function, D(g) is the density of states,

and ¢ is the energy. Substituting the momentum relaxation time given in equation (4.10)
into equation (4.11) yields the following expression for mobility [58], [47]:

Rp. u?
2D _ an Pareal

. (4.12)
© (mD D2 kT

Since pgreq IS the areal mass density, it can be expressed as .o, = Ppyik Zipy» Where

nv?

Z,y 1sthe thickness of the inversion layer. Hence, the expression for mobility takes on the

following form:

2D

qﬁ pbulkul
Z (4.13)
Tl |da,

4.3.3 A Semi-Empirical Model for 2D Phonon scattering

Although the model appearing in equation (4.13) is calculated from first-principles,
it does not agree well with experimentally obtained results for phonon scattering in the
inversion layer. Due to the simplifying assumptions made in the derivation of the model in
eguation (4.13), a good agreement is not expected in the first place. However, what
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equation (4.13) does provide is an insight into the trend of how acoustic phonon mobility
changes with respect to parameters such as temperature and inversion-layer thickness. In
formulating a model that must agree with experimental data, the functional dependences
from the first-principles model in equation (4.13) are retained but the proportionality
constant is allowed to vary to achieve good agreement with experimental data. Such an
approach is termed as semi-empirical modeling since we start with a physically-based
formulation, but vary prefactorial parameters until a good match with experimental datais
obtained. At the other extreme is empirical modeling in which all the parameters are
allowed to vary. Therefore, when equation (4.13) is cast in semi-empirical form, the
following expression is obtained [30]:

K" = A, (4.14)

where A is a calibrating parameter to be determined by comparison with experimental
data, T is the lattice temperature, and Z;,, is the thickness (or the width) of the quasi-two-

dimensional® electron gas. The width of the inversion layer can be calculated either
classically or qguantum mechanically.

A quantum mechanical analysis, in which the wave nature of electrons is
emphasized, is necessary if the dimension of the confining potential is comparable to the

deBroglie wavelength, A, = h/ /3mEkBT, of electrons, which at room temperature is

approximately 150A. In modern submicrometer MOSFETS, thinner gate oxides have
resulted in steeper potential wells near the interface, thus mandating a partia if not a
complete quantum mechanical trestment. If the electrons are indeed represented as
wavefunctions, then it has been found that the nature of the electron distribution in the
channel is significantly different from the case in which the electrons are treated as
classical particles [48], [49]. Figure 4.3 illustrates this difference. The potential at the Si/
SO, interface is assumed to be infinitely large. Hence the wavefunction vanishes at the
interface because of which the probability of finding an electron at the interface is zero.
Contrast thiswith the classical calculation in which the electron density is maximum at the
interface.

1. Quasi-2D instead of strictly 2D because of the finite spatial extent in the depth direction. It isthis
spatial extent that we are defining as the width of the inversion layer.
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Figure 4.3 Comparison between classical and quantum mechanical calculations of
electron density in the inversion layer of MOSFETS.

In the quantum mechanical calculation, Poisson and Schrodinger equation is solved
self-consistently. For Poisson equation, the input is the charge density, and the output is
the potentia profile which forms the input to Schrodinger equation whose output is the
wavefunction Y(2) and the energy eigen-values €;. Thus, the coupling between the two
equationsis viaa congtitutive equation relating the wavefunction to the el ectron density. If
the number of electronsin a particular subband is N;, then the electron density at a point z

below the interfaceis:
n(@ = 3N Ov; (2 ? (4.15)

where Y, (2) isthewavefunction in thei-th subband. N; can be simply calculated through

the 2D density of states and the Fermi-Dirac distribution function:

(o]
— gvmd gvm

—&)/ (KT
N, [f(e)de = Aerin[1+' % 7] (4.16)
8|

nﬁz _ 1th
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where g, is the valley degeneracy, my is the density-of-states effective mass, g; is the
energy eigenvalue in thei-th band, and &g isthe fermi level.
The primary difference between the quantum calculation and the classical

calculation is that in the classical calculation, Schrodinger equation is not solved for.
Instead the electron density is given by the usual 3D calculation:

n(z = J’ D (g)f(e)de=N.e

ec (2

[er—€c(2)] 7 (KT) (417)

To compute the quantum mechanical thickness of the electron gas, we start by
computing the average thickness of the electron gas in each subband [44]:

0= ILlJiD(I’,Z) Cz O, (r, 2) dzdr = IL]JiD(Z) [z O, (2) dz (4.18)

The average thickness for the quantized gas is then given by averaging over all the <z>:
Zom = Z ¢ z0 (4.19)
|

where ¢; is the fraction of the total number of electronsin the i-th subband:

N

C = —
2N
|

Calculating Zgy via equations (4.18) and (4.19) requires knowing U, (2) first,

(4.20)

which can only be obtained by numerically solving Schrodinger’s equation and Poisson’s
equation in a self-consistent fashion. However, if we seek an analytical solution, the two
equations can be decoupled by assuming some reasonable form for the potential profile in
the inversion layer. The assumption typically made is that of a triangular well and the
resulting wavefunctions are given by Airy functions [49]. However, Stern [45] points out
that the triangular well approximation is a reasonable one if there is little or no chargein
theinversion layer, but it failsif the inversion-layer charge is comparable to or more than
the depletion layer charge. When only one subband is occupied (i.e. in the electric
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guantum limit), a variational approach [51] gives a good estimate for the energy
eigenvalue of the lowest subband. In this approach, instead of postulating a form for the
potential well, atrial eigenfunction is used with a single undetermined parameter, that is
calculated by minimizing the total energy of the system. When such an approach is used,
Zqwm becomes <z,>, and is given by [45], [50]:

2 1/3
9h
7 = [—} (4.21)
QM AM QB o
where ED’ off = %[%Nimﬁ Ndepl:| is the transverse effective field in the inversion
SI -0

layer. In the presence of strong transverse fields, the width of the inversion layer closely
follows the quantum mechanical term due to strong quantization — most of the carriers do
occupy the lowest subband. However, in weak quantization, multiple subband occupation
takes place, and hence equation (4.21) breaks down. For this case, the width of the
inversion layer is well modeled in classical terms. If we imagine that the spread of the
electron gasin energy is of the order to the thermal energy KT, then force x distance gives

the energy of the gaswhich is gE [Zq, . If wereplace Eg,tace bY the effective field

surface

intheinversion layer Ey , and equate qE [Z~, with the thermodynamic energy of

surface

the gaswhich is (3/2)kT, we get the following expression for Z¢; [29]:

_ (3/2) KT

Z
ct OB o

(4.22)

To arrive at a formulation for Z,,, that is applicable at all electric fields, one
possibility isto express Z,, as Zgy + Zc , Where the larger of the two numbers would set
the value for Zp,, . If Eg is small, Z¢ > Zgy , and hence Z;,, = Z¢ , which iswhat is
desired. Conversely, if Eg is large, Zgp < Zqy , and hence Zj,, = Zg) . The transition
from classical to quantum regime is illustrated in Figure 4.4. Armed with this definition
for Z;,,,, phonon mobility in the inversion layer can be written as [30]:
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Zi nversion
A

> Log(Eett)

Figure4.4 Thickness of the inversion layer as afunction of transverse electric field.
At low fields, classica formulation is required, whereas at high fields, quantum
mechanical formulation is applicable.

uph - A + B [NVA
" ED, eff T EE]lﬁfgff

(4.23)

The effective field appearing in equation (4.23) is anon-local quantity, i.e. its calculation
requires summing information from various nodes. From a numerical simulation point of
view, non-local quantities are highly undesirable since they potentially slow down the
computation by increasing the bandwidth of the Jacobian matrix [55]. On the other hand,
if the Jacobian entries are altogether neglected, then it is not possible to perform an
accurate small signal analysis using the model [1]. Finally, it isimplicit in the definition of
the non-local field that it assumes planarity of the Si/SIO, interface which limits the

simulation to planar devices only [1].

On the other hand, the definition of the local electric field is based on local
information only. It allows the Jacobian to be set up symbolically for small signal analysis;
does not increase the bandwidth of the Jacobian matrix, and allows for the simulation of
non-planar devices. Thus, from a numerical implementation point of view, al models
should be strictly locally based [1]. By their very nature, macroscopic models derived
from basic physics would necessarily involve averaging over microscopic quantities. In
certain instances, such as for the two dimensional electron gas, averaging would be
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performed spatialy as well, resulting in a reduced-dimensionality variable such as
integrated channel charge Ny, . For such cases, we need to make the transformation at the

numerical level from a2D variableto a 3D variable.

In going from a 3D to a 2D variable, integration needs to be performed over one of
the space coordinates. For instance, in the case of the non-local effective field

_ [ED(z)n(z)dz
O.eft = [n(2)dz

(4.24)

where E(2) is the local transverse electric field at coordinate z below the Si/SIO,

interface, and n(2) is the local electron concentration at z. While there is a unique
transformation from E, to Eg , the reverse transformation is clearly not unique. One

possibility isto simply set E«; equal to E, as proposed by Lombardi et. al. [30]. Although

this may appear to be an ad hoc approach, it should be noticed that the formulation in
equation (4.14) is a semi-empirical approach to begin with, and hence any further
deviation between theory and experiment due to such a transformation can be easily
accommodated by recalibrating the fitting parameter A. Thus, the resulting semi-empirical
model for phonon scattering in the inversion layer is given by:

A _, BN
o TE ()

i (1) = = (4.25)

Ideally, the fitting parameter y appearing in equation (4.25) should be zero, since
electron-phonon interactions depend on the vibrational properties of the lattice and not
specifically the dopant concentration. The need for a non-zero y can be postulated as

follows. Note that the model in equation (4.25) is formulated as alocal model (i.e. E isa

local function of the space coordinates (x,y,2) ). On the other hand, the experimentally
observed universal mobility curve [43] is expressed as a function of the non-local
transverse electric field Eg defined in equation (4.24). The calculation of a non-local
mobility from the local mobility involves integration in the depth direction (similar to the
case of the non-local electric field):
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_[n(@n(7)dz (4.26)

In(z) dz

Mt

The effective mobility obtained via equation (4.26) needs to reproduce the universal
mobility curve [43], and it was observed that a slight dependence of N, is required in

equation (4.25) in order to fit the local model with experimental data. This may haveto do
with the fact that since there is no unique transformation from the non-local field to the

local electric field, making the arbitrary transformation of E . — E in equation (4.25)

introduces a functional dependence on Np .

4.3.4 An Empirical Model for 3D Phonon Scattering

Scattering rate due to any perturbing potential is proportional to the density of states
availableto the particles [64]. Confinement changes the energy dependence of the electron

density of statesin a parabolic band structure from £Y2in the bulk to €%in 2D. Thus, for
three dimensional scattering, the momentum relaxation time obtained in equation (4.10)
for two dimensions changes to:

1 TDAKT D, kT (2m0) > %e"?
— = ———————293D(s = 2 > (4.27)
ac ﬁpbulkul 4tih pbu|ku|
From equation (4.11), mobility for 3D phononsis thus calculated to be:
2/3 1/2p4 2
3 _ 2 qn PpulkY (4.28)
ac ~ "3 2 5/2 3/2 '
Dy (MD ™~ (KT)

In comparing 3D mobility with 2D mobility (see equation (4.12)), we see that the
temperature dependence is much stronger in 3D compared to 2D. While equation (4.28)
provides afirst-principles model, it is found experimentally that phonon mobility does not

quite follow the T 1> dependence as given in (4.28). Instead, the dependence is found to
be stronger, and hence the model for phonon scattering becomes purely empirical since we
calibrate both the proportionality constant as well as the exponent. Recall that in a



Chapter 4  Numerical Modeling of the Generalized Mobility curve 77

semi-empirical model, the exponent is taken straight from first-principles analysis. Thus,
the model for three dimensional phonon scattering takes the form [61], [62]:

3D _ 1300 1®
Hac = Mmax T [l (4.29)

where 6 = 2.285 and py,5 = 1417 cm?/V-sec. Therefore, the expression for total phonon
mobility given by equation (4.3) becomes:

A ,_B INYA ' 13001°
; 0T 0
Ey(r) TEEé/s(r) maxtt T

Hon = min (4.30)

In equation (4.30), the parameter that determines whether phonon mobility is given
by the 2D term or by the 3D term is the transverse electric field E (r) . If gate bias is

sufficiently large to cause inversion and hence quantization of the electron gas, then
Ey(r) islarge near theinterface. Thus, the calculation of uiﬁ , whichisinversely related

to E(r) , would result in a small numerical value. If this value is less than the value for
u;’,?, then Hpn would be given by uiﬁ. In going from the surface into the bulk, E_ (r)
decreases in value, and hence uiﬁ increases in vaue. If uiﬁ exceeds uzﬁ , then at that

point, Mo isgiven by “25 . Thetransition from 2D to 3D mobility isillustrated in Figure
4.5,

4.4  Surface Roughness Scattering

In deep submicron MOSFETSs with scaled dielectrics, surface roughness scattering
has become a major limiting factor due to the presence of high transverse electric fields.
We first present a first principles approach to modeling surface roughness, and then
present a semi-empirical model that is calibrated against experimental data.
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A

Gate Oxide Silicon Substrate

Phonon Mobility

v
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Figure4.5 Illustrating the transition from 2D mobility to 3D mobility as one moves
from the surface into the bulk. The assumption in this figure is that there is sufficient
gate bias to cause the 2D term at the interface to be less than the 3D term (which is
independent of the value of transverse electric field).

44.1 Theoretical basisfor Surface Roughness Scattering

Surface roughness occurs due to surface irregularities at the interface. Thus, it is
purely atwo dimensional effect with no analog in the bulk. Surface roughness scattering
has been theoretically investigated using a simple model [65] which assumes that only the
lowest subbands are occupied, and deviations from perfect planarity A(x,y) are small in
magnitude and slowly varying in the x-y plane. Here we assume that the x-y plane is
parallel to the SI/SIO, interface.

Due to variations in the z direction, i.e. the direction normal to the interface,
potential in the z direction is perturbed as well. Hence, the resulting Hamiltonian is given
by [66]:
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2

h _2
H = Hy+8H = —5 -0+ V[z+A(x,Y)] (4.31)

Thus, the perturbing (interaction) potential, H-H,, is given by:
- ov
OH = V[z-A(xYy)] —=V[Z =a—ZA(x, y) (4.32)

Therefore, the matrix element for this perturbing potential is given by [67]:

[W'|3H|W 0= |:IZD(2) g_\z’z (2) dz} x%UA(R) g (k=N ERolR} (4.33)
—o0 A

To evaluate the first integral on the right hand side, the variational wavefunction {(z)
proposed by Stern and Howard [50] is used:

3
2(2) = nge_byz (4.34)
where
2
481IE€ M 11
b = 3&/|: ﬁz :| D|:Ndep| + 3_2Ninv:| (4.39)
Ksi

As shown by Matsumoto and Uemura [68], the integral is proportional to the effective
field in theinversion layer:

OV it 0
IZD(Z)G_ZZ (2)dz = K_€ Dg_éNinv+ I\IdepID = OB (4.36)
sio

The second integral on the right hand side of equation (4.33) is simply the spatial Fourier
transform of A(x,y):
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i (k—K) [R

A(q) = %J’A (R) e dR (4.37)
A

where q = k—k' . A(R) is assumed to have a Gaussian form of correlation between two
points [69] such that:

M (R)A(R+R)0=24% N (4.38)

where <3 denotes the sample average, A is the root mean square deviation of the

interface, and A\ isthe correlation length. Defined thisway, |A (q) |2 is obtained as[67]:

2,2
2 _ AN —o°N/a
A ()" = ———e" (4.39)

If we neglect screening by the 2D electron gas, then the square of the matrix element is
given by:

' 2.2 2
|WBHIWIF = g Egyl ()| (4.40)
and hence the scattering probability via the Fermi’s Golden Rule is obtained as:

210 2 2

S(k k) = |@PI5HI‘PEBZ5[8(k) —e(K)] = 0 Ecild ()13 (5—¢,) (441)

The momentum relaxation time for an elastic scattering event such as Coulombic
scattering or surface roughness scattering is given by equation (2.35):

1 _
T, (K -

A [S(k K') [1-cos8] ok (4.42)
Therefore, the momentum relaxation time for surface roughness scattering is given by:

E2 A°A° -
Ti q Eetf q/\/46(€k_gk)[1 cos6] dk’ (4.43)

e
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As shown by Harstein et. al. [52], the correlation length A is about 6A, and hence the
quantity kA is much less than unity. In this case, the relaxation time for surface roughness
is approximated by:

2
mmU(AAQE
1 N et (4.49)
Tor h
and the corresponding mobility calculated from equation (4.11) is obtained as.
3
h 1
He = { 5 > } 0> (4.45)
(mb) " (AA) “al Eg

Thus, we find that surface roughness mobility has a much stronger dependence on the
transverse effective field compared to phonon mobility. That iswhy at high electric fields,
mobility is limited more by surface roughness scattering than by phonon scattering.

4.4.2 A Semi-Empirical Model for Surface Roughness Scattering

The first principles model for surface roughness scattering is presented in equation
(4.45). In some sensg, it is a semi-empirical model since the parameters A and A that
characterize the Si/SIO, interface cannot be obtained from a microscopic description of
the interface since such a calculation does not exist at present. Instead, A and A are
typically determined by fitting experimental data with the model in equation (4.45). If we
lump all the parameters and constants into one fitting parameter, the resulting
semi-empirical model becomes [52]:

5
Uy = 5 (4.46)

Eeff

In transforming the model from anon-local formulation to alocal formulation, we set E

as E, to obtain [1], [30]:
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ey = = (4.47)

Eq(r)

When the universal mobility curve was extracted using equations (4.24) and (4.26)
from the local model as defined later in equation (4.80), it was found that a constant &
failed to reproduce the experimental UMC. As for the case of phonon scattering (see
eguation (4.25)), incorporating a slight doping dependence in the & term led to good
agreement between the local model and experimenta results. Thus, the resulting model
for surface roughness scattering is postul ated as:

C [N}
g = — (4.48)

Note that surface roughness scattering is really a 2D scattering mechanism with no
analog in 3D. Thus, as the distance from the surface increases, the magnitude of the
transverse electric field decreases, and surface roughness mobility increases. The
transverse electric field approaches zero in the bulk region; hence surface roughness
mobility tends to infinity. Thus, the surface roughness term drops out in the calculation of
total mobility as given by the Matthiessen’s summation in equation (4.2).

4.5 Coulombic Scattering

Having discussed the semi-empirical formulations for phonon and surface roughness
scattering, we now turn our attention to Coulombic scattering. In semiconductors,
Coulombic scattering is the interaction of carriers (electron or holes) with any form of
charge centers. These charge centers can be either stationary such as ionized impurity
atoms, interfacia charges at the Si-SiO, interface, fixed charges in the oxide or they may

be mobile such as carriers themselves. Coulombic scattering between carriers and
stationary centers can be treated within the framework of one formulation, whereas
carrier-carrier scattering requires a separate formulation since now the scattering potential
IS no longer constant as is the case for the scattering of carriers by stationary centers. In
what follows, we are primarily interested in Coulombic scattering due to ionized
impurities, which is aso simply known as impurity scattering. Note that the terms
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Coulombic scattering and impurity scattering would be used interchangeably since only
one mechanism in the hierarchy of Coulombic scattering is being considered.

Coulombic scattering requires a dlightly different formulation from phonon
scattering since in the case of Coulombic scattering there is no natural variable that allows
a transition to be made from 2D to 3D mobility. In the case of phonon scattering (see

equation (4.30) ), the transverse electric field E, serves the role of a transition variable,
and such aformulation works very well since 2D phonon mobility isafunction of E, (see
equation (4.25)) whereas 3D phonon mobility isindependent of E, (see equation (4.29)).

The problem arises because of the fact that inherently, Coulombic scattering in 2D is
afunction of the electron density, and not of the electric field. In other words, changesin
Es do not necessarily cause changes in Coulombic mobility unless carrier density

changes as well. This is due to the fact that Eg can change while N, is held constant.
Thisis seen most ssimply by examining the relationship between Eg and N;j:

E, = s—qs‘i[”Ninv+ Ngep!] (4.49)
While N, 0 [Vgs—VT(Vsb)] , it can be easily shown that E [ [Vgs+VT(Vsb)] .
Thus combinations of Vs and Vg, that keep N, constant would not hold Eg constant and
vice versa. The lack of aone-to-one correspondence between Eg and N, iS evident from
equation (4.49) where it can be seen that a monotonically changing N, does not
guarantee a monotonically changing Eg . The lack of a unique relationship between N,
and E; is why the N, dependence in Coulombic scattering cannot be transformed to an

E dependence.
For phonon scattering, the field term E (r) serves as a useful transition variable

since 2D phonon mobility varieswith E (r) but 3D phonon mobility does not. However,

for Coulombic scattering, the electron density n(r) cannot be directly used as a transition
variable either since both 2D and 3D Coulombic mobilities are functions of n(r). Since

neither of the intrinsic variables n(r) or E (r) can be used as transition variables,

transition functions are explicitly created that delineate the two and three dimensional
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regimes.

The most natural way to distinguish between 2D and 3D regimes is to consider the
nature of a quantum well (i.e. the degree of quantization). A steep potential well would
indicate strong quantization, and hence a two dimensiona behavior, whereas a shallow
potential well would indicate weak quantization, and thus warrant a three dimensiona
treatment.

To formulate the transition function for Coulombic scattering, it is postulated that in
a narrow quantum well the electron gas is quantized, and Coulombic mobility is given by
the 2D term. On the other hand, in a shallow quantum well the electron gas behaveslike a
3D gas, and hence Coulombic mobility is given by the 3D term. In the triangular well
approximation [8], the energy eigenvalue of thei-th sub-band is given by:

_ mBnho¥® 23 1 V3 . 2/3 __2/3
Ei = DT [q EB%D D(I + 075) EEI:I, off (450)
V4

Figure 4.6 illustrates the formation of subbands in the quasi-triangular potential well. Note

Oxide Silicon Substrate
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Figure 4.6  Illustrating the formation of energy subbands due to triangular well

confinement of the electron gas near the Si-S O, interface.




Chapter 4  Numerical Modeling of the Generalized Mobility curve 85

that in going from the surface into the bulk, the confinement length between the
conduction band and the oxide barrier increases, thus reducing the degree of quantization.
Since quantization is strongest near the bottom of the conduction band, the separation of
sub-bands is largest near the bottom which decreases as one moves towards the bulk.
Therefore, the energy separation between the lower subbands can serve as a good
indicator for the degree of quantization. Considering just the energy separation between
the zeroth and the first energy level, one obtains from equation (4.50):

2 1/3

E
—26 0, eff

£,—€, = Ae = 9.49x10 [H—*D (4.51)

to Mege U

The transformation E,  — E(r) ismadein order to allow for alocal calculation.

If the SI-SIO, interface is along the (100) plane, two sets of energy sub-bands, aso

known as ladders, are created in the quantum well due to differing effective masses. From
the six-fold degeneracy of the silicon band structure, two valleys are aligned with the
transverse field, whereas the other four valleys are perpendicular to the transverse field.
Electrons in the aligned valleys exhibit longitudina mass, whereas those in the
perpendicular valleys exhibit transverse mass. In silicon, the transverse effective mass is
smaller, and from equation (4.51) this set of energy bands exhibits greater sub-band
separation. On the other hand, the two valleys with the longitudinal mass are less
separated in energy, and in absolute values also are lower in energy. For instance, energy
of the lowest sub-band in the longitudinal ladder set is lower than that of the transverse
set. Thus, the longitudinal ladder set is considered in our calculations sinceit isthefirst to
get occupied. For this ladder, mg; = 0.92, and hence, equation (4.51) becomes:

g,—£, = De = 9.757x107° [E > (r) (4.52)

where Ep;is expressed in V/m and Ae in Joules.

If the energy separation, Ag, is larger than KT, the thermal spreading energy, then
most of the carriers would occupy the ground state, and the electron gas can be treated as
being quantized or two-dimensional. Conversely, if the energy separation is smaller than
KT, then both the sub-bands would be occupied, and we can treat the electron gas as being
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bulk-like. Thus, the parameter of interest, a, isdefined as Ae/KT:

_21x10 7 EY?

KT

o (4.53)

where E is expressed in V/cm, k is the Boltzmann's constant, and T is the temperature in
Kelvins.

If a islarge, the quantization is strong, and conversely, for small a electrons behave
likea3D gas. A transformation is required from a to a number which is bounded between
zero and one. For instance, when a islarge, thisfunction of a should map to zero, and if a
issmall, it should map to one. Clearly athreshold point is needed and also a specification
of the degree of abruptness of the transition from zero to one. One possible transform
function, closely resembling the Fermi-Dirac distribution function, is proposed below:

1

f(q) e S—
1+o@ N/

(4.54)

The transition point is defined by A (akin to the fermi level), and the abruptness of the
transition is defined by n (akin to KT). Postulating that if Ae > 2KT, the electron gas near
the surface is quantized, and conversely if Ae < 2KT, it is bulk-like, A is set equal to 2. In
order to make the transition from 2D to 3D sharp, ) is chosen to be 0.5. The function f (o)
is schematically shown in Figure 4.7. Thus, Coulombic mobility can now be expressed as:

coulomb coulomb

Heoulomp = F(@) THgp +[1-f(a)] LQuyp (4.55)

Near the interface if E, islarge, Ae would be large, and consequently a would be large.

Hence, f(a) would be close to zero, and the Coulombic mobility in equation (4.55) would

coulomb

tend to W,y . Conversely, if at any point in the device the transverse field E; (also

called the confining field) is small, a would be small and f(a) would be close to one. The

resulting Coulombic mobility would then be equal to pgg”'omb
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Figure4.7 Thetransition function f(a) from 2D to 3D Coulombic mobility.

451 A Semi-Empirical Model for 2D Coulombic Scattering

In Chapter 3, afirst principles model for two dimensional Coulombic scattering was
presented [2], which is a non-local model since it is a function of the integrated channel
charge, N;,,, that is obtained from the local electron concentration by integration:

00

N, (X) = J’n (x,2)dz (4.56)
0

where x is the direction from the source to the drain and z is the direction from the
interface into the bulk. To arrive at a local formulation for 2D Coulombic scattering, the

transformation N, , — n is made, and al proportionality constants appearing in the

first-principles model are replaced with calibrating parameters. For Coulombic scattering,
it is found that to get the best fits, the exponents need to be perturbed as well, thus
resulting in the following model [1]:

K
N D
n -2 D} (4.57)

Mooy = Max ED 0 00
| = o LD
cou |:| 1NA[31D DNABZ
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where n is the local electron concentration and Ny is background acceptor atoms density.

The first term represents the screened and the second term represents the unscreened
Coulombic scattering. As electron density in the inversion-layer increases, the free charge
carriers screen out the Coulomb field due to the acceptor atoms, and hence, the mobility
increases. Conversely, as the free carrier concentration asymptotically goes to zero,
mobility due to the screened term also goes to zero. However, physicaly, as the electron
concentration decreases, mobility saturates at a constant value which is determined by
unscreened mobility. Note that the second term in equation (4.57) is independent of n and
isafunction of Np only.

452 An Empirical Model for 3D Coulombic Scattering

For three dimensional Coulombic scattering, i.e. Coulombic scattering in the bulk,
the model presented by Klaassen [34] is used. There are two types of Coulombic
scattering that can occur in the bulk. Majority impurity scattering is the scattering of
majority carriers by background dopants such as the scattering of electron by donors or of
holes by acceptors. On the other hand, minority impurity scattering is that of minority
carriers by dopant atoms. This for instance would include cases such as the scattering of
electrons by acceptor atoms or the scattering of holes by donor atoms. Similarly, there are
two types of Coulombic scattering in 2D. In the previous section Coulombic scattering in
the inversion layer was discussed, which can also be considered as minority impurity
scattering. In the next chapter, 2D Coulombic scattering in MOS accumulation layer (such
as those that occur in the LDD regions of MOSFETSs) would be considered and a model
presented for majority impurity scattering in 2D.

The case most often treated in bulk is majority impurity scattering, since majority
carriers are supplied by the background dopant atoms. Minority carrier scattering in 3D
only becomes significant in situations that involve carrier injection, such asin the base of
a bipolar transistor or in a p-n junction diode. Moreover, the models typically quoted for
3D majority impurity scattering also tacitly assume that the majority carrier concentration
isequal to the density of the background dopants. While such an assumption is reasonable
for majority carriers, the concentration of minority carriersis set by the degree of injection
(or inversion in the case of 2D). Thus, for minority impurity scattering, it can no longer be
assumed that minority carrier concentration is equal to the background dopant
concentration. Summing the contributions due to majority and minority impurity
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scattering via the Matthiessen’s rule, the total mobility due to Coulombic scattering in 3D
can be written as:

CHN S (4.58)

3D minority majority
Heoul 3D, coul 3D, coul

As discussed, majority impurity scattering is a function of both the carrier
concentration and the background dopant density. Hence, the expression for majority
impurity scattering takes the following form [34]:

1
2 3a,-= 5

“majority _ H M max HDNreflgalm T0O 173 +E MminHmax EDLDD\'S@DZ
3D, coul Dumax—llminDD ND U |_|30d_| DHmax_“minDDNDDD T -

(4.59)

The interaction of carriers with a constant perturbing potential is often treated in the
Born approximation [70] which assumes that the kinetic energy of the carriersislargein
comparison with the interaction potential. The Born approximation is a first order
formulation of the time-dependent perturbation theory which does not distinguish between
attractive and repulsive scattering potentials. Mgority carriers scatter off an attractive
potential whereas minority carriers scatter off repulsive potentials; hence, their mobilities
are expected to be different. To calculate this difference, an aternative technique known
as phase shift analysis [40], [71] is used. In this technique the scattered wave is treated as
the sum of spherical waves whose phase shift with respect to the incident wave has
changed due to the scattering process. Compared to the Born approximation, phase shift
analysisis amore accurate technique, albeit computationally more expensive aswell. The
ratio of repulsive to attractive scattering cross section is the same as the ratio of majority
to minority mobilities. Klaassen has modeled this ratio using a seventh-order spline
function [34]:

o : S S,
Qreo B _ Gpy = 1o 1 + 5 (4.60)
Tar  Mmin LMo TP [om30of ™

52" U 300- Om, T O

where P is a parameter that depends upon carrier concentration and temperature [34]:
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_ 1.36x10°nmpn T 2

P n  OmOH3000

(4.61)
where misthe effective mass, m, is the free electron mass, and T is the temperature of the

electron gas. Therefore, mobility due to minority impurity scattering is obtained from the
majority impurity scattering mobility given in equation (4.59) as:

“majority
minority _ M3D, coul
M3p, coul = G (P) (4.62)

Equation (4.61) is derived using the Brooks-Herring approach [13], and it has asingularity
a n=0. To remove this effect, an expresson which is independent of electron
concentration is used. This approach was first used by Conwell and Weisskopf [12]. Thus,
the resulting expression for P is a suitably weighted harmonic mean of the two approaches
[34]:

1 _ 2459 3828 (4.69)
P F)CW F)BH
where,
o . 136x10"mp T [?
BH n  m,1300-
(4.64)

2
3

3 13 1 OT®
Pow = 3.97x10 [ }

N, + N300

At ultra high dopant concentrations, clustering becomes an important consideration. This

clus

is accounted for by replacing Ny with N, and Np with Ngus according to the following

transformations [34]:
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clus _ 1

N, 1+ T 2x102052 N,
05+ ——
O Ny O
(4.65)
clus _ 1
Np = |1+ AP Np
021+ 20 7
O Np O

Klaassen [34] notes that Matthiessen's rule as used in equation (4.58) does not
ensure that collision events between electrons and other scattering centers are truly
two-body interactions. While equation (4.58) works well if either Ny or Np dominates, in

heavily compensated regions where the probability of interacting with either dopant types
is equally likely, an approach similar to Conwell-Weisskopf [12] needs to be used in
which the impact parameter for scattering islimited to half the average separation between
scattering centers regardless of their type. Using this cut-off criterion, majority and
minority mobilities can then be lumped together as [34]:

coul = F1INJ+G(P)N,|EN, +Ng  "2|N,+G(P)N '
where,
3
2 30, -=
U, = Hmax OTO @ 2
! Mmax — p,min|—|3OOU (4.67)

1

MminHmax D300D§
U O

M, =
2 Mmax = Hmin

The numerical values for the parameters appearing in the model for 3D Coulombic
scattering are shown in Table 4.1.
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Table4.1: Parameter set for 3D Coulombic Mobility

0y 0.69
Nref1 9.45x10'6
Hrex 1415.50
Hrmin 60.3

m 0.26mj,

sl 0.89233

2 0.41372

s3 0.19778

A 0.28227

s5 0.005978

6 1.80618

s7 0.72169

4.6 Semi-Empirical Modeling of the
Universal M obility Curve

It was experimentally shown by Sabnis and Clemens [43] that if the effective
mobility of electrons in the inversion layer is plotted as a function of the effective
transverse electric field in the inversion layer, the universal mobility curve is obtained
which is independent of changes in oxide thickness, channel doping and back gate bias.
Similar results were subsequently obtained by other researchers as well [33], [9],
[76]-[79].

In the drift-diffusion formulation [7] of electron transport, the current density J is

given by qnul¢ .. Thedrain current in the linear region then becomes

do
Ids = I'lQian\/d_Xn (4-68)



Chapter 4  Numerical Modeling of the Generalized Mobility curve 93

In the linear region, d¢, /dx = V, /L if the drawn gate length is sufficiently large such

that it is approximately equal to the metallurgical channel length. Other than that, thereis
no other approximation in the expression for d¢ /dx since the applied drain bias sets the

boundary condition for the electrochemical potential ¢ as opposed to the electrostatic

potential Y [73], [74]. Hence, the mobility | is obtained as:

"=V W, 00 e

inv

The problem with the expression in equation (4.69) is that due to the finite drain
bias, inversion charge density becomes a function of x, the distance from source to drain.
In the asymptotic limit of V4 tending to zero, Q;y,, becomes independent of x, and it isin

this case that the effective mobility in the inversion layer can be defined as:

(4.70)

Sabnis and Clemens [43] extracted g+ using the definition in equation (4.70) by
setting Vs to around 10 to 30 mV. They also discovered that if pgs is plotted as afunction
of the surface transverse electric field Eg,+ , then the curves do not overlap if either
channel doping or substrate bias is varied. It is only for the case when P is plotted as a
function of E4 that the curves overlap — the resulting curve is known as the universal
mobility curve. Since the original work various researchers have confirmed the existence
of the universal mobility curve. Sabnis and Clemens defined the effective field E in the
inversion layer as the average of the field at the top of the inversion layer (i.e. the surface
field) and the field at the bottom of the inversion layer:

E. . ,tE

_ —top bottom
Bt = ———5 (4.71)

From Gauss's law for €l ectrostatics,
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— Qinv+ Qdepl

Etop - €
Si

E — Qdepl

bottom €

(4.72)

si

Hence, effective field takes on the following form [43]:

171
Eeft = £ [iQinv * Qdep|:| (4.73)
|
Other researchers have noted that E4 can be defined more generally as:

1

Eett = e, [NQiny * Quepi] (4.74)

It has been experimentally observed that while n=1/2 for (100) electrons [43], n=1/3 for
(111) and (110) electrons [76], [11]. Lee et. al. [53] have shown that the difference in n
values can be explained on the basis of valley repopulation of electrons.

An accurate way to determine integrated channel charge is by integrating the data
obtained from gate-to-channel capacitance measurements [75], [95]:

Vs

Qil’]V (VgS) = J- Cgc (Vgs) dVgs (475)

—00

However, Sabnis and Clemens used a first-order ssimplification, which holds reasonably
well in strong inversion. In the next section when we discuss the generalized mobility
curve, it will be noted that near threshold, equation (4.75) deviates significantly from the
simplified expression used by Sabnis and Clemens [43]:

Qi Vi Cox (Vgs - VT) (4.76)

The larger Vs is compared to Vi, the more accurate the expression in equation (4.76) is. If

the channel profile is uniform in the depth direction, Quey is calculated from
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Qdepl = »\/4qssi(pBNsub

o = k—TlnDNS”bE (4.77)
B g OnO

Thus, E4 can be determined from equations (4.73), (4.75), and (4.77).

Our approach to modeling the universal mobility curveis as follows:

(1) The model should be physically based and should reproduce all the
properties of the universal mobility curve over a wide range of oxide
thicknesses, channel dopings, and back gate bias;

(2) The model should be formulated in a completely local form since from a
device simulation point of view, local models exhibit better numerical
characteristics than non-local ones.

Lee et. al. [53] have shown that the experimentally observed universal mobility
curve can be explained on the basis of phonon and surface roughness scattering. Thus a
physically based model should contain both terms. Shin et. al. [32] present amodel which
builds on the work of Schwarz and Russek [29]. However, the mgjor deficiency in both
these works is that they only consider phonon scattering in the inversion layer. Moreover,
these models are non-local in nature, which makes them less attractive for implementation
in drift-diffusion device ssimulators such as PISCES [54] or PADRE [28]. While Shin et.
al. attempt to present a transformation from a non-local formulation to a local one, the
resulting model is actually anon-local one since it requires the computation of the electric
field at the bottom of the inversion layer, which for a highly non-uniform doping profile
requires a computation of the form:

Que L
Epoion = o2 = 7= 0 N5 (@) -N,(@) |z (4.78)

Sl 7z

nv

where Z;,,, is the z-coordinate which marks the end of the inversion layer. Since the width

of the depletion layer is much larger than the thickness of the inversion layer, in the above
integration, Z;,, can be set to zero to obtain:
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8

Ebottom = sisiD [NB(Z) —N;\(Z)}dz (4.79)

o

If coupled 2D process and device simulations need to be performed in which the output of
the process simulator gives an arbitrary doping profile, calculation outlined in equation
(4.79) would have to be performed. Thus, the model by Shin et. al., in addition to lacking
aterm for surface roughness scattering, is also not alocal model.

The model by Lombardi et. al. [30] provides a good starting point to model the
universal mobility curve since: (@) it is physically based with a term for phonon and
surface roughness scattering, and (b) it uses a local formulation. However, Lombardi’s
model suffers from the short coming that was discussed earlier on in Section 4.2: it is
based on the formulation given in equation (4.1) which is not entirely physical. Moreover,

in modern submicron devices, channel dopingsin excess of 1017 cm are fai rly common,
and hence any mobility model should be calibrated such asto include this range of doping.
In the case of Lombardi’s model it was found that while it reproduces the experimentally
observed universal mobility curve for lower doping levels, it fails to follow the universal
0l em3. This is shown in Figure 4.8
where the open circles represent experimental data at room temperature, and Lombardi’s
model is shown for three different channel doping levels. Idedly, Lombardi’s model
should follow the universal mobility curve for al three channel doping levels; the model
clearly breaks down at higher channel doping levels. Lombardi’s model was calibrated

against experimental data that was obtained from MOSFETs whose channel doping levels

mobility curve for channel dopings in excess of 1

varied from 5x10'* cm™3 to 1x10” cm3. The model, being semi-empirical, cannot really
be expected to yield good fits for parameters that fall outside the range of calibration.
However, the degree to which semi-empirical models may be extended outside their range
of calibration has to do with the degree of “physics’ incorporated in the model. The new
model overcomes this weakness that is present in the formulation of Lombardi’s model.

It is observed in the next section that to model Coulombic scattering, it isimperative
that the model should first reproduce the universal mobility curve for higher channel
doping levels before the term for Coulombic scattering can be added. In light of the above
shortcomings in Shin’s and Lombardi’s model, a physically-based semi-empirical local
model for electron mobility is considered based on a more accurate physical formulation
which also reproduces the properties of the universal mobility curve over a wide range of
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Figure 4.8 Comparison between Lombardi’s model and experimental datafor three
different doping levels. Ideally, Lombardi’s model should have followed the universa
mobility curve shown by open circlesfor all three channel doping levels.

technology and bias conditions.

The semi-empirical terms for phonon, surface roughness and Coulombic scattering
have been discussed extensively in Sections 4.3.3, 4.4.2, and 4.5.1 respectively. To model
the universal mobility curve, we simply drop the term for Coulombic scattering in
eguation (4.2) to get:

1 1,1 (4.80)
“umc Hph usr

The model for phonon scattering appears in equation (4.30) and that for surface roughness
scattering appears in equation (4.47). Since the model in equation (4.80) isalocal one, the
non-local effective mobility and non-local effective field need to be calculated in order to
compare the new model with the experimentally-obtained universal mobility curve.
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Within adrift-diffusion device simulator such as PISCES, the electrostatic potentia (, the
electron concentration n, and the hole concentration p are solved for at each node in the
device for a certain applied bias at the electrodes. During the solution procedure, the
mobility value is calculated at each node using the mobility model. The effective mobility
can be calculated, as shown in equation (4.26), at the center of the channel (i.e. half way
between the source and the drain) as a post-processing step using the information
available within the device simulator at each node.

L 0.0 O
L 0 I“umcD'é' Z, Vgs' VbsD EhDE’ Z Vgs' VbstZ
HeffD'é’ Vgs’ VbsD - L (4.81)

a
InDE’ Z, Vgs, VbstZ

where pymc(2) is supplied by the mobility model appearing in equation (4.80) and n(2) is
obtained from the device simulator via a self-consistent solution of Poisson and continuity
equations. The functional dependence on Vs and Vs simply indicates that this calculation

is performed each time either of the bias values change. Similarly, the effective electric
field is obtained by integration, and is also calculated in the middle of the channel using
equation (4.24):

L 0.0 O
O IEDEE’ Z, Vgs, VbsD Ehgé, Z, Vgs, Vbﬂdz

oL
EI], eff[Tp’ Vgs’ VbSD -

(4.82)

0L 0
In Dé’ Z, VgS’ VbSDdZ

where E(2) = —-[0Oy 7] .

Cdlibration of the model is performed in a step-wise manner. The experimentally
obtained universal mobility curve has two distinct regimes. a low field regime in which
the slope ~ 1/3, and a high field regime in which the slope ~ 2. It is thus realized that the

phonon scattering term which goes as E%-33 dominates at low and moderate electric fields,

whereas the surface roughness term which goes as E2 dominates at high fields. The
results of the calibration procedure are shown in Table 4.2. One striking feature in Table
4.2 is that except for parameter A, the agreement between the new model and the
first-principles calculation is better than the agreement between Lombardi’s model and the
first-principles calculation. In particular, the parameters B and y in the new model are one



Chapter 4

Numerical Modeling of the Generalized Mobility curve

99

Table4.2: Parameter set for the new Local-Universal Mobility Model

Parameter Lombardi’'s Model New Model First-Principles
calculation values
A 4.75x107 9.0x10° 3x10°®
B 1.74x10° 1.32x108 3x10’
y 0.125 0.057 0
C 3.97x10%3
5= CN!, 5.82x10% 3.0x10%--4.4x10™ 2.83x10%

order of magnitude closer to the first-principle’s value than Lombardi’s model. The fact
that these parameters are closer to the theoretical values implies that the new formulation
given in equation (4.2) exhibits a physical consistency.

With the values appearing in Table 4.2, the new model reproduces the universal
mobility curve over a wide range of channel doping levels as shown in Figure 4.9. Here

the doping level is varied about three orders of magnitude from 3.9x10'° to 2.4x108 cm3,
and excellent fits are obtained between the new model and experimental data. In contrast
with Lombardi’s model, the new model follows the universal mobility curve very well.

The other important property of the universal mobility curve [33], [43] is its
invariance to changes in oxide thickness and back gate bias. In Figure 4.10, both
variations are shown separately. First, oxide thickness is kept constant at 250 A, and back
gate bias is varied from O to -5 valts. In this case, the two curves represented by a solid
line and a dashed one are seen to overlap. Then, back gate bias is kept constant at zero
volts, and oxide thickness is varied from 250 to 500 A. In this case as well, the curves
overlap.

4.7 Semi-Empirical Modeling of the
Generalized Mobility Curve

It was first reported by Takagi et. al. [9] that at high channel doping levels, marked
deviations are observed from the universal mobility curve at low carrier concentrations
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Figure 49  Comparison between the new model and the experimental universal
mobility curve obtained by Takagi et. al. [9]. The new model exhibits excellent fits as
channel doping is varied over three orders of magnitude.

(i.e. at low transverse effective fields). They attributed these deviations from universality
as being due to increased Coulombic scattering owing to large number of dopant atomsin
the channel. Other researchers have obtained similar experimental results which also
indicate that increased impurity scattering causes significant reduction of mobility near the
threshold region of operation [53], [80], [81]. These deviations are concentrated near the
region where the gate voltage is close to the threshold voltage. For voltages much greater
than V1, the deviations disappear, and the universal mobility curve behavior is restored.

Since, Coulombic scattering has only a partial effect on the universal mobility curve, we
term the resulting curves as the generalized mobility curves. A set of experimentally
obtained generalized mobility curves are shown in Figure 4.11.

It's well known that at low temperatures, Coulombic scattering becomes important
in semiconductors [8], while at room temperature phonon scattering is dominant. The
results obtained by Takagi et. al. [9] however indicate that even at room temperature,
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Figure 410 Universa mobility curves obtained from the new model in equation
(4.80) remain invariant to changes in oxide thickness and back gate bias.

Coulombic scattering is important if the number of Coulombic scattering centers is
extremely large. Thus, the reason why the universal mobility curve was observed by
Sabnis and Clemens [43] and by other researchers is that the MOSFET devices they
considered had low substrate dopings.

A detaled theoretical analysis for Coulombic scattering was presented in the
previous chapter. There it was observed that Coulombic scattering is really a function of
the integrated channel charge, Niy,,, and not of the effective electric field, Eg. However,
the universal mobility relationship is between effective mobility and effective field.
Hence, when Coulombic scattering dominates, it is not expected to follow the universa
mobility curve, as observed experimentally in Figure 4.11.

Since Coulombic scattering causes a deviation from the universal mobility curve, the
starting point for modeling purposes would be an accurate model for the universal
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Figure4.11 The generalized mobility curve shown here is the one that results when
Coulomb scattering due to channel dopants causes deviations from the universa
mobility behavior.

mobility curve. Such a model (equation (4.80)) was presented in Section 4.6. In this
section, the model is extended to account for the deviations from the universal mobility
curve. The extended formulation was discussed earlier in Section 4.2, and the resulting
eguation includes the terms for Coulombic, phonon, and surface roughness scattering (see
equation (4.2)). In Section 4.6, phonon and surface roughness scattering models were
used for purposes of modeling the universal mobility curve. In this section, the Coulombic
scattering model, primarily developed in Section 4.5, would be invoked to model the
generalized mobility curve shown in Figure 4.11. For Coulombic scattering, the principal
equation is given by (4.55):

coulomb

Meoulomb = f(a) mggulomer [1_f(a)] quZD (4-83)

Here, f(a) is given by equation (4.54), where a =Ag /KT is given by equation (4.53). The
model for 2D Coulombic scattering is specified by equation (4.57), and the model for 3D
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Coulombic scattering appears in equations (4.63)-(4.67).

Shin et. al. [80] have presented a model for electrons that includes Coulombic
scattering due to ionized channel impurities as well. However, this model [80] is based on
their earlier work [32], which as argued in Section 4.6 has the weakness of not being a
local model. Hence, it is not the most suitable model for implementation in device
simulators. Moreover, the model used for Coulombic scattering in their work [80] is based
directly on the well-known Brooks-Herring model [13], which was formulated for a three
dimensional electron gas. While they have included sufficient number of calibrating
parameters to fit Brooks-Herring model with experimental data, this approach is
unnecessary in light of the simple model presented in Section 4.5.1 for 2D Coulombic
scattering. Finally, Shin et. al. overlook an important term in their model for Coulombic
scattering — the unscreened mobility term. Their model has anumerical singularity at low
electron concentrations, which is prevented by the unscreened term in equation (4.57).

Shirahata et. al. [82] have also proposed a model for inversion layer electrons that
includes Coulombic scattering. However, this approach is purely empirical with little
physica basis. Moreover, the scattering mechanisms have not been partitioned in a
physical fashion as presented in equation (4.2). In the next chapter, equation (4.2) provides
an essential starting point for extending the inversion layer mobility model to
accumulation layers. A significant drawback with Shirahata’'s model is that it provides no
means to enforce mutual exclusivity (discussed in Section 4.2). Hence, it cannot be
extended to model accumulation layers. Equally important, Shirahata’'s model also omits
the term for unscreened Coulombic scattering, which results in a numerical singularity
when the electron concentration goes to zero.

The model presented for 2D Coulombic scattering in equation (4.57) derives its
physical basis from the theoretical analysis presented in the previous chapter. It is fully
local in nature and remains bounded in the asymptotic limit of electron concentration
going to zero.

Defining the total model as pgn , it is given by the equation appearing in (4.2):

t - 1,1 (4.84)

p'gmc l'lumc “Coul

where Y IS given by equation (4.80) and Py IS given by equation (4.83). Figure 4.12
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Figure 412  Variation of total mobility with distance from the interface for a
MOSFET biased in strong inversion. The cross section is taken at the center of the
channel.

shows how gy varies with distance from the interface for a particular device (Np =

7.7x10% cm3) biased in strong inversion (Eq = 9.0x10° V/cm). Away from the interface,
the mobility initially increases because phonon and surface roughness mobilities are
increasing. The mobility then peaks and starts decreasing as Coulombic mobility takes
over. Coulombic mobility decreases away from the interface because of a decrease in
carrier concentration. As shown in Fig. 4.13, Coulombic mobility near the interface is
dominated by the 2D term, whereas further away from the interface, the 3D term
dominates.

Calibration of equation (4.84) essentially requires the calibration of pg,, since
calibration of p,,. was performed in the previous section. For pcqy , it is realy 2D
Coulombic scattering that needs to be calibrated as given in equation (4.57); the 3D
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Figure4.13 Variation of Coulombic mobility with distance from the interface for a
MOSFET biased in strong inversion. The cross section is taken at the center of the
channel.

Coulombic scattering model has aready been calibrated to bulk data[34]. Since the model
appearing in equation (4.84) is local, the non-local effective mobility is obtained in a
similar fashion as the non-local p, Was obtained in equation (4.81):

L O -.0OL 0
L 0o I”gmcﬂé’ Z, Vgs’ VbsD EhDé’ Z Vgs’ VbstZ
e Voo Vo = - (485

O
IHDE’ Z, Vgs, Vbﬂdz

Effective transverse electric field, Ey, is determined in the middle of the channel using
equation (4.82).
The calibration of Py is atwo step process: first, parameters appearing in equation
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(4.57) for u(zz'zul are perturbed, and then pg is calculated using equation (4.85). This

process is repeated until a good match with experimental data (shown in Fig. 4.11) is
obtained. The results of this calibration procedure are presented in Table 4.3. It should be

Table4.3: Parameter set for the 2D Coulombic Scattering Model

Dy 1.35x1011
a 1.5
By 2.0
D, 4.0x10%0
B, 0.5

mentioned that the procedure described above calibrates the screened part of ugul ; the

unscreened part is calibrated against the data whose extraction was presented in Section
3.5.

With this parameter set, the comparison between the new model and the
experimental generalized mobility curve is shown in Figure 4.14. Excellent agreement is
obtained between the new model and experimental data over a wide range of channel
doping levels.

The effect of back-gate bias on the GMC is to primarily shift the mobility roll-off
point which directly corresponds to the threshold voltage. As shown in Fig. 4.15, the new
model exhibits excellent agreement with experimental data over awide range of back-gate
bias.

It was discussed in Section 3.3 that screening due to free carriers is stronger in 3D
compared to 2D, because of which Coulombic mobility in 3D is higher than that in 2D.
This result was observed both experimentally and theoretically in Figure 3.2 in which pgs
is plotted as afunction of N, . Similar results are also observed in Figure. 4.16 which isa
plot of L versus Eg . As can be seen from Figure 4.16, the Brooks-Herring model needs
to be “calibrated” for both magnitude and screening dependence in order to fit
experimental data[80].
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Figure4.14 Comparison between the simulated generalized mobility curve obtained

from the new loca model (see equation (4.84)) and the experimental generalized
mobility curve obtained by Takagi et. al. [9].

4.8 Summary

In this chapter, a physically-based semi-empirical local mobility model for
inversion-layer electrons is presented that includes terms due to phonon, surface
roughness, and Coulombic scattering. It is demonstrated that the new model reproduces all
the properties of the universal and the generalized mobility curve over a wide range of
technology and bias conditions. The new model has been formulated in local terms since
that is the preferred form of implementation in drift-diffusion devices ssmulators such as
PISCES. A summary of the numerical formulation of the model is presented below.

In the new model, the three scattering mechanisms are combined together in a
physically correct fashion that ensures mutual-exclusivity:
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Figure 415  Comparison between simulated and experimental [96] generalized
mobility curves over back gate bias.

1 . 1 + 1 + 1 (4.2

utotal lJ‘phonon usurfaceroughness uCoqumb

The model for phonon scattering consists of a 2D and a 3D term. The semi-empirical
model for 2D phonon scattering is obtained from a first-principles analysis, whereas an
empirical model isused for 3D phonon scattering. Phonon mobility is given by:

o A BIN'A 1300 1°
l-lph = min E (I’) + 'I“lmaXDTD

4.30
TE® (1) (430

where 8=2.285, N, is the acceptor density and E; is the local transverse electric field.

Other parameters appearing in equation (4.30) are given in Tables 4.1 and 4.2. Surface
roughness scattering is a 2D effect and its semi-empirical model is obtained from a
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Figure 416 Comparison between the new 2D model for Coulombic scattering (see
equation (4.57)) and the 3D Brooks-Herring model [13]. B-H model is seen to over-
predict mobility since screening is stronger in 3D compared to 2D.

first-principles calculation as:

ooy
Mg = 2

Eq(r)

(4.48)

The parameter appearing in equation (4.47) isgivenin Table 4.2. In the case of Coulombic
scattering, the 2D and the 3D terms are combined together viaatransition function f(a) as:

lomb lomb
Heoulomp = T() EUZ?DU ™ [1-f(a)] Hll;%u om (4.55)
where,
fla) = — A (4.54)
(a=A)/n '
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and A = 2 and n = /2. The parameter a is calculated from the local transverse electric
field as:

_21x10 7 EY?

= (4.53)

a

The semi-empirical formulation for 2D Coulombic mobility considers both screened and
unscreened scattering, and is obtained from afirst-principles calculation as:

2D 0. n“00D,O
Mooy = Max DDl—BD, Egaryll (4.57)
0 N, T ON,

The empirical model for 3D Coulombic scattering consists of both majority and minority
impurity scattering, and is given as:

N,+N O N %
o =u1{ Bl JD efl_p +u2[—” J (4.66)
ND+G(P)N DNA+NDD ND+G(P)N
where,

3

2 30, -=

W, = Mmax OTO b2
! “max_“minl_l?’OOLI (4.67)

1

MminMmax D::)»(-')ODé
U O

u =
2 Mmax = Hmin

The G(P) term accounts for the fact that electrons scatter differently from attractive and
repulsive potentials, and it is modeled as a seventh-order spline function:

St S
G(P) = 1- + - (4.60)
o Mo T O r M 3007 |
2" U 300 Om, T O

where P is a screening parameter that is obtained as:
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1 .
= = ¥ (4.63)
P I:)CW I:)BH
and,
o - 136x10°mp T (?
BH n  m,-300-
(4.64)

2
3

B 13 1 OTF°
Pew = 3.97x10 |:NA+ ND|—|3OOU}

For ultra high dopant concentration, clustering becomes an important consideration. This

clus

and Np with Ny

clus

is accounted for by replacing N with N, everywhere in the 3D

model for Coulombic scattering. The clustering transformations are given by:

clus _ 1
Ny, = |1+ T 2x102052 N,
0.5+ U——
O Ny O
(4.65)
lus 1
NC = |1+ N
D O 20(]2| D
021+ 10 1
O Np O

The parameters for Coulombic scattering appear in Tables 4.1 and 4.3.



Chapter 5

A Unified Model for Inversion and
Accumulation Layer Electrons

5.1 Introduction

An important metric characterizing the performance of MOSFETs for digital
applications is | ,, which is defined as |45 under conditions of maximum bias at both the

gate and drain electrodes (i.e. Vgs= Vgs= Viq)- If we define the total MOSFET resistance

as Vys/lon » then it can be viewed as the sum of an intrinsic and an extrinsic part:

R'(ot = Ri nt + Rext (5'1)

where R;,; corresponds to the channel (i.e. inversion-layer) resistance and R, corresponds

to al parasitic resistances appearing in the device. For velocity saturated MOSFETS [5],
the expression for channel resistance can be written as:

v_.L
|: (Vdd - VT) + SEJ met:| Tox
R = eff (5.2

nt 2
WitV sat€ox Vad (Vaa — V1)

where v is the saturation velocity of carriersin the inversion layer, L, iS the length of

the channel measured from the source-channel metallurgical junction to the drain-channel
metallurgical junction, T, is the oxide thickness, and other symbols take on their usual
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meaning. It can be seen from equation (5.2) that reduction in oxide thickness has a bigger
impact on channel resistance than reduction in channel length. Since, both parameters are
reduced in MOSFET scaling, the result is a significant reduction in channel resistance
despite the onset of velocity saturation.

At the same time, limitations imposed by hot-carrier reliability severely restrict the
degree to which the parasitic resistance appearing in the LDD region of aMOSFET can be
reduced [19]. As aresult, channel resistance in scaled MOSFETS has been decreasing at a
faster rate than parasitic resistance. While in long channel MOSFETS, the total resistance
between the source and drain contacts is dominated by the inversion-layer component, in
submicron MOSFETS, parasitic resistance has become a significant fraction of the total
resistance. Therefore, to accurately predict the 1-V characteristics of such devices, it has
become imperative to take into account the degradation caused by the LDD parasitic
resistance [3]. Realizing its importance, much work has been reported on the analytical
modeling of the parasitic source-drain series resistance for both LDD [24]-[26] and
non-LDD MOSFETs [20]-[23].

In the previous chapter, a semi-empirical mobility model was presented that
incorporated the important scattering mechanisms operating in the inversion layer. While
the accumulation layer in the LDD region of aMOSFET is similar in many respects to the
inversion layer in the channel, certain fundamental differences exist because of which the
nature of some of the scattering mechanismsis different in the accumulation layer. Hence,
it cannot be expected of a mobility model calibrated for the inversion layer to be able to
correctly calculate mobility in the accumulation layer.

In this chapter, a unified model for inversion and accumulation layer electrons is
presented that builds on the model presented in the previous chapter. The new model is
semi-empirical and local in nature. A systematic simulation methodology for deep
submicron LDD MOSFETs based on the new mobility model is presented, and it is shown
to produce excellent agreement with experimental data over a wide range of bias
conditions (subthreshold, linear, and saturation) and channel lengths down to 0.25um.

The organization of this chapter is as follows. In Section 5.2, the impact of LDD
resistance in various deep submicron technologies is evaluated through coupled 2D
process and device simulations. In Section 5.3, problems with existing simulation
methodologies are discussed, and in Section 5.4 a systematic simulation methodology
requiring the use of accumulation-layer mobility models is proposed. In Section 5.5, a
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unified model for accumulation and inversion layer electrons in presented. This model
builds on the work presented in the previous chapter which was concerned with the
modeling of the generalized mobility curve. In Section 5.6, comparison between
simulation and measurement results is presented for a 0.25um technology. Excellent fits
are obtained over a wide range of channel lengths and terminal biases. Conclusions are
presented in Section 5.7.

5.2 Paradgticredsstancein submicron LDD MOSFETs

Figure 5.1 is a schematic illustration of the various components contributing to
parasitic series resistance in an LDD MOSFET, namely: (i) the resistance beneath the
contact window, (ii) the sheet (diffusion) resistance of the source/drain and LDD regions
where the current flow is laminar, (iii) the spreading resistance in the vicinity of the gate
edge where current crowding/spreading takes place, and (iv) the accumulation-layer
resistance occurring in the overlap region between the gate and the LDD region [24].

T
N NN \\\ Poly-Silicon Gate
! NN

Tcontact i —AMM— ) inversion
AN ! W/\—)sﬁye/ading

n+ sheet | LDD sheet

accumulation
intrinsic
—_——
-
extrinsic |

Figure 5.1  Schematic cross-section of one half on an LDD MOSFET. The various
components of the extrinsic resistance are shown.

To asses the magnitude of the voltage drop in the extrinsic region of the device,
coupled 2-D process and device simulations of a realistic 0.25um technology [37] were
performed using the process simulator PROPHET [27] and the device simulator PADRE
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[28]. In Figure 5.2, the doping profile obtained from PROPHET simulations and the
corresponding electron density in strong inversion obtained from PADRE simulations is
shown along the SI/SIO, interface of a 0.25um MOSFET. In the example shown, arsenic
is used as the dopant for the LDD region. For this case, note that 75% of the coded gate
length falls within the intrinsic region of the device, which is defined as the region from
source-channel metallurgical junction to drain-channel metallurgical junction.
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Figure5.2 Doping and electron concentration profile in strong inversion for a 0.25um
As-LDD MOSFET.

To get an indication of the resistance in various regions of the device, the
quasi-fermi level is plotted along the Si/SIO, interface. From conventional drift-diffusion
theory of electron transport in semiconductors [7], the current per unit width in the device
isgiven by:

d
26,0

Rsheet (X) (5.3)

lps = [I()dy = %q:n(x) Jfan (x ) i (xy) dy =
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where x is the direction parallel to the interface, y is the direction perpendicular to the
interface, and ¢,, is the electron quasi-fermi level. Due to current continuity, Ipg IS

independent of X, and hence the sheet resistance is simply proportional to the lateral
gradient of ¢,(x).
Figure 5.3 is a plot of ¢,(x) and d¢,/dx along the SI/SIO, interface of the device

whose doping profile is shown in Figure 5.2. 40% of the voltage drop is in the extrinsic
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Figure 53  Quasi-Fermi potential drop along the SI/SIO, interface of a 0.25um
As-LDD MOSFET in strong inversion. The drain bias is 100mV and the gate bias is
2.5V; hence the device is operating in the linear region. Although 60% of the total
resistance is due to the channel, a significant portion (40%) comes from the extrinsic
region. The extrinsic resistance is primarily due to accumulation layer resistance and
spreading resistance.

region, of which 15% corresponds to the accumulation layer. This significant voltage drop
in the extrinsic region is due to the fact that the sheet resistance in the accumulation layer
and in the current-crowding/spreading region is comparable to the sheet resistance in the
inversion layer (see Fig. 5.3).
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As another example, consider a 0.25um MOSFET in which the LDD is doped with
phosphorus instead of arsenic. As shown in Fig. 5.4, due to the higher diffusivity of
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Figure 5.4 Doping profile and electron concentration profile in strong inversion
for a 0.25um As-LDD MOSFET. Compared to the doping profile shown in Figure
5.2, the length of the accumulation layer is longer because of the higher diffusivity
of phosphorus.

phosphorus compared to arsenic and also due to its transient enhanced diffusion [38], the
overlap region between the LDD and the gate is larger, resulting in shorter metallurgical
channel length. Thus, as can be seen from Fig. 5.5, due to the longer accumulation region,
more than half of the applied voltage drops outside the intrinsic region.

It might be expected that for longer channel lengths the impact of parasitic series
resistance on device performance would be less due to the higher channel resistance.
However, this is not necessarily the case since longer channel-length technologies are
designed to operate at a higher V 44 and hence require LDDs with less peak doping and a

more gradual doping profile to alleviate hot carrier effects. For instance, the LDD dose
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Figure 5.5  Quasi-Fermi potential drop along the S/SIO, interface of a 0.25um
As-LDD MOSFET in strong inversion. The drain bias is 100mV and the gate bias is
2.5V; hence the device is operating in the linear region. Compared to the potential
drops shown in Figure 5.3, Ph-LDD devices exhibit considerably more accumulation
layer resistance. Interestingly enough though, the spreading resistance is about the
same in both cases.

would be lower and the thermal budget higher for a 0.35um technology designed to
operate at 3.3V V 44 compared to a 0.25um technology designed to operate at 2.5V V yq.

A comparison among the three technologiesis presented in Table 5.1. As can be seen
from Table 5.1, a significant portion of the voltage drops in the extrinsic region of the
device, thus requires accurate modeling of the LDD region in order to predict its impact
on the terminal characteristics of deep submitting MOSFETS.
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Table5.1: LDD resistance in various technologies

Technology Inversion Ad Acc. Ad Bulk A L metallurgical
0.25um 60 % 15 % 25% 0.74 L grawn
AsLDD
0.25um 46 % 28 % 26 % 0.56 L grawn
Ph-LDD
0.35um 55 % 19 % 26 % 0.67 L grawn
Ph-LDD

5.3 Problemswith existing ssmulation methodology

To date, most of the mobility models for 2-D device simulation [29]-[32] that have
appeared in the literature have focused on modeling the inversion layer, since channel
resistance was considered to be the limiting factor in carrier transport. Consequently, little
attention was paid to the extrinsic region of the device. It was clearly established in the
previous section that series resistance effects can no longer be neglected in deep
submicron MOSFETSs. To this end, we point out the problems associated with existing
simulation methodol ogies and in the next section present an improved methodol ogy.

Due to the lack of a model for accumulation layer mobility and the lack of
well-calibrated two-dimensional (2D) process simulation tools, the methodology most
commonly used involves the ssmulation of an “electricaly” equivalent MOSFET (see Fig.
5.6) instead of the actual device structure. In this methodology, the gate length is taken to
be the effective channel length (L) instead of the coded or patterned gate length, and a
series resistance (Ryyrie) IS Specified instead of the contact resistance (R) at the source
and drain contacts. Implicit in this methodology is the assumption that only the vertical
doping profile in the channel is important for an accurate simulation of the device, which
for instance can be obtained through one-dimensional (1D) process simulations.

The L is most often defined as the spacing between the source-channel and the
drain-channel junction. Ideally, current would be confined to the surface within Ly and
then spread into the heavily doped source/drain regions. In reality, the current is confined
to the surface even beyond the metallurgical junctions because of the overlap between the
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Figure 5.6  Existing technique for simulating an LDD MOSFET. Values for Reyies
and L are typically obtained from experimental data, but invariably Ryyjes IS treated
as a calibrating parameter.

gate and the source/drain diffusion regions. This phenomenais more pronounced in LDD
MOSFETs which tend to exhibit significant overlap (see Fig. 5.1). The extra distance of
surface conduction (i.e. the accumulation layer in Fig. 5.1) can either be considered as part
of L Or as part of Ryyjes. It IS physically incorrect to consider the accumulation layer as

part of L+ since its threshold voltage and mobility are different from that of the inversion
layer. However, when considered part of Ryyjes, the accumulation layer resistance (Rycc)

makes Ryyjes Strongly dependent on gate voltage, since

R =R,..(V.L

acc( gs overlap)

+ Rsp (Vgs) + RIdd + de + Rco (5'4)

series

where Ry, isthe spreading resistance, and R 4q and Ry are the LDD and source/drain sheet
resistances respectively.

For non-LDD MOSFETSs, the overlap between the gate and the source/drain region
in self-aligned technologies is arelatively small fraction of the gate length. Thus, Ry in
Eqg. (5.4) can be neglected, and since R, is not a very strong function of gate bias [23],
Reeries Can be essentially considered as a constant. For constant L and constant Rgyjes,

several techniques exist for accurately extracting these parameters [113]. Therefore, the
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simulation methodology shown in Fig. 5.6 can be successfully applied to non-LDD
MOSFETSs.

However, in the case of LDD MOSFETS, both Lt and Reyies are functions of gate

bias [39] because of which the methodology shown in Fig. 5.6 will be met with little
success. In order to improve the comparison between simulations and measurements,
Reeries 1S Often used as a fitting parameter. While such a practise may lead to a few good
fits, the predictive nature of TCAD can not be borne out of such a scheme. Instead, the
scheme that we propose in the next section considers every aspect of the device in a
physically correct sense. It is shown that with the improved calibration methodology, no
artificial fitting parameters need to be introduced, thus establishing the viability and
predictivity of the new simulation methodology.

5.4 Proposed Simulation Methodology

In order to accurately simulate an LDD MOSFET, the variation of Reyijes With gate
bias, in particular each term appearing in Eq. (5.4), will need to be modeled properly. To
this end, the actual device structure shown in Fig. 5.7 would need to be ssmulated instead
of the one shown in Fig. 5.6. The patterned gate length, Lpatterneg, IS SPecified in the
simulation instead of L+ and the actual contact resistance R, is used instead of Ryyies:

Since, spreading resistance is a sensitive function of the gradient of the doping profile
[23], the doping profile would need to be specified accurately in both the lateral and the
transverse directions. Accurate calculation of accumulation layer resistance would require
amodel for accumulation-layer mobility and a specification of L, (see Fig. 5.7). Thus, a
well-calibrated two-dimensional (2D) process simulator would form an integral part of the
proposed simulation methodol ogy.

Figure 5.8 shows the proposed simulation methodology. The doping profiles would
be provided by the process simulator PROPHET. In addition, values for contact resistance,
effective oxide thickness, and contact-to-poly spacing would need to be supplied to the
device simulator PADRE. The following issues need to be considered for an accurate
simulation of the LDD device shown in Fig. 5.7:

. Validity of 2D process simulation results.

. Extraction of contact resistance.
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Figure5.7 Device schematic for simulating an LDD MOSFET. R gntact iNformation

should be supplied from measurements such as from four-probe Kelvin test structures.
Patterned gate length should also obtained from experimental data such as from
transmission electron microscopy of the gate stack. Neither Rygniact NON Liatterned are

used asfitting parameters in this simulation scheme.
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Figure 5.8 Proposed simulation methodology involves coupled 2D process and
device simulations. The process recipeis fed to the process simulator to get the 2D
doping profiles. Effective oxide thickness and contact resistance values are
supplied to the device simulator from independent measurements. Contact-to-poly
spacing, L, is obtained from layout information.
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. Specification of contact-to-poly spacing.

. Extraction of effective electrical gate oxide thickness.

. Extraction of patterned channel length for deep submicron structures.

. Model for accumulation layer mobility.

The simulation methodology will be applied to a realistic 0.25um technology [37],
and it will be shown in the Section 5.6 that a consideration of the above mentioned issues

leads to an excellent agreement between simulation and measurement results over wide
range of channel length and terminal biases.

54.1 Validity of 2D Process Smulation Results

A key issue is the accuracy of process smulation results, in particular that of
predicting the doping profiles in the lateral direction. It was shown by Rafferty et. al. [38]
that the transient enhanced diffusion (TED) effect can have a significant impact on the
lateral dopant diffusion in the LDD region, which leads to the reduction of the
metallurgical channel length L. Characterization of the TED effect is essential for an

accurate modeling of the lateral doping profile.

From Fig. 5.7, Liyet = Lpatterned - 2Lov » Where Lpatterned IS the actual patterned gate
length, and L, is the overlap length between the gate and the LDD region. Calibration of

the TED parameter set proceeds by examining phenomena that are sensitive functions of
Limet, such as drain-induced barrier lowering (DIBL) and reverse short channel effect in
n-channel MOSFETS. If Lpatterned 1S determined through a physical measurement of the
gate stack such as transmission electron microscopy (TEM), then by varying the TED
parameter set, L, is made to vary, which consequently affects Ly Since Liatterned 1S
known with certainty, if the TED parameter set is able to model phenomena that are
sensitive to L, , then that establishes that L, is being correctly predicted by the process
simulator.

Cdlibration of the parameter set associated with TED has been performed by
Rafferty et. al. [38] for a 0.35um technology. They show that this parameter set is able to
explain the reverse short channel effect and the body effect on the threshold voltage of
NMOS devices. Recently, it was shown by Vuong et. al. [114] that the same parameter set
isalso ableto model the DIBL effect in 0.35um technology. Thus, the accuracy of process
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simulation results using PROPHET isfairly well established.

5.4.2 Extraction of Contact Resistance

The contact resistance, R, is extracted from four-probe Kelvin test structures [115].
It isimportant to ensure that the contacts behave linearly over the range of currents forced
through them. As the contact window shrinks in size and the current density increases,
smaller contacts start exhibiting departure from the linear Ohm's law relationship.
However, for the present study shown in Fig. 5.9, the contacts show linear 1-V
characteristics over the range of currents considered in this work.
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Figure5.9 |-V characteristics for a 0.5um x 0.5um contact window.

5.4.3 Specification of Contact-to-Poly spacing

The purpose of correctly specifying the contact-to-poly spacing, L, as shown in
Fig. 5.7 is to be able to correctly calculate the LDD and source/drain sheet resistances.
The value for Lg, is obtained from layout information. This is really a second order

correction, since sheet resistance is much smaller than spreading and accumulation layer
resistance (see Figs. 5.3 and 5.5). Hence, the exact value of L, is not very critical. Note

that if Lipag IS not equal to Lyaterneds then L, obtained from layout information would
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differ from the actual L, in the device. This information is more critical for hot carrier

studies than for the calcul ation of sheet resistances.

5.4.4 Extraction of Effective Electrical Gate Oxide thickness

In deep submicron technologies with aggressively scaled dielectrics, the physical
thickness of the oxide deviates from its “electrical” thickness primarily due to the
guantum capacitance effect [119] and the poly-depletion effect [116]. With a thin
dielectric, the transverse electric field near the SI/SIO, interface is sufficiently high to

cause significant quantization of the electron gas in the inversion layer. According to the
guantum mechanical distribution, the electron concentration peaks at a distance z,, below

the interface as dictated by the nature of the wavefunction in theinversion layer [45], [48].
On the other hand, a classical calculation predicts that the electron concentration is a
maximum at the Si/SIO, interface. 2D device simulators such as PADRE and PISCES do

not solve for Schrodinger’'s equation, and hence they calculate the classical electron
distribution in the inversion layer. The principal difference that is observed between a
classical caculation (such as from PISCES or PADRE) and a quantum-mechanical
calculation (such as from a coupled 1-D Schrodinger-Poisson solver) isarigid shift in the
Qinv-Vgs curves in the linear region [117] (i.e. incorporation of the quantum mechanical

effects causes an increase in the threshold voltage [118]). Since the classical device
simulators calculate the concentration peak to be at the surface, which in redity is z,,

below the surface, the effective oxide thickness Ty,  that should be supplied to the device
smulators is Ty, t+z,, Where T, is the physical oxide thickness that can, for instance, be
obtained from ellipsometric measurements [109].

Toxeff Can either be determined from a 1-D Schrodinger-Poisson solver which
calculates zy, or it can be obtained directly from the gate-to-channel capacitance (Cgy)
measurements. Since z,, decreases with gate bias [45] and is not really a constant, it
becomes ambiguous to specify Toy e DY Toxt2Zy,. However, it is known that the integrated

channel charge, Q,,, IS reduced by a constant factor due to the quantum mechanical effect

. Vi ~ .
[117]. Since Q,,, (Vgs) = I_jo Cgc (Vgs) dVgs, if the measured Cy. can be represented by
€oxl Tox eff » then PISCES and PADRE would be able to correctly calculate Q;,, based on
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the specification of Toy e -

The other factor that degrades the inversion-layer capacitance (Cj,) is the
poly-depletion effect (PDE) [116]. While the quantum correction is applicable to both
accumulation (C,.o) and inversion-layer capacitance, PDE degrades only Ci,» For an n*

doped poly on a p-type substrate, if the dopants in the poly are not completely activated,
then when the substrate is in inversion, a depletion layer will form at the poly/SiO,

interface, resulting in a lower C;,,,. On the other hand, when the p-type substrate is in
accumulation, the poly/SiO, interface is also accumulated. Hence, no degradation of C,..
occurs. Figure 5.10 illustrates this effect, which is a plot of measured-Cy as a function of

gate bias.
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Figure5.10 Measured gate-to-channel capacitance for a 55A gate oxide. Due
to poly-depletion effect, the capacitance in accumulation is larger than that in
inversion. Inversion-layer capacitance is further degraded due to the
guantum-mechanical nature of the electron distribution.

Due to these two effects, T, & extracted from the measured C;,, isinvariably found
to be larger than the physical value for oxide thickness T, [36].
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545 Extraction of Patterned Channel Length

The masked channel length can differ from the patterned channel length, Liatterned:
due to alack of process control, which for instance can lead to an over-etch of the gate
electrode[111]. If the over-etch is asignificant fraction of the masked channel length, then
it is essential to determine the actual patterned channel length for an accurate simulation
of the device. In the absence of TEM measurements, Lqterneq CaN &S0 be extracted from
electrical measurements [108]. The two parameters most sensitive t0 Lpatterneg @€ the
off-state leakage current (1) and the output conductance (gq) in saturation. Since the
TED parameter set in PROPHET is well calibrated to the 0.35um technology, it is
assumed that the same parameter set would be able to accurately predict L, (see Fig. 5.7)
in the next-generation 0.25um technology.

In deep submicron MOSFETS, | continues to increase with drain bias unlike long
channel MOSFETs in which it saturates for Vg much greater than KT/q [93]. This effect in
short-channel MOSFETSs is due to drain-induced barrier lowering (DIBL). While in long
channel MOSFETSs, DIBL is proportiona 1/L [93], it has been analytically shown by

met

-L
Biesemans and Meyer [112] that for short channel devices, DIBL ~ e ,whereL g IS
the metallurgical channel length and A is a scaling parameter. The objective then isto use
the DIBL information (or equivalently, the I-V curves in subthreshold as a function of

drain bias) to extract the “actual” channel length.
For the 0.25um technology considered in this study, Lpatterned for 0.25um and 0.3pm

devices was obtained by trying to match the experimentally-observed DIBL with that
predicted by simulation results. Since DIBL is a sensitive function of L, and assuming
that L, is being correctly predicted by PROPHET, simulation results can be matched with
experimental results by varying Laerned iN the simulations. Since both devices resided on
the same die, it was found that the same amount of length reduction for each yielded fairly
good fits with experimental data. The results after reduction of the masked length are
shown in Fig. 5.11. It was found that devices with channel lengths greater than 0.4um did
not exhibit any measurable DIBL effect, and hence no reduction to the masked channel
length was required.
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Figure5.11 Comparison between simulated and measured results in subthreshold
for (a) 0.25um gate length, and (b) 0.3um gate length, after gate lengths have been
reduced to achieve best fits.
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54.6 Modd for Accumulation Layer Mobility

Due to the two-dimensional nature of the electron gas in the accumulation layer, a
mobility model similar in form to the one for an inversion layer is required to accurately
calculate the resistance in an accumulation layer. Mobility degradation in the
accumulation layer occurs in much the same way as it does in the inversion layer due to
the transverse electric field. The primary difference arises in Coulombic scattering, which
is stronger in the accumulation layer compared to the inversion layer [1], [3].

To establish the importance of a model for accumulation layer mobility in trying to
predict the |-V characteristics of LDD MOSFETSs, simulations were performed using a
mobility model applicable only in the inversion layer [1]. The mobility in the
accumulation layer was simply set to the bulk value. Based on the methodology shown in
Fig. 5.8, linear region simulations for a 0.25um device were performed with the
inversion-layer mobility model. Results are shown in Fig. 5.12, from which it can be seen
that due to the over-prediction of mobility in the accumulation layer, a higher drain current
is observed.

5.5 Formulation of the Unified M odel

Having discussed the need to model accumulation layer mobility, the starting point
for the unified model is the formulation presented in Section 4.2 for inversion layer
electrons:

1 = 1 + 1 + 1 (5.5

l'lunified p'phonon usurfaceroughness LlCoulomb

For each of the scattering mechanisms appearing in equation (5.5), thereisa 2D term and
a 3D term. Previoudly, the 2D term only modeled the inversion layer electrons, which is
now extended to model the accumulation layer mobility as well. The hierarchical
taxonomy of the resulting unified model is shown in Fig. 5.13. The following three
sections present a unified treatment of inversion and accumulation layer electrons for
phonon, surface roughness, and Coulombic scattering respectively.
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Figure 5.12  Simulation of a 0.25um LDD MOSFET with a mobility model
formulated for the inversion layer only.

5.5.1 Phonon Scattering

In Section 4.3, phonon scattering in MOS inversion layers was considered. In this
section, the formulation will be extended to treat accumulation layers as well.

The potential well that creates inversion layer electrons is the same one that creates
accumulation layer electrons. The fundamental difference between the two is that an
inversion layer isa strictly 2D electron gas (2DEG) whereas an accumulation layer is the
union of a 2DEG residing in the sub-bands near the interface and a 3DEG which forms a
continuum in the silicon bulk [107]. From Fig. 5.13, it can be seen that the model for
phonon scattering has a 2D term and a 3D term. Therefore, description of the
accumulation fits in very naturally in the formulation of the model: the 2D aspect of the
accumulation layer is combined with the inversion layer model, whereas the 3D aspect is
simply 3D phonon scattering, for which a model aready exists. The task of modeling
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Figure 5.13 Hierarchica taxonomy of the unified model for inversion and
accumulation layer electrons.

phonon scattering in accumulation layers then reduces to only considering its 2D aspect.

The 2DEG in an accumulation layer is identical to the 2DEG in an inversion layer
[107]. Therefore, the same deformation potential for 2D phonon scattering (see Section
4.3.2) would hold for both layers. However, the dielectric screening function (see Section
3.2.2 for definition) in an accumulation layer would be different from that in an inversion
layer due to the presence of the continuum of electrons beneath the 2DEG. However, an
electron gas is not very effective in screening a phonon deformation potential [106];
hence, the same effective scattering potential would hold for both layers. Therefore,
phonon mobility in accumulation layers would be described by the same formulation as
for inversion layers. A semi-empirical model for inversion layer electrons is given in
Section 4.3.3:

y
A+BENA

4.25
Eg(r) TEEé/S(r) (4.25)

h
W (r) =
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where N, is the background acceptor dopant density. In accumulation layers, electrons
interact with donor atoms; hence, replacing Na by Np, the model for phonon scattering in

accumulation layers becomes:

ph A BN'p
u(r) = + (5.6)
ace Eqn() 1 EEé/S (1)

The theoretical results derived above are in complete agreement with the
experimental findings of Sun and Plummer [33] who showed that accumulation and
inversion layer electrons follow the same universal mobility curve.

By noticing that for all cases of interest, either Ny or Np dominates, accumulation

and inversion layer mobilities can be combined into one single equation as.

BO(N, +Np)"
T[E1/3|:|

ph

H2p (5.7)

- Ay
ED

In the channel N, » N, and equation (4.25) is recovered, whereas in the LDD region
Np » N, , and equation (5.6) is recovered.

The expression for total phonon mobility given in equation (4.30) for inversion layer
electrons now transforms to:

BON,+N ¥ 0
l'lph = min E A(\r) + ( ?/3 D) ’“maxBB'(])'OB
0 TLE; ()

(5.8)

Refer to Section 4.3.4 and Table 4.2 for parameter values appearing in the above model.

5.5.2 Surface Roughness Scattering

As in the case for phonon scattering, if screening is neglected, the same scattering
potential due to surface roughness would be seen by the accumulation and inversion layer
electrons. The semi-empirical model for inversion layer electrons is given in Section
4.4.2:
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y
= Cine M (4.47)
2
Eq(r)
Since the model for accumulation layer electronsis similar, we get:
acc _ Cacc EN\E/)
= (59

EZ (1)

If we assume that the “degree” of surface roughness along the Si/SIO, interface in the
gate-L DD overlap region is the same as in the channel region, then C_ . = C,  , and the

resulting model for surface roughness becomes

_ CO(N,+ Ng) Y
- 2
Eq(r)

iy (5.10)

5.5.3 Coulombic Scattering

The principal difference between Coulombic scattering in accumulation and
inversion layersis that in an accumulation layer, electrons scatter off positively charged
donor atoms, whereas in an inversion layer, electrons scatter off negatively charged
acceptor atoms. Coulombic scattering potentials were calculated in Section 3.2 under the
Born approximation [70] which assumes that the kinetic energy of the electrons is much
larger than the interaction potential due to the impurity atom. Being a first order
approximation to time-dependent perturbation theory [70], the Born approximation does
not differentiate between repulsive and attractive Coulomb potentials [40]. However,
more accurate phase-shift analysis reveals that electrons are scattered more strongly from
attractive than from repulsive potentials [40]. Intuitively, one can imagine that a repulsive
scattering center never lets the carriers get close enough for them to experience a strong
potential that would eventually scatter them off more strongly.

The ratio between attractive and repulsive carrier mobility has been modeled by
Klaassen [34] using a seventh-order spline function (also see equation (4.60) in Section
4.5.2):
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Haw _ Hace _ 5 (py (5.11)

urep lJ‘inv

where P is a parameter that depends on electron concentration and temperature [34] (also
see Section 4.5.2). A semi-empirical model for 2D Coulombic scattering in the inversion
layer was presented in Section 4.5.1 :

i 0 Kopb
W™ = max| @D, 20 (4.54)
cou |:| N BlD DN BZ
A A

The function G(P) is formulated for a 3D electron gas. Nevertheless, we apply this
function to the 2D electron gas. The accumulation layer mobility is obtained by replacing
Na with Np in equation (4.57) :

O n00D,p
Mace = Max| 0D, =<0, T—e 11| T6(P) (5.12)
O N ol DND il

The 2D Coulombic mobility is obtained from inversion and accumulation layer
mobilities via the Matthiessen’s rule’s summation:

1 1.1 (5.13)

Coul — M 1
HZD nv acc

The expression for total Coulombic mobility is given by equation (4.55):

Coul Coul

Meoulomb = f(a) El'ISD +[1-f(a)] ng (4.52)

where expressionsfor f (a) and uggw are given in Section 4.5.

5.5.4 Total Mobility including Longitudinal Field degradation

The unified mobility model given by equation (5.5) considers the variation of
mobility with transverse electric field, electron concentration, and ionized impurity
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concentration. The scattering mechanisms that lead to this mobility — acoustic phonon,
surface roughness, and Coulombic scattering — are al elastic in nature (i.e. they do not
change the kinetic energy of the carriers). When carriers heat up under the action of an
applied electric field, another scattering mechanism — optical phonon scattering —
becomes important which is inelastic in nature. Since, carrier heating is caused by the
component of electric field parallel to the velocity of electrons, the degradation in mobility
due to optical phonon scattering is modeled semi-empirically viathe longitudinal electric
field . In the inversion layer, E; is created by drain bias whereas E (transverse electric

field) is caused by gate bias. When al four scattering mechanisms are considered together,
the resulting semi-empirical expression for total mobility is given by

2Wynified
Hiotal = W B[P 1 (5.19)
14+ 1+ 40 unified ”D
O Vear O

where the mode! for longitudinal field degradation is due to Hansch et. al. [35], and v IS

the saturation velocity in the inversion layer.

56 Resaults

Asanillustration of the methodology presented in the Section 5.4, simulations were
performed for a 0.25um technology using the unified mobility model developed in the
previous section. Simulations have been performed over a wide range of channel lengths
for the linear and saturation regimes. For each channel length, the doping profile of the
device was obtained from PROPHET. Since, the experimental data across channel lengths
came from devices residing on the same die (reticle), inter-die variation was not an issue.
Contact resistance measurements were performed on Kelvin test structures present on the
same die as the MOSFETs. Similarly, the capacitance measurements were performed on
large area capacitors present on the same die. Thus, the values extracted for contact
resistance and the effective electrical gate oxide thickness can be related directly to the
devices since inter-die variation is not a concern.

The first smulation that was performed was for a 20um MOSFET operating in the
linear region. The purpose of this simulation is to test the inversion part of the unified
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model and the validity of the extraction of the effective gate oxide thickness. For such a
long channel device, series resistance does not degrade the I-V characteristics since
channel resistance is dominant. Thus, the accuracy of accumulation layer mobility and
lateral doping profile is not an issue. If the threshold voltage for this device is predicted
correctly, that establishes that the value for oxide thickness and the doping profile in the
vertical direction has been correctly specified. Next, the measured and simulated results
are compared in the high gate bias regime (i.e. Vgs = Vgg). In this regime, due to high
transverse electric fields, mobility is primarily limited by surface roughness scattering
[53]. The parameter appearing in the model for surface roughness scattering cannot be
considered as a“universal” parameter unlike those appearing in the model for phonon and
Coulombic scattering since it is directly dependent on the quality of the SiI/SIO, interface.
Based on the discrepancy observed in the high gate bias regime, the parameter for surface
roughness scattering is adjusted to achieve the best possible fit. Results after thisfitting are
shown in Fig. 5.14, which also show that the threshold voltage is being calculated
correctly.
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Figure5.14 Comparison between simulated and measured results for a20.0pm
MOSFET after adjustment of the surface roughness parameter.
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Next, linear region simulations for short channel devices are performed. Since, the
inversion part of the model, the value for effective oxide thickness, and the vertical doping
profile information was validated through simulations of a long channel device,
simulations of short-channel devices would test the validity of the model for accumultion
layer mobility, extraction of the contact resistance, and lateral doping profile information.
While each of these parameters have been separately calibrated, these simulations would
serve to establish the validity of the overall framework of the simulation methodology.
Figure 5.15 presents the linear-region comparison between simulation and measured
results for gate lengths varying from 0.5um to 0.25um. Considering Fig. 5.14 as well,
excellent fits are obtained over a wide range of channel lengths. It should be emphasized
that the same parameter set in the mobility model is able to produce these results across
channel lengths.
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Figure 5.15 Comparison between simulation results and measured data in the
linear region for gate lengths ranging from 0.5um to 0.25um. It should be noted that
the fitsfor all the shown gate lengths are produced by one mobility parameter set.

The final step is to simulate the saturation region characteristics. Figure 5.16
presents the comparison between simulation and measurement results in the saturation
region for MOSFETs with gate lengths ranging from 0.25um to 20um. Good agreement is
obtained across these gate lengths, establishing the applicability of the new model over a
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wide range of device geometries and terminal biases.

5.7 Summary

Using 2D process and device simulations, it was shown in this chapter that the
parasitic series resistance in deep submicron LDD MOSFETSs has become comparable to
the intrinsic channel resistance. It was demonstrated that conventional mobility models
formulated for the inversion layer fail to accurately reproduce the I-V characteristics of
LDD MOSFETSs. In an effort to model the extrinsic resistance of the device, a model for
accumulation layer mobility was developed that considered phonon, surface roughness,
and Coulombic scattering in the accumulation layer.

A systematic simulation methodology was presented which emphasized the
consideration of the following issues for an accurate simulation of LDD MOSFETS:

. validity of 2D process simulation results

. extraction of contact resistance

. specification of contact-to-poly spacing

. extraction of effective electrical gate oxide thickness

. extraction of patterned channel length for deep submicron structures
. aunified model for inversion and accumulation layers

Excellent fits with measured 1-V characteristics of a realistic 0.25um technology
over awide range of channel lengths and terminal biases were demonstrated with the help
of the proposed simulation methodol ogy.
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Conclusion

6.1 Summary

In summary, we have examined the theoretical issues related to the modeling of
mobility and suggested new measurements to enhance existing calibration techniques. The
study of mobility was motivated by the fact that it is one of the most important parameter
affecting the 1-V characteristics of MOSFETSs. In that regard, two particular issues —
Coulomb scattering and LDD resistance — were studied that have emerged in recent years
due to the continued scaling of MOSFETSs to deep submicron dimensions. The objective of
this research was to develop physically-based mobility models, and the approach taken to
achieve thiswas to start with afirst-principles calculation of mobility, and then proceed to
semi-empirical and empirical forms by means of calibration techniques. The maor
findings and results of this research are summarized below.

6.1.1 2D Coulombic Scatteringin MOSinversion layers

1. A first-principles calculation of two dimensional Coulombic scattering was
performed for inversion layer electrons. It was demonstrated that for both
screened and unscreened scattering, the new 2D model exhibited better
agreement than classical 3D models.

2. A new systematic technique was presented for extraction of unscreened
Coulombic scattering that involved classical and quantum simulations and
required the use of 1-V and C-V data.

141
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3. It was demonstrated that accurate prediction of threshold voltage and off-state
leakage current in heavily doped MOSFETS requires the use of well-calibrated
models for Coulombic scattering in device simulators.

6.1.2 A Semi-Empirical Modé for the Generalized Mobility Curve

1. Semi-empirica models for phonon, surface roughness, and Coulombic
scattering were obtained from a first-principles calculation of the respective
terms. The total model was obtained via a Matthiessen’s rule summation of the
three terms.

2. It was demonstrated that the new model reproduced all the properties of the
universal and the generalized mobility curve.

3.  The model was formulated in local form to exploit numerical properties of
moment-based device simulators.

6.1.3 A Unified Model for LDD MOSFETs

1. Itwasdemonstrated through coupled 2D process and device ssimulationsthat in
deep submicron LDD MOSFETSs, extrinsic resistance has become comparable
to channel resistance. Hence, accurate simulations require mobility models
valid in both regions.

2. A physically-based semi-empirical loca mobility model for inversion and
accumulation layer electrons was presented that accurately reproduced the |-V
characteristics of MOSFETs down to 0.25um gate lengths.

3. A systematic technique was presented for the calibration and validation of
mobility models that requires the independent extraction of contact resistance
from Kelvin test structures and effective oxide thickness from quasi-static C-V
measurements.

4. Findly, it was demonstrated that drift-diffusion device simulators can
accurately model the saturation region characteristics of MOSFETs down to
0.25um gate lengths provided well-calibrated and physically-based low-field
mobility models are used.
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6.2 FutureWork

Based on the findings of this research, future work is suggested in the following areas:

1.

The unified mobility model presented in Chapter 5 was implemented in the
drift-diffusion (DD) transport equation. It was recognized in the course of this
research that for gate lengths shorter than 0.25um, the DD formulation failed
to give accurate results due to hot-carrier effects occurring in the channel. To
extend the model to shorter channel lengths, it is suggested that the low-field
mobility model be implemented in either an energy-transport or a
hydrodynamic formulation of carrier transport.

One consequence of MOSFET scaling — the emergence of Coulombic
scattering due to channel impurities — was considered in this research. The
other consequence is the emergence of quantum mechanical effects in the
channel due to thinner dielectrics. Significant error is introduced in charge
calculationsif only classical equations are solved. The ad hoc approach used in
this thesis was to correct for this effect by extracting an effective oxide
thickness (see Section 5.6). Hence, a partia if not a full quantum treatment of
the inversion layer is required. The challenge would be to implement the
guantum mechanical effectsin 2D device simulators such as PISCES without
adversely affecting the computation time.

In this thesis, existing mobility models were enhanced in two aspects:
inclusion of a physicaly-based model for Coulombic scattering, and
incorporation of a model for accumulation layer electrons. Since these two
effects have emerged in deep submicron MOSFETs, they need to be
incorporated in compact models for circuit ssimulation as well in order to
extend their range of applicability.
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