Chapter 2
MOSFET: Basics, Characteristics,
and Characterization

Samares Kar

Abstract This chapter attempts to provide a theoretical basis for the Metal Oxide
(Insulator) Semiconductor (MOS/MIS) Structure and the MOS/MIS Field Effect
Transistor (MOSFET/MISFET), their characteristics, and their characterization
(parameter extraction); the theoretical treatment starts from the first principles.
While deriving the mathematical relations, assumptions have been avoided as far
as possible. A comprehensive treatment is included which covers the important
aspects of the function, mechanism, and operation of the MOS/MIS devices; in
particular topics have been covered which are relevant to all the later chapters of
the book and which will aid in reading the rest of this book. We begin this chapter
with the theory of the classical MOS structure (non-leaky and SiO, single gate
dielectric) and the classical MOSFET and then graduate to the MOS structure and
the MOSFET with the high-k gate stack and the high mobility channels. Various
aspects of the MOS/MOSFET devices analyzed in this chapter include the energy
band profiles, circuit representations, electrostatic analysis (charge—voltage and
capacitance—voltage relations), drain current versus drain voltage relation, quan-
tum-mechanical phenomena (wave function penetration, tunneling, carrier con-
finement), nature of the high-k gate stack traps, and the pseudo-Fermi function
inside the gate stack and the occupancy of the gate stack traps. Features such as
capacitance—voltage (C—V) characteristics, flat-band and threshold voltages (Vgg
and V1), Vr versus EOT characteristics permeate the chapters; hence these fea-
tures and characteristics such as conductance—voltage (G-V) characteristics have
been discussed. A significant part of this chapter contains topics which are rarely
seen in the literature and are yet to be well understood. As these topics (compo-
sition of the high-k gate stack, nature of the high-k gate stack charges, effects of
the degradation factors) are of vital significance for the progress of the high-k gate
stack technology, we have tried to analyze these issues. The final part of this
chapter treats the various methods available for characterization of the high-k gate
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stacks, in particular, for the determination of the trap parameters—trap density,
trap energy, trap capture cross-section, and the trap location inside the gate stack.

2.1 Introduction

This chapter will attempt to cover the basics of the electrical properties and the
electrical characteristics, in particular, the concepts and the theory, which will help
in reading the different chapters of the book. Our approach will be the following:

1. We will define any topic (e.g. energy band diagrams), technical term (e.g.
frequency dispersion) or parameter (e.g. transconductance) used in this chapter
at the place of its introduction in textual and/or mathematical form.

2. We will outline the importance and/or usefulness and/or application of the
technical entity.

3. Set up the boundary conditions and outline all the assumptions made for
obtaining any closed-form (analytical) equation, beginning from the first
principles; outline all the important steps and the logic inputs in the solution
process, and if necessary cite the source of a more detailed mathematical
treatment.

Our focus will be on simplicity, continuity, and a complete coverage, and on
avoiding all unnecessary complexity in algebra. The basics of the Metal Oxide
Semiconductor (MOS) structure and the MOS Field Effect Transistor (MOSFET)
and their important electrical characteristics and parameters will be covered. Our
treatment will focus on the high-k (k is the dielectric constant) gate stacks, and will
also include the high mobility channels.

The material presented in this chapter is linked to and overlaps with almost all
the following chapters of the book. The following is an indicative outline of the
linkage:

1. Chapter 3: Quantum mechanical tunneling;

2. Chapter 4: Quantum mechanical tunneling;

3. Chapter 5: Flat-band voltage, interface traps, Metal Induced Gap States
(MIGS), charge neutrality level, Capacitance—Voltage (C—V) characteristics;

4. Chapter 6: Flat-band voltage, interface traps, MIGS, charge neutrality level, C—
V characteristics;

5. Chapter 7: Carrier mobility, drain current in the linear regime, C-V
characteristics;

6. Chapter 8: Traps, trap time constant, oxygen vacancies;

7. Chapter 9: C-V characteristics;

8. Chapter 10: Quantum mechanical tunneling, C—V characteristics, flat-band
voltage;

9. Chapter 12: C—V and Conductance—Voltage (G-V) characteristics, parameter
extraction.
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References [1-3] are quality text/reference books on MOS structures and
MOSFET containing the SiO, single gate dielectric. Reference [4] is a classical
paper on many important topics of the MOS structures, particularly, its conduc-
tance originating from the interface traps. These references together contain most
of the details of analysis of the classical devices with the SiO, single gate
dielectric.

2.2 MIS/MOS Structure: Single SiOQ, Gate Dielectric

The Metal-Insulator/Oxide-Semiconductor (MIS/MOS) structure is the most
important component of the MOSFET/MISFET. Its basic function is to modulate
(and change the conductivity type—p to n or n to p) the channel conductivity,
thereby modulating the drain current, which flows by drift, provided a channel
exists from the source to the drain. In the high-k transistors, the semiconductor is
silicon or a higher mobility material, e.g. Ge, SiGe, GaAs, InGaAs, InAs, InAlAs,
InP, GaN, InSb, HgTe, PbTe, and the insulator is multi-layered, whose core is a
high-k material, e.g. HfO,, La,O;, HfSiO, HfAIO, HfNO, HfSiON, ErTiOs,
SI'TiO3, LaSCO:;, LaAlO3, GdSCO3, LaLuO3, Lasz207, Gd203, LazsiOS, SerO:;
To increase the permittivity (the gate stack capacitance), and the channel mobility,
the future trend is towards higher-k gate dielectrics, and higher-mobility
substrates.
We begin our analysis of the MIS structure with the following assumptions:

1. The semiconductor is p-type silicon; i.e. the channel on this substrate will be an
n-channel —NMOSFET.

2. The gate dielectric is a dry thermal SiO,, as is the case when the Equivalent
Oxide Thickness (EOT) is more than 1.3 nm or so.

3. The leakage current through the gate dielectric is insignificant.

Later, we will analyze, what complications the following features of a gate
stack introduce into the treatment:

1. A leaky gate dielectric or gate stack.
2. A gate stack with multiple dielectrics (both covalent and ionic).
3. A high mobility channel material.

The most important aids in understanding the electrical characteristics of the
MOS structure and the MOSFET are their energy band diagrams and the circuit
representations.

2.2.1 Metal-Semiconductor Contact (Schottky Barrier)

One may consider the metal-semiconductor (MS) contact (or junction) to be a sub-
class of the MOS/MIS structure where the oxide/insulator thickness is nil. This
device is popularly known as a Schottky barrier or diode or contact, named after



50 S. Kar

Walter Hermann Schottky, who made important contributions to the development
of its theory, in particular the image force barrier lowering. Reference [5] is a good
source for details on this topic. The Schottky diode itself is an important semi-
conductor device; in addition, it is an important component of the Schottky
transistor (a bipolar junction transistor with a Schottky barrier between the base
and the collector), Metal Semiconductor FET (MESFET in which the control
electrode is the MS contact), High Electron Mobility Transistor (HEMT), and
Schottky barrier carbon nano-tube (CNT) transistor. The MESFET and HEMT [6]
have been the substitutes for the MOSFET/MISFET configuration on compound
semiconductors, as earlier and still today it is difficult to realize high quality
MOSFET/MISFET configurations on compound semiconductor substrates.

We have a more direct cause for looking at and analyzing the formation of the
Schottky barrier and its basic nature. The MS contact is a limiting case of the MOS
structure. The ultrathin MOS gate stack, with EOT less than 1.0 nm and scaling
down to an EOT of 0.5 nm, is much closer to the MS contact than it is to the
classical MOS structure. Therefore, an understanding of the MS contact is useful
in analyzing the ultrathin MOSFET gate stack.

Many MS contacts may have an interfacial layer (say up to a nm thick) between
the semiconductor and the metal [5]; however, it may be possible to avoid the
interfacial layer as in a silicon/silicide MS contact [2]. When an intimate contact is
established between the semiconductor and the metal, electron or hole exchange
must take place between these two layers to equalize the energy and the Fermi
level (What we call the Fermi level in semiconductor physics, is actually the
chemical potential. At times, Fermi level is confused with the Fermi energy. The
Fermi energy is defined only at absolute zero—0 K it is the energy of the highest
energy electron at 0 K). Figure 2.1a illustrates the energy band diagram across an
MS contact before the intimate contact and Fig. 2.1b after the intimate contact. In
the situation represented by Fig. 2.1a, the higher energy electrons in the conduc-
tion band are transferred from the n-type semiconductor to the metal, thereby
setting up a dipole layer across the MS interface with the positive layer of ionized
donors in the semiconductor sub-surface and the negative layer of transferred
electrons on the metal surface.

The dipole layer sets up an electric field and a surface potential ¢gp in the
semiconductor space charge layer. The charge on the metal side must remain on its
surface, as no electric field can penetrate a conductor. The metal surface charge
density Qys has to be equal and opposite of the semiconductor space charge density
Qs if the interface trap charge density Q; is nil. The penetration of the electric
field into a semiconductor depends upon its free carrier density and the charge on
the semiconductor side resides in its space charge layer, a detailed analysis of
which will be taken up later in Sect. 2.2.4. For a Schottky barrier, the semicon-
ductor space charge is dominated by the charge of the ionized dopants. Perhaps the
most important MS contact parameter is the Schottky barrier height, which dictates
almost all the other parameters. The Schottky barrier height is the potential energy
barrier perceived by a metal electron when transported from the metal to the
semiconductor. The barrier height depends critically on the nature of the MS
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interface—the interface trap density D;.. Two limits are invoked while discussing
the Schottky barrier height—the Schottky—Mott limit in which case D;; = 0 and
the Bardeen-limit in which case the high interface trap density pins the interface
Fermi level. Let us take up the classical or the ideal case (Schottky—Mott limit)
first. In this case, as represented by Fig. 2.1b, the barrier height for zero applied
bias ¢y is given by:

s

¢ — Xs
¢>bnO = MT = q)s,O + ¢n (21)

¢, is the Fermi potential in n-semiconductor. Generally an interface state repre-
sents an allowed state inside the band-gap at the interface. A band-gap normally is
an energy interval where the density of states is zero, i.e. where any states are
forbidden. An interface represents a severe discontinuity in the periodic lattice;
hence the solutions of the Schrodinger equation for the bulk crystal (with a
periodic atomic arrangement and a periodic potential energy) do not obtain at the
interface. Therefore allowed states may exist at the interface in the energy range
which is a band-gap for the bulk crystal; in fact the entire distribution of the states
at the interface may be different in the other energy ranges also, from what obtains
in the bulk of the crystal. In addition to the intrinsic interface states, which are
present due to the lattice mismatch at the interface, extrinsic states may also be
present due to lattice defects and alien atoms, for which the interface is a center of
attraction and a sink. In spite of a large amount of research carried out, the
theoretical basis of the interface states is still incomplete [7].
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Several concepts have been introduced in this area, one of which is the Metal
Induced Gap States (MIGS), and one which we will come across in several
chapters of the book. MIGS, which are one type of the intrinsic interface states, are
due to the metal wave functions penetrating and decaying inside the semicon-
ductor. A question related to the MIGS is whether the metal and the semiconductor
wave functions can mix at the interface region. Charge Neutrality Level (CNL) is
another concept which will be encountered often in connection with the interface
traps. The interface trap charge density is zero or the interface trap charge is
neutral if the Fermi level is at the CNL. Another related concept is the pinning
parameter S, defined as = 0¢y,/0¢y;. The Schottky-Mott limit corresponds to
S = 1, i.e. D;; = 0, whereas the Bardeen limit corresponds to S = 0, i.e. Dj = oo.
When the interface trap density is infinite, then the interface traps pin the interface
Fermi level so strongly that the Schottky barrier height becomes invariant of the
metal work function, and in such a case, the barrier height is given by:

¢bn‘0 =y — ‘f’CNL (2-2)

Oene 18 the CNL measured from the vacuum level. In most cases, the pinning
parameter will lie between 0 and 1; in such cases, the barrier height will be given
by:

Gpno = (b — dene) + S(Pene — %) (2.3)

The Schottky barrier is a rectifying contact, i.e. a large current flows in the
forward (a positive voltage applied on the metal with respect to an n-type semi-
conductor) direction, and a much smaller current in the reverse direction. Several
mechanisms can operate simultaneously across an MS contact to transport carriers.
In the case of a device quality Si/Metal Schottky barrier, the dominant carrier
transport mechanism is likely to be thermionic emission over the potential energy
barrier.

2.2.2 Energy Band Diagram

The profile of the energy bands along the axis of the applied electric field is very
helpful in understanding the basic mechanisms of any semiconductor device. In
these diagrams, the x axis represents most often the direction of the applied electric
field, and the y axis the electron energy (generally electron energy increasing in the
positive y direction and hole energy increasing in the negative y direction). Fig-
ure 2.2 illustrates the energy band profile of a p-Si/SiO,/Metal structure across the
x-axis, along which the gate voltage, Vg, is applied, for the equilibrium condition,
i.e. the drain voltage Vp = 0. Eg is the semiconductor band gap, ¢, is the
semiconductor band-bending (surface potential), and Vy; is the potential across the
gate dielectric. If we sum the energy parameters between the vacuum level (VL)
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and Egg on both surfaces of the gate dielectric and equate, the following relation
results:

A+ Ec —qps —qb, = qVai + by — qVe

Rearranging the terms, we obtain a relation for the gate voltage in terms of the
potentials across the semiconductor and the gate dielectric, ¢, and Vy;, respec-
tively, and the work-function difference between the metal and the semiconductor,

s
Vo =@s+ Vi — | (4 + Ec — du)/a — b, ] (2.4)

bus = (s + Ec — du)/a — ¢, (2.5)

In the ideal case, the work function difference is zero, and this is what one tries
to achieve by a suitable choice of the metal work function and the semiconductor
doping density.

2.2.3 Egquivalent Circuit Representation

The salient parts of a device are generally reflected as elements in its circuit
representation, which also has to be consistent with its energy band profile, as well
as with the theoretical current voltage relations of the device. Figure 2.3 illustrates
a relatively simple (assuming single-level interface states, equipotential semi-
conductor surface, etc.) equivalent circuit for the p-Si/SiO,/Metal structure at an
intermediate frequency. In Fig. 2.3, the gate dielectric is represented by the
dielectric capacitance density, Cg;, the semiconductor space charge layer is
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represented by the semiconductor space-charge capacitance density, Cg., and the
interface traps by the interface trap capacitance density, C;; and the interface trap
charging resistance, R;;, or alternatively by the equivalent parallel trap conduc-
tance density, G, and the equivalent trap capacitance density, C,. The theoretical
treatment is greatly simpler when the gate dielectric is a dry thermal SiO, layer,
which for all practical purposes, is a near-perfect dielectric, i.e. is free of any bulk
charges—both fixed (which do not charge or discharge in the operating voltage
range) as well as trap charges. A perfect dielectric has only a dielectric capaci-
tance, cf. (2.6), as in a plane parallel capacitor, and the electric field is constant
inside, as reflected in Fig. 2.2 by the linear energy band profiles across the SiO,
layer. Presence of bulk charges—both fixed and trap—create an additional non-
linear potential and a varying electric field across the gate dielectric; additionally,
the presence of bulk trap charges creates a trap capacitance in series with a trap
resistance in parallel with the dielectric capacitance of the gate insulator. This
issue will be further treated later, when we analyze the high-k gate stacks.

It may be noted that in Fig. 2.3a, the space charge layer in the semiconductor,
which varies (charges or discharges) with the surface potential ¢ (i.e. the potential
across this layer), is represented only by a capacitance (C.), while the interface
traps (at the Si/SiO, interface) have been represented by a capacitance (C;,) in
series with a charging resistor (R;,). In principle, any charging/discharging phe-
nomenon is to be represented by a series RC branch, where C is the rate of
charging/discharging (0Q/0V; Q is the charge and V is the potential.), R is the
charging resistor, and t (=RC) is the time constant. The series RC branch repre-
sentation is the electrical engineering equivalent of the Kramers-Kronig relation in
physics. In plain words, charging/discharging lags the application of a potential
change by a typical time, called the relaxation time in physics and the time
constant in electrical engineering. Often to simplify the analysis, we short-circuit
the charging resistor, if the inverse of applied angular signal frequency, w, is much
larger than the relaxation time (i.e. the applied signal is easily followed by the
charging/discharging process), and open-circuit it if the vice versa is the case. We
have short-circuited the charging resistor for Cy. in Fig. 2.3, as the relaxation time
(of the order of ps [3]) in this case is many orders of magnitude smaller than the
inverse of the operating frequency (a few GHz).
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The circuit representation in Fig. 2.3b results, when we transform the series
R;C;; branch in Fig. 2.3a into a parallel G, and C, combination. We will see in
later sections how the circuit of Fig. 2.3b is more appropriate for the analysis of
the experimental interface state admittance data. The circuit representation of
Fig. 2.3a simplifies to the one in Fig. 2.4a at high frequencies (f},), and to the one
in Fig. 2.4b at low frequencies (f}). Any frequency much higher than the inverse of
the inversion layer time constant t;,, as well as the inverse of the minimum
interface state time constant 7, is a high frequency. Any frequency much smaller
than the inverse of the inversion layer time constant t;,, as well as the inverse of
the maximum interface state time constant 7;; is a low (also called equilibrium)
frequency.

The inversion layer time constant 7;,, and the interface state time constant t;,
are functions of the surface potential ¢, and depend upon whether the device is an
MOS capacitor or an MOSFET in operation. Both the low and the high frequency
circuit representations of Fig. 2.4 are capacitive. At low frequencies, total MOS
capacitance density Cjs is given by the relation:

1 1 &di

—=—+———; whereCy;; =—; and C;; = g - D; 2.6

Cr Ca CutCa T (oA (26)
&qi 1s the dielectric permittivity, ty; is the dielectric thickness, and Dj, is the
interface state density. The simple relation for Cj, in (2.6) follows from the defi-
nition: C;, = 0Q;/0¢; (Qy, is the interface trap charge density.), as will be shown
later. At high frequencies, the total MOS capacitance density Cyy is given by the
relation:

L1, 1
Cy Cuqi Cupy

(2.7)

The relation for the high frequency space charge capacitance density Cgpr
depends upon whether the device is an MOS capacitor or an MOSFET. For an
MOS capacitor, Cy. s Will reduce to the depletion space charge capacitance
density Cgep, Whereas for the MOSFET Cg ¢ will be the same as Cy.. This point
will be elaborated later.

Fig. 2.4 Simplification of (a) (b) J_
the equivalent circuit in
Fig. 2.3a at (a) high C. = Cai
frequencies; and at (b) low di
frequencies or equilibrium

Csc _— Csc Cit
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2.2.4 Electrostatic Analysis

The response of an equivalent circuit to an applied signal can be expressed once
the mathematical relations for the different elements of the circuit are known
which we now proceed to develop from an electrostatic analysis.

The electrostatic relations between potentials, charges, capacitances, and
resistances, are much simpler, when the gate dielectric is a single near-perfect
insulator like SiO,. To expand the relation in (2.4), we need to substitute the
relations for Vg and ¢,,. The latter has the well-known relation:

¢, = kT/qInN, /Ny = VrInN, /Ny (2.8)

T is the absolute temperature, N, is the effective density of states in the
semiconductor valence band, N, is the acceptor density, and Vr is thermal volt-
age. For a near-perfect gate dielectric, i.e. SiO,, the expression for Vg is much
simpler, while for a high-k gate stack (with as many as two bulk layers and three
interfacial layers, full of fixed charges and traps), it can be very complicated. For
the dry thermal SiO, gate dielectric, which has, for all practical purposes, no traps
or fixed charges inside, Vg; can be given by:

o Qsc + Qit + QF

(2.9)
Qg is the fixed charge density in the vicinity of the interface. It may be noted that
Qum on the metal surface is balanced by the charges on the silicon surface:
Qsc + Qi + Qr and therefore has the opposite sign. The interface trap charge
density can be expressed as:

0i = [ (Dfhy — Difiv)de @10

D, and D;;* are respectively the density of the donor-type/acceptor-type interface
states, frp" and frp® are respectively the hole/electron Fermi occupancy (Fermi-
Dirac distribution), and E is energy. It can be easily shown that if the expression
for Qy, is differentiated with respect to ¢, the expression for C;; in (2.6) will result,
since Dy, = DY + Df.

Unfortunately, even in the case of the non-leaky Si/SiO,/Metal system, an
expression for Qg and C,. (the remaining elements of the circuit representation)
cannot be found in closed form, because of two main reasons:

1. In accumulation and strong inversion, one cannot use the Boltzmann distri-
bution, but, needs to use the Fermi occupancy.

2. Carrier confinement (rather restrictions) in the x-direction (perpendicular to the
interface) in the accumulation or the strong inversion potential well leads to
standing waves (not Bloch functions, which are traveling waves), resulting in
energy sub-bands inside the valence and conduction bands. This phenomenon
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requires simultaneous application of the Poisson equation and the Schrodinger
equation to carry out the electrostatic analysis.

In the case of a high-k gate stack, further complications arise:

(a) Significant penetration of the semiconductor electron/hole wave-function
occurs into the high-k gate stack and also transmission through the high-k gate
stack to the metal takes place resulting in a high tunneling current, particularly
for EOT in the 0.5-1.0 nm range.

(b) Intermixing and interference between the semiconductor and the metal elec-
tron/hole wave-functions is possible.

The above complications notwithstanding, a closed-form solution promotes
much clearer physical understanding. This is possible only if we ignore the carrier
confinement effect as well as assume a Boltzmann distribution. The mathematical
formulation and treatment in the following is generally credited to Ref. [8]. The
starting point for the electrostatic analysis is the solution of the Poisson equation,
for which we need an expression for the charge density per unit volume at a point x
in the space charge layer, cf. Fig. 2.2, p(x). The net charge density is the sum of
the positive charge densities [ionized donor density, N *, and hole density, p(x)]
minus the sum of the negative charge densities [ionized acceptor density, N5, and
electron density, n(x)]. We assume the doping density to be constant in the space
charge layer.

p(x) = a[ Y Ng = YN +p() — n(x)]

In the neutral regime, p = 0, which leads to the following simplification of the
above relation:

Zl\% +po= ZNX +no = p(x) = q[(p — po) — (n — no)]

po/ng are the hole/electron concentrations in the neutral regime. The free carrier
(electrons and holes) densities at a point X, p(x), n(x), will vary exponentially with
the potential ¢(x) at point x, and therefore across the space charge layer, cf.
Fig. 2.5.

p(x) =poexp{—=Po(x)};  n(x) = noexp{fo(x)};

p (=q/kT) is the inverse thermal voltage. The following steps follow from the
application of the Poisson equation to the semiconductor space charge layer under
the simplifications made:

dz"’/dxz = I/Zd/d(/) (d‘/’/dx>2: —e. [Po(e7? = 1) — no(ef” — 1)]

One integrates the Poisson equation (the left side with respect to dp/dx, and the
right side with respect to ¢, after a slight rearrangement of the terms) to obtain the
square of the electric field, E(x) = —dg/dx, at point x in the space charge layer.
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Subsequently one obtains the space charge density Q,. = —&E;, where & is the
semiconductor permittivity, and E; is the electric field at the interface (also the
semiconductor surface, E; = E(x) at x = 0, cf. Fig. 2.5):

w
Osc = / P(x)dx = —&kE;
0

W is the space charge width, cf. Fig. 2.5. The negative sign in the above relation
results from the fact that for a positive Q. E; is in the negative x direction, cf.
Fig. 2.5. Since E; = E(¢ = ¢), the closed-form expression for Q. takes the form:

2qesNy } 12

Qe =T {ﬁ { (€77 + By — 1) + 70y (P — poo, — 1)} (2.11)

Differentiation of the space charge density with respect to the surface potential
yields the closed-form mathematical relation for the space charge capacitance Cs.

dQSC
do;

Csc = ‘

ey e e
|

2 1
(e + B, — 1)+ "l (et — o, — 1)]

(2.12)

Equations (2.11) and (2.12) are valid in depletion (the majority carrier den-
sity < doping density but > intrinsic carrier density n;, i.e. for a p-type semicon-
ductor, No > ps > n;) and weak inversion (the minority carrier density < doping
density but > intrinsic carrier density n;, i.e. for a p-type semiconductor,
Na > ng > n;), as in these regimes, there is no potential well formation at the
semiconductor surface and the attendant carrier confinement, and the Boltzmann
distribution is valid. Although (2.11) and (2.12) are not valid in accumulation (the
majority carrier density > doping density, i.e. for a p-type semiconductor,
ps > Nj4) and strong inversion (the minority carrier density > doping density, i.e.
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for a p-type semiconductor, ng > Nj,), these still are useful in providing some
insight into the physical picture (ps, ng are hole, electron densities at the semi-
conductor surface).

The issues of quasi-thermal equilibrium, Fermi-Dirac occupancy, validity of
such thermal-equilibrium entities as the law of mass action, etc., are important in
the operation of high-k MOSFET/MISFET and ultrathin leaky gate dielectrics, but
a clear analysis of these questions may be elusive. It may be noted that while
deriving (2.11) and (2.12), we have assumed the law of mass action to be valid in
the x direction in the space charge layer, i.e. p(x)n(x) = n;°>. This is a good
assumption even in an MOSFET in operation, if the gate dielectric is non-leaky.

Equations (2.1)—(2.12), would enable determination of the gate voltage Vg and
the total low frequency and the high frequency MOS capacitance densities, Cy; and
Cys, respectively, for any value of the surface potential ¢, in depletion and weak
inversion regimes. Equations (2.11) and (2.12) can be significantly simplified in
depletion and in weak inversion. For a p-type semiconductor both in depletion and
in weak inversion, ¢, is > 0; hence exp(—fos) < fos < exp(fps), and
Bos > 1. Moreover, (ng/po)exp(fps) = n/py < 1. Under these conditions, (2.11)
and (2.12) approximate to:

0w ~ —(2qeNag,) 2 (2.13)

Coe m (45N, ) 2 (2.14)

Equations (2.13) and (2.14) are good approximations in both depletion and in
weak inversion. It is worth noting that under these conditions, the semiconductor
space charge layer reduces to a dielectric capacitor, whose capacitance density is
given by &/W, as there are only ionized dopants (whose charge is fixed) in this
layer, and the free carrier density is insignificant; so, there is no charging or
discharging, when ¢ is varied.

2.3 Flat-Band Voltage and Threshold Voltage:
Single SiO, Gate Dielectric

Two very important MOS and MOSFET parameters are the flat-band voltage Vg,
corresponding to the condition: ¢, = 0 (or p; = N, for a p-type semiconductor),
and the threshold voltage Vr, corresponding to the onset of the strong inversion
regime (ng = Nju, for a p-type semiconductor). The flat-band and the onset of
strong inversion conditions are illustrated by the energy profiles in Figs. 2.6 and
2.7, respectively. Equations (2.4), (2.5), and (2.9) yield the following expression
for Vgg: which will be valid only for a gate dielectric free of bulk charges, cf.
Fig. 2.6.
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Fig. 2.6 Energy band profile
across the space charge layer
for a p-Si/SiO; system at flat
band condition Ec
Ers — —L —————
E qPp
S
p-Si SiO2
X 0
Flat Bands : ¢s-0
Ps = NA

Vig = —[(Qipp + OF) /Cai] — s = — {(Qitﬂ? +0r) %] — Pus (2.15)

Qicp 1s the interface trap charge density at flat-band (Often, Qs is ignored,
and only Qp is considered in calculating Vgg.). Ideally, Vgg should be zero; in
practice, one tries to obtain a value for Vgg as close as possible to zero. The flat-
band voltage is for the MOSFET/MISFET a performance parameter, as it relates to
the threshold voltage of the transistor, and also is a quality indicator, as it reflects
the magnitude of the unwanted entities such as the trap density and the fixed
charges. The device quality SiO, is a near-perfect gate dielectric; the experimental
plot of the flat-band voltage Vg versus the dielectric thickness tg; of an MOS
structure with such a gate dielectric has been demonstrated to be a linear char-
acteristic, as (2.15) indicates, yielding accurate values of the Si/metal work
function difference and the interface charge density at flat-band, (Q;.¢ + Qp) [9,
10].

Equations (2.4) and (2.9) yield the following expression for the threshold
voltage (MOSFET turn-on voltage) Vt: cf. Figs. 2.7 and 2.2:

VT = q’s,inv,th + VdiVinv,th - d)MS

E Qscjnv,t + Qil,inv,t + Q
= (5—2%) - ( ot C : F) — bus (2.16)

QPsinvihn 18 the surface potential, Vg invm 1S the potential across the gate stack,
Qsc.inv.n 1S the semiconductor space charge density, and Qi iny. 1S the interface
trap charge density, at the onset of strong inversion. At the onset of strong
inversion, the Fermi level at the interface is q¢, below the minority carrier band
edge E,, cf. Fig. 2.7. Hence the surface potential at the onset of strong inversion is

given by q)s,inv,th = (EG/q) - 2¢p
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across the space charge layer
for a p-Si/SiO; system at the
onset of strong inversion

Fig. 2.7 Energy band profile l l

q (ps,inv,th EG

p-Si sio,

2.4 Capacitance-Voltage (C-V) Characteristics
of the Si/SiO,/Metal Structures

The capacitance—voltage, the C—V, characteristic of the MOS structure is perhaps
the most frequently used tool in the characterization of both the MOS and the
MOSFET devices; perhaps, the most important reasons are:

1. The ease with which the C—V characteristic can be measured, even in the case
of high gate stack leakage current.

2. The accuracy with which it can be measured.

3. The sensitivity with which it reflects the defects, traps, and other deficiencies of
the MOS structure and the MOSFET. In other words, the C-V curve is the most
direct image of the MOS quality.

4. The large number of the important device parameters which can be extracted
from this characteristic.

The fact that the C—V characteristic has been referred to throughout this book
underscores the need to understand this characteristic accurately, which we will try
to do in this section. Equations (2.4-2.12) enable us to understand a measured
high/low frequency C-V characteristic. Such characteristics are displayed in
Fig. 2.9 for a p-Si/SiO,/Al capacitor, illustrated by the schematic of Fig. 2.8. The
non-leaky, 5.2 nm thick SiO, layer was grown in dry O, at 1,100 °C. The high
frequency characteristic was measured at 300 kHz, while the low frequency C-V
was measured at a voltage ramp rate of 0.01 V/s. In Fig. 2.9, the accumulation,
depletion, weak inversion, and the strong inversion regimes have been indicated.
The surface potential needed to delineate these regimes was obtained from the
Berglund integral [4] of the low frequency C-V curve. Figure 2.9 demonstrates
one significant change as the gate dielectric becomes thinner, and the gate
dielectric capacitance becomes comparable to the space charge capacitance in
accumulation. This important change is the dominance of the accumulation and the
strong inversion regimes over the depletion and the weak inversion regimes in the
C-V characteristics.
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Fig. 2.8 A schematic of a p-
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Figure 2.9 indicates that the capacitance is a weaker function of the bias in
depletion and in weak inversion, and is a strong function of the bias in the early part
of the accumulation and the early part of the strong inversion regimes; whereas the
capacitance tends to saturate in the later part of accumulation and strong inversion.
We will now proceed to qualitatively explain these features of the C—V charac-
teristics. In this context, it may be noted that the C—V characteristics in Fig. 2.9
reflect a very low interface trap density, which means a small influence of the
parameters C;, and Q;, on both the total C and the total V, cf. Figs. 2.3 and 2.4 and
(2.11) and (2.12). Equations (2.13) and (2.14) show that in depletion and in weak
inversion, both the space charge capacitance density C,. and the space charge
density Q. are parabolic (i.e. weak) functions of the surface potential. This is the
main reason behind the slow variation of C with V in depletion and weak inversion.
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For a p-type semiconductor in accumulation, ¢¢ is <0; hence exp(—
Bog) > 1fpd > 1 > exp(fps). Under these conditions, (2.11) and (2.12)
approximate to:

2qe,N, i s, s
qsﬂ Aexp_(/;Ps); Co oy [T Aﬁexp_<ﬁ(2/7 )

2

Equation (2.17) indicates the space charge density, and therefore, the space
charge capacitance density to be a strong exponential function of the surface
potential in accumulation (It may be noted that f¢g is > 1). Even when the Fermi
occupancy is used instead of the Boltzmann distribution and carrier confinement is
considered, Q. and C,. are still strong functions of the surface potential in
accumulation. The mathematical relations for and the functional form of Q. and
C,c in accumulation and strong inversion will be discussed in a later section. The
strong increase of C,. as an accumulation layer grows is the reason why the
capacitance C rises rapidly after accumulation sets in. As Cq. is in series with Cg;,
cf. Figs. 2.3 and 2.4, the total MOS capacitance tends to saturate to Cg;, once Cg
becomes >Cy;.

Once strong inversion sets in, for a p-type semiconductor, ¢ is > 0 and also
many times f~'; hence exp(fps) > 1By > 1 > exp(—B@,). Under these con-
ditions, (2.11) and (2.12) approximate to:

2 s ) s s
O ~ — q;no exp <ﬁ;)3>, Ci =~ ”qe ;Oﬁexp (ﬂ(zp) (2.18)

Equation (2.18) also indicates the space charge density, and therefore, the space
charge capacitance density to be a strong exponential function of the surface potential
in strong inversion (It may be noted that S¢; is >>1). Even when the Fermi occu-
pancy is not approximated by the Boltzmann distribution and the carrier confinement
is considered, Q. and C,. are still strong functions of the surface potential in strong
inversion. The strong increase of Cg. as a strong inversion layer grows is the reason
why the capacitance C rises rapidly, once strong inversion sets in. As Cy. is in series
with Cy;, cf. Figs. 2.3 and 2 4, the total MOS capacitance tends to saturate to Cg;, once
C,. becomes >>Cg;. The saturation of the MOS capacitance to the total gate dielectric
capacitance Cy; allows it to be extracted, and therefore also an EOT or Capacitive
Equivalent Thickness (CET), from the measured C-V characteristic.

The MOS capacitance rises rapidly not only in strong inversion but also just
before and at the onset of strong inversion, cf. Fig. 2.9. It may be noted that at the
onset of strong inversion, for a p-type semiconductor, ¢, is > 0 and also many
times f~'; hence exp(fos) > 1Bps > 1 > exp(—fo,), further, we have
noexp(fey)/po = 1, since npexp(fps) = ng = po. Under these conditions, (2.11)
and (2.12) approximate to:

2qe,N,
Qsc ~ — V 2q83NA§05; Csc ~ M (219)
Ps

Qsc ~

(2.17)
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It is important to note that (2.19) yields a value for Cy that is twice of what the
depletion approximation, cf. (2.14), would yield. Depletion approximation ignores
the contribution by the minority carriers. As the onset of strong inversion
approaches, the minority carrier density approaches the doping density, and
therefore, C,. begins to increase. It may be noted that the MOS C-V has an
asymmetry, and this asymmetry signifies whether the semiconductor is p- or n-
type.

It is observed in Fig. 2.9, that the high frequency MOS capacitance saturates to
a minimum capacitance in strong inversion. We now proceed to understand this
phenomenon. At a high frequency, by the virtue of its definition, there is no
contribution from the minority carriers to the space charge capacitance density Cs.
Once, a strong inversion layer forms and keeps growing, the surface potential ¢y
changes very slowly with the bias V, since the space charge density Q,. becomes
very large, making the potential across the gate dielectric dVg; > ds, cf. (2.9). A
near-constant ¢, makes C,. saturate, cf. (2.14), which in series with Cg;, renders a
nearly constant minimum C in strong inversion. This minimum capacitance allows
the doping density to be extracted from its measured value.

Perhaps, the most important parameter that the MOS C-V characteristics reflect
is the interface trap density and its attendant effects. As Figs. 2.3 and 2.4 suggest,
the difference between the low and the high frequency capacitance should directly
yield the interface trap capacitance Cj;, hence the interface trap density directly.
Hence, the low frequency capacitance is taken to be a very useful and reliable
indicator of the quality of the MOS capacitor and the MOSFET. The character-
istics of Fig. 2.9 show no difference between C;; and Cy¢ in accumulation and a
only small difference in depletion and weak inversion, thereby demonstrating that
this is indeed a high quality capacitor with a very low interface trap density. The
mid-gap trap density obtained for this MOS structure from the MOS conductance
data was about 2 x 10" cm™> V™',

2.5 Drain Current-Voltage Characteristics of MOSFET
with SiO, Gate Dielectric

Our aim is to obtain a closed-form mathematical relation for the drain current I, as
a function of the drain voltage Vp with the gate voltage Vg as an important
parameter, to gain an insight into the physical operation and behavior of the
MOSFET. Application of the drain voltage along the channel, in the y direction,
and of the gate voltage perpendicular to the channel and the semiconductor/
insulator interface, in the x direction, cf. Fig. 2.10, requires a two-dimensional
analysis, which cannot yield a closed-form solution.
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2.5.1 Ideal MOSFET: Linear Regime

Let us begin with a very simple one-dimensional analysis, which will provide
some basic but important understanding of the device. Let us also characterize an
ideal MOSFET gate stack with which we could later compare an MOSFET in
reality and analyze the degradation of the channel parameters by the non-ideal
factors. The following is a list of the non-ideal factors and we assume these to be
absent in the ideal MOSFET gate stack:

1. Zero charges of any kind in the bulk and the interfaces of the gate insulator;

2. Zero semiconductor/metal work function difference;

3. Saturating inversion surface potential, i.e. the surface potential remains frozen
at its value at the onset of the strong inversion regime and does no longer
change with the gate voltage;

4. Low drain voltage compared to the gate voltage;

5. The charge of ionized dopants is zero.

In other words, in an ideal MOSFET, the entire gate voltage (100 % of it) is
utilized in generating the channel charge Q. (consisting only of electrons in an n
channel) and none of it is wasted on the non-ideal factors. The drain current is
directly proportional to the channel charge Q.,; if parts of the gate voltage are
wasted on the non-ideal factors and are therefore not available to generate Q.y,
then the drain current is reduced proportionately—this results in the degradation of
the channel parameters by the non-ideal factors.

In an ideal MOSFET, under strong inversion, the source-channel-drain becomes
a homogeneous semiconductor (with no junctions), allowing the majority carriers
to flow by drift; hence the drain current is simply the drain voltage times the
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channel conductance. For an n-channel MOSFET (i.e. p-type substrate), we could
write, cf. Fig. 2.10:

Wt Wt w
Ip = g4Vp = TCO'chVD = chn:uchVD =7 |Qchltten Vi

(2.20)
w W

= fcdi(VG — V), Vo = (Ve — Vr)Vp, where f = fcdi,uch
g4 is the channel conductance, g, is the channel conductivity, L is the channel
length, cf. Fig. 2.10, W is the channel width, ., is the channel mobility, Q.y, is the
channel charge density, and f is the MOSFET quality factor. In deriving the above
relation, we have assumed that the channel thickness t., is constant (due to low
Vp) and is not a function of y or Vp, i.e. the channel conductance is a geometric
one and is given by the channel area perpendicular to the y direction, Wty,, the
channel length L, and the channel conductivity o.,. We have assumed that the
channel charge is dominated by the electrons; the channel charge density
Qch = qntep.

Since we had assumed zero bulk and interface charges for the gate dielectric,
Qi =0 and Qg = 0. Hence, Vg = Qu/Cai = —(Qqc + Qi + Qp)/Cai = —Qy/
Cgi. We assume that at the onset of strong inversion, i.e. when Vg = Vr, the space
charge (i.e. basically the depletion charge) is negligible [assumption (5) above].
Therefore, any additional gate voltage, (Vg — V) results in the creation of the
channel charge, since the surface potential is frozen at its value at the onset of
strong inversion, @s;ny.m. Hence, Q. = Cy;i (Vg — V). In strong inversion, the
channel charge density Q. is predominantly that of the electrons. We must bear in
mind that the relations in (2.20) are valid for very low drain voltages. The channel
conductance g4 and the transconductance g, can be expressed as:

olp
=5y B(Ve —Vr); &g Ve BVb (2:21)
There are some remarkable features of the relations in (2.20) and (2.21). These
relations are very simple with a very simple derivation, still provide an insight into
and understanding of the basic operation and performance of the MOSFET. The
main significance of (2.20) could be summed as:

1. For low drain voltages (i.e. Vp < V), the Ip(Vp) characteristic is linear. In
other words, the ideal Ip(Vp) relation is linear; any deviation from this linearity
is a manifestation of the deviation from the ideal state and of degradation. We
will see later how each of the five assumptions, made in deriving this relation,
degrades and makes the drain current—voltage characteristic to droop and
deviate from linearity.

2. Each of the five assumptions is an imperfection (a non-ideal factor) and causes
the drain current to attenuate from its ideal value.

3. Ideally, the entire gate voltage, i.e. all of Vg, should be utilized for modulating
the channel charge Q.. However, in a real MOSFET, each of the five non-ideal
factors consumes a large part of the gate voltage.
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4. Among the most important MOSFET performance parameters (Which directly
influence the drain current, the switching speed, the channel conductance, and
the transconductance.) are: (a) the channel mobility p.,; and (b) the gate
dielectric capacitance density Cg;.

5. The slope (0Ip/0Vp) of the In(Vp) characteristic can be used for the extraction
of the important device parameters.

Equation (2.20) and the above remarks illustrate why in the case of the single
gate dielectric (SiO, or SiNO), the technological trend was to reduce the gate
dielectric thickness ty;, thereby increasing Cg;. In the case of the high-k gate stack,
the trend is both to increase the gate stack permittivity (by choosing insulators
such as HfO,, La,0;, thereby increasing Cgy;, and to enhance the channel mobility
(by choosing semiconductors as Ge, GaAs, graphene).

2.5.2 Classical Model

We will now proceed to derive a more general and less ideal Ip(Vp) relation, for
which the first three assumptions of Sect. 2.5.1 will be retained, but the last two
assumptions will be removed. The following mathematical treatment is generally
credited to [1, 11, 12]. As soon as the drain voltage is applied, the uniformity of the
channel disappears, i.e. the channel thickness t., becomes a function of the drain
voltage, i.e. the channel can no longer be represented by a geometric conductance,
but, becomes a Vp-dependent entity. This is what makes the Ip(Vp) relation non-
linear (As Vp increases in comparison to Vg, the Ip(Vp) relation turns from linear
to non-linear, and finally to saturation.), when Vp becomes significant. With the
application of the drain voltage Vp, the voltage along the y direction, V(y),
increases from zero at the source (y = 0) to Vp, at the drain (y = L), cf. Fig. 2.10.
Consequently, the channel thickness t.,(y) is maximum at the source and mini-
mum at the drain. At any point y, the voltage across the gate insulator is [Vg —
@s(y)]. When Vp = 0, ¢, is not a function of y. But, for a non-zero Vp, ¢y is a
function of y; such that at any point y, ¢4(y) = ¢s(y = 0) + V(y), cf. Fig. 2.10.
It may be noted that for a non-zero drain voltage, the channel is in thermal non-
equilibrium; consequently, the electron imref (i.e. the quasi-Fermi level) separates
from the hole imref, as illustrated in Fig. 2.11. After a drain voltage has been
applied, the voltage V(y) equivalent energy, qV(y), at a point y in the channel,
must appear between the majority carrier imref in the neutral substrate and the
majority carrier imref in the channel, as illustrated in Fig. 2.11. To maintain
the channel and the strong inversion condition at any point y, for a p-Si substrate,
the conduction band edge E. has to maintain a certain minimum energy from the
electron imref. Also, the surface potential at y for the strong inversion regime,
@sinv(y), Will exceed the surface potential at the source, ¢ (y = 0), by V(y):
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Fig. 2.11 Energy band profile of the semiconductor space charge region along the x-axis for the
gate voltage Vg > the threshold voltage Vr (a channel exists at the semiconductor-dielectric
interface), at the point y along the y direction (i.e. the direction of Vp) for a non-zero Vp. Egsj, is
the hole (majority carrier) imref in the p-Si neutral region, while Egs ¢ is the electron imref in the
channel. Note that electrons are minority carriers in the neutral p-Si region, but are majority
carriers in the channel, i.e. after the p-Si substrate has been inverted

os(y) = @(y = 0) + V(y). Therefore, the voltage across the gate dielectric
Vai = [Vg — 0s(y = 0) — V(y)] = —Q,/Cq;. In other words, the voltage across
the gate dielectric is maximum at the source and minimum at the drain, leading to
a maximum channel charge and channel width at the source and a minimum
channel charge and channel width at the drain. This makes the channel a non-
geometric conductor, requiring a formulation of the current—voltage relation,
different from the simple approach of Sect. 2.5.1.

As the channel thickness t., is now a function of y, we express the channel
conductance Agq of an infinitesimal channel length dy, cf. Fig. 2.10, in the fol-
lowing manner:

e

Ags = <Z‘;> / a(x)dx, wherea(x) = gn(x)u,(x)
0

It may be noted that the electron density in an n-channel is a function of x,
because of the potential ¢(x); hence the channel conductivity is also a function of
x. The above relation may be rearranged as:

fe

1.
w w
Aga = (d—y) b [ antolas = (d—y) bl where Qul = ¢ [ n(x)ax
0 0

It may be noted that, in principle, both the channel carrier density n as well as
the channel carrier mobility u are functions of both x and y. (As will be explained
later, we assume an effective channel mobility, to simplify the treatment).
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The voltage across the channel element of length dy, dV(y), can be represented
as;

- ID - ID dy
Agd W:uch |Qch‘

The above relation can be rearranged as:

Vb
Ip
ldV () =
0/ 0lav) = (72

Hence, the drain current I can be expressed as:

av(y)

) 0/ dy = IpL/ (Wi

Vp
w
Ip = Zﬂch/ |QcnldV (y)
0

In Sect. 2.5.1, the charge of the ionized dopants was ignored [i.e. assumption
(5)]. We will now formulate the channel charge without neglecting the space
charge due to the ionized dopants.

Since Vg = @+ Vi = D5 — g507 we have: Q. = _Cdi(VG - (pa)
i

1

The channel charge density Q., may be equated to the total space charge
density minus the charge density of the ionized dopants, for which, we may use the
notation Qgep; to express the latter, we may use the depletion approximation, cf.
Sect. 2.2.4 and (2.13).

Qch = Qsc - Qdep = _Cdi(VG - Qog) + quSNAQDS (222)

It may be noted that for a p-type semiconductor, the depletion charge density
Quep is negative, being due to the ionized acceptors. As the value of ¢ will be
minimum at the source and maximum at the drain, the values of Qgc, Will be the
same. If we use the notation ¢ (y = 0) for the surface potential at the source, and
the relation ¢4(y) = ¢@4(y = 0) + V(y), then the drain current may be expressed
as:

Vp

Ip = %ﬂch / [{Cdi(VG —0,(0=0) =V} — V2eNalo,(y = 0) + V(y)]}dV(y)
0

Upon integration, we obtain a closed-form relation for the drain current:

Vb

1o = naCa| (Vo = 0,0 =00 = 2)vo = 35[0 + 0,06 = 0~ = 01
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V2qé&s
’)) — ngNA _ Qdep (224>

Ca Cdiq);/z

Since we have assumed (assumption 3 in Sect. 2.5.1) that the surface potential
remains frozen at its value at the onset of strong inversion, ¢ (y =0) =
Psinv,th = (EG/q) - 2¢p

As illustrated below, the relation in (2.23) reduces to the one in (2.20), for small
values of Vp, i.e. Vp < V. It may be noted that the relation for the threshold
voltage in (2.16) simplifies to what is written below for the assumptions made in
Sect. 2.5.1, namely: ¢y = 0; Q; = 0; Qg = 0.

Vb 2 32 3 Vb ap 3/2
Ip =~ ﬁ |:<VG = Psinvh — 7) Vp — g’y ((Ps,énv,th + EQD o (ps.,énv,th - (ps,énv,th
s, inv,th

~ ﬁ(VG = Py invin — Vv qox,inv.th)VD ~ ﬁ(VG - VT)VD7 Vr = Ds.inv,th + YN/ Ps,inv,th

When the drain voltage Vp, is no longer small compared to the gate voltage Vg,
the third term within the first parenthesis of (2.23), namely Vp/2, gains weight;
consequently, the drain current does not increase rapidly with Vp, and begins to
droop. The bracket in (2.23), which is multiplied by 7, is net positive and is to a
lesser extent also responsible for the drain current deviating from a linear increase
with the drain voltage and finally tending to saturate. It may be noted that the
derivation of (2.23) is based upon the assumption that the channel exists in the
entire region between the source and the drain, cf. Fig. 2.10, and that the carriers
traverse the channel by drift. As the drain voltage increases, a situation comes
about, when the channel disappears at the drain (y = L). This condition is known
as pinch-off, which occurs first at drain, and with Vp increasing further, the pinch-
off point y, moves towards the source, cf. Fig. 2.12. The pinch-off condition can
be defined as: ng = N (for p-type semiconductor) or Q., = 0. The saturation
drain voltage, Vpsg, is the drain voltage for which the pinch-off point y, = L, and
the corresponding drain current is the saturation drain current, Ipg. An expression
for Vpg can be obtained by using (2.22) and the condition Q.,(y = L) = 0:

Ocn = — (V6 = Vos = @gimen) Cai + 7Cain/ Vs + Py juyn = 0

2 4V
L (1 + ZG)
7
For ultrathin gate insulators, y < 1, cf. (2.24). For example, for EOT = 1 nm

(2.25)
= VDS = VG - (Ps,inv,th +5
and Ny = 10" em ™,y = 0.02 \/V. Equation (2.25) approximates, for y < 1, to:

2

Vps = Vg —Vy,  where Vi = @ i + 7V Ve (2.26)

Substitution of the relation for Vpg in (2.26) in (2.23), yields a relation for the
saturation drain current Ipg versus the saturation drain voltage Vpg, for y < 1:
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Ins ~ g (Vo — Vi)’= g(vm)2 (2.27)

In the saturation regime, the transconductance is given by:

. GIDS o

8&m = Ve B(Ve — V) = BVbs (2.28)

Figure 2.13 presents the experimental drain current versus drain voltage char-
acteristics of NMOSFETSs: one with an ultrathin SiO, (EOT = 1.84 nm) and
another with oxide-nitride (EOT = 1.93 nm) gate dielectric [13]. All the non-ideal

Fig. 2.13 Drain current ——— 1.93nm Oxide-Nitride Dielectric
versus drain voltage of n- S _ Vo-Vin
channel MOSFET’s with 0.54 ---- 1.84nm Oxide Dielectric 2.0
ultrathin oxide or oxide- =) NMOSFET '
nitride gate dielectric of =5 0.4 Channel length
EOT = 1.84 or 1.93 nm, < 044y um
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factors listed in Sect. 2.5.1 will be present in this MOSFET; however many of
these factors will have much lower magnitudes than those in MOSFETSs with high-
k gate stacks. These measured characteristics of MOSFETSs with silicon dioxide
and silicon oxide-nitride dielectrics will be compared with those of MOSFETSs
with high-k gate stacks in Sect. 2.6.1.

2.6 High Dielectric Constant (k) Gate Stacks

In many ways (in physical, chemical, and electrical characteristics), the high
permittivity gate dielectrics represent a drastic change, from the SiO, gate
dielectric:

1. Dry thermal SiO, is a near-perfect dielectric, practically with no bulk charges
and no space-charge capacitance; in that sense, high k materials are poor
dielectrics with enormous charges (>10"*/cm?); and high k gate stacks need to
be represented by many (perhaps, as many as five) bulk trap and interface trap
capacitances.

2. While the Si-SiO, interface is a true and marvelous gift of the nature (with an
interface state density of the order of 1010/cm2/V), the Si/high-k (and more so,
Ge/high-k, GaAs/high-k, etc.) interface is a difficult one (with an interface state
density >10"*/cm?/V) with an uncertain chance of improvement.

3. With a poly-silicon gate electrode, the Si-SiO,-poly-Si symmetric structure is
practically immune to the kind of thermal and chemical stability problems
encountered in the case of semiconductor/high-k-gate-stack/metal-electrode
structures.

4. While the dry thermal SiO, owes its unmatched physical, chemical, and most
importantly, electronic properties to its primarily covalent character, in sharp
contrast to the high-k materials, which owe their many weaknesses to their
primarily ionic character.

5. The covalent character of SiO, lends excellent matching with Si, while the
ionic character of high-k is at the root of their poor matching with all semi-
conductors (including Si), which are all almost totally covalent (While Si and
Ge are totally covalent, compound semiconductors are necessarily partly ionic).

6. SiO, is difficult to crystallize, and is a very stable material thermally. The
opposite is true of the high-k materials, which crystallize easily much below the
implant activation temperature.

7. Dry thermal silicon dioxide has the highest band-gap (of about 9 eV) among
the inorganic solids, while the high-k materials have only moderate to high
(say, 4-6 e¢V) band-gaps.

8. Dry thermal SiO, has the highest electrical resistivity (of the order of
10% Q cm) ever recorded (The resistivity is purely electronic; there is no ionic
contribution); the ionicity of the high-k materials lends them a conductivity,
much higher than what their electronic or band-gap alone would suggest.
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9. Dry thermal SiO, has perhaps the lowest dielectric constant (The electrical
polarization is mainly electronic, with a very low ionic contribution.) among
the inorganic oxides, whereas that of the high-k materials can be many times
higher.

Succinctly expressed, everything would seem to be wonderful of the dry
thermal SiO,, except its abysmally low dielectric constant, whereas it is difficult to
find a near-perfect property of the high-k gate dielectrics, except their high per-
mittivity. It is hard to imagine how just one handicap undoes the dry thermal SiO,,
in spite of its truly amazing qualities, when gate dielectrics with sub-1-nm EOT are
required. Fortunately, the high permittivity of the high-k gate stacks mitigates
some of their problems:

1. Perhaps, the most effective among these relate to the huge reduction in the
electric field across the different layers of the gate stack due to the high per-
mittivity. It may be noted that a much lower electric field will induce the same
inversion layer charge, as Q., = &4E;.

2. This, in turn, is responsible for the moderate potentials across the high-k gate
stack layers, although, the high-k bulk and interface trap charge densities may
be very large. Consequently, it has become possible to maintain the trend of
reducing the threshold and the supply voltages.

3. The low electric fields may also promote gate stack reliability, even in the
presence of huge charges inside.

We will discuss various aspects of the high-k gate stacks (physical structure and
representation of the various layers, chemical nature, energy band profiles, nature
and representation of the various bulk and interface traps, electrostatic analysis,
circuit representations) in the later sections. First, we examine the implications of
the high-k gate stack properties on the channel’s electrical (drain current—voltage,
etc.) characteristics.

2.6.1 Drain Current-Voltage Characteristics of MOSFETs
with High-k Gate Stacks

We will now reexamine the validity of all the assumptions, made while deriving
the classical Ip(Vp) relation of (2.23), in the case of high-k gate stacks, and also
examine how the drain current—voltage relation can be obtained in the closed form
for MOSFETs with high-k gate stacks. The assumptions of Sect. 2.5.2 for the
classical model were:

1. No semiconductor/metal work function difference, i.e. ¢pg = 0.
2. No charges in the bulk of the gate stack.
3. No fixed oxide or interface state charges, i.e. Q;; = 0 and Qr = 0.
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4. Once strong inversion sets in, the inversion surface potential at the source
remains frozen at the value @i, and no longer increases with the gate
voltage.

None of the above assumptions is tenable in the case of MOSFETs with high-k
gate stacks, which are beset with enormous bulk charges and traps and work-
function anomaly [14, 15]. After strong inversion sets in, the surface potential far
from saturating has been observed to keep increasing continuously over the entire
strong inversion regime [16, 17]. Hence the above assumptions taken together
represent a serious contradiction to the reality that obtains in the case of the current
high-k gate stacks.

Numerical models have been developed to make more realistic estimates of the
drain current and the related parameters of MOSFETs. However, closed-form,
text-book type equations, derived from the first principles, are needed to provide a
sound physical insight into the critical parameters. Needed are mathematical
relations in closed form for the drain current I, the channel conductance gp, and
the transconductance g,, which transparently illustrate how much the high-k gate
stack charges, the non-saturating inversion surface potential, and the work function
anomaly degrade the channel parameters. Even the recent semiconductor device
and gate stack reference books still present the classical closed-form equations for
the MOSFET channel parameters [18-20]. Our aim in this section will be four-
fold, namely to: (1) have direct incorporation of the threshold-excess inversion
surface potential (AQsiny = @Psinv — @s.inv.n)s the total gate-stack charge density
Qui,gsc» and the semiconductor-metal work-function difference ¢y in the equa-
tions for the drain current Ip, the channel conductance gp, and the transconduc-
tance g.,; (2) illustrate the scale of degradation of Ip, gp, and g, by the non-ideal
factors of A@giny, Qi gsc and Py, by quantitative analysis and estimation, using
the available experimental data; (3) present text-book-appropriate relations in such
a form that, how much each of the adverse factors degrades each of the channel
parameters, becomes visible in a glance.

To derive the mathematical relations for the channel parameters, we will use the
following general formulation for the drain current arrived at in Sect. 2.5.2:

Vb
w
o= tta [ 10alaV () (229)
0

The challenge is to find an expression for the channel charge Q.n(y) which
would be valid in the case of the high-k gate stacks; in particular, the main
problem is finding a realistic mathematical representation for the gate stack charge
Qui,gsc(y), and the corresponding gate stack potential V4;(y) and the channel charge
Qcn(y), which will allow integration of (2.29) into a closed-form.
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2.6.1.1 Gate Stack Potential V 4(y)

The gate stack potential Vg; originates from the semiconductor space charge
density Q. and all the charges in the gate stack. As Fig. 2.14 illustrates, the gate
stack potential has many components (The energy band diagram of Fig. 2.14 will
be discussed in detail in Sect. 2.6.3. It reflects experimental values of the surface
potential and gate stack potentials and gate stack trap densities obtained from
admittance-voltage-frequency and flat-band voltage versus EOT measurements
over many MOS structures with varying EOT [17]. Figure 2.14 illustrates the
complicated nature of the charge-potential relation inside a high-k gate stack).
Unfortunately, at present, there is scarce information on the nature, location, and
distribution of the charges in the high-k gate stacks [14—17]. Therefore, it is not
possible to express realistically the potentials across the different layers and
interfaces of the high-k gate stack, e.g. Vi, Vi dipole- in mathematical form as a
function of y. We outline below an option for tackling this obstacle. We write
down the total gate stack voltage as a sum of two components, one which is a
strong function of y and the other which is relatively invariant of y.

Vdi(y) = Vdi.,sc(y) + Vdi,gsc (230)

Visc 1s the total potential across the entire gate stack due to the semiconductor
space charge density Q,., whereas Vy; o is the total potential across the entire gate
stack due to all the charges in the layers and the interfaces of the high-k gate stack.
Viisc(y) is a strong function of y, because of the strong variation in the surface
potential @4(y) in the y-direction, cf. Sect. 2.5.2 and (2.31), causing the space
charge density Q,.(y), which is a function of @, to vary strongly.

qu,inv(y) = (ps,inv(y = O) + V(y) = (/)s,inv,O,th + A(/)s,inv,O(VG) + V(y) (231)

On the other hand, the bulk and the interface trap charges in the gate stack may
not be a significant variant in the y-direction. The charge in traps inside the gate
stack is decided by the occupancy of these traps; and the trap occupancy is decided
by the pseudo-Fermi level inside the gate stack, cf. Fig. 2.14. The pseudo-Fermi
level at a plane x inside the gate stack indicates the occupancy of traps at that plane
and whether the traps at that plane is communicating more readily with the
semiconductor surface, i.e. is controlled and given by Egg, or more readily with
the metal surface, i.e. is controlled and given by Egy, or is communicating with
neither, cf. Fig. 2.14 [12, 16]. To analyze their variation with y, the gate stack traps
can be classified into three groups:

Group 1 The charge in traps at the metal surface and the charge in the traps
inside the gate stack which exchange electrons more readily with the metal surface
will not be a function of y, since this charge is controlled by the metal Fermi level
Ern, Which is not a function of y, the potential on the metal surface being the same
everywhere, cf. Fig. 2.14.

Group 2 There may be traps deep inside the gate stack which are unable to
exchange electrons/holes either with the Si or the metal surface. Moreover, there
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Fig. 2.14 A schematic representation of the energy profiles across a p-silicon/SiO,/.HfO,/TaN
MOS capacitor in strong accumulation, under a bias of —1.82 V. The SiO, layer was about 1 nm
and the HfO, layer about 2 nm thick, while the EOT was about 1.9 nm. V; gipole is the potential
drop across the dipole at the IL/high-k interface. Egs, is the hole (majority carrier) imref. ty; y1,
tainigh-k are the thickness of the IL and the high-k layer, respectively. The pseudo-Fermi function
is supposed to indicate the occupancy of the traps in the gate stack

may be traps in the gate stack whose energy levels remain much higher or much
lower than the Si quasi-Fermi level Egg p, cf. Fig. 2.14. Effectively, these traps will
act as fixed charges and will remain invariant of potential and therefore also of y.
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Group 3 The charge in traps at the Si surface and the charge in traps inside the
gate stack which exchange electrons more readily with the Si surface will be
controlled by the Si quasi-Fermi level Egg ;, the variation of this charge with y will
depend upon the variation of Eggj, with y, cf. Figs. 2.11 and 2.14. The variation in
the surface potential ¢;,, will be = Vp between the source and the drain
according to (2.31). However, the variation of Eggy, with y will be a small fraction
of eVp, as for a channel (i.e. strong inversion) to exist, Egs ; has to remain close to
E., cf. Fig. 2.11. Two other factors need to be considered to analyze how much the
charge in group 3 traps will change with y. All experimental evidence consistently
suggests that the trap density is lowest at the Si/IL interface, and the S/IL interface
trap charge is a very small fraction of the total gate stack charges [14, 15, 17]. The
magnitude of charge exchange between the Si surface and the traps inside the gate
stack will be determined by the electron density at the Si surface, the wave
function attenuation (depends on the conduction band offset, the tunneling electron
mass, and the distance between the trap location and the Si surface), the trap
capture/emission cross-section, and the frequency, cf. Fig. 2.14 [17], and may be a
small fraction of the total gate stack charge.

Hence the charge of only the group 3 gate stack traps may vary with y and the
error may be small if we ignore the variation with y of the charge in the group 3
traps, and consider V; ¢ to be invariant of y to enable its integration with respect
to V(y) into a closed-form expression. Combination of (2.4), (2.30), and (2.31)
would then yield:

Vatse9) = Vi = 0y = 0) = VI0) — Vage — s, = — 2
— QCh(y> + Qdep(y) (2 32)
Cai '

or:

Oun(y) = —Cai [VG - %Jnv(y =0)-V() - Viigse — ¢MS,p] - Qdep()’) (2.33)

In (2.33), only V(y) and Qqcp(y) are functions of y. The work function differ-
ence (anomaly) may be considered invariant of y.
2.6.1.2 Drain Current Versus Drain Voltage Characteristic

Substitution of the expression for the channel charge density in (2.33) into the
equation for the drain current in (2.29) yields:
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w Vo
Zﬂzh b {Cdr = Psinv0 — V(y) - Vdi.g.rc - d)MS.p] } + Qdep(y)}dv(y)
W VD
ﬂch /0 {Cd! Vo — Dsinv.0 — V(y) - Vdi-g.“t‘ - quS.p} } -V 2q£3NA(PS(y)} dv(y)
w Vo
Z:u'rh ) |:{Cdt [ (ps inv,0 V(y) - Vdi-,gsc - ¢MS,p] } - \/ZqSSNA (q)s.inv.() + V(y)):| dV(y)

(2.34)

@Ps.invo 1s the inversion surface potential at y = 0, ¢gn(y = 0). In (2.34), the
classical depletion approximation relation has been used for Qgep, [3]. Even though
all the non-ideal factors present in the high-k gate stack have been considered in
(2.34), we have been able to represent these factors in such a manner that (2.34)
can be integrated into a closed form to yield the following mathematical relation
for the drain current:

W (VG = P inv,th0 — Aqos,inv,O - Vdivgé‘c - ¢MS,p - %) VD
3/2
Ip = f:uchcdi 2 V2qe, Ny (@S‘inv,th,o + A(Ps‘inv,o + VD) / } (235)
3 Ca 3/2
—((/’s,mv,m,o + A(ps,inv,O)

The classical drain current versus the drain voltage relation, cf. (2.23) which
was derived in Sect. 2.5.2 could be expressed as:

w (VG — Ps.invth,0 — %) Vb
Ip = — 11, Cy o ' 236
b L Hend [ - % ZCCI',;N { (q)s,inv‘,lh,o + VD)3/2_ (¢s,inv,lh70)3/2} ( )

Normalization of (2.35) by (2.36) yields a relation which directly illustrates the
effects of the gate stack charges Vg;,s, the non-saturating inversion surface
potential A¢qiny0, and the work function difference ¢yg,, on the drain current:

Ip pigh—k  Menpigh—k

Vb
X (VG = Py inv,th,0 — A@g,inv,o - Vdi,gsc - d)MS,p B 7) VD_

ID,ideal ,uch,ideul
) 3
5')) [(@s,inv,th,o + A(Pa;mv,o =+ VD) (QDA inv,th,0 + AQDA Jinv, 0)2:|

(VG — Psinv,ih,0 — %) Vp — %V |:((ps,inv,th,0 + VD)i_ ((Ps,inv,th,O)%:|

(2.37)

The following are the important features of the normalized drain current as
represented by (2.37). As the channel conductance gp and the transconductance g,
are directly linked to the drain current Ip, many of these features belong to the
latter as well.

Non-Saturating Surface Potential—The surface potential does not saturate in
the case of the ultrathin high-k gate stacks because of a number of reasons: (1) As
the EOT is decreased, the gate stack dielectric capacitance density Cg; increases
and becomes comparable to the semiconductor space charge capacitance density
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Fig. 2.15 Experimental surface potential versus applied gate bias plot extracted from the
Berglund integral [60] of the measured equilibrium capacitance—voltage (C—V) characteristics of
MOS structures on p-type silicon with five different gate stacks: HfSiON (right faced triangle,
black), HtO,-Al,05 (circle, blue), La,O5 (triangle, green), HfO, (inverted triangle, black), and
SiO, (square, red), and EOT values of 2.0, 1.7, 1.4, 0.5, and 3.9 nm respectively. Surface
potential in strong inversion could be extracted only for three of the five MOS structures. The C—
V data for four of the characteristics were taken from the literature: HfSiON [56], HfO,-Al,O3
[57], La,O5 [58], HfO, [59]. It maybe noted that the diamond marker indicates the flat-band
point, while the square marker indicates the onset of strong inversion

Cs.. Consequently, the surface potential change given by: A@g i, = AV 4,Cai/Cyc
becomes larger in comparison to the gate stack potential change AV ;. (2) Because
of quantum-mechanical carrier confinement in the strong inversion layer, Cy. is
significantly less than its classical value. (3) The very high trap density of high-k
gate stacks makes AVy; larger. The degrading feature of the non-saturating surface
potential has not been widely recognized in the literature. @ nymo is the surface
potential at the onset of strong inversion at the source: ¢ ;o = Ec/q — 2¢,, for
a p-type semiconductor. In the classical formulation [1, 11, 12], the surface
potential at the source was assumed to remain frozen at the value ¢ im0 OnCe the
channel was formed. In the current high-k transistors, the inversion surface
potential ¢ ;nv.0(Vg) has been observed to increase significantly with the gate
voltage Vg; experimental data indicate that the surface potential may increase by
as much as 0.4 V after strong inversion has set in, i.e. AQginv.o = (Psinvo —

Qsinvno) = 0.4 V [21, 22]. Figure 2.15 illustrates the strong variation of the
surface potential in both accumulation and in strong inversion for four different
high-k gate stacks in comparison with a control SiO, gate dielectric. The excess
inversion surface potential Agsiny0 appears twice in the numerator of (2.37), once
inside the parenthesis, then within the bracket; consequently A ;ny o degrades (i.e.
reduces) the drain current twice.



80 S. Kar

Gate Stack Charges and Traps—Flat-band voltage measurements and results
from the conductance technique [17] indicate the charges and the traps in the
current device-quality high-k gate stacks to be orders of magnitude higher (net
gate stack charge density exceeding q x 10'* cm™?) than what obtained in the
case of the dry thermal SiO, gate dielectrics. Experimental data [17] indicate the
high-k gate stack potential due to the gate stack charges Vi os.(V) to be signif-
icant (hundreds of mV). Vg ¢c(V) will reduce the drain current below its ideal
value, cf. (2.37), and this reduction will increase if the gate stack charge increases,
e.g. due to gate stack degradation [23, 24].

Work Function Difference Anomaly—The work-function difference term is
absent in the classical drain current relation, cf. (2.36), (2.37). Unfortunately, the
high-k gate stacks suffer from a serious work-function anomaly and lack of control
[25, 26]; consequently the desired work function cannot be realized, and the work-
function difference remains not only significant (a few hundred mV) but also
changes with subsequent processing. A significant ¢y will decrease the drain
current below its ideal value and its lack of control introduces drain current
instability, cf. (2.35), (2.37).

2.6.1.3 Estimate of Drain Current Degradation

All the three factors discussed above degrade the high-k gate stack drain current
Ip nigh-k to a fraction of its ideal value, Ip jgear, cf. (2.37). It may be noted that the
values of the parameters Vg, @sinv.mo, Vb, and y in (2.37) and (2.24) may be
obtained from the device design, whereas the values of the parameters A,
V.0 = (ps,inv,0 — Psinv,th,0)s Vdigses and ¢yg may be extracted from carefully
planned experiments on the MOS device. It may be instructive to make a rough
estimate of the normalized drain current in (2.37), and obtain a feel for the
importance of the various degrading factors. The body effect parameter 7y is pro-
portional to EOT and to (N2 choosing EOT = 1.0 nm and
Na = 3.55 x 10" cm™ yields a round figure of 0.1 for y. We may choose: a gate
voltage Vg = 2.2 V; a drain voltage Vp = 0.4 V and the surface potential at the
source at the onset of strong inversion @s;nyvmo = 0.9 V. For the estimation, it
may be assumed that the increase in the surface potential after the onset of strong
inversion A(ps,inv,() = ((Ps,inv,O - (ps,inv,th,O) = 0.2V [21, 22]. Flat-band VOltage
versus EOT measurements indicate that the total gate stack potential due to all its
fixed and trap charges may be as much as 0.3 V [17]; we may choose a gate stack
potential due to the net gate stack charges Vi, o = 0.2 V. The work function
anomaly varies a great deal depending upon the metal, the gate stack high-k layer,
and the processing. At the current state of the work function control, it may be
reasonable to assume a work-function difference ¢y, = 0.1 V. Hence, a
numerical estimate of the drain current according to (2.37) would be:
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3

(22-09-02-02—-0.1-02)04—25-0.1 {(0.9 +02+0.4)2—(0.9 + 0.2)'5]

Ip nigh—k — Peh high—k y

Ipjdeat Hohideat (22-0.9-02)04—24-0.1 [(0.9 + 0.4)%—(0.9)%]
32 32
_ Horgigi 06704 0~°"7<(1-5> —(L.1) ) _ Honigh & 024~ 0.067-0.69
Henideal 1.1-0.4 —0.067 [(13)%—(09)%] Henideal 0.44 —0.067 - 0.63
_ Honhigh-k 0.24 —0.04 _ 0.20 Hep pigh—k —0.50 Heh high—k
Henidear  0-44—0.04  0.40 1), igeas Hehideal

(2.38)

These calculations suggest that the part of the relation containing the bracket in
(2.37) or (2.38), is not significant for small drain voltages; the part containing the
bracket represents the difference between the depletion charge at the drain and at
the source and assumes importance for large drain voltages. Therefore, for the
triode regime, we may focus on the part within the parentheses. The calculation in
(2.38) suggests that the non-saturating surface potential, the gate stack charges,
and the work-function difference may have the same order of weight; in the present
example, the three factors degrading the drain current roughly 20, 20, and 10 %,
respectively, such that the total degradation is 50 %, i.e. the drain current is
reduced to 50 % of its ideal value by these three factors in addition to the reduction
by the degraded channel mobility. The calculations illustrated by (2.38) show that
even for moderate drain voltages (such as Vp = 0.4 V), the drain current versus
the drain voltage relation becomes significantly more non-linear for the high-k
gate stacks, because the term Vp, inside the parenthesis in (2.37) becomes a more
significant fraction of the rest of the terms inside the parenthesis.

There are some experimental results [27-31] on the degradation of the channel
parameters Ip, gp, and g, in high-k MOSFETs by the non-ideal factors of
A inys Qi gser and s Which support the basic suggestions of (2.37) and (2.38).
High pressure annealing of Si/Hf-silicate/HfAIO/TiN gate stacks in pure H, was
reported to bring down the interface state density by a factor of 2 (from 12 to
6 x 10" cm™>) and enhance the drain current and the transconductance by
10-15 % [27]. Fluorine treatment and GeO, passivation of HfO,/Ge gate stacks
was observed to reduce the interface trap density from 4 to 1 x 10> cm™> V™!,
while enhancing the drain current by 18 % [28]. Fluorine incorporation into HfO,/
InP and HfO,/Ing 53Gag 47As gate stacks was reported to improve the drain current
and the transconductance and these improvements were attributed to a reduction in
the fixed charge and the interface trap density [29]. Passivation of HfO,/InP gate
stacks by an intermediate Al,O; layer was observed to enhance the drain current
2.5 times and the transconductance 4 times while reducing the interface trap
density [30]. Fluorine treatment of InP/Al,O3/HfO,/TaN gate stacks was found to
increase the drain current 100 %, the transconductance 50 %, and the channel
mobility 56 %; this enhancement was attributed to a reduction in the gate stack
charge [31].
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2.6.1.4 Channel Conductance and Trans-conductance

The channel conductance may be expressed as, cf. (2.35):

g aID W’u C ( = Psinv,0 — legsc ¢MS[7)
A RN e )

or,

W
gD L :u'chcdl [( = Psinv,th,0 Aqos,inv,o - Vdi,gsc - ¢MS,[)) - Vp— Vdi,sc,L]
(2.39)

The term V; (1 represents the gate stack potential at the drain (y = L) due to
the ionized dopant charge; it is a function of both the gate and the drain voltages.
Equation (2.39) may be compared with its classical formulation, cf. (2.15):

4
— Uep Cdt [( (ps inv,th 0) Vp — Vdi,sc,inv,L] (240)

&b =7

The quantity @g;inv.mo 1S @ constant. The term Vg scinvL represents the gate
stack potential due to the ionized dopant charge at the drain (y = L) at the onset of
strong inversion; it is a function of the drain voltage but not of the gate voltage.
The channel conductance may be normalized by its ideal value and expressed as,
cf. (2.39), (2.40):

__ 8D.high—k
8Dnorm = —
8D, ideal
. Heh high—k Ve — Dy inv,th0 — A(/)s,inv,o - Vdi,gsc - d)MS,p —Vp— VdiA,SC.,L
Heh,ideal Ve — Psinv,th,0 — Vp — Vdiwfcﬁi”V,L

(2.41)

The normalized channel conductance has many parameters in common with the
normalized drain current, cf. (2.37) and (2.41); however, gp, is degraded more than
Ip, as may be illustrated by making a rough numerical estimate of gp ,om
assuming the same values of the parameters, selected for estimating the normal-
ized drain current, cf. (2.38):

 Henpigh—k22—-09-02-02-0.1-04-0.12

8D.norm =

ch.idea 22-09-04-0.11
Hepideal (2.42)
_ 0.28 tep high—k — 035 Hen high—k
0.79 Henideat Hehideal

As (2.38) and (2.42) indicate, the estimated degradation in channel conductance
is nearly 50 % higher than that in the drain current.
The transconductance may be expressed as, cf. (2.35):
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(1 . aq’s,invﬂ o ani,gsc) VD
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(2.43)
or:

w a(ps inv,0 an,‘ sc a(ps inv,0

m = 5 Ci 1 - s s Vp — Visc _Visc —

8 L UenCa K Ve Ve D ( disc,L di, ,0) Ve

(2.44)

Vaisco 18 the gate stack potential at the source (y = 0) due to the ionized dopant
charge. Equation (2.44) may be compared with its classical counterpart as
expressed below, cf. (2.36):

w
8m = Z,uCth,-VD (245)

The transconductance normalized by its ideal value may be expressed as, cf.
(2.44) and (2.45):

8m,high—k
mporm =~
8miideal
. :uch,highfk <1 _ aq)s,invﬁ() _ ani,gsc _ (Vdi,sc,L - Vdi,sc,O) a@s,inv,O)
Hehideal 6VG aVG VD aVG

(2.46)

The equation for the transconductance is clearly different in nature from those
for the drain current and the channel conductance, cf. (2.46), (2.41), (2.37); namely,
(2.46) contains differentials (all of which are fractions) while (2.41) and (2.37) do
not. Moreover, the transconductance is not degraded by the work function differ-
ence anomaly. It is important to note the strong dependence of the transconductance
degradation on the gate voltage. The rate of change of the surface potential with
respect to the gate voltage, 0@ iny.0/0Vg, can be obtained from an experimental
¢@s(Vg) plot, cf. Fig. 2.15. In Fig. 2.15, 0¢ inv.o/0V s for both the high-k gate stacks
is about 0.25 in strong inversion, while it is only 0.08 for the single SiO, gate
dielectric. This strongly illustrates how important the non-saturating inversion
surface potential is in the case of the high-k gate stacks. Similar to the exercise in
the case of the drain current and the channel conductance, cf. (2.38) and (2.42), a
numerical estimate could be made for the normalized transconductance:
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The rate of change in the gate stack potential due to the gate stack charges,
Vi gsc, With respect to the gate voltage Vg will depend upon how the trap charge
inside the gate stack will change and this will be determined by the trap energy
levels and the wave function penetration into the gate stack.

Equations (2.38), (2.42), and (2.47) suggest that the degradation is most severe
in the case of the channel conductance, followed by the drain current, and then the
transconductance.

2.6.1.5 Factors Attenuating Channel Parameters

We may recapitulate our analysis in Sect. 2.5 and Sect. 2.6.1 to list all the factors
which force the drain current to attenuate. Ideally, as already stated in Sect. 2.5.1,
the entire gate voltage should be spent in enhancing the channel conductivity
equally everywhere in the channel irrespective of the y position. The factors which
each consumes and wastes a part of the gate voltage are:

1. The drain voltage Vp. The drain voltage causes the voltage across the gate stack
to reduce; the amount of reduction depends upon the position along the
direction y—at the drain, the amount of reduction is = Vp,.

2. The ionized dopant charge Qgp. Ideally, the semiconductor surface charge
layer should have only electrons or holes. A part of the gate voltage is wasted in
sustaining the dopant charge; this effect is more significant for large drain
voltages.

3. Work function difference ¢,g. Ideally, the semiconductor—metal work function
difference ¢yg should be zero. A part of the gate voltage is directly wasted in
neutralizing the non-zero work function difference.

4. Gate stack charge Qg gs- The gate dielectric should be an ideal one; in other
words, the gate stack should have only ideal gate dielectrics as constituents, in
which the charge density should be zero. A significant part of the gate voltage is
wasted in supporting the gate stack charge Qg; gsc-

5. Non-saturating inversion surface potential A ;.. Ideally, the inversion surface
potential should remain frozen at its value at the onset of strong inversion
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Fig. 2.16 Drain current versus drain voltage characteristics of n-channel and p-channel
MOSFETs with HfO,/TiN gate stack. The EOT was 1.0 nm, whereas the CET was 1.45 nm.
The channel length was 80 nm. The gate voltage varied between 0 and 1.3 V. I, for the n-channel
was 1.66 mA/um and for the p-channel was 0.71 mA/um at a Vp of 1.3 V. Adapted from [32]

Qs.inv.eh- The excess inversion surface potential Ay, reflects several factors
and consumes a significant fraction of the gate voltage.

Figure 2.16 illustrates the drain current versus the drain voltage characteristics
measured for both NMOSFETs and PMOSFETSs with HfO,/TiN high-k gate stacks
[32]: The channel length was 80 nm, EOT was 1.0 nm, CET was 1.45 nm [32]. It
should be of interest to compare the characteristics of Fig. 2.16 representing high-
k gate stacks with those of Fig. 2.13 representing SiO, single gate dielectric; the
two sets of characteristics differ in several respects both in the triode as well as in
the saturation regimes. In the triode regime, the high-k characteristics deviate more
from a linear form than do the single gate SiO, characteristics, whereas in the so-
called saturation regime, the former are non-saturating. The deviation from line-
arity manifested in Fig. 2.16 supports the conclusions of Sect. 2.6.1 that the three
non-ideal factors—of A@ .y, Qi gsc; and ¢ys—make the Ip — Vp characteristics
more non-linear and degrade the channel parameters of high-k gate stacks sig-
nificantly, particularly when the supply voltage is reduced, as is the case with the
decreasing EOT trend.

2.6.2 Composition of the High-k Gate Stack

The high-k gate stack presents a very formidable challenge to effective (in the
sense of being accurate and yet practical in use) modeling and representation. Our
aim is to evolve realistic energy band diagrams and circuit representations of the
high-k gate stack, and modeling of the various high permittivity layers, and traps
and charges, which abound in these systems, and the potentials across the various
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dielectric layers. Among the important basic issues, which will be discussed in this
section, are:

1. Which constituents/components of the gate stack are to be recognized for
representation? Each layer with a different permittivity should in principle be
represented by a capacitor in series with those of the adjacent layers.

2. Are there chemically graded layers, intentionally or unintentionally in the gate
stack? It has been established [33, 34], that across a Si/SiO, interface, there
exists a 0.3-0.5 nm thick chemically graded (hence, band-gap and permittivity
graded) layer. It is possible that chemically graded layers exist also across the
intermediate-layer/high-x-layer interface and even the high-k-layer/metal
interface (cf. Fig. 2.14). How does one represent a graded permittivity layer in
the equivalent circuit, which in principle would be an infinite set of capacitors
in series?

3. Is there a metal oxide layer formed between the high-k bulk and the metal
electrode?

4. What are the tangible consequences of the very high density of traps in the gate
stack layers? The SiO, gate dielectric could be represented by a simple
dielectric capacitance (plane-parallel capacitor), because there were no sig-
nificant traps inside, i.e. it could be represented as an ideal dielectric layer. In
great contrast, the charging and discharging in the myriad traps, inside the high-
Kk gate dielectric stack, in principle, need to be represented by a large number of
R(C; combinations.

5. This brings us to the issue of the Fermi occupancy of the traps and the profile
(x-direction-wise) of the pseudo-Fermi function inside the gate dielectric stack.
One could argue that in strong accumulation and in strong inversion, it may be
possible for many traps inside the high-x gate dielectric stack, if not all of them,
to follow the applied signal, and exchange electrons/holes, either with the
silicon bands or with the metal, if the EOT < 1.0 nm.

6. Is there a Schottky barrier at the high-k/metal interface?

The basic to any treatment of the gate stack, be it the energy band diagram, the
charge analysis, the potential profile, or the circuit representation, is the identifi-
cation or selection of the constituents of the gate stack. As already discussed, no
unique identification is possible, and one has to make a choice or compromise
between complexity, accuracy, and practicality. An important point in this context
is the strong variation in the approach and practice for an effective passivation of
the different semiconductor (Si, Ge, GaAs, InGaAs) surfaces. This may result in
significantly different gate stacks and metal electrodes on different semiconductor
substrates. Our analysis in this section will be based upon the silicon substrate. We
may have a composition of the gate stack, as complicated as illustrated in
Fig. 2.17. On the silicon substrate, the intermediate layer is typically SiO, or a
silicon-oxynitride, whereas the most common high-k layer, currently, is a Hf-based
oxide or oxynitride or silicate or aluminate with or without a dopant (e.g. Y, La).
The grading of the interfacial layer between the intermediate layer and the high-k
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Fig. 2.17 Schematic representation of the five different layers, each with a characteristic
permittivity, constituting the high-k gate stack

layer and that between the high-k layer and the gate metal has not been investi-
gated as much as has been the Si-SiO, graded interface [33, 34], but graded layers
are possible, when one considers atomic, ionic, and inter-layer diffusions, that are
likely to occur in the gate stack, due to high concentration gradients [25, 26]. The
thickness indicated in Fig. 2.17 for the graded layer at the Si-SiO, interface has
been established [33, 34], but for the other two graded layers is only indicative.

2.6.3 Energy Profile of the High-k Gate Stack

The representation of Fig. 2.17 would be too complicated to deal with even in
terms of the energy band profile, let alone the circuit representation, the repre-
sentation of the traps, and the electrostatic relations. To arrive at a practical
solution, we may consider the following simplifications:

1. The possibility of a metal oxide between the high-k layer and the metal elec-
trode may be ignored. Investigations suggest oxidation of the metal electrode
surface and the resultant presence of an oxide to be likely if the metal electrode
(e.g. AIN) contains a reactive metal such as Al

2. Representation of the graded layers may be eliminated to avoid complications
too difficult to deal with.

3. The above two simplifications will leave us with two bulk layers—the inter-
mediate layer (e.g. SiO, or SiON or a silicate) and a high-k layer (e.g. Hf- or
La-silicate or aluminate or oxynitride)—and their three interfaces—Si/IL, IL/
high-k, and high-k/metal.

4. The traps and charges at or near the Si/IL interface are comparatively small, as
conductance measurements indicate these traps in the device quality MOSFETSs
to be of the order of 10" cm™2, i.e. orders of magnitude less than the high-k
charges and traps. Experimental results will be presented in the later sections.

5. The traps and charges inside the IL are also smaller, as evidence to be presented
in the later sections will indicate these to be an order of magnitude smaller than
the high-k charges. Experiments on devices with a graded IL indicate these
traps and charges to cause voltage drops not exceeding a few tens of mV.
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. The above simplifications will leave us with traps and charges at the IL/high-k

interface, the same in the high-k bulk, and in the semiconductor space charge as
the dominating ones; these are the traps and charges whose influence on the
energy band profile, we will consider.

Figure 2.18 represents a schematic of the simplified high-k gate stack, con-

sisting of two dielectric layers, namely the intermediate layer (IL) and the high-k
layer, and three interfaces, namely the silicon/IL interface, the IL/high-k interface,
and the high-k/metal interface. Figure 2.18 illustrates the location of the dominant
gate stack traps and charges, and identifies the three most important charge
locations, which are likely to dominate the electrostatic relations and the carrier
transport through the gate stack. It may be borne in mind that the gate stack
reliability may not necessarily be dominated by these charge centers. The domi-
nant charges suggested by Fig. 2.18 are:

1.

The semiconductor space charge of density Q. spread over the space charge
layer of width W, which has been analyzed in Sect. 2.2.4. This charge will
cause significant voltage drop across the gate stack.

. The traps and charges inside the high-k layer. This charge density is of the

order of 10'* cm™, and causes voltage drop of the order of hundreds of mV.
The profiles (x-direction variation) of these traps and charges have not been
firmly established.

. The traps and charges at the IL/high-k interface may consist of two entities—an

interface dipole and/or interface traps. A dipole, i.e. a positive and a negative
layer of equal but opposite charges, of large magnitude at the IL/high-k has
been well established by the experimental results [25, 26]. Traps of significant
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Fig. 2.18 Simplified schematic representation of a high-k gate stack. W is the semiconductor
space charge width; tg; is the total gate stack physical thickness
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density are likely to be present at the IL/high-k interface due to a large mis-
match in the chemical bonding.

Several issues need to be considered to render an energy profile representation
of even this simplified gate stack.

Image Force Barrier Lowering—When an electron/hole leaves the emitting
surface, it experiences an attractive force due to its image charge in the emitter. An
attractive force lowers the potential barrier to the electron/hole. Hence, the band
offsets and the electron/hole energy barriers are reduced. As the attractive force
depends upon the distance between the free carrier and its image charge, the entire
gate stack energy profile is modified and the potential energy barrier maximum is
shifted from the interface. The image force barrier lowering Ad, may be expressed

as [2]:
[qEmax [ 4
Ap, = ; X = 4| ————— 2.48
Z Amey’ Ama 1674 Emax (2:48)

Eax 18 the maximum electric field, and X, is the shift in the position of the
maximum barrier energy. Equation (2.48) shows that the image force barrier
lowering becomes less important in the case of the high-k dielectrics; hence, it may
be ignored in the interest of simplification.

Schottky Barrier Formation at the High-k/Metal Interface—As discussed in Sect.
2.2.1, a free carrier exchange across a metal/semiconductor interface leads to the
formation of a Schottky barrier; the dipole consists of a charge layer on the metal
surface and the space charge layer in the semiconductor sub-surface. A dipole and
therefore a Schottky barrier, in principle, cannot form at the metal/ideal-dielectric
interface (e.g. at the SiO,/metal interface), because an ideal dielectric, or even a
near-ideal dielectric, such as the dry thermal SiO,, does not have any free carriers to
exchange with the metal. A high-k dielectric layer, likewise the dry thermal SiO,,
has no free carriers in the conduction/valence band, but in strong contrast to an ideal
dielectric, has a high density of traps, with which an exchange of free carriers can, in
principle, take place with the metal. The effect of such a Schottky barrier on the
electrostatic relations and the carrier transport is likely to be muted on account of its
proximity to the metal electrode and the high band gap of the high-k layer. There-
fore, in the interest of practicality, we will not consider this feature.

Figure 2.14 represents the energy profiles across a p-silicon/SiO,/HfO,/TaN
MOS capacitor with an intermediate layer of about 1 nm thick SiO,, a high-k layer
of about 2 nm HfO,, and a total EOT of about 1.9 nm. The profile of the vacuum
level has been represented. The vacuum level is the hypothetical energy level of an
electron in absolute vacuum (Where no other entity exists with which the electron
could interact.). It is the highest potential energy an electron can have, and is used
as an electron energy reference, i.e. against which other electron energies are
compared. All the electrostatic potentials, i.e. the surface potential ¢, and the
components of the gate stack potential Vg, have been marked. It may be noted that
the internal vacuum level, being a potential energy, has necessarily to follow the
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same profile as the electrostatic potential. The total potential across the gate stack
can have different components, depending upon which physical components of the
gate stack have been recognized. In the representation of Fig. 2.14, we have
recognized three components, namely, the intermediate layer (the dry thermal SiO,
layer), the high-k layer (the HfO, layer), and the dipole at the SiO,/high-k
interface.

An important point that is illustrated in Fig. 2.14 is that the net electric field and
the electrostatic potential across any component of the gate stack do not have to be
of the same direction or polarity as those obtaining across any other component of
the gate stack. In turn, the net electric field and the potential across any gate stack
component can result from a number of diverse charges not having the same
polarities. The charges, which we have considered in constructing the potential
profile of Fig. 2.14, are: the semiconductor space charge Q. the bulk high-k
charge, the dipole charge, and the charge of traps at the IL/high-k interface; these
charges have been illustrated in Fig. 2.18; each of these charges contributes to the
net electric field and the net potential across the high-k (HfO,) layer. As the p-type
semiconductor sub-surface is in accumulation, cf. Fig. 2.14, the space charge Qg
consists of holes and is positive; hence the electric field is positive and the surface
potential ¢, is negative (has value of —0.42 V at a bias of —1.82 V [16], as
obtained from the Berglund integral). As we have ignored traps at the Si/SiO,
interface as well as in the bulk SiO, traps, the charge contributing to the field
across the SiO, layer is only Q,.; hence, the electric field across the SiO, layer is
positive and the potential Vy; . is negative (estimated to be about —0.44 V).

The electrostatic picture for the HfO, layer or for that matter any other high-k
layer, is complicated because of the diverse charges present in its bulk and at its
interfaces. The experimental data [16] on the MOS capacitor of Fig. 2.14 (to be
presented in more detail later) indicate a total gate stack potential Vg; of about —
1.38 V corresponding to an applied bias of —1.82 V. For the approximations made
on the gate stack charges, the total gate stack potential may be expressed as the net
sum of the following components:

Vai = Vaigr + Vaidipote + Vaigrjnigh—k + Vaise + Vainigh—k (2.49)

VaitLmigh-n and Vg nighk are potentials across the HfO, layer due to the charge
density of the traps at the IL/high-k interface and the high-k bulk charge density,
respectively. The potential across SiO, layer Vg; i, has been estimated to be about
—0.44 V. The potential Vg . across the HfO, layer due to the semiconductor
space charge Q. is estimated to be about —0.17 V. This will suggest that the net
sum of (Vdi,dipole + Vdi,IL/high—k + Vdi,high—k) is about —0.77 V. From the experi-
mental data [16], under the flat-band condition, the potential across the HfO, layer
due to its bulk charges Vg hign-k 18 estimated to be about +0.10 V, and the sum of
(Vdidipole T Vdim/migh-k) 1S estimated to be +0.15 V. Hence, at flat-band, the sum
of (Vaidipole + VaiiLshigh-k + Vdinigh-k) s +0.25 V, whereas in strong accumula-
tion at an applied bias of —1.82 V, this sum is —0.77 V. This discrepancy can be
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reconciled, if all or some of the high-k related charges considered by us vary with
the applied bias.

2.6.4 Occupancy of Interface Traps and Bulk Traps
in the High-k Gate Stack

The Fermi-Dirac distribution function, in which the Fermi level is the critical
parameter, determines the occupancy of an eigenstate. The Fermi level (popular
name for the chemical potential, and sometimes mixed up with the Fermi energy,
which is defined only at 0 K.) and the law of mass action (pn = n?) are thermal
equilibrium concepts. The law of mass action is synonymous with a common
Fermi level for both electrons and holes. Strictly speaking, thermal equilibrium no
longer holds once a bias is applied across the MOS capacitor.

The concept of the quasi-Fermi level (imref—Fermi written in reverse) has no
rigorous basis—it is only a practical tool. The electron imref at any location
enables us to determine the free electron density at that point, while the hole imref
enables us to determine the hole concentration. The deviation of the hole imref
from the electron imref represents the scale of the thermal non-equilibrium and the
magnitude of the direct current flowing at that point. Notwithstanding its empirical
basis, the imref tool has been extensively used inside the semiconductor space
charge layer. The occupancy of traps in the dielectric/insulator bulk is a rarely
discussed subject; and the extension of the quasi-Fermi level concept to the inner
region of a dielectric or insulator is questionable, as there are no free carriers in its
conduction/valence band, except in transparent conductors such as SnO,/In,0Os.

As already mentioned, the high-k dielectric (its bulk and its interfaces) may
contain a multitude of traps and charges possibly of different origin and a multi-
tude of electron and hole trap levels; hence it is necessary to know the occupancy
of the diverse traps, and the variation of the trap occupancy with the applied bias.

The concept of pseudo-Fermi function and pseudo-Fermi level has been
invoked a long time ago to represent the occupancy of a trap inside a dielectric
[12], but has rarely been used and developed further. This concept would
approximately (i.e. the 0 K approximation) mean that the gate stack traps below
the pseudo-Fermi level are occupied by electrons, and are empty if above. In
Fig. 2.14, the hole (i.e. the majority carrier) imref in the semiconductor space
charge region, and the pseudo-Fermi level in the gate stack have been illustrated. It
would be meaningful to apply the concept of the pseudo-Fermi level inside the
gate stack, only if the gate stack is thin enough for significant wave function
penetration and tunneling. This context leads us to discuss the topic of quantum-
mechanical tunneling, which has an important bearing upon a variety of phe-
nomena in and around the high-k gate stack.
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2.6.5 Potential Well and Quantum-Mechanical Phenomena

In quantum mechanics, all properties of the electron—its eigen (discrete) energy,
the probability of finding it in a given volume of space, its energy bands, its
effective mass—are obtained by solving the Schrddinger equation: Hyy = Ey,
where the operator H is the Hamiltonian (sum of the potential energy V and the
kinetic energy of the electron), E is the eigen-energy, and s is the electron wave
function. The electron wave function { has no direct physical meaning, however,
the entity yay*dV represents the probability of finding the electron in the infini-
tesimal volume dV. For no situation in a solid, there is a closed-form solution for
the Schrodinger equation, because even in a perfect periodic crystal, the potential
energy term is complicated even in its approximated expression. We need to
invoke some quantum-mechanical concepts in order to gain some insight into the
following phenomena in and around the gate dielectric stack:

Carrier confinement in the potential well of the strong inversion layer (or of the
accumulation layer)—Strong inversion or accumulation leads to the formation of a
potential well in the semiconductor sub-surface; the profile of the potential well is
defined by the (conduction or valence) band bending in the semiconductor, ¢(x),
and the band offset at the semiconductor/gate-stack interface, ¢y, . or ¢y, see
Fig. 2.19. An electron or a hole, having a kinetic energy less than the barrier
energy qes;, is confined in the x-direction to the perimeters of the potential well,
and can no longer be represented by a Bloch wave function, i.e. a travelling wave
having the periodicity of the lattice, see (2.50):

W () = i (r) exp(ik - 1) (2.50)

However, an electron with a kinetic energy exceeding the barrier energy qo;
may be represented by a travelling wave, while an electron with a kinetic energy
less than q¢g will be represented by a standing (or stationary) wave, cf. Fig. 2.19.
The latter electrons are localized in the potential well and will be characterized by
bound states in the energy sub-bands, cf. Fig. 2.19.
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Fig. 2.20 Penetration of a wave, incident at a step potential barrier, into a classically forbidden
region. The incident electron energy E is < the barrier energy V. A small fraction of the incident
wave penetrates; the rest is reflected. Adapted from [35]

Carrier wave function penetration into the forbidden potential energy barrier of
the gate stack—As the dielectric layers of the gate stack have high band gaps, the
gate stack presents a potential energy barrier to the free carriers in the semicon-
ductor and the metal, see Fig. 2.19. In classical physics, an electron of energy E
incident at a potential barrier V (V > E) will be turned back, i.e. totally reflected,
at the so-called classical turning point, cf. Fig. 2.20. In the quantum-mechanical
description, unless the potential barrier V is infinite, which is never the case in a
gate stack or in any reality, there will exist a finite, howsoever small, probability of
finding the electron inside the potential barrier. In other words, the electron wave
function penetrates the potential barrier with an exponentially decaying amplitude,
and since a wave function exists, the probability Y/*dV of finding it at a point
inside the barrier is finite, cf. Fig. 2.20. To be of some consequence, this point
inside the potential barrier, as represented by the gate stack, has to be within a nm
or so from the semiconductor or the metal surface. It may be noted that wave
function penetration can occur from both the semiconductor as well as from the
metal surface.

Tunneling of the free carriers from the semiconductor to the metal through the
composite potential barrier of the gate stack and vice versa—Free carrier transport
by tunneling across a potential barrier occupies a special place in quantum
mechanics, as its quantum mechanical formulation is relatively simple, and, more
importantly, it was perhaps the first demonstration of the validity of the quantum
mechanical description of matter including the wave-particle duality of an elec-
tron. The name of the process under discussion (i.e. tunneling) derives itself from
an analogy to a tunnel through a mountain barrier (standing for the forbidden
potential barrier). According to the concept of elastic tunneling, a free carrier of
energy E incident at a potential barrier of height V (V > E) and thickness t, can be
transmitted through the potential barrier to an empty or partially empty eigenstate
of the same energy on the other side of the barrier, cf. Fig. 2.21. The tunneling
transmission coefficient T or the tunneling probability is exponentially dependent
upon the product of the barrier thickness and the square root of the excess barrier
energy (motive energy) [V(x) — E]. Due to its stronger dependence on the barrier
thickness, the tunneling probability becomes insignificant for barriers much thicker
than a nm. To gain a rough estimate of the transmission coefficient, one could use a
rule of thumb: For a motive energy of an eV and a tunneling electron/hole mass of
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Fig. 2.21 Wave penetration and quantum-mechanical tunneling through a rectangular barrier of
height V,, and thickness a, of an electron of energy E < V,, incident at the barrier at x = 0 from
the left. The incident wave is partly transmitted and partly reflected. Adapted from [35]

1.0 m, the transmission coefficient reduces by 1/e per each 0.1 nm, such that for
1 nm thick barrier, T = e 10 if (V — E)is 1 eV,and T = ¢ 20 if (V — E)is 4 eV.

2.6.5.1 Tunneling Through the Gate Stack

Types of tunneling, relevant for the high-k gate stack, include: direct elastic
tunneling (incident and transmitted states are of the same energy), inelastic tun-
neling (incident and transmitted states are of different energy), trap-assisted tun-
neling (could be a chain process mediated by several traps), and Fowler-Nordheim
tunneling (tunneling into a conduction/valence band in the gate stack). Theoretical
treatments exist for direct tunneling through a rectangular potential barrier and
other simple barriers in the text books on quantum mechanics [35, 36]. Simplest is
the case for a rectangular potential barrier (of height V), see Fig. 2.21, for which
solution of the one-dimensional, time-independent Schrédinger equation:

hZ
2m*

W' 1 (Vo — E)¥ =0, (2.51)

yields the following closed-form wave functions for an electron of energy E
incident on the barrier from the left:

¥, =Ae® + Be ™, x<0 (2.52)
Yy =Ce" +De™™, 0O<x<a (2.53)
Wy =Fe® x>a (2.54)

2m*E 2m*
k= ’;—2 K= h—"Z(V0 —E) (2.55)

h is Planck’s constant/27, m* is the tunneling effective mass, A, B, C, D and F are
constants, k is the electron wave vector, k is the wave attenuation constant, and a is
the barrier thickness. It is not clear what the tunneling effective mass should be.
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First of all, the tunneling process does not involve any electron motion in the usual
sense; so Newton’s second law of motion and the usual effective mass concept
may not apply. Secondly, it is also not clear whether any motion at all is involved
in the tunneling process.

Application of the boundary conditions (continuity of the wave function and its
derivative at the boundaries x = 0 and at x = a) yields the following relations
among the constants:

1 ik .
C = —{(k+ A + (s — ik)B} =~ g (-ibiap
ZIK K 2Kik (2.56)
= — — 1 ; = —(r+ik)a
D o {(x —ik)A + (x + ik)B} ¢ F

The profile of the potential barrier presented by the gate stack, V(x), is very
different from a rectangular shape. Nevertheless, the relations in (2.52-2.56) could
still be applied, if we replace Vj in (2.55) by the potential energy profile V(x)
across the gate stack. For EOT of 1 nm or less, the gate leakage current is very
significant and is one of the most important issues for the MOSFET. The dominant
mechanism of carrier transport through the gate stack is likely to be some form of
tunneling. Hence, the ability to reliably estimate the tunneling current would be
very useful. Unfortunately, this ability is seriously compromised by the following
factors, among others:

1. The profile of the potential barrier across the gate stack, V(x), cannot be known,
because the composition of the layers of the gate stack is complicated by
interlayer diffusion and chemical reaction, which in turn determine the energy
bands and the tunneling mass.

2. It is not clear what mass one is to use for the free carriers in the tunneling
equations. Even if the usual effective mass is applied, this entity is not accu-
rately known for most of the high-k dielectrics.

2.6.5.2 Carrier Confinement in the Strong Inversion
and Accumulation Layers

The strong inversion layer, i.e. the MOSFET channel, could be a few nm thick;
hence for an electron (hole) inside this potential well, i.e. for E < Vy = qgs, the
movement in the x-direction (i.e. perpendicular to the interface) is restricted,
although parallel to the surface, the electron movement is free and the 2D (2-
dimensional) periodicity of the semiconductor crystal is retained. This restriction
in the x direction leads to a quantization of the eigenstates of the conduction or the
valence band, ultimately resulting in sub-bands inside the potential well, separated
by regions of forbidden energy; cf. Fig. 2.19; however, for electron energies higher
than Vo = qo,, the usual distribution of states in the band remains basically
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unaltered. In other words, an electron (E > Vo = qg,) inside the potential well is
less delocalized than the channel electrons with E > Vi, = q¢,, which are still
treated as a free electron gas. The Schrédinger equation for an electron with
E < Vo = qo; could be expressed as:

P10 18 18
—E + + — +V(X)

where V(x) is the electrostatic potential energy in the strong inversion or the
accumulation layer and is a function of x only. A solution of (2.57) could be
expressed as:

W(r) = ¢;(x) exp(ikyy + ik:z) (2.58)

The x component of the bound electron is obtained by solving the equation:

n oo
(— e V(x)> di(x) = e (x) (2.59)

For the electrostatic potential energy V(x), the boundary conditions are:
V(x = 0)=—qp,andV(x = 00) =0. The electrostatic potential energy
V(x) = —qo(x), and as demonstrated in Sect. 2.2.4, the electrostatic potential
¢(x) (i.e. the band bending) are obtained by solving the Poisson equation, in which
the net charge density p(x) will take the expression:

plx) = q<— D _mlgiF + > N — ZNA> (2.60)

where n; is the electron density having the i-th eigenenergy ¢;. The two relations
(2.59) and (2.60) are coupled requiring a self-consistent solution of the Schro-
dinger and the Poisson equations [37, 38]. The treatment of the quantization of the
accumulation layer is similar to that of the strong inversion layer, except the
following item. A weak inversion layer and a depletion layer separate the neutral
region from the strong inversion layer, which is not the case in accumulation;
consequently, the free electrons (or holes) have also to be included in the
expression for the space charge density p(x) in addition to those in the sub-bands.

Following are among the significant consequences of the quantization of the
strong inversion and the accumulation layers:

1. Quantization significantly alters the electron (hole) density profile n(x)/p(x) at
the semiconductor surface in strong inversion and accumulation, as illustrated
in Fig. 2.22. In the case of the 3-dimensional (3D) Bloch wave representation,
i.e. in the classical analysis, the electron (hole) density is determined solely by
the energy separation between the band-edge (E. or E,) and the semiconductor
Fermi level Egg at the interface (x = 0); hence, the electron (hole) density
peaks at the interface, cf. Fig. 2.22. However, in the 2D representation, the
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wave function is required to vanish at its nodes, see Fig. 2.23, which includes
the interface and the other perimeter of the potential well. This approach is
similar to the text-book treatment of a particle in a box in one dimension [39],
where infinite potential barriers are assumed at the boundaries of the box, cf.
Fig. 2.24. The same assumptions of infinite potential barriers have been made
in most of the treatments of carrier confinement in strong inversion and
accumulation layers [37, 40]. In the 2D representation, the electron density does
not peak at the interface, but away from the interface and inside the potential
well, cf. Fig. 2.22.

2. The free carrier charge density of the MOSFET channel (strong inversion layer)
or the accumulation layer is reduced, resulting in a lower space charge density
Q.. and therefore a lower space charge capacitance density C. for the same
value of the surface potential (or band-bending). The gate dielectric capacitance
density Cg; is also said to effectively reduce on the basis of the following
argument: The gate dielectric separates equal and opposite charges on its two
sides. Electric field lines emanate from the metal surface and terminate in the
semiconductor space charge layer or the vice versa. The effective separation
between the metal surface charges and the semiconductor space charge layer
charges increase, see Fig. 2.22, leading to an effective increase in the capacitive
dielectric thickness. As a result, the total saturated capacitance of the MOS
structure, C, is reduced.

3. The effective semiconductor band-gap is increased in strong inversion and in
accumulation, as the first sub-band ¢, lies above/below the band edge E./E, by
a significant amount, cf. A¢ in Fig. 2.23.
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profile n(x) in the strong
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Fig. 2.23 Schematic
illustration of the electron
wave functions ¢, and ¢, for
the lowest two sub-bands &,
and ¢, for a triangular
potential well approximation
of the strong inversion or the
accumulation layer. Adapted
from [38]

Fig. 2.24 Schematic
representation of the first
three wave functions for an
electron confined to a one-
dimensional box. Adapted
from [35]
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There exists experimental evidence for the validity of the 2D representation of
the strong inversion and the accumulation layers and the resultant sub-bands, from
infrared absorption and magneto-conductance experiments. However, there are
good reasons to believe that many of the quantization and 2D treatments [37, 41],
which appear to be very popular, overestimate the effects of the carrier confine-
ment. One reason for the popularity could be that these estimates or calculations
predict an EOT, which is significantly lower than what the physical dimensions
would allow; this—much lower estimate of the EOT—would appear to be a suc-
cess and a progress for realizing the target set by the ITRS roadmap. The carrier
confinement effects may be overestimated for the following reasons:

1. Electron wave function penetration—As mentioned already, the potential
barrier was assumed to be infinite at the boundaries of the potential well, see
Fig. 2.24, to simplify the mathematical treatment. For the high-k gate stack
with much lower band offsets than SiO,, and, generally, with much smaller
effective mass, this assumption is hard to justify [It may be noted that the wave
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Fig. 2.25 Penetration of the V(x)
bound state E (standing
wave) in a potential well into
the classically forbidden
regions outside the potential
well (exponentially
attenuating wave). Adapted
from [35]

Penetration of a standing
wave in a potential well
into the forbidden space
on both sides.

0 I

attenuation constant depends upon the product of the effective mass and the
barrier height, cf. (2.55)]. Penetration of the bound states (in classically allowed
regions) into both sides of the classically forbidden regions is a text book
problem in quantum mechanics, see Fig. 2.25. However, it is only recently, that
penetration of the standing waves in the strong inversion or the accumulation
layer into the gate stack has been looked into [41]. Calculations indicate sig-
nificant effect of the wave function penetration in enhancing the electrical oxide
thickness: by as much as 0.33 nm or more [42]. Major problems in correctly
estimating the extent of wave function penetration into the gate stack include
the unknown potential barrier profile in the gate stack and the corresponding
tunneling mass, as mentioned in Sect. 2.6.5.1.

2. Metal induced states—Another factor which may dilute the carrier confinement
effect is the possibility of metal induced states in the semiconductor sub-sur-
face, when EOT is <1 nm. A metal-induced gap state is an old concept [43],
which was invoked in the case of the metal-semiconductor interface. In fact,
when EOT is very small, interference between wave functions of carriers at the
semiconductor surface and at the metal surface may be a significant possibility;
such an interaction may significantly alter the properties of the gate stack.

3. Very large tunneling currents—For EOT, say = 0.5 nm, the tunneling current
may be as large as a significant fraction of the drain current, and the tunneling
time (If that concept is valid) may be of the order of the channel traversing
(transit) time and also the semiconductor relaxation time. In such a case, it is
not known what the Fermi occupancy of the sub-bands would be and which
Fermi level—the semiconductor or the metal—would apply to these sub-bands.
The large tunneling current itself will dilute the carrier confinement
phenomenon.
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2.6.5.3 Wave Function Penetration into the Gate Stack

Penetration of an incident electron wave with energy E into a region of higher
potential energy V), is classically forbidden, but is quantum-mechanically allowed,
as illustrated in Fig. 2.20. It does not matter quantum-mechanically, if the barrier
is infinite in thickness, as Fig. 2.20 would suggest. However, there would be no
penetration if the barrier energy is infinite. As already outlined, the concept of
wave-function penetration is almost as old as quantum mechanics itself. If the
wave function i/ exists inside the potential barrier, Yy*dV would be finite,
howsoever small it might be; therefore there would be a finite probability of
finding the electron inside the barrier. However, it does not appear that electron/
hole traps were contemplated at that time to exist inside the forbidden potential
barrier; for, such an entity would also require the corresponding trap energy level
(i.e. an eigenstate) to exist. If there are no allowed energies inside the potential
barrier, it is not clear in the classical treatment of wave function penetration, how
one would find the electron inside the barrier. The issue of traps, the occupancy of
these traps, and the related pseudo-Fermi function was investigated many years
later [12], but this lone treatment of these issues was not followed subsequently.
For a potential barrier profile, where the potential energy is a function of x, it
would follow from (2.55), that the electron density attenuation A = hyI* at a
distance x from the point of incidence would be given by:

(2.61)

where ¢ is the barrier height.

2.6.6 Trap Time Constant

As already outlined, the high-k gate stack is beset with a high density of traps
inside its bulk layers and at the interfaces between the gate stack layers, cf.
Fig. 2.26. Figure 2.26 represents the energy band diagram of a high-k gate stack
on a p-Si at the onset of strong inversion. This diagram represents schematically
the traps at various locations inside the gate stack—at the Si-IL interface, inside
the IL layer, at the IL/high-k interface, inside the high-k layer, and at the high-k/
metal interface. Indicated in this diagram are the physical thicknesses of the
various layers of the gate stack and the different components of the gate stack
potentials. The charges in the gate stack, particularly when these are high as inside
the high-k layer, will make the potential profile non-linear; for the sake of sim-
plicity, this point has been ignored in Fig. 2.26, and the indicated potential profiles
are linear. An important feature illustrated in Fig. 2.26 is the pseudo-Fermi level,
cf. Fig. 2.14; the pseudo-Fermi level is meant to indicate the trap occupancy
function. As indicated in Fig. 2.26, the pseudo-Fermi function and the trap
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Fig. 2.26 Energy band diagram of an MOS structure with a high-k gate stack, consisting of bulk
intermediate oxide and bulk high-x layers and chemically graded layers at the three interfaces,
illustrating the effects of the graded band-gaps and the electric field. i-Si and i-h-k are
respectively the transition layers between Si and IL and IL and high-k layers. i-b and h-k are
respectively the bulk IL and high-k layers. m-o is the transition metal oxide layer between the
high-k layer and metal electrode. The effect of the charges in the gate dielectric layers, on the
potential profile (i.e. variation of the potential along direction x), has not been represented (The
actual potential profile will be non-linear). The broken profile schematically represents the effect
of the image force on the potential and the energy barrier profile. Figure 2.26 illustrates the
formation of a Schottky barrier at the high-k/metal interface

occupancy are given by the semiconductor majority carrier imref Egsy, up to a
distance X;,,x into the gate stack, whereas in the rest of the gate stack it is given by
the metal Fermi level Egy;.

The gate stack traps are likely to capture and emit electrons or holes, depending
upon the bias conditions and the signal frequency. How deep into the gate stack
and how many of these traps exchange free carriers with either the semiconductor
substrate or the metal electrode, will depend upon the potential barrier profile of
the gate stack, including the barrier energy and the physical thickness. For a low
EOT, such as 0.5 nm, it is in principle possible for traps at all locations inside the
gate stack to communicate either with the semiconductor energy bands or with the
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metal energy bands, cf. Fig. 2.26. There may be traps of different physical and
chemical nature with their characteristic capture and emission probabilities and
relaxation times. The capture or emission time constant of a trap may carry its
signature or reflect its identity.

The electron or the hole capture (electron/hole emission is a different process
from electron/hole capture) is a complex process, and there is no comprehensive
theory for the capture probability of a trap inside a forbidden region (dielectric or
an insulator). In a simple formulation, the capture probability is equated to v.o. or
vhon (Ve/vy is thermal velocity, and o./oy, is capture cross-section for electron/
hole), which has the unit of cm?/s. The capture cross-section remains an ambig-
uous concept; it hides our inability to formulate a clear set of relations for the
capture process. Experimental results [44] suggest that the capture cross section
can vary over many orders of magnitude, such as from 10~'? to 10~'® cm”. Can
one explain such an enormous variation of the capture cross-section? The usual
explanation offered is that scattering by Coulomb attraction entails the largest and
by Coulomb repulsion the smallest capture cross-sections.

The capture cross-section of a trap would likely depend upon its neighborhood,
which may change strongly along the x direction inside the gate stack. So, the
capture cross-section may change strongly with the trap location inside the gate
stack, X; it may also be strongly dependent upon the trap energy (Modeling [45]
indicates, even for one kind of defect, for example for oxygen vacancies, trap
levels at different energies with different effective charges.).

In the simplest formulation, one can argue that the capture time, for a trap at the
location x, inside the gate stack, will be inversely proportional both to the density
of the free carriers (electron or hole) at x; and also to the capture probability, cf.
Fig. 2.27. The time for a hole capture by the trap located at x, is then given by:

n 1

T (n) = ) (2.62)

where p(x,) is the hole density at the trap’s location.

Since the wave-function of an electron or a hole at the silicon surface (i.e.
x = () can penetrate the potential barrier presented to it by the gate stack, there is
a non-zero probability of finding the electron/hole at any trap location x,, cf.
Fig. 2.27. The hole density at x; is determined by the electron wave function
attenuation constant x; [12]:

plx) = pse 29w = (2.63)

where p; is the hole density at the Si surface, my, is the effective tunneling mass of
holes, and ¢;,(x) is the potential energy barrier profile for holes in the gate stack, as
defined by the valence band edge, the electric field, and perhaps the image force
barrier lowering.



2  MOSEFET: Basics, Characteristics, and Characterization 103

Vacuum
Level

e Erm

X=1g;

Fig. 2.27 Energy band diagram of an MOS structure with a high-k gate stack, consisting of bulk
intermediate oxide and bulk high-x layers and chemically graded layers at the three interfaces,
illustrating the attenuation of the silicon-surface electron wave-function, and the electron capture
at a trap located in the gate stack. The long dashed line is an indicative representation of the
image force barrier lowering. The short dashed line is an indicative representation of the electron
density of the first sub-band electrons in the strong inversion layer and inside the gate stack

It may be useful to have a quantitative feel for the carrier density attenuation in
the gate stack; for example, for a rectangular barrier with ¢, =2eV and
my* = 0.18 m, (1/2x;,) = 0.16 nm, cf. (2.63), which will mean that for each
0.16 nm of barrier thickness, the hole density will be attenuated by e™'. If one
considers the combined effect of the electric field and image-force barrier-low-
ering, the value of (1/2x;) will be higher.

The occupancy of a trap inside the gate stack under a dc bias will depend upon
the bias, the potential barrier profile between the trap location and the free carrier
source, i.e. the semiconductor or the metal surface, cf. Fig. 2.27, the tunneling
mass, and the trap capture or emission cross-section. In the presence of an ac
signal, charging and discharging would occur, giving rise to a trap capacitance. For
the charging or the discharging of the trap to take place, the trap time constant 7,
has to be much smaller than the inverse angular frequency w ' of the ac signal.
For a certain surface carrier density p¢/n;, there would be a maximum penetration
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depth, X,.x, such that all traps in the gate stack in the range of 0 and X,;,,x would
follow the applied small signal. This maximum penetration depth X,,,x would be
higher for a lower signal frequency. Further, as the semiconductor surface carrier
density increases with increasing accumulation or strong inversion, X,,x would be
strongly bias dependant.

To get a feel for this maximum penetration depth X,,.x, let us consider a
100 kHz signal and a surface hole density of 10°° cm™ (This magnitude of hole
density would represent a p-type semiconductor in deep accumulation or a n-type
semiconductor in deep inversion.). For the traps to follow the applied signal, the
condition » (=2nf) < (")~' has to be fulfilled. Assumption of a hole capture
cross-section of 10~ cmz, and a hole density of 10'® ¢cm™? at the trap location X,
and a hole thermal velocity of about 107 cm/s at 300 K, leads to a trap time-
constant of 10 ns, cf. (2.62). Hence, the traps should be able to follow the 100 kHz
signal under these conditions. So, for a 100 kHz signal, and a rectangular barrier of
2 eV and my* = 0.18 m, according to (2.63)

InZ 20
P

=0.161n m = 1.47nm

xS 1016

Similarly, for a 10 kHz signal, Xp.x would be 1.84 nm, assuming
(2ky) "' = 0.16 nm. An X, Of 1.47 or 1.84 nm would mean that, in the case of
high-k gate stacks with EOT = 1.0 nm or less, all traps in the gate stack may
follow the 100/10 kHz signal, either through communication with the semicon-
ductor energy bands or through the same with the metal electrode energy bands, cf.
Figs. 2.14 and 2.19.

In the case of the ultrathin gate stacks, it is not necessary that the traps inside
the gate stack exchange free carriers only with the semiconductor surface. Free
carriers are available on the metal surface as well; hence free carriers on the metal
surface will compete with the free carriers on the semiconductor surface to fill/
empty (i.e. charge/discharge) the gate stack traps. Which exchange will dominate
will depend upon the carrier density at the two surfaces and the rate of tunneling.
What this means is that the quasi-Fermi occupancy of the traps between x = 0 and
X = Xmax Will be given by the semiconductor quasi-Fermi level Egg, while the
quasi-Fermi occupancy of traps in the range of x = X;;,x and x = tg; would be
given by the metal Egy,, as illustrated in Fig. 2.26. In other words, depending on
the bias, a part of the gate stack is in quasi-equilibrium with the semiconductor
surface, and the rest of the gate stack is in quasi-equilibrium with the metal
surface. As the semiconductor surface carrier density is strongly bias-dependent,
while the metal surface carrier density is constant (depends on the metal), X;;,,x Will
be bias-dependent. In deep accumulation or in deep inversion, X, is likely to be
in the vicinity of the plane interfacing with the intermediate layer and the high-k
layer, as has been indicated in Fig. 2.26. Consequently, the bulk semiconductor
imref Egg and the pseudo-Fermi function will extend into the high-k gate stack up
to a distance X,,x from the silicon surface, while in the rest of the gate stack, the
Fermi occupancy will be given by the metal Fermi level Egy (cf. Figs. 2.26, 2.27).
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2.7 Nature of Traps and Charges in the High-k Gate Stack

Gate stack traps may be defined as electrically active defects in the gate stack
which manifest themselves by capturing or emitting electrons or holes. The traps
may be characterized by the localized trap level (an allowed state), its capture and
emission cross-section, and its charged state. It is not necessary for the trap energy
level to be located inside the band-gap; the trap levels could be located inside the
allowed energy bands of the host dielectric. It is not uncommon to come across a
perception that the trap states are required to be inside the band-gap. The only real
difference is that if the trap state is inside an allowed band, then it supplements the
allowed states of the host, whereas if it is inside the band-gap, then it exists where
the host has a zero density of states. The charge of a trap may or may not vary with
the applied gate voltage; if it does not, then it will act as a fixed charge, and will
not contribute to any trap capacitance; if it charges or discharges with the gate
voltage, then a trap capacitance will result. As analyzed in Sect. 2.6.4, whether
charging or discharging happens at the trap will depend upon whether the trap
occupancy changes with the gate voltage.

An unusually high trap density inside the gate stack, as currently obtains even in
the device quality high-k gate stacks, has serious implications which have not
received much attention so far. We have already made a clear distinction between
a dielectric or a dielectric stack, which is free of charges inside, and the high-k gate
stack in reality, whose capacitance is not a dielectric capacitance, but is a space
charge capacitance. We may recapitulate that a near-ideal dielectric like the SiO,
has no significant charges inside it with the result that the electric field is constant
and the potential is a linear function of distance inside it. As discussed in Sect.
2.6.6, it is possible for all the traps inside the gate stack to communicate with the
semiconductor or the metal surface and exchange electrons or holes (i.e. charge or
discharge), if the EOT is small (say <1.0 nm), the frequency is 100 kHz or even
1 MHz, and the device is biased in strong accumulation or inversion, cf. Figs. 2.26
and 2.27. In such a situation, as we will see in detail in later sections, the trap
capacitance (due to trap charging or discharging) will add to the dielectric
capacitance of the gate stack, yielding a value of Cg higher than what would
obtain in the GHz range—the operating frequency of the MOSFET, cf. Fig. 2.28.
At GHz frequencies, the traps inside the high-k gate stack are unlikely to exchange
electrons or holes with either the semiconductor or the metal surface. In other
words, the parameter extraction technique (normally carried out at 1 MHz or
below) would yield a higher value of the gate stack capacitance Cy; than what
would obtain during the MOSFET operation and would overestimate its perfor-
mance. It would also give an erroneously lower value of EOT or CET and induce a
false sense of progress on downscaling of the gate stack thickness.

As already mentioned, the topic of surface states and interface states have
engaged many researchers over several decades, beginning with William Shock-
ley, Igor Tamm, John Bardeen, Walter Schottky, and Volker Heine. Igor Tamm
was perhaps the first to realize the possibility of localized states existing at the
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surface. The classical concepts of Tamm states [46] and Shockley states [47] are
generally not invoked in the case of the high-k gate stacks. Theoretical and even
experimental information is incomplete on the nature of traps inside the high-k
gate stack. From common sense one may expect to find different types of intrinsic
traps in the different regions of the high-k gate stack, because the electronic
properties of the trap would primarily be decided by its nearest neighborhood:

1. Si-IL (SiO,-like) interface—Transition region from a covalent semiconductor to
a primarily covalent insulator, cf. Fig. 2.26. The interface traps, investigated
most, experimentally, are those existing at the Si-SiO, interface. The experi-
mental information on the characteristics of these traps may be considered both
reliable and complete. However, the theoretical understanding and identifica-
tion of the origin of these traps are incomplete notwithstanding several
hypotheses which exist on their origin. From the experimental results, the
device grade Si—SiO, interface appears to exhibit the following interface state
distribution across the Si band-gap: two peaked profiles overlying a U-shaped
background. There are good reasons to believe that some of the intrinsic traps at
the Si-IL interface may be the P, center with the structure of Si=Si;—
amphoteric trap which is a threefold-coordinated Si with a dangling bond [48,
49]. An amphoteric trap can be positively charged, when it has no electron, and
is a donor state, neutral, when it has one electron, and negatively charged, when
it has two electrons, and is an acceptor state. Experiments suggest that the peak
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in the lower Si band-gap (around 0.30-0.35 eV above E,) represents the donor
P, center, while the peak in the upper Si band-gap (around 0.80-0.85 eV above
E,) represents the acceptor Py, center. Less certain is the origin of the U-shaped
background D;(E) distribution. Possible origin could be the tail states of the
conduction band and the valence band, like in amorphous silicon [50], and Si-
IL strain-induced states. In addition to the intrinsic traps, chemical impurities
can generate characteristic traps. Experiments by Kar and Dahlke [51] have
convincingly demonstrated that metal impurities from the gate electrode can
generate metal-specific trap levels with characteristic capture cross-section.
Results presented in many chapters suggest the possibility of high-k cation
being present at the Si-IL interface.

2. IL bulk—When the semiconductor is Si, the intermediate layer (IL) is SiO, or
SiON. The dry thermal SiO, layer normally should be defect-free. But,
according to Bersuker, gate stack degradation experiments reveal the precursor
defects located in the IL layer, cf. Fig. 2.26, to be the main concern for high-k
gate stack reliability, cf. Chap. 8. These may be oxygen vacancies, with trap
levels located 2.2-3.5 eV below the silica conduction band [52], induced by the
interaction of the intermediate layer with the high-k/metal layers. Stress-
induced traps are found to be generated in these precursor defects.

3. IL/high-k interface—Transition region from a primarily covalent insulator to a
highly ionic insulator with strong mismatch in terms of ionicity (electro-neg-
ativity), coordination number, and lattice constant, cf. Fig. 2.26. This multi-
faceted mismatch can in principle generate a high density of interface traps of
various kinds. Unfortunately, it is difficult to access this interface by the
interface trap extraction techniques such as the MOS conductance technique
and also the charge-pumping technique. However, the limited experimental
results suggest a high density of traps at the IL/high-k interface and also
indicate that the trap density increases with distance from the Si surface.
Experimental results presented in Chaps. 6 and 5 confirm the presence of a
strong interface dipole, cf. Fig. 2.14. The origin of this dipole could be the areal
oxygen density difference [53] or the electro-negativity difference [54] across
the IL/high-k interface.

4. High-k bulk—Ilonic oxides are always rich in oxygen vacancies; intrinsic
defects are likely to be dominated by oxygen vacancies. Extrinsic defects due to
diffusion from the semiconductor (e.g. Si) or from the metal are possible. As
has been discussed in Chap. 8, in monoclinic hafnia, oxygen vacancies have
been shown by ab initio calculations to exist in five charge states, from —2 to
+2 and may function as electron/hole traps, as well as fixed charges. The IL
(Si0,) layer may be oxygen deficient at the Si/IL interface and also at the IL/
Hafnia interface due to the diffusion of oxygen vacancies from the hafnia layer.
The results presented in Chap. 8 indicate the Vo** traps to have an energy level
about 0.5 eV below the hafnia conduction band, a capture cross-section of
107"% cm?, a time constant of 0.5 ps, and an extremely high areal density of
10" em™.
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5. High-k/metal interface—As already mentioned, one does not talk of interface
traps at any SiO,/metal interface. But a high-k material is not a near-perfect
dielectric as SiO, is. The concepts of Fermi level pinning and charge neutrality
layer have often been invoked recently to analyze the anomalous behavior at
the high-k/metal interface. Both of these concepts will not apply unless the
interface trap density is extremely high. The moot question remains what could
generate these traps. The most unfortunate part is that normally a high trap
density should be easier to measure directly. But there is no trap extraction
technique available which can be applied on a metal surface. So, all the evi-
dence on these traps is indirect. One possible origin could be tails of the metal
wave functions which decay into the high-k layer. In the case of the metal-
semiconductor contacts, as these mid-gap states penetrate some distance into
the semiconductor, one treats these states as mixtures of the valence and
conduction band wave functions with the metal wave functions [55].

2.8 Potentials and Circuit Representations of the High-k
Gate Stack

The energy band diagram of Fig. 2.26 illustrates five components of the gate stack
potential V;. Three of these potential components are across the three interface
regions—Si/IL, IL/high-k, and high-k/metal—in which the chemical composition
has been considered to be graded. This may be a more realistic representation, but,
the mathematical representation of the electrostatic potential across a layer with a
graded composition is too complicated; in particular, the permittivity of such a
graded layer will be graded also, which will be difficult to handle. To simplify the
equations, we will merge the three interfaces into the two bulk layers—IL and
high-k—and consider constant permittivity in each of these layers. Such a less
complex situation is illustrated in the energy band profile in Fig. 2.14. With this
simplification, the total potential across the gate stack, Vg, will have two com-
ponents, across the IL, Vg, and across the high-k layer, Vg nigh-k:

Vai = Vaiw + Vi high—k (2.64)

Each of these potentials will depend upon the silicon space charge density Qj,
the charge density in the interface states at the Si-SiOy interface Qj, the fixed
charge density in the proximity of the silicon surface Qg, the total charges in each
of the gate stack layers preceding the layer in question, the charges in the layer
itself, the dielectric capacitance of the layer and its permittivity, and the physical
thickness of the layer. The potential across the bulk intermediate-oxide layer,
V4L, may be expressed as:
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Lai gL

sc i d
w_ / G (2.65)
diIL Edi IL

Vaiin = —
where Cg; 1. is the dielectric capacitance, py is the volume charge density, &g; 11 is
the permittivity, and tg; 1r. is the thickness of this layer. The potential across the
bulk high-k layer, Vg hish-x, may be expressed as:

tai gL
Qsc + Qi + Q + Pi\x dx tai
' ’ { n) phigh—k(x)dx
_ [ Pre D (2.66)

Edi high—k

Vi high—k = —
’ Clihigh—k
Lai gL
where Cg; nign-k 18 the dielectric capacitance, ppigh-k is the volume charge density,
and &g nign-k 1S the permittivity of this layer. The dielectric capacitance of a layer is
its capacitance if it were charge-free, i.e. an ideal dielectric. This is the same as the
plane parallel capacitance. The dielectric capacitances of the two layers of the gate
stack may be expressed as:
Edi IL _ &dihigh—k

Cain = i Caihighk = (2.67)
taiiL Ldi high—k

Just as the expressions for the potentials across the gate stack layers, a valid
representation of the equivalent circuit of the gate stack is enormously more
complicated than that in the case of the SiO, gate dielectric, as illustrated by
Fig. 2.28. In this representation, Ry is the series resistance representing the entire
device region outside of the silicon space charge layer and the gate stack, and is an
important element in the case of large gate leakage currents. Cg is the traditional
silicon space charge layer capacitance, C;, is the traditional capacitance of the traps
at the Si-SiOy interface, R, is the traditional Si-SiOy interface trap resistance, and
@, 1s the surface potential. G4 represents the flow of the direct current through the
gate stack [51]. Charging and discharging in traps in each of the two bulk layers of
the gate stack and at two of the three interfaces has been represented by an R,C;
combination. It may be noted that there will be no charging or discharging of the
traps on the metal surface (i.e. at the high-k/metal interface), as the metal Fermi
level is bias invariant. An important issue in the case of charging/discharging of a
trap inside the gate stack is where the free carrier is being supplied from, i.e. the
silicon surface or the metal surface. If the free carrier exchange of the trap is with
the silicon surface, then the R,C, branch is connected to the silicon majority carrier
band; if the free carrier exchange of the trap is with the metal surface, then the R,C,
branch is connected to the metal, cf. Fig. 2.28.

The circuit representation of Fig. 2.28 can be simplified, depending upon the
bias and the small signal frequency. At a signal frequency too high for charging/
discharging at any trap in the gate stack to follow, f}, the circuit representation of
the gate stack can be simplified to what is illustrated in Fig. 2.29. The circuit
representation on the right side in Fig. 2.29b is close to the traditional
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Fig. 2.29 a Reduction of the (a)
circuit representation in T
Fig. 2.28 at a high frequency, = ;c—_—_—_— A~ ——o=-
which no trap in the gate T
stack can follow. Vor
b Transformation of a dihigh-k
Caihigh-k
_____ Y_
() F y le

(b)

representation, except that the total gate stack capacitance Cg; is now a series sum
of two plane-parallel capacitors:
1 1 1

= 2.68
Caivg Caii Cuipigh—k ( )
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This is likely to be case, for all bias values, at the MOSFET clock frequency of
a few GHz. At a signal frequency low enough for charging/discharging at every
trap in the gate stack to follow, f}, the circuit representation of the gate stack can be
simplified to what is illustrated in Fig. 2.30, in which case the total MOS capac-
itance would be given by:

1 1 1 1
= + +
Cy Co+Ci Ciinn+Cuir Cainigh—k + Chshigh—k

(2.69)

2.8.1 Flat-Band Voltage Characteristics of High-k
Gate Stack

SiO, Single Gate Gate Dielectric—As already outlined, the flat-band voltage Vg
is a very frequently used indicator of the MOS device quality; the use of Vgg
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permeates most of this book. The flat-band voltage characteristics, in particular, its
variation with the gate dielectric thickness or the EOT, is also very useful for
parameter extraction. In the case of the SiO, single gate dielectric, the Vg versus
the tq4; characteristic, as represented by (2.15) and reproduced below:

_ Qup + Or
Edi

Vip = tai — Pus (2.15)
has been used very effectively to extract the silicon-metal work function difference
ums and the interface charge density at flat-band (Qy.s, + Qg) [9, 10]. The Vgg(ty)
plots were found to be straight lines over the entire dielectric thickness range, the
intercept of which with the ty; = 0 line yielded the work-function difference ¢yg
[10] and the slope of which yielded the interface charge at flat-band [9]. Wafers
with graded SiO, thickness was used in the study [9, 10], which perhaps was
instrumental in producing high quality straight-line characteristics. Some points
are worth noting in this context. Often, the interface charge density at flat-band is
mistakenly taken as the fixed charge density QgF; this is erroneous, as for the device
quality SiO, layers, Q; s, and Qg are of the same order of magnitude. The other
point is that if Qg and the interface traps are invariant of the silicon doping, which
is generally assumed to be true, then, Q. p, for n-Si will be different from Q; g, for
p-Si, i.e. Qi for n-Si will be more negative than Q. for p-Si. Experimental
results clearly revealed the Vgg(ty;) straight line for n-Si to have a smaller slope
than the same for p-Si [9, 10]. Although Qg has never been determined, as there
exists no technique to do so, the common wisdom considers the fixed charge
density Qr to be positive in the case of the SiO, gate dielectric [3]; this will
support the above experimental result.

High-k Gate Stack.—In contrast to the experience with the SiO, gate dielectric,
in the case of even the device quality gate stacks, the experimental flat-band
voltage Vgg versus the EOT characteristic is non-linear, and it becomes increas-
ingly non-linear as the value of EOT becomes small; for EOT < 1.0 nm, Vgg rolls
off, leading to the emergence of the phrase: “Vgg roll-off”. Making the assump-
tions used for obtaining (2.65) and (2.66), we may express the flat-band voltage for
a high-k gate stack as, cf. (2.15), (2.65), and (2.66):

1di I -
Qinpy + Or fo P (tdi,IL - x)dx i dx
Vip = — ¢pysg — ————EOT — : — 0 i gt
£5i0, Edi IL Edihigh—k
Ldi
_ ffd:,/L Phigh—k (tdi - x)dx
Edi high—k

(2.70)

Even a casual look at (2.70) will suggest that, unless many parameters in (2.70)
are insignificant, any plot of Vg versus any dielectric thickness will not yield a
linear characteristic, which can be used to extract ¢y or any of the gate stack
charge densities. Unfortunately, in the relation of (2.70), the largest magnitudes
have those charges, which induce the largest non-linearity, namely, ppjoh.x and pyr..
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We may recall that in our formulation, both phigh.« and py. include both the bulk
and the interface trap charges. In general, the charge density as well as the per-
mittivity increase moving from the Si/Si0O, interface to the SiO, bulk to the SiO,/
high-k interface and finally to the high-k bulk. Consequently the potentials induced
by the higher charges get partly neutralized by the corresponding higher permit-
tivity, cf. (2.70).

In many experiments with high-k gate stacks, the high-k layer thickness is kept
constant, while a graded SiO, intermediate layer is used to vary the IL thickness
and thereby the EOT. In such a case, one would expect the Vgg(EOT) charac-
teristic to be less non-linear, since the Si/IL interface is Si/SiO, and only the
thickness of the SiO, layer is being varied. Even in such a situation, a linear
Ves(EOT) characteristic is not obtained, as is illustrated in Fig. 2.31. The wafers
of Fig 2.31 had a graded SiO, layer (1-6 nm) grown in dry O, at 900 °C. Sample
D-04 had no HfO, layer; samples D-06 and D-12 had 2 nm and samples D-10 and
D-14 had 3 nm thick HfO, layer. Samples D-06 and D-10 had a post-deposition
annealing (PDA) in O, at 500 °C for 1 min.

The results of Fig. 2.31 will be discussed in more detail later, see Sect. 2.10.3.2.
Some relevant points worth mentioning here are:

1. As there are no data in the EOT range of 0-2 nm, the Vgp roll-off feature
cannot be observed.

2. The inaccuracy in the flat-band voltage Vgg can be of the order of a few mV.
This could have partly contributed to the scatter and the non-linearity of the
Ves(EOT) characteristics, as the change in Vgg is in the range of
10-20 mV/nm.

3. For the samples of Fig. 2.31, the SiO, trap density obtained from the con-
ductance technique at about 0.25-0.30 eV above E, was rather low and varied
between 0.6 and 2.6 x 10'"' cm™* V™!, depending upon the SiO, layer thick-
ness, see Sect. 2.10.3.2. The trap density increased with decreasing SiO, layer

Fig. 2.31 Flat-band voltage -0.250
versus EOT for p-Si/SiOy/
HfO,/TaN MOS capacitors _ 0300 S~e——=
on different graded-SiO, 2 -0.350 L
wafers with different sets of S -
PDA and HfO, thickness. % -0.400
The lower most curve belongs >
to wafer D-04 with no hafnia g -0.450
layer. The upper four curves E -0.500
belong to wafers with the ]

. T
hafnia layer [17] -0.550 .

/“\4/
-0.600 1

1.000 2.000 3.000 4.000 5.000 6.000
EOT (nm)

——D-04 —&—D-12 —-D-14
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thickness. As will be discussed in a later section, these traps may be located
0.4 nm inside the SiO, layer from the Si surface; this suggests that the traps at
the Si surface and in the SiO, layer may depend upon the SiO, layer thickness.
This would contribute to the non-linearity of the Vgg(EOT) characteristics in
Fig. 2.31.

5. Wafer D-04 has a positive gradient, while the other wafers have a negative
gradient, suggesting that the flat-band interface charge is positive in the pres-
ence of the hafnia layer, while it is negative without.

6. The approximate flat-band interface charge density obtained from the slope of
the Vig(EOT) characteristic in Fig. 2.31 was —2.1 x 10" charges.cnf2 for
wafer D-04, 3.2 x 10'! charges.cm_2 for wafer D-06, 4.1 x 10" char-
ges.cm_2 for wafer D-12, 2.1 x 10" charges.cm_2 for wafer D-10, and
3.3 x 10'" charges.cm™* for wafer D-14. As the HfO, layer thickness was not
varied, these charges at flat-band are likely to include only the flat-band charges
at the Si-SiO; interface and in the SiO, layer, if we assume that the charges in
the HfO, layer and at its two interfaces are not affected by the SiO, layer
thickness, cf. Fig. 2.31.

7. There is a huge amount of charge in the hafnia layer and/or its two interfacial
regions: one with the silica layer, and another with the TaN metal electrode; the
difference between the flat-band voltage of wafer D-04 (no HfO, layer) and the
other wafers is an indication of this charge, cf. Fig. 2.31. The total charge at
flat-band in the HfO, layer and its two interfaces is net negative and its mag-
nitude is roughly around q x 1.5 x 10"/cm?.

2.9 Impedance Characteristics of Leaky High-k
MOS Structures

There are characteristic differences between the admittance characteristics of MOS
devices with ultra-thin (say EOT < 1.5 nm) high-k gate stacks and those of MOS
devices with non-leaky thicker (say EOT > 6 nm) gate dielectrics. The admittance
characteristics undergo alterations as the gate dielectric thickness is reduced, say,
from 6.0 to 1.5 nm. Some changes in the characteristics occur gradually, whereas
some changes occur more drastically as a threshold thickness is crossed. One
observes several unusual features in the impedance characteristics of ultrathin gate
stacks on silicon channels, e.g. large accumulation and strong inversion regimes,
flat-band voltage in a much less steep region, and narrow depletion and weak
inversion regimes. In the case of ultrathin gate stacks on high mobility channels—
such as Ge, GaAs, and InGaAs channels—several anomalous features, such as
frequency dispersion of the accumulation and strong inversion capacitance, are
observed, in addition to the salient features seen in the case of the silicon channels.

The classical electrical characterization tools were developed, for the MOS
devices with the single SiO, gate dielectric, more than 3—4 decades ago in the
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golden age of the MOS and the MOSFET research [1-4]. These tools are being
employed for the leaky ultrathin high-k gate stacks without any significant change
or adaptation. Many of these tools, such as the quasi-static C—V technique, simply
do not function in the case of the leaky ultrathin gate stacks. Some other tools need
to be modified to yield reliable values of the parameters. The electrical charac-
terization tools need to be tuned and matched to the nature of the electrical
characteristics. As there are features in the electrical characteristics, which are
new, an opportunity and a scope exist for the development of new techniques for
measurements and for analysis. Following is an analysis of the new features in the
characteristics of the high-k gate stacks.

2.9.1 Si Channels

We will first analyze the admittance characteristics of the high-k gate stacks on the
silicon substrate. The MOS characteristics on the high mobility substrates have
always been a challenge to interpret and understand; these will be taken up in a
later section.

2.9.1.1 Capacitance-Voltage (C-V) Characteristics

Figure 2.32—normalized capacitance, C/Cy;, versus voltage V—and Fig. 2.15—
the corresponding surface potential ¢, versus voltage V—illustrate some of the
salient features of the characteristics of the MOS devices with ultra-thin high-k
gate dielectrics. Figures 2.32 and 2.15 represent four carefully chosen devices in
MOSFET and MOS capacitor configuration with different ultrathin
(EOT = 0.46-1.94 nm) high-k materials (HfO,, HfAl,Os, La,O3, HfSiON) as
gate dielectrics, different high-k deposition methods (ALD, e-gun evaporation,
oxidation), and gate electrode materials (poly-Si, Ti, Al, TiN), offering a wide
variation in band offsets (¢, =2.00 —4.19eV), effective tunneling mass
(m* = 0.22-0.46 m), and dielectric constant (k = 14-33); the measured C-V data
of these devices were taken from the literature [56—59] as indicated in the caption
of Fig. 2.15. The C-V characteristic of the MOS capacitor with the SiO, gate
dielectric has been included for the sake of comparison. Indicated, in Fig. 2.32, are
the flat-band voltage, and also the voltage for the onset of strong inversion; these
voltages were obtained from the ¢,(V) characteristics of Fig. 2.15, which was
extracted by the integration of the measured C—V characteristic, in accordance
with the Berglund relation [60], cf. Sect. 2.10.2.

One salient feature that one can observe in Fig. 2.32 is that, most of the C—V
characteristic is in the accumulation regime and the strong inversion regime. For
example, in the case of the MOS transistor with the HfO,—Al,05 gate dielectric,
the accumulation and the strong inversion regime cover a voltage range of nearly
3.62 V, while the depletion and the weak inversion regimes cover only a fraction
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Fig. 2.32 High frequency normalized capacitance (C/Cg;) versus bias for four MOS capacitors or
transistors on p-type silicon with four different high-k gate stacks as indicated in the legend, and
for the control sample with the SiO, gate dielectric: HfSiON (right faced triangle, black), HfO,-
Al,O3 (circle, blue), Lay0s3 (triangle, green), HtO, (inverted triangle, black), and SiO, (square,
red) with EOT values of 2.0, 1.7, 1.4, 0.5, and 3.9 nm respectively. It maybe noted that the
diamond marker indicates the flat-band point, while the square marker indicates the onset of
strong inversion. The C-V data for four of the characteristics were taken from the literature:
HfSiON [56], HfO,-Al,05 [57], La,O5 [58], HfO, [59]

of it, namely, about 1.38 V. Secondly, a lower slope in the falling or the rising
parts of the C—V curve does not reflect or represent a higher density of interface
states in the silicon band-gap, as it used to be the case for the classical MOS
devices. It is not clear yet what this slope represents or reflects; a lower slope of C—
V characteristic in accumulation or in strong inversion may reflect a higher density
of states inside the conduction or the valence band and/or a low direct tunneling
current index [22]. Thirdly, certain traditional MOS parameter extraction tech-
niques, if applied, would lead to less reliable results. For example, as the quasi-
static C—V technique is not available, often, one finds recourse to the Terman
technique [61] in the current literature for extracting the interface state density D;,.
For the ultra-thin gate dielectrics, it can be shown that the Terman technique is
very unreliable, even when Dj, is high, because of a small potential across the gate
stack and a strong and uncertain doping density profile.

In the case of the classical MOS devices, the C-V characteristics were domi-
nated by the depletion and the weak inversion regimes; these regimes yielded
almost all the information that could be extracted. The situation is almost reversed
in the case of the high-k gate dielectrics of Fig. 2.32, with the accumulation and
the strong inversion regimes dominating the C—V characteristics and offering a
huge window, which permits a deep look into the accumulation and the strong
inversion layers. This opens up the scope of extracting significantly more infor-
mation (than allowed before) from these two regimes and also for the development
of new parameter extraction techniques to make use of this opportunity.
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Significance of the parameter—accumulation surface potential index f,., values
of which have been indicated in Fig. 2.32, will be discussed in Sect. 2.10.2. This
index was found to vary with the high-k material and its processing and may
represent the quality of the high-k gate stack [22].

Noteworthy in Fig. 2.15 are the large surface potential ranges in the accumu-
lation and the strong inversion regimes, particularly when the accumulation sur-
face potential index is small, e.g. see the enormous accumulation surface potential
range of 0.62 V for the MOS transistor with the HfO, high-k layer. It may be seen
that in the depletion and the weak inversion regimes, ¢ is linear with V, with a
slope very close to unity, except for the MOSFET with the HfO,—Al,O3 gate
dielectric. The parallel displacement of one ¢4(V) from the other reflects the
difference in the flat-band voltage. As already discussed in Sect. 2.6.1, the non-
saturating surface potential in both strong inversion and accumulation regimes is a
strong departure from the classical MOS behavior, cf. Fig. 2.15.

2.9.1.2 Conductance-Voltage (G-V) Characteristics

Figure 2.33 presents the capacitance—voltage (C—V) characteristics of a p-Si/SiO,/
HfO,/TaN MOS capacitor, measured at 10 and 100 kHz, respectively, and
Fig. 2.34 represents the corresponding G—V characteristics. The physical thickness
of the HfO, layer was 2 nm, and the EOT of the gate stack was 1.9 nm. In
Fig. 2.33, the slightly higher plot in the accumulation regime, represents the lower
frequency (i.e. 10 kHz), while in Fig. 2.34, the higher plot represents the higher
frequency (i.e. 100 kHz). Indicated in both Figs. 2.33 and 2.34 are the flat-band
point Vg and the accumulation and the depletion regimes; the surface potential
was extracted from the Berglund integral [60]. It may be noted that the conduc-
tance observed in Fig. 2.34 in accumulation and also the slight frequency dis-
persion of the accumulation capacitance observed in Fig. 2.33 are due to the series
resistance. The observed right peak in conductance, in the weak inversion regime,
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is due to the partial (lossy) response of the inversion layer. In the depletion regime,
the conductance peak (the left peak) observed is a manifestation of the loss
involved in the capture of holes by the traps at some location x, in the gate stack.
These points will be discussed in more detail in Sect. 2.10. The conductance-
voltage (G-V) characteristics of ultrathin leaky gate stacks are complicated by the
effect of the series resistance in the accumulation regime and the lossy response of
the inversion layer in the weak inversion regime. These features are generally not
observed in the case of device grade non-leaky classical gate dielectrics.

2.9.2 Ge and III-V Compound Semiconductor Channels

As indicated already, the admittance-voltage-frequency characteristics of ultrathin
high-k gate stacks on high mobility substrates—such as Ge, GaAs, InGaAs—
exhibit several unusual features [62, 63]. One of these is the strong frequency
dispersion of the accumulation and also the strong inversion capacitance; it may be
added that this dispersion has been observed for gate dielectrics—such as
1-octadecene monolayers—on silicon substrates [64]. The capacitance—voltage
characteristics of Fig. 2.35 illustrate the huge frequency dispersion of the accu-
mulation as well as the depletion capacitance. The latter is most likely caused by
the very high density of the interface traps—exceeding 10'* cm™ V~'. Several
models [62, 63] have been proposed to explain the frequency dispersion of the
accumulation and the strong inversion capacitance; however, this phenomenon is
not yet adequately explained. The following is a possible interpretation of this
unusual feature.

In the case of the classical gate dielectrics and MOS devices, the accumulation
or the strong inversion capacitance approached the capacitance of the gate
dielectric, which was assumed to be frequency-independent, as the capacitance of
an ideal dielectric should be. The leaky high-k gate stack is a strong departure
from an ideal gate dielectric—it has a very high density of traps and as the gate
stack is ultrathin and leaky, many of the traps inside the gate stack can exchange
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electrons or holes with the semiconductor or the metal surface, thereby contrib-
uting and adding trap capacitance to the dielectric capacitance of the gate stack, cf.
Sect. 2.8, Figs. 2.28, 2.29 and 2.30. When the ac signal frequency is high enough,
the total capacitance of the gate stack reduces to its high frequency value, see
Fig. 2.29 and (2.68). As the frequency is reduced, the gate stack capacitance
increases because its dielectric capacitance is augmented by the charging capac-
itance of the traps, see Fig. 2.30 and (2.69). The frequency dispersion of the
accumulation conductance, cf. Fig. 2.33, may be caused partly by the charging or
discharging loss at the gate stack traps; other sources of this dispersion may be the
series resistance and the leakage current.

2.10 Parameter Extraction Techniques

As already outlined, extraction of high-k gate stack parameters is confronted with
several difficult roadblocks: (1) the high-k gate stack is a much more complicated
system than the SiO, gate dielectric; (2) many of the classical MOS parameter
extraction techniques are disabled by the nature of the leaky ultrathin high-k gate
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stack; (3) no new parameter extraction technique has so far been successfully
developed for the high-k gate stack; (4) the frequency range of measurements
should extend up to GHz. Ideally, we should have techniques which cover very
low to the microwave range: (1) static (1075 to 1072 Hz); (2) quasi-static (1073 to
10~! Hz); (3) LF (Low Frequency —10 Hz to 100 kHz); (4) HF (High Frequency
—1 to 50 MHz); (5) Ultra High Frequency (UHF —100 to 900 MHz); (6)
Microwave (1 to 20 GHz). We need the static and the quasi-static frequencies to
access traps deep inside the high-k gate stack and also to get full response of the
inversion layer. We need the HF, UHF, and microwave frequencies to examine the
dependence of the dielectric constant on frequency and also to be able to measure
the leaky capacitance more reliably. We need the LF, HF, and the UHF fre-
quencies to obtain the full range of the G—V-f characteristics and the full range of
the Gy/w peaks. Because of the gate leakage current, measurements at static, quasi-
static, and even most of the LF ranges are not possible. These acute constraints
make parameter extraction a difficult exercise in the case of the high-k gate stacks.

2.10.1 Determination of the High-k Gate Stack
Capacitance Cy;

The gate stack capacitance, Cg;, is a crucial parameter, as it is directly related to
the drive current, the trans-conductance, the channel conductance, and the
threshold voltage. Furthermore, it reflects somewhat the physical thickness of the
gate stack, which is the most important parameter in deciding all phenomena
related to quantum-mechanical tunneling (wave-function penetration, carrier
confinement, tunneling current, wave-function mixing). Therefore, accurate
determination of Cg; is a crucial exercise. This exercise used to be rather simple in
the case of thick gate dielectrics, as the MIS capacitance in very strong accu-
mulation, C,, saturated nicely to the gate dielectric capacitance Cg;. In the case of
ultrathin, say EOT <3 nm, gate dielectrics, extraction of Cg; is beset with several
problems. The accumulation capacitance does not saturate to Cg;, because Cyg; is no
longer insignificant in comparison to the space charge capacitance in accumula-
tion, and also due to the carrier confinement in the accumulation layer. An ever-
increasing gate dielectric leakage current density and the parasitic impedance of
the substrate, also make the accumulation capacitance C,.. differ from its ideal
value. Other factors which may cause C,.. to deviate significantly from the gate
stack capacitance Cgy; include: (a) capacitance of traps in the gate stack; and (b)
low density of states in the conduction band, in the case of compound
semiconductors.

Several capacitance techniques [65-69] exist, which were originally developed
to extract the capacitance of SiO, gate dielectrics; three of these extract the
dielectric capacitance directly, while the fourth involves modelling and curve-
fitting. These techniques operate under various assumptions, all of which are
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invalid in the case of the high-k gate dielectrics. Three of the main differences
between SiO, and high-k gate dielectrics, which make the above assumptions
invalid, relate to the Si/IL interface trap density, D;,, which is higher in the latter
case, the charge densities in the high-k gate stack, which are orders of magnitude
higher in the latter case, and the conductance or the valence band offsets, ¢, . or
Oy ¢ Which are much lower in the latter case. In these techniques, the interface trap
charge, Q, is neglected in accumulation and around flat-band. Even, in the case of
the SiO, gate dielectric, D;; can be much higher near the band edges; in the case of
the high-k gate dielectrics, D;, and the corresponding Q; can be too large in
accumulation to neglect. The interface trap capacitance, C;;, is neglected in the
100 kHz or the 1 MHz (taken as high frequency) accumulation capacitance. It can
be easily shown that the interface traps are likely to follow the 1 MHz ac signal in
accumulation. The charges in the high-k gate stack are simply too large to ignore.
The above-mentioned techniques briefly are:

1. McNutt and Sah Technique [65]—One plots I[dC/dVI"? versus C in the accu-
mulation regime. If a linear fit is obtained, then its intercept with the C axis
yieldS Cdi-

2. Maserjian Technique [66, 67]—One plots IdC~*/dVI"* versus 1/C in the
accumulation regime. If a linear fit is obtained, then its intercept with the C™"
axis yields 1/Cyg;.

3. Ricco Technique [68]—In this technique, a factor, Fgj., is calculated around
the flat-band condition. The flat-band voltage, Vgg is determined from the
condition that for V = Vgg, Fricco = 0. Subsequently, the gate dielectric
capacitance is calculated from the MIS flat-band capacitance and the flat-band
space-charge capacitance, calculated using an approximate relation, obtained
by Ricco et al. [68].

4. Curve-Fitting Technique [69]—In this technique, a calculated capacitance—
voltage, C—V, characteristic is matched to the measured 100 kHz or 1 MHz C-
V, adjusting a large number of fitting parameters, to yield the values of the
physical (i.e. the fitting) parameters. There can be justifiable concerns regarding
all the assumptions of this technique, as well as the technique itself of adjusting
many fitting parameters, the number of which will be higher, and their inde-
pendent measurements more difficult in the case of the high-k gate dielectrics.
Particularly, difficult is the determination of the physical parameters (dielectric
constants and thicknesses) of gate dielectric stacks, where significant interlayer
diffusion and interlayer chemical reactions have taken place, by design or
otherwise. Assumption of an infinite potential barrier at the interface is ques-
tionable, as the conductance and valence band offsets are in many cases around
2 eV or even less, cf. Appendix V. At a signal frequency of 100 kHz or 1 MHz,
there may be significant contribution to the accumulation gate stack capacitance
from the traps inside the gate stack, as has been discussed in Sect. 2.8, which
the curve-fitting model does not take into account.
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2.10.1.1 A New Direct Capacitance Extraction Technique

More recently, a capacitance technique has been proposed to better address the
current problems; this technique yields the gate stack capacitance directly, and
makes none of the above assumptions. In this technique, two simple options are
available for the determination of the capacitance of a leaky ultrathin gate
dielectric, using mathematical relations in closed form [21]. These relations [21],
presented below, are valid in strong accumulation, if the corresponding parallel
capacitance, C,, 5., which is the sum of the space charge capacitance, Cyc scc, and
the interface trap capacitance, Cj .., 1S an exponential function of the surface
potential @, i.e. Cpacc > eXp (Bacc®s), Which was confirmed convincingly by
experimental results on a variety of MOS structures with high-k gate stacks, cf.
Fig. 2.36.

1 1
LdCP (Bl V| Bacel
& Waeel (o 0) = . 2.71
o] = Lebica-o) =Pl il e
1 _ 1 1 d 1 % dC_2 %_ \/2|ﬁacc‘ \/2|ﬁacc| (2 72)
C C4 |[2BudVC? av |  C Ci '

It can be seen from (2.71) that, a plot of |C~'dC/dV|"* versus C, in the
accumulation regime, should result in a straight line, whose x-intercept would
yield the gate dielectric capacitance Cg;, whose y-intercept would yield |Bcc|'?,
and whose slope (dy/dx) would yield (—|facc|"*/Cq;). Linear plots (cf. Fig. 2.37)
were obtained for all the high-k gate stacks presented in Table 2.1, from which
values of Cg4; and f,.. were obtained from the x- and y-intercepts, respectively, cf.
Table 2.1. Similarly, a plot (cf. Fig. 2.38) of |dC%/dV|"? versus C™', in the
accumulation regime, also resulted in a straight line, for the wide variety of gate
stacks of Table 2.1. According to (2.72), the x-intercept of this line would yield
Cg', the y-intercept would yield (—|2f,cc|"*/Cq;), and whose slope would yield
2] ﬁacc|)” 2 Values of Cq; and f,.. were obtained from the x-intercept and the
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slope, respectively, of the straight lines in Fig. 2.38, cf. Table 2.1. It may be noted
that experimental values of Cg; or f,.. may be obtained from the slope of Fig. 2.37
or the y-intercept of Fig. 2.38; however, these may have lower accuracy.

Unsatisfactory results were obtained from the application of three of the
existing direct capacitance techniques [65-68] to the high-k gate stacks. The
McNutt and the Maserjian plots were very non-linear, thereby suggesting inval-
idity of the assumptions under which the approximate mathematical relations were
derived, in the cases of high-k gate stacks. Different linear fits could be made to
different parts of the plots, i.e. in different parts of the accumulation regime, but,
this led to ambiguity and improbable and multiple values for the dielectric
capacitance. Figure 2.39a and b illustrate some of the deficiencies and present
some comparison of the efficacy of the McNutt and the Maserjian Techniques with
the technique proposed by Kar [21].

Table 2.1 Reference [21]: experimental values of the gate stack capacitance Cg and the
exponential index of the surface potential ¢, of MOS structures with a wide variety of high-k gate
stacks, with different composition, and/or band offsets, and/or deposition conditions, fabricated
by various research groups [57-59, 82-84]

Substrate/High-K/Gate From Fig. 2.37 From Fig. 2.38 From Fig. 2.36
clectrode Cai B VD) Ca Bre V) Pace V7
(pFlcmz) (uF/cmz)

p-Si/HfAL,Os/poly-Si [57] 1.76 —5.54 1.77 —5.37 —5.63
p-Si/ZrO,/TaN [82] 3.43 —7.60 341 -7.73 —7.81
p-Si/HfO,/Al [59] 4.08 —14.47 4.09 —14.47 —14.49
n-Si/HfO,/TaN [83] 291 8.50 2.98 7.75 9.06
p-Si/La,05/Al [58] 7.36 —13.38 7.37 —13.14 —14.01

p-Si/HfO,/Ti [84] 247 —8.76 2.48 —8.66 —8.71




124 S. Kar
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Figure 2.39a illustrates the comparison of the quality of the plots and the
attendant results between the Kar technique and the McNutt and Sah technique in
the case of a lanthanum oxide gate dielectric with an EOT of 0.48 nm. (p-Si/
La,05/Al structure by oxidation of lanthanum on silicon; 3.3 nm La,Oj3; gate area
of 1 x 107* cm?). It can be seen in Fig. 2.39a that all the data points from the Kar
technique, i.e. almost the entire accumulation regime, fall on a straight line. The
McNutt data points lie on a very non-linear curve, which is likely to reflect the
neglect of trap charges and states. The value of the dielectric capacitance, obtained
from the intercept of the linear fit to the data points of the Kar technique is
722.22 pF. The highest accumulation capacitance measured was 708.61 pF at —
3.50 V. A value of 0.48 nm is obtained for Capacitive Equivalent Thickness
(CET), corresponding to a Cgy; of 722.22 pF. The value of f,.. obtained from the
slope of the linear fit is 15.61 V™' If one makes a linear fit to the McNutt data
points in very strong accumulation, i.e. to only a part of the curve, one obtains a
value of 734.21 pF for Cy;.

Figure 2.39b illustrates the quality of the plots and the attendant results from
the Kar technique in comparison to the Maserjian technique for the same sample as
in Fig. 2.39a. It can be seen that the data points from the Kar technique fit a
straight line even better, over the entire accumulation regime, than in Fig. 2.39a.
The value of the dielectric capacitance obtained from the intercept of the linear fit
to the data points of the Kar technique is 718.82 pF, while a value of 16.93 V™' is
obtained for f3,.. from its slope. The Maserjian data points lie on a very non-linear
curve. Absurd values of Cg; result from linear fits to parts of the curve in accu-
mulation or moderate accumulation. The best values are obtained from linear fits
to the curve in very strong accumulation, which are 945.63 pF from the quantum-
mechanical Maserjian technique, and 845.67 pF from the classical Maserjian
technique.

The Kar gate stack capacitance extraction technique [21] has since been applied
to a very large number of high-k MOS structures [15]; this technique has worked
well in all the cases applied, irrespective of the gate stack composition, the
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Fig. 2.39 (a, top)
Comparision of the quality of
plots obtained from the Kar
(proposed) technique versus
the McNutt technique for a
p-Si/La,03/Al structure

(3.3 nm Lay03). The
intercept from the Kar
technique yields a Cy; of
722.22 pF. The slope yielded
a value of 15.61 V™! for the
exponential constant f,cc.

(b, bottom) Comparision of
the quality of plots obtained
from the Kar (proposed)
technique versus the classical
and the quantum-mechanical
(QM) Maserjian techniques
for the same gate dielectric as
in Fig. 2.39a. The intercept
from the proposed technique
yields a Cg; of 718.82 pF.
The slope yielded a value of
16.93 V~! for the exponential
constant f. [21]
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deposition/fabrication conditions, and the value of EOT, consistently producing
linear plots over the entire accumulation region, in accordance with (2.71) or
(2.72); also, the extracted accumulation capacitance was without any exception
observed to be an exponential function of the surface potential.

2.10.1.2 The Curve-Fitting Capacitance Extraction Technique

Perhaps, the most frequently applied and the most popular gate stack capacitance
extraction technique, currently, is the curve-fitting technique [40, 69] or some
variation of the same. It is not clear what the reason for this popularity and what
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the attraction of this technique could be. At the present time, no option exists to
ascertain the reliability or the veracity of the values of C4; and EOT obtained from
the curve-fitting technique, or for that matter, from any other Cg extraction
technique. Physical thicknesses of the different layers of the gate stack could be
obtained from the cross-sectional transmission electron micro-graphs, perhaps, not
too inaccurately. Also, a value of the EOT can be calculated from the extracted
gate stack capacitance density Cg;, but the connection of the EOT to the physical
thicknesses of the gate stack, cf. (2.73), is not possible, as it is beyond our reach at
the moment to determine the values of the dielectric constant of the individual gate
stack layers.

£sio ksio ksio ksio
Cd-z = lgiL —— + tai 1o, —— + Ldicap k—z (2.73)
1

EOT =
ki

kaOz cap

In (2.73), &sio, represents the electrical permittivity of the SiO,, the respective
t’s represents the physical thickness, and the respective k’s represents the dielectric
constant of the different gate stack layers: IL, HfO,, and the cap layer, if a cap
layer is present. Therefore, as there is no independent verification of the accuracy
of the generic curve-fitting technique, it could not be that the curve-fitting tech-
nique is popular, because it has been proved to be a reliable technique.

One possibility for the popularity of the generic curve-fitting technique could be
that it is easy to foresee that the technique could yield a significantly lower value
for the EOT than what the C—V characteristic would realistically suggest and what
the real value could be. The curve-fitting technique may be overestimating the
carrier confinement effects, overestimating the effect of the parasitic resistance,
and may be overestimating the effect of the gate leakage current, on the gate stack
capacitance. All of these three factors, if present, make the measured accumulation
capacitance lower than the gate stack capacitance.

1. As already analyzed, carrier confinement is significantly diluted by a moderate
band offset (in place of an infinite barrier, generally assumed in the curve-fitting
technique), is significantly diluted by significant wave-function penetration in
deep accumulation and deep inversion, is significantly diluted by the tunneling
current, and is significantly diluted by the mixing with the metal wave function.

2. A series resistance is a very poor representation of the parasitic impedance of
the passive elements of the CMOSFET, which are vast in size and in number.
Perhaps, more importantly, it is impossible to measure it. Even in a non-leaky
MOS structure (say, with an EOT of 4.0 nm) with a SiO, gate dielectric, one
does not measure a frequency-independent value of the series resistance in deep
accumulation. Resultantly, the modelling of the series resistance effect in the
curve-fitting technique is rather baseless.

3. Likewise the carrier confinement effect, both the series resistance and the gate
stack leakage current make the measured accumulation capacitance to be lower
than Cy; in the deep accumulation regime. Similar is the effect of inductance at
high frequencies (1 MHz). The modelling of the leakage current effect in the
curve-fitting technique is too empirical and has no sound basis.
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4. There has been no experimental verification of the models of any of the above

three effects on the C—V characteristic, as it is not possible to separate these
effects from one another or from that of the parasitic inductance. A drooping C—
V characteristic in the deep accumulation regime could be an indication of the
series resistance, and/or, the leakage current, and/or the parasitic inductance
effect.

. As already discussed, the deep accumulation capacitance may include signifi-

cant contribution from the charging capacitance due to trapping or de-trapping
inside the gate stack. This also will give a higher gate stack dielectric capac-
itance density and a lower EOT than what the reality is. It is important to note
that, at the operating frequency (GHz range), there will be no trapping or de-
trapping inside the gate stack; so, what will determine the drain current,
transconductance, switching time, etc., will be the dielectric capacitance of the
gate stack, and without any contribution from the gate stack trap capacitance.

2.10.2 Extraction of the Surface Potential ¢

The surface potential (same as the semiconductor band bending or the interface
potential) ¢ is one of the most useful parameters in analyzing the MOSFET
function.

1.

Knowledge of the surface potential enables us to know whether the MOSFET is
operating in the accumulation, in the depletion, in the weak inversion, or in the
strong inversion regime.

. Knowledge of the surface potential is necessary for determining the interface

trap energy.

. Knowledge of the surface potential is indispensible for using the MOS con-

ductance technique, and for determining the interface state time constant and
the interface state capture cross-section.

. An accurate value of the surface potential enables us to calculate the free carrier

density at the semiconductor surface, and hence the free carrier density at the
site of the gate stack trap.

. Knowledge of the surface potential enables us to know the profile of the carrier

confinement potential well.

There is only one way for extracting the surface potential accurately, i.e. by an

integration of the equilibrium (or the low frequency) capacitance—voltage (C-V)
characteristic. An equilibrium C-V is obtained when both the traps and the
minority carriers can follow the applied small signal. As the minority carriers
contribute to the capacitance only in strong and weak inversion, the signal needs to
be followed by the minority carriers only in strong and weak inversion, but, by the
traps for all the bias values. A typical frequency for measuring the equilibrium C-
V is of the order of 10™> Hz. Although, sinusoidal frequencies as low as 10~ Hz
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are available, small signal C—V measurement is difficult below 100 Hz, because of
noise and also because of signal source instability. Therefore the equilibrium C-V
is generally obtained from the quasi-static or the static measurement. In the quasi-
static measurement, a ramp voltage, V = at, where a is a constant, is applied and
the charging current is measured, which yields the quasi-static capacitance:

aQ aQ ot Icharging o Icharging

=T wav - ov/ar a

A typical ramp rate is 1 mV/s. For the measurement samples (i.e. the test
structures), the quasi-static charging current is typically in the pA range. The gate
stack leakage current, if significant, adds to the charging current; unless the gate
leakage current is significantly smaller than a pA, the quasi-static capacitance
measurement becomes faulty. In the static C—V measurement, a voltage step (say,
10 mV) is applied; the corresponding incremental charge is measured after a time
delay (say, 100 s), thereby yielding the static capacitance. For a reliable quasi-
static or a reliable static measurement, it is essential that the gate leakage current is
insignificant. This means that both the quasi-static and the static C—V measure-
ments are not possible in the case of the ultrathin, leaky gate stacks. For the leaky
gate stacks, the equilibrium C-V can be obtained only for the accumulation
regime, for which the only option that is available is to measure the C-V at 1 kHz
or so.

As the minority carrier contribution to the accumulation capacitance can be
easily ignored, only the response of the majority carriers and the interface traps to
the applied small signal, will decide the equilibrium frequency. The majority
carrier response time in the silicon substrate is of the order of a ps or less; so, the
majority carriers would have absolutely no problem with a 1 kHz or even a
100 kHz signal. The interface trap time-constant for hole capture may be
expressed as:

1

VhOpPs

T = (2.74)

Assuming a hole capture cross-section of 10™'> cm?, and a hole density of
10'® cm™> at the silicon surface, the interface trap time-constant estimates to
10 ns. For the interface traps at the Fermi level to follow the signal, the condition
o (=2nf) < (1)~ ! has to be fulfilled; this is the case for f = 100 kHz. Hence, the
100 kHz or a lower signal frequency can be considered to be an equilibrium
frequency in accumulation.

The equilibrium C-V is to be integrated to obtain the surface potential @,

according to the relation [60]:
v
1—— 2.75
/ ( Cdl) ( )
0
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where ¢, is the surface potential at zero bias. The relation (2.75) can be derived
from the circuit representation of Fig. 2.4b and the incremental voltage division
defined in Fig. 2.3a:

d(/?s - dv — dVd,' —1_ dVd,‘ dQMdVdi —1 C

av -~ adv v~ doydv = Cu

(2.76)

It is apparent from (2.75) and (2.76) that the area above the C-V curve rep-
resents the surface potential ¢, while the area below represents the gate stack
potential Vg;.

2.10.2.1 Integration Constant ¢

There are traditional ways of extracting the integration constant in (2.76), namely
the zero-bias surface potential ¢ [3]. We outline here two new methodologies for
obtaining this integration constant.

New Integration Constant Extraction Method 1.—The 100 kHz capacitance—
voltage curve of Fig. 2.33 was integrated, according to (2.75), to obtain the surface
potential. First the parallel capacitance, C,, (=C, + C;,), was calculated, using the
relation:

11 )
C, C Cu
Subsequently, C, is plotted as a function of ¢s — @0, as illustrated by
Fig. 2.40. It can be observed in Fig. 2.40, that the parallel capacitance C, is very
much an exponential function of the surface potential in the accumulation regime,
and can be expressed as:

CPsaCC = %acc exp(ﬁacc@s) (278)
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In (2.78), the pre-exponential constant o, is the value of C, ... for ¢, = 0, and
Pace 18 the exponential constant of the surface potential .

In the next step, the flat-band space-charge capacitance, Cq. g, is calculated,
using the bulk value of the acceptor density in the following relation, cf. (12):

Csc,ﬂz =V qesNAﬁ (279)

Under the flat-band condition, ¢ = 0, the mathematical relation (2.12) sim-
plifies exactly to (2.79). In Fig. 2.40, where C, = Cy p, there, the corresponding
value of @5 — @50 is —@s . As illustrated in Fig. 2.40, the value of the zero-bias
surface potential is 0.31 V.

New Integration Constant Extraction Method 2.—The above methodology 1 is
susceptible to errors if the surface doping density deviates significantly from the
initial substrate value, and/or there is significant contribution from the interface
traps to the flat-band parallel capacitance at the measurement frequency. A second
option for calculating ¢, would be to make use of the following empirical
relation:

©% _h (2.80)

O{(ICC

In Fig. 2.40, where the above empirical relation holds, the corresponding value
of ¢, — (ps0 is —(p(s). The genesis of (2.80) could be outlined in the following
manner: If one compares (2.78) to (2.17), then, it would emerge that:

s,
Oacc = 4 _AB (281)
2
Comparison of (2.81) with (2.79) would yield the relation (2.80), if one neglects
the contribution of the interface traps to the parallel capacitance density at flat-

band:
CI’ﬂ’ = Csc, » + Cil,ﬂ) =~ Csc,fb

Since the relation (2.80) is a ratio, any variation in the doping density and/or
any contribution by the interface traps to the flat-band capacitance would affect
both C, and o, in the same manner; hence, methodology 2 is more immune to a
variation in the value of the doping density in the semiconductor sub-surface or to
a contribution to Cp, s, from Dj,.

Figure 2.41 presents the experimental surface potential versus the bias relation.
The flat-band voltage, Vgg, is the value of the bias, corresponding to ¢, = 0,
which came out to be —0.32 V, cf. Fig. 2.40. In Fig. 2.40, both the options for the
extraction of ¢, yielded nearly the same result, perhaps because there was no
additional doping of the silicon sub-surface, and the interface trap density near the
flat-band point was below 10" cm™ V™!, ¢f. Sect. 2.10.3.2. The surface potential
plot ¢@4(V) of Fig. 2.41 can be considered to be reliable and accurate inside the
accumulation regime, which covers much of the plot in Fig. 2.33. A small part of
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the plot, i.e. in the voltage range of —0.32 to 0 V, in Fig. 2.41 is in the depletion
regime. The accuracy of the surface potential in the depletion regime will depend
upon the magnitude of the interface trap density in this range; the interface trap
density extracted from the conductance technique was observed to be below
10" cm™2 V™! in this range, cf. Sect. 2.10.3.2.

The gate stack capacitance Cg; used to be considered a constant and invariant of
the bias and the signal frequency. This assumption is valid if the gate stack is a
perfect dielectric and is devoid of any traps and therefore is devoid of any trap
capacitance. This was the case for the single SiO, gate dielectric. However, as has
been pointed out in detail, the high-k gate stack capacitance may contain a sig-
nificant contribution from the gate stack traps in both deep accumulation and in
deep inversion; in that case Cg would be a function of the bias V and the fre-
quency f. The relation (2.75) would still be valid, as there is no assumption made
in (2.76) that Cg; is not a function of the bias V. However, there would be serious
implementation problems. Since, the gate stack capacitance density Cy; would
keep increasing with the intensity of accumulation because of contribution from
additional gate stack traps, it is not clear how Cgy; could be determined. Secondly, it
is not clear how calculations would be made using the relation of (2.75) with a
gate-voltage variant Cg;.

2.10.3 Different Techniques for Trap Parameter Extraction

As mentioned in Chap. 1, the classical MOS trap parameter extraction techniques
were developed for and applied to (i.e. were suitable for) non-leaky SiO, gate
dielectrics. The mainstream techniques, responsible for the remarkable success of
the SiO, gate technology, were the Low—High Frequency Capacitance Technique
and the Conductance Technique [3, 4], both of which required the ability to obtain
the quasi-static or the static C—V characteristic and reliable measurement of the G—
V characteristic over a wide frequency range. Other (significantly less reliable and/
or versatile) techniques included the Terman Technique and the Charge Pumping
Technique. As mentioned already, leaky high-k gate stacks enormously complicate
trap parameter extraction because the quasi-static, leave alone the static, C—V
characteristic cannot be obtained under the normal conditions and because the
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high-k gate stacks host a very complicated and still-unknown network of traps. As
is outlined below, the low-high frequency technique and the conductance tech-
nique can still be used in a significantly truncated form and the information these
techniques yield is also greatly reduced; moreover, the classical procedure for data
analysis has to be modified (as detailed in Sects. 2.10.3.1 and 2.10.3.2) to make
both these techniques usable in the case of the high-k gate stacks.

Inversion Capacitance-The main problems with the high gate stack leakage
current are two-fold, namely, (a) the gate leakage drains the inversion layer,
preventing its formation at the semiconductor surface and the measurement of the
inversion capacitance, whereas (b) the high direct conductance submerges the
alternating conductance measured at low and even moderate frequencies, thereby
significantly restricting the scope of the conductance technique. There exist in
principle three options for obtaining the inversion capacitance—voltage charac-
teristic when this cannot be obtained under the normal conditions. Each of these
three options enhances the minority carrier generation rate by order