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PREFACE

SILICON PROCESSING FOR THE VLSI ERA now represents a series of texts
designed to provide a comprehensive and up-to-date treatment of this important and
rapidly changing field. The volume in hand is the third of this series. Velumes 1
(Process Technology) and 2 (Process Integration) were published in 1986 and 1990,
respectively. Volume 1 deals with the individual processes employed in the fabrication
of silicon VLSI circuits, such as epitaxial growth, thermal oxidation of silicon, CVD
and PVD of amorphous and polycrystalline films, diffusion and ion implantation of
dopants in silicon, microlithography, and patterning technology. Volume 2 describes
how the individual processes of Volume 1 are combined in various ways to produce
MOS and bipolar VLSI and ULSI circuits. The task of integrating these various
fabrication processes together is referred to as process integration.

Here, we treat the topics of submicron MOSFET device physics and the
relationship between such device physics and submicron MOSFET fabrication. That is,
an understanding of device physics has become even more important now that
MOSFETs have crossed the long-channel frontier into the submicron realm. Device
aspects that could once be ignored (because they cause only second-order effects in large
MOS devices) are now significant. Many device effects observed in submicron
MOSFETs are impacted by the process technology used to fabricate them. Some of
such effects include: short-channel effect on Vr; RSCE (reverse-shert-channel effect on
V); DIBL (drain-induced barrier lowering); narrow-width effect; reverse-narrow-width
effect; subsurface punchthrough in NMOSFETSs; punchthrough in PMOSFETSs; impact
of the V-adjust implant on subthreshold swing, Sy; boron penetration of gate oxides in
p+-poly-gate PMOSFETSs - and the polysilicon depletion effect that this causes; GIDL
(sate-induced drain leakage); impact of process technology on the reliability and wearout
of thin gate oxides, including damage from plasma processing; hot-carrier degradation
and drain-engineered MOSFET structures developed to combat the problem (including
LDDs, LATID, "halo" implants, and asymmetrical MOSFETs); well-engineering by
high-energy implants (including retrograde-welt CMOS); ROXNOX (re-oxidized-nitrided
oxides): and very-lightly-nitrided gate oxides. These and many other phenomena
associated with submicron MQS fabrication can only be understood in the context of
short-channel MOSFET physics. Only with such an understanding can the relationship
between circuit behavior, device design, and process technology of submicren
MOSFETs be grasped. Consequently, by gaining such an understanding process
engineers (and other microelectronic professionals) will be better able to contribute to
the task of successfully designing and manufacturing submicron ICs. One of our main
purposes is thus to provide a text that treats both the topics of submicron MOSFET
device physics and the phenomena associated with fabricating such devices.

Chapter 1 introduces the process and device models employed in the early days of
the semiconductor industry. Such models were based on empirical data and/or simplified
physical equations (e.g., differential equations in their one-dimensional form). In the

xxi
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submicron era, however, the more general forms of these differential equations must be
used to obtain accurate predictive capability of both the fabrication processes and the
device physics. Since this generally means that partial differential equations in two- or
three-dimensional form must be solved, this can only be carried out by numerical
analysis, performed with the aid of high-speed digital computers. Thus, chapter 2
outlines the methodology of this approach.

To facilitate the discussion of submicron MOSFET device physics, we divide the topic
up into three chapters: The first of these, chapter 3, deals with basic MOS theory and
the MOS capacitor. The next, chapter 4, covers long-channel MOSFETs and the circuit
models developed to predict the drain current characteristics of such devices. Finally,
chapter 5 describes the characteristics of the short-channel (i.e., submicron) MOSFET.
This is the longest chapter of the bock, and it includes the following topics: DIBL,
subsurface punchthrough, the drain current in saturation, simplified short-channel
MOSFET circuit models, MOSFET scaling, and submicron PMOSFETs.

Chapter 6 is concerned with isolation issues in integrated circuits with an emphasis
on CMOS technology. Chapter 7 covers thin gate oxides, primarily with respect to their
reliability and growth. Chapter 8 deals with well formation in CMOS. Chapter 9
focuses on hot-carrier effects in MOS ICs, as well as on device structures and processing
techniques that mitigate the detrimental aspect of such phenomena on MOSFETs,
Problems are included at the end of each chapter to assist readers in gauging how well
they have assimilated the material in the text.

A book of this length and diversity would not have been possible without the
indirect and direct assistance of many other workers. From an indirect perspective,
virtually all the information presented here is based on the research efforts of countless
numbers of scientists and engineers. Their contributions are recognized to a small degree
by citing some of their articles in the references given at the end of each chapter.
Likewise, the direct help came in a variety of forms, and was generously provided by
many people. The text is a much better work as a result of this aid, and the author
expresses heartfelt thanks to those who gave of their time, energy, and intellect.

Roy Montibon of Visionary Art Resources, Inc., Los Angeles, CA designed this
cover, as well as those of Volumes 1 and 2.

Stanley Wolf

P.S. Additional copies of the books can be obtained from:

Lattice Press
Post Office Box 340-V
Sunset Beach, CA 90742

For your convenience an order form is provided on the final leaf of the book.
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CHAPTER 3

MOS TRANSISTOR DEVICE PHYSICS: PART 1
BASICS MOS PHYSICS
and
THE MOS CAPACITOR

A basic goal of IC manufacture is to produce circuits having the highest performance at
lowest cost. Tor digital CMOS ICs (the largest category of silicon ICs in the mid-
1990s), the main performance criteria are speed, power dissipation, and device packing
density. Reduction in device size has been the chief vehicle for achieving these goals.
Smaller devices also produce the twin benefits of decreased die size (more chips per
wafer and higher fractional yield) which exert downward pressure on die cost. However,
the mere reduction of all device dimensions by a constant factor, for example, without
paying attention to other processing parameters can adversely impact IC performance.
That is, power dissipation may worsen because of increased device leakage currents, or
circuit speed may be degraded. Reliability problems which afflict submicron MOSFETs
might also be exacerbated, including hot-carrier degradation, gate-oxide wearout, and
electromigration. As a result, it is necessary to employ more sophisticated scaling
guidelines for device design to ensure that the shrunken devices exhibit electrical
behavior comparable to that of previous generations of larger devices. In the case of
MOSFETs, the aim of such scaling guidelines is to provide a design path to short-
channel devices which continue to exhibit the ideal characteristics of long-channel
devices. (These terms are defined later in the chapter.}

Our purpose here is to present the issues of submicron MOS device design for
semiconductor process engineers. An understanding of device physics has become even
more important now that MOSFETs have crossed the long-channel frontier into the
short-channel (submicron) realm. Device aspects which could once be ignored {(because
they cause only second-order effects in large MOS devices) are now significant - such as
source/drain doping profiles, channel doping profiles, and the device geometry around
the gate periphery. Furthermore, if the degree of process control is not increased,
variations in these parameters will become larger (on a percentage basis) as the devices
become even smaller. Since the uniformity of device characteristics will be adversely
impacted, process control must be improved, In addition, better processes will need to
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84 SILICON PROCESSING FOR THE VLSI ERA - VOLUME I

be developed and devices will have to be designed with less process sensitivity. All of
these issues can only be discussed in the context of short-channel MOSFET physics.
By understanding the relationship between circuit behavior, device design, and process
technology of submicron MOSFETS process engineers will be better able to contribute
to the task of successfully designing and manufacturing submicron ICs.

The discussion of MOS device physics also serves to set the stage for some later
topics of this book (and others of this series), namely the process technology developed
ta fabricate silicon ICs. To facilitate the understanding of the submicron MOSFET, we
divide the topic of MOS device physics into three chapters. The first (chap. 3) deals
with basic MOS theory and MOS capacitors The second {chap. 4) covers long-channel
MOSFETs and the circuit models developed to predict the drain current characteristics of
such devices. The last (chap. 5) describes short-channel (i.e., submicron) MOSFETSs and
issues of MOSFET device scaling.

In each of these chapters the following general approach is adopted. As each new
topic is introduced it is first considered from a gualitative perspective, using
visualization analogies whenever possibie. This is intended to provide an intuitive,
rudimentary grasp of the device phenomenon being presented. Then the same device
effects are analyzed from a guantirative perspective, and mathematical relationships that
describe the physical effects are developed. Where applicable, as a final task, quantitative
models of the device behavior in terms of the terminal voltages and currents are derived.
Where possibie complicated mathematics and derivations are minimized to prevent them
from standing in the way of concepiual explanations. Where such complications cannot
be completely circumvented many of the intermediate steps are given. Hopefully this
will make the material somewhat more digestible.

3.1 BASIC MOS THEORY and
PHYSICS of IDEAL MOS CAPACITORS (MOS-C)

As noted in the introduction, the ultimate purpose of this and the next two chapters is
to provide an understanding of short-channel MOSFET behavior (extending to devices
with submicron channel lengths). Since the behavior of submicron MOSFETs is
complex, the subject is best approached in a step-by-step fashion. That is, the device
behavior of the simplest MOS structure (i.e., the two-terminal MOS capacitor, to be
referred henceforth as the MOS-C) is considered first. The MOS-C exhibits behavior
which is the foundation of both long- and short-channel MOSFET operation. Such
behavior is easier to describe in the MOS-C since some of the device phenomena
exhibited in more complex MOS structures (i.e., multi-dimensional electric fields and
drain currents) are absent in the MOS-C. Once the reader acquires a good understanding
of MOS-C behavior, these effects can be added, allowing a relatively straightforward
explanation of long-channel MOSFET cperation. Thereafter, submicron MOSFET
behavior can be explored by showing how the long-channel MOSFET behavior is
altered as the channel length is reduced. With this rationale in mind, we begin by
describing the behavior of the MOS capacitor in this chapter - initially dealing with the
ideal MOS capacitor, but later incorporating nonideal effects. We should also peint out
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BASIC MOS PHYSICS AND THE MOS CAPACITOR 85

that the MOS-C itself is quite a complex and subtle structure. In fact, a lengthy and
rigorous text that deals comprehensively with these subtleties has been written by
Nicoliian and Brews.!

3.1.1 The Siructure of the MOS-C and the MOSFET

Although we begin by studying the MOS-C, it is useful to compare its structure with
that of the MOSFET. To do this, an even-more-fundamental configuration, the generic
MOS structure is first defined. The MOS or metal-oxide-semiconductor structure is a
three-layered object. It consists of a conducting layer (referred to as the gate), atop an
insulator layer (usually silicon dioxide), and a semiconductor substrate beneath the
insulator (termed either the substrate or body). The substrate can be doped either n-type
or p-type. Note that the acronym MOS stems frem the early days of MOS fabrication
when all gates were made of metal (aluminum}. While heavily doped polysilicon has
replaced aluminum as the standard gate material, the name MOS continues to be used.

The structure of the MOS capacitor (or MOS-C) is shown in Fig. 3-1a. It consists of
the generic MOS structure with terminals G and B connected to the gate and substrate,
respectively, making it a two-terminal device. An external bias can be applied across
these terminals, called the gate-substrate (or gate-body) voltage Vi, In Fig. 3-1a] we
show a perspective view of a MOS-C having a p-type Si substrate. Then in Fig. 3-1a2
we show the cross-section of this device cut along the middle of the gate. This cross-
section is shown lying flat Fig. 3-1a3, and in Fig. 3-1a4 the same structure with only
the Si beneath the oxide is shown,

The structure of the MOS field-effect transistor {or MOSFET) is given in Fig. 3-1b.
It has two regions of doping opposite that of the substrate, one at each edge of the MOS
structure. These regions are called the source and drain, and a pn junction exists between
them and the substrate. When terminals are connected to all the various regions of the
MOSFET a four-terminal device results, with the terminals designated as G (gate), S
(source), D {drain), and B (substrate).

We next abserve that since one of these terminals can be designated as the common
(or reference) terminal, three independent terminal voltages can be applied to the
MOSFET (e.g., if B is chosen as common we will have Vgyp, Vgp, and Vpp).
However, only one significant current exists in an ideal MOSFET. That is, we assume
that the gate current is zero {Ig = 0), and that the source and drain junctions are always
kept under reverse bias during normal MOSFET operation. Since reverse bias current in
a pn junction can be considered negligible (and Ig = 0), substrate current will also be
inconsequential (Igyp = 0).* Thus, only the drain current I, which flows between the
source and drain in the MOSFET needs to be considered. In summary, three independent
terminal voltages and one current (i.e., Ip) are generally associated with the operation of
the ideal MOSFET. In Fig. 3-1b] we show the MOSFET in perspective, then in cross-
section (Fig. 3-1b2), and finally (in Fig. 3-1b3), with the cross-section lying flat.

Figure 3-1 also defines the axes to be used in our discussion of both the MOS-C and
the MOSFET structures. That is, the x-direction is perpendicular to the Si-SiO,

* We'll remove these restrictions in chaps. 7 and 9.
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interface (vertical direction), with x = 0 at the Si surface. The y-direction is parallel to
the Si surface in the direction from source to drain (lateral or longitudinal direction),
Since the source and drain are separated by a distance L (termed the channel length), we
usually choose y = 0 at the source end of the channel, and y = L at the drain end. The
z-direction is the other direction parallel to the Si surface (perpendicular to the
y-direction), and defines the channel width.

3.1.1.1. Comparison of MOS-Cs and Conventional Capacitor
Structures, It should be noted at the outset that the structure and behavior of the
MOS-C differs from that of the more conventional metal-dielectric-metal capacitor
structure. That is, in the latter structure both terminals are highly conductive, but in
the MOS-C the semiconductor terminal is not of high conductivity. Consequently, if a
potential difference is applied across the terminals of the conventicnal capacitor, an
electric field arises within the dielectric, but is zero outside the dielectric. This implies
that the "metal-dielectric-metal” - capacitor stores ali of the charge at the interfaces of
the respective metal electrodes and the dielectric.

The situation is different in the MOS-C where one of the terminals of the capacitor is
a semiconductor, not a metal. If we consider the case of a p-type semiconductor, then
the application of a negative bias will induce a negative charge on the gate and a
positive charge on the substrate, The high conductivity of the gate requires that the
electric field within the dielectric again terminates at the pate-dielectric interface. Here,
the charge on which the field lines terminate is the negative charge stored on the gate.
At the substrate-dielectric interface, however, the semiconductor must supply positive
charge to balance the gate's negative charge. This can readily occur because the majority
mobile charge carriers in p-type Si are holes, implying that (1) they exist in great
abundance and (2) that they are capable of moving to the interface in response to the
negative bias on the gate. In this case, the p-type silicon MOS-C and the conventional
capacitor structure behave identically. Furthermore, as we will describe in more detail
in the next section, this bias condition is known as "accumulation” because it causes
majority carriers to accumulate at the semiconductor surface,

On the other hand, if a positive gate bias is applied to this MOS-C, a somewhat
different set of phenomena occur. That js, a positive gate potential produces a positive
charge on the gate, and a negative charge must arise in the substrate to balance the gate
charge. In this case, there are very few mobile negative charge carriers (electrons) in the
p-substrate. Thus, their scarcity prevents them from supplying enough of the required
negative charge, especially at small positive gate-bias values. Instead, the repulsion of
holes (the majority carriers) by the positive bias drives the holes away from the
substrate-dielectric interface. This forms a region depleted of mobile carriers {i.e., a
depletion region) that penetrates from the surface into the substrate. The departure of
holes from this surface region leaves it negatively charged because the immobile,
ionized acceptor impurities remain within the region. This negative "background" charge
thus becomes the negative charge induced by the positive gate potential. As a result, the
electric field lines terminate on these negative charges. Unlike in the case of
accumulation, however, the terminal charge of the MOS-C in the semiconductor is no
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longer confined to the substrate-dielectric interface (i.e., to the Si surface). Instead, the
charge is spread over some distance extending to the depth of the depletion region. This
added distance increases the "effective” dielectric thickness and thus decreases the
capacitance of the structure. Thus, unlike a conventional capacitor, whose capacitance is
constant regardless of the applied bias, the capacitance of the MOS-C varies with the
applied bias under some bias conditions.

Note, however, that if the value of the positive gate bias becomes sufficiently large,
a large number of minority carrier electrons will be attracted to the surface. They will
coilect there and come to dominate the negative charge in the substrate. This induced
charge due to the electrons at the surface is called an inversion layer. Note also that
these phenomena will be described in more detail in the upcoming section, but the
purpose of briefly introducing them here is to point out the fact that MOS-Cs indeed
behave in a somewhat different fashion than conventional capacitor structures.

3.1.1.2 Why is the MOS-C Studied First? As illustrated above, the MOS-C
forms the heart of the MOSFET. Yet it is a fundamental structure in its own right, just
as the pn junction is a fundamental structure apart from the bipolar transistor. Yet,
much in the same way that understanding pn functions is central to understanding the
operation of the bipolar transistor, an understanding of the MOS-C is central to
understanding of MOSFETs.  Hence, it scems logical thal the behavior of MOS-Cs
should be studied first, before considering the physics of the MOSFET.

We can see this by noting that the basis of MOSFET behavior essentially involves
two phenomena;: (1) the action of mobile carriers in the semiconductor in response to
the application of a gate bias; and (2) the transport of these mobile carriers between the
source and drain (in the form of a drain current, I} in response to the application of a
drain bias. Therefore, to quantitatively describe MOSFET operation, initially we need to
establish a quantitative model which allows the first of these two phenomena to be
treated (i.e., we need to be able to determine the mobile charge distribution in a MOS
structure for a given gate bias). Once this charge distribution is known, it can be used to
develop a model for the relationship between I, and the terminal voltages (i.e., the gate
and drain biases). Such a model for mobile-charge versus gate-bias is most easily
developed in MOS-C structures for the following reasons:

1. We noted that the MOS capacitor is a two-terminal device. If we assume the
oxide is a perfect insulator, then the current through the oxide I is zero for dc
biases between the gate and substrate. Since this is the only possible current in
the MOS-C - and its value in ideal structures is zero - the redistribution of charges
in the semiconductor with respect to changes in Vg can be analyzed without the
complication of current flow. Furthermore, since no current flows under de bias,
the behavior of MOS-Cs in such cases represents an electrostatic probiem. Thus,
only one of the five classical device equations introduced in chap. 1 needs to be
solved (i.c., the Poisson equation) to completely characterize the potential and
mobile charge distribution in the ideal MOS-C (i.e., even if Vg = 0).
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2. The electric field in the MOS-C is perpendicular to the silicon surface, making
it essentially uni-directional (vertical). The electrostatic potential in the device can
thus be found by solving the Poisson equation in its least complex (e.g., one-
dimensional) form. On the other hand, if a bias is also applied between the source
and drain of a MOSFET, the direction of the electric field in the semiconductor
region of the MOSFET is no lenger perpendicular to the silicon surface. That is,
it generally contains components parallel as well as vertical to the silicon surface.
Hence, to calculate the electrostatic potential in a MOSFET, it is in general
necessary to solve the Peisson equation in its two- or three-dimensional form.

3. The absence of current flow in a MOS-C implies that equilibrium is
maintained in the semiconductor region even if a dc Vgp is applied.* Thus, the
equations used to calculate carrier concentrations in terms of equilibrium concepts
(e.g., the Fermi level) can be used. This makes the solution of the Poisson
equation simpler as well.

4, The MOS-C is widely used as the test structure for characterizing the
reliability of the gate oxide film with respect to oxide breakdown and hot-electron
degradation (as described in chaps. 7 and 9, respectively). Thus, the study of the
MOS-C behavior is intrinsically useful for interpreting data obtained from such
structures.

5. The quantitative relationships we develop for the mobile charge concentration
in the channel region of the MOS-C under inversion are used in the I, models of
the long-channel MOSFET by invoking the gradual-channel approximation. This
approximation will be examined in more detail in chap. 4.

3.2 QUALITATIVE DESCRIPTION OF
MOS-C DEVICE BEHAVIOR

The behavior of the MOS-C from a qualitative perspective is considered first, namely a
verbal description is given of how the mobile charge distribution in the semiconductor
depends on the applied dc gate bias. To help visualize these phenomena we make use of
energy-band and potential representations, as well as electric-field and charge distribution
diagrams.

#* The term equilibrium should be considered here to mean thermal equilibrium, as viewed
from the microscopic perspective. That is, the net energy in the semiconductor is stored in
the crystal-lattice vibrations (phonons) as well as by free carrier motion. Although external
sources of energy {such as incident photoelectric radiation) may also excite a crystal, many
situations exist where no such external forces act. In such cases, the total energy is a
function of only the crystal temperature, and the semiconductor will spontanecusly reach a
state referred to as thermal equilibrium. In thermal equilibrium every process is exactly
balanced by its inverse process. One such set of competing processes in a semiconductor
involves catrier generation and recombination. At thermal equilibrium the rates of these two
processes are equal (and are also assumed to be driven only by thermal processes). This
makes it valid to use the equilibrium carrier concentration expressions (i.e., Egs. 3-Ia and
3-1hb) to calculate the carrier concentrations in the MOS-C even when Ygp # 0V.
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3.2.1 Energy-Band Diagram Representation of
Semiconductor Devices

One of the most helpful tools for visualizing semiconductor phenomena is the energy-
band diagram. In such diagrams, the vertical axis represents the energy possessed by
electrons when they occupy energy levels at a given location in the device. (In one-
dimensional representations, a location in the device is generally specified by a point x,
which is designated as the distance along the horizontal axis of the diagram). Such one-
dimensional representations are adequate for treating the MOS-C (with the x-direction
representing the direction perpendicular to the silicon surface).

In the energy-band representation of a semiconductor (Fig. 3-2), E; and Ey are the
conduction and valence band edges, respectively. The intrinsic Fermi level E; is at the
middle of the band gap (i.c., Ej = [Ec+Ev1/2), correspending to the Fermi-level of an
intrinsic (undoped) semiconductor (Fig. 3-2a). In n-type doped silicon the Fermi level
Ep is closer to E¢ than to Ey (Fig. 3-2b), but in p-type it is closer to Ey (Fig. 3-2c) If
an electron occupies a state at the bottom edge of the conduction band (E), its kinetic
energy is defined to be zero (point A in Fig. 3-2d). As the kinetic energy of such an
electron increases, it occupies energy levels higher in the conduction band (e.g., point B
in Fig. 3-2d). If a semiconductor is in equilibrium, the Fermi Ievel is invariant with
position in the material, and this is depicted in a ene-dimensional energy-band-versus-
distance diagram as Ep being a straight, horizontal line (as in all of Fig. 3-2).

Assuming Maxwell-Boltzmann statistics, the electron and hole concentrations in a
semiconductor at equilibrium {ny and p, respectively) can be expressed in terms of
quantities found in the energy-band diagram (Ep, E;), as well as T, and »; (the intrinsic
carrier concentration at T} according to the following expressions:

ng = njexp (Bp - Ep/kT (3-1a)
Po = n; exp (Ej- Ex)/kT (3-1b)
E, £, E,
£y
—————————— Ei =EF ———————-—mﬁ--El —-——-ﬂ‘d————'ﬂw—El
E
E, —_——— £
Intrinsic n-type p-type v
{a) () (<)
B
B K.E. £
E,
(d)

Fig. 3-2 Energy band representation of a semiconductor: (a) intrinsic; (b) n-type;
{c) p-type; (d) Depicting the kinetic energy of an electron in the energy band diagram.
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Fig. 3-3 Energy band diagram of an ideal MOS-C when Vgg = 0V (flat-band condirion).

Note also that at equilibrium
no Po =it (3 -1c)

3.2.2 Energy Band Diagram of the ldeal MOS Capacitor

Using the energy-band diagram representation we now consider the qualitative behavior
of an ideal MOS-C subjected to dc bias. The following assumptions are assumed to be
valid in an ideal MOS-C:

1. The energy difference between the work function of the gate material (metal),
g¢m and that of the semiconductor, gs is zerc (i.e., g@ms = 0);

2. No charges exist in the MOS-C under any biasing conditions, other than those
existing in the semiconductor and those with equal but opposite sign on the gate,
i.e., within the oxide there are no mobile charge carriers nor any charge centers;

3. No current can flow through the oxide under de-biasing conditions (Ig = 0);
4. The semiconductor region is uniformly doped;
5. The gate layer is considered to be an equipotential region.
For our example we will consider an ideal MOS-C with a p-type semiconductor region.
First consider the case when no bias is applied (Vgg = 0V). The energy-band
diagram for this case is shown in Fig. 3-3. We note that since equilibrium exists in the

semiconductor and g = 0 (Assumption #1), the Fermi level throughout the
semiconductor must be invariant with position, and it must also line up with the Fermi
level in the gate. This also implies that Eg, Ey, and E;j in the semiconductor are
horizontal and straight (i.e., flat). An energy-band diagram in which E, Ey, and E; are
flat is said to be in a flar-band condition. Thus, when Vg = @ in an ideal MOS
capacitor, it's energy-band diagram is in a flai-band condition. Note also that in p-type
Si, Ep is below E;, by an amount expressed as lEF - E; l.
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Next let a dc bias be applied between the gate and substrate. Since I =0
(Assumption #3), the silicon region remains in equilibrium, implying that Ep remains
flat. This aspect of MOS-C behavior is unique, since the application of a dc bias across
the electrodes of other semiconductor devices will cause at least some current to flow.
Hence, MOS-C analysis remains simple under dc bias because the Fermi-level concept
is still valid. Although the semiconductor region remains in equilibrium under dc bias
(and Eg remains flat}, the other bands are altered from that of the Vgg = 0V case. This is
seen in Fig. 3-4 where four different gate-bias conditions are depicted. Here in Fig.
3-4a we depict the MOS-C in cross-section, as was also shown in Fig. 3-1b2. This
structure is then rotated as shown in Fig. 3-4b, and the energy-band and charge
distribution versus x diagrams we show next refer to the MOS-C cross-section oriented
in the manner of Fig. 3-4b.

3.2.2.1 Accumulation. In the first biasing case a negative bias is applied
(Ve<OV, Fig. 3-4c). The negative bias causes holes (the majority carriers in p-type Si)
to be attracted to the silicon surface adjacent to the oxide. More holes accumulate near
the Si surface than if Vgg = OV, The effect of attracting additional majority carriers to
the semiconductor surface is called accumularion. The conductivity of the region near
the Si surface is increased by the presence of the extra holes.

Note that in the energy-band representation, extra holes at one location of a
semiconductor (e.g., in this case, at the Si surface) implies that Eg must be closer to Ey,
than in a region containing fewer holes (e.g., the region deeper below the surface [bulk
region]). However, since the Fermi level in the semiconductor must remain flat, the en-
ergy bands in the semiconductor (E, Ey, and E;) near the surface must bend upward to
reflect the presence of the extra holes at that location compared to the bulk (Fig. 3-4cl)

The applied gate bias also causes the Fermi levels in the gate and semiconductor
regions to be separated by an amount equal to gVgp, or

Er{gate) - Eg{semiconductor) = -gVgp 3-2)

Although the capacitance of the MOS-C varies with applied dc voltage under some bias
conditions, in the accumulation mode it does not. That is, in this mode the capacitance
per unit area remains constant as Vgp is changed, and is given by Cox = Kox€o/tox.
where Kgy and toy are the dielectric constant and thickness of the oxide, and g, is the
permittivity of free space.

We now introduce the charge-distribution versus distance diagram as an additional
visualization tool. This allows us to depict the approximate charge distribution inside
the MOS structure. For the case of accumulation, applying a negative bias causes more
electrons to move onto the gate. Holes are attracted toward the silicon surface in
response. Thus, the charge inside the device as a function of position can be
approximated as shown in Fig. 3-4c2. Note that a squared-off (or block) representation
of the charge is used in this simple plot. Such block approximations are only intended
to be a qualitative representation of the actual charge distribution, which, in general, is
not distributed so simply. When interpreting the magnitude and spatial extent of the
charge using such simplified diagrams this fact should be kept in mind.
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Fig. 3-4 (a) Cross-section of a MOS-C with p-substrate; (b) Cross-section of the same
MOS-C, but rotated 90°; (ct) and {c2) Energy band and block charge diagrams when the
MOS-C is biased to accumulation (Vgp<OV); (d1) and (d2) Same diagrams for depletion
biasing (Vga>0V, but <Vr); (e1) and (e2) Same diagrams at onset of inversion (Vgp = V1);
{I1} and (f2) Same diagrams at strong inversion (Vegp>V1).
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3.2.2.2 Depletion. In the second bias condition (Fig. 3-4d), a small positive
voltage is applied to the gate of the p-type MOS capacitor. This causes holes in the
semiconductor to be pushed away from the surface, creating a depletion region of width
d, consisting primarily of negatively charged acceptor ions. In the energy-band
representation of this phenomenon the bands bend downward near the surface (Fig.
3-4d1). In this mode of operation, known as depletion, the MOS capacitor exhibits two
capacitances in series - the oxide capacitance per unit area Cyy and the depletion
capacitance per unit area Cq = Kgio/d. While Coy is constant, Cg is not. That is, (OF
decreases as Vg is made larger (more positive). The approximate charge distribution for
this bias condition is shown in Fig. 3-4d2.

3.2.2.3 Inversion. If the positive vollage applied to the gate is increased, the
bands are bent further downward, eventually causing E to cross over E; and to be closer
to Ec than to Ey at the surface. At this point the semiconductor surface is inverted (i.c.,
it has been changed from p-type to n-type) because there are now more electrons than
holes at the surface.*

Another way to view this situation is to remember that the kinetic energy of an
electron is zero when it occupies an energy state at the conduction band edge
{corresponding to an energy E.). Thus, under depletion or inversion biasing electrons
near the Si surface having zero kinetic energy occupy energy states of lower total energy
than electrons deeper in the Si having zero kinetic energy. Hence, when a positive bias
is applied to the gate, electrons are more likely to fill such states near the surface.
Consequently, electrons will be found at higher concentrations closer to the surface
when VGB>OV'

3.2.2.4 Strong Inversion. If Vgp is made even more positive, the bands will
continue to bend further downward, until E; at the surface is eventually below Eg by an
energy equal to |EF - B; | At this peint the electron density per unit volume at the
surface rgyf (located in a thin layer known as the inversion layer) is equal to the hole
density in the bulk. This is known as the point of onset of strong inversion, and in

this condition
Ei(bulk) - Ej(surface) = 2[E;(bulk) - Eg] 3-3)

Solving this equation for Ej{surface), and using the result in Eq. 3-1a, the concentration
of electrons at the Si surface at the onset of strong inversion, ngyef(inv) is

ngurf(inv) = n; exp[Ep - Ej(surface)l/kT = r; exp{Ej(bulk) - BglkT = popuik = Ny (3 -4)

Figure 3-del is the energy-band diagram depicting the condition of onset of strong

* The surface is actually inverted as soon as Ep crosses over Ej. However, the density of
electrons at the surface remains small until Eg is considerably greater than Ej. The mode of
operation when the electron density is smaller than the hole density in the substrate bulk is
referred to as weak inversion. Weak inversion is important in submicron MGSFET behavior
and will be discussed in detail in section 4.7.
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inversion. In this diagram the width of the depletion region is denoted by dpy,x. The
block charge diagram at the onset of strong inversion is shown in Fig. 3-4e2. Note that
the voltage applicd between the gate and substrate at the onset of strong inversion is
known as the threshold voltage, V.

For further increases in positive bias, the electron concentration in the inversion
layer at the surface exceeds the bulk equilibrium hole concentration, pg = Ny This is
referred to as strong inversion. The energy-band and block-charge diagrams depicting the
strong inversion condition are shown in Figs. 3-4f1 and 3-4f2, respectively.

In general, the charges on the gate Qg of a MOS-C must be balanced by the charges
in the semiconductor Q¢
Qg (Clem?) = -Qc (Clem?) (3-3

In strong inversion, the charge per unit area Qg in a p-type semiconductor is the sum of
the electrons in the inversion layer (Q) and the negative charges in the depletion region
{Qpmax)- Thus, in strong inversion

Qg =-Q¢ =-(Q + Qamax) 3-6)

where Qgmax = -¢Nadmax- (Note that Q's in this chapter are expressed in units of
charge/unit area - specifically, C/cm?.) The total capacitance per unil area at strong
inversion is the oxide capacitance Cgy in series with the depletion capacitance at the
maximum depletion width in equilibrium Cymax = Ksi€o/dmax. While the above
discussion applies to a MOS-C with a p-type semiconductor, similar results can be
obtained for an n-type semiconductor, with the polarity of the voltages and charges
being reversed. A typical value of Q; in a MOS-C or MOSFET in strong inversion is
on the order of 10'2 cmm2,

3.2.2.5 Microscopic Perspective of the Mobile Charge Behavior
in a MOS-C. It is also useful to consider from a (qualitative) microscopic perspective
the phenomena involving charge carriers near the silicon surface of the MOS-C under
conditions of depletion and inversion biasing. That is, when the MOS-C is thus biased,
a potential difference between the surface and the bulk exists, giving rise to a potentiat
energy barrier (PEB) with respect to the majority carriers. The majority carriers (holes
in our example) are thereby repelled from the surface, and minority carriers (i.e.,
electrons in this example) are attracted toward it. In either inversion or depletion a
region largely devoid of carriers is established (depletion region), and in this region
thermal generation of carriers continuously produces holes and electrons in an attemnpt to
re-establish the mobile charge concentration values present in the charge-neutral regions
at equilibrium. The holes so produced, however, are continuously repelled from the
surface, while the generated electrons are likewise drifted toward the surface.

In a state of thermal equilibrium, some holes in the bulk nevertheless still possess
sufficient energy to overcome the PEB at the surface, and they are able to penetrate the
depletion region so that recombination with the electrons attracted to the surface can
occur. At thermal equilibrium, the rate of such recombination at the surface exactly
equals the rate of electron generation in the depletion region, and the electron and hole
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concentrations are thus maintained at a fixed, specific value, dependent on the
temperature, doping concentration, and gate bias.

If the gate bias is instantaneously changed from one fixed value to another, the carrier
concentrations must also change to reflect this new bias value. However, since an
increase in the electron concentration relies essentially on their generation in the
depletion region by thermal processes, some time must elapse before the new
equilibrium electron concentration can be established. In fact, the response of a silicon
MOS-C due to instantanecus changes in Vg is relatively slow because thermal
generation and recombination processes in the silicen substrate occur at low rates at
room temperature. The situation that exists in a MOSFET, as we will describe in chap.
4, is quite different. That is, the presence of diffused regions of doping type opposite
that of the substrate (i.e., the source/drain regions) permit electrons (under favorable bias
conditions) to be injected into (or removed from) this surface region much more rapidly
than if only thermal processes are responsible for contributing carriers (see section 4,2).

3.3 QUANTITATIVE DESCRIPTION
OF MOS-C BEHAVIOR

We now consider the behavior of the ideal MOS-C from a quantitative perspective.
Specifically, we seek to obtain mathematical relationships that permit us to calculate
the following parameters in terms of the applied dc gate bias Vg, the device structure
parameters (i.e., lox and the doping concentration in the silicon), and the material
parameters (i.e., £5; and €4x):

1. The electrostatic potential as a function of position @(x);

2. The surface potential, @gyrs, which is the potential at x = 0, or ¢ (O
3. The electric field as a function of position € (x);

4. The mobile charge concentrations n(x) and p(x) in the silicon;

5. The bulk charge per unit area Qp in the silicon;

6. The inversion layer charge per unit area

Later, we will treat the nonideal MOS-C in which we will also include the effects due to
the properties of the gate material and the charges in the oxide and at the 8i-Si0, inter-
face. We wiil also describe how to calculate the threshold voltage of MOS structures.

Three quantitative models of MOS-C behavior will be developed, differing in their
complexity, accuracy, and generality. The simplest MOS-C model, based on the
depletion approximation will be derived first. It is also the least general and least
accurate of the three models, and provides accurate values of the mobile charge
concentrations in the silicon only beyond strong inversion. Nevertheless, this model
offers easy-to-interpret analytical expressions of MOS-C behavior, and is the model
developed in most basic device physics texts. It is also the basis of the simpler long-
channel MOSFET models described in chap. 4.
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The second MOS-C model we derive is the most general and accurate model (in that
it is valid for the accumulation, depletion, and inversion regimes of MOS-C operation),
but it provides these benefits only at the expense of much greater mathematical
complexity, That is, the second model does not provide analytical expressions for the
quantities listed above, but requires numerical analysis for specific values to be
obtained. Despite its mathematical complexity, this model is presented for several
important reasons:

1. The MOS-C parameters listed above when calculated using this model are so
accurate compared to experimental measurements that the model represents a
benchmark to which the results of the other models can be compared to establish
their accuracy.

2. Tt is the basis for the most general long-channel MOSFET model we present
in chap. 4 (i.e., the Pao-Sah model).

3. It illustrates the principle that numerical analysis must be relied upon to
obtain the most accurate guantitative representations even for the cases of the
MOS-C and the long-channel MOSFET.

4, 1t implies that numerical analysis must certainly be employed to obtain
accurate predictions of submicron MOSFET behavior.

However, the complexity of this model is such that it is not feasible to use it for
constructing models of MOSFET circuit behavior, nor does it provide analytical
expressions for the MOS-C quantities listed above. Thus, quantitative insights about
MOS-C behavior are difficult to extract from this model, making it a poor tool for
learning about MOS-C behavior. As a result, the previous simple mode! and a third
model (which we describe last), find much wider use than this one.

The third MOS-C model is intermediate in accuracy, generality, and complexity
between the other two models. It is referred to as the charge sheet model, and it
calculates the characteristics of the MOS-C quite accurately over the entire range of
inversion (i.e., from weak to strong inversion). It requires more computational effort
than the simple model, but far less than the general model, Unlike the general model it
provides analytical expressions for the mobile charge density which also extend beyond
the operating regimes treated by the simple model. These expressions provide
guantitative insight about the behavior of device operating regions that become more
important in short-channel MOSFETs.

Note that we will designate the externally applied (i.e., terminal) voltages with the
symbol V (e.g., Vgp), while the voltage drops internal to the MOS structure will be
expressed with the symbol ¢ (e.g., the voltage drop across the oxide @ox and the voltage
drop across the semiconductor from the Si surface to the bulk, @gyf). Note, however,
that both the external and internal voltage drops have units of volts.
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3.3.1 The Electrostatic Potential in MOS Structures

Before setting out to derive the expressions listed above, let us make some introductory
remarks about the electrostatic potential ¢. First, we note that since the bias voltages
applied to MOS devices are expressed in units of volts, it would be preferable if the
quantitative MOS-C relationships we seek were also expressed in the same units (rather
than in terms of units of energy, which would result if we used the energy-band
representation of MOS behavior). In addition, one of the five classical semiconductor
device eguations is the Poisson equation, and its solution yields the electrostatic
potential in the device. Hence, two of the relationships we obtain when solving the 1-D
Poisson equation in the semiconductor region of 2 MOS-C involve the electrostatic
potential, i.e.,

a. The relationship between Vgp and the surface electrostatic potential Qgyrs
(henceforth referred 1o as the surface potential), and;

b. An expression for the electrostatic potential versus position @(x) [which
uses Qgyrf obtained from a as one of the boundary values for calculating this

function].

It turns out that the electrostatic potential at any location in a MOS device is related to
the potential energy an electron possesses at that location. That is, the electrostatic
potential-difference Ag observed in moving from one position to another in the
semiconductor {assuming the kinetic energy of the electron is the same at both
positions) can be computed {in terms of an electron) from

A = AE/(-q) 3G-7

where ¢ is the magnitude of the electron's charge. It is evident from Eq. 3-7 that if an
electron undergoes a potential energy decrease, it means that a potential increase exists
between two locations, because of the algebraic sign of the electron charge. Thus, for
the case of an electron, an energy-band diagram can be converted to a potential diagram
by merely inverting one of the bands Eg, E;, or Ey (as shown in Fig. 3-7, which depicts
both representations).” Note that downward band bending while going, for example,
from the bulk to the surface in a MOS structure, implies an increase in the electrostatic
potential when moving between those same locations.

Since the potential is a relative quantity, the zero value of ¢ can be arbnrarﬂy
chosen, In our discussion we select the zero value as the electrostatic potential in the
bulk (i.e., at x = =). We also choose the energy level of the intrinsic Fermi level Ej in
the bulk [E;j(bulk)] to designate this level of zero on an energy-band diagram. Thus,
elsewhere, the value of @(x) is measured with respect to E;(bulk) according to

¢(x) = [Ej(bulk) - Ej(x)lVg (3-8

* Note that since an electron at Ep will have the same kinetic energy (zero) at any location,
the bending of the E band directly indicates the change in potential energy versus location.
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Fig. 3-5 The energy-band and potential diagram representations of the MOS-C (in this
figure a MGS-C with a p-type substrate and biased to inversion is depicted).

as depicted in the figure. For example, in the bulk of the semiconductor (position x3 in
Fig. 3-9), Ej(xs) = Ei(bulk). Hence, from Eq. 3-8 the potential at x5 is 0. At X,,
however, p(x,) # 0, but instead is Q(xy) = [Ej(bulk) - Ej(x,))/q.

Another consequence of choosing ¢ (x =) = 0 is this: If we apply a bias to the gate
of a MOS-C, part of the voltage will be dropped across the oxide gy and part across the
silicon @g; , or,

Ve = Qox + 9Psi 3-9

If @{x = oo) = 0, then the potential at the surface of the silicon (Qgyrf) represents the
veltage drop from the bulk (x = o) to the silicon surface (x = 0) in a MOS structure. In
that case we can write Eq. 3-9 as

Vor = Qox + Qsurf (3-10)

Now we see that if we can derive an expression for Qg in terms of Qgy,f, an equation
relating Vg and @gyrf results. We show how this is done in the next section.

Let us also introduce another dimensionless parameter called the doping parameter
¢gp which relates the potential of an electron at the Fermi level (in the bulk of the

silicon in a MOS structure) to the doping concentration. The doping parameter is
defined as

¢p = [Ej(bulk) - Egl/g = (KT/@InNp/p)p-type si = KT/g)in(ni/Np)pype i (3 - 11)

in the bulk region of the §i in the MOS capacitor, see Fig. 3-5). Note that >0 for a
p-type semiconductor and ¢p<0 for an n-type semiconductor. For substrate doping
concentrations usually encountered in MOSFETs (10!4-10'7 cm3), the magnitude of @p
is between 9kT/g and 16kT/g (where kT/q at 300K is ~0.025 V); that is, the magnitude
of @g is between 225 and 400 mV at 300K for this range of doping concentrations.
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Also, the value of the surface potential at the onset of weak and strong inversion can
be expressed in terms of ¢p. That is, in section 3.2 we defined the onset of weak
inversion as the condition when the electron concentration at the surface of p-type Si
equals n;. At that point, Qgyrf = @p. Since the onset of strong inversion is the condition
when the surface electron concentration equals N, at that point E; (surf) - E; (bulk) =
2 [Bg - E;j (bulk)]. By combining this fact with Eqs. 3-4 and 3-11, we see that the
surface potential at the onset of strong inversion Qg (inv) = 2¢g.

Note that it is also possible to express the equilibrium concentrations of electrons
np (x) and pp (x) in terms of ¢(x). That is, when the zero value of ¢ is defined as above

fip (X) = npg exp lg@(x)/kT] (3 - 12a)
Pp(X) = ppoexp [-g@(X/KT) (3-12b)

where npg and pp, are the equilibrium concentrations of electrons and holes in the bulk
of the silicon (in this case in p-type Si). At the surface of the silicon, the concentrations
Hgyrf and pgyer are given by

fisurf = pa €XP {gQsurf/KT) (3 - 13a)

Psurf = Ppo eXp (-gPsuri/kT) (3 - 13b)

Using Eq. 3-11 in Eq. 3-13a, we can express the electron concentration at the surface in
terms of N and @ as:

ngurf = Ny exp [9(Psurf - 203VKT] {3 - 13c)

This expression is plotted versus @gy,f in Fig. 3-6. This figure reiterates several aspects
of MOS behavior established with the energy-band representation of MOS
characteristics. First, using Eq. 3-11 we see that when @gyf = @p, #gyrf becomes equal
to the intrinsic concentration, nj. Thus, @gyrf = @p is defined as the limit point between
the regions of depletion and weak inversion. Second, as @g,;f increases above @y, ngyf
grows very rapidly. Eventually, when Qgyrf = 2@y, Agyf = Nu. This is commonly
defined as the demarcation point between weak and strong inversion. Finally, beyond
this point (i.e., Qgurf>2Pp), Hgurf continues to increase rapidly, becoming much greater
than Ny for small increases of Qgyrr beyond 2¢g. This implies that in strong inversion
the inversion layer charge density Q; is generally much larger than the ionic charge
density in the depletion region Qg. An additional important point can also be inferred
from this figure. That is, if the potential as a function of x is known we can calculate
np(x) from Eg. 3-12a.

3.3.2 General Approach to
Deriving MOS-C Characteristics

Now we can set out to derive the expressions listed at the beginning of section 3.3,
This can be done in four stages, assuming we are given Vg, the oxide thickness toy,
and the doping concentration N .
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Fig. 3-6 Electron concentration at the surface of a MOS-C (with a p-type substrate) as a
function of Psyrf.8 Linear axes are used. Reprinted with permission of McGraw-Hill Book Co.

1. We first find a relationship between Vg and @gy,f in the MOS structure. This
is done by recalling that if we have an expression for @gy in terms of Qgyry, it
can be substituted in Eq. 3-10 to yield an equation for @gyrr in terms of V.

We begin the derivation of such an expression by noting that the oxide is
considered to be an ideal insulator, with no mobile carriers or charge centers.
Hence, the electric field in the oxide must be constant, or Epx = - d@oy/dx =
constant. Thus, the valtage across the oxide @qx is found from:

4]

(POX = on dX = loxgox (3 - ]4)

"t()X
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The next step is to relate gy to the electric field in the semiconductor. Since the
charge per unit area located at the Si-Si0, interface of an ideal MOS-C is
assumed to be zero, the electric displacement, D = €€ perpendicular to the
interface, is continuous [i.e., Doy = Dsi(x = 0]. The field in the oxide is therefore
related to the field at the surface of the silicon Egj (x = 0) by the equation

Eox = (Ksifkox) Egj (X = 0) (3-13)
Now, using Eq. 3-15 in Eq. 3-14 we can write @y as

Qox = fox (KsifKox) €5 (x = 0) (3-16)

and this result can be substituted for @yx in Eq. 3-10. In order to complete our
goal of finding an expression for Qgyer in terms of Vgp we see that an expression
for E; (x = 0) in terms of @g;;7 is needed. Since £(x) = - dg/dx, such expression
can be obtained by integrating the one-dimensional form of the Poisson equation
once, using the appropriate total charge density p(x), and the boundary conditions
E(x=0) =0, and ¢ (x = 0) = Pgyurr. We will carry out this integration for three
cases in the upcoming sections.

2. We next solve the Poisson equation to find ¢(x). Since we have noted that
the electric field is normal to the oxide surface in a MOS-C (neglecting
fringing fields at the edges of the capacitor), we can consider the variation in
electrostatic potential @ in a MOS-C to be one-dimensional (i.e., we assume
d@/dy and dgfdz = 0). Thus, it is only necessary to solve the Poisson
equation in its one-dimensional form. We use the value of Qg+ from step 1
as one boundary condition [ (x = 0) = @gyrf], and [ (x = e<) = 0] as the other,
when we solve the Poisson equation to find ¢ (x).

3. To calculate the mobile charge concentrations np(x) and pp(x), we can use
the values of © (x) found from step (2) in Egs. 3-12.

4. To find expressions for Qg and Qy as a function of gate bias we proceed as
follows:

a. First, we recall Gauss'law, which states that the charge contained in a
volume equals the permittivity times the electric field emanating from the
volume. Applying Gauss' law to a volume extending from the silicon surface
to the field-free bulk region, which contains a total charge per unit area Qc, we
can write™

Qe = -Ksi€a & (x = 0) 3-1n

* Note that only the £-field at the §i-SiQ, interface {which represents the top surface of the
volume in which the charge in the semiconductor exists) must be included in Eq. 3-17 because
the €-field does not emanate from any other surfaces of the volume. This is because: (1) the
£-field emanating from the bottom of the volume under consideration (i.e., at x = &) is
assumed to be zero, and; {2) since the €-field in the MOS-C is assumed to be unidirectional,
£y = €z = 0. Thus, the &-field emanating from the sides of the volume is also zero.
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We also note from Eq. 3-16 and from the fact that Coy = KgyEg/lox that

Pox = tox (Ksi/Kox) Esi (X =0) = {Ksi80 E5i (x = OICyy (3 - 18)

Thus, we can also write
Qc = - Pox Cox 3-19

b. Next, we note that the charge per unit area in the semiconductor Qc is the
sum of the inversion layer charge per unit area Qg and the ionic charge per
unit area Qg. So we can write

Qc = & +Qs (3-20)

In general, Qcan be found by calculating the total mobile charge in the
inversion layer (in our example, the electrons). In other words, to get Q;, we
could integrate Eq. 3-12a from x = 0 to the depth x; at which the electron

concentration becomes negligible, or
Xc

Qi (x) =-qJ n () dx (3-2D)
0
Then, Qg could be found by subtracting Q; from Q.

However, this approach to calculating Q; and Qg is quite complex, in
fact, it requires that @(x) be computed first, and then this result be used to
integrate n(p). Both of these calculations, in general, require numerical
integration. Although we shall outline this approach in more detail, we will
also illustrate simpler methods for calculating Q; and Qp which still provide
values accurate enough for many applications.

3.3.3 Finding the Quantitative Characteristics of a
MOS-C when the Depletion Approximation is Invoked

Let us derive the quantitative characteristics of the ideal MOS-C under some
assumptions that simplify the mathematical treatment outlined above, but still provide
expressions that are accurate enough for many applications. The simplest of such
quantitative analyses assumes that we deal with the ideal uniformly doped MOS-C, and
this analysis is also the one carried out in most basic device textbooks. Here we invoke
the following approximations: (1) the depletion approximation is assumed to be valid,
(2) the one-sided abrupt junction approximation is assumed; and (3) other simplifying
approximations are assumed which allow the depletion region width d, the surface
potential @gyrf, and the inversion layer charge Q to be simply computed beyond the
point of strong inversion.

The depletion approximation invoked in this case is based on the following
simplifying assumptions:
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1. The mobile charges in the depletion region are totally absent in the depletion
region for values of Vg smaller than those needed to cause inversion (i.c., n =

7 =0 in the depletion region over this range of gate-bias values).

2. For values of gate-bias voltages beyond inversion, the depletion region is
still wtally devoid of mobile carriers, except in the inversion layer, which is
assumed to be a very thin layer near the silicon surface.

The one-sided abrupt-junction approximation assumes that the depletion region extends
to a depth d, beyond which the silicon returns abruptly to a condition in which the
mobile carrier densities are again equal to their equilibrium values [i.e., at x = d,
P =Ny =ppo, and n = npe].

The simplifying assumptions dealing with the d (depletion regicn width), Psurf
(surface potential), and Q; {mobile charges in the inversion layer) are the following:

1. Beyond strong inversion, additional positive bias on the gate simply draws
more electrons into the inversion layer. This negative electron charge
balances the additional positive gate charge, and the depletion-region width d
no longer increases. That is, d remains fixed at the vaiue attained at the onset
of strong inversion, and this value is denoted as dpya.

2. Since the depletion region no longer increases once the inversion layer is
formed, the bands of the energy band diagram are not bent any further with
increasing positive bias, Hence, ®gs also remains fixed (or is clamped) at
the value it has at the onset of inversion, namely at Qgycf (inv) = 2.

3. Beyond strong inversion, the ionic charge per unit area Qp contained in the
depletion region remains unchanged, since d = dya. Hence, we can compute
Qp beyond inversion simply from a knowledge of Ny and dpax. Also if Vg
is given, and we know @gyr¢ beyond strong inversion, we can compute (gx
from Eq. 3-10, and from this we can obtain Q¢. Then, Q;can be found by
subtracting Qp from Q.

Using these assumptions, we set out to find the desired expressions. We initially
solve the Poisson equation in the semiconductor regien for @(x). That is, under
depletion biasing conditions we have assumed z = p = 0, and so the charge density p(x)
is merely & constant term (g Na/igi€y). In this case, the Poisson equation has the form:

d2p/dx? = g Na/Kgi&, G<x<d
(3-22)
= 0 x>d

This is an ordinary, linear differential equation that can easily be integrated twice to
yield a closed-form solution of @(x) in the semiconductor. That is, assuming the
boundary conditions @(x = d} =0, and @(x = 0) = Qg We get,

@ (x) = Qsurf (1- x/d)? (3-23)
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where d is the depletion-region depth. The electric field € (x) is given by -d¢/dx or

£ (x)=-dg/dx = 2 Qgue (1 - x/d)-1/3) (3-24)

and
d2@/dx? = 2 Qgypfd? [from (3 - 23)] (3-25)
= g Np/Kgigo [from (3 - 22)] (3 -26)

Then from (3 - 25) and (3 - 26) we can find d in terms of Qg and Ny

d = {Kgi8o(2Qsur)/gNa]2. (3-27)

Beyond the point of strong inversion Qgyf(inv) = 2@p, and so dyyay is then
dmax = (4Ksi€0Pa/gNa)!? (3-28)

Next, we solve Eq. 3-10 for ¢gy£. In this case, let us initially assume that the MOS-
C is biased into depletion, but below inversion. In that case, no inversion layer exists
Qg = 0), thus, Q¢ = Qg and Qg is given by
Qp = gNyd (3-29)

Since ©oyx = - Qc/Cox = -Qp/Cox, by using Eq. 3-29 in this result, we get
Pox = -g Np d/Cox = {[Ksi€o(20suri)gNAI2 HCox (3-30)

Now if we let N = {[2Ksi€aqNal 2}/ Coy, We can write Qox = T|Y¥Peuef. Substituting
this into Eq. 3-10 we get
Yap = Psurf + NV Qourf (3-3h

If we let o = Vepgyrf, We can write Eq. 3-31 as a quadratic equation
0 = a? + no- Vgp (3-32)

We can now easily solve this for ., using the quadratic formula. Once we have o we
can find @gy.f, since Qgurf= 02,

Now that Qgyer has been obtained, we can find Qg {from Eq. 3-29) and @(x) (from
Eq. 3-23). Below inversion we do not need to find n (x) and p (x), since for this case we
have assumed them to be zero for x<d.

Beyond inversion we can calculate dyax from Eq. 3-28, and Qpmax from Eq. 3-29,

(using d = dpyax). Then, since ©gx = Vg - 2¢p, we can find Qc from

Qc = - (Vgg - 2¢3) Cox (3-33)
Now, since Q = Q¢ - Qpmax
Qp =-[{Vgg - 208) Cox] - ¢ Na dmax (3-34)
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Qr =-[(Vgp - 298) Cox] + VdKgie40pgN, (3-35)

The resuits of this analysis are summarized in Fig. 3-7. Here the energy band diagrams
of an ideal MOS capacitor (p-type Si substrate) are shown for the case of Vo =0V
(Fig. 3-7a). In Fig. 3-7b the case when sufficient gate voltage is applied to strongly
invert the silicon surface is shown. Also depicted in these figures are the charge (Fig,
3-7c), E-field (Fig. 3-7d) and electrostatic potential versus distance diagrams (Fig. 3-7e)
for these two conditions. We note that since there are no charges in the oxide, the
electric field is constant in the oxide, and that the slope of ¢ is thus constant in the
oxide. In Fig. 3-7f we show the electrostatic potential versus distance diagram for an
ideal MOS-C with an n-type substrate biased into strong inversion. It is useful to note
that since a positive bias is needed to invert the p-type MOS-C, the ¢ versus x diagram
curves upward, with the maximum value of ¢ at the surface. However, for the n-type
MOS-C a negative gate bias is needed, Thus, in such cases the @ versus x diagram
curves downward, with its minimum at the surface.

Another important point to which we will refer when discussing the so-called
gradual-channel approximation (GCA) involves the gradient of the vertical electric field
in the silicon, i.e., 0€/dx. In strong inversion d€/0x in the silicon is greatest in the
inversion fayer thickness, since Q>>Qp in strong inversion and the inversion layer is

quite thin (~30-300A thick), Hence, 9€/0x can be estimated by approximating the
vertical electric field value to be zero at the bottom edge of the inversion layer thickness
tiny. Then, 0€/9x ~ [Egi(x = 0) - 0ltypy = Esi(x = OMtjpy. We will make use of this
result when examining the GCA in chap, 4,

3.3.4 More Accurate and General Model
for MOS-C Behavior

The assumption that no mobile charges exist in the depletion region of the MOS-C
(depletion approximation) does not accurately reflect the actual charge distribution
condition in the silicon, especially below inversien. Thus, the expressions for @(x),
Dsurf> E(x}, and @, obtained using this assumption are not accurate. In order to obtain
a more accurate quantitative model of the MOS-C, we need to use the Poisson equation
in which p and n have non-zero values. This will allow us to obtain more accurate
expressions of the above quantities. As noted in the introduction of this section, this
analysis is complicated. The complexity arises in part because it provides a model that
is valid in all regimes (accumulation, depletion, and all ranges of inversion). Although
the accumuiation and depletion regions are not very important regimes of operation in
most MOSFET applications, we nevertheless present this complex MOS-C model here
for the several reasons listed in the introduction.

In this more accurate and general representation of the MOS-C, we treat the Poisson
equation in the following form:

2
B o (I s -] 6=
X
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Fig. 3-7 Ideal p-type Si MOS-C when biased into inversion [Vgp>Vl: (a) Energy-band
diagram; (b) Charge distribution; (c) Electric field; and {d) Potential distribution; (&) - (h)
Comparable diagrams for an ideal n-type $i MOS-C.
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Equations 3-12a and 3-12b for n(¢) and p(1p) are substituted for # and p to give

d _ (4 -g/KT /kT -
@_,(@ [Na + proed9kT + Np - np, eq9/kT] (3-37)

In general, Eq. 3-37 can be integrated once to give an analytic expression for the
electric field, £ = - dg/dx. This is accomplished by first multiplying both sides of Eq.

3-37 by 2(dg/dx). The left-hand side is then recognized as (d/dx)(de/dx)?, and we can
write the result as

1 d¢ddN2 __ (g N dp
-2-8;(5;) =- (@)[-NA + o € 99KT + Np - ry e49/KT] (&m) (3 -38)

Integrating this expression from the bulk (x = e, where ¢ = 0) to an arbitrary point x,
we get

doy? _ (99)? L (24y[* -q@/kT /KT
(?d;) - (&) - ) (stsg)ln [Na +ppe-d®kT + Np - 1y cd®kTdg (3 - 39)
If we note that pjo = Ny, then np, = n/N4. In addition, since ¢ = ¢/kT, and € =

- dg/dx, and Egj(x = o0) = 0, the first term on the left hand side of Bq. 3-39 is zero.
Thus, after integrating the right-hand side we get

- —dqxﬁ’l =g4(x) =1 %«/ Qe VP + - O + 2O Qe WP - 0 @) (3 - 40)

This result allows us to obtain the electric field at the surface {x = 0) if Qg is known

Eg (x=0) =" %«/ Qe PP Gt~ @1 + € 20T (e PanI Pt - Garr- @) (3 - 41)

In addition, by applying Gauss' law we can use Eq. 3-41 to find Q¢ - ie., from
Eq. 3-17 [Qc = - Kgi€oEsi (x = 0)] we get:

Qc = V2g Naxseoy ge-Pertf Pt + Qurs - @ + e 208/ pie-Par Pt - Parc- ) (3 - 42)

This equation is valid for all regimes (accumulation, depleticn, and inversion). Figure
3-8 depicts the variation of total charge concentration Q¢ with (g,f as calculated using

Eq. 3-42.5 It provides a quantitative representation of the total charge dependence on
Qgyrr that was qualitatively described in section 3.2.* We see that for negative values of

Psurf> Qg is posilive, corresponding to the accumulation regime. For Qgur =0, we

* Note that in section 3.3.1 we also examined the variation of the mobile charge
concentration at the silicon surface mgr versus @g,¢ for depletion and inversion (@~ OV).
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Total charge, Qc
Inversion layer charge, Q1
Depletion layer charge, Qg

(all in units of em?)
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Fig. 3-8 Magnitude of inversion layer charge, depletion layer charge, and their sum (all per
unit area) versus Qgyrf. 6 Reprinted with permission of McGraw-Hill Book Company.

have the flat-band condition, in which Q¢ = 0. When Qg is positive, and its value lies
between 0 and 2¢g, Q¢ is negative and is ~V@gyr. This means that in depletion and
weak inversion the mobile charge density is much smaller than the ionic charge density.
For @gr£>2¢@5, sirong inversion occurs, and Q¢ = -exp(g®gurf/2kT, indicating that the
mobile charge density is now much greater than the ionic charge density.

To calculate Qgyf, assuming we are given Vgg, Cox and Ny, we use

VeB = Qox + Psurf (3-43)

and
Pox = {Ksi€o Egi (x = 0)}Cox (3-44)
V6B = Qarf + - 2 2AKSED V e Pari/Qt + Qs - @y + e 208 Q@i Part/ P - - 1)
* (3 - 45)

* (cont.) The conclusions we drew concerning the mobile charge concentration in the silicon
in that case for these regions are reiterated here. However, in Fig. 3-8 the contribution of Qg
to the change in Q¢ as @gyof is varied is also included.
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Note that to find g from this equation we must perform a numerical iteration.
To calculate Qpaccurately we must follow the procedure outlined in section 3.3.2.
That is, we must use Eq. 3-21. Here we also change the variable of integration to ¢

Xc G d
Q :-qf n(x)de-q] n(e)do (3 - 46)
0 Part dg/dx
By using Eqs. 3-12a and 3-40 in Eq. 3-46 (since £ = -dg/dx), we get
[0
tipo P/

q
—2“ e,-(PI(p +4- - + 3-2(?]3/(]) e-(P/(P - -
- V o '\/(pl t+ Q- P [(LPt L~ ‘Pi)

Q do (3-47)

A similar procedure gives Qp (consisting of ionized acceptor atoms and holes)

Qe

Qv =0m ¢ ] do (3-43)
] 4/ %«/ PePIP+ @ - @ + e 2PV OGPt - - )
urf o

To get ¢(x) we must integrate the Poisson equation a second time. That is, to find ¢
at some point x we start with Eq. 3-40, separate variables and integrate from x to 0 on
the right hand side, and from @ to @gyron the left:

(psurl'

- de =x (3-49)
0 v %gi—«/(ple@/@l +¢- @+ e 208 Q- PPt - @ - @)

However, unlike the first integration which yielded the analytical expression for £(x)
given by Eq. 3-40, this second integration cannot be carried out analytically. That is,
we must use numerical procedures to calculate ¢(x) in this case. This was first done by
Young in 1961.2 Numerical integration must also be used to find the electron and hole
densities using Egs. 3-12 a and 3-12b. Sample plots of [p/gN,] versus x and ¢(x) versus
x calculated using such numerical analysis techniques are shown for accumulation (Fig.
3-9a), depletion (Fig. 3-9b), onset of strong inversion, @gy,r = 2@g (Fig. 3-9¢), and
strong inversion, Qguef = 2@ + 0.15V (Fig. 3-9d) for a MOS-C with @ = 0.3V 3

We observe from these curves that: (1) the mobile charge in the inversion layer is
confined to a very thin layer near the surface; and (2) the depletion-region edge is fairly
abrupt, with the charge concentration dropping to negligible values over a distance of
~0.5 um. The first observation supports the use of the following two approximations
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Fig. 3-9 Exact solution for the potential @(x) in volts and normalized charge density

{p/gN ), Tespectively, in the semiconductor region of a MOS-C with a p-type Si substrate, as
a function of depth, x, Here we assume @p = 0.3V and T = 300K: (al and a2) Accumulation
(Csurf = -0.15V); (b1 and b2) middle of depletion (@gycf = @ = 0.3V); (c1 and ¢2) Onset of
inversion (Qgyrf = 2¢p = 0.6V); and (d1 and d2) strong inversion {Qgyrf = 2¢p + 0.13V =
0.75V). The charge concentration p/N, diagrams are drawn on a linear scale.? (Compare
Figs. a2 - d2 to the simpler representation of charge in the silicon shown in Figs. 3-4c2 - 12.)
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invoked in both the simplified and charge sheet models of the MOS-C: (a} the inversion
layer can be treated as an infinitesimally-thin sheet of charge at the interface; and (b) the
presence of mobile charge in the depletion region can be ignored (the depletion
approximation). The second observation indicates it is reasonable to assume that
transition from the bulk to the depletion region occurs abruptly.

In summary, the complicated procedure outlined above involves the following steps
to get exact values of MOS-C parameters. For an ideal, uniformly doped p-type MOS-
C, if we are given Ny, tox, and Vgp

1. Calculate @gycf using Eq. 3-45.

2. With this value of ©g,f we can get ¢ from Eq. 3-47, €(x) from Eq.
3-40, and @(x) from Eq. 3-49.

3. Once ©(x) is known we can calculate n(x) and p(x) using Eqs. 3-12a and b.

From the sample plots of the charge distribution we see that in accumulation and
inversion the mobile charge resides in an extremely narrow portion of the semiconductor
immediately adjacent to the oxide-semiconductor surface. This substantiates the validity
of the assumption used in the depletion approximation analysis that the inversion layer
charge is confined to a very thin layer near the silicon surface. Thus, a third model
based on this approximation (that is intermediate in complexity between the two models
just described) has been developed by Baccarani et al.,* and Brews.? It is called the
charge-sheet model and will be presented next.

3.3.5 Charge-Sheet Model for Determining the
Characteristics of the Ideal MOS-C

The third quantitative model of the MOS-C is the charge-sheet model. It is more
accurate than the simple depletion approximation model, but does not require the
numerical analysis of the general model to obtain Q. Since it includes mobile charge
carriers in the Poisson equation it provides information about the charge distribution in
the MOS-C below strong inversion {unlike the depletion approximation model, which
assumes that no mobile charges are present below strong inversion). Since the charge-
sheet model assumes that the mobile charge concentrations are zero in the depletion
region outside of the thin layer at the surface (that would contain the inversion layer -
see assumption 2 below), this model is not as accurate for characterizing the MOS-C in
depletion or accurnulation as the general model, However, since inversion is responsible
for current conduction in MOSFETS, accurate quantitative characteristics of the deple-
tion and accumulation regimes in MOS-Cs and MOSFETs are usually not of much
concern. Hence, this does not represent a significant limitation for most applications.

To begin the derivation, we list the assumptions upon which the charge-sheet model
is based:

1. Mobile charge can exist in the silicon beyond the onset of weak inversion
i.e., when Qgyre>0p (unlike the previous model that assumed that no mobile
charge exists in the channel until strong inversion, i.e., until Qgyr>2¢p)
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2. All this mobile charge is confined to a negligibly thin inversion layer at the
silicon surface, so that the remainder of the depletion region contains no mobile
charges (n=p =0, for 0 <x<d);

3. The depletion region is defined by a sharp boundary at a depth d (i.e., an
abrupt transition between the depletion region and the bulk exists), in the same
manner as was invoked the depletion approximation model;

4, The voltage drop across the inversion layer in the x-direction is zero, hence
Vg (in an ideal MOS-C) is still the sum of Qgyef and Poy;

5. The value of Qgyf beyond strong inversion is not clamped at exactly 2¢g.
Instead its exact value can be calculated from the model equations;

6. The depletion width at strong inversion is calculated using Eq. 3-28, so that
the ionic charge in the depletion region can be calculated using Eq. 3-29;

7. The value of Qqcan be found by subtracting Qp from Qc.

Since both holes and electrons are included in the charge density term of the Poisson
equation, we start the development of the charge sheet model again with Eq. 3-37. The
first integration of the Poisson equation is also carried out in the same way as in the
general model analysis, yielding the identical value for Eg(x = 0). Q¢ is also expressed
by Eq. 3-42. However, since the goal of the charge sheet model is to provide accurate
MOS-C expressions only for the case of inversion (including weak inversion), Q¢ can
be simplified for this operating range. That is, if Qg 2@y (Where, as we noted in
section 3.3.1, Qg is 9¢¢ to 16¢, for the range of doping concentrations used in
MOSFETs), several terms in Eq. 3-42 become insignificant and can be dropped,
yielding

Qc= Y2 Nakseol Qart + @r (Pt - 205)/ 1 (3-50

Now, since we assume that in the depletion region there are no mobile charges present
(i.e., ali the mobile charge is in the inversion layer, which is infinitesimally thin), the
depth of the depletion region is again given by Eq. 3-27

d = [Ksi€o(2@sur)/gN ]2 (3-51)

Then, Qp will consist only of the uncovered acceptor atoms in the depletion region, and
can again be expressed by Eq. 3-29, repeated here:

Qp = ¢Nod = (2KgiEgNAPsud)'? (3-52)

To get Q;we can now subtract Qg from Q¢ as given by Eq. 3-50 to get

Qi=YV2g NAKsEo(thmrf + Quel@urf- 208)/Qu - VG ) {3-53)

Also note that if we use Eq. 3-50 to approximate Q¢ in Eq. 3-19 for ¢¢x, and insert
this into Eq. 3-10, the expression relating Qgycf and Vgp is now
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Vos = @surf - Qc/Cox (3-54)
or
Vo = Qurr + 124 NAKSE gm‘eo Y Qurr + @re(@ars- 208/ (3 - 55)
ax

‘We note, however, that this equation cannot be solved explicitly for gy, but requires a
numerical iteration approach to solve for Qgyt.

Nevertheless, the charge sheet model provides analytical expressions for Qpand Qg in
a MOS-C that are quite accurate over the entire range of inversion (i.e., Qgurf>0g)-
This makes it more useful in many applications than the more general MOS-C model.

It should also be noted that when the equation for Q; from the charge sheet model is
plotted versus the surface potential (i.e., using a log-linear plot, as shown in Fig.
3-10).% two inversion regimes can be identified: (1) weak inversion; and (2) strong
inversion. In each of these regimes we can simplify the expression for Q given by
Eq. 3-53.

3.3.5.1 Approximation of Q,in Weak Inversion. First, we recall from

section 3.3.4 that Qis much smaller than Qg in weak inversion. Therefore, we can

simplify Q by treating ghe term @ exp(Qsyrf - 29p)/@¢ in Eq. 3-53 as small compared to
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Fig. 3-10 Inversion layer carrier density per unit area versus QPsyrf/@;as computed from Eq.
3--53 and from approximations to this equation for the case of weak inversion (Eq. 3-58), and
strong inversion (Eq. 3-62). °  (® IEEE 1978).
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the term Qgyef. Then, if we let
C = @rexp(@surf - 2¢p)/ ¢y (3-56)

the first square root term in the parentheses in Eq. 3-53 becomes Ygyrf + . Since { is
smaller than @gyrf, we can approximate the function Y@gut + { by the first two terms of
its Taylor expansion about { = 0:

VQurt + & = {Garr + —L—E (3-57)
Eliy ur 2 e
Using Eq. 3-56 and Eq. 3-57 in Eq. 3-53 we get
Q1 (weak inv) = Y2 NAKSEo ) o(gorr- 208)/p1 3 -58)
2\‘(Pmrf

This expression implies that in weak inversion the inversion layer charge is essentially
an exponential function of @gyrf. Note from Fig. 3-10 that the weak inversion
approximation of Q; from Eq. 3-53 is quite accurate up to 2¢g, but becomes
increasingly inaccurate beyond strong inversion.

We can easily solve for ¢gyrf in weak inversion as well. That is, since Qi<<Qp, we
can write Eq. 3-10 as

Vop = @surf - Qp/Cox (3-59)

or using Eq. 3-52
Vi = Qsurf + [(V2K5i80gN A ) Cox IV Psurf (3-60)
= Qgurf + YVQsurf (3-60a)

where ¥ = (V250N 4 ¥Coyx. Equation 3-60a can be solved for Qg to yield
=[-1 (7 2
arf = | -4 + {1+ Vgp 3-61
owr = [ L+ (Lo Vas) ] (3 - 61)

To relate Q; to Vg, we can substitute the value of @gy.f from Eq. 3-61 into Eq. 3-58.

3.3.5.2 Approximation of Q, in Strong Inversion. In strong inversion
Qq >>Qp. As a result, the exponential term in Eq. 3-53 is the only significant term
within the parentheses. Thus, Qy in strong inversion can be well approximated as

Qi (strong inv) = (V2K5i€aq nj €XP (Qsurf/2@y) (3 - 62)

The inversion-layer charge in strong inversion is thus seen to be an exponential
function of the surface potential with a slope of 1/(2¢y). Therefore, a small increase in
the surface potential induces a large change in Q, (strong inv). This implies that Qgyf
will remain almost unchanged even in the face of a large increase in Vgg or Qp beyond
strong inversion. The approximation that ¢gyrf (inv) is clamped at 2¢g made in the
depletion approximation model is thus seen to be reasonably accurate for actual
MOSFETs. If the gate voltage corresponding to value needed to produce Qgye£(inv) is
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Fig. 3-11 @gyrf versus Vg calculated from the charge sheet model for an oxide thickness
of 60 nm, and a substrate doping level of Ny = 10*5 cm'3, The dot indicates @ = 2955
(© IEEE 1978).

termed the threshold voltage Vi (see next section for how to compute this value), then
the Q (strong inv} dependence on Vg can be approximated by

Qr=-Cox (Vg - V1) (3-63)

We should mention that @g,f(inv) does change slightly as Vg is increased beyond
strong inversion, as shown in Fig. 3-11, where Qg from Eq. 3-55 is plotted versus
Ver. We see that @gy; in strong inversion actually increases beyond 2¢g by ~150 mV
before leveling off. Thus, models of Qy that use @gyf(inv) = 2¢pg underestimate the
actual value. This has an impact on the accuracy of predicted drain current values in
MOSFET circuit models based on this approximation. We will discuss this further in
chap. 4.

3.4 THRESHOLD VOLTAGE of IDEAL MOS CAPACITORS

Strong inversion in MOSFETs occurs in essentially the same manner as in MOS-Cs.
In fact, one of the most important parameters of a MOSFET is the gate voltage at the
onset of strong inversion. This parameter is known as the threshold voltage V1. We
can obtain an expression for Vpusing an ideal MOS-C in which we assume the

depletion approximation is valid. Then we follow the same analysis as in section 3.3.3.

* Note that a third inversion regime, intermediate to the two mentioned above, namely
moderate inversion, has been defined by Tsividis (see Fig. 3-6).5 This allows an even more
careful representation of MOS behavior to be developed. Interested readers can consult ref. &
for more details.
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That is, we begin with Eq. 3-10:
Vap = QPox + Psurf (3-64)

At the onset of strong inversion (i.e., implying that the inversion layer is just at the
verge of forming, so Qy is still zero), the magnitude of the charge on the gate is
balanced by just the charge in depletion region of the semiconductor Qz due to the
ionized dopants, or:

Qe = - Qp =9 Nsyp dmax (3-65)

where Nsyp is the substrate doping (i.e., Ny in p-type and Np in n-type substrates),
respectively. Then, Qgyuf at the onset of inversion = 2¢p. It can also be expressed in
terms of dmay using Eq. 3-27. Setting these two equal, we have for a p-type substrate

Qsurt(inv) = 20y = gN4 (dmax)? /2Ksi€0) (3 - 60)

Solving this for dyax, and substituting into Eq. 3-65 we get Qg in terms of N, and @p.
Finally, using this expression for Qp in Egs. 3-19 and 3-20 (9ox = -Qp/Copy), and
puiting this into Eq. 3-64 we obtain the gate voltage value at the onset of strong
inversion in an ideal MOS capacitor (V) expressed as a single equation in terms of tgy,
T, nj, and Ny

Vi (of an ideal MOS capacitor) = 2¥kg€ogNA0p/Cox + 205 (3 - 67)

3.5 PHYSICS OF NON-IDEAL MOS CAPACITORS
(n*-PolySi-Si0».-Si MOS Capacitors)

Although the ideal MOS capacitor is a useful structure for introducing MOS behavior,
from the perspective of this text the most important MOS capacitor structure is the
metal (Al, or heavily-doped polysilicon)-Si0,-Si structure. In the metal-Si0,-Si
structure {and other "real" MOS capacitors), the work function difference @pq is
virtually never zero, and various charges are also always present inside the oxide or at
the Si-5i0, interface. These phenomena exhibited by "real" MOS capacitors
significantly alter ideal MOS behavior. They are also inherent in "real" MOSFETSs, and
must therefore be included to accurately describe actual device behavior.

3.5.1 Workfunction Difference Between
Gate and Semiconductor

We noted earlier that the energy-band diagram of an ideal MOS capacitor is in a flat band
condition when Vgg = 0. In real MOS capacitors, however, a flat band condition with
Vg = 0 is essentially never observed. Instead, when Vg = O the bands are almost
always bent as a result of the work function difference between the gate and semi-
conductor regions, as well as the charges that exist in the MOS capacitor.

The work function of a material is defined as the minimum energy required to bring
an electron from the Fermi level to the vacuum level. In MOS structures, however, it
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118 SILICON PROCESSING FOR THE VLSI ERA - VOLUME III

is more useful to deal with the modified work function. This is defined as the
minimum energy required to bring an electron from the Fermi level in the gate By, or
the semiconductor Egs to the oxide conduction-band edge (g¢n' or g¢s, respectively), as
shown in Fig. 3-12. Note also that g@s'= ¢[x' + (B¢ - Ep)ee] = g(t' + Eg/2 + @p) fora
p-type semiconductor, where ¥’ is the modified electron affinity (defined as the energy
difference between the conduction band edges of the semicenductor and the oxide). In
the Si-5i0; case, gy’ = 3.23 eV.

Figure 3-12a shows the energy-band diagram for an Al-SiO,-p-type-Si structure
before contact. For Al-Si0s, g = 3.2 eV, while for p-type Si-Si0; q@¢' = (3.23 +
0.55 + gpy) ~ 4.1 eV. Obviously, g¢p' and g@g' are not equal. Hence, if a MOS
structure could be formed by bringing the 2 regions in contact, the effect of this
difference on the energy-band diagram of the MOS capacitor would be as shown in Fig.
3-12b. That is, if such a MOS capacitor was unbiased (Vgp = 0), the Fermi levels
would have to "line up” (be at the same energy level) everywhere in the capacitor, Fig.

= ~ —

Al Si0 Si

(a}

R
:
-~

A

RS

}\
[l

(1]

Fig. 3-12 The MOS capacitor structure and idealized energy-band diagram (a) before contact
and (b) after ccmtact.12 Reprinted with permission of Addison-Wesley.

Dell Ex. 1008C
Page 57




BASIC MOS PHYSICS AND THE MOS CAPACITOR 119

Af (n-5i)

q$msteV)
5 o o
Lol E- ™

1
o
@

-4.0

-1.2
10! 10%* 10® 10" 1018

Fig. 3-13 Work-function difference ¢mg (V) versus doping for ntand p* pelysilicon, and
Al gate electrodes.” Reprinted with permission of Solid-State Electronics.

3-12). Since the modified work functions in this structure are different, the E, E;, and
E, bands would be bent downward when Vgp = 0 to satisfy the requirement of a con-

stant Fermi level. To achieve a flat-band condition in this structure, a negative voltage
[equal to (1 - Ps)], would have to be applied to the gate (in this example = - 0.9 V).

In submicron ICs, however, the gate material is normally heavily-doped polysilicon.
The Fermi level in heavily doped n-type polysilicon resides at the conduction band edge
{and in heavily doped p-type poly, at the valence band edge). Hence, for an n-channel
device with n* poly on a p-type substrate Qrg(n-ch} = (9m - 95) = (-E/29) - @p (with
its value between -0.9 to -0.95V for 106 cm3<N,<10"7 ¢m? - the appropriate doping
range for submicron technologies if L>0.5 um). Likewise, the p-channel ¢ for an
at pely on an n-type substrate is @ms(p-ch) = ($m - 9s) = (-Eg/2g) + |(pB |, with its
value between -0.15 to -0.2V for the same doping range. Finally, for a p-channel device
having a p* poly on an n-substrate, @g(p-ch) = (O - ¢5) = (Eo/2g) + log . Figure
3-13 shows the value of Qg for various substrate-doping values if an aluminum, nt-
poly, or p*-poly gate electrode is used.

3.5.2 Oxide Charges and Traps

Four different types of charges are associated with the oxide and Si-8iO, interface as
shown schematically in Fig. 3-14. The effective net (i-e., total) charge per unit area at
the Si-Si0; interface (in Cfom?) is denoted by the symbol Qgqt, whereas the net (total)
number of charges per unit area (Qqo/g) is given by Nig. The standardized terminology
and symbols used to differentiate the various individual charge types are as follows:

1. Mobile ionic charge per unit area Qm (Cfem?), and Npy, (no. of mobile
charges/em?};
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2. Fixed oxide charge per unit area Qg (C/cm?), and Nf (no. of fixed oxide
charges/cm®);

3. Interface trap charge per unit area Qj (C/fcm?), and Nj; {no, of interface trapped
charges/cm?); Dj; - number of interface trapped charges per unit area and energy
(no. of interface trapped charges/cm?-eV);

4. Oxide trapped charge Q; (C/em?), and Ny, (no. of oxide trapped chargesfcm?).

Since issues relating to the reliability of submicron MQSFETs also involve these
charges, a brief review concerning the origin of the charges, their effect on device
behavior, and technigues to minimize their presence is given here. A more detailed
description of their characteristics can be found in Vol. 1 and refs. 1 and 7.

3.5.2.1 Mobile lonic Charges. Mobile ionic charges Qp, in the oxide layer
arise mostly from the presence of sodium or potassium ions, which have very high
diffusivities in the oxide (even at temperatures of less than 200°C). Their presence leads
to threshold instabilities and to a deterioration of the oxide reliability. After it was
confirmed that sodium in even very small concentrations is ruinous to MOSFET
operation, siringent procedures were developed to keep the level below Ny, = 107 cmr2,
At such levels, the instabilities in Vy are negligibly small. Procedures to counteract Na
contamination include: using clean processing technigues; employing gettering tech-
niques; neutralization of the sodium in the oxide by growing the oxide in ambients
containing chlorine compounds; and using SiN (or oxynitride) passivation films. (Such
films are impervious to the transport of Na.) Tests for Na contamination are also
routinely performed (using MOS-C monitor structures) to detect any accidental
contamination. Steps can then be taken to find and eliminate the contamination source.
More information on the detaiis of these techniques can be found in Vol. 1, Chap. 7.

|
////ﬁ/////////// // %/ METAL

&) MOBILE IONIC
(&) CRARGE (Qpm)
OXIDE TRAPPED 510,
@AFGE Qoth | FIXED GXIOE
- - CHARGE {Qy}
__________ —_— e — —_—
Si0x
INTERFACE TRAPPED
CHARGE ()
S

Fig. 3-14 Standardized terminology for oxide charges associated with thermally oxidized
silicon.!* (® IEEE 1980).
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Fig. 3-15 The Deal triangle, which specifies the expected Qf/q after dry O, oxidation and

after inert ambient annealing.® Reprinted by permission of the publisher, The
Electrochemical Society, Inc.

3.5.2.2 Fixed Oxide Charge. The fixed oxide charge Qy (usually positive) is
located in the oxide within approximately 30A of the Si-SiO, interface. Since its
density does not vary with surface potential (unlike interface trapped charge Qjp), it is
termed fixed oxide charge. It is generally accepted that Qris associated with the
structure of the interfacial transition region between the silicon and Si0,. One
hypothesis is that Qf is due to excess ionic silicon which has broken away from the
silicon proper and is waiting to react in the vicinity of the 8i-8i0, interface when the
oxidation process is abruptly terminated.

Regardless of the origin, it has been experimentally confirmed that the magnitude of
Qr is influenced by substrate orientation, oxidation temperature, and anneal conditions
after oxide growth. These factors were carefully studied by Deal et al., and their results
are summarized by the well-known “Deal-triangle" shown in Fig. 3-15. In this figure Ny
(Qf/q) is plotted for (111) Si against final oxidation or anneal temperature. It can be
seen that the minimum Nf value for (111) material is ~2x10'! ¢cm2. The time required
to reach a minimum value of Ny is less than 5 min at 1200°C and about an hour at
550°C. In addition, after an oxide growth step, wafers are annealed in an inert ambient
{part of the annealing step occurring during the slow withdrawal from the furnace). It
should be noted, however, that continued annealing in inert ambients (e.g., Ny) at high
temperatures leads to a marked increase of Nr. Fig. 3-16 shows how Ny changes as a
function of time during a nitrogen anneal at 950, 1100 or 1200°C.

The value of Ny also depends on the orientation of the Si surface, and is lowest on
(100) orientations {in which the minimum Ny value is ~1.1x10'0 cm?). As the lowest
values of Ny are desired, (100) material is vsed to build MOS ICs.
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Fig. 3-16 Variation of fixed oxide charge as a function of time during nitrogen anneal at
950, 1100 or 1200°C.'% Reprinted by permission of the publisher, The Electrochemical
Society, Inc.
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Since Qs is located at the §i-Si0; interface, the change in Vo that it causes (AVr} 1s
simply calculated as the shift in V1 that would be produced by a sheet of positive charge
placed at the interface, or

AVy = -QpCox = q Ny /Coy (3-68)

3.5.2.3 Interface Trapped Charge. Interface trapped charge Qj; arises from
allowed energy states (also referred to as surface states, interface states, or interface traps)
that somehow exist in the forbidden gap of the Si in the region very close to the Si-
Si0Q; interface, Although models exist that detail the electrical behavior of interface
traps, their pliysical origin has not been totally clarified. The weight of experimental
evidence supports the view that the interface traps arise primarily from unsatisfied
chemical bonds or so-called "dangling bonds” at the surface of the semiconductor. When
a silicon lattice is abruptly terminated along a given plane to form a surface, one of the
four surface-atomn bonds will be left dangling as pictured in Fig. 3-17. It seems
plausible that most, but maybe not all, of such Si-surface bonds would be tied up as a
result of thermally growing an 810, layer (Fig. 3-17b). The remaining dangling bonds
might become interfacial traps. Other possible interfacial rap-formation effects include
Si-8i bond stretching - due to the absence of an oxygen atom (Fig. 3-17c}, Si-O bond
stretching (Fig. 3-17d), and the presence of a metallic impurity at the Si surface (Fig.
3-17¢).!! These interface traps are also considered further in chaps. 7 and 8.

Based on the wide-ranging and degrading effects they cause in the operational
behavior of MOSFETs (and the fact that Qp; and Qpcan generally be acceptably

Dell Ex. 1008C
Page 61




BASIC MOS PHYSICS AND THE MOS CAPACITOR 123

minimized), interface trapped charges must be considered to be the most perfidious of
the oxide charges. Because they are not usually caused by the presence of foreign
impurities, but instead are due to a disruption of the periodicity of the crystal lattice,
they are not associated with well-defined energy levels. Instead, interface trapped charges
are distributed throughout the entire band gap at closely spaced levels. (Interface levels

Interfacial
trap

Dangling bond

Si

|

Fig. 3-17 Physical model for the interfacial traps. (a) "Dangling bonds" which occur when
the Si lattice is abruptly terminated along a given plane to form a surface. (b) Post oxidation
dangling bonds (relative number greatly exaggerated) that become the interfacial traps. (c)
$i-Si bond stretching. {(d} Si-O bond stretching. (e} presence of a metallic impurity at the Si
surface. (f) - (h) possible defects in the 5i0; bulk that may give rise o oxide trapped charge.
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Fig. 3-18 (a) Electrical modeling of interfacial traps as allowed electronic levels localized
in space at the oxide-semiconductor interface. (b) - {(d) Filling of the interface levels under (b)
inversion, {c) depletion, and (d} accumulation biasing in an n-typedevice, From R.F. Pierret,
Modular Series on Solid-State Devices; Vol, IV - Field Effect Devices. Copyright, 1983,
Addison-Wesley. Reprinted with permission.

can also occur at energies greater than E¢ or less than Ey, but such levels are usually
obscured by the much larger density of conduction- or valence-band states.) By using an
energy-band diagram to show how these energy levels are distributed throughout the
forbidden gap (Fig. 3-18a}, we can more easily visualize their impact on a MOS-C.

That is, if an n-doped Si MOSFET (PMOS) is biased into inversion (Fig. 3-18b),
the Fermi level at the surface will be close to Ey. In this case, the interfacial traps will
mostly be empty, as they lie in energies above Ep. Furthermore, if these empty trap
sites are assumed to be donorlike (that is, positively charged when empty and neutral
when filled with an electron), the net charge per unit area associated with the interfacial
traps (Qjp) will be positive. Changing the gate bias to achieve depletion conditions
(Fig. 3-18c) positions Epnear the middle of the band gap at the surface. Since the
interface levels always remain fixed in energy relative to E. and Ey at the surface,
depletion biasing obviously draws electrons into the lower interface state levels, and Qj;
reflects the added negative charge. If the MOS capacitor is biased into the accumulation
mode, most of the traps will be filled with electrons (Fig. 3-18d), and Qj; will approach
its minimum value. The purpose of the above discussion is to show that the interface
traps charge and discharge as a function of bias, thereby affecting the charge distribution
inside the device, as well as the device characteristics in a complex but somewhat
predictable manner.
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Once again, however, since Qj is located at the $i-8i0; interface, the change in Vi
due to Qj; can be simply calculated from

AV = -Qit (Psurf) /Cox (3-69)

Since Eq. 3-69 shows that Qj; depends upon the bias condition (and is therefore a
function of Qgyf), its value will change as Vg changes. Under conditions of inversion
Qjt takes on its largest positive value, and decreases as the bias progresses from
depletion to accumulation. The distribution of trap levels as a function of energy in the
band gap has a U-shaped distribution (see Fig. 3-19). The minimum level of Dj; at
midgap is usually the density used to characterize their presence.

The overall value of Qj, as well as the precise density of states as a function of
energy, makes the value of Dj; sensitive to a variety of process conditions used to
fabricate the MOSFET. Nevertheless, certain definite trends concerning these values
have been uncovered. First, Qji, like Qp, is greatest on (111) surfaces, and smallest on
(100) surfaces, and the ratio of midgap-Dj; values on the two surfaces is ~3:1. Second,
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Fig. 3-19 (a) Energy distribution of interface states within the band gap. General form and
magnitude of the interfacial trap density observed before and after interface state anneal. (b)
Conceptual picture of how hydrogen is thought to passivate dangling bonds.
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after oxidation in a dry O, ambient, the midgap value of DIy, is relatively high
(~1011-102 states/em?-eV), with the values decreasing as the oxide temperature is
increased (this is also the case with Q). However, annealing at lower temperatures in
inert ambients does not reduce the value of Dj;. Instead, annealing in the presence of
hydrogen at relatively low temperatures (<500°C) for 5-10 minutes minimizes Dj;. Dy
at midgap under an optimum set of processing conditions is ~10'%cm2-eV. See Fig.
3-19b for a conceptual picture of how hydrogen is thought to passivate the dangling
bonds at the silicon surface and how this thus reduces the interface trap density.

3.5.2.4 Oxide Trapped Charge. The oxide trapped charge Qg is due to holes
or electrons trapped in the bulk of the oxide, and hence can be positive or negative. Qg
is associated with defects in the Si0,, which may arise from ionizing radiation, hot
carrier injection, or high currents through the oxide (e.g., due to Fowler-Nordheim
tunneling - as described in chap. 7), or other reactions which either tend to break Si-O
bonds in the oxide or otherwise lead to carrier trapping on sites or traps somehow
already present in the oxide. Figure 3-17 f - h shows possible defects in the SiO; bulk
that may give rise to such traps. For example, a trivalent Si atom in the Si0, will
introduce a deep trap level in the Si0, bandgap (.Si=03), and stretched Si-O or Si-Si
bonds (in the latter a missing bridging oxygen atom leads to a defect, (05=Sis.SE0;)
introduce a continuum of shallow or deep trap levels in the SiQ, bandgap when located
in the bulk of the SiO;.

Qot can be annealed out by low-temperature treatments (450-550°C) although some
neutral traps may remain. Therefore, oxide trapped charge has been considered relatively
less important than the other oxide charges in just-completed MOSFETs. In early
generations of MOSFET ICs, exposure of the devices to ionizing radiation encountered
in space flights was the main concern involving Qq. However, more recently-
introduced processing techniques such as jon-implantatior, electron-beam evaporation of
metal films, reactive-ion etching, and x-ray lithography are all potential sources for
creating charged and neutral traps in the gate dielectric (all of which may not be
completely annealed out at the end of the fabrication process). This may result in long-
term reliability problems, especially if hot carriers are injected in these oxides and get
trapped (see chap. 9). Another reliability concern involves gate oxide degradation due to
high oxide electric fields (and subsequent Fowler-Nordheim tunneling currents in the
oxide). This has become more of a concern as oxide thickness has been scaled down.

3.5.2.5 Combined Effect of Oxide Charges on V;of Submicron
MOSFETs. It is now possible to control the level of Qp, in modern IC fabrication
processes so that it has an insignificant effect on Vo stability. Thus, Qf and Qj; are the

remaining important charges that must be controlled during fabrication. For this
discussion, let the sum of Qg and Qjt = Qtor. Then, combining Egs. 3-68 and 3-69,

AVy = - Quot/Cox = - (Qf + Qit)/Cox- (3-70)

If Niot = Quor/q is maintained at <5%101%cm?, for oxides <2004 thick:
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AVy = Quot/Cox = qNiot Lox/3.9 €¢
= (1.6x101° O)(5x1010 cm2)(2x10-° cm) /(3.5x10-13 F/em)

= 005V

Thus, for routine submicron process technology, it may seem that these charges are no
longer a major problem. However, this is not true as far as the problems of gate oxide
reliability and MOSFET degradation due to hot-cartier injection effects are concerned.
That is, due the high electric fields present in submicron MOSFETS, phenomena occur
that give rise to the generation of additional Qg and Qj during normal device operation.
Thus, the value of these charges can rise during the lifetime of the device, and cause
performance degradation or failure. This topic will be revisited in more detail in chaps.
7 and 9.

3.6 THE THRESHOLD VOLTAGE EQUATION OF
Si-Si02 MOS CAPACITORS

To obtain a flat-band condition in a real (non-ideal) MOS capacitor, a voltage must be
applied to the gate to avercome the effects of @y # 0 and Qo # 0. The total voltage
needed to offset these effects is referred to as the flat-band voltage Vgp and is given as

Vg = Oms - Qot/Cox (3-71)

The gate voltage that must then be applied to a real MOS capacitor structure to achieve
the onset of strong inversion (i.e., threshold voltage, V1) must include the flat band
voltage as well. Thus, the Vrequation for real MOS capacitors (and long-channel
MOSFETs when the source-to-substrate voltage Vgg =0V) is given as

VT (uniform doping, long-channel) = Yrwd,lc) = Vrs + 2VKsi€0qNsub®s/Cox + 205
= Pms- QuotCox + ZVKsiquNsubQ’;}/Cox +2¢p (3-72)

Figure 3-20 plots Eq. 3-72 for n* silicon-gate MOSFETs (both PMOS and NMOS)
versus substrate doping concentration for several values of tox (i.e., 65, 25, and 15 nm
thick}) as the parameter, and assuming also that Q¢ = 0.

Note that Eq. 3-72 also assumes that the Si substrate is uniformly doped. In
practical MOSFETs, however, V- is normally adjusted by implanting a thin layer of

impurity atoms (boron or arsenic) at the Si surface. Thus, the substrate becomes non-
uniformly doped, and the V; equation must be modified to take this into account. To a

first order this is done by treating the implanted impurity atoms as if they are an
additional layer of charge very close to the Si-8i0, interface. Their presence is
accounted for by adding aterm to the Vi equation similar to the term used to describe
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Fig. 3-20 Calculated threshold voltages of n-chanmel (Vrp) and p-channel (Voip)
transistors as a function of their substrate's doping, assuming nt polysilicon gate (left scale)
and p* polysilicon gate (right scale). Curves for gate oxide thicknesses d of 150 A, 250 A,
and 6504 are shown. From 8.M. Sze Ed. VLSI Technology, 2nd Ed., Chap, 11, "VLSI Process
Integration.” Copyright, 1988 Bell Telephone Laboratories. Reprinted with permission.

the presence of oxide charge Q. Details of V1 adjustment and the term used to modify
Eq. 3-72 are discussed in chap. 4.

Example 3-1: Find Vg ic) of an ideal MOS-C (@ms = OV, Qgot = 0) with a
uniform substrate doping N, = 10'3/em?, The gate-oxide thickness is tox = 15 nm.

Solution: o@g(sub} = (E;j-Eglg = 029V
Eox = 3.9g4 = 3.5x10°1 Flem;, Cox = £4x/1.5x10°6 = 2.3x10°7 Ffom?
2VK5i€agNA®p = 2 [1.02 X102 x 1.6x10719 x 10%5 x 0.29712 = 1.4x108 C/em?
2Vkgi€oqNAPE /Cox = 1.4 x 108/2.3 x 107 = 0.06 V
Vi(ud,le, idea) = 0.58V + 0.06V =0.64V
Example 3-2: Find Vruq lc) of a real' MOS-C just like the one of Example 3-1,

except that it has a heavily-doped silicon gate (doped to Np = 102%/em?), and Qo =
g (5 % 10! jem?),
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Solution: According to Eq. 3-72, the threshold voltage of the 'real' MOS-C is shifted
from that of the 'ideal' MOS-C by the value of Vg, This term is the sum of ¢ps +
Qtot/Cox. Thus, since
®ms (from Fig. 3-13) =- 1.02 V
and
Quot/Cox = -1.6x10°1% x 2x100/ 2.3x107 = -0.01V

Vrgud,le) = V1(ud,lc, ideal) + Ves
= 0.64V + (-1.03V) = - 039V

Note that a negative value of Vy(ug Ic) is yielded, implying that this MOSFET would
be ON at Vgg = 0V (and would therefore behave as a depletion-mode device). The para-
meters used in this caleulation of Vir(uq,ic) are typical of the NMOS device parameters
encountered in the early days of MOS ICs, Hence, at that time it was not possible to
easily and/or reliably fabricate enhancement-mode NMOS transistors. In chap. 4 we
shall show how this problem was overcome by the development of ion implantation.
With this process it became possible to introduce dopants into the channel region near
the silicon surface, such that the threshold voltage is shifted from the value it has in the
case of a uniformly doped substrate, to the desired value. This enabled enhancement-
mode NMOSFETs to be manufactured with appropriate threshold voltage values.

The typical value of V¢ in NMOSFETs is 0.7V. This means that Vy of the MOS-C
structure of Example 3-2 must be shifted by 1.11V. Equation 4-73 indicates that a
shallow implant with a dose of ~1.6x102 boron ions/cm? will produce such a Vi shift
in the MOSFET of Example 3-2.

3.7 VISUALIZATION OF MOS-C AND MOSFET
PHENOMENA USING POTENTIAL VERSUS POSITION
DIAGRAMS

Many aspects of the behavior of the MOS-C and the MOSFET are described in terms
of the variation of the electrostatic potential in the silicon as a function of position.
By plotling such relationships in a graphical format, a visual model is obtained which
helps to portray many of the phenomena associated with MOS-C and MOSFET
behavior.

When describing the MOS-C most graphical representations are one-dimensional,
reflecting the one-dimensional nature of the behavior of such structures [i.e., usually
@fx) versus x plots are presenled]. However, when the potential in the MOSEFET is
being depicted, a two-dimensional representation is needed to appropriately depict the
MOSFET behavior. Thus, we have decided to illustrate the potential versus position
in the MOS-C using both the 2-D plot (as is needed for the MOSFET), as well as the
1-D potential plots more usually encountered when MOS-C behavior is being studied.
This is done in Fig. 3-21, in which both 1-D and 2-D potential plots for a MOS-C
cross-section are depicted. We note that Qg = ¢ (x = 0) is constant versus y in the
MOS-C, and thus the 1-D representation of the potential in the MOS-C would be
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adequate. However, when the 2-D potential versus position diagrams of the MOSFET
are presented (i.e., in chaps. 4 and 5), it will be easier to interpret their details by
comparing them to the simpler 2-D cases introduced here.

In Fig. 3-21a we show the 2-D cross-section of a p-substrate MOS-C, with a bias
Vg connected between the gate and body. In Fig. 3-21b we show the case of the ideal
MOS-C described in Example 3-1. We observe that when Vg = 0 (Fig. 3-21b1),
@(x,y) = 0 everywhere, corresponding to the flat-band condition in the energy-band
representation. In Fig. 3-21b2 we portray the case of Vg = V1 = 0.64V for the
MOS-C of Example 3-1. Here we note that @gyf = 29 = 0.58V, with the variation of
@(x) expressed by Eq. 3-23.

In Fig. 3-21c we note that the real MOSFET of Example 3-2 is depicted for the
bias condition of Vgg = OV. Since we noted that Vy = -0.39V, implying that a
negative voltage of -0.39V must be applied to cause a condition of Qgyrf = 2¢p =
0.58V, which corresponds to the onset of strong inversion. Thus, when Vg = 0V,
Psurf = 0.97V, which is larger than 2¢g, as shown in Fig. 3-21cl.

In order for this MOS-C to exhibit a value of Vy = 0.7V, we indicated in the
previous section that a dose of 1.6x10!2 boron ions/cm? must be implanted into the
channel region. If this is done, when Vg = OV, @gyrr will then equal -0.05V, and the
potential versus position diagram will as shown in Fig. 3-21d1. Note that when Vg
= .7V, Qgurf = 0.58V, but the potential versus x variation is different from that of the
uniformly doped case of Fig. 3-21b. The effect of the implant dose on the depletion
region width of the channel and other MOSFET phenomena are discussed in chap. 4.
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PROBLEMS

1. Explain why it is useful to study the behavior of the MOS-C prior to studying the behavior
of the MOSFET.

2. Sketch the energy-band diagrams of a MOS-C with a heavily-doped rn-polysilicon gate
when (a) Vgp =0, and {b) in the flat band condition when the Si substrate: (1) 1-Q-cm n-type,
and (2) 1-Q-cm, p-type.

3. For an ideal MOS-C with tyx = 30 nm and N = 5x16!% cm'3, find the applied voltage and
electric field at the interface needed to: (a) make the silicon surface intrinsic; and (b) to bring
about strong inversion.

4.Using Eq.3-13c prove that for ngurf = 10N, @syrf is only 58 mVY greater than 2.

5. Calculate the flatband voltage and the threshold voltage (a) in 1 Q-cm p-type silicon and
{b) in 1 Q-cm p-type silicon. The MOS-Cs for each case have : (i) aluminum gate for which

q¢m = 4.3 eV, (i) tgx = 100 nm; and (iii) the oxide is free of charge except for 2 surface
density of Qf = 5x10' em2, The electron affinity of silicon is 4.05 eV.

6. Use the "threshold” statement in SUPREM III to exiract and plot Vg vs. Vgp for
increments of 0.25V between 0 and 5V for the device specified in Prob. 4. Compare the zero
bias (Vgg = 0V) value with the two corresponding values of Yy found in Prob, 4.

7. Consider Poisson's equation in the substrate of a MOS-C. Using the condition that there
is charge neutrality in the substrate, show that the impurity doping terms Np - N can be
written as »j (exp (up) - exp (-up)] = 2 nj sinh up , where u represents the potential normalized

to (kT/g) and xp is the substrate potential {up = - ¢¢pp/kT) in a p-type substrate.

8. Using the form derived in Problem 6, show that the Poisson equation can be written in
terms of « as:

d2ul dx% = {1/Lp;)* [sinh () - sinh (ug)]
where Lp; is the intrinsic Debye length

Lpj = (esi k T/2q% m)'/2

9. Caleulate the maximum depletion layer depth in a MOS-C with a p-type substrate doped
uniformly at 2x10'5 em?if T = 77K and 300K.
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10. Consider the establishment of a p-type inversion layer in a MOS-C. Show that for a
nondegenerate n-type semiconductor, the surface charge densily Qg needed to make psyrf = #o
(the equilibrium electron concentration in the bulk) is given by

Qc =VZeg; ¢ Np (¢p )-
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CHAPTER 4

MOS TRANSISTOR DEVICE PHYSICS: PART 2
LONG-CHANNEL MOSFETS

A description of the physics of the MOS capacitor (MOS-C, chap. 3) provides a solid
foundation for analyzing the behavior of the MOSFET. Hence, in this chapter the device
physics of long-channel MOSFETs is undertaken. In chap. 5 we examine the behavior
of short-channel (i.e., submicron) MOSFETS.

Long-channel MOSFETs are discussed first for the following reasons:

1. The derivation of accurate long-channel-MOSFET drain-current models can
be achieved by solving both the Poisson equation and the drift-diffusion
current density equations in one-dimensional form, whereas accurate modeling
of short-channel MOSFET behavior requires the solution of these equations in
two (or even three) dimensions. Thus, it is logical to undertake the simpler
analysis first.

2. The long-channel drain-current MOSFET models derived from the
solution of the 1-D device equations can be expressed in analytical form.
Hence, these models are widely used in circuit-design applications. In
addition, quantitative insight about the device physics of MOSFET operation
can also be obtained by examining these models, On the other hand,
physically based analytical models of short-channe! MOSFET behavior do
not arise from the solution of the two-dimensional device equations, and thus
it is harder to gain quantitative insight into MOSFET operation from them.

3. The analytical expressions for Ip from two of the four long-channel
MOSFET models derived in this chapter are the I, expressions used in
SPICE for simulating MOSEET behavior in IC circuit design applications.

4. As MOSFETS are scaled down, they eventually become prone to 'short-
channel' effects. In most cases, however, these effects are considered
detrimental. That is, it is the task of the device designer to suppress them
when scaling-down MOSFET structures. The goal is to produce 'short-
channel' MOSFETs with 'long-channel' behavior. Thus, it is important to
define long-channel behavior and to describe the physics that produce such
characteristics in MOSFETs. This understanding provides insight into the
measures that must be employed to suppress unwanted short-channel effects.

134
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Fig. 4-1 (a) Structure of an MOS device. (b) Cross sectional view. {¢) Schematic
symbol.! From D. A. Hodges and H. G. Jackson, Analysis and Design of Digital
integrated Circuits, Copyright, 1983 McGraw-Hill Book Co. Reprinted with permission.

In this chapter the following topics dealing with MOSFETs are covered;

a. Introduction to the terminology of MOSFETSs and their behavior
b. Effect of Applying a Bias to the Inversion Layer of the MOS-C
¢. Definition of the Long-Channel MOSFET and the
Gradual-Channel Approximation
d. Qualitative Description of Long-Channel MOSFETs
e. Quantitative Models of de¢ Long-Channel MOSFET Behavior
i. Pao-Sah Model
ii. Charge-Sheet Model
fil. Variable-Depletion-Charge Model
iv. Square-Law Model
f. Threshold-Voltage Control in Long-Channel MOSFETs
i. Body Effect
fi, Threshold-voltage adjustment by ion-implantation
g. Subthreshold behavior of Long-Channel MOSFETs

k. Physics and modeling of subthreshold current flow
ii. Subthreshold swing
iit. Gate-induced leakage current (GIDL)

4.1 TERMINOLOGY OF MOSFET DEVICE STRUCTURES

Figure 4-1 shows the cross-section of the MOSFET, as introduced in chap. 3. The
important difference between the MOS-C and the MOSFET is that in the latter a pn
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junction exists at each side of the MOS-C channel region. Each of these junctions are
also close enough to make contact with the inversion layer. By making external
connections to each of these edge junctions, the MOSFET becomes a four-terminal
device (with the terminals designated respectively as the gate G, body B, source S, and
drain D). The MOS-C, on the other hand, remains a two terminal device (gate and
body). The source and drain terminals of the MOSFET allow a bias Vpg to be applied
across the ends of the channel region, giving rise to a drain current Ip.

As described in chap. 3, the inversion layer can be established by applying an
appropriate bias to the gate. For the device shown in Fig. 4-1a, the induced charge in
the channel inversion layer is n-type, and the device is known as an n-channel MOSFET
(or simply an NMOS transistor). A p-channel MOSFET (or PMOS) is obtained by
interchanging the » and p regions. Just as in the ideal MOS-C it is assumed that
current in the gate oxide (gate current, Ig) is negligible. We also assume that the
MOSEFET is a symmetrical device, insofar as connecting the two junction terminals to a
circuit (i.e., the drain current should remain the same if the two terminals are
interchanged). Regardless of the way a MOSFET is connected, the terminal tied to the
more positive voltage (in NMOS circuits) is defined to be the drain, and the other is the
source,

4.1.1 Basics of MOSFET Operation

In simplest terms, the operation of a MOS transistor involves the application of an
input voltage to the gate electrode. This establishes an electric field perpendicular (or
transverse) to the Si-Si0, interface in the channel region of the device (Fig. 4-2a). The
conductance of the channel region (in which the device output current I, flows) can be
modulated by varying this electric field. Since an electric field is responsible for con-
trolling the output current flow, such devices are termed field-effect transistors (FETs).

If no gate bias is applied, however, the circuit path between source and drain consists
of two back-to-back pr junctions in series. In this case, if Vg is applied (such that the
drain and source pn junctions are reverse biased), I, will consist of only the reverse-bias
diode leakage current, which is normally negligible.

When positive bias is applied to an NMOS transistor gate, however, electrons will
be attracted to the channel region and holes will be repelled (as is the case in the MOS-
C). Once the positive gate voltage becomes strong enough to form an inversion layer,
an n-type channel is formed that connects the source and drain regions (Fig. 4-2a). A
drain current Iy can then flow if a voltage Vpg is applied between the source and drain
terminals. In the simplest analysis we assume that the voltage-induced z-type channel
does not form unless the voltage applied to the gate exceeds the threshold voltage V.

MOS devices such as those just described (in which no conducting channel exists
when Vg = 0), are referred to as enhancement-mode (or normally OFF) transistors (see
Fig. 4-2b). With NMOS enhancement-mode transistors, a positive gate voltage, Vg,
greater than V must be applied to create the channel (or to turn them ON), while to
turn ON PMOS enhancement-mode devices, a negative gate voltage (whose magnitude
is >V) must be applied. Note that in NMOS transistors a positive voltage must also
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Fig. 4-2 (a) ldealized NMOS cross section with positive Vgg applied showing depletion
regions and induced channel. From D. A. Hodges and H. G. Jackson, Analysis and Design of
Digital Integrated Circuits, Copyright, 1983 McGraw-Hill Book Co. Reprinted with
permission. (b) Cross sections and output and transfer characteristics of four types of
MOSFETs. From $.M.Sze, Semiconductor Devices - Physics and Technology, 1985, John
Wiley & Sons. Reprinted with permission.
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be applied to the drain to keep the drain-substrate reverse-biased, while in PMOS devices
this voltage must be negative.

On the other hand, it is also possible to build MOS devices in which a conducting
channel region exists when Vgg = OV (see also Fig. 4-2b), and such MQOS devices are
described as being normally ON. Since a bias voltage to the gate elecirode is needed to
deplete the channel region of majority carriers, and thus turn them OFF, such devices
are also commonly called depletion-mode MOSFETs. NMOS depletion-mode devices
require a negative gate voltage to be turned OFF, while corresponding PMOS devices
require positive gate voltages.

4.2 BIASING THE INVERSION LAYER (BODY EFFECT)

Before undertaking a detailed discussion of MOSFET behavior, we first study the conse-
quences of applying a dc bias to the inversion layer of a MOS-structure. This topic is
actually an extension of the subject of MOS-C behavior, but also serves as an
important prelude to the discussion of MOSFET operation. Consequently, when we
discuss the operation of the MOSFET we will refer back to the results developed in this
section.

We examine the effect of biasing the inversion layer from both the qualitative and
quantifative perspectives. In the latter we will show how the expressions for the mobile
charge concentrations in the inversion layer of the MOS structure are altered when a
such bias is applied, as well as how the application of a bias to the inversion layer
modifies the threshold voltage equation derived for the MOS-C.

Biasing the inversion layer is accomplished by the application of a dc voltage
between the substrate and a diffused region adjacent to, and in contact with, the
inversion layer. This implies that a modified MOS-C structure must be used.
Specifically, a diffused region must be added to the edge of the MOS-C channel region
(see Fig. 4-3a), and a terminal must be connected to this region (designated by the letter
C). The result, as shown, is the three-terminal MOS device depicted in Fig. 4-3a.

If we choose the substrate (body or B) terminal as the reference, the voltage applied
between terminal C and the substrate (body) is denoted by Vg, and the voltage between
the gate (terminal G) and substrate by Vg (see Fig. 4-3a).* For simplicity we also
assume an ideal p-type Si-substrate MOS structure (i.e., Qs = 0 and Qor = 0).

4.2.1 Qualitative Discussion of the Effect of Applying a
Bias to the Inversion Layer of a MOS Structure

If a MOS-C with a p-type substrate is biased into inversion by a gate voltage Vg, a pn
junction exists between the surface and the bulk of the silicon (as a result of the region
near the silicon surface having been inverted to n-type). If there is an adjacent n-deped
region in contact with the induced n-type inversion layer, it is possible to apply a bias
to the induced junction by applying a bias Vp between terminal C and B (the substrate)

* As elsewhere, we use the convention that the second letter of the voltage subscript
designates the reference terminal.
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as shown in Fig. 4-3a. (Note that here we have a MOS structure in which the induced
junction is contacted only at one end of the channel.*) We also assume that the polarity
of Vg is such that the induced pn junction is either unbiased or under reverse bias (i.e.,
Vep in Fig. 4-3a is 20V), We will refer to Vg as the channel voltage.

Before presenting the equations relevant to this structure, let us first consider the
qualitative effect of applying various Vg bias values.

4.2.1.1 Case When Both Vg and Veg = OV. In Fig. 4-3b we show the
two-dimensional potential @ versus position diagram for the three-terminal MOS
structure when both Vgp and Ve = OV, We note that the channel region is in a flat-
band condition and that a built-in voltage @p; exists across the n*p (doped) junction.
We also recall that even if Vgp # 0V, as long as Vg remains at 0V, the structure is
still in equilibrium, because I is assumed to be zero and there is no current in the ntp
junction if Ve = OV. Hence, this implies that when Vg = 0V the channel region of
this structure exhibits the same behavior as that of the MOS-C described in chap. 3.

4.2.1.2 Case When V=Vt and Vg = 0V. If we now consider the case
where V¢ = 0V, but Vgg 2Vr, we encounter a situation as shown in Fig. 4-3¢. That
is, the channel region is now inverted, and a field-induced junction now exists between
the n-type inversion layer and the underlying p-type substrate. Since a bias is not
applied across the field-induced junction, it is in equilibrium and is again characterized
by the same Fermi level as in the diffused junction. The surface depletion region in the
field-induced junction under these conditions is also described by the equilibrium theory
presented in chap. 3.

Note, however, that the potential difference between the inversion layer and the nt
region is now much smaller than in the case when Vg = OV. Specifically, this
potential difference is now ~(Qpj - 2@p). This implies that the inversion layer is in
"communication” with the n* region adjacent to it. The term "communication" means
that once the inversion layer is formed and a bias Vp is applied between terminals C
and B, this bias will appear across the entire length of the field-induced junction (i.e., no
longer just across the doped n*p junction at the edge of the channel). Thus, if an
inversion layer exists in the channel, then Vo does have an influence on Qgypy

For example, if Vg is suddenly allowed te increase from OV to some non-zero value
(while Vgg is held fixed), electrons will be observed to flow out of the inversion layer
through the C terminal. Why this happens, and what the effects are on the behavior of
the MOS structure are described next.

4.2.1.3 Case When Vgg = 0V, But Veg>0V. If we next apply a non-zero
Vep bins while keeping Vgp = 0V, equilibrivm will cease to exist in the three-terminal
structure. This is because Vi causes a small reverse-bias leakage current to flow in the
ntp junction. (Although this reverse-bias leakage current is extremely small, its
* However, in a MOSFET, contact to the inversion layer can be made at both ends of the
induced junction since a diffused region exists at each end of the channel. In the MOSFET

these two regions are called the source and drain, and the terminals are designated by the
abbreviations S and D.
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Voa =

Vep = 0

Vou = Vp
VCB= O

Fig, 4-3 (a) Applying a bias Vg to an induced channel beneath the gate oxide by applying
this bias Vg between terminal C and the substrate of a three-terminal MOS structure. Two-
dimensional potential ¢ versus position diagrams in the three terminal MOS structure when:
(b) both VGB and VCB =0; (C) VGB>VT and VCB =0V, (d) VGB = OV and VCB>0V.
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