
Chapter 2
The MOS Structure

2.1 Introduction

The metal-oxide-semiconductor diode or MOS capacitor is an important structure,
which is incorporated in the surface of most semiconductor devices. It forms an
essential part of a MOSFET which in turn is an important device used in large-
scale integration. Therefore, all the studies related to any kind of MOS device
needs at first the basic understanding of the MOS structure. In order to achieve this
objective, the present chapter is devoted to the study of MOS structure.A simple
physical approach applied to MOS structure and a behavior of ideal MOS
capacitor [1–5] that are necessary for understanding the analyses that will follow
subsequently, are described. At first, all the basic concepts and quantities are
introduced. Then, the charge distribution that sets in a MOS structure when the
latter is biased in either one of the three biasing modes (accumulation, depletion,
and inversion) is analyzed. This charge distribution is used to obtain the value of
the capacitance and its dependence on the magnitude and the frequency of the
applied small signal using a phenomenological approach. A real MOS structure
always contains so-called ‘‘oxide charges’’ located in the bulk of the oxide or at the
oxide-silicon interface. The impact of these charges on the behavior of real MOS
structure and in particular on the flat-band voltage is also examined.

2.2 A Simple Physical Approach Applied to MOS Structure

The MOS capacitor consists of an oxide film sandwiched between a P- or N-type
silicon substrate and a metal plate called gate as shown in Fig. 2.1. The study of
the behavior of this capacitor under a varying bias applied between substrate and
gate is a powerful way to investigate the quality of the oxide layer and the quality
of the oxide-silicon interface.

H. Bentarzi, Transport in Metal-Oxide-Semiconductor Structures,
Engineering Materials, DOI: 10.1007/978-3-642-16304-3_2,
� Springer-Verlag Berlin Heidelberg 2011

5



2.2.1 Basic Concepts and Quantities

Figure 2.2 shows the energy band diagram of an unbiased MOS structure when the
work function of the metal WM and work function of silicon WS are different. The
diagram shows the position of the different energy levels such as Fermi level in the
gate (EFM) and in the silicon (EFS). In this figure, vS represents the electron affinity
for the silicon and vox for the oxide. Figure 2.2 also shows that certain energy
barriers exist between the metal and the oxide as well as between the silicon and
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the oxide. For example, an energy (WM–qvox) would be needed to move an
electron from the Fermi level of the metal EFM to the lowest unoccupied states in
the oxide, and A ? (ECS–EVS) would be needed to move an electron from the
silicon valence band to the lowest unoccupied states in the oxide, where WM is the
work function of metal, ECS and EVS the bottom of conduction band and top of
valence band of silicon respectively. ‘‘A’’ difference between the bottom level of
the conduction bands of oxide and silicon at the Si–SiO2 interface and q the
electron charge. The importance of these energy barriers is that they prevent the
free flow of carriers from the metal to the silicon or vice versa. Some typical
values for such a structure are shown in Table 2.1 [6–8].

2.2.2 Definition of Potentials

Figure 2.2 shows the various potentials. The potential may be defined by the
following equation,

q/ ¼ EF � EiðxÞ: ð2:1Þ

where EF is the extrinsic Fermi level and Ei is the intrinsic energy level in the
silicon. The potential /ðxÞ is called the bulk potential /B in the bulk ðx!1Þ and
the surface potential /S at the surface (x = 0).

Location of any other energy level e.g. an interface trap level within the silicon
band gap may be specified by stating its distance in electron volt from the intrinsic
level. The band bending wðxÞ is defined as:

wðxÞ ¼ /ðxÞ � /B: ð2:2Þ

where wðxÞ represents the potential at any point x in the depletion layer with
respect to its value in the bulk. In particular, the barrier height wS ¼ /S � /B is the
total band bending.

2.3 Ideal MOS Capacitor

Before characterizing electrically the real MOS device by taking into consider-
ation the defects contained in the SiO2, at first, the ideal MOS structure will be
studied. The MOS structure is called ideal if the following two conditions are met:

Table 2.1 Some typical values in the energy bands of a MOS structure

Metal Oxide Silicon

WM = 4.8 eV (Au) vox = 0.9 eV vS = 4.1 eV
WM = 4.1 eV (Al) ECOX–EVOX = 8.1 eV ECS–EVS = 8.1 eV

A = 3.2 eV 4.1 eV \ WS
* \ 5.2 eV

B = 3.8 eV

*WS varies with doping concentration and temperature
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1. The work function of metal WM and work function of silicon WS are equal,
WM = WS, which implies that in the three materials, all energy levels are flat,
when no voltage applied to the structure. This case is illustrated in Fig. 2.3.

2. There exists no charge in the oxide and at the Si–SiO2 interface, which implies
that the electric field is zero everywhere in the absence of any applied voltage.

MOS capacitance will vary with the applied gate to substrate voltage. The
capacitance versus voltage characteristics of MOS capacitors that result from the
modulation of the width of the surface space charge layer (SCL) by the gate field
have been found to be extremely useful in the evaluation of the electrical prop-
erties of oxide-silicon interfaces. There are three regions of interest, namely,
accumulation, depletion and inversion in the C–V characteristics of the MOS
capacitor as shown in Fig. 2.4. A MOS capacitor fabricated on a P-type substrate is
the case treated here.

2.3.1 Accumulation

When an external voltage VG is applied to the silicon surface in MOS capacitor,
the carrier densities change accordingly in its surface region. With large negative
bias applied to the gate, holes are attracted by the negative charges to form an
accumulation layer (Fig. 2.5). The high concentration of these holes will form the
second electrode of a parallel plate capacitor with first electrode at the gate. Since
the accumulation layer is an indirect ohmic contact with the P-type substrate, the
capacitance of the structure under accumulation conditions must be approximately
equal to the capacitance of the oxide [1],

Cox ¼
eoeox

tox

ð2:3Þ
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where eo is the permitivity of the free space, eox the relative permitivity of oxide,
and tox the oxide thickness. This capacitance is always expressed per unit gate area
[F cm-2]. It does not vary with bias VG as long as the structure is maintained in
accumulation mode (Fig. 2.4). It is also independent of the frequency as long as
the motion of the majority carriers, which contribute to substrate charge DQS, can
keep pace with the incremental speed of gate charge DQM. This is true if the
frequency of the applied small signal is smaller than the reciprocal of the dielectric
time constant of silicon, i.e. 1011 Hz. Under this condition, the Fermi level near the
silicon surface will move to a position closer to the valance band edge as shown in
Fig. 2.5c.

2.3.2 Depletion

When negative charges are removed from the gate, holes leave the accumulation
layer until the silicon will be neutral everywhere. This applied gate bias is called
the flat band voltage. As the bias on the gate is made more positive with respect to
flat band, holes are repelled and a region is formed at the surface which is depleted
of carriers (Fig. 2.6b). Under depletion conditions, the Fermi level near the silicon
surface will move to a position closer to the center of the forbidden region as
illustrated in Fig. 2.6c. Increasing the positive voltage VG will tend to increase the
width of the surface depletion region XD, the capacitance from the gate to the
substrate associated with MOS structure will decrease, because the capacitance
associated with the surface depletion region will add in series to the capacitance
across the oxide. Thus the total capacitance per unit area from the gate to substrate
under depletion conditions is given by

Fig. 2.4 Typical ideal C–V
curves showing the three
modes: accumulation,
depletion, inversion for both
high and low frequency in a
P-MOS structure
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CðVGÞ ¼
1

Cox

� 1
CSðVGÞ

� ��1

; ð2:4Þ

where CS is the silicon capacitance per unit area, is given by

CSðVGÞ ¼
eoeS

XD

; ð2:5Þ

and,

XD ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2eoeSwS

qNA

s
: ð2:6Þ

Where the relation between the applied gate voltage VG and the total band
banding wS can be written as

VG ¼ wS þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2eoeSqNAwS

p
Cox

ð2:7Þ

Since only majority carriers contribute to the substrate charge DQD, the
capacitance is independent of frequency.

2.3.3 Inversion

With increasingly applying positive voltage, the surface depletion region will
continue to widen until the onset of surface inversion is observed (n-type), an
inversion layer is formed, the Fermi level near the silicon surface will now lie
close to the bottom of conduction band (Fig. 2.7). This inversion layer is very thin
(1–10 nm) and separated from the bulk of silicon by the depletion layer. The build-
up of inversion layer is a threshold phenomenon. The threshold condition marks
the equality of the concentration of minority carriers to the doping concentration.
At the onset of inversion, the depletion layer width reaches a limit, XDLim as shown
in Fig. 2.7b. Since the charge density in the inversion layer may or may not be able
to follow the ac variation of the applied gate voltage, it follows that the capaci-
tance under inversion conditions will be a function of frequency.

Low frequency Capacitance

This case, illustrated in Fig. 2.4, corresponds to the thermal equilibrium in which
the increase in the gate charge dQM is balanced by the substrate charge dQinv: It
arises when the frequency of the small signal is sufficiently low (typically less than
10 Hz). The low frequency capacitance of the structure, CLF, is equivalent to that
of the oxide layer, just as in accumulation mode,

CLF ¼ Cox: ð2:8Þ
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High Frequency capacitance

The case illustrated in Fig. 2.4, corresponds to the higher frequencies of the
applied small signal (typically above 105 Hz). The increase of charge in the metal
side dQM is now balanced by the substrate charge dQD, since the minority carriers
can no longer adjust their concentrations. The charge modulation dQD occurs at
distance XDLim of the Si–SiO2 interface. It follows that the high frequency
capacitance of the MOS structure, CHF, is given,

1
CHF

¼ 1
Cox

þ 1
CD lim

: ð2:9Þ

where

CD lim ¼
eoeS

XD lim

; ð2:10Þ

and,

XD lim ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4eoeSkTLn NA

ni

D E
q2NA

vuut
: ð2:11Þ
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As shown in Fig. 2.4, the capacitance is practically independent of positive or
negative bias for both high frequency inversion and low frequency inversion.

2.4 The Actual (Non-ideal) MOS Structure

An ideal MOS device does not agree with experimental results, and this difference
is due to the presence of the oxide charges and the work function difference that
exists in practice but was not taken into account in the theoretical treatment of an
ideal MOS capacitor. Early studies of the MOS devices showed that the threshold
voltage VTh and the flat band voltage VFB could strongly be affected by these
charges. The understanding of the origin and nature of these charges is very
important if they are to be controlled or minimized during device processing [2, 9].
The net result of the presence of any charge in the oxide is to induce a charge of
opposite polarity in the underlying silicon. The amount of charge induced will be
inversely proportional to the distance of the charge from the silicon surface. Thus,
an ion residing in the oxide very near the Si–SiO2 interface will reflect all of its
charge in the silicon, while an ion near the oxide outer surface will cause little or
no effect in the silicon. The charge is measured in terms of the net charge per unit
area at the silicon surface. Most oxide charge evaluations can be made using the
capacitance voltage (C–V) method. This method is simple and rapid [10, 11] and
in most cases provide a quantitative or at least a semiquantitative measure of the
surface charge.

2.4.1 The Metal-Silicon Work Function Difference

In the real MOS structure, the work function of the metal and the work function
of the silicon are different [6, 7]. For this reason, there exists an electric field in
the oxide and in the top layer of the silicon even in the absence of an applied
voltage (see band diagrams of Fig. 2.2). To obtain the flat band conditions,
wS ¼ 0, a bias on the gate must be applied relative to the substrate, which can be
written as

DVFB1 ¼
WMS

q
: ð2:12Þ

As an example, for Al–SiO2–Si structure, a typical value of DVFB1 is 0.3 V for
an n-type Si substrate and 0.8 V for a p-type [6]. The effect of a work function
difference may cause a shift of the actual C–V curve with respect to the ideal one.
The flat-band-voltage shift DVFB1 occurs along the voltage axis as illustrated in
Fig. 2.8.
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2.4.2 Effect of the Charge Distributed in the Oxide

Whether mobile ions or other types of oxide charges are distributed unevenly in
the bulk, their density q(x) varies with distance (and with time in case of time-
dependent stress). To study the influence of oxide charges distribution on the
properties of the MOS structure, at first, the effect of only those charges, which are
located within a layer between x and x ? dx, is calculated. The origin of the x-axis
is taken at the metal-oxide interface as shown in Fig. 2.9. In a second step, the
effect of the various layers from zero to tox is added. Using Gauss‘s law, the
electric field in the oxide fox exhibits a discontinuity dfox when crossing this
charge layer. This discontinuity is given by

dfox ¼
qðxÞdx

eoeox
: ð2:13Þ

For ensuring flat band condition in the silicon, fox must be zero on the right
hand side of the discontinuity. Thus, the profile of the electric field should be as
shown in Fig. 2.9b and the corresponding gate voltage that ensures the flat band
condition is given by:

dVFB ¼
�qðxÞxdx

eoeox
ð2:14Þ

Using a classical result of electrostatics, namely the superposition theorem, the
effects of all layers comprised between zero and tox are added and the gate voltage
shift DVFB, which is necessary to ensure a flat-band condition at the Si–SiO2

interface, is found to be

DVFB ¼ �
Z tox

�a

qðxÞxdx

eoeox
: ð2:15Þ
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The effect of each charge layer depends on its distance from the oxide-silicon
interface as given in Eq. (2.15). A layer has no effect if it is located at the metal-
oxide interface and has a maximum effect if it is located at the oxide-silicon
interface.
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