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234 CHAPTER 3 DIODES

region is a straight line rather than the exponentials shown in
Tig. 3.50.

(a) Ior the short-base diode, skctch a ligure corresponding to
Fig. 3.50, and assume, as in Fig. 3.50, that N, » Np.

(b) Following a derivation similar (o that given on page 205-
206, show (hat if the widihs of the p and n regions are
denoted W, and W, then

2 D D vy,
I = Aqn:("’+“":‘ T
HW,=0)Ny (Wi, )« D
and
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=1
% =3 D, ”
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2 D,, ” or W, » x,

(€) Also, assuming Q = 0O, 1 =1, show that

T,
C,=Li
v,
where
1 W
Ty o= ozt
2D,

(d) If a designer wishes to limit Cyto8pFat/=1ma, what
should W, be? Assume D,=10 ems.
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INTRODUCTION

Having siudied the junction diode, which is the most basic two-terminal semiconductor
device, we now turn our attention to three-terminal semiconductor devices. Three-terminal
devices are far more useful than two-terminal ones because they can be used in a multitude
of applications, ranging from signal amplification to digital logic and memory. The basic
principle involved is the use of the vollage between two terminals to control the current
flowing in the thitd terminal. In this way a three-terminal device can be used to realize a
controlled source, which us we have learned in Chapter 1 is the basis for amplifier design.
Also, in the cxtreme, the control signal can be used to cause the current in the third terminal
to change from zero to a Jarge value, thus allowing the device 10 act as a switch. As we also
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CHAPTER 4 MOS FIELD-EFFECT TRANSISTORS (MOSFETs)

learned in Chapter 1, the switch is the basis for the realization of the logic inverter, the basjc
element of digital circuits.

There are two major types of three-terminal semiconductor device: the metal-oxide-
semiconductor field-effect transistor (MOSFET), which is studied in this chapter, and the
bipolar junction transistor (BJT), which we shall study in Chapter 5. Although each of the two
transistor types offers unique features and areas of application, the MOSFET has become by
far the most widely used electronic device, especially in the design of integrated circuits (ICs),
which are circuits fabricated on a single silicon chip.

Compared to BJTs, MOSFETSs can be made quite small (i.e., requiring a small area on
the silicon IC chip), and their manufacturing process is relatively simple (see Appendix A),
Also. their operation requires comparatively little power. Furthermore, circuit designers have
found ingenious ways to implement digital and analog functions utilizing MOSFETs almost
exclusively (i.e., with very few or no resistors). All of these properties have made it possible
to pack large numbers of MOSFETs (>200 million!) on a single IC chip to implement very
sophisticated, very-large-scale-integrated (VLSI) circuits such as those for memory and micro-
processors. Analog circuits such as amplifiers and filters are also implemented in MOS
technology, albeit in smaller less-dense chips. Also, both analog and digital functions are
increasingly being implemented on the same IC chip, in what is known as mixed-signal design.

The objective of this chapter is to develop.in the reader a high degree of familiarity with
the MOSFET: its physical structure and operation, terminal characteristics, circuit models,
and basic circuit applications, both as an amplifier and a digital logic inverter. Although dis-
crete MOS transistors exist, and the material studied in this chapter will cnable the reader to
design discrete MOS circuits, our study of the MOSFET is strongly influenced by the fact
that most of its applications are in integrated-circuit design, The design of IC analog and
digital MOS circuits occupies a large proportion of the remainder of this book.

4.1 DEVICE STRUCTURE AND PHYSICAL OPERATION

The enhancement-type MOSFET is the most widely used field-effect transistor. n this sec-
tion, we shall study its structure and physical operation. This will lead to the current-voltage
characteristics of the device, studied in the next section.

4.1.1 Device Structure

Figure 4.1, shows the physical structure of the n-channel enhancement-type MOSFET. The
meaning of the names “enhancement” and “n-channel” will become apparent shortly. The
transistor is fabricated on a p-type substrate, which is a single-crystal silicon wafer that pro-
vides physical support for the device (and for the entire circuit in the case of an intcgrated
circuit). Two heavily doped n-type regions, indicated in the figure as the n* source’ and the
n* drain regions, are created in the substrate. A thin layer of silicon dioxide (SiO,) of thick-
ness ¢, (typically 2-50 nrn):2 which is an excellent electrical insulator, is grown on the sur-
lace of the substrate, covering the area between the source and drain regions. Metal is
deposited on top of the oxide layer to form the gate electrode of the device. Metal contacts
are also made to the source region, the drain region, and the substrate, also known as the

! The notation " indicates heavity doped n-type silicon. Conversely, nr is used to denote lightly doped
n-type silicon. Similar notation applies for p-type silicon.

2 A nanometer {nm) is 107 m or 0.001 Hm. A micrometer Qum), ot micron. is 10~ m. Sometimes the
oxide thickness is expressed in angstroms. An angstrom (A) is 107 nm, or 1070 m.

4,1 DEVICE STRUCTURE AND PHYSICAL OPERATION
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FIGURE 4.3 Physical structure of the enhancement-type NMOS transistor: (a) perspective view; (l?) Cross-
section. Typically L = 0.1 to 3 um, W= 0.2 to 100 um, and the thickness of the oxide layer (z,,) is in the
range of 2 to 50 nm.

bﬂﬂy.3 Thus four terminals are brought out: the gate terminal (G), the sousce terminal (S),
the drain terminal (D), and the substrate or body terminal (B).

At this point it should be clear that the name of the device (metal-oxide-semiconductor FET)
is derived from its physical structure. The name, however, has become a general one and is

’In Fig. 4.1, the contact to Lhe body is shown on the bottom of the device. This will prove helpful Tlater
inexplaining a phenomenon known as the “body effect.” Itis important to note, however, that in actual
ICs. contact to the body is made at a location on the top ol the device.
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used also for FETs that do not use metal for the gate clectrode. In fact, most modern MOSFET
are fabricated using a process known as silicon-gate technology, in which a certain type of
silicon, called polysilicon, is used to form the gate electrode (see Appendix A). Our description
of MOSFET operation and characteristics applies irrespective of the type of gate electrode,

Another name for the MOSFET is the insulated-gate FET or IGFET. This name also
arises from the physical structure of the device, emphasizing the fact that the gate electrode
is electrically insulated from the device body (by the oxide layer). It is this insulation that
causcs the current in the gate terminal to be extremely small (of the order of 1071 A),

Observe that the substrate forms pn Jjunctions with the source and drain regions. In nor-
mal operation these pn junctions are kept reverse-biased at all times. Since the drain will he
at a positive voltage relative to the source, the two pn junctions can be effectively cut off by
simply connecting the substrate terminal to-the source terminal. We shall assume this to
be the case in the following description of MOSFET operation. Thus, here, the substrate will
be considered as having no effect on device operation, and the MOSFET will be treated as 4
three-terminal device, with the tertninals being the gate (G), the source (S), and the drain (D).
[t will be shown that a voltage applied to the gate controls current flow between source and
drain. This current will flow in the longitudinal direction from drain to source in the region
labeled “channel region.” Note that this region has a length L and a width W, two important
parameters of the MOSFET. Typically, L is in the range of 0.1 um to 3 ym, and W is in the
range of 0.2 pm to 100 pum. Finally, note that the MOSFET is a symmetrical device; thus jts
source and drain can be interchanged with no change in device characteristics.

4.1.2 Operation with No Gate Voltage

With no bias voltage applied to the gate, two back-to-back diodes exist in series between
drain and source. One diode is formed by the pn junction between the n* drain region and
the p-type substrate, and the other diode is formed by the pn junction between the p-type
substrate and the n* source region. These back-to-back diodes prevent current conduction
from drain to source when a voltage ups is applied. In fact, the path between drain and
source has a very high resistance (of the order of 10'2 Q).

4.1.3 Creating a Channel for Current Flow

Consider next the situation depicted in Fig. 4.2. Here we have grounded the source and the
drain and applied a positive voltage to the gate. Since the source is grounded, the gate voltage
appears in effect between gate and source and thus is denoted vgs. The positive voltage on the
gate causes, in the first instance, the free holes (which are positively charged) to be repelled
from the region of the substrate under the gate (the channel region). These holes are pushed
downward into the substrate, leaving behind a cartier-depletion region. The depletion region is
populated by the bound negative charge associated with the acceptor atoms. These charges are
“uncovered” because the neutralizing holes have been pushed downward into the substrate.
As well, the positive gate voltage attracts electrons from the 1+ source and drain regions
(where they are in abundance) into the channel region. When a sufficient number of elec-
trons accumulate near the surface of the substrate under the gate, an nregion is in effect cre-
ated, connecting the source and drain regions, as indicated in Fig. 4.2. Now if a voltage is
applied between drain and source, current flows through this indnced n region, carticd by
the mobile electrons. The induced n region thus forms a channel for current flow from drain
to source and is aptly called so. Correspoudingly, the MOSFET of Fig. 4.2 is called an
n-channel MOSFET or, alternatively, an NMOS transistor. Note that an s-channcl
MOSFET is formed in a p-type substrate: The channel is created by inverting the substrate
surface from p type to n type. Hence the induced channel is also called an inversion layer.

+ Gate clectrode

Induced
G n-type D
channe)

Depletion region

i itive voltag i gate. An
GURE 4.2 The enhancement-type NMOS transistor with a positive voltage applied to the gate
: Ichanne] is'induced a1 the 10p of the substrate beneath the gate.

The value of v at which a sufficient number of mobile electrons accum;\l'atz 1n0;iel<ei
gl ; ing ¢! is called the threshold voltage and is den
ion to forin a conducting channel is cal d vol 1
?inget}vriecnisly V. for an n-channel FET is positive. The value of V; is controlled during
- ) Vi et A
dévicc fabrication and typically lies in the range of' 05Vto 10 lK
The gate and the channel region of the MOSFEhF form. a purd ti D e mositve
1 ing as acitor dielectric. The positive ga g S
oxide layer acting as the capaci : ¢ g e B
f the capacitor (the gate electrode).
-harge to accumulate on the top plate o the : The cc <
eru7 r%eﬂative charge on the bottom plate is formed by the clcglron; in the induced tcrl;z;:r:h "
A1:1 elecctric field thus develops in the vertical direction. It is this [ield that .cc')tn ol the
amount of charge in the channel, and thus it determines the channel'condli_ct;w y and,
twrm. the current that will flow through the channel when a vollage up; is applied.

I-plate capacitor, with the

4.1.4 Applying a Smali vpg e
Having induced a channct, we now apply a positive voltage vps between \(]ﬂraln <;nTh ,“‘;ge
| i ic Ve
in Fi i 3l 2 vhere vy is small (i.c., 50 mV or so). The
shown in Fig. 4.3. We first consider the case w myor o) aee
Y ) i 1. Current is carried by free €
flow through the induced » channel. e
Ups CAuSes a current iy to oug] . By comoention, the
ing 1 the names source and drain). By

trons traveling from source to drain {hence d dratn) o

direction of cgun'cnt flow is opposite to that of the flow of n§gat\.vc charge. Thus t'}iz ;::;i
in the channel, iy, will be from drain to source, as indicated in F1ga 4.3. z he mtz}algn:n agnimdz

& densi f ele i hannel, which in turn depends on the d
depends on the density of electrons in the ¢ annel, , e
Of}; Specifically, for vgs = V, the channel is just induced and the «,urr;nt chondm;te‘:\i/ ‘1: l; o

g y ] into the channel.
igi s g lectrons are attracted into

negligibly small. As vgs excecds V,, more ¢l t : o
Visgua%izeythe increase in clharge carriers in the channel as an increase in the 'C.]:am:l Iﬁef;;ct
The result is a channel of increased conductance or, equivalently, reducefi resmv ani .V) am;

the conductance of the channel is proportional to the excess gate voltage (vgs ), als

avoi fusion with the thermal
* Some texts use V7 to denote the threshold voltage. We use V; to avoid confus;

voltage V.
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