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Chapter 18: MOS Field-Effect Transistor
(MOSFET)

Overview

Prerequisites:

Knowledge of basic circuit analysis
Exposure to theory of the pn-junction (optional)
Exposure to BJT circuit analysis and amplifiers (Chapter 17, optional)

Objectives of Section 18.1:

Learn physical composition of the field-effect transistor, four- and three-terminal
configurations

Understand principle of operation of the MOSFET

Realize the origin and understand the value of MOSFET threshold voltage

Be able to estimate threshold voltage based on MOSFET’s physical composition

Objectives of Section 18.2:

Learn MOSFET test circuits

Become familiar with the dynamics of channel inversion and quantify the underlying
mechanism

Derive MOSFET equations (large-signal model) for three regions of operation from
first principles

Pay special attention to large-signal MOSFET model in saturation

Become familiar with v-i dependencies for the NMOS and PMOS transistors

Objectives of Section 18.3:

Learn the resistor-switch model of the MOSFET for switching applications

Apply the resistor-switch model of the MOSFET to logic gates

Understand the value of the triode and cutoff regions for switching applications
Become fluent with the method of assumed states for MOSFET DC circuit analysis
Use the load-line method, either graphically or analytically

Solve in basic MOSFET DC bias circuits
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Objectives of Section 18.4:

- Learn circuit topology of the common-source MOSFET amplifier

- Analyze and characterize the voltage transfer characteristic of the common-source
amplifier

- Understand the value of the saturation region for amplifier applications

- Be able to properly select the quiescent (bias) point

- Formulate the small-signal MOSFET model and solve in the common-source
amplifier circuit

Application Examples:
- Output resistance of digital logic gates
- Basic MOSFET switching actuator
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Section 18.1 Principle of Operation and Threshold Voltage

In this chapter we study the field-effect transistor (FET). The most important member of
the FET family is the metal-oxide-semiconductor FET or MOSFET. Similar to the npn
and pnp BIJT transistors, MOSFETs are subdivided into n-channel MOSFETs and
p-channel MOSFETs, also known as NMOS and PMOS transistors. The abbreviation
CMOS, or complementary MOS, implies an integrated circuit which incorporates both of
these types of transistors on the same substrate. It is the CMOS transistor that allows high-
density chip integration as part of microelectronic analog and digital circuits. MOSFETs
are used in both logic gates and in memory cells. Discrete power MOSFETs are also
deployed in many power engineering applications. We will concentrate on the enhance-
ment-mode MOSFET (or E-MOSFET), which relies on a positive gate-to-source thresh-
old voltage. Other MOSFET types (depletion-mode MOSFET ) may have either negative
or near-zero threshold voltages.

18.1.1 Physical Structure: Terminal Voltages and Currents

An enhancement-mode n-channel MOSFET (NMOS transistor) is a four-terminal semi-
conductor device. The NMOS transistor shown in Fig. 18.1 consists of a p-doped
substrate (the Si wafer) into which two n (or rather heavily doped n+) regions, the source
and the drain, are formed through ion implantation. The gate electrode (source of the
control voltage) used to be a metal film, but nowadays it is a heavily doped polysilicon.
The gate length L, also known as channel length, can be as small as 30 nm. The gate
isolation, necessary to form a capacitor, is a SiO, dielectric. It is formed directly from the
Si substrate by thermal oxidation of Si. There are four metal electrodes corresponding to
four transistor terminals: the gate terminal (G), the source terminal (S), the drain terminal
(D), and the body (or substrate) terminal (B). The basic geometrical device parameters
are the channel length, L, in horizontal direction, and the channel width, W, in vertical
direction in Fig. 18.1. The channel length is the distance between the two pn+—junctions;
the channel width characterizes the region of electron carrier flow between the drain and
the source. Typical substrate acceptor concentrations (p-doping) are in the range of
Na =10 — 10" cm~3. The doping of the two n+ domains (donor doping) is large.
For example, Np ~ 10! ¢m™ for a power MOSFET.
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Fig. 18.1. Semiconductor composition of the NMOS transistor—I/ateral or planar channel design.
The vertical channel design typical for power MOSFETs implies rotation by 90 degrees.

The circuit symbol for the four-terminal NMOS transistor is shown in Fig. 18.2a. The
device is strictly symmetrical, which means that we can interchange the drain and the source;
this is in contrast to the BJT. The arrow denotes the pn-junction polarity (from p to n)
similar to the diode arrow. The four-terminal NMOS transistor is widely used in integrated
circuits. In discrete circuits, which employ discrete transistor components, the body termi-
nal is tied to the source terminal as shown in Fig. 18.1b. Therefore, the NMOS transistor
becomes the three-terminal MOSFET device (gate, drain, and source), similar to the BJT.
However, it is no longer symmetrical. Figure 18.2b shows the corresponding circuit symbol.
You encounter this symbol in the majority of manufacturer datasheets and electronic
simulation packages. Simplified symbols are widely used; see Fig. 18.2c.

a) (¢} b) c)
e D D D
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Fig. 18.2. Circuit symbols of (a) a four-terminal NMOS transistor, (b) a three-terminal asymmetric
NMOS transistor with the body tied to the source, and (¢) the same device but simplified.
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Chapter 18 Section 18.1: Principle of Operation and Threshold Voltage

We are going to study only the three-terminal configuration and use the symbol shown
in Fig. 18.2b. Figure 18.3a shows transistor terminal voltages for the three-terminal
device:

- Gate-source voltage vgs
- Drain-source voltage vpg
- Gate-drain voltage vgp

Only two voltages are independent since KVL relates all three voltages to each other.
The voltages vgs and vpg are chosen as independent variables. Then,

UGD = UGS — UDs (18.1)

The principal difference from the BJT is that the control terminal of the transistor, the
gate, is electrically insulated. There is no current flowing into or out of the gate.
Therefore, the transistor current is the only drain current, ip, which flows from the
drain to the source in Fig. 18.3b.

a) b)

e

D

e

Fig. 18.3. Terminal voltages and currents for the NMOS transistor.

£l .
@ 1

Exercise 18.1: A NMOS transistor has the gate-source voltage of 2 V and drain-source
voltage of 0.3 V. What is the gate-drain voltage?

Answer: 1.7 V.

18.1.2 Simplified Principle of Operation

We consider the simplified transistor circuit shown in Fig. 18.4. Both the source and the
substrate are grounded. When vgs = 0, the path between the drain and the source includes
two oppositely directed pn-junction diodes; see Fig. 18.4a. Therefore, there will be no
current between the drain and the source for any possible value of drain-source voltage vpg
since one of the diodes will always be off. Now let us assume a positive control voltage vgs
is applied to the gate control terminal and vpg = 0 for simplicity. A capacitor will form
between the gate and all remaining (grounded) terminals; the initial electric field is shown
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in Fig. 18.4b by dashed lines. This electric field attracts more negative electron carriers to
the channel between the drain and the source and repels the positive carrier (holes) from
the channel until the initial electric field will be essentially neutralized in the bulk of the
substrate. The dependence of the electron concentration in the channel on vgg is expo-
nential, i.e., very sharp. When vgg reaches a certain threshold value V1, or exceeds it, the
MOSFET channel appears (a thin subsurface domain just below the oxide) that has
enough electron carriers to form a conducting “wire”” between the drain and source as in
Fig. 18.4b. The transistor switch becomes closed and transistor conducts the current ip
from the drain to the source given any (even small) positive voltage vpg > 0. One may
think of the boundary ofthe n+ region in Fig. 18.4b as a “rubber band” that is pushed away
from the gate by the positive gate voltage. The value Vry, is the intrinsic threshold voltage
(or simply threshold voltage) of the NMOS transistor. V', depends on transistor geometry
and its doping concentrations. For the NMOS transistor, the threshold voltage is often
denoted by V', and for the PMOS transistor by Vr,. In the following text, we will attempt
to keep the generic notation Vry, for both transistor types.

Source n+ 0—FK}——0—>}——=o0 Drain n+

Substrate
p-doped Si

” Metal
contact

i1 1 ! Electric field at the initial
i 4 ¢ time moment

Fig. 18.4. Simplified NMOS configuration and creating a channel for current flow.

18.1.3 NMOS Capacitor
The phenomenon described above is known as channel inversion (from p- to n-type) of
the NMOS transistor. The inversion can be quantified analytically since we deal with a
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homogeneous p-type material in the bulk of the channel, as you can see in Fig. 18.4b. The
central region of the NMOS transistor in Fig. 18.4 thus forms a MOS capacitor that
consists of the gate, insulator, and the p-body. We will apply the semiconductor analysis
to the MOS capacitor and use its one-dimensional electrostatic model which is shown in
Fig. 18.5a (in fact it is turned 90° counterclockwise with respect to Fig. 18.4).
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Fig. 18.5. (a) Central region of the MOSFET under an applied voltage vgs: the MOS capacitor. (b)
to (d) Formation of the depletion and inversion layers in the substrate. The entire region close to
the semiconductor surface is called the surface space-charge region.

The ideal MOS capacitor model will be considered first. By KVL, the voltage vgs > 0
is the sum of two positive components shown in Fig. 18.5a:

vgs = Vs + Vox (18.2)

The first component Vg is the voltage across the semiconductor substrate, which is also
called the surface voltage or the surface potential g5 = Vs (given zero potential at the
body terminal). The second component Vgx is the voltage across the oxide layer. We will
express it in terms of the surface potential pg = Vs first. Then, ¢g itself will be quantified
at the onset of strong inversion. Substitution of those two values in Eq. (18.2) will give us
the desired threshold voltage Vr,. The corresponding analysis relies upon semiconductor
surface physics and may be skipped if necessary.

18.1.4 Voltage Across the Oxide Layer Before and at the Onset

of Strong Inversion
At any vgs > 0, the surface voltage is also positive, i.e., V's > 0. The corresponding
electric field directed into the body will push the positive holes into the depth of the
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substrate and leave immovable negative ions behind; this is seen in Fig. 18.5b—d. Hence,
a depletion layer will be formed, similar to the pn-junction depletion layer. Assume that
the body is uniformly doped and has an acceptor concentration N o >> n; where #; is the
intrinsic concentration of holes and electrons, 7; =~ 1 x 10'® cm—3 for Si. The depletion
layer is nearly the abrupt region of a uniform negative ion concentration N, and the width
W4. The depletion layer width W4 may be found analytically as

] (18.3)

Here, ¢ is the dielectric constant of the substrate; in Si, e = 1.05 x 10~'?F /cm. The total
charge O of the depletion layer per unit surface (units of C/cm?) is subsequently given by

Q= —qWaNa = —/2eqNAVs (18.4)

This is the negative charge on one side of the oxide capacitor with capacitance Cox per
unit area. The charge on the opposite side (gate) must be positive and of the same absolute
value in order to keep the device electrically neutral. The voltage of the oxide capacitor is
therefore

Vox = —0Q/Cox = \/2eqNaVs/Cox, Cox = €ox/tox (18.5)

where the dielectric constant of the SiO, oxide is eox = 3.45 x 107 3F /cmand fox is the
oxide thickness.

Example 18.1: Given Vs =1 V and Ny =5 x 10'® cm™3 estimate the voltage across
the SiO, oxide layer with a thickness of 4 nm; the NMOS body is Si.

Solution: We will use centimeters as length units in accordance with generally accepted
semiconductor convention. The oxide-layer capacitance is given by

Cox = 8.625 x 1077 F/cm? (18.6)
Substitution into Eq. (18.5) yields

Vox =015 V (18.7)

18.1.5 Voltage Across the Semiconductor Body
At any vgs, the MOS capacitor is still a system in equilibrium (no currents of any kind) as
long as vpg is zero. Then, the electron and hole concentrations n(x) and p(x) are
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2

p(x) =Na, n(x)= ]3—’ << Na, n(x)p(x) =n? (18.8)
A

The last expression in Eq. (18.8) is the mass-action law of a semiconductor. When a
positive voltage vgs 1s applied, an electric field is established in the p-doped material
which is the negative spatial derivative of the potential distribution ¢(x); see Fig. 18.5a.
The concentrations are modified by the potential ¢(x). Since the potential is defined to
within a constant, one can select this constant in order to satisfy Eq. (18.8) deep in the body
when ¢(x) = 0. Equation (18.8) is therefore transformed to

o) = Maeo(~20). o) = enp (%), atwpte) = (18.9)

where V1 is the thermal voltage. The boundary condition at x =0 1is simply
@(x) = @, = V. At the boundary of the semiconductor, i.e., at x = 0, we obtain

n2 Vs Vs
i —N _ 18.10
n= N_A exp <_VT> > P = INACXp ( VT) ( )

It is a common agreement to choose the onset of strong inversion as a surface voltage at
which the electron charge concentration n reaches N, at the boundary of the semicon-
ductor; this is depicted in Fig. 18.5c. Thus, the surface charge concentration is inverted
from p = N 4 with no applied voltage to n = N s when the channel inversion starts. From
Eq. (18.10), the surface voltage becomes

N
Vszgoszzrfﬂn(—‘f) = 205 (18.11)

1

where the voltage constant ¢ = V1 In N /n; is known as the Fermi potential of the
semiconductor. We emphasize that at the onset of strong inversion the total charge O of
the depletion layer per unit surface given by Eq. (18.4) is still much greater than an extra
free electron charge brought close to the surface. This is because the surface concentra-
tion n = N5 very quickly decreases when the distance from the surface increases.

Exercise 18.2: GivenN, = 5 x 10'® cm3 estimate surface voltage at the onset of strong
inversion at room temperature of 25 °C. The NMOS transistor body is Si.

Answer: Vg =0.79 V

When V5 continues to increase even slightly above the value predicted by Eq. (18.11),
the surface electron concentration rises exponentially according to Eq. (18.10), and a rich
n+ electron channel (or the inversion layer) is quickly formed as illustrated in Fig. 18.5d.
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When strong inversion takes place, the depletion layer width W4 no longer increases
because the inversion layer starts blocking the electric field. Its maximum value is given by
Eq. (18.3) with Vg = 2¢p. A critical distinction between the NMOS capacitor and the
NMOS transistor is the channel formation time. While for an NMOS capacitor it can take
minutes to collect the necessary electrons from the p-doped semiconductor with few free
electrons, the inversion electrons for the transistor are readily available from two nearby
n+ regions—the source and the drain.

18.1.6 Threshold Voltage

The threshold voltage V1, of an NMOS transistor is defined as the gate-source voltage
(18.2) at the onset of strong inversion when Vg = 2¢g according to Eq. (18.11). Vo still
follows Eq. (18.5). Therefore,

VTh = VFB + 2(pB + vV 28qNA(2(pB)/COX (1812)

The new extra term Vgg on the right-hand side of Eq. (18.12) is called the flat-band
voltage of the MOS capacitor. This term is needed for two reasons. The somewhat less
important one is the presence of charges in the oxide layer due to ionic contamination.
The second, important reason is the built-in voltage or potential of a boundary between
two materials. This effect is similar to the built-in potential or voltage of the pn-junction.
The built-in voltages of the metal-oxide boundary and of the semiconductor-oxide
boundary do not cancel each other; the corresponding voltage difference is known as
a work function difference ygs between the gate and the semiconductor; it appears across
the oxide layer (Fig. 18.6). Without going into further details, we may assume Vg
~ g and write

NA NA
Wgsla = —0.66 — 0.03In <m> V], WGS|n+poly ~ —0.7 — 0.031n (IOT> V]
(18.13)
0 Ves: V _
Amn-Si | _|_-- - —
0.4 F--— = =1 =——TTh¥ poly/d-Si
P e S .
+ poly/p-E_i‘* ~~~~~~~~~~~
4.2
10" 10" 10" 10" 107 10"

Fig. 18.6. Work function difference ygs as a function of body doping for gate electrodes of
polysilicon and aluminum, respectively, on a p-Si body of an NMOS transistor.
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Example 18.2: Estimate the threshold voltage V1, for a Si NMOS transistor with alumi-
num gate, Ny = 1 X 10" c¢m™3, and the SiO, oxide layer with the thickness of 50 nm at
room temperature of 25 °C.

Solution: We will use centimeters as length units in accordance with standard semicon-
ductor convention. The surface voltage at the onset of strong inversion is given by
Eq. (18.11), i.e.,

Vs =0.83 V (18.14a)
The oxide-layer capacitance and oxide voltage are given by Eq. (18.5), that is,
Cox = 6.9 x107® F/em?, Vox =242 V (18.14b)

Finally, we findy ;g = —0.94 V from Eq. (18.13) and substitute all three contributions into
the expression for the threshold voltage, V', = wgs+ Vs + Vox. The result has the form
Vi =2.31 V.

It is possible to extend the method of Example 18.2 to arbitrary values of oxide
thickness 7ox and body doping concentration Na. The result is shown in Fig. 18.7
where the threshold voltage is plotted as a function of N, and #ox. When the threshold
voltage is positive (heavy body doping), the NMOS transistor is the enhancement-mode
device (E-MOSFET). At light doping and small oxide thickness, the threshold voltage
becomes negative. For different enhancement-mode MOSFETs, the V1, values vary in
the range

04V < V<4V (18.15)

Many different methods exist to measure the threshold voltage. In practice, the threshold
voltage is defined as a voltage when the drain current reaches a certain specified value.

5 Vo, V
15 L 20nm/.

1 R - /10n 1
0.5 /y
0 /%
05 14 15 16 17 18
10 10 10 10 5 10

N, cm’

Fig. 18.7. Threshold voltage as a function of N, and 7o (Al gate).

18.1.7 PMOS Transistor
For a PMOS transistor (p-channel MOSFET), all doping concentrations in Figs. 18.1 and
18.4 are reversed. The substrate is now of n-type, and the source and drain are heavily
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doped p+ regions. Consequently, all voltage polarities are reversed relative to their
counterparts in the NMOS case. The PMOS and NMOS transistors are two complemen-
tary devices. Figure 18.8 shows the circuit symbols for the PMOS transistor. We put the
source on top in accordance with a more positive voltage applied to it.

a) b) ﬂ i c)

S S S
G B ¢ G
O—O—IH—Q—O o—o—|
D D D

Fig. 18.8. Circuit symbols of (a) a four-terminal PMOS transistor, (b) a three-terminal asymmetric
PMOS transistor with the body tied to the source, and (¢) the same but simplified symbol.

The threshold voltage between the gate and the source also becomes negative. Spe-
cifically, Eq. (18.12) for the PMOS transistor is modified as

VTh = VFB - Z(pB - \/2€qND(2§0B)/COX (1814)

where Vg = g and ygs 1s given by two upper curves in Fig. 18.6.

Exercise 18.3: In Example 18.2, invert all doping concentrations and find the threshold
voltage of the corresponding PMOS transistor.

Answer: V1, =~ —3.3 V.

18.1.8 Oxide Thicknesses and Capacitances in CMOS Processes

MOSFETs used in integrated circuits are fabricated in a number of CMOS processes.
Each process is characterized by the minimum channel length L as seen in Fig. 18.1.
Smaller lengths allow us to pack a greater number of transistors per unit area. The CMOS
design is constantly evolving so as to decrease the channel length. Table 18.1 lists some
CMOS device parameters: oxide layer thickness and oxide capacitance used in the design
of analog ICs. This information helps to find the threshold voltages of the transistors.

Table 18.1. Minimum channel lengths and oxide layer thicknesses and oxide capacitances for
different CMOS processes. I fF/pm? = 107 'F /cm? and eox = 3.45 x 10713F/cm (SiO, oxide).

0.5-pm process | 0.25-pm process | 0.18-pm process | 0.13-um process
Parameter NMOS | PMOS | NMOS | PMOS | NMOS | PMOS | NMOS | PMOS
fox (nm) 9 9 6 6 4 4 2.7 2.7

Cox = 2 (fF/um?) 3.8 3.8 5.8 5.8 8.6 8.6 12.8 12.8

— tox
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18.1.9 Family Tree of FETs

The MOSFET is not the only member of the field-effect transistor family. In contrast to
the BJT, this device family is extensive. Figure 18.9 lists three examples. Let us first
discuss the idea of W. Shockley (1952) for the junction FET (JFET). We can use a
depletion region of the reverse-biased pn-junction to control, i.e., reduce or increase, the
net channel opening b between the drain and the source in Fig. 18.10a. This is the JFET
composition. When current flows from the drain to the source, the device becomes a
voltage-controlled resistor, with the control voltage being the reverse-bias voltage of the
pn-junction. Indeed there is still no gate current since the reverse-biased pn-junction is a
very good insulator. A similar situation applies for the MESFET (metal-semiconductor
FET) in Fig. 18.10b. However, here the origin of the depletion layer is different, i.e., the
metal-semiconductor interface and the corresponding Schottky potential barrier.
MESFETs constructed with Si, and especially gallium arsenide (GaAs), are typically
used in RF power amplifiers. Many additional FET types exist or are still awaiting
discovery.

insulator (oxide) gate

-, MOSFET
(Lilienfeld 1925)

pn-junction gate
FET JFET (Shockley 1952)

MESFET
Schottky-diode gate (Mead 1966)

Fig. 18.9. Modifications of the field-effect transistor involving different types of gates.

a) JFET l in
Source Gate Drain D
— —
( p+ gate ] +
NS l & G
=] Vbs
n-doped channel b +
substrate Ves -
-9S
depletion layer closes the conducting channel l in
b) MESFET i
Source Gate Drain l
D
+
= 1& S
n-doped channeII b + Vos
substrate Vas -
. ) ~eS
depletion layer closes the conducting channel l i
D

Fig. 18.10. Two schematic FET configurations: (a) n-channel JFET and (b) n-channel MESFET. A
variant for both configurations is the dual gate arrangement. You should note that the corresponding
circuit symbols have a continuous gate, denoting the normally “on” state.
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Section 18.2 Theoretical Model of a MOSFET

18.2.1 Test Circuit and Operating Regions

Figure 18.11 shows the test circuit for the three-terminal NMOS transistor. Gate-source
voltage vgs and drain-source voltage vpg are varied. The drain current ip is measured at
every particular voltage combination. Our goal is to derive analytical expressions for the
drain current ip. The analytical models described below rely on the corresponding
measured data, which have been obtained with circuits similar to that in Fig. 18.11.

Fig. 18.11. Schematic diagram of the NMOS transistor test circuit.

The NMOS (and PMOS) transistor has three operating regions: triode, saturation, and
cutoff listed in Table 18.2. All three regions are used. Most common MOSFET switching
circuits like logic gates utilize the cutoff and triode regions in order to characterize two
binary steady states—Ilogic 0 and 1. However, during the fast transition between the
states, the transistors enter the saturation region. MOSFET amplifier circuits solely utilize
the saturation region of operation.

Table 18.2. The three operating regions of an NMOS transistor.

Region Condition on vgg Condition on vpg

Triode vgs > Vi vps < vgs — V1h = vov
Saturation vGgs > Ve vps > vgs — Vth = vov

Cutoff vgs < Vrn Immaterial

The regions of operation are determined by the value of vpg as compared to the control
voltage vgs. The triode region starts with a linear (or ohmic) subregion. Table 18.2 indicates
one more useful voltage parameter: the overdrive voltage voy = vgs — Vtn. The NMOS
transistor typically operates at large overdrive voltages.
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18.2.2 Linear Subregion of Triode Region at Strong Inversion

Let us consider a situation when a large enough gate voltage (typically significantly
larger than V) is applied to induce the inversion layer between the drain and the source.
The cross section of the NMOS transistor is shown in Fig. 18.12. This is a
two-dimensional structure. For the analytical description, the electric field is conveniently
subdivided into two components: one is in the horizontal direction from gate to body
termination, and the other is in the vertical direction from drain to source. Henceforth,
two sets of associated voltages (potentials) should describe the 2D models. We analyze
fields and voltages in the horizontal direction first.

Gate

+ Ves-

Source Source

ov

T i

Fig. 18.12. Voltage distribution across the channel in the triode region. The linear charge and
voltage profiles in Fig. 18.12b are an approximation.

When the drain is at zero volts or at a small positive voltage with respect to the source
(body), the gate-source voltage appears to be nearly uniform in space along the length of
the channel Z; this is seen in Fig. 18.12a. The charge density in the inversion layer per unit
area Oy measured in C/cm? is also uniform when the distance x along the channel
changes. To find Qv the following observation is made. The threshold voltage Vyy, is
responsible for creating the depletion layer in the semiconductor body at the onset of
strong inversion. Any excess or overdrive voltage voy = (vgs — V') thus controls Oy
in the inversion layer since the depletion layer parameters no longer change. Qv is the
negative charge on one side of the oxide capacitor with capacitance Cox per unit area. The
charge on the opposite side (gate) must be positive and of the same absolute value in order
to keep the device electrically neutral. Therefore,

O = —Cox(vas — V') (18.15)

We now turn to the vertical fields. The drain current i in Fig. 18.12 is the motion of
charge Oy with speed v = u,(E in the (vertical) constant electric field E = vpg /L where
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Hns 18 the electron surface mobility; p, ~ 450cm?/(V - s) or less. The drain current that
flows from drain to source is thus given by (W is the channel width)

. W /
Ip = _WQINVU = fkn<UGS - VTh)UDS> kn == COX,unS <1816)

The constant k/n with units of A/V? (more often mA/V?) is called the process transcon-
ductance parameter. The name implies that it is determined by the particular fabrication

technology. The constant &, = (W/L)k/n with the same units is the MOSFET transcon-
ductance parameter (also called the lumped process parameter); it also includes infor-
mation about the gate dimensions. Typically, , is on order of 1 mA per V? or less for
small-signal MOSFET transistors. For power MOSFETs, however, it can be much larger:
on the order of 100 mA per V. Equation (18.16) states that at small positive vpg the
NMOS transistor behaves like a linear resistance rps, which is controlled by the gate-
source voltage,

. Ups 1
ip=—, Ip§=———— 18.17
P DS bs kn(UGs - I’Th) ( )

The resistance rpg can be measured in the laboratory. It is also called the turn-on
resistance. This resistance of a MOSFET is a key parameter that is typically specified
in the manufacturer’s datasheets (in contrast to k,,).

18.2.3 Nonlinear Subregion of Triode Region at Strong Inversion

When vpg increases (but still remains less than vgs — V1), the situation depicted in
Fig. 18.12b is observed. Close to the source region, the gate still “sees” the absolute
source voltage (0 V in this case) as the terminal voltage. However, close to the drain, the
gate does not “see” 0 V, but sees the drain voltage as the terminal voltage. The resulting
voltage becomes vgp = vgs — vps. Therefore, a variable gate-source voltage vgg(x) is
effectively applied across the channel. The tip of the inversion layer becomes thinner,
which is schematically shown in Fig. 18.12b. Introducing an as-yet unknown channel
voltage profile y(x), we have

vgs(x) = vgs — y(x)ops, y(x) = { (1) ;6:2 (18.18a)

Consequently, the charge of the inversion layer given by Eq. (18.15) also becomes a
function of x as illustrated in Fig. 18.12b:

Onv(x) = —Cox(vgs(x) — Vn) = —Cox(Vov — y(x)vps) (18.18b)

The vertical potential electric field in the channel is now variable too, that is,
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dvogs(x) dy
Elx) = — = Dna—2 18.1
(x) dx UDS dx ( 8 80)
Next, the current along the inversion layer, ip = —W Qpy0, becomes
. ' dy(x
ip = —W Qi E(x) = Wh,ons(V oy — y(x)ops) 2 (18.184)

dx

By KCL, the current along the inversion layer must remain constant. If this condition is
enforced, Eq. (18.18c) becomes a nonlinear ODE augmented with the boundary condi-
tions Eq. (18.18a). It allows us to find the voltage profile y(x) along the channel
analytically. The corresponding solution has the form (the proof is suggested as one of
the homework problems)

d 1 m—0.5
F__MZE2 g, 0V (18.18¢)
dx Lm—y(x) UDS

y(x)=m— \/m2 —(2m — 1)%,
The profile y(x) is quite linear (= x/L) everywhere in the channel at small vpg and close to
the source for any vps, but it becomes steeper when approaching the drain at large vpg.
Since all channel parameters are now defined, the transistor current can be calculated by
picking up any point along the channel. An alternative and more common approach is to
integrate Eq. (18.18d) from x to L and use boundary conditions Eq. (18.18a) along with
the constant-current condition. Either method gives the simple final expression for the
drain current in the form:

1
iD = kn (UGS — EUDS - VTh) UDS <1819)

Equation (18.19) reveals a nonlinear (parabolic) dependence of i, on vpg; this is an exact
result. We could still use Eq. (18.17) too. However, rpg is no longer constant; it becomes
voltage dependent, i.e.,

1

kn(vGs — Yops — V)

rps = (1820)

and increases with increasing vps. When the drain-source voltage vpg is small compared
to vgs — Vtn, the nonlinear MOSFET model is reduced to a linear one. Equation (18.19)
becomes asymptotically equivalent to Eq. (18.16), and Eq. (18.20) reduces to Eq. (18.17).

18.2.4 Saturation Region

As vpg continues to increase and eventually reachogs — V', the tip of the inversion layer
in Fig. 18.12b becomes infinitely thin since the inversion layer charge in Eq. (18.18b) is
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exactly zero atx = L. This effect is known as the channel pinch-off. It determines entering
the saturation region of a MOSFET. The terminal drain current (saturation current) is
found from Eq. (18.19) to be

1 1
IDsat = Ekn V%)v = Ekn (vgs — VTh)z (18.21a)

This corresponding drain-source voltage is known as the drain saturation voltage:

Upssat = Vov =0Gs — Vtn (18.21b)

While the MOSFET model correctly estimates the saturation voltage and the saturation
current, it has one major drawback: the finite current at zero inversion charge would
imply infinite carrier velocity. This contradiction has its roots in semiconductor physics.
Figure 18.13 provides an explanation. The carrier velocity in a semiconductor cannot
exceed a certain value v < v, which is known as the saturation velocity. An excess
electric field (or voltage) applied to accelerate carriers even further will result in the
generation of certain optical phonons (atom vibrations that light) and the loss of extra
kinetic energy. Thus, the artificial carrier-free pinch-off region is in fact a small velocity
saturation region that appears near the drain in Fig. 18.13.

velocity saturation region

brain  ~ -~ - + X
Qv 5 romainderof vy
1 F
ﬂ IO |
fosa ~L b VesVm, i Vos
Llg oy :
ﬂ Qv i
Jlessd |- _ ol
Source

Fig. 18.13. Channel behavior at saturation voltage and beyond and voltage drops across the
respective channel areas. The charge profile is an exact nonlinear solution of Eq. (18.18).

The model of the MOSFET in saturation shown in Fig. 18.13 is quantified as follows.
A portion of vpg equal to the overdrive voltage, vgs — V', 1S spent to create the tapered
channel with the saturation drain current given by Eq. (18.21a). At the end of this
channel, we enter the velocity saturation region. Any excess portion of vpg is applied
solely to the velocity saturation region. However, such an excess voltage does not change
the inversion charge in this region:
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Oy = —ipsat/ (W vsat) (18.22)

since the carrier velocity is fixed at vg,,. Instead, the electric field energy is transformed
into lattice vibrations. An important conclusion is that the drain current does not change
either with increasing vpg above the overdrive voltage, vgs — V1. It remains equal to
ipsat from Eq. (18.21a).

18.2.5 The v-i Dependencies
Table 18.3 summarizes the simple yet accurate model of the NMOS transistor established
in this section.

Table 18.3. Model of the NMOS transistor.

Region Conditions on vgg and vpg Drain current ip,
Triode vGs > Vo ip = kn((vgs — Vn)ops — Jvpg) (18.23a)
vps < VGs — V'
Saturation vGs >V in = Lk, (vgs — V'm)® (18.23b)
Ups = 0Gs — V'th (index sat is omitted)
Cutoff vgs < Vrn ip = 0 (18.23c¢)

Example 18.3: A NMOS transistor has the following parameters: V1, =2 V and
ky, =3 mA/ V2. Plot the drain current for source-drain voltages from the interval vpg =
[0—9] V and at three values of the gate-source voltage vgs = 3, 4, and 5 V on the same
figure.

Solution: We determine the saturation voltages first. According to the definition,
Upssat =0gs — Vmn =1, 2, and 3 V. Below these voltages, the triode model
Eq. (18.23a) is used. It results in a parabola, whose top point is exactly at the saturation
voltage. Above those voltages, the current remains constant; it is equal to the saturation
current from Eq. (18.23b). The corresponding values are ipgs = 1.5, 6, and 13.5 mA.
The result is shown in Fig. 18.14a. Note that the boundary between the two regions (triode
and saturation) is another parabola:

ip = 0.5k,vps> (18.24)

Also note the linear subregion of the triode region at small drain-source voltages.
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a) ip,mA  n-channel MOSFET b) ip, MA  p-channel MOSFET
2 20

cutoff (V&< Vy=2V) VooV cutoff (V&< [V |=2V) VeV

Fig. 18.14. (a) Drain current as a function of the drain-source voltage for an NMOS transistor with
Vih=2 Vandk, =3 mA/ V2. (b) Drain current as a function of the source-drain voltage for a
PMOS transistor with |V'ty| =2 V and k, = 3 mA/V?,

Example 18.4: An enhancement-mode NMOS transistor is characterized by
k, =4 mA/V?. For a given set of bias voltages, determine the region of operation and
calculate the transistor’s drain current:

A. 0GSs = 3 V, Ups = 10 V, and VTh =2 V.
B. DGSs = -2 V, Ups = 10 V, and VTh =1 V.
C. DGS:3 V, DDS:2 V, and VThZZ V.
D. UGS = 3 V, Ups = 0.5 V, and Vi = 2 V.

Solution: We inspect the inequalities from Table 18.3. Case A then corresponds to
saturation, Case B to cutoff (irrespective of drain-to-source voltage), Case C to saturation,
and Case D corresponds to the triode region. The transistor current (drain current ip) is
given by Eq. (18.23). Therefore, one has

Aip=2mA,Bip =0mA, Cip =2mA, and D ip = 1.5 mA.

Exercise 18.4: For the circuit of Fig. 18.11, determine the region of MOSFET operation as
well as the drain current i, for each set of conditions given. Assume k,, = 90 mA /V? and
V1th =2 V for the general-purpose 2 N7000 MOSFET.

A. UGS = 4.5 V, Ups = 2 V.
B. UGS — 4.5 V, Ups — 8 V.
C. UGS = 1.5 V, Ups = 8 V.

Answer:
A) Triode, ip =270 mA. B) Saturation, ip =281 mA. C) Cutoff, ip =0.
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18.2.6 PMOS Transistor

A similar analysis can be repeated for the PMOS transistor with inverted doping concen-
trations. Table 18.4 summarizes the model of the PMOS transistor. The corresponding test
circuit is shown in Fig. 18.15. Note that the |1y, is used since V', itself is negative. Also
note that vgg and vgp are both positive. Table 18.4 is identical to Table 18.3 to within the
substitutions vGs — 0sG, Ups — Vsp, and | V| — V.

Table 18.4. Model of the PMOS transistor.

Region Conditions on vgg and vgp Drain current ip > 0
Triode vsG > |V ip = kp((USG — |Vh|)vsp — %ng) (18.25a)
vsp < vsG — |V
Saturation vsG > |Vl in = 1k, (vsG — [V'm|)? (18.25b)
vsp > vsG — |Vl (index sat is omitted)
Cutoff vsG < |V ip = 0 (18.25¢)

Exercise 18.5: Solve Example 18.3 for the PMOS transistor with |V =2V,
kp =3 mA/V?, and vsg =3, 4, and 5 V.

Answer: The solution is shown in Fig. 18.14b.

G F

Fig. 18.15. Schematic diagram of the PMOS transistor test circuit.

18.2.7 Large-Signal MOSFET Model in Saturation

The saturation region of a MOSFET is important for amplifier applications and for fast
digital switching circuits. Consider the NMOS transistor: according to Table 18.3, the
transistor behaves as a constant-current source in the saturation region for any value of
vps > vgs — Vrn. However, if the gate-source voltage vgg is now varied, the MOSFET
becomes a voltage-controlled current source with respect to vgs, as long as it remains in
the saturation region. The corresponding result is given by Eq. (18.23b), which is valid
for vps > vgs — Vn and wvgs > Vrn. This is a parabolic dependence. Figure 18.16
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illustrates its behavior for k, = 90 mA/V? and a threshold voltage of 2 V. The parabola
in Fig. 18.16 is known as the transconductance curve of the MOSFET, which expresses
the output current ip in terms of vgs. The transconductance curve terminates at

vGs = Vrn.

i, MA n-channel MOSFET

20
cutoff saturétion :

16 N R SR
1P S E— S ——
S — VAR ———
T 4 e
0 i

0 2 4 6 8

Fig. 18.16. Transconductance curve of the NMOS transistor (ip versus ogs).

Figure 18.17 shows the equivalent circuit representation of the NMOS transistor in the
saturation region. The voltage-controlled nonlinear current source is described by the
dependence ip = 1k,(vGs — Vm)®. This is the large-signal MOSFET model in satura-
tion, which is valid for any values of vgg and ip, both under DC and AC conditions. A
similar model is established for the PMOS transistor.

O O o——o0 S

Fig. 18.17. MOSFET large-signal (nonlinear) current source model.

18.2.8 Device Parameters in CMOS Processes

In order to determine the MOSFET model, we need to know the MOSFET transcon-
ductance parameter £, or k,. Their values are determined by oxide capacitance Cpx and
electron/hole surface mobility g,/ pips, along with gate dimensions L and W. Table 18.5 is
an extension of Table 18.1; it provides the corresponding information for CMOS
processes used in the design of analog ICs. This information may be used to find the
corresponding transconductance parameter (the lumped process parameter).
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Table 18.5. Minimum channel lengths, oxide capacitances, and surface mobilities for some
CMOS processes. Note that 1 fF/pm? = 107F/cm?, eox = 3.45 x 103F /cm (SiO, oxide).

0.5-pm process | 0.25-pm process | 0.18-pm process | 0.13-pm process
Parameter NMOS | PMOS | NMOS | PMOS | NMOS | PMOS | NMOS | PMOS
Cox = 5= (fF/pm?) 3.8 3.8 5.8 5.8 8.6 8.6 12.8 12.8

o cm?/(V-s)or | 500 | 180 | 460 | 160 | 450 | 100 | 400 | 100
Hps sz/(v ) S)
Vi (V) 0.7 —0.8 0.5 —0.6 0.5 —0.5 0.4 —0.4
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Section 18.3 MOSFET Switching and Bias Circuits

All problems in this section assume DC steady-state analysis. This is also valid for digital
switching circuits where we will ignore the transition region between the two stable states.
Still, transistor terminal voltages and drain current (in contrast to the supply voltages) will be
denoted by small letters to emphasize that many results of this section are also applicable to
the variable signals, either in the exact form or approximately.

18.3.1 Triode Region for Switching Circuits: Device Parameter Extraction
Turn-On Resistance and Its Behavior

Consider switching applications where values of vpg are expected to be near 0 Vand much
less than the overdrive voltage vgs — V. In this case, the v-i characteristic of the MOSFET
belongs to the linear subregion of the triode region; this is seen in Fig. 18.18. Therefore, the
MOSFET is modeled as a DC resistance (turn-on resistance), rps.

a) ip, MA b)
500 T T T T T T T

! +—— slope=1/rys |
400 i e

Vos?5 V

300 |- it 100

200

100

Ves™ Vrn Vos: V Ves: V

Fig. 18.18. MOSFET turn-on resistance rpg and its dependence on gate-source voltage for a
2 N7000 NMOS device.

The value of this resistance is easily found by finding the slope of the wvps — ip
characteristic at the origin and inverting the result. It is given by Eq. (18.17) of the
previous section, i.e.,

1
ip = ULS, rps = ————  NMOS transistor (18.26)

DS kn(vgs — Vrn)

Example 18.5: A general-purpose 2N7000 NMOS transistor has the lumped process
parameter k, = 90 mA/V? and a threshold voltage of 2.0 V. The gate-source voltage is
5 V. Plot the drain current for drain-source voltages over the interval vps = [0—9] V and
determine the MOSFET’s turn-on resistance.
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Example 18.5 (cont.):

Solution: We determine the saturation voltage first. According to the definition,
Upssat = 0gs — V't = 3 V. Below this voltage the triode model Eq. (18.23a) is used;
above this voltage the saturation model Eq. (18.23b) applies, that is,

1
ip =k, <(UGS = VTh)UDS — EDIZDS>’ ops <3 V (18.273)
1
Ip = Ekn(UGS —Vm)®, vps >3V (18.27b)

The result is shown in Fig. 18.18a. The turn-on resistance from Eq. (18.26) is rpg = 3.7 Q.

It is important to emphasize the turn-on resistance has a strong dependence on the gate-
source voltage, as seen in Fig. 18.18b. Higher vgg (higher overdrive voltages) lead to
smaller resistances, which is usually desirable. The MOSFET turn-on resistance rpg is
typically plotted as a function of vgg for quick reference in specification sheets. Often, a
logarithmic scale plots the resistance.

Exercise 18.5: Using the data of the previous example, plot 7pg as a function of vgg.

Answer: The plot is given in Fig. 18.18b. The threshold voltage is clearly seen.

Device Parameter Extraction

Although most MOSFET specification sheets provide values for Vyy,, most do not give
values for the lumped process parameter k,. Therefore, one convenient method of
determining the threshold voltage V1, and the lumped process parameter &, from the
MOSFET data is to select two distinct data points on the resistive characteristic similar to
Fig. 18.18b, insert each into Eq. (18.6), and then solve the resulting system of two
equations for V1, and k,,. This technique is often called MOSFET parameter extraction;
it is used for device modeling.

Exercise 18.6: Determine the threshold voltage V1, and the lumped process parameter £;,
for a given MOSFET having the following turn-on resistances at gate-to-source voltages:
[UGS =4 V, rps = 500 Q] and [UGS =6 V, rps = 100 Q]

Answer: Vy,=3.5V, k, =4 mA/V?.

Since the turn-on resistance of a MOSFET is a key parameter, it is typically specified in
manufacturer datasheets for a given pair of vgg and ip values. This information may also
be used to find rpg at other gate-source voltages as illustrated in the example that follows.
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Example 18.6: The datasheet for an IRF510 enhanced-mode n-channel power MOSFET
reports the drain-source on-state resistance:

rps = UDS/iD =0.54 Q (18283)

for ip = 3.4A and vgs = 10V. Determine rpg when vgs =5 V and 15 V, respectively.
Assume threshold voltage to be 2.0 V.

Solution: From Eq. (18.26), we find

1
ky=————— =232 mA/V? 18.28b
rps(vgs — Vrh) / ( )

Therefore, using the same expression for the drain-source resistance, one has

rps = 1.44 Q for DGs = 5 V, r'ps = 0.33 Q for DGSs = 15V (18280)

Higher overdrive voltages lead to smaller turn-on resistances of the MOSFET.

Exercise 18.7: Solve the previous example when Vg, changes to 4 V.

Answer: rps = 4.31 Q for vgs =5V, rps=0.39 Q for vgg =15 V.

18.3.2 Resistor-Switch Model in Triode Region

Equation (18.26) is valid for MOSFET switching applications where the voltage across
the MOSFET is expected to be small, 0 < vps << vgs — V1n. Under this condition, a
simple resistor-switch model can be used for the NMOS transistor that is shown in
Fig. 18.19a. This model includes an ideal switch and a series resistor. Similar to the
NMOS transistor, the resistor-switch model for the p-channel MOSFET is developed in
exactly the same ways; it is shown in Fig. 18.19b. This model is valid for 0 < vsp << vsg
- } Vn|; see Table 18.4 for the PMOS transistor polarities. Care must be taken, however,
not to mix the NMOS and PMOS parameters together in the same equations. When both
devices are used, an additional subscript of n or p is generally desirable to distinguish
between them. In addition, the threshold voltage for the PMOS device is specified as a
negative number. Therefore, its absolute value is employed when defining the turn-on
resistance in the form

1
ip = sb 0, rps= PMOS transistor (18.29)

DS kp(vsG — |Vhl)
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a) b)

G = oo T = oo

Fig. 18.19. MOSFET resistor-switch model in the triode region.

Exercise 18.8: For the resistor-switch model in Fig. 18.19a, determine rpg given &k, = 90
mA /V? and the threshold voltage of 2.0 V. The gate-source voltage is 4, 5, and 6 V.

Answer: 5.56Q, 3.70 Q, 2.78 Q.

The resistor-switch model is applied as follows. When vgs < V1, for the NMOS
transistor, the switch in Fig. 18.19a is an open circuit. Otherwise, we assume it is a short
circuit. Similarly, when vsg < |V'1| for the PMOS transistor, the switch in Fig. 18.19a is
an open circuit. Otherwise, it is a short circuit.

18.3.3 Application Example: Output Resistance of Digital Logic Gates

Use of the Resistor-Switch Model

The MOSFET resistor-switch model from Fig. 18.19 is used extensively as an estimation
tool in the design of digital logic gates shown in Fig. 18.20. The particular gate chosen is
a CMOS NOT gate or a logic inverter comprised of one PMOS and one NMOS device.
Such a configuration with two complementary MOSFETs is a ubiquitous circuit in
CMOS-based digital logic. This circuit can be implemented as a tiny building block
and replicated billions of times as part of microprocessors and memory chips, making
possible high-density microelectronic integrated circuits.

a) b) Voo

VDD K
PMOS —©°

j "bsp
+ O— }—@ +
\f" Vou fosn \iou.
[ 1

Fig. 18.20. A circuit with a complementary MOSFET pair; the configuration is known as a logic
CMOS inverter. Note that the output voltage is open circuited.

|<+

|
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The circuit in Fig. 18.20a is replaced by the resistor-switch model in Fig. 18.20b. We
assume that Vpp > V, for the NMOS transistor and Vpp > |V| for the PMOS
transistor. The circuit solution implies the inspection of gate-source voltages for either
input voltage. It results in the truth table 18.6, which indicates the state of each MOSFET
for a given input voltage and resulting output voltage. A logic “1” corresponds to a
voltage level of Vpp and a logic “0” corresponds to 0 V.

Table 18.6. CMOS NOT gate truth table and MOSFET switch

states.
Inputs NMOS switch PMOS switch Output
0 OFF ON 1
1 ON OFF 0

Gate Output Resistance and Its Value

The output resistance of the logic gate is defined as the resistance of the equivalent
Thévenin circuit seen by the output terminal. The corresponding Thévenin voltage (either
Vbp or 0 V) has no influence on the output resistance. The output resistance of the gate
will vary. For the NOT gate in Fig. 18.20, rour = rpsp, when the input is logic 0 and rour
= rpsn When the input is logic 1. Generally, 7ps, # rpsp. More complicated combinations
occur for other gates such as a NAND gate shown in Fig. 18.21. The output resistance of
the gate is important in predicting the fundamental parameter of digital circuits, the gate
propagation delay, which is determined by the time constant of an RC circuit formed by
rout and MOSFET capacitances. Strictly speaking, the resistor-switch DC model in the
triode region loses its validity during the transition between two gate stages, where the
MOSFETs enter the saturation region. However, 7oyt found with the help of this model
will still provide simple and useful design estimates.

v Voo Voo
a) DD DD b) s, QA s, i‘
O O

PMOS PMOS
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M, M,

|

Tosn
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W TTT TFT L TRT
w
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Fig. 18.21. The NAND gate with two identical PMOS transistors and two identical NMOS
transistors. The output voltage is open circuited, similar to Fig. 18.20.
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Example 18.7: For the NAND gate in Fig. 18.21a, construct the truth table and determine
the output gate resistance for every input voltage combination. Assume Vpp > Vo, for the
NMOS transistor and Vpp > |Vy| for the PMOS transistor.

Solution: The circuit in Fig. 18.21a is replaced by the resistor-switch model in Fig. 18.21b.
The gate-source voltages of every individual transistor are found by inspection. They
determine whether the transistor is on or off. If a direct conduction path from Vpp to the
output results, the output voltage is Vpp or logic 1. If a direct conduction path from
ground to the output occurs, the output voltage is 0 V or logic 0. The corresponding truth
table, Table 18.7, contains an extra column where the gate output resistance is reported.
For example, when both A and B are logic 1, both NMOS devices are on, and since they
are in series the resistance between the output and ground is 7psy + 7psy- On the other
hand, if both A and B are logic 0, both PMOS devices are on and they are wired in
parallel, so the output resistance is rDsp| |rDsp.

Table 18.7. CMOS NAND gate truth table, MOSFET switch states, and output resistances.

Inputs NMOS PMOS Output YOUT
A B M, M, M3 M,
0 0 OFF OFF ON ON 1 rDS3 ’ ‘ rDs4
0 1 OFF ON ON OFF 1 rDS3
1 0 ON OFF OFF ON 1 Ds4
1 1 ON ON OFF OFF 0 rps1 + 7'ps2

18.3.4 MOSFET Circuit Analysis at DC

Method of Assumed States
A DC circuit with MOSFET(s) is solved using the method of assumed states, similar to

the large-signal DC model for the junction transistor. Initially, we assume one of the
states—saturation, triode, or cutoff—and solve the resulting circuit. The complete large-
signal transistor models, Eq. (18.23) (Table 18.3) for the NMOS transistor and
Eq. (18.25) (Table 18.4) for the PMOS transistor, are employed. Then, the inequalities
for the transistor voltages are checked. If they are satisfied, the solution is correct. If not,
another region of operation is selected. If the transistor state found through inspection is
not cutoff, it is often convenient to assume the saturation first and solve for vpg. If this
value is larger than the effective voltage of vgs — vh, the solution is correct. Otherwise,
the operating region is triode and the quadratic equation applies. After a certain amount of
practice, the method of assumed states, which always provides a unique solution,
becomes easy to apply.

Load-Line Analysis
The load-line analysis implies the graphical or analytical representation of the solution in
the form of an intersection of two curves: the nonlinear vps—ip transistor dependence
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and the linear Ohm’s law for the (load) resistor expressed in terms of the same two
quantities. Examples that follow will illustrate the load-line method.

Example 18.8: Consider a gate-bias (or fixed-gate) NMOS transistor circuit shown in
Fig. 18.22. An NMOS transistor has the lumped process parameterk, = 1.0 mA/V?and a
threshold voltage of 1.0 V. The gate-source voltage is 5 V. Solve the circuit, i.e., find drain-
source voltage vpg and current ip.

Solution: Sincevgs > V1, the transistor is ON; it is either in the saturation region or in the
triode region. We make a guess and assume that the device operates in the saturation
region; this yields

kn
2 (vgs — V)* = 8 mA (18.29a)

iD:Z

Therefore, V'rp = Rpip = 8 V. The drain-source voltage, by KVL, gives
Vps =20V -8V =12V (18.290b)

The condition of the saturation region Vps > Vgs — Vi =4V is satisfied; the drain
current is 8 mA. The circuit is thus solved.
A check of other operation regions will yield all negative results. The graphical form of the

solution is shown in Fig. 18.23a. We plot the transistor current given either by ip = &,

((vgs — V'mn)ups — 30hg) in the triode region or by Eq. (18.29a) in the saturation region.

Simultaneously, the general linear load line ip = (Vpp — vps)/Rp plots the same current
but found using the Ohm’s law for the resistor Rp. The intersection of two of them
corresponds to the solution for the drain-source voltage. This intersection clearly occurs
in the saturation region. The boundary between the triode and saturation regions is a

parabola ip = O.Sk;,ulz)s, which follows from Eq. (18.29a) with vps = vgs — V'1n-

k,=1.0 mANV? 20 V=Vpp
V=1V
1.0kQ=R,
+
Ves

Fig. 18.22. Gate-bias NMOS transistor circuit; it is the bias circuit for the common-source
MOSFET amplifier.
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a) ip MA b) ip, mA
20 ; -
triode ‘ ] saturation§ triode§ h saturatlonj
3 /I 3 : Ilr N |
{[:] SR T A e
N load line: ip=(20-vps)/Rp Solution/= S load fine: In=(20-vps)/Ry
V! T o |
12 T L ) - T N A —
‘ , ! V. invalid point
/o solution 1 7
B [ . A
h / ! P
A 4 i by
al /. A T A S S/ P E ,,,,,,,,,,,,,,,,,, \ .
// : /’ 1 \
’ ! . i \
olles [ \ P [ \ \
1 1
0 i 5 10 vy, V 15 0 5 10 Vpg, V 15
VesVrn Vas~Vm

Fig. 18.23. Graphical representation of the solution for the DC circuit in Fig. 18.22 and intersec-
tion of the load line with the vps—ip curve. (a) NMOS transistor in saturation and (b) NMOS
transistor in triode region.

Example 18.9: Repeat the previous example when the gate-source voltage changes from
5Vto7V.

Solution: As long as vgs > V', the transistor is ON. We select the saturation region and

find ip = 0.5k, (vgs — VTh)2 = 18 mA. Therefore, V'ps =20V — 18 V = 2 V. However,
the condition of the saturation region Vpg > Vgs — V', = 6 V is not satisfied. The triode
region must be therefore chosen. In the triode region, we have to assume
ip = ka((vGs — V'n) vps — 30pg ). However, Ohm’s law for the resistor predicts the linear
dependence in the form of the load lineip = (¥ pp — vps)/Rp. Setting both results equal to
each other, we obtain a quadratic equation in vpg

20 V-UDS -

18.30
T (18.30)

ki ((UGS - VTh)DDs — 0'5012)8)

This equation is reduced to 20 — vps = 6vups — 0.5v%. It can be solved directly using a
calculator. There are two roots: vps =4 V and vps = 10 V. The second (larger) root is
non-physical since it is located within the already abandoned saturation region. The first
root is the true solution; the corresponding drain current is given by 16 mA. The graphical
form of the solution is shown in Fig. 18.23b. We again plot the vps—ip transistor curve
along with linear load line ip = (Vpp —vps)/Rp. There are two intersections
corresponding to the two roots for vpg obtained above. The load line method provides
physical insight into the problem and the ability to modify the solution in a controlled way
if necessary. For example, with reference to Fig. 18.23 we can decide which circuit
parameters need to be changed to move the solution from the triode to the saturation
region and vice versa.
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Exercise 18.9: In the circuit shown in Fig. 18.22 we use the model that represents the
2N7000 NMOS transistor from Fairchild with the lumped process parameter £, = 90 m
A/V? and the threshold voltage of 2.0 V. Find the drain-source voltage vpg and the drain
current ip given Rp =25 Q, Vgs =5 V,and Vpp = 10 V.

Answer:
vps=1.720 V, ip =331.2 mA.

The circuit in Fig. 18.22 is the bias circuit for the common-source MOSFET small-
signal amplifier considered in the next section. Note that the drain resistor Rp and the
(variable) transistor resistance rpg essentially form a voltage divider and thus enable
proper amplifier operation (sufficient voltage swing). This situation is similar to voltage
dividers used as sensors.

Exercise 18.10: The circuit shown in Fig. 18.24a is the diode-connected MOSFET. This
terminology is adopted from the BJT analysis: the BJT connected in a similar fashion
operates like a diode. The configuration shown is a part of the current mirror used in
integrated circuits. Determine drain current ip given Vpp =5 V, the lumped process
parameter k, = 10 mA/ V2, and the threshold voltage of 2.0 V.

Answer:

Exercise 18.11: The circuit shown in Fig. 18.24b is the diode-connected MOSFET with
the drain resistance. It can be used to quickly estimate the threshold voltage Vry, of a
particular MOSFET in the laboratory at condition vgs = vps (Which is not exactly the
theoretical condition of vps — 0) and at a certain (usually very small) value of the drain
current. Determine the MOSFET’s threshold voltage Vry, if the circuit in Fig. 18.24b, with
Rp =100 kQ, Vpp = 12 V, measures a current of ip = 100 pA.

Answer:

Vin = vgs = vps =2 V.

b) VDD

ﬁ ip Rp ﬂ ip
D D

a)

R

Fig. 18.24. Diode-connected MOSFET circuit with vgs = vps.
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18.3.5 Application Example: Basic MOSFET Actuator

The circuit shown in Fig. 18.25 is a straightforward modification of the gate-bias circuit
from Fig. 18.22. We simply replace the second voltage supply Vs by a voltage divider
connected to the gate. This voltage divider operates independently in the sense that it is
not affected by the gate connection since there is no current into the gate of the MOSFET.
Given the fixed resistor values, this circuit may be employed as a bias circuit for the
small-signal MOSFET amplifiers. Its advantage is in using only one voltage supply Vpp.
Yet another application is a basic MOSFET actuator device which turns on the motor or
another power load, when the sensor reading — output of the voltage divider with a
sensing resistive element R;—requires doing so. For higher-power loads, a power
MOSFET should be used.

Exercise 18.12: For the circuit shown in Fig. 18.25, choose values for R; and R, to
establish a drain current of 20 mA in the MOSFET. Assume Rp = 0. You are given

Vpp =5 'V, the lumped process parameter k, = 90 mA/ V2, and the threshold voltage of
2.0 V. Also, limit the voltage divider current to 20 pA.

Answer: R, =116.7 kQ, R, =133.3 kQ.

Fig. 18.25. Gate-bias NMOS transistor circuit with the voltage divider.

To be specific, R, is the resistance of a NTC-503 thermistor operating as

Ry =50kQ at25°C (room temperature)
R, =30kQ at 37°C

The second resistance of the voltage divider is fixed at R, = 12 kQ. Further, a hypothet-
ical n-channel power MOSFET with V', =2 Vandk, =261 mA/V 2 is considered as an
example. The goal is to turn on a small 5-V DC fan motor of 0.4-W power with the
equivalent load resistance Rp = 80 Q if the temperature in a room (or in an enclosure)
reaches 37 °C.
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Exercise 18.13: Determine the load current ip and load voltage vp in Fig. 18.5 when
VDD =10 V and

A. Ry = 50 kQ (room temperature).
B. R; = 30 kQ (temperature of 37 °C).

Other device parameters are given in the text above.

Answer: A) Load current and voltages are zero; the transistor is at cutoff.
B) The transistor is in saturation; the load current is 96 mA and the load
voltage is 7.7 V.

J

Various sensing elements (e.g., a photoresistor instead of a thermistor) and various DC
motors may be used. Figure 18.26 illustrates the circuit operation with a thermistor and a
more powerful 12-V motor. The basic design in Fig. 18.25 is not very practical since it
suffers from variations of the MOSFET threshold voltage and other device parameters
including the motor’s starting current. A modification involves the use of a potentiometer
instead of the fixed resistance R, and tuning the circuit to the proper operation region.

J

Fig. 18.26. MOSFET actuator circuit with a temperature sensor and a 12-V DC motor.
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Section 18.4 MOSFET Amplifier

18.4.1 MOSFET Common-Source Amplifier

For amplifier applications, the MOSFET is typically biased into the saturation region
where it behaves as a voltage-controlled current source. If a voltage output is desired, the
current can be converted to a proportional voltage drop by pulling it through a resistor as
shown in Fig. 18.27a. Figure 18.27b shows the equivalent large-signal circuit model of
the amplifier. The NMOS transistor in saturation is described by a nonlinear current
source following the large-signal model from Fig. 18.17, which is valid at any input
voltage vy = vgs. The output voltage to the amplifier is voyr = vps. The drain-source
path forms a voltage divider between the fixed (Rp) and variable resistors.

=05k, (Vi-Vr)  Vour

Fig. 18.27. MOSFET common-source amplifier model.

Following traditional naming schemes, when the input is at the gate and the output is at
the drain, the amplifier circuit in Fig. 18.17 is identified as the common-source amplifier.
Other amplifier configurations exist.

18.4.2 Voltage Transfer Characteristic

The voltage transfer characteristic of the MOSFET amplifier is obtained when plotting
vouTt versus vpy. We let oy vary from 0 V all the way to Vpp. For the amplifier in
Fig. 18.27, the plot includes a// three regions, cutoff, saturation, and triode, when vy
passes from 0 V to Vpp. Only the saturation region is meaningful. Using the large-signal
model of the NMOS transistor and the load-line method in saturation, the complete
expression for the output voltage as a function of the input voltage may be found
analytically. The corresponding calculation results in
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0<ow<Vm vout = Vpp cutoff
VTh < UIN S (1 -+ S) VTh VoUuT — VDD — EHRD(UIN — VTh>2 saturation
) r .
ow > (1+8)Vm vour ~ min| (1 +)Vm, , DS Vop | << Vpp triode
ps + Rp

(18.31)

In Eq. (18.31), the gate-source voltage vgg has been replaced with the input voltage vpy
and the drain-source voltage vpg has been replaced with the output voltage voyr.
Equation (18.31) clearly indicates the usefulness of the saturation region: otherwise the
output voltage would either not change at all (cutoff) or change very little (triode, rpg is
typically ~1 Q and is much less than Rpg). The dimensionless parameter s characterizes
the width of the saturation region as a fraction of Vry,; it is found by solving the quadratic
equation for wopy at the border of the saturation and triode regions, when
vour = UIN — V1h. Its value involves both the circuit parameters and the transistor
parameters, i.e.,

VT 2K RoVop
VT +2K,RoVpp — 1 (1832)

kyRpVth

Exercise 18.14: Determine parameter s and the width of the saturation region (amplifier
operating region) for the amplifier circuit built with the general-purpose 2N7000 NMOS
transistor, which has the lumped process parameter k, = 90 mA/V? and the threshold
voltage of 2.0 V. The source voltage is Vpp = 10 V and Rp = 1.2 kQ.

Answer:s = 0.211; the saturation (operating) region extends from 2 V to 2.42 V. Thus, the
operating region is quite narrow.

Plotting Eq. (18.31) yields the voltage transfer characteristic for the MOSFET
common-source amplifier. To be specific, we consider the parameters from Exercise
18.14 where Fig. 18.28a shows the corresponding voltage transfer characteristic.
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a) saturation

Vours V
1.0Vpp

1 Q- DC operating |-
¥| point (bias point) |..

0.5V [

b) .
1.0Vpp
gain A
/
0.5V b By S B ok B Vour
Q - DC operating 3
point (bias point) ﬁ
0 D ;
0.1Vpp 0.2Vgp < 0.3Vpp 0.4Vpp
y
v Vi

Fig. 18.28. Voltage transfer characteristic of the MOSFET common-source amplifier (a) and the
amplification principle (b). The output sinusoidal signal indicates no distortion, which is a
simplification. Circuit parameters are those from Exercise 18.14.

18.4.3 Principle of Operation and Q-Point

The input voltage in Fig. 18.27 is a combination of a certain DC voltage plus (typically
relatively small) an input AC signal to be amplified. Then, the output voltage will be a
combination of a particular DC voltage plus an amplified replica of the AC signal; see
Fig. 18.28b. This is the amplifier concept. Mathematically, the separation of large DC
and small AC quantities is done in the form (lowercase indexes are used for small AC
signals):

oN(t) = VN + vin(2) vGs(t) = Vs + vgs(t)
vout(t) = Vour + vout(t) or (equivalently) wvps(¢) = Vps + vas(?) (18.33)
iD<t) :[D-i-id(l) iD<t) :[D+id(t)

The DC parameters in Eq. (18.33) correspond to the point Q in Fig. 18.28, which is
known as the DC operating point or the quiescent point of the NMOS transistor amplifier.
Sometimes, the index Q is introduced to underscore this fact. We will not introduce this
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index assuming that the DC parameters already correspond to the desired operating point
(i.e., are the quiescent-point parameters). The quiescent-point parameters may denote the
corresponding DC bias sources, for example, Vv = Vgs. The equations in (18.33) are
applicable to all MOSFET small-signal amplifier models. The DC parameters must
satisfy the large-signal DC circuit model separately, that is,

kn 2
Vour = Vpp — 7RD(V1N — V) (18.34)
18.4.4 MOSFET Biasing for Amplifier Operation
In order to use the MOSFET as an amplifier, it is necessary to bias the output to a point Q in
the saturation region where the transfer characteristic is fairly linear while at the same time
providing enough dynamic range for the output voltage to swing in both a positive and
negative direction. In the case of Fig. 18.28, this point has been chosen to be

Vih=2 V< V=23 V<(1+S)VTh:2.42 Vv (1835)

to establish Voyr = 5.14 V according to Eq. (18.34). This way, a small variation in Viy
will cause a large variation in V7 realizing the desired amplification; see Fig. 18.28.
The amount of amplification or the open-circuit small-signal voltage gain A, is simply
the slope of the voltage transfer characteristic at this point, approximately —30 V/V in
Fig. 18.28. The negative sign indicates that the output voltage swing will be inverted with
respect to the input.

18.4.5 Small-Signal MOSFET Model and Superposition

Our goal is to solve the circuit in Fig. 18.27. In order to do so, we will introduce a small-
signal MOSFET model. The concept of the linear expansion (18.33) allows us to spl/if the
large-signal MOSFET model used previously and depicted in Fig. 18.29a into two parts.
Both of them are shown in Fig. 18.29b and c respectively. The DC solution is still
described by the nonlinear large-signal circuit model. At the same time, the AC solution is
described by a linear small-signal MOSFET model in Fig. 18.29c. In the small-signal
model, the change in output current iy is equal to a gain factor g, multiplied by the change
in input voltage vy, The gain factor g, is known as the small-signal MOSFET transcon-
ductance. In the small-signal model, all constant DC bias sources are replaced by ground
(the small-signal ground condition) since their voltages do not change with time; the AC
signal is thus shorted out.

According to Fig. 18.29, we solve the MOSFET amplifier circuit twice: the first time at
DC using the large-signal DC model and the second time at AC using the small-signal
model. The DC solution will provide the necessary information for the AC solution. The
complete solution is found as the sum of the DC and AC solutions, respectively. In other
words, the superposition principle applies. This is a remarkable fact given that the DC
model is inherently nonlinear.
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a) large-signal model

G D

o o

+

Ves i5=0.5K, (Ves- Vi) =

- s

o 0

b) large-signal DC bias model c) small-signal model
G D G D
o o o o
+ +
vV, = Vo) v, i=
Gs| 15=0.5k,(Vos~Vrn) gs 14=9mVgs

- S - S
o 0 o o)

Fig. 18.29. Splitting the large-signal MOSFET model into a large-signal DC model and a small-
signal model. This consideration applies to the common-source amplifier and to other circuits.

18.4.6 MOSFET Transconductance

In order to use the small-signal model, a value for the transconductance g,, must be
determined. This can be found by plotting the drain current ip as a function of the gate-to-
source voltage vgs and finding the slope of this characteristic at the bias point. Mathe-
matically, we can use the Taylor series about the selected DC point. Substitution of
the expansions wvgs = Vs + g, ip =Ip+ig into the saturation equation

ip = % (vgs — Vn)* and the corresponding linearization yields

. kn 2 kn kn
Ip +ig = > (Vs +vgs — V)™ = ?(VGS — V1) +ka(Vas — Vin)ogs + Evés
——
neglected
(18.36)
Therefore, in the general case,
gm =ka(Vas — V) [A/V] (18.37a)

or, in a practical circuit to the common-source amplifier with the bias point Viy, Vourn
gm =k(VN—Vm) [A/V] (18.37b)

The transconductance can also be expressed conveniently as a function of the drain
current bias:

gnw = V2kidp [A/V] (18.37¢)
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Exercise 18.15: Determine transconductance g, for the common-source amplifier circuit

with the general-purpose 2N7000 NMOS transistor, which has k, = 90 mA/V?, the
threshold voltage of 2.0 V, and the Q-point at V'py = 2.3 V.

Answer: g, =27 mA/V.

18.4.7 Analysis of Common-Source MOSFET Amplifier

We apply the formalism of the combined large-signal/small-signal MOSFET model to
study and quantify the complete common-source amplifier configuration shown in
Fig. 18.30a.

a) Voo
Ro
D
+
G
+ Vas Vos+Voult)
V|n(t) - S

c) small-signal
ground
AVpp=0
VDS o Vout(t)
2 + H
Ves = 15=0.5K,(Vgs-Vry) Vinlt) e 0 =g mVin(t)

Fig. 18.30. Common-source amplifier circuit and its two equivalent circuit models.

This configuration includes a (small) input AC source v;,(7) and a DC bias source Vs
= V' at the input and an amplified AC voltage v,.(f) and a DC bias voltage V'ps = Vour
at the output. The general procedure is as follows. First, we solve the large-signal DC
model of the circuit in Fig. 18.30b with the small-signal sources set to zero, i.e., we find the
DC bias solution. Substitutions Vi < Vgs and Vpg < Vour can be used at any time to
make the model fully compatible with the previous treatment. This solution gives us the
output DC voltage Vpg, the DC drain current /p, and the small-signal MOSFET transcon-
ductance g,,; see Egs. (18.37c). Once g, is known, we may apply the small-signal
MOSFET model in Fig. 18.30c and find the major amplifier parameters of interest, the
open-circuit small-signal voltage gain A,o defined by
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Ay = 2o (18.38)
Din Rp=00

where Ry is a load resistance to be connected (in general) to the amplifier’s output. Note
the small-signal ground in Fig. 20.30c. The voltage of a constant DC source does not
change with time. Therefore, this source plays the role of a ground for an AC signal,
similar to the physical ground offset by a specific constant voltage. Note that most of the
steps for the amplifier design procedure have already been outlined in the preceding
section. Also note that a capacitively coupled output voltage may be employed to
eliminate the DC voltage bias at the output.

Example 18.10: In a common-source MOSFET amplifier in Fig. 18.30a,
vin(t) = 0.1 cos (wt) [V]. The general-purpose 2N7000 NMOS transistor is used, with &,
=90 mA/V2 and V1, =2 V. Furthermore, V'pp = 10 V and Rp = 1.2 kQ. Design the
amplifier by performing the following steps:

1. Solve the large-signal DC circuit model in Fig. 18.30b and determine Vg (and
the corresponding Vps) which assures that the Q-point (the DC operating point) is
in saturation region and there is enough dynamic range for the output voltage
to swing in both a positive and negative direction. Determine the transistor’s
transconductance.

2. Solve the small-signal circuit model in Fig. 18.30c and determine the amplified AC
voltage v,,(?) and the open-circuit small-signal voltage gain A4, of the amplifier.

3. Finally, plot the input and output voltages v (¢) = Vs + vin(?), vour(?) = Vps
+vout(?) of the amplifier to scale over two periods.

Solution (1): The saturation region is described by Egs. (18.31) and (18.32). For the
present DC circuit, the saturation region extends from Vm=2V to

(14+8)Vm =242 V. We select Vs =2.3 V in order to assure that Vps = Vpp —

%RD(VGS — Vm)® = 5.14 V is approximately in the middle of the power supply region.
The small-signal transconductance is then given by g, = k,(Vgs — V') =27 mA/V.

Solution (2): The small-signal model in Fig. 18.30c yields

vout(t) =0 V — g Rpoin(t) = —3.24 cos (wt) [V] (18.39)
Therefore, the open-circuit amplifier gain is given by (note the units)

Ay = —gRp = —32.4 [V/V] (18.40)
Solution (3): Input/output voltages of the amplifier circuit are finally given by

ow(t) =2.3 +0.1cos(wt) [V],

vour(t) = 5.14 —3.24cos (w?) [V] (18.41)

They are plotted in Fig. 18.31. Note that Fig. 18.31 indicates no distortion of the output
voltage. Such a distortion happens in reality for this particular circuit.
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Fig. 18.31. Input and output voltages for the common-source amplifier from Example 18.10.
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Summary

MOSFET physical characteristics
Vrn—threshold voltage (0.4—4 V for enhancement-mode n-channel MOSFET) [V]
k, = (W /L)Coxp,—MOSFET transconductance par. (lumped process par.) [mA/V?]
MOSFET modeling
NMOS test circuit and regions of operations (large-signal model)

Triode [UGS > Vo, vps < vgs — VT},]Z

D ;
i = 1
o =k (( _y 2
6 I + Ip = Ky | (UGs Th)0DS Ups
1 Vos . 2
+ B Saturation [UGS > Vop, Ups > 0gs — VT;,]Z
_%,z Vas 1S . 1 2
i ip = zkn(UGS — V)
;‘ ov Cutoff [UGS < VTh] lD =0

PMOS test circuit and regions of operations (large-signal model)

& = Triode [USG > |VTh|; Vsp < UsG — |VTh|]Z
X _ 1
Veo Il ‘s ip =kp ((USG — [Vml)osp — Eng)
- G
s W . : Saturation [USG > |VTh|’ Usp > UsG — |VThH:
| Ni -bl') ) 1
.% i ip = 5 kp(vsG — V)
()
&/ Cutoff [USG < |VThH ip=20
Resistor-switch model in triode region
o o o 1
i NMOS: ip = 25 ppg=—
to s PMOS s Ds kn(vGs — Vi)
NMOS 3 & ) .

R o—— =zo—o PMOS: ip = -2, rpg=———
o—e—1 ° H l P st kp(vsG — |Vnl)
L 1D Tfng> rps may be as small as 0.3-0.5 Q
! ! & l for discrete (small-signal or power)

MOSFETS

MOSFET circuits at DC
CMOS Logic gates (two stable states correspond to triode and cutoff regions)
NOT (inverter)

Voo Most basic and most important digital circuit
i % j s Inputs | NMOS | PMOS | Output | 7,
switch switch
. } : 0 OFF ON 1 Fosy
vV, Vi 1 ON OFF 0 Fpsn
i h -
I NMOS 15 I For alternative drawing see Chap. 13

(continued)
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NAND
Voo Voo o Inputs | NMOS PMOS [Out| -
PMOS PMOS
Ms M, A|B| M | My | My | My
- - V. 0|0 |orF|orF| ON | on | 1| 7os 7oss
> -0
v 0|1 |OFF | ON | ON | OFF | 1 s
A = NMOS
7 M, 1|0 | ON | OFF | OFF | ON | 1 Tpsa
v | 11 1] on|on|orr|orr| O | 7ost7os
e li NMOS
L M For alternative drawing see Chap. 13
NOR
v, Voo ¢ Inputs | NMOS PMOS [Out.| -
. T 1= PMOS A[B| M | My | My | My
MJ
v, | 0lo|oFr|oFF|on|on | ! | 7oss*7oss
o P :'},?5 0|1 |oFF| oN | ON | OFF Fosa
N 1|0 | ON |OFF |OFF| ON | O st
|-NMOS|__|H NMOS 1111 on | oN | OFF | OFF Tost |1 7ps2
M2 M1

For alternative drawing see Chap. 13

AND (OR is constructed similarly)

AND=NAND+NOT
OR=NOR+NOT

; h |

M, Inputs | Output Four
Vou A| B

0]0 0 "pss

Ms 0]1 0 Tpss

) 110 0 pss

1)1 1 "pse

For alternative drawing see Chap. 15

Method of assumed states/Load line method

iD triode saluration LB tiode saturation
3 ' ] D -
B Ves=5 V sohuion ™~ 7
. —— Iy -
4 | Ves o Ves=7 V
2 4 2 ’ i
0.5k Vs +—— T, T 0.5k, Vps+ I | Yinvalid point
r Oy ’
] / ' /
load line: ip=(Vpg-vpsVRp /. load line: iy=(Vpy-vps)VRy
. Vos-Vm V, VoV, V,
0 » DS 0 » ' DS
(continued)
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Gate-bias circuit (all three regions are possible)

VDDi The load line: ip = (Vpp — vps)/Rp
Ry > ﬂ iD If VGS < VTh then cutoff
D
o kR .
2 + If Vpp > <1 + —D> (Vas — V) then saturation
v M v, o
V_GS = s _ If Vpp < (1 + ’12 D) (VGS - VT},> then triode
Gate-bias circuit with voltage divider (all three regions are possible)
Voo Voo Eliminates the need in the second voltage supply (Vgs)
I Ro ; ﬂ i Equivalent to the previous circuit when
R, = 1D R v
NS 2 GS
Ves ==——=V Ry=——"—R
¢ In \;:s STRAR P T Yy Vg
+\"Gs_| & May be used as a bias circuit for the amplifier or as a
R,= - sensor switch when R; (or R,) is variable and Rp is the load
T (light bulb, motor, etc.)

lI,l

Diode-connected MOSFETS (current sources, always in saturation or cutoff)
Voo o ﬂi Voo ﬂi If Vpp <V, then ip =0 NMOS
D D
o )

1
If Vpp > Vo, then ip = Ekn(VDD — VTh)z NMOS

G
G |E NMOS _'_|1mos If Vpp <|Vml|, then ip =0 PMOS

1
D If Vpp > V|, then ip = Sku(Viop — V) PMOS

[
S

Diode-connected MOSFET with resistance (always in saturation or cutoff)

Vnni IfVpp < Vg, thenip =0
R, ﬂ io If Vpp > Vi, then
jo . Vop—Vm n - \/1 + 2knR3 (Voo — V)
‘ G |i NMos D= Rp k,,Rlz)
1 ” Used to estimate threshold voltage:
If R, is sufficiently large (ip is small) then V', = vgs

MOSFET common-source amplifier

— Common-source amplifier = small-signal voltage amplifier

— Common-source amplifier is similar to the BJT common-emitter amplifier

— In a MOSFET amplifier, the input resistance can be made infinitely large (or kept finite
if necessary)

— An analog of the BJT emitter follower is the MOSFET source follower

(continued)
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Voltage transfer function and Q-point

Voo (l’
Ro = lip
D
+
s &
+ + v,
% Vi ouT
IN s

Vour, V  Saturation
7

VI.)L:r

cutoff
. Q=[Vgs, Vosl=[Vin: Vourl
triode

0 Vo, (1+8)Vs, - Y

0<ow <V

oy > (1 +S)VT},

vour =Vpp cutoff (small vy, not used)

k .
Vi <oy < (1 +S) Vi vour =Vpp —%RD(UIN — VT},)Z saturation (U]N > VTh)

vour << Vpp triode (U]N >> Vp, not used)

V14+2k,RpVpp—1 Vpp 1
= >0,VgseV —, Vps==V
K RoVa GS Th+ k. Rp ps ~ 5V pp

Amplifier circuit analysis, transconductance, and open-circuit small-signal gain

VDD

:

-

17T

VDD
RD

D VDS“‘“OU](‘) G D
i — —0 o
_ VDS 4 Vout(t)
T Ves= Vin(t)
|D=0'5kn{v55'vin}z [ iﬂ:gm\III n(t)

Transconductance: g,, = k,(Vgs — V) [A/V]
Small-signal gain: 4,0 = —g,,Rp [V/V]

Input resistance: R;, = co [Q)]

Output resistance: Ry, = Rp [Q]

Small-signal output: v,,,(¢) = —Aoy0in(2)

Input with DC bias: vy (¢) = Vs + v (f)
Output with DC bias: UOUT(t) =Vps — A()Ul),',,(l)
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18.1 Principle of Operation
and Threshold Voltage

18.1.1 Physical Structure:
Voltages and Currents

18.1.2 Simplified Principle of Operation
Problem 18.1. What do the abbreviations FET,
MOSFET, and CMOS stand for?

Terminal

Problem 18.2. Draw circuit symbols of:
A. Four-terminal symmetric NMOS
transistor
B. Three-terminal asymmetric NMOS tran-
sistor with the body tied to the source and
C. The same but simplified symbol

For B and C, label transistor currents and tran-
sistor voltages.

Problem 18.3. Repeat the previous problem for
the PMOS transistor.

Problem 18.4. An NMOS transistor has
A. The gate-drain voltage of —2 V and gate-
source voltage of 1 V
B. The source current of 1 mA

What is the drain-source voltage? What is the
drain current?

Problem 18.5. Repeat the previous problem for
the PMOS transistor.

18.1.3 NMOS Capacitor

18.1.4 Voltage Across the Oxide Layer
18.1.5 Voltage Across the Semiconductor
Body

18.1.6 Threshold Voltage

18.1.7 PMOS Transistor

18.1.8 Oxide Thicknesses and Capaci-

tances in CMOS Processes

Problem 18.6. Given the semiconductor sur-
face potential pg = 2 V and the uniform accep-
tor concentration 5 x 10'® ¢cm~3 for the p-body
of the NMOS transistor, estimate the voltage
across the SiO, oxide layer with the thickness
of 10 nm. The NMOS body is Si.

Problem 18.7. Repeat the previous problem
when the NMOS body is GaAs and the insulat-
ing layer is Al,Oj3,

Problem 18.8. Estimate surface voltage of the
semiconductor body at the onset of strong chan-
nel inversion at room temperature of 25 °C given
Na =5 %107 cm™3. The NMOS body is Si.

Problem 18.9. Repeat the previous problem
when the body material is GaAs.

Problem 18.10. Estimate threshold voltage Vry,
for a Si NMOS transistor with n+ polysilicon
gate, N = 2 x 10'® cm™3, and the SiO, oxide
layer with the thickness of 20 nm at room
temperature of 25 °C.

Problem 18.11. Repeat the previous problem
for an aluminum gate.

Problem 18.12. Repeat Problem 18.10 for the
PMOS transistor with the n-doped body of the
same doping concentration.

Problem 18.13. Estimate threshold voltage Vyy,
for Si NMOS transistors used in analog ICs and
fabricated in four CMOS processes listed in
Table 18.1. Every transistor has the n+
polysilicon gate and the SiO, oxide layer. The
corresponding doping concentrations are Ny =
[3.5, 4.5, 7.5, 10.5] x 10'® cm~3.

Keep at least two significant digits. Compare
your solutions with the typical values reported
elsewhere:  V, =[0.7, 0.5, 0.5, 0.4] V.
Assume room temperature of 25 °C.

18.2 Theoretical Model of a
MOSFET

18.2.1 Test Circuit and Operating
Regions

18.2.2 Linear Subregion of Triode region
at Strong Inversion

Problem 18.14
A. Draw the schematic test circuit for the
NMOS transistor. Label transistor termi-
nals. When the gate-source bias voltage
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is 0 V, which region of operation is
encountered?

B. Repeat the same tasks for the PMOS
transistor.

Problem 18.15. Determine the total charge
(show units) stored in the inversion layer of the
MOSFET transistor with L = 0.8 pm, W= 16 pm,
Cox = 2.3 fF/pm?. The overdrive voltage is
2 V; the drain-source voltage is 0 V. How many
electrons are stored in the inversion layer?

Problem 18.16. For a CMOS process of
MOSFET fabrication, L=0.8 pm, and
W =16 pm. Furthermore, the electron surface
mobility is g, = 550 cm?/V - s and the oxide
capacitance is Cox = 2.3 fF/pm?. Determine
the MOSFET transconductance parameter and
show units.

Problem 18.17. An NMOS transistor in the
linear subregion of the triode region operates at
vov = 4 V. Given rpg = 100 Q determine the
lumped process parameter k, and show units.

Problem 18.18

A. Determine the MOSFET transcon-
ductance parameter (show units) for
NMOS transistors used in analog ICs
and fabricated in four CMOS processes
listed in Table 18.5. Use the given chan-
nel length and the channel width ten
times greater than the length.

B. Determine turn-on resistances rpg in
every case given that the overdrive volt-
age is equal to the threshold voltage.

Problem 18.19. Repeat the previous problem
for the PMOS transistor with parameters listed
in Table 18.5. The corresponding resistance is

. -1
given by rps = pr iy

vov = vsG — |V'nl.
18.2.3 Nonlinear Subregion of Triode
Region at Strong Inversion

18.2.4 Saturation Region
Problem 18.20. To avoid complications caused
by a nonlinear channel voltage and inversion

charge behavior, it is suggested to simplify
Eq. (18.18). Namely, the inversion layer of the
MOSFET at nonzero drain-source voltages
would be described by a straightforward linear
voltage dependence vgs(x) = vgs — FUps, X€
[0, L] present in some undergraduate texts. Do
you see one critical contradiction of this model?

Problem 18.21. Plot variable gate-source volt-
age vgs(X) to scale over the interval
X =7€[0, 1] given that V=1V,
Vov=1YV,and

A. Ups = 0.1 Vov.

B. Ups = 0.5Vov.

C. Ups — 1.0Vov.

Use the vertical scale from 1 V to 2 V for every
figure.

Problem 18.22. Repeat the previous problem
for the normalized charge, Omnv(X)/Omv(0), of
the inversion layer.

Problem 18.23. Show that the solution for the
channel voltage profile given by Eq. (18.18e)
guarantees the condition of the constant current
along the channel.

Problem 18.24. An NMOS transistor has k,

=2mA/V?and V', = 0.7 V. The gate-source
voltage is 3 V.
A. At which value of vpg does the transistor
enter the saturation?
B. What value of ip is obtained in saturation?

Problem 18.25. An NMOS transistor has (the
0.25-pm Si CMOS process) L = 0.25 pm,
tox = 6 nm, u, =460 cm?/(V-s), and
Vin =0.5V. Given W =10 pm find vgg,
which assures the operation in the saturation
region with the transistor current of 1 mA.

18.2.5 The v-i Dependencies
18.2.6 PMOS Transistor
18.2.7 Large-Signal MOSFET Model in

Saturation

Problem 18.26. A n-channel power MOSFET
has the following parameters: V', =3 V and
k, =100 mA/V?,
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A. Plot the drain current for source-drain
voltages from the interval vps = [0—9]
V and at three values of the gate-source
voltage, vgs =3, 4, and 5 V on the
same figure.

B. Plot the boundary between the triode
region and the saturation region.

in, MA n-channel MOSFET

300

200

100

Problem 18.27. Repeat the previous problem
forvgs =6, 7, and 8 V.

ip, MA n-channel MOSFET
1200
800
400
0 2 4 6 8

Problem 18.28

A. Based on Table 18.3, construct the sim-
ilar table for the power dissipated by an
NMOS transistor.

B. In the figure that follows, show graphi-
cally power dissipated by the transistor at
two values of vpg: 2 Vand 5 V.

C. Which region, triode or saturation, leads
to the smallest power dissipation?

in, MA NMOS transistor
20 ‘
16
12
8
4 i
0 ‘
0 2 4 6 8
Vos, V

Problem 18.29. A PMOS transistor has the
following parameters: |V, =3 V  and
ky, =100 mA/V?.
A. Plot the drain current for source-drain
voltages from the interval vgp = [0—9]
V and at three values of the gate-source
voltage vgs =4, 5, and 6 V on the
same figure.
B. Plot the boundary between the triode
region and the saturation region.

ip, MA p-channel MOSFET

1200

800

400

Vser V

Problem 18.30. For the circuit shown in the
figure that follows, determine the region of
MOSFET operation as well as the drain current
ip for each set of conditions given. Assume
k, =100 mA/V? and V', =3 V

A. UGS = -3 V, Ups = 3 V.

B. UGS — 10 V, UpSs =8 V.

C. UGSZS V, UDSZI V.
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Problem 18.31. For the circuit shown in the
figure that follows, determine the region of
MOSFET operation as well as the drain current
ip for each set of conditions given. Assume
kp, =100 mA/V? and Vq, = -2 V.

A. UGS = -3 V, Ups = -5 V.

B. UGS — 10 V, Ups — -8 V.

C. UGS = -5 ‘J, Ups = -1 V.

18.3 MOSFET Switching
and Bias Circuits

18.3.1 Triode Region for Switching Cir-

cuits. Device Parameter Extraction

18.3.2 Resistor-Switch Model in Triode

Region

Problem 18.32. A power MOSFET has the

lumped process parameter k, = 130 mA/V2

and the threshold voltage of 2.0 V.

A. Plot the drain current for drain-source

voltages from the interval vps = [0—9]
V to scale and determine MOSFET turn-
on resistance rpg given the gate-source
voltage of 5 V.

B. Plot the boundary between the triode
region and the saturation region and indi-
cate the slope 1/rpg in the figure.

C. Plot rpg as a function of vgg to scale.

in, MA
1000
800
600
400
200
0
0 2 4 6 8
Vps, V
s Q
1000
100
10
1
0 2 4 6 8
Vess V

Problem 18.33. Repeat the previous problem
when the threshold voltage changes to 3 V.

Problem 18.34. A measurement curve for a
certain NMOS transistor is shown in the figure
below. Approximately determine the threshold
voltage Vry, and the (MOSFET) lumped process
parameter k, (show units).

s
1000

100

L

10 N

Ves, V
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Problem 18.35. Repeat the previous problem
for the measurement curve shown in the figure
that follows.

Ios

20

o
L

0 2 4 6 8
Vs, V

Problem 18.36. The datasheet for an IRF510
enhanced-mode n-channel power MOSFET
from Fairchild reports the average drain-source
on-state resistance rps = vps/ip = 0.4 Q for
ip = 3.4A and vgs = 10V. Assuming thresh-
old voltage to be 2.0 V, sketch rpg as a function
of vgg to scale.

os Q
20
10
]
0 5 ey 10
18.3.3 Application Example: QOutput

Resistance of Digital Logic Gates

Problem 18.37. For a logic gate shown in the
figure that follows, construct the truth table in
the form of Table 18.7 and determine the output
gate resistance for every input voltage combi-
nation. Assume Vpp > V, for the NMOS
transistor and Vpp > |V 1| for the PMOS tran-
sistor. Label turn-on resistances of M, ;34 as

'DS1,2,3.4-

Vpp @
Va
—
» PMOS
H
Ms
Ve
—
» PMOS
H
M4 Vout
1)
—
+ NMOS ,'i NMOS
M, M,

Problem 18.38. For a logic gate shown in the
figure that follows, construct the truth table in
the form of Table 18.7 and determine the output
gate resistance for every input voltage combi-
nation. Assume Vpp > Vr, for the NMOS
transistor and VDD > |VTh| for the PMOS tran-

,,,,,

”Ds1,2,3,4,5,6-

¥ |

Voo
2
M4J
=

-

18.3.4 MOSFET Circuit Analysis at DC
18.3.5 Application Example: Basic
MOSFET Actuator

Problem 18.39. In a fixed-gate NMOS transis-
tor circuit, the NMOS transistor has the lumped
process parameter k, = 1.0 mA/V2 and the
threshold voltage of 1.0 V. Furthermore,
VGS =7 V, VDD =10 V, and RD =1 kQ.

Me

out

=
T ls

Ve
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The corresponding vpg — ip curve is shown in
the figure that follows.

A. Draw the load line in the same figure and
find the solution for the drain-source
voltage vpg and drain current ip.

B. Solve the same problem exactly and
compare the two answers.

D

| i
2

+
VGS

in, MA
20 7

16 ’

12 ;

Vps, V 10

Problem 18.40. In a fixed-gate NMOS transis-
tor circuit shown in the figure that follows, the
NMOS transistor has the lumped process
parameter k, = 1.0 mA/V? and the threshold
voltage of 1.0 V. Furthermore, Vpp =15 V,
and Rp = 1 kQ. Determine the region of oper-
ation of the transistor and find the solution for
the drain-source voltage vpg and drain current
ip when
A. VGS =
B. VGS
C. VGS
D. Vgs

1V
3 V.
5V
TV

VDD

Ro
D

+
Tg_‘ Vbs
L S

-+
VGS

A

Problem 18.41. A solution for an unknown
fixed-gate circuit shown in the previous prob-
lem is given in the figure that follows. Restore
the transistor and circuit parameters (show
units):

A. VDD

B. Vgs =V

C. Rp

D. k,

in, MA

50

40

30

20
10
7
/4’ \

0 2 4 6 8 10 12
Vps, V

Problem 18.42. In the circuit shown in the
figure that follows, the NMOS transistor has
the lumped process parameter &, and the thresh-
old voltage Vry,. Derive the analytical expres-
sion for the drain current ip as a function of Vpp
valid for any values of Vpp.
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Problem 18.43. In the circuit shown in the
figure that follows, the PMOS transistor has
the lumped process parameter k, and the thresh-
old voltage V, < 0. Derive the analytical
expression for the drain current ip as a function
of Vpp valid for any values of Vpp.

Vbp

Bo

S

Jo

Problem 18.44. In the circuit shown in the
figure that follows, the NMOS transistor has
the lumped process parameter &, and the thresh-
old voltage Vry,. Derive an analytical expres-
sion for the drain current iy as a function of Vpp
and Rp valid for any values of Vpp, Rp.

Vbp

Ro ﬂio
D

7l

Problem 18.45. In the circuit shown in the
figure to the previous problem, a sufficiently
large resistance Rp has been chosen so that the
drain current is very small. Measured vpg is
2.5 V. What is approximately the threshold
voltage Vy, of the transistor?

Problem 18.46. In a fixed-gate NMOS transis-
tor circuit shown in the figure, the NMOS tran-
sistor has the lumped process parameter
k, =100 mA/V? and the threshold voltage
of 2.0 V. Furthermore, Vop =20 V,
R, =1 kQ, and Rp = 40 kQ. Determine vgs,
the region of operation of the transistor, and the
solution for the drain-source voltage vpg and
drain current i, when

A. R, =9 kQ.
B. R, =4 kQ.
C. R, =233 kQ.
D. R, = 1.5 kQ.

At which value of the resistance R; is the load
power (power into Rp) maximized?

At which value of the resistance R; is the
MOSFET power loss minimized?

Vop

RD ﬂ ip

+
$ Vbs
+ -
Ves_
S
Ry

Vob

Problem 18.47. Repeat the previous problem
when the lumped process parameter changes to
200 mA/V?.

18.4 MOSFET Amplifier

18.4.1 MOSFET
Amplifier

18.4.2 Voltage Transfer Characteristic
18.4.3 Principle of Operation and Q-point
18.4.4 MOSFET Biasing for Amplifier

Operation
Problem 18.48. In the common-source ampli-
fier circuit in Fig. 18.27, the MOSFET has the

lumped process parameter k, = 100 mA /V?

Common-Source

XVIII-971



Chapter 18

MOS Field-Effect Transistor (MOSFET)

and the threshold voltage of 2 V. The source
voltage is Vpp = 20 V.
A. Identify all values of vy corresponding
to the saturation region when

Rp =1 kQ.
Rp = 500 Q.
Rp = 100 Q.

B. Identify the DC Q-point voltage Viy
within the saturation region
corresponding to Vour = Vpp/2 when

Rp =1 kQ.
Rp =500 Q.
Rp =100 Q.

Problem 18.49. Plot to scale the voltage trans-
fer characteristic for the common-source ampli-
fier circuit in Fig. 18.27 built with the general-
purpose 2 N7000 NMOS transistor from Fair-
child, which has the lumped process parameter
k, =90 mA/V? and the threshold voltage of
2.0 V. Indicate the saturation region. The source
voltage is Vpp =10 V and Rp =90 Q.
Assume that the output voltage is constant in
the triode region for simplicity.

Vour, V
1.2V pp

0.6Vpp

0 0.5Vpp 1.0Vpp

vin, V

18.4.5 Small-Signal MOSFET Model
and Superposition

18.4.6 MOSFET Transconductance
18.4.7 Analysis of Common-Source
MOSFET Amplifier

Problem 18.50. In a common-source MOSFET
amplifier in Fig. 18.30a, the transistor has %,
=100 mA/V? and V1, =3 V. Furthermore,
VDD =20 V. For

A. Rp =5 kQ
B. Rp = 1 kQ
C. Rp =100 Q

design the amplifier by performing the follow-
ing steps:

1. Identify all values of Vg corresponding
to the Q-point in the saturation region.

2. Determine Vg which assures that the Q-
point (the DC operating point) is in satu-
ration region and there is enough
dynamic range for the output voltage to
swing in both a positive and negative
direction, i.e., Vps = Vpp/2.

3. Determine the transistor’s
ductance at the Q-point.

4. Determine the open-circuit small-signal
voltage gain 4, of the amplifier.

transcon-

Problem 18.51

A. Repeat the previous problem when
Rp =120 Q.

B. Plot input and output voltages
oin(t) = Vs + vin(t), vour(t) = Vps +
vout(?) to scale over two periods given
that v;,(¢) = 0.1 cos (w?) [V].

Problem 18.52
A. Repeat Problem 18.50 when Rp = 120
Q and VDD =10 V.
B. Plot input and output voltages
o (t) = Vs + vin(t), vour(t) = Vs +
vou () to scale over two periods given
that vi,(¢) = 0.2 cos (wt) [V].
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