Chapter 2

Basic MOS Device Physics

In studying the design of integrated circuits, one of two extreme approaches can be taken:
(1) begin with quantum mechanics and understand solid-state physics, semiconductor device
physics, device modeling, and finally the design of circuits; (2) treat each semiconductor
device as a black box whose behavior is described in terms of its terminal voltages and
currents and design circuits with little attention to the internal operation of the device.
Experience shows that neither approach is optimum. In the first case, the reader cannot
see the relevance of all of the physics to designing circuits, and in the second, he/she is
constantly mystified by the contents of the black box.

In today’s IC industry, a solid understanding of semiconductor devices is essential,
more so0 in analog design than in digital design because in the former, transistors are
not considered as simple switches and many of their second-order effects directly im-
pact the performance. Furthermore, as each new generation of IC technologies scales
the devices, these effects become more significant. Since the designer must often decide
which effects can be neglected in a given circuit, insight into device operation proves
invaluable.

In this chapter, we study the physics of MOSFETSs at an elementary level, covering
the bare minimum that is necessary for basic analog.design. The ultimate goal is still
to develop a circuit model for each device by formulating its operation, but this is ac-
complished with a good understanding of the underlying principles. After studying many
analog circuits in Chapters 3 through 13 and gaining motivation for a deeper understanding
of devices, we return to the subject in Chapter 16 and deal with other aspects of MOS
operation.

We begin our study with the structure of MOS transistors and derive their I/V char-
acteristics. Next, we describe second-order effects such as body effect, channel-length
modulation, and subthreshold conduction. We then identify the parasitic capacitances
of MOSFETS, derive a small-signal model, and present a simple SPICE model. We as-
sume that the reader is familiar with such basic concepts as doping, mobility, and
pn junctions.
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2.1 General Considerations
2.1.1 MOSFET as a Switch

Before delving into the actual operation of the MOSFET, we consider a simplistic model of
the device so as to gain a feeling for what the transistor is expected to be and which aspects
of its behavior are important.

Shown in Fig. 2.1 is the symbol for an n-type MOSFET, revealing three terminals:
gate (G), source (S), and drain (D). The latter two are interchangeable because the device 1s

Gate

-I- Figure 2.1 Simple view of a MOS

Source .__TL__. Drain device.

symmetric. When operating as a switch, the transistor “connects” the source and the drain
together if the gate voltage, Vg, is “high” and isolates the source and the drain if Vg is
“low.”

Even with this simplified view, we must answer several questions. For what value of
V; does the device turn on? In other words, what is the “threshold” voltage? What is the
resistance between S and D when the device is on (or off)? How does this resistance depend
on the terminal voltages? Can we always model the path between S and D by a simple linear
resistor? What limits the speed of the device?

While all of these questions arise at the circuit level, they can be answered only by
analyzing the structure and physics of the transistor.

2.1.2 MOSFET Structure

Fig. 2.2 shows a simplified structure of an n-type MOS (NMOS) device. Fabricated on a
p-type substrate (also called the “bulk™ or the “pody”), the device consists of two heavily-
doped n regions forming the source and drain terminals, a heavily-doped (conductive) piece

! L b
p-substrate el ieLp

Figure 2.2 Structure of a MOS device.
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of polysilicon' (often simply called “poly™) operating as the gate, and a thin layer of silicon
dioxide (SiO,) insulating the gate from the substrate. The useful action of the device occurs
in the substrate region under the gate oxide. Note that the structure is symmetric with respect
to S and D.

The dimension of the gate along the source-drain path is called the length, L, and that
perpendicular to the length is called the width, W. Since during fabrication the S/D junc-
tions “side-diffuse,” the actual distance between the source and the drain is slightly less
than L. To avoid confusion, we write, L.ty = Lyrqwn — 2L p, where Ly 1s the “effective”
length, L,quy 18 the total length,? and L is the amount of side diffusion. As we will see
later, L,sy and the gate oxide thickness, 1,,, play an important role in the performance of
MOS circuits. Consequently, the principal thrust in MOS technology development is to
reduce both of these dimensions from one generation to the next without degrading other
parameters of the device. Typical values at the time of this writing are Lo ~ (.15 pm and
fox % 50 A. Tn the remainder of this book, we denote the effective length by L.

If the MOS structure is symmetric, why do we call one » region the source and the
other the drain? This becomes clear if the source is defined as the terminal that provides the
charge carriers (electrons in the case of NMOS devices) and the drain as the terminal that
collects them. Thus, as the voltages at the three terminals of the device vary, the source and
the drain may exchange roles. These concepts are practiced in the problems at the end of
the chapter.

We have thus far ignored the substrate on which the device is fabricated. In reality,
the substrate potential greatly influences the device characteristics. That is, the MOSFET
I1s a four-terminal device. Since in typical MOS operation the S/D junction diodes must
be reverse-biased, we assume the substrate of NMOS transistors is connected to the most
negative supply in the system. For example, if a circuit operates between zero and 3 volts,
Viub.nmos = 0. The actual connection is usually provided through an ohmic p* region, as
depicted in the side view of the device in Fig. 2.3.

p-substrate

Figure 2.3 Substrate connection.

In complementary MOS (CMOS) technologies, both NMOS and PMOS transistors are
available. From a simplistic view point, the PMOS device is obtained by negating all of

'Polysilicon is silicon in amorphous (non-crystal) form. As explained in Chapter 17, when the gate silicon is
grown on top of the oxide, it cannot form a crystal,

2The subseript “drawn” is used because this is the dimension that we draw in the layout of the transistor
(Section 2.4.1).
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Figure 2.4 (a) Simple PMOS device, (b) PMOS inside an n-well.

the doping types (including the substrate) [Fig. 2.4(a)], but in practice, NMOS and PMOS
devices must be fabricated on the same wafer, i.e., the same substrate. For this reason, one
device type can be placed in a “local substrate,” usually called a “well.” In most of today’s
CMOS processes, the PMOS device is fabricated in an n-well [Fig. 2.4(b)]. Note that the
n-well must be connected to a potential such that the S$/D junction diodes of the PMOS
transistor remain reverse-biased under all conditions. In most circuits, the n-well is tied to
the most positive supply voltage. For the sake of brevity, we sometimes call NMOS and
PMOS devices “NFETs” and “PFETs,” respectively.

Fig. 2.4(b) indicates an interesting difference between NMOS and PMOS transistors:
while all NFETS share the same substrate, each PFET can have an independent n-well. This
flexibility of PFETs is exploited in some analog circuits.

2.1.3 MOS Symbols

The circuit symbols used to represent NMOS and PMOS transistors are shown in Fig. 2.5
The symbols in Fig. 2.5(a) contain all four terminals, with the substrate denoted by “B’
(bulk) rather than “S” to avoid confusion with the source. The source of the PMOS device
is positioned on top as a visual aid because it has a higher potential than its gate. Since 1
most circuits the bulk terminals of NMOS and PMOS devices are tied to ground and Vpp
respectively, we usually omit these connections in drawing [Fig. 2.5(b)]. In digital circuits
it is customary to use the “switch” symbols depicted in Fig. 2.5(c) for the two types, but wi
prefer those in Fig. 2.5(b) because the visual distinction between S and D proves helpful i1
understanding the operation of circuits.
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Figure 2.5 MOS symbols.

2.2 MOS I/V Characteristics

In this section, we analyze the generation and transport of charge in MOSFETs as a function
of the terminal voltages. Our objective is to derive equations for the I/V characteristics such
that we can elevate our abstraction from device physics level to circuit level.

2.2.1 Threshold Voltage

Consider an NFET connected to external voltages as shown in Fig. 2.6(a). What happens as
the gate voltage, V, increases from zero? Since the gate and the substrate form a capacitor

?

+0.1V
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Figure 2.6 (a) AMOSFET driven by a gate voltage, (b) formation of depletion region, (c) onset of inversion, (d) formation
of inversion layer.
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as Vi becomes more positive, the holes in the p-substrate are repelled from the gate area,
leaving negative ions behind so as to mirror the charge on the gate. In other words, a
depletion region is created [Fig. 2.6(b)]. Under this condition, no current flows because no
charge carriers are available.

As Vi increases, so do the width of the depletion region and the potential at the oxide-
silicon interface. In a sense, the structure resembles two capacitors in series: the gate oxide
capacitor and the depletion region capacitor [Fig. 2.6(c)]. When the interface potential
reaches a sufficiently positive value, electrons flow from the source to the interface and
eventually to the drain. Thus, a “channel” of charge carriers is formed under the gate oxide
between S and D, and the transistor is “turned on.” We also say the interface is “inverted.”
The value of V; for which this occurs is called the “threshold voitage,” Vry. If Vi rises
further, the charge in the depletion region remains relatively constant while the channel
charge density continues to increase, providing a greater current from S to D.

In reality, the tumn-on phenomenon is a gradual function of the gate voltage, making it
difficult to define V7 unambiguously. In semiconductor physics, the Vrp of an NFET is
usually defined as the gate voltage for which the interface is “as much n-type as the substrate
is p-type.” It can be proved [1] that®

Qdep
Cox '

Vg = Pys +20r + (2.1)
where @y is the difference between the work functions of the polysilicon gate and the
silicon substrate, ®r = (kT /q)In(Ny,,/n;), g is electron charge, Ny, 1s the doping con-
centration of the substrate, Qg is the charge in the depletion region, and C,, is the gate
oxide capacitance per unit area. From pn junction theory, Q4., = +/4q€,; | P | Ny, Where
¢5; denotes the dielectric constant of silicon. Since C,, appears very frequently in device
and circuit calculations, it is helpful to remember that for z,, ~ 50 A, Cox ~ 6.9 fF/um?.
The value of C,, can then be scaled proportionally for other oxide thicknesses.

In practice, the “native” threshold value obtained from the above equation may not be
suited to circuit design, e.g., Vrg = 0 and the device does not turn off for V¢ > 0. For
this reason, the threshold voltage is typically adjusted by implantation of dopants into the
channel area during device fabrication, in essence altering the doping level of the substrate
near the oxide interface. For example, as shown in Fig. 2.7, if a thin sheet of p* is created,
the gate voltage required to deplete this region increases.

Figure 2.7 Implantation of p*
dopants to alter the threshold.

p—substrate

The above definition is not directly applicable to the measurement of Vrg. InFig. 2.6(a),
only the drain current can indicate whether the device is “on™ or “off,” thus failing to reveal
at what Vi the interface is as much n-type as the bulk 1s p-type. As aresult, the calculation

3Charge trapping in the oxide is neglected here.
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of Vry from I/V measurements is somewhat ambiguous. We return to this point later but
assume in our preliminary analysis that the device turns‘on abruptly for Vgs > Vrg.

The turn-on phenomenon in a PMOS device is similar to that of NFETSs but with all of
the polarities reversed. As shown in Fig. 2.8, if the gate-source voltage becomes sufficiently

-01V

Figure 2.8 Formation of inversion layer in a PFET.

negative, an inversion layer consisting of holes is formed at the oxide-silicon interface,
providing a conduction path between the source and the drain.

2.2.2 Derivation of I/V Characteristics

In order to obtain the relationship between the drain current of a MOSFET and its terminal
voltages, we make two observations.

First, consider a semiconductor bar carrying a current / [Fig. 2.9(a)]. If the charge density
along the direction of current is O, coulombs per meter and the velocity of the charge is
v meters per second, then

[=0Q, v. ‘ (2.2)

To understand why, we measure the total charge that passes through a cross section of the
bar in unit time. With a velocity v, all of the charge enclosed in v meters of the bar must flow
through the cross section in one second [Fig. 2.9(b)]. Since the charge density is Q, the
total charge in v meters equals Q- v. This lemma proves useful in analyzing semiconductor
devices.

¥ meters
- -t

One second later
(a) (b)

Figure 2.9 (a) A semiconductor bar carrying a current I, (b) snapshots of the carriers one second
apart,
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(b
Figure 2.10 Channel charge with (a) equal source and drain voltages, (b) unequal source and drain voltages,

Second, consider an NFET whose source and drain are connected to ground [Fig. 2.10(a)].
What is the charge density in the inversion layer? Since we assume the onset of inversion
occurs at Vgs = Vrpy, the inversion charge density produced by the gate oxide capacitance
is proportional to Vs — Vry. For Vs > Vrpy, any charge placed on the gate must be
mirrored by the charge in the channel, yielding a untform channel charge density (charge
per unit length) equal to

Qs = WCo (Vs — Vru), (2.3)

where C,, 1s multiplied by W to represent the total capacitance per unit length.

Now suppose, as depicted in Fig. 2.10(b), the drain voltage is greater than zero. Since
the channel potential varies from zero at the source to Vp at the drain, the local voltage
difference between the gate and the channel varies from V; to Vg — Vp. Thus, the charge
density at a point x along the channel can be written as

Qu(x) = WCy[Vgs — V(x) — Vryl, (24)

where V(x) is the channel potential at x.
From (2.2), the current is given by

Ip = =WCp[Ves = V(x) = Vruly, (2.5)
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where the negative sign is inserted because the charge carriers are negative and v denotes
the velocity of the electrons in the channel. For semiconductors, v = wE, where y is the
mobility of charge carriers and E is the electric field. Noting that E(x) = —dV/dx and
representing the mobility of electrons by i, we have

dV(x)
dx '
subject to boundary conditions V(0) = O and V(L) = Vps. While V(x) can be easily found

from this equation, the quantity of interest is in fact /p. Multiplying both sides by 4V and
performing integration, we obtain

In =WC,[Vgs — V(x) — Vel

(2.6)

L Vbs
f Indx = [ WCpuunlVes — V(x) — VrgldV. @.7)
x==0 V=0

Since I is constant along the channel:

W 1,
Ip = MnCox‘L‘ (Ves — Vru)Vps — EVDS ' (2.8)

Note that L is the effective channel length.

Figure 2.11 Drain current versus
drain-source voltage in the triode region.

Fig. 2.11 plots the parabolas given by (2.8) for different values of Vs, indicating that
the “current capability” of the device increases with V. Calculating 81, /3 Vs, the reader
can show that the peak of each parabola occurs at Vps = Vgs — Vrp and the peak current is

1 W
1D max = Eﬂncoxf(VGS — V). (2.9)

We call Vgs — Vry the “overdrive voltage™ and W/ L the “aspect ratio.” If Vpg < Vg —
Vru, we say the device operates in the “triode region.”

4Sometimes called the “effective voltage.”

SThis is also called the “linear region.”
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Equations (2.8) and (2.9) serve as the foundation for analog CMOS design, describing
the dependence of I upon the constant of the technology, i, C,, the device dimensions, W
and L, and the gate and drain potentials with respect to the source. Note that the integration
in (2.7) assumes j, and Vry are independent of x and the gate and drain voltages, an
approximation that we will revisit in Chapter 16.

If in (2.8), Vps <« 2(Vgs — Vry), we have

w
Ip ~ .anCox-E(VGs — Vru)Vps, (2.10)

that is, the drain current is a linear function of Vpg. This is also evident from the character-
istics of Fig. 2.11 for small Vpg: as shown in Fig. 2.12, each parabola can be approximated
by a straight line. The linear relationship implies that the path from the source to the drain
can be represented by a linear resistor equal to

1

Ron = W X
MncoxI(VGS -~ Vru)

(2.11)

A MOSEFET can therefore operate as a resistor whose value is controlled by the overdrive
voltage [so long as Vps « 2(Vis — Vrp)l. This is conceptually illustrated in Fig. 2.13.
Note that in contrast to bipolar transistors, a MOS device may be on even if it carries no

Vasa

Figure 2.12 Linear operation in deep triode region.

G
_L Vos
se—J3L Lp E> S >—4&—‘ D Figure2.13 MOSFET as a controlled
linear resistor.,

current. With the condition Vps <« 2(Vs — Vry ), we say the device operates in deep triode
region.

Example 2.1

For the arrangement in Fig. 2.14(a), plot the on-resistance of M; as a function of V. Assume
1inCor = 50 uA/VZ, W/L =10, and Vrg = 0.7 V. Note that the drain terminal is open.
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Figure 2.14

Solution

Since the drain terminal is open, Ip = 0 and Vps = 0. Thus, if the device is on, it operates in the
deep triode region. For Vi < 1V + Vry, My is off and Ry, = oc. For Vg > 1V + Vrp, we have

1
SO uA/VEX 10V — 1V —0.7V)

2.12)

The result is plotted in Fig. 2.14(b).

The utility of MOSFETSs as controllable resistors and hence switches plays a crucial role
in many analog circuits. This is studied in Chapter 12.

What happens if in Fig. 2.11 the drain-source voltage exceeds Vgs — Vry? In reality,
the drain current does not follow the parabolic behavior for Vps > Vgs — Vry. In fact,
as shown in Fig. 2.15, Ip becomes relatively constant and we say the device operates in
the “saturation” region.® To understand this phenomenon, recall from (2.4) that the local

\
Ip | Saturation Region

EE F
> > >
| | |
— o [%4
83 B
> > >

Figure 2.15 Saturation of drain current.

SNote the difference between saturation in bipolar and MOS devices,
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Figure 2.16 Pinch-off behavior.

density of inversion layer charge is proportional to Vgs — V(x) — Vry. Thus, if V(x)
approaches V5 — Vrg, then Q4(x) drops to zero. In other words, as depicted in Fig. 2.16,
if Vps is slightly greater than Vg5 — Vrp, then the inversion layer stops at x < L, and we
say the channel is “pinched off” As Vpg increases further, the point at which Q, equals
zero gradually moves toward the source. Thus, at some point along the channel, the local
potential difference between the gate and the oxide-silicon interface is not sufficient to
support an inversion layer.

With the above observations, we re-examine (2.7) for a saturated device. Since Qy is
the density of mobile charge, the integral on the left-hand side of (2.7) must be taken from
x =0tox = L', where L' is the point at which Q4 drops to zero, and that on the right from
V(x) =0to V(x) = Vgg — Vry. As aresult:

1w )
Ip = iﬂncoxE(VGS ~Vru), (2.13)

indicating that I, is relatively independent of Vg if L’ remains close to L.
For PMOS devices, Egs. (2.8) and (2.13) are respectively written as

W 1
Ip = _/"choxf [(VGS = Vry)Vps — EVI%S] (2.14)
and
LW )
Ip = _EﬂpCoxE(VGS - Vru). (2.15)

The negative sign appears here because we assume I flows from the drain to the source,
whereas holes flow in the reverse direction. Since the mobility of holes is about one-half
to one-fourth of the mobility of electrons, PMOS devices suffer from lower “current drive”
capability.
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Figure 2.17 Saturated MOSFETs operating as current sources.

With the approximation L = L', a saturated MOSFET can be used as a current source
connected between the drain and the source (Fig. 2.17), an important component in analog
design. Note that the current sources inject current into ground or draw current from Vpp.
In other words, only one terminal of each current source is “floating.”

Since a MOSFET operating in saturation produces a current in response to its gate-
source overdrive voltage, we may define a figure of merit that indicates how well a device
converts a voltage to a current. More specifically, since in processing signals we deal with
the changes in voltages and currents, we define the figure of merit as the change in the drain
current divided by the change in the gate-source voltage. Called the “transconductance”
and denoted by g,,, this quantity is expressed as:

g = b (2.16)
" Vas V DS, const. .
w
= 1y Cox _L‘(VGS — Vru). (2.17)

In a sense, g, represents the sensitivity of the device: for a high g,,, a small change in
Vs results in a large change in . Interestingly, g,, in the saturation region is equal to the
inverse of R, in deep triode region.

The reader can prove that g,, can also be expressed as

w
8m = 2lincoxfID (2.18)
2Ip
= ——— | (2.19)
Ves — Vry

Plotted in Fig. 2.18, each of the above expressions proves useful in studying the behavior
of g, as a function of one parameter while other parameters remain constant. For example,
(2.17) suggests that g,, increases with the overdrive if W/L is constant whereas (2.19) im-
plies that g, decreases with the overdrive if I is constant. The concept of transconductance
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gmA gm‘

o= - -
Ves—Vn In Vas—VrH

W/L Constant W/L Constant Ip. Constant

Figijre 2.18 MOS transconductance as a function of overdrive and drain current,

can also be applied to a device operating in the triode region, as illustrated in the following
example.

Example 2,2

For the arrangement shown in Fig. 2.19, plot the transconductance as a function of Vpg.

Vo— Vru Vbs

Figure 2.19

Solution

It is simpler to study g,, as Vpg decreases from infinity. So long as Vpg > Vi, — Vrg, My isin
saturation, Ip is relatively constant, and, from (2.18), so is g, For Vps < Vp, — Vrg, M| isin the
triode region and:

a1 W X
=—1- — - Vs — .
i = g7 |3 Cor [2<Vcs Vi )Vps vm]} (2.20)
w
= Nncox"i‘VDS- (2.21)

Thus, as plotted in Fig. 2.19, the transconductance drops if the device enters the triode region. For
amplification, therefore, we usually employ MOSFETs in saturation.

The distinction between saturation and triode regions can be confusing, especially for
PMOS devices. Intuitively, we note that the channel is pinched off if the difference between
the gate and drain voltages is not sufficient to create an inversion layer. As depicted concep-
tually in Fig. 2.20, as V; — V), of an NFET drops below Vyy, pinch-off occurs. Similarly,
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Saturation Edge of Triode Region Saturation Edge of Triode Region
+

-4 Vi
— E>L| 0> — @Pt{ 0>

_ |Vrup|

(a) (b)

Figure 2.20 Conceptual visualization of saturation and triode regions.

if Vp — Vg of a PFET is not large enough (< |Vrypl), the device is saturated. Note that
this view does not require knowledge of the source voltage. This means we must know a
priori which terminal operates as the drain.

2.3 Second-Order Effects

Our analysis of the MOS structure has thus far entailed various simplifying assumptions,
some of which are not valid in many analog circuits. In this section, we describe three
second-order effects that are essential in our subsequent circuit analyses. Other phenomena
that appear in submicron devices are studied in Chapter 16.

Body Effect In the analysis of Fig. 2.10, we tacitly assumed that the bulk and the source
of the transistor were tied to ground. What happens if the bulk voltage of an NFET drops
below the source voltage (Fig. 2.21)? Since the S and D junctions remain reverse-biased,
we surmise that the device continues to operate properly but certain characteristics may

p-substrate - = V<0

Figure 2.21 NMOS device with negative bulk voltage.

change. To understand the effect, suppose Vs = Vp = 0, and Vj; is somewhat less than
Vry so that a depletion region is formed under the gate but no inversion layer exists. As
Vg becomes more negative, more holes are attracted to the substrate connection, leaving a
larger negative charge behind, i.e., as depicted in Fig. 2.22, the depletion region becomes
wider. Now recall from Eq. (2.1) that the threshold voltage is a function of the total charge
in the depletion region because the gate charge must mirror Q4 before an inversion layer is
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Figure 2.22 Variation of depletion region charge with bulk voltage.

formed. Thus, as Vp drops and Qg increases, Vry also increases. This is called the “body
effect” or the “backgate effect.”
It can be proved that with body effect:

Vrn = Veno + v (V2O + Vsal - 20r) 22

where Vr o is given by (2.1), y = /2q¢€;; Nsup/ Cor denotes the body effect coefficient,
and Vgp is the source-bulk potential difference [1]. The value of y typically lies in the range
of 0.3 t0 0.4 V1/2,

Example 2.3

In Fig. 2.23(a), plot the drain current if Vy varies from —oco to 0. Assume Vypp = 0.6V, ¥y = 0.4
V12 and 20F = 0.7V,

(a) (b)
Figure 2.23

Solution

If Vy is sufficiently negative, the threshold voltage of M| exceeds 1.2 V and the device is off. That is,

12V = 0.6+04 (\/0,7 ~ Vg — Jtﬁ) , (2.23)
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and hence Vx| = —4.76 V. For Vx; < Vx < 0, Ip increases according to

1

w 2
Ip = spnCox 7 [VGS ~ Vrao —y (\/2¢F ~Vx - \/2¢’F)] - (2.24)

Fig. 2.23(b) shows the resulting behavior.

For body effect to manifest itself, the bulk potential, V;,;, need not change: if the source
voltage varies with respect to Vy,;, the same phenomenon occurs. For example, consider
the circuit in Fig. 2.24(a), first ignoring body effect. We note that as V;, varies, V,,, closely
follows the input because the drain current remains equal to /. In fact, we can write

Il = E,uncox'E(Vi - Vout - VTH) ’ (225)

concluding that V;, — V,,, is constant if /; is constant [Fig. 2.24(b)].

Vout

- |
t

=~y

(b) (©

Figure 2.24 (a) A circuit in which the source-bulk voltage varies with input level, (b) input
and output voltages with no body effect, (c) input and output voltages with body effect.

Now suppose the substrate is tied to ground and body effect is significant. Then, as V,,
and hence V,,,, become more positive, the potential difference between the source and the
bulk increases, raising the value of V. Eq. (2.25) therefore implies that V;,, — V,,; must
increase so as to maintain /p constant [Fig. 2.24(c)].

Body effect is usually undesirable. The change in the threshold voltage, e.g., as in
Fig. 2.24(a), often complicates the design of analog (and even digital) circuits. Device
technologists balance Ny,; and C,, to obtain a reasonable value for V.

Channel-Length Modulation In the analysis of channel pinch-off in Section 2.2, we
noted that the actual length of the inverted channel gradually decreases as the potential
difference between the gate and the drain increases. In other words, in (2.13), L' is in fact a
function of Vpg. This effect is called “channel-length modulation.” Writing L' = L — AL,
ie, 1/L" ~ (1 + AL/L)/L, and assuming a first-order relationship between AL/L and
Vps such as AL/L = AVpg, we have, in saturation,

1 %%
Ip~ E,uncox Z(VGS — Vry)* (1 + AVps), (2.26)
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Figure 2.25 Finite saturation region
®  slope resulting from channel-length
Yos  modulation.

where A 1s the channel-length modulation coefficient. Illustrated in Fig. 2.25, this phe-
nomenon results in a nonzero slope in the Ip/Vps characteristic and hence a nonideal
current source between D and S in saturation. The parameter A represents the relative
variation in length for a given increment in Vpg. Thus, for longer channels, A is smaller.

With channel-length modulation, some of the expressions derived for g,, must be mod-
ified. Equations (2.17) and (2.18) are respectively rewritten as

w
8m = MnCOxI(VGS — Vra)(1 + AVps). (2.27)
2lhn DI
— /1’ COX(W/ ) D, (2.28)
1+ AVps

while Eq. (2.19) remains unchanged.
Example 2.4

Keeping all other parameters constant, plot Ip/Vps characteristic of a MOSFET for L = L; and
L=2L;.

Solution
Writing

1 W
Ip = 5 #tnCo: (Vs Ve (1 + AVps) (2.29)

and & oc 1/L, we note that if the length is doubled, the slope of I vs. Vg is divided by four because
dIp/dVps o A/L oc 1/L? (Fig. 2.26). For a given gate-source overdrive, a larger L gives a more

—  Figure 2.26 Effect of doubling chan-
Vos el length.

ideal current source while degrading the current capability of the device. Thus, W may need to be
increased proportionally.
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The linear approximation AL/L o Vpg becomes less accurate in short-channel transis-
tors, resulting in a variable slope in the saturated Ip/ Vpg characteristics. We return to this
issue in Chapter 16.

The dependence of Ip upon Vpg in saturation may suggest that the bias current of
a MOSFET can be defined by the proper choice of the drain-source voltage, allowing
freedom in the choice of Vsg — Vry. However, since the dependence on Vps is much
weaker, the drain-source voltage is not used to set the current. The effect of Vpg on Ip 1s
usually considered an error and it is studied in Chapter 5.

Subthreshold Conduction In our analysis of the MOSFET, we have assumed that the
device turns off abruptly as Vs drops below Vrp. In reality, for Vgs = Vry, a “weak”
inversion layer still exists and some current flows from D to S. Even for Vs < Vrg,
Ip is finite, but it exhibits an exponential dependence on Vi [2, 3]. Called “subthreshold
conduction,” this effect can be formulated for V5 greater than roughly 200 mV as

v,
Ip = Iyexp ﬁ (2.30)

T

where ¢ > | is a nonideality factor and V; = kT /q. We also say the device operates in
“week inversion.” Except for ¢, (2.30) is similar to the exponential I/ Vg relationship in
a bipolar transistor. The key point here is that as Vi falls below Vrg, the drain current
drops at a finite rate. With typical values of ¢, at room temperature Vg must decrease
by approximately 80 mV for I to decrease by one decade (Fig. 2.27). For example, if a

Square

Iong‘ / Law

Exponential

<

1 decade

—

- Figure 2.27 MOS subthreshold char-
gomv Vi Vas  acteristics.

threshold of 0.3 V is chosen in a process to allow low-voltage operation, then when V5 is
reduced to zero, the drain current decreases by only a factor of 10*73, Especially problematic
in large circuits such as memories, subthreshold conduction can result in significant power
dissipation (or loss of analog information).

It is appropriate at this point to return to the definition of the threshold voltage. One
definition is to plot the inverse on-resistance of the device R, = uCox(W/L)(VGs — Vrr)
as a function of Vs and extrapolate the result to zero, for which Vg = Vrpg. In rough
catculations, we often view Vry as the gate-source voltage yielding Ip/W = 1uA/um in
saturation. For example, if a device with W = 100 pm operates with Ip = 100 A, itis in
the vicinity of the subthreshold region. This view is nonetheless vague, especially as device
length scales down in every technology generation.
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We now re-examine Eq. (2.18) for the transconductance of a MOS device operating in
the subthreshold region. Is it possible to achieve an arbitrarily high transconductance by
increasing W while maintaining Ip constant? Is it possible to obtain a higher transconduc-
tance than that of a bipolar transistor (I¢/ Vr) biased at the same current? Equation (2.18)
was derived from the square-law characteristics Ip = (1/2)unCox(W/L)(Vgs — V7 )2
However, if W increases while I remains constant, then Vs — Vrpy and the device enters
the subthreshold region. As a result, the transconductance is calculated from (2.30) to be
gm = Ip/(¢ V), revealing that MOSFETS are inferior to bipolar transistors in this respect.

The exponential dependence of Ip upon Vg in subthreshold operation may suggest
the use of MOS devices in this regime so as to achieve a higher gain. However, since
such conditions are met by only a large device width or low drain current, the speed of
subthreshold circuits is severely limited.

Voltage Limitations MOSFETs experience various breakdown effects if their terminal
voltage differences exceed certain limits. At high gate-source voltages, the gate oxide breaks
down irreversibly, damaging the transistor. In short-channel devices, an excessively large
drain-source voltage widens the depletion region around the drain so much that it touches that
around the source, creating a very large drain current. (This effect is called “punchthrough.”)
Other limitations relate to “hot electron effects” and are described in Chapter 16.

2.4 MOS Device Models

2.4.1 MOS Device Layout

For the developments in subsequent sections, it is beneficial to have some understanding of
the layout of a MOSFET. We describe only a simple view here, deferring the fabrication
details and structural subtleties to Chapters 17 and 18.

The layout of a MOSFET is determined by both the electrical properties required of the
device in the circuit and the “design rules” imposed by the technology. For example, W/L
is chosen to set the transconductance or other circuit parameters, while the minimum L is
dictated by the process. In addition to the gate, the source and drain areas must be defined
properly as well.

Shown in Fig. 2.28 are the “bird eye’s view” and the top view of a MOSFET. The gate
polysilicon and the source and drain terminals are typically tied to metal (aluminum) wires
that serve as interconnects with low resistance and capacitance. To accomplish this, one or
more “contact windows” must be opened in each region, filled with metal, and connected
to the upper metal wires. Note that the gate poly extends beyond the channel area by some
amount to ensure reliable definition of the “edge” of the transistor.

The source and drain junctions play an important role in the performance. To minimize
the capacitance of S and D, the total area of each junction must be minimized. We see from
Fig. 2.28 that one dimension of the junctions is equal to W. The other dimension must
be large enough to accommodate the contact windows and is specified by the technology
design rules.”

"This dimension is typically three to four times the minimum allowable channe} length.
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Channel
Area

w Contact
Windows
> -
Ldrawn
(a) (b)
Figure 2.28 Bird’s eye and vertical views of a MOS device.
Example 2.5
Draw the layout of the circuit shown in Fig. 2.29(a).

E F E Aluminum

i

Ao—-I M,
c A
B — M,

(a) (b) (c)
Figure 2.29

Solution

Noting that M| and M; share the same S/D junctions at node C and M, and M3 also do so at node
N. we surmise that the three transistors can be laid out as shown in Fig. 2.29(b). Connecting the
remaining terminals, we obtain the layout in Fig. 2.29(c). Note that the gate polysilicon of M3 cannot
be directly tied to the source material of M, thus requiring a metal interconnect.

2.4.2 MOS Device Capacitances

The basic quadratic I/V relationships derived in the previous section along with corrections
for body effect and channel-length modulation provide a reasonable model for understand-
ing the “d¢” behavior of CMOS circuits. In many analog circuits, however, the capacitances
associated with the devices must also be taken into account so as to predict the “ac” behavior
as well.
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S Figure 2.30 MOS capacitances.

We expect that a capacitance exists between every two of the four terminals of a MOSFET
(Fig. 2.30). Moreover, the value of each of these capacitances may depend on the bias con-
ditions of the transistor. Considering the physical structure in Fig. 2.31(a), we identify the
following. (1) Oxide capacitance between the gate and the channel, C; = WLC,,; (2) De-
pletion capacitance between the channel and the substrate, C; = WL./gey Nyyp /(4P F);
(3) Capacitance due to the overlap of the gate poly with the source and drain areas, C5 and
C4. Owing to fringing electric field lines, C3 and C4 cannot be simply written as WL pC,y,
and are usually obtained by more elaborate calculations. The overlap capacitance per unit
width is denoted by C,,; (4) Junction capacitance between the source/drain areas and the
substrate. As shown in Fig. 2.3 1(b), this capacitance is usually decomposed into two compo-
nents: bottom-plate capacitance associated with the bottom of the junction, C;, and sidewall
capacitance due to the perimeter of the junction, C,,,. The distinction is necessary because
different transistor geometries yield different area and perimeter values for the S/D junctions.
We typically specify C; and Cy,, as capacitance per unit area and unit length, respectively.
Note that each junction capacitance can be expressed as C; = Cjo/[1 + Vi /®g]", where
Vg is the reverse voltage across the junction, @ is the junction built-in potential, and m 1s
a power typically in the range of 0.3 and 0.4.

8The capacitance between S and D 1s negligible.

Inversion Depletion
p-substrate Laver Layer

T
(a) (b)

Figure 2.31 (a) MOS device capacitances, (b) decomposition of S/D junction capacitance into bottom-plate and
sidewall components.
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Example 2.6
Calculate the source and drain junction capacitances of the two structures shown in Fig. 2.32.
Drain
Terminal
w
2
Source
Terminal
R 2 S '_T_T%CTLT_‘
(a) (b)
Figure 2.32
Solution
For the transistor in Fig. 2.32(a), we have
Cpp =Csp = WEC; + 2(W + E)Cjyy, (2.31)
whereas for that in Fig. 2.32(b),
|14 w
Cpa =7EC,-+2(7+E)CJ~M, (2.32)
W w
Csp =2[7EC,-+2(7+E) ij] (2.33)
=WEC; + 2W +2E)C gy (2.34)

Called a “folded” structure, the geometry in Fig. 2.32(b) exhibits substantially less drain junction

capacitance than that in Fig. 2.32(a) while providing the same W/L.

In the above calaculations, we have assumed that the total source or drain perimeter, 2(W + E),
is multiplied by C'sy,. In reality, the capacitance of the sidewall facing the channel may be less than
that of the other three sidewalls because of the channel-stop implant (Chapter 17). Nonetheless, we
typically assume all four sides have the same unit capacitance. The error resulting from this assumption
is negligible because each node in a circuit is connected to a number of other device capacitances as

well.
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v —2—WLCox+ WCov -----
D WLCox
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Figure 2.33 Variation of gate-source and gate-drain capacitances versus VGs-

We now derive the capacitances between terminals of a MOSFET in different regions of
operation. If the device is off, Cgp = Cgs = Coy W, and the gate-bulk capacitance consists
of the series combination of the gate oxide capacitance and the depletion region capac-
itance, i.e., Cgg = (WLC,)Cyq/(WLCoy + Cg), where L is the effective length and
C; = WL\/q€siNy,»/(4®F). The value of Csp and Cpp is a function of the source and
drain voltages with respect to the substrate.

If the device is in deep triode region, i.e., if S and D have approximately equal voit-
ages, then the gate-channel capacitance, WLC,y, is divided equally between the gate
and source terminals and the gate and drain terminals. This is because a change AV in
the gate voltage draws equal amounts of charge from S and D. Thus, Cgp = Cgs =
WLCyy /2 + WCy,.

If in saturation, a MOSFET exhibits a gate-drain capacitance of roughly WCy,. The
potential difference between the gate and the channel varies from Vgg at the source to
Vs — Vry at the pinch-off point, resulting in a nonuniform vertical electric field in
the gate oxide along the channel. It can be proved that the equivalent capacitance of
this structure excluding the gate-source overlap capacitance equals 2W LCo, /3 [1]. Thus,
Cgs = 2WL,5Coz/3+ WC,y. The behavior of Cep and Cgs in different regions of opera-
tion is plotted in Fig. 2.33. Note that the above equations do not provide a smooth transition
from one region of operation to another, creating convergence difficulties in simulation
programs. This issue is revisited in Chapter 16.

The gate-bulk capacitance is usually neglected in the triode and saturation regions be-
cause the inversion layer acts as a “shield” between the gate and the bulk. In other words,
if the gate voltage varies, the charge is supplied by the source and the drain rather than the
bulk.

Example 2.7

Sketch the capacitances of My in Fig. 2.34 as Vx varies from zero to 3 V. Assume Vg = 0.6 V and
A=y =0.

Solution

To avoid confusion, we label the three terminals as shown in Fig. 2.34. For Vx ~ 0, M; is in the
triode region, Cpy = Cpp = (1/2)WLCox + WCp, and Cpp is maximum. The value of Cyp is
independent of Vx. As Vy exceeds 1V, the role of the source and drain is exchanged [Fig. 2.35(a)],



Sec. 24

MOS Device Models 33

+1V

(a)

< Figure 2.34

2 WLCox+ wcov‘ !
3 ﬁa
WL;OX +WCor Cng!
WCov \ -
1.0 Vy (V)
(b) ©

Figure 2.35

eventually bringing M out of the triode region for Vy > 2V — 0.6 V. The variation of the capacitances
is plotted in Figs. 2.35(b) and (c).

2.4.3 MOS Small-Signal Model

The quadratic characteristics described by (2.8) and (2.9) along with the voltage-dependent
capacitances derived above form the large-signal model of MOSFETSs. Such a model proves
essential in analyzing circuits in which the signal significantly disturbs the bias points,
particularly if nonlinear effects are of concern. By contrast, if the perturbation in bias
conditions is small, a small-signal model, i.e., an approximation of the large-signal model
around the operating point, can be employed to simplify the calculations. Since in many
analog circuits, MOSFETS are biased in the saturation region, we derive the corresponding
small-signal model here. For transistors operating as switches, a linear resistor given by
(2.11) together with device capacitances serves as a rough small-signal equivalent.

We derive the small-signal model by producing a small increment in a bias point and
calculating the resulting increment in other bias parameters. Since the drain current is a
function of the gate-source voltage, we incorporate a voltage-dependent current source
equal to g, Vs [Fig. 2.36(a)]. Note that the low-frequency impedance between G and S is
very high. This is the small-signal model of an ideal MOSFET.

Owing to channel-length modulation, the drain current also varies with the drain-source
voltage. This effectcan also be modeled by a voltage-dependent current source {Fig. 2.36(b)],
but a current source whose value linearly depends on the voltage across it is equivalent to
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Figure 2.36 (a) Basic MOS small-signal model, (b) channel-length modulation represented by a
dependent current source, (c) channel-length modulation represented by a resistor, (d) body effect
represented by a dependent current source.

a linear resistor {Fig. 2.36(c)]. Tied between D and S, the resistor is given by

dVps
= 2.35
ro T (2.35)
1
- (2.36)
31p/8Vns
1
=7 : W(V . )2 . (2.37)
2/‘)1 0x I GS TH
1
N — (2.38)
Alp

As seen throughout this book, the output resistance, rg, impacts the performance of many
analog circuits. For example, r limits the maximum voltage gain of most amplifiers.

Now recall that the bulk potential influences the threshold voltage and hence the gate-
source overdrive. As demonstrated in Example 2.3, with all other terminals held at a constant
voltage, the drain current is a function of the bulk voltage. That is, the bulk behaves as a
second gate. Modeling this dependence by a current source connected between D and S
[Fig. 2.36(d)], we write the value as g, Vi, Where g, = 015/9Vygs. In the saturation
region, g,,» can be expressed as:

dlp

_ 2.39
Vs (2.39)

8mb
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= pnC W(v Viu) Wrn (2.40)
= UnCox I GS TH Wys ) .
We also have
V. vV
AL (2.41)
dVgs dVsp
= —g(zch + Vsg) V2. (2.42)
Thus,
8mb = Em 4 ——— (2.43)
22®F + Vg
= Ngm, (2.44)

where i = gup/8m. As expected, gy is proportional to y. Equation (2.43) also suggests
that incremental body effect becomes less pronounced as Vsp increases. Note that g, Vi
and g, Vs have the same polarity, i.e., raising the gate voltage has the same effect as
raising the bulk potential.

The model in Fig. 2.36(d) is adequate for most low-frequency small-signal analyses. In
reality, each terminal of a MOSFET exhibits a finite ohmic resistance resulting from the resis-
tivity of the material (and the contacts), but proper layout can minimize such resistances. For
example, consider the two structures of Fig. 2.32, repeated in Fig. 2.37 along with the gate
distributed resistance. We note that folding reduces the gate resistance by a factor of four.

Rg Re
Ra 2 2
Figure 2.37 Reduction of gate resis-
(a) (b) tance by folding.

Shown in Fig. 2.38, the complete small-signal model includes the device capacitances
as well. The value of each capacitance is calculated according to the equations derived
in Section 2.4.2. The reader may wonder how a complex circuit is analyzed intuitively if
each transistor must be replaced by the model of Fig. 2.38. The first step is to determine
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Figure 2.38 Complete MOS small-signal model.

the simplest device model that can represent the role of each transistor with reasonable
accuracy. We provide some guidelines for this task at the end of Chapter 3.

Example 2.8

Sketch g, and gp,p of My in Fig. 2.39 as a function of the bias current 7.

9m

Gmb

(b
Figure 2.39

Solution

Since gm = +2unCox(W/L)Ip, we have g,, o /1. The dependence of g, upon I is less
straightforward. As I increases, Vy decreases and so does Vsp.

Unless otherwise stated, in this book we assume the buik of all NFETs is tied to the most
negative supply (usually the ground) and that of PFETS to the most positive supply (usually
Vbp).

2.4.4 MOS SPICE models

In order to represent the behavior of transistors in circuit simulations, SPICE requires
an accurate model for each device. Over the last two decades, MOS modeling has made
tremendous progress, reaching quite sophisticated levels so as to represent high-order effects
in short-channel devices.
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Table 2.1 Level 1 SPICE Models for NMOS and PMOS Devices.

NMOS Model
LEVEL = 1 VTO =07 GAMMA = 0.45 PHI = 0.9
NSUB =9e+14 LD =0.08e-6 UQ =350 LAMBDA = 0.1
TOX = 9e—9 PB =0.9 CJ =0.56e-3 CJSW = 0.35e—-11
MJ =0.45 MJSW = 0.2 CGDO =0.4e-9 JS=1.0e-8
PMOS Model
LEVEL = 1 VIO =-08 GAMMA = 0.4 PHI=0.8
NSUB =5e+14 LD =0.09e-6 UO =100 LAMBDA = 0.2
TOX = 9e—9 PB =109 CJ =0.94e-3 CJSW = 0.32e-11
MJ =05 MJSW = 0.3 CGDO =0.3e-9 JS =05e-8

In this section, we describe the simplest MOS SPICE model, known as “Level 1, and
provide typical values for each parameter in the model corresponding to a 0.5-m tech-
nology. Chapter 16 describes more accurate SPICE models. Table 2.1 shows the model
parameters for NMOS and PMOS devices. The parameters are defined as below:

VTO: threshold voltage with zero Vg (unit: V)

GAMMAL: body effect coefficient (unit: V!/2)

PHI: 2&F (unit: V)

TOX: gate oxide thickness (unit; m)

NSUB: substrate doping (unit: cm™3)

LD: source/drain side diffusion (unit: m)

UO: channel mobility (unit: cm?/V/s)

LAMBDA: channel-length modulation coefficient (unit: vh

CJ: source/drain bottom-plate junction capacitance per unit area (unit: F/m?)
CISW: source/drain sidewall junction capacitance per unit length (unit: F/m)
PB: source/drain junction built-in potential (unit: V)

MJ: exponent in CJ equation (unitless)

MISW: exponent in CJSW equation (unitless)

CGDO: gate-drain overlap capacitance per unit width (unit: F/m)

CGSO: gate-source overlap capacitance per unit width (unit: F/m)

JS: source/drain leakage current per unit area (unit: A/m?)

2.4.5 NMOS versus PMOS Devices

In most CMOS technologies, PMOS devices are quite inferior to NMOS transistors. For
example, due to the lower mobility of holes, x pCox & 0.25u,C,y in modern processes,
yielding low current drive and transconductance. Moreover, for given dimensions and bias
currents, NMOS transistors exhibit a higher output resistance, providing more ideal current
sources and higher gain in amplifiers. For these reasons, it is preferred to incorporate NFETs
rather than PFETs wherever possible.
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2.4.6 Long-Channel versus Short-Channel Devices

In this chapter, we have employed a very simple view of MOSFETS so as to understand
the basic principles of their operation. Most of our treatment is valid for “long-channel”
devices, e.g., transistors having a minimum length of about 4 um. Many of the relationships
derived here must be reexamined and revised for short-channel MOSFETSs. Furthermore,
the SPICE models necessary for simulation of today’s devices need to be much more sophis-
ticated than the Level 1 model. For example, the intrinsic gain, g,,7 ¢, calculated from the
device parameters in Table 2.1 is quite higher than actual values. These issues are studied
in Chapter 16.

The reader may wonder why we begin with a simplistic view of devices if such a view
does not lead to a high accuracy in predicting the performance of circuits. The key point is
that the simple model provides a great deal of intuition that is necessary in analog design. As
we will see throughout this book, we often encounter a trade-off between intuition and rigor,
and our approach is to establish the intuition first and gradually complete our understanding
so as to achieve rigor as well.

Appendix A: Behavior of MOS Device as a Capacitor

In this chapter, we have limited our treatment of MOS devices to a basic level. However, the
behavior of a MOSFET as a capacitor merits some attention. Recall that if the source, drain,
and bulk of an NFET are grounded and the gate voltage rises, an inversion layer begins to
form for Vg &~ V. We also noted that for 0 < Vs < Vry, the device operates in the
subthreshold region.

Now consider the NFET of Fig. 2.40. The transistor can be considered a two-terminal

Figure 2.40 NMOS operating in ac-
cumulation mode.

p-substrate Holes

device and hence its capacitance can be examined for different gate voltages. Let us be-
gin with a very negative gate-source voltage. The negative potential on the gate attracts
the holes in the substrate to the oxide interface. We say the MOSFET operates in the
“accumulation” region. The two-terminal device can be viewed as a capacitor having a
unit-area capacitance of C,, because the two “plates” of the capacitor are separated by
Lo

As Vg rises, the density of holes at the interface falls, a depletion region begins to form
under the oxide, and the device enters weak inversion. In this mode, the capacitance consists
of the series combination of Cy and Cg,,. Finally, as V5 exceeds V7 y, the oxide-silicon
interface sustains a channel and the unit-area capacitance returns to C,,. Figure 2.41 plots
the behavior.
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Accumulation Strong Inversion

Ves Figure  2.41 Capacitance-voltage
characteristic of an NMOS device,

Unless otherwise stated, in the following problems, use the device data shown in Table 2.1 and assume
Vpp = 3 V where necessary.

2.1. For W/L = 50/0.5, plot the drain current of an NFET and a PFET as a function of |Vg| as
|VGs| varies from 0 to 3 V. Assume |Vpg| = 3 V.

2.2. ForW/L =50/0.5,and |Ip| = 0.5 mA, calculate the transconductance and output impedance
of both NMOS and PMOS devices. Also, find the “intrinsic gain,” defined as g, rg.

2.3.  Derive expressions for g, ro in terms of / p and W/L. Plot g,r¢ as a function of I with L
as a parameter. Note that 2 oc 1/L.

24. Plot Ip versus Vs for an MOS transistor (a) with Vpg as a parameter, (b) with Vps as a
parameter. Identify the break points in the characteristics.

2.5, Sketch Iy and the transconductance of the transistor as a function of Vy for each circuit in
Fig. 2.42 as Vy varies from 0 to Vpp. For part (a), assume Vy varies from 0to 1.5V,

Figure 2.42



