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The i\{etal-Oxide-Seniconcir-rctor Field-Efiêct Transistor or IV{OSFtrT is ar.rguably the rnost
important semiconductor device ever invented. Integrated circuits based on À4OSFtrTs are ubiq-
ttitous iu our tlodern society. There are rnany that rve readily see. such as microprocessors in

"utt 1r.it*rri ol digitzil-signal plocessors in r.vireless phones, but there are lraltv rnore that we clo
not see) such as chips embedded in home appliances, industriai tools, toys, cars, etc. As a result
of the explosion of logic ICs, MOSFET technology has become a commodity: it is widely stan-
dardized and it is readily available to IC designers around the wor1d. This has fueled, in turn,
the widespread use of MOSFETs in many other applications that go beyond logic, such as analog
and communications systems. Current examples are wireless LANs, cell phones, and optical fi.ber
transceiver modules, among many others.

There have been many contributors to the conception and development of the MOSFET. Ross
postulated in 1955 that an inversion layer could be induced electrostatically by an electrode placed
close to the sùrfâce of a scmiconductor. The first reduction to pra,ctice of the MOSFET had to wait
until SiO2 with sufficient quality was developed. The first MOSFET was demonstrated in 1959
byDawon Kahng and Martin Atalla at Bell Labs. The integrated MOSFET and MOSFET IC's
quickly followed. While these represented huge advances in microelectronics, a truly revolutionary
event was the invention of CMOS in 1963 by Fbank Wanlass at Fairchild. CMOS refers to
Complementary MOS, or the pairing of an n-channel MOSFET (based on electrons) and a p-
channel MOSFET (based on holes) to form a logic gate. The distinctive feature of CMOS, in
contrast with other logic families, is that it performs logic while consuming no DC power. This
unique characteristic, perhaps more than anything else, underpins the microelectronics revolution
and has led to ultra-large scale integrated circuits. More details about the evolution of MOSFET
design and key milestones along the way are given in Sec. 10.5.6.

A schematic cross section of a modern integrated n-channel MOSFET is shown in Fig. 9.1.
At its heart, the MOSFET consists of a metai-oxide-semiconductor structure with an n+-region
on each side. The metal of the MOS structure is referred to as gate. The two n+-regions are
referred f,o as source and d,ra'in, The p-type well surrounding the device is referred to as bod,y. A
MOSFET is a four-terminal device. The gate, source, drain, and body regions are ail contacted
separately. In modern technology, the gate is made out of n+-polySi and it is typically silicided
on top to reduce its resistance. The surface of the source and drain, as well as the body contact,
are all silicided for the same reason. To facilitate electrical contact, a p+-region is implanted at
the surface of the body contact. The device is isolated through shallow trenches that cut below
the heavily-doped regions of the source, drain, and body. In the planar view shown at the bottom
of Fig. 9.1 two key dimensions are defined. Gate length arrd gate width refer to the length and
width of the intrinsic portion of the device defi.ned by the overlap of the polySi gate and the area
enclosed by the shallow trench isolation. These are critical dimensions with a major impact on
most electrical figures of merit of the NIOSFET. 1

'I'he complementarv p-channei NIOSFET looks similar with p and n legions intelchanged. Its
opcratiott is similirl to theit of thr: n-chanrrcl f {OSF trT but the sigrrs of r-oltagcs ancl cru'rcnts ar.e
Icr-c|secl. Sincc it is basccl on httle tr-auspot't. the p-chnrtnel IIOSF-ltT irirs ktl-r:r'pi.r'folnrauc.e.

The heart of the \{OS}-trT is the iutlinsic region, nlso leferrcd Lo as clrurtnr:l region. This
tNotice the oclcl choice of notation: the rviclth of the gerte tencls to be lnrgel than its lengtlt. This is fol liistorical

l(\ilsolts.
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Figure 9. 1: Simpliliecl schematic diagram of a modern MOSFIIT: cross section (top), layout at the wafer surface
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is the NIOS portion of the device directly underneath the gate between souïce ancl drain. 1'he
rest is often referred to as the extrinsic portions of the À.,IOSF-E'I. When a gate voltage in excess
of the threshold voltage is applied to the gate of the \'1OS strtr.cttue, an inversion layer forms
in the semiconductor liglrt belolv the oxide/semiconductor interface. By' virtue of the existence
of a finite overlap of the gate above the n+ source and drain regions (this is very important to
insure low parasitic resistance), tlte iltversiur lir,yer creates â côTrductilrg uhunncl that connects
the source and the drain. If a positive voltage is applied to the drain with respect to the source,
electrons will flow fÏom the source to the drain through the inversion layer. When the gate voltage
is brought below the threshold voltage, there is no inversion layer in the MOS structure and the
conducting path between source and drain is broken. In this manner, the MOSFET behaves as
a switch. Electron flow from source to drain is controlled by the gate voltage; it is enabled when
the gate voltage is above threshold and it is forbidden in the opposite case.

The MOSFET can also bchave as an amplifier. With the gate voltage a,hove threshold and an
inversion layer connecting source and drain, the higher the gate voltage, the more electrons are
induced in the inversion layer, and the higher the current that flows between source and drain.
As we will study in this chapter, under the right conditions, the current between the source and
drain can be made independent of the drain voltage. This "isolation between input and output"
is an essential property of a good amplifying device.

A word on notation. In most cases, a MOSFET features a rather symmetrical design. The
source and drain are interchangeable. What makes the source and the drain be identified as such
is the voltage that is applied to them. The drain is always biased positive with respect to the
source. In this way, electrons flow out of the source and into the drain. If the voltage difference
between source and drain was to change its sign, we would change the names too,

In this book, the MOSFET is presented in two chapters. The present chapter deals with the
"long" MOSFET, while the next one is concerned with the "short" MOSFET. The terms "short"
and "long" refer to length of the gate of the transistor (marked in Fig. 9.1). As we will learn,
these are somehow relative terms to other key dimensions of the device. Modern MOSFETs are
very small and they are getting smaller all the time. Because of this, understanding the short
MOSFET is of great importance for microelectronics engineers. This is the topic of Chapter 10.
Before the short MOSFET can be productively attacked, one has to develop a ciear picture of
the operation of the "long" MOSFET. This is the purpose of this chapter.

The chapter starts with a definition of the concept of the ideal MOSFET. This is a useful
simplification that captures the essence of the MOSFET and allows us to quickly understand its
basic operation. The ideal MOSFET is amenable to developing first-order models that provide
substantial physical insight. Section 9.2 qualitatively describes the operation of the ideal MOS-
FtrT using a simple water analogy. Basic physics of eiectron transport in the inversion layer are
discussed in Section 9.3. Section 9.4 proceeds to describe the current-voltage characteristics of the
ldcal -\IOSFEf zrnd clc'r-elops a sinrple anzrlr'tical uroclt:l fol it. Sectiorr 9.5 plescnts the chiu.gc-
voltergt: chtrlactetistics ol lhe idcal \IOSFET. ,\ftcl that, Scction g.6 discusses its srlnll-signal
behavior in the satulatiol lcginre rvhich is thc nrost useltl legime of opclntiorr. Tlrr: ch:rptcr. cncls
with a scction on thc tr-iost importarrl, non-idcal cffccts of thc long NfOSFET.
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Figure 9.2: Left: sketch of the cross section of an ideal MOSFET. This conceptual device is a good basis for
developing first-order understanding and models for MOSFE'I operation, Right: Circuit syrnbol for a MOSFtrT.

9.1 The ideal MOSFET

As in other chapters in this book, it is of great usefulness to define the concept of the ideal
MOSFET. This is a model device that captures the essence of the MOSFET but hides away
complicating details and second-order effects. The ideal MOSFET is a useful framework on top
of which to construct a solid understanding and a useful set of models for the MOStrET. This
will be of great value in this chapter about the long MOSFET, but also in Ch. 10 when studying
the short MOSFtrT.

A sketch of the ideal MOSFET is shown in Fig. 9.2. This is a perfectly symmetrical device.
It consists of uniformly doped source, drain, gate, and body regions. The edges of the source and
drain n*-regions are perfectly lined up with the edges of the MOS structure. The body contact
is made at the bottom of the device.

The ideal MOSFET contains a number of simplifying assumptions:

o The MOS structure is ideal as defined in Ch. 8.

o All carrier flow is one dimensional.

o Doping levels are uniform throughout.

.t !V" urrrr-e Maxwell-Boltzmann statistics (non degenerate).

r Electron transport along the inversion layer takes place only by drift (i.e.,we neglect diflu-
sion).

o Electrons drift along the inversion layer in the mobility regime, 'i.e., the electron velocity is
proportional to the lateral electdc field along the inversion layer. We undo this assumption
in Ch. 10.
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o lVe neglecL Lhe bodg effect, that is, the dependence of the thleshold voitage on the space
coordinate along the channel. This is fixed in Sec. g.7.1 .

o We ignore any resistance effects associateci rvith the quasi-neutral regions or the ohmic
contacts to these regions. The impact of parasitic source and drain resistance is discussed
in Sec. 9.7.5.

r We ignore any effects associated with the sidewall of the source-body and drain-body junc-
tions. This implies that the extent of the depletion region underneath the MOS structure
is assumed to be unaffected by the presence of the source and drain regions. The impact of
this on the electrostatics of the channel is discussed in Sec. 10.2.

r We ignore the saturation current of the reverse biased source/body and drain/body PN
junctions.

o There are no three-dimensional effects, that is, the device scales perfectly with its width.

o \Me ignoré any effects associated with the substrate that surrounds the transistor (not shown
in Fig. 9.2), including the presence of a PN junction with the MOSFtrT body with rectifying
I-V characteristics.

o 'We neglect impact ionization anywhere in the device. Its role is discussed in Sec. 10.4.2

Fig. 9.3 shows a closs section of the ideal MOSFET indicating the coordinate axis convention
used here. The o axis is selected into the wafer with its origin at the semiconductor surface.
The y axis is selected along the channel from source to drain with its origin at the source edge.
Indicated is also the inversion layer and the depletion region that under the right conditions
exist underneath the source, channei, and drain regions of the device. This figure suggests that
the depletion regions of the source and drain merge with that of the channel at the edges of the
channel. This is obviously the case. However, in our ideal MOSFET we assume that the depletion
region underneath the channel is of uniform thickness throughout. That is, we neglect any effect
of the source and drain sidewalls.

Fig. 9.3 also shows the voltage and current notations that are used in this book. All voltages
are referred to the source. As usual, entering terminal currents are positive. In our ideal MOS-
FET, the gate and body currents are assumed zero. Hence, the source current is equal to minus
the drain current.

9.2 Qualitative operation of the ideal MOSFET

fhe opet'zrtion of the ÀIOSI ET can be c1r-ralitatir.ell- urrclei'sloocl br. cstablishing nn arralogl. u,ith
a water reservoir slSten. a-s sketcherl in Fig. 9..1. In this arralogl.. the sour.cc ancl chairr can 1..,c

thought of as water reservoirs with a relative height [hat can be adjusted. fhe gate plays the lole
of barrier separating the lwo water reservoirs. The relative height of the trvo reservoirs of water
corresponds to the drain to soulce voltage. The higher Vps, tlte lower the level of the water on
the clrain is rvith rc'spect to tliat of the soru'ce. Tht: r'elative height of the balliel abor-e the rvntel
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Figure 9,3: Sketch of the closs section of an ideal MOSFET defining spatial coordinates as well as voltage and
current nÔtation. Shown are also sketches of the inversion layer and the depletion region that under appropriate
conditions exist underneath the source, gate and drain.

level of the source corresponds to the gate to souïce voltage in excess of threshold. The higher
V6;s, the lower the gate barrier. At a value of VGS : V7, the top of the barrier is level with the
water surf'ace. In this analogy, we ignore the effect of the MosFET body.

The water analogy of the MOSFET reveals three possible regimes of operation. These are
sketched in Fig' 9.5. When the barrier level is above the water level on the source) water cannot
flow between source and drain. This is shown on the lefl of this figure. This occurs regardless
of the relative levels of the source and drain water surfaces. In the MOSFET, this corresponds
to the cut- off tegime with Vcs I Vr . In the cut-off ïegime, there is no inversion layer under the
gate and In :0 regardless of the value of Vr,s.

v,.,
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v>0

source - gate drain

Figure 9.4: Sketch of ideal MOSFET and a water analogy. The source and drain can be thought of as pools of
water separated by a barrièr' The drain to source voltage is equivalent to the relative heights oi the water levels
in the two pools of water. The gate to source voltage above threshold is equivalent to the relative height of the
barrier above the water level on the source.
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cut-olf linear or iriode saluration

Figure 9. 5: Regimes of operation of the water analogy of the MOSFET. The drain water level is always below
the source water level. In the cut-off regime (left), the barrier is above the water level on the source and drain and
water does not flow. In the triode or iinea,r regime (middle), the barrier is below the water level of both the source
and drain. Water flows from source to drain. In the saturation regime (right), the barrier is below the water level
of the source but above that of the drain, Water flows. from source to drain, but the water current is independent
of the relative levels of source a"nd drain.

A second regime of operation corresponds to the case depicted in the middle of Fig. 9.5.
When the barrier is below the water levels of the source and drain, water floïys above the barrier
from one reservoir to the other. It is clear that in this case, the higher the water level difference
between source and drain, or the lower the barrier level with respect to the v/ater surfaces, the
higher the current too. In the MOSFET, this situation corresponds to the ljnearJegime, also
called the triode rcgime. In this mode of operation, Vcs ) Vr andVco ) Vr. As a consequence,
an inversiôili$êr is formed below the gate that constitutes a path that connects the source and
drain. With Vps ) 0, an electric field is created along the inversion layer and electrons drift from
source to drain. As in the water analogy, the current flowing through the channel depends both
oî VDg and Vçg. If Vos increases, the lateral electric field along the inversion layer increases and
the current increases. If. Vcs increases, the amount of electrons induced in the inversion layer
increases and the current also increases.

Finally, the third regime of operation of the MOSFET is depicted on the right of Fig. 9;5. In
this regime, the top of the barrier is below the water level on the source but above the water level
on the drain. Water still can flow over the barrier, but there is a key difference with the regime
in the middle of the figure. The water flow is independent of the relative height of the water level
on the drain side with respect to the sorlrce. As the water flows over the barrier, when it reaches
the end, it simply falls down freely. Lowering the water level at the drain does not increase the
flow of watcr'.

In the MOSFET, this regime of operation corresponds to a situation in which Vcs ) Vr but
Vcn 1Vr. As we will see, this creates an inversion layer at the surface of the semiconductor that
thins down along the channel. As in the ',ryater analogy, the electron velocity increases along the
channel from source to drain. At the drain side of the channel, it is said that the inversion layer
is pinchul oJJ. The electrorrs simply "drop" into the drain. The remarkable aspect of this regime
is that once'1.25 is high etrortgh fol tliis legirne to be establishecl. the clrain r-olttrgc ha.s nct luithcr
itrtlrirc't ort tltc electi'ic field that is sct up along the ch:rnnel . Bevoncl this rrzrlue oI \,'nS.t'efêr't'erl
to as [rg'o1. ttre elecrtric ficld irr t]re chaririel is orrly aflected by Vcs.In consequence, the charnrel
current is independent of V7;g. This is called the saturat'ion regime and it is tire most impor:tant
regime of operation of the \4OSFET. It is in the saturation regime where a N{OSFET is biased
as an arrrplilicr.
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Armed with this qualitative understanding, we are now in a position to start looking in a
more rigorous manner at the physics of the MOSFET in its various regimes of operation and
start developing models for it. The next section discusses the physics of electron transport along
the inversion layer which is at the heart of the MOSFET operation.

9.3 Inversion layer transport in the ideal MOSFET

The first step in the construction of a model fbr the ideal MOSFtrT is to develop a suitable
formulation for eiectron transport in the inversion layer. While this is fairly straightforward,
there are some subtleties to it. A detailed study is presented in Advanced Topic AT9.1. This
section captures the most important results.

In the inversion layer of a MOSFtrT under normal operation, electrons are trapped in a
potential barrier that prevents them from escaping to the gate or the body. In consequence,
electron only takes place laterally along the surface of the semiconductor from source to

gate , there is no compelling interest in describing the
behavior of electrons as a function of.the normal direction into the semiconductor (the r direction)
The vertical dimension can be abstracted away by integrating the electron concentration across
the inversion layer. So, instead of thinking of n(r,y), the electron concentration as a function of
location in r and y at any one location in the inversion layer, it is much more productive to think
of the sheet carrier concentrationin the inversion layer, n"(y), at a particular location along the

, where:

. n"(y): 
lo* 

n(r,y)d,r (9.1)

n" has units of crn-2. This integrates ali electrons in the inversion layer at a location y and ignores
their detailed distribution in r. The upper integration limit in this integral can be extended to
oo without introducing any problems because the electron concentration peaks at the surface and
drops very fast with z.

With the MOSFET biased in one of its conducting regimes, the electron current aiong the
inversion layer can be easily expressed in terms of n". In the ideal MOSFET, we assume that
electron flow takes place by drifl and we neglect any electron diffusion (see Aclvanced Topic
4T9.1)' Under this assumption, the electron current is simply given by the product of the
electron charge, the electron velocity, and the sheet electron concentration, times the width of
the device:

I" - -qWu"o(a)r"@) (s.2)

where u", is the average velocity for the electrons in the inversion layer in the g direction from
source to drain. Note that while u", and n" depend ony, I. does not. This is a consequence of
the fact that electrons cannot escape from the channel and must all flow fTom source to clrain.
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trc1. 9.2 can also be wlitten in telrns of the slteet charge densi,ty of the inversion laver, Qi
This is related to n" through:

Qr(y): qn,(y)

In terms oï Q6,F,q. 9,2 becomes

I" - Wu"o(y)Q{a) (e.4)

In more rigorous terms, the key assumption that led us to Eqs. 9.2 and 9.4 is called the
sheet-charge approrimat'ion (SCA). This approximation makes it physically meaningful to define
an aaera,ge lateral velocitv for a1l the electrons in the inversion layer. Intuitively, this is possibie
whenever the distribution of lateral veiocities in depth does not change too rapidly in the scale
of the changes that are taking place in thè electron concentration. It essentially requires that the
inversion layer be very thin in the scale of other normal dimensions of the MOS structure (the
oxide thickness and the thickness of the depletion region underneath the inversion layer). This is
discussed in detail in Advanced Topic AT9.1.

According to our definition of the ideal MOSFET, we consider that the lateral electric field
along the inversion layer is small enough for electrons to drift in the mobility regime. In this
regime, the lateral electron velocity is proportional to the lateral electric field. As it turns out,
this assumption is quite poor in MOSFETs of any gate length. Nevertheless, it is important and
useful to proceed with this assumption for a while as the resulting models are an excellent starting
point for a more detailed study of the MOSFET. We will undo this assumption and study the
impact of velocity saturation in Ch. 10. In the mobility regime, we then have:

u"y(a) = -p"ty(a) (9.b)

where tu@) is the average longitudinal electric field in the inversion layer. In this regime, Eq.
9.4 becomes:

(e.6)I" = -W 1l.tafu)Qt(A)

An aiternate way to express Eq. 9.6 is in terms of the voltage V(y) of the inversion layer.
Since the source is our reference for all voltages, we define 7 as the surface potential at a location
y with respect to the'surface potential at the source-end of the channel:

(s.3)

(e 7)

(e 8)

\/(u) : c,,(y') d,(y - 11;

'fhe lateral electric {reld in the inversion layer can now be explessed iu lemrs of V'

c t \ tla,(lt) dV (a)(tt\!ll- 
,la - ,1,1
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Inserting Eq. 9.8 into 9.6 yields:

I": w p,"Q/a)
dv(v)

(e.e)
ds

To make further progress we need to find a v/ay to relate Q6(y) with V(y). The grad,ual-
channel approri,mati,on (GCA) allows us to do that. Before we introduce this approximation, it
is necessary to remember the fundamental charge control relationship of the inversion layer in
inversion. This was studied in Chapter 8. In a two-terminal MOS structure under inversion, the
charge in the inversion layer is to the first order determined by the voitage applied to the gate
with respect to the source in excess of the threshold voltage:

Qt:-Co,(Vcs-Vr) (e.10)

This expression was derived for a MOS structure with the source as voltage reference and
with the body tied up to the source (Vs : Vs : 0), In this case, the inversion layer voltage is
zero everywhere and as a consequence, the inversion layer charge is uniform across the structure.
In a MOSFET, unlike the simpler two-terminal MOS structure, this expression only applies at
the source end of the channel, where V :0. Anywhere else down the channel, I/ is different from
zero and this expression needs to be reformulated.

The GCA allows us to recycle expression 9.10 to situations in which I/ changes in space
but it does so relatively slowly. The key assumption is that at any one location, the inversion
layer charge is only set by the local uert'ical electrostatics with the lateral electrostatics having
a negligible effect on it. This means that we can reuse Eq. 9.10 provided that we subtract the
localvoltageof the inversion layer,V(y), which in general is not zero. This is sketched in Fig.
9.6. This figure shows that the voltage difference between the gate and the inversion layer at a
Iocation g is in general Vcs - I/(y), instead of simply 76s. The inversion layer charge at that
location, under the GCA is then given by:

Q{y) = -Co*lVcs -V(a) - Vrl (e.11)

The GCA effectively breal<s up the electrostatics of the MOSFET intô two
simpler one-dimensional the in the Inversl0n

lateral electrostatics control its lateral flow the channel. In
lâ[êial electrost a represent a t'smalltt perturbation the vertical electrostatics. As
a consequence, the inversion layer charge at any one location can be computed using the one-
dimensional MOS theory developed in the previous chapter, with the simple precaution of using
the local inversion layer voltage,V(y), instead ofV :0.

Advanced Topic AT9.1 discusses the GCA and the SCA in more detail and explores the limits
of applicability of these two approximations. It is shown that for the GCA to apply, the lateral
electric field must be smaller than an "effective" vertical electric fielcl. In turn, this demands that
the aspect ratio of the device be large enough, that is, that the channel length be sufficiently



f,-q Integrated Alicroelectronic Devices: Physics and Modeling

G
û5

s D

D

'B\

Figure 9;6: Schematic diagram of a MOSFET illustrating local gate voltage overdrive.

longer than a vertical characteristic length. In ATg.l it is also shown that if the GCA is fulfilled,
bhe SCA also applies

Eq. 9.11 allows us to formulate the MOSFET current equation in terms of a single variable,
I/(g). Plugging Eq. 9.11 into 9,9, we get:

(e.12)

This is a first-order differential equation in terms oI V(y). Its solution with.appropriate
boundary conditions yields the channel current in the ideal MOSFET under a variety of cond!
tions.

9.4 Current-voltage characteristics of the ideal MOSFET

In the previous section, we developed a quasi-lD formulation for inversion layer transport in a
MOSFtrT. This is the basis I'or a first-order fbrmulation of the current-voltage characteristics of
the MOSFET under the cut-off, linear and saturation regimes. This is carried out in the next
three subsections.

9.4.L The cut-off regime

Tire cut-ofl rcgimc is dcfinecl fbl valtrc:s oT Vçg I V7 and Vos Z 0. In a siurplc filst-ordcl
formulation, since Vçg is below thleshold, thele is iro invelsion layel and the culrent is zero,
regardless of the ralue of Vps. In the cut-offr'egirne, tl're transisloris oJJ'. This is one of the two
logic statcs in rvhich a \IOSF trT is biasccl rvhcn oper.zrting as :r su,itch.

Ie : -W lt.Co,r[Vcs - Vr - VtA)]W

n+

V()iffil:l)-û- - V{ï}

p

I

I
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Figure 9.7: Sketch of MOSFET in linear regime and with no back-bias.

To the second order, we know that below threshold, there are still electrons at the surface of
the semiconductor. We have referred to it as the weak inversion regime of the MOS structure
or the subthreshold regime. As a consequence, even for Vcs 1ft, there will be a small amount
of current flowing through the MOSFET. This is the subthreshold, reg'irne of operation of the
MOSFET and it will be discussed in Section 9.7.4 below.

9.4.2 The linear regime

The linear regime is defined fbr values ot Vcs ) Vy and Vco ) 7r. This situation is sketched
in Fig. 9.7. Under these conditions, an inversion layer extends all the way under the gate from
source to drain, a lateral field is set up along the inversion layer, and current flows.

With our current understanding) we should expect the drain current in the linear regime to
increase with and but AII things being equal , if Vçs increases,

verslon char rncreases in absolute magnitude and the channel current musi irrcrease
wt t other hand, if lâg_igglgr."Ë* tft" electric field along the channel is also

enhanced as a result, and more channel current ought to flow. This behavior resembles that of
the triode vacuum tube and for this reason, the linear regime is also referred to as the tTiod,e
regime.

Deriving an expression for the current-voltage characteristics of the MOSFtrT in the linear
regime is fairly straightfbrward. \Me start where we lefi off in the previous section, with Eq. 9.12.
Solving this differential equation in this case is rather easy. By bringing dy to the left-harid side,
variable separation is achieved:

I.da : -W p,.Co*(Vcs - Vr - V)dV (9.13)

We can then integrate the left-hand side along the channel from y: 0 to U : L, and the

n*

G

Vor>4

1* p*
-.L

layer

B
v

0 L

I invèrsion I

Idepletion
reglon
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light-irancl sicle fi'om l,/ : 0 to V : Vp5, to get
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1L rvo s
t, 

Jo 
du - IV u"C* Jn (Vcs V7 V)dY

4 : *) u.Co,(Vcs - vr * Tvor)vo,

(e.14)

or, after integration,

(e.15)

Going from channel current to drain terminai current is simple. Since electrons flow through
the inversion layer from source to drain, this must necessarily result in an entering drain terminai
currcnt which, under standard sign convention, is positive. Since in orrr choice of 3r axis, 1" is
negative, we therefore need to apply a negative sign. The drain current is then:

WI
. [D: 7U.Co*(Vcs Vr - ,Vos)Vos (9.10)

This equation gives the current-voltage characteristics of the ideal MOSFET in the linear
regime. Before graphing it for different values of VDs andVçs, we must understand its limits
of applicability. Eq. 9.16 was derived under the assumption that the inversion layer extends
underneath the entire channel. However, the charge distribution in the inversion layer is not
uniform along the channel: it drops in absolute magnitude from source to drain. This is because
V increases along the inversion layer from 0 to Vps and, as a result, Q; is reduced in absolute
magnitude (see Eq. 9.11). This is discussed in detail later on in this section. The lowest inversion
layer charge occurs at the drain end of the device where it is given by:

Q{a : L) : -Co,(Vcs - Vr - Vps) (9.17)

ForlQa(y:L)l>0,Vns.-Vcs-ftmustbesatisfied. ThisistherestrictiononEq. g.16.

Under this constraint, Eq. 9.16 is graphed in Fig. 9.8 which sketches Ip as a function of Vps
fbr diflerent values of Vçg. The linear regime is the area of this graph comprised by the vertical
axis and the line labeled "VDS : VcS - J/7." There are several features in this graph that are
worth noting. First, for a given value of Vcs, Ip increases with Vps. Initially the increase is
relatively fast but then it appears to saturate. The reason for the increase was mentioned before:
a higher I/p5 results in a larger lateral field and a larger current. The reason for the saturatiou
will be discussed below. Second, for a given value of Vns, Io increases with 7çs. This was also
cxpectcci. j\ highcl J16,'5 iucluccs a liighcl concentration of electlons in tl're iuversion laver tl'rat
t'csrtlts itr irtci'ctrscri utllt:ttt. Finallv. lol l,'cs - \'tt.. Io - 0. as it is to i-rr: expc'ctccl since thcr
irrvt:rsiou la;'t:t' clisapltcitt's.' Notic'e that for' I,c;s : I,:r.tlrt: ntorlel orrlv nltltlic:s lbr' 1p,,. : 0 fo1
u'lriclr 1p : 0 lrrryu ay.

In order to bettel ttuclelstancl the physics of the N{OSFET in the linear regime. in particular.,
its satrlla"ting bchaviol trs\/os incrr,'asc.s. Fig. 9.9 sketchcs lQi('y)1 ltr(V)l I,.(y). and i,,r;,ç V(y)
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Vor=V,
0

0 vo,

Figure 9'8: Sketch of I -V characteristics of a MOSFET in the linear regime. llach line corresponds to a diferent
value of Vc.s.

along the channel of the MOSFET from source to drain. The mathematical expressions for these
parameters as a function of. y are easy to derive (see Problem 9.2). As Fig. g.g indicates, ea
drops in absolute magnitude along the channei from source to drain. This is because V increases
along the channel from avalue of zero af, the source, toVos at the drain. This "debiases" the
inversion layer as v/e proceed from source to drain. In order to maintain a constant current, tn(y)
must increase in magnitude from source to drain so that there is an incïeasing electron vetoéity.
This yields a voltage distribution along the channel that is superlinear in y. The amount of local
"gate overdrive," vçs - v(y) -v7, is reduced along the channel from source to drain.

It is illuminating to consider how the profiles of Fig. 9.9 change as VDg increases. This is
shown in Fig. 9.10. For Vo.q 0, the lateral field across the inversion laver is zero and the
electron concentration is uniform. For. lqw values of Vps, a nearly unifbrm electric field is set _
along the channel and the voltage distribution is nearly linear. As Vpg increases, the lateral"efeôTïieEêruEcreâses but t
concentration towards the
channel debiasing becomes
drops very low and the ma

that is, the electron
L. For larse Vnc.

To understand how channel debiasing results in current saturation, one must focus on its effect
on the situation at the source end of the channel. Towards understanding this, it is useful to go
back to the very fundamental Eq. 9.4 that expressed the channel cuirent at any one location as
the product of the channel charge times the electron velocity at that particular location. At the
source end ofthe channel (g:0), this expression becomes:

1", - Wu"o(0)Qr(o) (e.18)

We can write an equation like this for any location of the channel. What is significant about
the source end is that the inversion layer charge there is set only by Vcs throughi

he drain-end of the d"Jt"g ,!u.trgg!!ing debiased,
dt; ffiroaches

lD

or=Vor-V

j

severe. The electron concentration drain-side of
of the is absorbed
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Figure9.9: Inversionlayercharge, lateralelectricfield,channelvoltageandlocalgateoverdriveasafunctionof
Iocation along the channel for a MOSFET biased in the Iinear regime.

Q{o): -C.,(V6 -V7) (9.19)

since 7(0) : 0. In particular, Q.;(0) is independent of what happens down the channel.

TheVps dependence enters trq. 9.18 through the electron velocity, u"u(0).This is set by the
local lateral electric field. With transport in the mobility regime:

u"s(0) - p.tt,(0) (e.20)

'lher lit:r- to tittrlt't'st:trrcling thc sâturating bchar.ior of 1p n'ith I p5 is to lbctrs orr the 'lrbs

depenrlence of t,,(0). As Fig. 9.10 shows. as Vns irrcrezlscs, so clocs tlie electlic ficicL at tirc
soltrce. However', whett channel debiasing becomes prominent at high Vp5, the rlse of
slows dorvn q,s !ig]re1ya_1.!r9g_qf_!irs ale applied and eventually it does not increase anv rlore. In
conseciuellce, at higir 1,p5. thc: r'clocitl'at ri'hich clectrons ale t-.xtlactr:cl from thc soulce sntulates
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Figure9.10: Inversionlayercharge, lateralelectricfield,channelvoltageandlocalgateoverdriveasafunctionof
location along the cha^nnel for a MOSFET biased in the linear regime for increasing values of Vos. For high Vos,
channel debiasing at the drain-end of the channel is apparent.

and so does the current.

This line of argumentation is productive in one more and very general way. In the MOSFET,
when dealing with transport phenomena, it is often most usefuha-foçus on what is happeninq on
the source side, as opposed to the druir ri 

"l'mâÏ--mêE-n-f'hink in terms of the number of electrons that are extracted from the souïce and the
velocity at which they come out. This is a simple and powerful picture that often provides great
physical insight.

It is also interesting to reflect on what is going on at the drain-end of the channel as Vps
approaches Vcs - 7r. This is the point with the lowest concentration of electrons in the inversion
Iayer. As VoS approaches VcS - Vr, Eq,. 9.17 indicates that Qa goes to zero at y : 7,. In
this limiting case, the location at the drain end of the channel is known as the pi,nch-off point.

the could not flow
What is and how could our formalism deal with it?
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'lhere are several problems with our forrnalism close to A : L for ralues of Vps that approach
Vcs - V7. First of all, at ?) = L fot Vns = Vcs - V7, thelocal gate ovelch'ive goes to zero. As a
consequence, the fundamental charge control relationship stops applying and the gradual-channel
apploximation fails. This should urake the use of trq. 9.17 suspect. An aclclitional ploblem rvith
our fbrmalistn around the pinch-off condition is that the assumption of linearity between electric
fleld and electron velocity is unlikely to apply as the lateral field ge[s ]rig]r elough I'ur vcluciLy
saturation to occur. For these reasons, the current-voltage characteristics given by trq. 9.16 do
not apply when Vps approaches Vcs -Vr.

Developing a detailed model of current transport at the drain-end of the channel when fpg
approaches and exceeds Vcs -V7 is a major challenge. Fortunately, fbr a first-order analysis, we
do not need to do it. The reason is that the model embodied in Eq. 9.16 is fairly accurate over
nearly the entire range of drain current. This is understood by examining Fig. 9.8 in detail. For
small values of Vps, increasing Vpg brings about a signifrcant increase in Ip. For higher values
of Vpg, however, a further increase in Vps produces a proportionally smaller increase in Ip. For
ftrs values close to Vcs -Vr, Io is essentially saturated. The origin of this diminishing return
in Ip for high values of.Vns is the "channel debiasing" discussed above. Even before we reach
pinch-off and the simple model developed. above becomes invalid, the drain current has essentially
stopped increasing.

It is not difficult to quantify how close Vps can get to Vcs - V7 before the simple model
developed above fails. As Problem 9.3 shows, for typical MOSFET designs, Vns can get up to
about 80% of Vcs - V7 before the gradual-channel approximation fails. This means that 1p can
build up to about 96% of the maximum value predicted by Eq. 9.16 and stiil be fairly accurate.
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Exercise 9.L: Cons,id,er a long n-channel
n+ -polysi,li,con gate pVla : Xs : 4.04 eV ),
W : I0 p,m at a bi.as giaen bA Vcs :2.5 V ,
dens'itg i.n the i,nuers'ion lager at the source-

flowi,ng tlrough the drai,n of this transistor.

MOSFET characterized, bg the follow,ing parometers:
fiou: 15 nm, un'iform ly'a : 1017 crn-3, L: \ pm,
Vos : 1 V , and VBS : 0. Est'imate the sheet charge
and dra'in-end,s of the channel. Esti,mate the current
(Jse pt 

" 
: 500 cm2 /V.s.

Proceeding as in Ch. 8, fbr this MOS structure u/e can easily finc1: Co*:2.3xI0-7 Ff cm2,
^y : 0.79 V7/2, ô"r: 0.84 V , VpB : -1 V, and V7: 0.b6 7. 

"

To obtain the sheet charge density at the source-end of the channel at the indicated bias, we can
use Eq. 9.19:

Ço(0) : -Co,(Vcs -vr) : -2.3 x r0-7 F/crn2 (2.5 - 0.56) v : -4.5x 10-7 Cfcm2

Before we can obtain the corresponding value at the drain-end of the channel, we need to assert
the regime of operation of the transistor. For the indicated bias, v6s -v7 - l.g4v ) vns : r v .

Hence this MOSFET is biased in the linear regime. We can then use Eq. g.17 to obtain:

Q,Q): -Co,(vcs -vr -vps): -2.3xr0*7 Ff cm2 (2.b- 0.b6 _ t)v: *2.2 x 10-7 Cf cnf

The drain current can be obtained from Eq. 9.16:

Ip \ u.c *(uc s - vr - lvo r)vo,

l#too cm2 fv.sx 2.8 x r0-7 trf cm2(2.b - 0.b6 - *r q x r v : t.T mA

9,4.3 The saturation regime

In the previous section we have developed a simple model for the linear regime of operation of
the MOSFtrT. \Â/e found that l7 depends onVps andV6s and we derived an expressionfor Ip
that applies up to essentially V1ts : VGS - V7. What happens if. Vr,s reaches or exceeds this
value? This is the saturation regime.

It is clear from our discussion above that around Vns : Vcs -V7, theelectron concentration
at the drain-end of the chaùnel drops substantially. In fact, it can become rather small in
comparison with the doping level of the body. If this happens, we can think about this as a small
depletion region appearing right at the drain end of the channel. This is sketched in Fig. g.11.
This depletion region does not represent in any way a barrier to electron flow. On the coltrary,
the lateral electric field in this region "pulls" electrons into the drain. 2

\Mhat is significant about the appearance of this depletion region is that iÎ Vps is increased
beyond Vcs *Vy,lhe extra applied voltage drops entirely in this pinch-off region by widening
its lateral extension. This is also sketched in Fig. 9.11. What happens here is entireiy analogous
to the electrostatics of a reverse biased pn junction that widens as the reverse bias increases. If
the pinch-off region widening is small in the scale of the channel length, the electrostatics of the

2Transport through the pinch-off point in a MOSFET is just like through the base-collector depletion region of
a bipolar transistor biased in the forward active regime, as will become clear in Ch. 11.
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a) linear regime VDs<VDsrut

pinch.off point
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b) pinch-offVor:V-r,u, c) saturation regimeVDs>VDs.u'

Figure9.11: Sketchof electrostaticsinMOSFETfordifferentvaluesof Vns. a) Linearregime:Vns1Vossatj
h) pinchoff Vos : Vns"ot; c) saturation regime Vns ) Vnssat.

channel ale not significantly affected by an increase in Vpg past Vcs - V7. Hence the channel
current does not change from the value that it has at Vns : Vcs -Vr. In other words, the drain
current has saturated and the MOSFtrT is said to be in the saturat'ion reg'inxe.

To further clarify the physics of the MOSFET around pinch-off, Fig. 9.12 sketches the in-
version layer charge, the lateral electric freld, the voltage, and the local gate oveïdrive along the
channel in the linear regime, at pinch-off, and in saturation. The top diagram shows that at
pinch-off the inversion charge reaches a minimum at the drain-end of the channel. For higher
values of Vps, the pinch-off point widens and extends slightly into the channel. The third diagram
from the top shows that all the extra voltage applied past pinch-off drops in the pinch-off region
and that the voltage distribution in the rest of the channei is negligibly affected. This results in
a negative gate overdrive in the pinch-off region at the drain end of the channel, as seen in the
bottom diagram. The second diagram from the top shows a similar picture fbr the electric field..

Before we write an expression for the drain current in the saturation regime, we need to
discuss several aspects of the pinch-off model that we have just introduced. Current saturation
in the pinch-off model has been predicated upon the assumption that a depletion region forms at
the drain-end of the channel, that is, that the electron concentration drops below the acceptor
concentration in the body. This assumption might be satisfied at low current levels, but it is
certain to be violated if the current level is high enough. It turns out that the appearance of a
depletion region is not an essential condition for current saturation. Electron velocity saturation
at the drain-end of the channel also causes it. Velocity saturation of electrons on the drain side
of the channel is likelv to occur as the electron concentration drops but current continuity must
be maintained. We will understand in the next chapter how velocity saturation causes current
saturation.

,A seconcl irtgleclie'nt ol cttllerrt sat,ru':rtion is that the extent of tire ck:pir:tiotr rtlgiou (or thc
velocitv siltlltiltc(l legi<-rrr) is srnall irr the scalr: of th<: chzirrne.l lcrrgth. This ol coLtl'sc). ck:irt:rrcls
on the clesign of the N{OSFtrT. For r.vell designcd devices, this is ahvays the case. but pror.ing it
requires a detailed model of the two-dimensional electrostatics of the drain-end of the channel.

\fu'e can norv rlc't'ir.c:r firsl-olclc'r e:xplession lor In.ot. the ch'nitr cullenf in tlre s:rtrrr':rt,i9rr
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Figure 9.12: Inversion layer chalge, lateral electric field, chanrrel voltage and local gate overdrive as a function
of locationalongthecha.nnelforaMOsFETforincreasingvalues of Vps. ForTos )Vossat,theelectrostaticsof
the channel are not significantiy affected by the increaseinVr.s and the channel current is saturated.

regime. Since we argued above that Eq. 9.16 predicts 1p with good âccuracy nearly all the
way to vns : vcs - v7 ar'd Ip does not increase beyond this value of vos, Ihen 111"o1 can be
estimated by substitutingVlls : VGS -Vr in Eq. 9.16 to yield:

I Dsrt a ffu"C ",(Vc s - Vr)2 (e.21)

Fig. 9.13 shows the so-called output characteristr,cs of the MOSFET. In this graph, the drain
current is graphed unchanged with VDs for Vps > Vcs - 7r. This is the manifestation of the
saturation regime.

A key result that emerges in Eq. 9.21 is that in the saturation regime, the drain current
increases with the square ofthe gate overdrive (the excess gate-to-source voltage above threshold).
This is sketched in Fig' 9.14. The reason for the square-law dependence deserves some thought.
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Figure 9. 13: Sketch of output 1 - !/ characteristics of a MOSFET in the linear and saturation regimes.
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Figure9.14: Sketchoftransfercha.racteristicsof aMOSFET,thatis, Iovs.Vcsfordifferentvaluesof Vos.In
the saturation regime, 1o increases quadratically with gate overdrive. When Vçs exceeds Vns*Vr,the transistor
enters the linear regime and 1o rises linearly with fiate overdrive.

The higher Vçs, the higher the inversion charge in the channel that is available for transport.
This is a iinear dependence. Additionally, the higher Vçs, the higher the value of Vos that can be
applied befbre the channel is "pinched-off'. As a consequence, when the MOSFET is saturated,
the field inside thc channcl is a,lso higher and the current is also larger. This is a,lso a linear
relationship. The combination of both linear dependences resuits in a square-law dependence for
Ip on Vc;s - Vr.

fltc vzr"lue of 1'-p,g r()(llrir(xl to ltin<'lr-ofT thc rk'r'ic.c is courmonll, roft.r'rr:<l to as I!5r.1. Iu thc
sinrple fbt'rttulation delir ccl liele, I 25"11 is given bl':

0
0

\/-Dssat : I,'C:S Vf (s.22)
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The locus of Vns"ot in the output characteristics is indicated in Fig. 9.13. As a result of the
square-law dependence of. Ip"o1 onVcs -v7, this locus has a parabolic shape.

The I-V characteristics of a MOSFET ra{hen graphed as in Fig. 9.14 are known as the transfer
characteTist'ics. For a given vaiue of.Vpg, as 7çg increases above V7, the transistor turns on
directly into the saturation regime and the current rises quadratically with gate overdrive. As
7çg increases, eventually the transistor is pushed into the linear regime. This happens when
vcssat : vDS I v7' Beyond this point, 1p rises linearly with gate overdrive.

Fig. 9.15 shows experimental output and transfer characteristics of a 2N7000 MOSFET. The
behavior of this transistor is very much as discussed in this section.

Exercise 9.2: Consi,d,er the same long n-channel MOSFET as 'in Ererc'ise 9.1 but now bi,ased uith
VcS:2.5V,Vps-4V,and,VBs:0. Esti,matethesheetcharged,ensi.tyi,nthe,inuers,ionlu,ger
at the source- and, d,ra'in-ends of the channel. Esti,mate the current flowing through, the drain of
thi,s trans'istor. Use l-l, :500 cm2fv.s.

This transistor is now biased in the saturation regime. This is because vos : 4 v > vDSsat :
Vcs - Vr : 7.94 V.

The expression for the sheet charge density at the source-end of the channel only dependÉ onVcs.
Since the value of Vçsherc is identicai to that in Exercise 9.1,8i(0) is also the same and given
by 4.5 x L0-7 Cf cm2.

With the MOSFET biased in saturation, at the drain-end of the channei there is a pinch-off point.
Hence, the sheSt charge density of electrons there is quite small and at this moment, we do not
know how to estimate it. In Ch. 10 we will learn how to do this.

The drain current can be obtained ffom Eq. 9.21:

- W LTum.I o : 2r,puc "'(vc s - vr)' : ffisoo cmz f v's x 2'3 x t0-7 tr / cmz (2.5 - 0.56 v)2 : 2.2 ml

9.4.4 DC large-signal equivalent-circuit model of ideal MosFET

An equivalent circuit model that captures the DC I-V characteristics of the ideal MOSFET is
fairly straightforward. In the ideal MOSFtrT, the drain current also flows through the source and
it is controlled by VDg and,Vcs. This behavior.can be captured by means of a controlled current
source' The dependence of the drain current onVDs and,Vçs is givenby Eqs. 9.16 and g.2Iin
the linear and saturation regimes, respectively.

In the ideal MOSFET, the gate does not draw any DC current. It is therefore an open
circuit' Also, in the ideal MOSFET, we ignore the presence of the source/body and drain/bàdy
PN junctions. Hence, the body contact is also an open. The entire DC large-signal equivalent
circuit model of the ideal MOSFtrT is graphed in Fig. 9.16. The diamond shaped current source
indicates that this is a dependent source that is controlled by vcs and v6rs.
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j"-* --1llÉ9':*:.i

Figure 9'15: Measured I-V characteristics of a 2N7000 \,IOSFET. Top: output characteristics with Vcs stepped
from l to 3 V in steps of 0.2 V. Bottorn: transfer characteristics with Vos stepped from 0 to l V in steps of 0.2 V
(screen sirots from NIIT Nlicroelectlonics ilab).
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Figure 9.16: DC large-signal equivalent circuit model of ideal MOSFtrT

9.4.5 Energy band diagrams

Our understanding of the I-V characteristics of the MOSFET would not be complete without en-
ergy band diagrams. Fig. 9.17 sketches energy band diagrams along the semiconductor/insulator
interface for a value of Vcs in strong inversion and for several values of Vos.

In the linear regime with Vos : 0, the Fermi level is flat along the channel fïom source to
drain. The conduction band is close to the Fermi level in the source and drain but a bit further
away in the channel. The bands are flat in the channel.

For a value of Vps in the linear regime, the electron Fermi level is lowered at the drain with
respect to the source by an amount qVps, Since the drain is heavily doped, this brings down
with it the entire band structure on the drain. A lateral electric teld appears in the channel and
in consequence, the band structure bends along the channel. Current flows: This also means that
the quasi-Fermi level for electrons also tilts along the channel.

At pinch-off, tor Vps : VDSsat, the bending of the bands and the electron quasi-Fermi level
along the channel is exacerbated. As one proceeds from source to drain along the channel, the
bending increases, although fbr different reasons. E" and E, bend because the electric field
increases towards the drain end of the channel.. Ef. bends because the electron concentration
drops towards the drain but the current is constant along the channel. In consequence, the
gradient of 81" must increase as we proceed from source to drain.

In saturation, for Vpg ) VDSsat, the band structure and electron quasi-Fermi level along the
channel do not change with respect to the situation observed al VDs : VDSsat. The applied
voltage beyond VDSsat, that is, Vps - VDSsat, drops entirely at the pinch-off point where the
bands and the quasi-Fermi level show a steep dive. It is clear from this diagram that the pinch-off
point does not represent at all a bottleneck to the drain current. On the contrary, at the pinch-off
point, the electrons are in a'lfree fall" down the channel to the drain.

In saturation, the bottleneck to the drain current is the energy barrier that electrons at the
source have to overcome before they can enter the channel and the electric field at that same
point. The energy barrier at the source end of the channel is controlled by Vcs. The higher 7çs,
the iower the energy barrier and the higher the concentration of electrons that have enough energy

+
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F igure 9. 17: Energy band diagram along semiconductor surface from source to dlain for four difierent values of
tr/rrs (in all cases Vcs > Vr).

to get injected into the channel. In particular, the height of this energy barrier is independent
of what happens down the channel and hence the electron charge at y :0 is independent of
Vps. The tilt of the bands at the source end of the channel determines the electric field there
and the velocity at which electrons are extracted from the source. This is set by the potential
distribution along the channel. This is unchanged lor Vns ) VDSsat, since all the extra voltage
applied beyond VDSsat drops at the pinch-off point.

Fig. 9.17 also shows the quasi-Fermi level for holes along the channel at the different bias
conditions. With Vps : 0, both quasi-l'ermi levels coincide. As |ps increases, the quasi-Fermi
Ievels split with Eyn ) ET. towards the end of the channel. This is similar to the situation
depicted on the right of Fig. 8.29 in which a positive bias is apptied between the inversion layer
and the body, as will become clear later on in this chapber.

9.5 Charge-voltage characteristics of the ideal MOSFET

The I-V chalactelistics of a f{OStrET. as is the case in rro-qt semic<)ncluctor clevices. r'epresent
ottlr'it paltial vien'of tlur l-rerh:n'iol that. is gc.nelrrllv rc'levant in cii'crrit applic,ati<tns. Lr p:ut.ic:rr1:rr'.

to (t.Ipt1lri'- the clvutrttrics ol a ]IOSFll'f . rve neecl to corrrplete llut picttu'e u'ith tlrc c'halgc-r'o1t,ag-e
or capacitance voltage characteristics. These describe the charge that is stored in the device ancl
that must be providecl to it or removecl from it every time any terminal voltage changes.

Irr n \IOSFIfT l,hele are tu't.r t.vpcs ol slolecl chalge. fhclr: is {ii'sl the tlepletiorr r'lrtrlge irr
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the depletion regions associated with the source-body and drain-body PN junctions as well as
the depletion charge in the body of the semiconductor that is associated with the MOS structure
itself. In addition to this, there is the electron charge stored in the inversion layer, If Vpg ) 0,
this charge is in transit from source to drain and results in current. Nevertheless, this is charge
that must have been provided once and must be removed if the transistor is to be switch"d og.
We construct first-older rnodels tbr these two types of stored charge in the next two subsections.

9.5.1 Depletion charge

In an ideai MOSFET, as sketched in Fig. 9.3, there are three distinct depletion regions. First,
there is the depletion region associated with the source-body PN junction. Second, there is the
depletion region associated with the drain-body PN junction. Finally, there is the depletion
region associated with the MOS structure itself. The charge-voltage characteristics of these three
depletion regions have been studied before in previous chapters.

For the source-body and drain-body junctions) we can recycle results from Sec. 6.4. The
charge associated with the source-body depletion region is given by:

Qis: LsW 2qNae"(Q6.;i -Vns) : Qjso (e.23)

Qjso: LsW 2qNae 
"Q6;.i

(e.24)

Inwritingtrqs.9.23 andg.24,rvehaveassumedthatthisis.anasymmetricjunction,thatis
that the doping leve] of the source is much higher than that of the body. This is a very good
assumption in practice.

Similarly, the depletiou charge associated with the drain-body junction is given by:

Q1n: LpW 2qNae"(96,;i-Voo):Q . VBs Vos

ôui
(e.25)

with Qipo given by:

Qioo: L"W\Fqttro*Ow (9.26)

This is equal to Qiso if Ls : Lrt as is commonly the case. We have assumed that the doping
level on both junctions is the same and that the built-in potential is then identical.

The depletion region charge associated with the MOS structure depends on the regime of
operation of the MOSFET. For 7çs 1Vr, the MOStrET is in cut-off and there is no inversion

. Vps
1--

ôui

where trs is the extent of the source in the gr dimension , ôoti is the buiit-in potential of the
source-body junction. Q jso is the depletion charge in thermal équilibrium:
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layer anywhere in the cirannel. In this case, the charge in this depletion region rvas calculated in
trq. 8.20 and is given by:

1+ Vc,s-Vas-Vna
- 1l (e.27)

where Vps is the flatband voltage of the MOS structure. The depletion region charge increases
from zero at Vcs : VFB to its maximum value when Vçg : l/y.

For gate voltages in excess of V7, an inversion layer is formed under the gate and the depletion
region thickness does not increase any more. Hence, for the MOSFET in the linear and saturation
regimes, the charge a,ssocia,ted with the depletion region in the channel is given by:

Vr-Vss-VpB

Qin = L\'[L^|û"'l t**ry-11 - rwlt?c.-l

Qin,no,: rw*l'C.,| 1+ -11 (e.28)

When the voltage applied across any of the terminals of a MOSFET changes, the stored
depletion charge also changes. This gives rise to capacitive effects. For the source-body and
drain-body junctions, the junction capacitances is given, respectively, by:

cis : C jso
(e.2e)tt--Yas

V' ôau

(e.30)

with

Ciso: LsW e"QNn
(e.31)

2ôui

Cino: LoW €"QNe
2rbu.i

(e.32)

Irr tht'cut-ofl rcgiinc. thr: clclrlction region chalge. unclelircath thc gate is nrodr-Llated 1tv 1,7;73

Ileitce tlrelc is:tlso ii calracitivc effcct as-coc'iatccl rvith this. 'fhis caparcitance is given br-:

LWCo*
(e.33)cju:

1+l
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This is a result already obtained in Eq. 8.49. It can also be easily obtained by differentiating Eq.
9.27 wilh respect toV6s. This result applies when V6's ( I/7.

When Vcs ) Vy, lhe MOSFET is in the linear or saturation regime and, QiB becomes
independent of Vçp. The associated capacitance is zero.

Exercise 9.3: Consi.d,er once aga'inthe lortg n-channel MOSFET of Ererc,ises g.1 and,9.2. The
source and, d,ra'in reg'ions lnue a dop'irtg leuel Ng : ,^y'o : 1g7e "*-3 and, a length Ls : Lp :
5 p'm' Esti'mate the ualues of Cis, Cio and Cia at the following two bi,as po,ints: i) vcs:0 v,
Vps:1V, andVBs :0, and ii) Vcs :2.5 V, Vos -- 1V, and,Vps : Q.

At the first bias point, the ùransistor is in cut-off. We start by computing the capacitance per unit
area of the source and drain junctions in equilibrium. These are identical and given by Eqs. 9.31
and 9.32. Proceeding as in Ch. 6, we start by calculating the built-in potential of these junctions
which we find to be ôoti: 0.94. Then:

CiSo Cioo: LsW

5xl0-a cïnxI}x70-a cm
1.04 x 10- Ff cm x 1.6 x 10-ie C x l0r7 crn-3

2 x 0.94V
4.7 x 10-14 F

With I/6s : 0, the capacitance of the source-body junction (Eq. 9.29) is given by the result just
obtained:

Cis : Ciso: 4.7 x 10-14 F

Thereisabiasappiiedbetweenthedrainandthebody.Cio isthengivenby(Eq.9.30)

e.oN o : LpW
zqbii

e 

"QNe
2ôur.i

Cioo 4.7 x 10-14 Fcio: : 3.3 x 10-14 tr'
- 

VBs-.Vns

'bui
r 0-1 V- o.94 v

ciB:

For the firsL bias point, Lhe capacitauce a.ssociated with the depletion region of the MOS structure
is given by Eq. 9.33:

LWCO' 1 x 10-a cmx l0 x 10-a crnx2.3 x 10-7 Ff crr? : 1.8 x 10-14 F
| + 4YÊ#Æ 1+ 4weth+

At the second bias point, Vcs has increased to 2.5 V which is above threshold. Hence, the MOSFET
is now in the linear regime and an inversion layer forrns. This breaks the electrostatic coupling
between the gate and the body arid Cin :0.
Additionally, I/6s and VBp are unchanged from the first bias point so Cis and Cio have the same
values that were obtained ai the first bia"s point,.

9.5.2 fnversion charge

In addition to the depletion region charge, in a MOSFET in the linear or saturation regimes of
operation there is a certain amount of electron charge that is stored in the inversion layer. When
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ttuning on the MOSF ET, this charge rnust be provided, and when tulning it off, it has to be
removed. The presence of inversion layer charge clearly impacts the dynamics of the MOSFtrT.
In this section, we cotnpute the integrated inversion layel charge fol the ideal MOSFET. 

.We 
also

capture its dynamic behavior by rneans of two intrinsic capacitances.

We seelt an expression for thc intcgrol of chnrgrr in tlir-r inl'r-rnrinrr 1il5,111' ,r1 n,n idoa,l N{OSFDT,
This can be expressed mathematically as the integral of Q; along the entire channel:

lo"Qt:W Qe(a)da (e.34)

(e.35)

(e.36)

(e.37)

Since we have derived an expressionfor Qi in terms of I/, rather than gr, it is best to change
variables in this integral and rewrite it as:

er:w lo'"' eo{r)#.,

The term in d,g ld,V can be obtained from Eq. g.9:

#:-ryetv)
Combining this with Eq. 9.35, we get:

8': -w]-F" ['"" a?r'vnIn Jo nL\'/''

For the ideal MOSFET, Qi(v) was given in Eq. 9.11. Inserting this in Eq. 9.BZ yields

q,: -w'asc\* lo'"'{u., -v -v7)2dv:I*rr""r*
(Vcs - Vos - Vr)s - (Vcs * Vr

puCo*(Vcs - Vr - Vos)Vps
(e.38)

After a relatively simple mathematical manipulation 3, we can expïess QI as

q, : -2rwt c., - vr)2 * (vcs - Vr (Vcn - Vr) + (Vco -Vr)2 (e.3e)
(vcs

(vcs-vr)+(vcn-vr)
Notc that sittce lr'e hnve rtsecl Eq. 9.11. this explessiorr is onlr'r'irlicl in the line'at'r'egime. As

u.'a.s thc casc of the lIOSFtrf cult'ertt. Q7 in tirc sutnltrtion lcgirnc can bc oltt:riuccl froru this b1.
settirrg \tnS : VDS"ot: \'CS l'7', or I/Cn - l/7. 'Llis y'ielcls:

sNote that:
(vcs -\/, - ivor)vos:f,l(vcs -vz.)" (vcn -v.y)21
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-WLCex(V6s-V1)

-frwlco*1vcs-vr) Vcs>Vr

0

0 VDSsat Vos

Figure 9.18: Inversion layer charge vs. Vns for an ideal MOSFET in the linear or saturation regime ibr a given
value of Vcs ), Vr.

,
Qr: -iwt'c.,(vcs _ vr) (9.40)

^ 
Thig,interesting and simple result can be best understood by obtaining also e7 in the limit

of small [rs. Flom trq. 9.39, we get:

Qr - -WLC.,(Vçy *V7) (9.41)

This result makes good sense. In the limit of small 7619, at any one location in the inversion
layer, the charge density is given by -Cor(Vçs _ Vr).Hence, the total charge in the inversion
iayer can be obtained by multiplying this by the geometrical area of the gate.

The t factor that is present in the expression of the inversion layer charge in the saturation
regime in Eq. 9.40 deserves some thinking. If we sketch the inversion charge vs. Vps for a given
value of Vcs ) V7, as in Fig. 9.18, we see that asVpg increases, Q1 monotonically decreases
from the value given by Eq' 9.41 towards that given by Eq. 9.40. This is the consequence of
the channel debiasing that was mentioned earlier. For values of. Vcs ) V7, as Vpg increases, the
inversion layer charge at any location in the channel, except at the source, gets ràduced. This is
most prominent towards the end of the channel. This was sketched in the top diagram of Fig.
9'10' Beyond Vns : VDSsat, the inversion layer charge proflle along the channel does not change
anymore and Q1 saturates. This is seen in the top diagram of Fig. 9.12. The factor of ! "o-""sfrom the shape of the evolution of Q,; with g along the channel.

As we attempt to draw a large-signal equivalent circuit model for the MOSFET that accounts
for the charge storage discussed in this section, we encounter an interesting problem. It is clear
that the depletion charge storage associated with the source-body junction depletion region,
87s, hangs from the source and body terminals. Similarly, Qio hangs from the clrain and body
terminals. Additionally, the depletion charge associated with the MOS depletion region, e36,
hangs from the gate and body terminals. The interesting question is what to do about e7?
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charge storage
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gr{vor}

Lai'ge-signal equivalent circuit model for ideal MOSFET including depletion charge and inversion

D

BG

One of the terminals of Q7 is clear, it is the gate. The other terminal is less obvious, since the
inversion layer is in contact with both the source and the drain. It then seems that an appropriate
way to proceed is to split Q7 into two components: one that hangs between gate and source, and
a second one that hangs between gate and drain. We call these Q7s and Q1p, respectively. It
is clear that Q1 : Qrs * Qrp. It is not obvious how to compute Q75 and Q7p, individually.
In fact, a detailed calculation of Qts and Q1p is a bit involved. Fortunately as it will become
evident below, in many applications we do not need detailed models for Q1s and Qto. It suffices
to know the fact that they depend, in general, on both Vçs andVDg.

The topology of the large-signal equivalent circuit model of the MOSFET incorporating all
the storage elements discussed here is shown in Fig. 9.19.

An alternate way to describe the charge-vottage characteristics associated with the inversion
Iayer is through the capacitance. In the case of a microelectronics device with more than two ter-
tninals, one has to exercise some caution when defining a capacitance and selecting the terminals
across which it is to be placed. The best way to do this is to keep physical insight at all times
and tô look for the terminals that deliver the charge in both lobes of the charge tlipole.

Thc inversion charge in an ideal N'IOSFET is supplied by the source and drain. The inversion
larrert chtrlgc is irnagercl at thc gate. The gatc cirnlge is clelivl'cd bv the gntc contact. \\i: shor.rlcl
fliclefitle exl)ect lu'o c:ipacitols. one placecl betrveen tlre gate iirrcl tlre sjollr'('e tirrcl a sec;orrcl oru:
between the gate and bhe dlain. !V'e will refer to these capacitols as Csst and Csat where the
'i lefers to the intlinsic device. Cesz ancl Csdi can be easily obtained b), cornputing suitable
derivatives of Q7 in Eq. 9.39 rvith respect to the appropriate terminal voltages, holding all other
r-oltagr:s c'onstarrt. :
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Cssi -ffir"":)wrc.*(vcs -vr)
Vcs-Vr- Vos

(vcs - W Vos)2

593

(s.42)
2

(e.43)

As was the case of Eq. 9.39, these expressions only hold for the linear regime. For Vos :
VDSsat, they become:

- #r"" : |w rc',(vcs * vts - w æffi

2uwrc,,

Csai,

Cssi

Csùi)

(e.44)

0 (e.45)

which are the appropriate values for the saturation regime (Vps > Vos"ot). For very small l/'rs,
it is interesting to see that:

Cssi, = Csa,i = W (e.46)

The evoluti on of. Cs"i, and Csat. wilh Vos is shown in Fig. 9.20. This behavior makes good
physical sense. For small Vpg, we have a veïy symmetric situation where the charge in the
inversion layer splits even between the source and the drain. As Vpg increases, the electrostatic
influence of Vco wanes, while that of Vcs strengthens . At Vns : VDSsat, the drain loses control
of the inversion layer charge and Csat:0. The channel has been pinched off. For higher values
of. Vos, the picture does not change.

1

t LCo*
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Figure 9.20: Cs"t and Csat vs. Vrs for an ideal MOSFET in the linear and saturation regimes for a given value
of Vcs t Vr.

Exercise 9.4: Consi,iLer once aga'inthe long n-channel MOSFET of Enerc,ises 9.1-9.3. Esti,mate
the aalues of Csst and' Csat at the followi,ng three bi,as po'ints: i) Vcs : 2.5 v, Vps : 0 V, and,
VBs:0; ii) 76s:2.5V,Vps:1V, and,VBs:0; and, iii) 7çs:2.5V,Vos:4V, aniL
Vns :0.
We start by computing the geometrical capacitance of the gate. This is given bv:

Cn:LWC",:1xL0-a crnxl}x 10-a crnx2.3x 10-7 Fl" ':2.3x I0-r4 F

At the first bias point, the transistor is in the linear regime with Vps : 0. Hence, the geometrical
capacitance of the gate is split equally between the source and drain. Then:

1

Css.i: Cnat : ;LWC'":7.2 x 10 14 F

At the secorid bias point, the MOSFtrT is in the linear regime. Hence we have to use expressions
9.42 and 9.43. For Cese, w€ have:

C ss'i
t1wtc,,çv.s 

-vr)
Vcs *Vr - Vos

(Vcs - Vr Vos)2-t
t.2x!0-1a F(2.b-osovlffi: 1.4 x 10-14 -F,

Proceecling irr a sirnilal way witli Eq. 9.,13. u,'e obtain C'ai:8.8 x 10 15 F.
.\t tlrt'tlrilrl lrias priirrt. tlrc \lOSFtrT is irr satrrlrtiorr. IIerrcc. irccolrlirrg to Iic1. 9..1 1. Cn,; is g-ir-eu
I-rr':

C^",:'1wtc.....:?2.3x 10 ia f':1.5 x 10 14 i-'gsl - 3tt 
Lvt)r - 3"..

.'\rrri C'e,ri - f) (l'-r1. 9.a5).
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Figure 9.21: Illustration showing how a mixed-signal situation can be studied using the large-signal equivalent
circuit model developed in the previous section.

9.6 Small-signal behavior of ideal MOSFET

In analog and mixed-signal applications, MOSFETs are often used in the small-signal mode. In these
situations, the device is biased by means of DC sources in some regime, typically saturation, and then a
small signal is applied to one or more terminals. There is interest in evaluating the response of the device
to the small-signals alone. In a general way, we can consider these kinds of situations as on the left of
Fig. 9.21. This flgure shows a MOSFET biased through three DC voltage sources, Vcs,Vos, andVes,
referred to the source. In addition, three small-signal sources: us"(t), ua"(t), and u6"(t), are also applied
as showrr. In general, we are interested in the time dependent drain current, ip(t), that results.

The equivalent circuit model that we developed in the previous section can certainly be used to solve
this problem. This is illustrated in Fig. 9.21. In this approach, the transistor is substituted by its
equivalent circuit model and standard circuit solving techniques are used to determine rip(f). However,
since the model elements are non-linear, this approach can becorne quite tedious. Fortunately, manv
circuit simulation tools, such as SPICE, are available to solve the problem this way. In this approach,
actual waveforms are introduced to a device model and the output waveforms are cornputed. A problem
with this approach is tirat it is hard to develop an intuitive understanding for the conqection among the
figrtres of merit of interest, such as amplitude and phase of the drain current waveform, ari<.l the bias point
or the device parameters. Fortunately, for a class of problems referred to as "srnali-signalproblems," there
is a more expeditious and intuitive approach.

9.6.1 Small-signal equivalent circuit model of ideal MOSFET

If the amplitude of the small signals is small enough, superposition suggests that the time-deperrdent
response of the device, i,o(t), should be the sum of the DC bias current .Il that is imposed by the DC
voltage sources plus a small time dependent component id(t). This is sl<etched in Fig. 9.22. Mathernatically,
this can be expressed as:

io(Vcs,Vps,Vns;'usst'uds,u6") = Ip(Vç;s,VDS,Vas) -l ia(Vcs,Vps,Vns;ussluctslubs) (9.47)

Note how the srnall-signal response in generai depends on the bias point that is selected

i"{r}
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Figure 9.22: Illustration of superposition as a way to break a mixed-signal situation (left) into a DC bias situation
(center) plus a small-signal situation (right).

The small-signal equivalellt circui[ model of the MOSFET is a circuit reprcscntation of the set of
dependencies of the small-signal current i,a(t) on tire small-signal voltâges ,usst,nd,st and obs. This is the
gray box on the figure on the right of Fig. 9.22. Since-the srnall-signal sources are of small magnitude, the
non-lineâr behavior of the MOSFET gets linearized. Linearity then allows us to express i.6(t) as the sum
of three independent terms in each of the small-signai voltage sources:

ia(Vc s, Vo S,VB S i't) s s 1'U d.s t ub s)

i a(Vc s, Vp s, Vn s i u 
s ") 

+ i. d(VG s, Vn s, VB s ; u a") + i, a(Vç s, Vp s, Vp s ; a 6 ")

(e.48)

Depending on the complexity of the small-signal equivalent circuit model, this approach to solving the
problem can be fairly fast and yield very rneaningful analytical results. So the key question is: what is
a suitable srnall-signal equivalent circuit model for the MOSFtrT? Since we âlready have a large-signal
equivalent circuit model (Fig. 9.19), this requires only that we linearize it. This is fairly straightforward.
In the flrst step, the charge storage elements become simple capacitors. Their expressions were already
derived in the previous section. We are then left to deal with the non-linear voliage-controlled current
source.

In a rrtost general way, linearizing 1p demands that we take the iinear terrns of its Taylor series
expansion:

i o (Vc s, Vo s, Va s ;,tJ s s j u d,6,'l)bs)

= Ip(vç;s,vos,vns) * (ffii"",u,")rn" * (Hl*".uu")rd" * (Hl*",uo")rb"
: ïo t g^ttou t goua" I gmbr)bs (e.4e)

The coefficieuts of t',r.*. til,. alttl ?)1,< receive the narrres of trunsco'ndnrrtartr:e. outpy,t corttl,ucturrce (a\so

rrot rlellelrcl ott 1,6.9. l-lettce.g,,,i, is zelo l. Tlrr,'r'e are tlrelr:fole tl,o teLnrs lelt irr r,7. Ilr,rri'rlo tlrer-gct
captured iir the snrall-sigrial equivalerrt cilcr-rit rlodel? The {irst lelrn gives us .i sellsc ol reruo[c coirlro]. It
states that itt respoiise to a srrrall wiggle irr the gate voltage'. the diain cnrlerrt changes a bit. The cLulclt

ahr Sec. 9.7.2 we stuclv lhe inrptrct of applying a voltage to the \{OSFE.I. substrrite trncl *,e rvill clelive n
filst--or clel cxlllcssiol fot' g,r,t,.
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Figure 9.23: Small-signal equivalent circuit model of an ideal MOSFET

flowing between drain and source is then controlled by the gate-to-source voltage. This is, of course, the
transistor effect. 'Ib represent this, we need a voltage-controlled current source. In the second term, the
drain to source current is modulated by ud", which is the voltage across the same two terminals. In the
ideal MOSFET, this is the case in the linear regime, though this does not happen in the saturation regime.
This effect, nevertheless, can be captured by means of a simple resistor ofvalue Lfgo, or of a conduciance
equal to 9,. All together, the small-signal equivalent circuit model for the MOSFET is shown in Fig. 9.23.

We derived above expressions for all the capacitors in Fig. 9.23. We now derive expressions for g^
and go for the MOSFET operating in the various regimes.

By definition, the transconductance g- is:

BG

c,o

c,t

C.
!JCl

r
gst

)

In cut-off, Ip:0, and g-:0. In the linear regime, we go bach to Eq. 9.16, and get:

}In ,

9n: 6Y"'lvos'ves

o*:Irr.C'*Vos

s- -- ) u.C",(vcs - vr) -- z[u.C*Io

(e.50)

(e.51)

In the saturation regirne, we go back to Eq. 9.21, and get:

(e.52)

Fig. 9.24 shows the evolution of g- with the bias point graphed in various ways. In the linear regime,
g- is independent of Vcs and linearly dependent onVos. For a fixed Vps, g* in the linear regime is
independent of ft1. In the saturation regime, g- is independent of Vps and is linearly proportional to
I/619. Hence, lbr a fixed Vps, g^ follows a square-root evolution with Ip.

Now we turn our attention to go. The output conductance is deflned as

ûV/m q9
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(e.54)

(9.J5)

Incut-off, Io:0, andgo:0. Inthelinearregime,wegobacktoEq. g.16again,andget

o" : ) u.C ",(Vc s - Vr - Vos)

Itr tlre satr,rration regime, the device is pinched-off and Ip is independent of Vpg. Theri:

!1,, : o

The evolutiolt of g, t'ith Vls ard Vçs is shou'rr irr Fig. 9.25. Iir the icleal NIOSFET. g,, is {ilitc iu t}rc
litteat tegitrre r,ltete' it ittctcases linealh- rvitlr l6;.9 trncl clecle:Lses linear'lr- n'itlr I r;,s witlr an idcrrtical slolre.

)
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Figure 9.26: Circuii configuration for the evaluation of ft in a MOSFtrT

9.6.2 short-circuit current-gain cut-off frequency, Tr,, of ideal MoSFET in
saturation

The short-circuit current-gain cut-off fiequency, f7, of a MOSFET in saturation is a figure of merit that
is widely used to assess the suitability of MOSFETs for high-frequency mixed-signal applications. fu is a
widely quoted figure of merit that is indicative of electron transport through the intrinsic device. In this
section, we present a definii,ion oI f7, we derive an expression for it for the ideal MOSFET, and we provide
a physically intuitive picture for the meaning of fu.

fu is defined with the MOSFtrT biased as shown in Fig. 9.26. Voltage sources on the gate and the
drain are selected to bias the device in the saturatiorr regime. The body is shorted out to the source
(though this is not strictly necessary). A small signai voltage source is applied on top of the gate bias. We
are interested in evaluating the small-signal current gai,n of the MOSFET, ia/io, in these conditions. This
is often referred to as hh.

In DC, an ideal MOSFET does not draw gate current. As a result, its DC current gain is infinite. If
we nov/ wiggle the gate voitage up and dowri a little bit, the drain current wiil follow but, in addition,
a displacement current flows into the gate to charge and discharge all the capacitors that hang from the
gate tenlinal. This norv results in finite current ga,in. The rnagnitude of the gate current increases as the
frequency ofthe input signal increases, and in consequence, the current gain decreases. At some frequency
the current gairr goes to unity. This is fr. Tr therefore provi<1es an assessrrerrt of the high frequencv
suitability of IVIOSFET and, in generai, transistors. It is a widely watchecl ancl quoted flgure of rnerit.
Mathematically, then we have:

lhzt(Tr)l:1fi1,,".-" : r (e.b6)

Deriving atl expression for f7 tor the ideal MOSFtrT is fâirly straightfbrwarcl. The first step is to draw
a small-sigrral equivalent circuit model for the circuit conflguration. This is shown in Fig. 9.22. In this
circuit, the MOSFtrT is in saturation. Hence CiB : Csae :0. Also go: 0. Since the body is shorted to
the source, Cr's is shorted out. Also, frorn a small-sigrial point of view, Cio is also shorted out since it is
connected to a DC voltage source.

WithT.ro"(l) applied at the input of this circuit, the gate ancl drain currents are given bv:

?,g jwCo"iu,tg (e.57)

v",
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Figure.9.27: Small-signal equivalent circuit model for the computation of ft in an ideal MOSFET

ios lh21l

oT log ro

Figure 9.28: Bode plot of magnitude of lh21l versus frequency indicating arr

xd Çnuss (e.58)

h21 is then given by:

This equatiort rlal<es goocl physical sense. The higher g",, the higirer the ch'airr currelt tliat results irr
l'esponse to a q,iggle itr t',r. at tlre itrprrt trrrcl lterrct: tlrr.: highel tlrc frecluerrcl.:rt x-hiclt the tratrsistot.exhil;its

h s^ 
(9.59)21 : jrcn"i

The magnitude of h21 is then:

lh,tl: # (e.60)
QUqsi,

The evolution of lh2il with frequency is sketched in a Bode plot irr Fig. 9.28. As expected, lh21l
decreases with frequency. At a certairr frequency, lhzrl:1. The frequency at which this happens is given
b1':

h : 
"-.-JL 

(9.61)
: /r I,r5z
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V9g;Vpgs21=VOS-Vr

V1 Vcs

Figure 9.29: In a MOSFET in saturation, ft is linearly depèndent of V6rs ancl is independent of Vpg

current gain. On the other hand, the higher C.e"t, all things being equal, the higher the gate current that
the device draws, and the lower the frequency up to which the transistor ofTers current gain.

Let us discuss now the bias dependence of /r. With an ideal MOSFET in saturation, we know that
Cs"i is cornpletely independent of the bias point. On the other hand, 9- increases linearly with 7çs and
is independent of Vos. Hence, ft increases linearly withV6s above threshold. fu is also independent of
/os. Thiscarr be seen if we substitute Eqs. 9.44 and 9.52 into Eq. g.61 bo get:

f1

0
0

(e.62)

This is sketched in Fig. 9.29.

Eq. 9.62 aiso gives a sense of the materiais and structural palarreters of the MOSFE'I' that affect f7.
We note thal f7 is linearly dependent on the electron mobility in the channel. This makes good serrse
as, all things being equal, a higher value of p. results in more drain current. fu depends inversely on the
square oÏ the gate length. This is also reasonable since the shorter the gate length, the more drain currelt
the device produces and the smaller the input capacitance.

It is also of interest to reflect on the clependences that are notseen in Eq. 9.62. First, /r is inciependerrt
of W. This is because botli Ce"r and g- are linearly proportional to the gate width of the MOSFET. Note
also that fu is independent of C o*, ot ro, . This is agairi because both Ce"z atd, g- have the sarne linear
dependence on the capacitance of the MOS structure per unit area.

. An intuitive picture of the physical meaning of f7 can be drawn from the realization that f7 has the
units of inverse tirne. \Me can then deflne:

" 
7 31,t.(V65-V7)

t'- 2n2 r,2

12L2
2n I, 3 11..(V6s - V7)

(e.63)

ra is called the d,elag ti,me. WI;e;t is the physical rneaning of 14?

We can understand this by asking the following question. How rnuch time does it take for a perturbation
applied to the gate of a MOSFET to propagate into the drain current?

Consider an ideal MOSFET biased in saturation with a certain gate voitage 7çs. Now consider that
at a certain instant, I : 0, the bias of the gate is suddenly increased by a small amount L.Vcs. The clrain
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cLrrrentatt:0-isIp(0 ):fi1r"C,,"(Vcs-V7)2.Weknorvthat,givenenonghtime,tlierlrairicurrent
will increase by au amoriut LID : !p"C,,(Vcs *V7)LVçs. The question is how much time cloes it take
for this to happeri?

At I : 0+, the source current sudclerrly increa,ses by arr a,moun[ A1g - -) F,.C',,,(\/cs - \/T)LI/cs.
This charrge is instantaneous. This is because the energy barrier that controls the entrarice of electrons
lrom the source into the channel gets instantaneously reduced by the change in 76s. However, belore thrs
pulse of current sho"v.s up at the drain terminal, the inversion layer needs to be "charged up." At l:0-,
we have Qr(0-) : -!Wf'C,*(Vcs _ Vr).By the time the step in current reaches the drain, the inversion
layer charge must have increased by an amount LQr: -lWtC,,XVcs. Since it is the source that is
providing these electrons, the time that it takes for this charge to be delivered is:

_. _ Let _? 7zn: LIs 
: 

i t"JvGS -W (9'64)

It is only after this time has passed and the inversion iayer has been fuliy charged up that the drain current
increases. Note how this equation is identical to Eq. 9.63.

The delay time is then the time that it takes to charge up the inversion layer after a perturbation has
been applied to the gate of a MOSFET. This delay sets the maximum frequencv at which the MOSFET
exhibits current gain.

Exercise 9.5: Cons,id,er once aga,inthe long n-channel MOSFET of Exerc'ises 9.1-9.4
g* and f7 at a bi,as poi,nt 'in saturat'ion for whi,ch Ip :2 mA.

For g- we can directly use Eq. 9.52:

9n 2\u"C*Io: LLn'L cmzfV.s x2.3xl0-7 Flcm2 x2x10-3 A:2.lmSI pnt

Est'imate

For ft we could use Eq. 9.61:

f-_ 9* _12.1 xl0-3AIV:r.,ar
J' : 2ncr* :22 GHz

In this, we have used our estimate oI Cssr from Exercise 9.4.

9.7 Non-ideal effects in MOSFET

We have compieted a first pass through the current-voltage and charge-voltage characteristics of the ideal
MOSFtrT. We have obtained sound physical understanding about its operation and we have developed
simple models for its behavior. We are no'vrr' in an excellent position to evaluate some of the simplifying
assurnptions that were madc itr the definition of the "ideal" MOSFET, understand the phvsics behind a
ferv irrrpoltarrt "rtort-ideal" effects zurd introcluce corrections to the nroclels to account for thenr.

9.7.1 Bocly effect

The bodv effecl and t,he irnpact, ol back bias wele brieflv mentiorred in Ch. 8. T]re r-rndcrlyirrg pirysics of
Ïroth of thcsc cflccts is identicarl attcl rvas explairrecl irr Strction 8.7. Irr esserrce, irr a À,IOS stmcture whel a
r-oltage is ripplied to tlrc irrvelsiorr larre witir lespcct to tlre lroclv turrlelrreatlr. tlte tlueslrolcl r.oltage of tlre
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structure is rnodified. For an electron inversion layer on a p-type substrate, the application of a positive
voltage to the inversion layer with respect to the body results in an increase of the threshold voltage. The
body effect and the role of back bias are both manilêstations of this piece of physics in a MOSFET.

Let us consider first the body effect. Consider a MOSFET biased in the linear regime, as <iepicted in
Fig. 9.7, with the body tied up to the source. As we discussed, there is a voltage drop along the channel
from source to drain that we labeled I/(y). This was illustrated in Figs. 9.10 or 9.12. A consequence of
the appearance ofV(y) is that there is a channel-to-body voltage difference. Since the body is tiecl up the
source) this voltage difference is precisely V(g).

On the source side of the channel, the channel-to-body voltage remains always at zero. However, as
we advance towards the drain, it increases and it becom es Vo s at the drain end of the channel . This rise
iir channel voltage is what produces the lateral electric field that makes the electrons drift from source to
drain. A consequence of the non-zero channel to body voltage is that the local threshold voltage in the
inversion layer actually depends on channel iocation. Since V rises along the inversion layer from solrce
to drain, the local l/7 shifts positive along the way.

There are obvious consequences to this. At any one locatioir other than the source end of the channel,
the inversion layer charge will be smaller in absolute magnitude than in the ideal MOSFtrT. This is
sketched in Fig. 9.30 which depicts the voltage drop along the channei of a MOSFET in the linear regime
as well as the gate overdrive with and without the body effect. It is clear from this figure that the positive
i/7 shift that takes place along the channel reduces the gate overdrive throughout the device. The main
consequence of this is a reduction in the cument drivability of the MOSFET. Refining the ideal MOSFET
model to account fbr the body effect is rather straightforward.

' The starting point is Eq. 9.9 that describes the drift current in the channel of a MOSFET. The
inversion layer charge at any one location in the channel is given by expression 9.11. This expresion shoujd
explicitly acknowledge the fact that V7 actually depends on position. We rewrite it here:

Q{a) = -Co*lVcs -v(ù -vr(ùl (e.65)

Now we need to find a way to describe the spatial dependence of V7. In Ch. 8 we studiecl the effect of
applying a voltage to the inversion layer with respect to the body in a MOS structure. We argued there
that this produced a change in the threshold voltage (referred from gate to source) that was given by Eq.
8.68. This is precisely the sarne situation that we have here. At a location g, there is a potential difference
between the inversion layer in a MOSFtrT and the body. Hence the local value of 7r will also follow Eq.
8'68. Adapted to the notation used in the present chapter, this equation can be rewritten as:

Vr(V) : Vro-l't( Ô"r *V - Jo*l (e.66)

where fto refers to the threshold voltage of the two-terminal MOS structure for Vs6 : Q.

Irrserting this equation into trq. 9.65 and the result into Eq. 9.9, we get:

Iu : W F.Co,[Vcs - V - Vr" *'l( Ô"r IV - Jwl dv
(e.67)

ds

This differential equation can be integrated in an identical way as Eq. 9.12. The resulting expression
for the drain current is:
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Figure 9.30: From top to botton, voltage, gate overdrive in the absence of.body effect, ancl gate overdrive with
body effect for a MOSFET in the linear regime.

(e.68)

If we compare this expression for the drain current with the one derived earlier in Eq. 9.16, we see
three new terms that are multiplied by the botly pararnel,ery. Clea,rly, if ,y goes to zero, we revert bach to
Eq. 9.16. Tliis is to be expected from our presentation in Ch. 8 where we saw that in the lirnit of 7 : 6,
the irrrpact of the bacl< bias irr the electrostatics of the NIOS structure becornes rregligible.

It rrrigltt ttot lre tleirl jrrst ll'looliirrg at lic1. 9.68 tliat the aggrcgatc cflcct ot all thesc net tenls is rç
retl.ttrt'.tlx' rlt'aitt cunt'ttt ltorl tlte icleal varlue giver irr Ec1. 9.16. but that is rvhat ltaltltcus. The rrragniturle
of the reduction gets lvorse as r irrcreases. In spite of this. tire basic behavior of the clrain cnrrent rvith
Vpsàttd,T6sisuol,seriotrsiyallect,edb),t,hebodyelTect. Iuparl,icular,channelpinch-oflanclclrailcurren;
saitnrtrtiott take place jusl as ltclble exccpl that the firral cxpression of the saturated clrairr crirrent and the
r.alrte r;f \''p,g,,,t tur: rrrodifir,ll.

t o : Y p"c 
", {(vc s - vr o + i {ô "r - }ro ùvo, - !tl(ô ", + vD s)3 

/ 2 * (ô 
"r)u 

/'i}

Ly
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To get the new expression forVDS"ot, we follow an iclentical procedure as for the ideal MOSFET. We
need to look at the expression for the inversion layer charge at y : tr, and let that go to zero. Fyom Eq.
9.17 and 9.66, we have:

Qilg : L) : -C,,lVcs VDSsot - Vr" - .y(

Solving for Vpg"o1, we find:

Ô"r * VP;"ot - t/wn: o (e.6e)

(e.70)

where we have also used Eq. 8.28. As shown below, the body effect reduces the value of Vps"o1. In the
limit of .f : 0, Vos"ol ieverts to Vcs - VTo, as one should expect.

An expression for the saturated drain current can be obtained by substitutiugVpg"ol for Vps in Eq.
9.68:

-Wt,IDsat: 
lu"C*{(Vcs -Vrorlr/4r", - iVot"*)vos""r- il[(ô"TtVps"or)3/' (d,"r)"/r]] (9.71)

Fig. 9.31 shows the impact of the body effect on the output I-V characteristics of a typical MOSFET.
On this figure, the solid lines represent the I-V characteristics calculatecl using the first-oràer moclel (Eqs.
9.16 and 9.21). The dashed lines are computed using the model that inclucles the body effect (Eqs. 9.ô8
and 9.71). Three fèatures are noticeable in this flgure. First, for all values of Vcs andVps, includingthe
body effect results in a reduction of the drain current. This was expected. Seconcl, the cieleterious effect of
the body effect goes q,way as the device is turned off. This is easily understandable since in this instance,
the potential drop along the channel becomes negligibie. Third, at agiven Vçs the body effect recluces
the value of the drain to source voltage required to saturate the transistor

The impact of the body effect on VDS"ot is more clearly seen on the left-hand sicle of Fig. g.32. This
figure mal<es evident thatVpsral is reduced by the bocly eflèct. Interestingly, the clepenclenle of Vps"o1
onV6s remains rather lifrèar.-ThiS Sug$é-sTs-t-hat.'the dependence of Ip"o1 onV6s - I/7o might remain
quadratic in the presence of the body effect. In f'act, the log-1og plot of Ipsql às a functiorr of Vçg -V7s on
the right hand side of Fig. 9.32 shows just this. 'Ihe body effect reduces I p"o1, btlt does not significantly
change ttre nature of its dependence on gate overdrive.

These observations suggest that sirnpler but still fairly accurate expression s of Vps"o1, 111 anr) I1'so1
exist' These can be obtained by going back to Eq. 9.66 and linearizing the square root in the limit in
which I/ is small with respect to ô"r. This yieids:

v7(v) =vr, + i*v (s.72)

This Taylor series expansion worhs well for srnall values of I/ but it shouid get progressively inacurate
as V increases. Fortunateiy, V in tlie channel never gets too high clue to pinch-off. 5

We now retrace our steps one rlore tirrre and insert Eq. 9.72 into Eq. 9.65 and the result into Eq. g.g
to get a sirnple clifferential equation that when solved yields:

sEmpirically, it has been found that a factor of 3, instead of 2, in the denominator of the second term in the
right-hand side of Eq. 9.72 works better.

Vossat: Vcs vr" +.yt/W - Tt t+!(vcs-vpn)_ rl
"Y'
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where rn is given by:

to - Tt".C"*(Vcs 
*Vr" - îVos)Vos

607

(e.73)

(e.74)m: l-l 'v

2'/6*

I

The expression of Vp,s"o1, obtained in the same rÀ/ay as before, becomes

VDSsat = L(V*, -Vr") (e.75)

Finally, the expression for the saturated drain current becomes:

f Dsat = ffi u.C *(Vc s - Vr")' (e.76)

Equations 9.73, 9.75, and 9.76 are very similar to the expressions we derived for an ideal MOSF,ET
earlier in this chapter, Eqs. 9.16, 9.22, and 9.21, respectively. The only difference is the appearance of
the parameter rn', I'he so-called bod,y-effect coeffic'ient. As seen in Eq. 9.74, rn is always positive and larger
than unity. As a result, all things being equal, ID, ID"ot and. Vç,g"o1get reduced by the incorporation of
the body effect' These new simplified equations are fairly accurate and much easier to remember than the
exact equations derived earlier in this section. This can be seen in Fig. 9.33.

Interestingiy, rn has an identical expression to the ideality factor of the subthreshold regime discussed
in Section 8.6. This shouid not be very surprising. In both the subthresholcl regime and the body effect
there is a competition between the electrostatics of the gate and the electrostatics of the body for control
of the inversion layer charge. If the controlling action of the gate dominates over that of the body, then
the subthreshold regime is sharp and the body effect is small. The contrary happens if the controlling
action of the body becomes signiflcant.

' It is common practice when dealing with the long MOSFET to treat the paramete r rn asan adjustable
one. It is found that values of m of the order of 1.1 to 1.4 worl< quite well.

9.7.2 Effect of back bias

A MOSFET is a four-term'inal device. In addition to the source, drain and gate, there is also the region
riglrt underneath the transistor, also called the bacl< or the bod,g. In an integratecl cievice, the body is
contacted at the surface of the wafer. So far, we have not consiclered the irnpact of appiying a Uôay
voltage on the I-V characteristics of the trarrsistor. For the most part, any voltage that would be applied
to the body with respect to the source will be negative or slightly positive. If a reiatively large positive
bias is applied, the body-source PN diode turns on adding an undesirable current path tothe MOSFET.
Hence we should mostiy be concerned with applying negative vaiues of v6s.

We learned in Section 8.7 that the appiication of a negative voltage to the body with respect to the
inversion layer results in a positive shift of the thresholci voltage. All things being equal, then, if we have a
MOSFET that is Oll, the application of Vas ( 0 shoulcl result in a clecrease in the current flowing through
the transistor' This is because as 7r shifts positive, the overdrive on the gate of the MOSFET is recluced.
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(e.77)

Tlreideall-vcharacteristicsofthei\4osFETcaptureclr:"Eq:9'16and9'2!canthenbemadeto
ercc.u*L for. r'e b^.k bi;" ;;;"i-p.o.ria"o il'ot E;l g'îî i. *'"a fo' iht th"'hold voltage' It is clear i' this

f.r.rru.rlirti,rr t1.t irs 1,;5 5ecoures,note tt"gatii"'' y''' i" Bq' 9'77 go"'-ttp along witl it' and Ip give' by

E<1s. 9.16 iiird 9 21 gocs tlol'tt'

rri airclitiorr to t'e straiglrttor.r.;a'r1_ir*J,::lrf trrt, itpl;ri.irti.rr .f 
.a 

back 
'ias 

,ri i'e trr.esir'rd '.lt^g.

iust clescribea, tn" "r'oro.î:il;i; 
ot tt,e itosi;i ^;; 

also aflectecl rhrougrr rrrc re.u rhar ac..rirrrs lo'

il" unau effer:L. lt, i, "nrl,in 
r"" whv t,his rr,n,,io rr".'it..,,or.. Bor h ttrc-bodrleflec't irncl {'ht: bacli bias effect

zr'isc 
'.r'u 

rlur crcctr.stïi,;;;;: ul,rr," r,..iuî,,'tr,".rrt"-r^t"r cJrarge. The apprication of a bacl< bias

u,ith L/p5 { 0 r.esults iï,'" *JA.r,iilg of the ,l(;l;i;;,,'giu,, t"ttlttrreat}] the irivelsiort lar-er' T}ris l)ririgs

bodY
elfettr

with simPlifiecl
model for bodY
effect

no bodY effect

l=1um
Xn*=20 nm
NÀ=1017 Cmir



700

600

500

E
s dnn
i

; 3oo

3

700

600

500
E

q

= 
300

200

100

J. A. del Alamo 609

200

100

0
2 3

Vos N) Vos (Vl

Figure 9.34: trffect of back bias on output characteristics of long MOSFtrT: Vas : 0Il (top), Ves : -5 V
(bottom). The device is identical to that of Fig. 9.31.

the "back gate" further away from the inversion layer and .weai(ers the irnpact of the body effect on the
transistor. Let us see how the model that accounts for the body effect is to be modified to include also the
impact of bacl< bias.

'We start from Eq. 9.66 which gives the expression of the threshold voltage along the inversion layer
accounting for the potential drop that occurs along the channel. In the presence of a back bias, this
equation becomes:

Vr(Vns,V) :Vr" * l( dt"r * Vss lV * t/wl (e.78)

To keep the model simple, we can expand this equation around V: 0, to get

0

040 3 I 4 5

(e.7e)

wbere VT(Vps) is, given by Eq. 9.77.

Eq.9.79isnearlyidenticaltoEq.9.72 exceptfortheadditionofVBstoô"r insidethesquare.root.
Following the development carried out in the previous subsection, an identical set of equations for 1p
emerges if rve use a body-effect coefficient that depends on the back bias, as giverr by:

m(VBs) : 1a
.Y

zt/6"r -TBs
(e.80)

It is then clear that the applicati on of VBs < 0 increases Vr and reduces rn. The dorninant effect is a
reduction in Ip and lp"ol giverr by Eqs. 9.73 and 9.76 respectively, as expected. This can be seen in the
output characteristics of a MOSFET for a bacl< bias of 0 V and 5 V in Fig. 9.84.

' The existence of a dependence of the drain current on the bacl< bias implies that if a small-signal is
applied to the substrate termirial with respect to the source, this signal will propagate to the drain current.
We'actually recognized this when in Sec. 9.6.1 we deveioped the small-signal model for the MOSFET and
defined a back trutnsconductance, g-o (Eq. 9.49). Now rve are in a position to derive an expression for 9*6

Vr(Vas,V) =V7(Vss) ' 
^l 

"' 2v6br=Wi'

Ve=2V

Vcs=S V

VBs=o v

L=1 pm
xor=20 nm
No='lQtz ç6-:

V*=5 V

Ves=-5 V

L=1 pm
xox=20 nm
No=l$17 srn's

Væ=3 V
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Figure 9.35: MOSFET equivalent circuit models incorporating the impact of the back contract. Left: large-sig1al
model with a Vss dependence made explicit. Right: small-signal model incorporating a ne1r, current source.driven
bY ru".

for the ideal MOSFET. This is straightforward because a small-signal change in Vns impacts the drain
current through a small change in V7. \Me can then write:

ôIn , 0Io, }Vr9^a: ffilro".u"" 
: 

ffilro",r." * ffilro",r"" (9.81)

In an ideal MOSFET in saturation, the first derivative in this equâtion is precisely -g-. This is
because in saturation the drain current depend on Vçg - V7, so the dependence of 1o on V7 and -Vçg
are identical. The second derivative can be easily performed from F,q. 9.77 and expressed in terrns of rn,
defined in Eq. 9.80. All together we obtain:

lmt: (m - I)s^ (9'82)

Il is noi, surprising that the body-effect coefficienl,, rn, makes an appearance here. As discussed above,
rn reflects thc corrpetitiou between the substrate and the gate fbr control of the channel surface potential.
In general nl > | and 9-6 is flnite. lfhe closer rn gets to 1, the more tlie gate prevails over the body. In
the limit of m':1, the body exerts no control over the channel and therefofe gæô goes to zero.

Equivalent circuit rnodels incorporating the back bias effect arrd the associated bacl< trarrsconductance
are sketched in Fig. 9.35. In the large-signal model (left), an additional deperiderice of Io ott Vns
is expiicitly noted. In the smali-signal equivalent circuit model (right), a new current source is addecl
between drain and source that is controlled by ro".

9.7.3 Channel length modulation

hr the irleal llOSF trT rrrorlcl rleveiopetl ealliel irr tliis clripter'. tlrt' crrrlr:rrt-r'oltagc chiuirc.tclistics alc
pclfectll' satnt:rted fot* Vpg ) VDSs,,t. This is the saturation regime of operation. Horvever. if we lool< at
a real N{OSI-ET, sucir as the 2N7000 ciepictecl irr l-ig. 9.15, lve see a srlall but distirrct slope in the 1p-
[/t;r5 c]raractcristics. Tlre slope also irtct'eases with V6s. T]ris irnper-fectlrr satulatcd drairr currerrt greatly
itttPitt'ts Irtartv citcrtit trlrplit::rtiorrs of \lOSFilTs. srrclr a.s tlre voltagc gaLitr irr \IOSFIIT arrrpli{icr.s zrrrd tlrc.
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noise margins of CMOS logic gates, just to cite two examples. This section explains the physical origin of
this effect and presents a simple rnodel that accounts for the key dependencies.

The finite outpu[ couductance of a NIOSFET has its origin in the e]ectrostatics of the pinchoff point.
An appropriate treatment is beyond our reach at the moment and has to wait until the short MOSFET
is discussed in the next chapter. Nevertheiess, reasonable understanding and a flrst-order model can be
derived by borrowing a few results from Ch. 10.

In Sec. 9.4.3 we learned that with the MOSFET in the linear regime, the inversion layer eiectron
velocity increases and the electron concentration drops as we proceed from source to drain. We also
learned that the drop in carrier concentration is more pronounced the higher V1.;- is. We cailed this
channel debiasing. At pinchoff, our very simplistic rnodel predicted that the electron concentration at the
drain-end of the channel becomes zero and the electron velocity becomes infinite. Obviously, this is not
possible. Electrons cannot travel at velocities higher than the saturation velocity and since the current is
finite, the electron concentration cannot drop to zero.

In fact, as we will study in detail in Ch. 10, current saturation in a MOSFET actually occurs when
the electron velocity at the drain end of the channel reaches the saturation velocity. At thi; condition the
electron concentration at the pinchoff point is srnall but finite and the current that flows is also finite.
Ideaily, a further increase inVps beyond the bias that yields this condition does not directly increase the
electron velocity any further and the current therefore should not change.

An important word in the previous phrase is "directly." To the first order, an increase in the drain
voltage beyond VDSsot should not translate into an increased potential build-up along the channel of a
MOSFET' Instead, as we will see in Ch. 10, it results in an enlargement of the pinchoff region where the
carrier velocity is saturated. l'his effectively shortens the electrical channel tength. Since ii this instance
the same potential build up (Vos"ot) takes place over a shorter length, this implies that the electric
fleld along the channel increases a little bit and so does the drain current. It is because of this effective
shortening of the channel length that this effect is giventhe name of "channel length modulation."

Building a model for channel length modulatiorr essentially means solving this complex two-dimensional
electrostatics problem. A siurplifled treatment is presented in the next chapter. \Ày'e quaiitatively discuss
the key findings here.

Fig. 9.36 zooms into the drain end of the channel of a MOSFET in saturation with Vps ) Vpsro.. As
discussed, at the drain end of the channel, a velocity saiuration region of length l"o, upp"u.r. Fig. g.3Z
sl<etches the volume charge density, electron velocity, lateral electric fielrl, anJlat"roi pài".rtial along the
semiconductor surface with the MOSFET in saturation for Vps : Vossat and Vos ), VDSsat. This is an
exaggerated picture to liighlight the key issues.

At the onset of saturation, for Vpg : VDSsat, we see that the electron concentration drops along the
channel and reaches a minimum value right at the drain end. At that same point, the electron velocity
peaks at its saturatiou velocity value. The electric fieid increases along the channel and peaks also at the
drain end at a value that saturates the electron velocity. We label this as â".. The channel voltage builds
up along the channel up to a value of VDSsot at its clrain encl.

When I/p5 )> VDSsat, the additional voltage that is applied is used to extencl the region over which the
electron velocity is saturated to a length 1"o1. l'he effective lengbh of tire channel ovei which the voltage
builds up to Vps"o1 is therefore shortened from L to tr/. This results in a small increase of the electric
field everywhere including a1; the soruce. Since the charge is constant at the source, this implies that the
drain current increases a littte bit. This is what is resporrsible for the output co'ductance oi the device.

Modeling this effect requires deriving an expression tor 1"6 as a function of Vos. This is what is done
in Ch. 10. To the first order, if we assume that velocity saturation occurs a,t a constant lateral fie1d trr,



612 Integr ated Microelectr onic D evi ces : Physics and l\[odeling

G

n*

layer velCIciTy sâturâtion reglcr"!

p

D

6*I
rnv*rsrôn

lsat€
v

Figure 9.36: Geometry of the pinch-off region in a MOSFET for Vns ) Vos,ot

as indicated in Fig. 9.37, and that the effect is relatively small, we should expect, approximatelv:

lsat =
Vps - Vossat

(e.83)cous

\Me can norr reuse the drain current model developed earlier in this chapter except that we substitute
L for L - 1"o1. Therefore, we have:

rL

ID"ut : 
ff1,,,C',,,,(\:c,.,- Ii')'i1 + À(t'p.s I'rs",,.)]

(e.84)

where we have assumed that in a well designed device, l5q1 11 L.

The second term inside the parentheses represents the correction term that is introduced in the MOS-
FETsaturationcurrentmodelasaresultof channellengthmodulation. ItisproportionaltoVps-Vpsso1.
The proportionality constant is often written as À, defined as the channel lertgth, mod,ulat'ion parameter,
with units of inverse volt:

_11
IDso,t. & -:-

L - t"ot L(L - +)
.l "ot
L o+ybæE !)

,- 1

" - €u"L

1- 7(1+
1

i

(e.85)

Using À, v/e can write the complete expression of the saturation current of a MOSFET irr the presence
of channel length modulation as 6:

(e.86)

Tlre correction terlrt orr the saturatiori curlent clepeuds olly orr 1,125 \-DS"ot. llorver.er', tiris tenn is
muitiplied by the ideal saturatiort current. Hertce. it becornes rrrole visible il the output cha.r'a.ctelistics,

6In attaloEiv with the Earlv effect in the bipolar transistor r.vhich also results in a finite output concluctance,
sonretinres 1/) in a \lOSFtrf is lclelled to as the Early t'ol.tot1e.
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Figure 9'37: Electrostatics along the surface of the semiconductor for the pinch-off region of a MOSFET in
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Figure 9.38: Sketch of the output characteristics of the MOSFET in the presence of channel length modulation.

the higher the value of V6s. This is shown in the sketch of the output characteristics of Fig. g.38 and
agrees with what is observed in practice.

Channel length modulation impacts the small-signal equivalent circuit model of the MOSFtrT. In
saturation, the output conductance of the ideal MOSFET model is zero (Eq. 9.55). Obviously, channel
Iength modulation introduces a finite amount of output conductance. This can be easily obtained by
applying the definition of Eq. 9.53:

(e.87)

The important result here is that in a given device, go increases with lp"o1. This matters a iot in analog
circuit design where go is often a crucial consideration. In a given transistor, the only way to improve go
(i.e., make it smalier) is to operate it at a lower current level. Alternatively, in applications where low go
is critical, analog circuit designers often choose devices with ionger gate lengths. As seen in Eq. 9.85 this
results in a lower value of À and a reduced output conductance at a certain current level.

Fig. 9.39 sl<etches the evolution of go in a MOSFET now accounting for the impact of channel length
rrrodulation. Fig. 9.40 shows the output conductance of the 2N7000 MOSFET whose output characteristics
were shown in Fig. 9.15.

9.7.4 The subthreshold regime

-trr the ideal MOSFtrT model we assumed that the drain currerrt is zero hl Vcs < I/7. We referrecl to this
asthccut-oflregirne. InarealLOSFtrT,ttrecnrrentdecreases asVçs dropsbelowVT,btttitneverquite
becorrres zero. For exarrtple. Fig. 9.41 shows tlie output characteristics of the 2N7000 X,IOSFET plotted in
tl selrrilog scalc. Cllalrhirrg tlre chzrlactelistics irt tlris rvav trllols Lrs to cxairrile iri rrrolc rlctiril thc irc[ayiol
of tire \lOSFll-l ovel ir lrtoaclet tttttge of .ru1r'ents. 1t is c'ltal fiorn this ligrrli. t,lrtrL belorv a gi:rLLr-soulce
voltage of about 2 V (r,vhich seerrs â r'ensorrable estilrate of tlie thlcsjrolcl toltagc accoldirrg to Fig. 9.15),
tlte crtrrerrt dlops vely first trs l/ç5 is leducecl. Ilo*-ever', rlowrr t.o VGS:1 Ii. it is still fnirly sizal;le.

There are trvo irttcrestirrg features that are noticeable in the derta of Fig. 9.41. First, the currerrt clroits
itt u'ltat ilppcitrs to bc iitt exltorretttial t'ar'. For values of I;6;,9 ltcttccrr I arrrl 2 li. t]re (.llrlcnt lirrcs apltcar

n": Hl*s,"s a ÀIo"ot
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F igure 9'39: Evolution of .9o with Vçs, and Vos in MOSFET showing the impact of channel length modulatio'.

relatively evenly spaced. Since Vcs is being stepped in a linear way, this suggest that Io is evolving in
an exponential way with Vcs. This can be better seen in the data of Fig. g.aZ wnlcn shows the drain
current as a function of vcs in a semilog scale. Indeed, below a value of vçg - 2 v, the current-voltage
characteristics follow a straight line.

The second interesting feature that can be seen in Fig. 9.41 is that the current is perfectly saturated
with Vps down to the lowest value of Vps that can be resolved, which in this measurement is I20 mV. In
contrast, fot Vcs > Vr it takes quite a bit of drain-to source voltage to saturate the drain current.

We are in front of what is termed the subthreshold regime. This is a regime of operation of great
significance fbr analog and logic applications. In logic circuits, for example, we look àt tn" MOSFET
as a switch. This means that for Vcs 1V7, we really want the switch to be open, that is, the drain
current to be zero. However, as we can see in Figs. 9.41 and g.42,the drain current never quite becomes
zero, the switch "leaks" a little bit. In consequence, there is some power consumption associated with the
imperfectly open switch. Since the current is srnall, this power can be rather small. However, in a logic
IC that integrates billions of transistors, this can add up to a sizable amount of power that needs to be
delivered and dissipated.

In this section, we wish to understand the physics of the subthreshold current and develop a simple
model that captures the leading dependencies.

At the heart of the subthreshold regime of a MOSFET is the weak ,inuers,ion regime of the MOS
structure that we discussed in Section 8.6. Beiow threshold, we found that electron charge at the surface
of the semiconductor (it is not proper to denote this as inversion layer) did not quite go to Àro but droppeci
in an exponential way with I/, the gate to body voltage (see Eq. 8.62). This suggests that the exponeltial
dependence of the subthreshold current in the MOSFET must arise from the charge control relàtionship
in weak inversion. The interesting question is how cloes this charge florv frorn source to clrain to pr.o6uce
tlrain current?

In a MOSFET below threshold, the dominant electrostatic feature underneath the gate is the presence
of a depletion region' To be sure, there are a few electrorrs inside this depletion region. These are those
that are responsible for transport in the subthreshold regime. However, their concentration is much smaller
than the acceptor concentration. The electrostatics are then dominated by the volume charge density that
arises from the uncompensated acceptors. All this charge is imaged at the gate. In thiJsituation, the
drain has no way to manipulate the surface potential under the gate. This is unlike in the linear regirne

9o

vcs 1
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Figure 9'40: Measured output conductance of a 2N?000 MOSFET corresponding to the output characteristics
shown in Fig. 9.15. l/6s is stepped from 1 to 3 V in steps of 0.2 V (screen shot from MIT Microelectronico il,ab).
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Figure 9'42: Measured drain current vs. gate-source voltage for a 2N7000 MOSFET in a semilog sc ale. Vos : 2 V
(screen shot from MIT Microelectronics ilab).

in which the drain electrically "grabs" on the inversion layer at the end of the channel and can therefore
affect the surfâce potential along the entire length of the channel. There is no electrical channel to grab
on in the subthreshold regime. How, then, can current flow?

We can understand what is happening by looking at Fig. 9.43 which sketches the evolution of the
depletion region (left) in a MOSFET biased in subthreshold, ànd the conduction band edge (right) under
the source, gate and drain as a function ofVps.

With Vps : 0, the depletion region under the source and drain are identical. The electron quaslFermi
Ievel is completely flat along the surf'ace of the semiconductor and the electron concentration is uniform
everywhere under the channel and given by Eq. ?? where V : Vcs : Vco.

Increasing Vps widens the depletion region under the drain and slightly sideways under the channel.
FYom an energy point of view, increasing Vps brings the conduction ban<l edge and the quaslFermi level
for electrons in the drain down with respect to the source by arr amount equal to qVpg. Note, however,
that the conduction band edge under the gate remains flat. This is because the application of a voltage
to the drain with respect to the source has not introduced a lateral electric field on the serniconductor
underneath the gate. The electric field in the semiconductor under the gate points vertical.

The interesting question now is what happens to the electrorr concentration underneath the gate. It is
clearly not going to be uniform since the distance between the conduction band edge and the quasi-Fermi
level for electrons changes along the surface of the semiconcluctor from source to drain.

At the source end, the energy band diagram is not modifiecl at all with respect. to the situation that
we had ai Vps: 0. Hence, from Eq. 8.62, we have:

(e.88)

where C"7 is the capacitance associated with the defletion region in the semiconductor at threshold and
was given by Eq. 8.51, and n is the ideality factor given by:

Q"(a:r): -T""r"*rM#
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Figure 9.43: Left: sketch of MOSFET in subthreshold regime showing the evolution of the depletion region under
the source, gate and drain for different values of Vos. Right: sketch of the conduction band edge along the surface
of the semiconductor for different values of Vo.s.

":L+æ (e.8e)

Under the drain the situation is quite different. The application of [7s brings down the conduction
band edge and the quasi-Fermi level of electrons inside the drain with respect to the situation at l/ps : Q.

Since the conduction band diagrarn is flat under the gate, right under the drain edge ofthe gate, the quasi
Ferrni level for electrons has dropped below tlie conduction band edge by an amount equal to qVps. This
means that the electron concentration must have dropped too. In fact, the electrostatics of the problem
at the drain end of the channel are identical to those of a situation that we could obtain if we had a
tra'o-terrninal MOS structure with a voltage applied between the gate and the body equal toVcs -Vns.
This implies that the electron charge under the gate at the drairr end is given by:

Q"fu: L): qc"r"*o{'-P
(e.eo)

This is obviously much less than under the source end of the gate.

We have an interesting situatiorr here. The electrorr concentration at the semiconductor surface under
the drain errd of the gate is rnuch smaller than under the source end. This is going to result in electron
di,ffusi,on from source to drain and a current florn'l 'lhis is the subthreshold current.

Obtaining an expression for the subthreshold current is now straightforward. It rrrust be given by
Ficl<'s second law which states that electron diflïrsion current is directly proportional to the gradient of
electron concentration. In tliis situation, tiris implies that:

I n : Il'l), rlQ,(t)
(l ll

Since eiectrons ltave rtowltet'e to go but frorn soui'ce to drairi (they cnrrlot escape to the substrate
becartse there is a poterrtial banier clue to the b:urcl berrcling associated rvith the dcplctiori region), tlie
elcctlort cttttt'ttt tttttst lu'r'ottstnttt alortg tlrc sulface of tlre scrnicrtrrrluct.ot. Tlris rrrcarrs tlrat the glarlicrrt
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Figure 9.44: Sketch of subthreshold characteristics of a MOSFET

of electrons rnust also be a constant or that the electron profile is a straight line. FYom Eq
follows that:

9.91, it then

Io:WD. Q,(u: L) - Q" (s/: O)
(e.e2)L

Plugging in the results obtained in Eqs. 9.88 and 9.g0, we get:

t, =Yo"Vc"," 
q(Vcs -Vr\ ' ^ -qVos ',L q - *P ";W: (l - exp -ffi) (9.93)

This is the result that we were lôohing for and is graphed in Fig. g.44.

Let us examine some of the features of this equation. First, it is clear thal, I p evolves with V6s following
an exponential law. The ideality factor of the exponentiai dependence is given by Eq. g.8g. Second, foi
Vps : 0, Ip is zero as it should be. Third, as VDs increases, its impact on the subthreshold current
quickly vanishes. This is because the exp ffi rapidly becomes negligibie as Vps increases beyon6 a few
thermal voltages. This is clearly seen in thé experimentar data of Fig. 9.41.

The slope ofthe subthreshold characteristics is characterized through tTte subtlreshold, swing (confus-
ingly' also referred to as "subthreshold slope" or "inverse subthreshold slope',) which is definecl as:

g:'kr tnre: (1* ftt1{hn (9.e4)q Uor'Q

An ideaiity factor of 1 corresponcls to a subthreshold swing of 60 mV /der: at room terrperature. This
is what the PN diode exhibits. In comparison with this, since in a MOSFET n ) 1, thà subthreshold
swing is higher and the subthreshold current rises more gently with Vçs.

There are two key dependencies in the subthreshold swing. One is temperature. The higher the
temperature, the higher the subthreshold swing. This is just like in the PN diode. The second one is
in the ratio C"rlCo,. Anything that minimizes this ratio will sharpen the subthreshol<i.swing of the

s

loff

Vcs

\
)
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ÀIOSFET. Wliat t,e essentially rvant is Co,,)) Cs7, or tlrat the gate exercises a rnuch tighter electlostatic
cotttlol over tlie sur-face potential than the substrate. Thrs suggests the use of thinrrer gate oxides anci
los,er body cloping levels.

Onc final poiltt, t,o uake abotrl. the subl,hreshold srving is thal t,he bodl'voltage, irr:rrirlitiorr to shiftirrg
the subthresliold cliaracteristics by acting on the threshold voltage, also impacts the subthreshold swirrg.
'l'he more negative the body voltage, the deeper the depletiorr layer becolres ultlellealh ihe gate arrd the
lower C"7 ends up being. In consequence) ttre subthreshold swing becomes sharper.

The subthreshold swing is important because it sets the value of the off-state current, Iof f , a key figure
of merit in a MOSFET that is used in CMOS logic applications. 1oy7 is defined as Ip,(Vçs : O,Vos :
Vpp), where Vop is the maximum voltage available in the circuit. Ioyl is marked in Fig. 9.44.

As expression for loyS can be easily obtained frorn Eq. 9.93:

(e.e5)

With the subthreshold swing defined as in Eq. 9.94, this can also be written as

Io.f f x 10-+ (e.e6)

Writing loyy this way brings in evidence the two key factors that affect it: the threshold voltage and
the subthreshold swing. Increasing V7 decreases 1,1y exponentiatly. The l<ey trade-off here is that the
gate overdrive, Voo - V7, is reduced and the drain current in saturation drops. One can also obtain low
I"fI bY lowering the subthreshold swing. The relevant dependencies of,9 have been studied above.

9.7.5 Source and drain resistance

Our rnodel for the ideal MOSFET so far does not include any resistance effecbs. In real NIOSFE'I's, there
are two resistances associated with the source and drairr that are connected in series with the channel.
They arise from the contact resistairce ofthe metal contact to the n+-regions, the finite iateral resistance o1'

these regions and their linkage to the inversiorr layer under the ga.te edge. These series resistances represent
significant parasitics with oflen very visible and deleterious impact on the device electrical characteristics.

The most important consequence of the presence of source and drain resistances in a MOSFET is a
reduction in the current driving ability oi the device. This can be understood througli the sirnple model
depicted in Fig. 9.45. This model explicitly places the source and drain resistarrces in series with the ideal
device. When current flows through the NIOSF-ET, the ohmic drops in the source and drain resistances
reduce the voltage drive that is applied across the interrral nodes of the transistor. This results in a
recluction of the drain currerit below that of the ideal device. \Me cair quaritify this through a simple
model.

il n'e r-icttotc' as I p,5 artcl I c.;,ç tlte extctttai tclrrrirral r-oltages. urrrl \.i;5, itrrrl I 6,',e; tlre irrtelrral rrorlt:
loltages (see F ig. 9.Ji). t'c carr l'r'itc:

I.II : Ip(vcs:o,vps: voo) -\o"Vc".r*p-+

1/^^.

\insi
I/cs InRs
ll;,s In(ll ,s r IloJ

(e.e7)

(e.e8)
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Figure 9.45: Schernatic diagram showing parasitic source and drain resistance in MOSFET. The impact of the
source and drain resistances is to reduce the internal voltages that are applied to the MOSFET.

In the sâturation regime, the drain current of the MOSFET is set by the internal gate overdrive
Vcst-V7. Then, using Eq. 9.21 we have:

rDsat : 
ffu.C*(Vcse - Vr)2 : ffu"C*(Vçs - IpRs - Vr), (9.99)

For a weli designed transistor in which resistance effects are not too large, when .we expand the quadratic
term in this equation, it is reasonable to assume that IpRs K{Vçs -V7. In other words, the ohmic drop
on the source resistance is much smaller than the gate overdrive. In this instance, we can easily solve for
ID"oti

f D"or- ; #,!'c?(vtt v')' 
(9.100)1+ {p,"C,,(Vcs - Vr)Rs

This equation has the right lirnit as Ës goes T,o zero for which ,vrr'e recover the current-voltage char-
acteristics of the ideal device. For non-negligible vaiues of ,Rs, the term irr the denominator reduces the
drairr current frorri its ideal value. Tliis terrn becomes more signiflcant the higher the gate overchive. A
consequence of this is that at high gate overdrive, the transfer characteristics of the transistor are no longer
quadratic irt Vcs - Vr but they exhibit a weaker dependence. The absence of any role for Rp in 1i7"a1 is
because the transistor is saturated and the drain current is insensitive to the value ofVns.

In the lirrear regime, both Às arrd -Rp play a role. We can derive a first order expression fbr the linear
drain current starting from the ideal equation given in g.16 and then plugging in Eqs. 9.97 and 9.g8. After
assuming a well behaved transistor with rnoderate values of parasitic resistances wè obtain:

W 1 Yp.C,,(Vcs-Vr-àVos)Vos]o:Tp"C",(Vcsl-Vr-,Vosl')Vos.i-1+)u.C",(Vcs-ffi(9.101)

Once again, this equation converges to the ideal expression if Rs-lRp: 0. As the parasitic resistances
becotle significant, the lincar drain current drops below its ideal value. The drop becomes more prominent
the harder we drive the transistor.
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Figure 9'46: Left: Impact of ,Rs and l?p in the output characteristics of a MOSFET. lfhe deflnition of rRor is
indicated. Right: Illustration of technique to extract .Bs * Âo in a MOSFET from measurements of Àorv as a
function of gate overdrive in the linear regime.

The left of Fig. 9.46 illustrates the changes to the output characteristics of an ideal MOSFtrT as a
result of the presence of source and drain resistance. For a given'Vcs the drain current is recluced. The
higher the gate overdrive, the bigger the effect. The value of Vps that saturates the transistor is also
increased. Finally, for very srnall [75 the slope of the I-V characteristics is reduced.

The change in the linear characteristics of the transistor as a result of the source and drain resistance
is of particular importance in certain applications such as power management. It is quantifled through the
so-called ON res'istan'ce, Rox. This is deflned as the ratio of Vps to /p inthe limit of small Vps. Florrr
Eq. 9.101, we can easily get:

^Vos^1HoN : 
fi\"-"u vos - Rs I Rn + (9.102)

This result has a simpie physical interpretation. The total resistance between the source and clrain
terminals oî a MOSFET for small Vos is giveri by the surn of the source and drain parasitic resistances plus
the chanriel resistance. Paths to minimize ,R6iy include shrinking Ës and Æp and mitigating tlie channel
resistance by selecting the geometry of the transistor (large WIL) arrd applying a large gate over<lrive.

Eq. 9.102 also suggests a method for extracting Rs -l Ro in a MOSFET. If we plot ,Re1, as a function
of 7l(V6 -Vr), a straight line should result that intersects the y axis at Rs *Âp. This is illustratecl on
the riglrt of Fig. 9.46.

An irnportarit consequence of the pr€serrce of source and drain resistance is tlie clegradation of the
trartscortclnctartce of tlie device. Tt is clear frorn looking at Fig. 9.46 that g- is reduced frorn the icieal
virlrte. Itt sttttttatiott. att cx1;r'essiott lo'r' 11,,, thut acc'ourrts for R5 (Rp has rro irnpact) can be easilr.olrtairrecl
lrr- clifJcrcnriaring Tic1. Lt)7. divitlirrg tlnoughoir{. ltr rl[11 arirl t]rerr soh-irrg for'.r/,,,. to çicftl:

D

t
,l
rlI

I
I
I

v-1b5 
I

0
00

lJ nti
Jùt - 1r t 9tnif1 S

(e.103)
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Figure 9.47: Small-signal equivalent circuit model of a MOSFET including hs and Àp. The tra.nsconductance
and output conductance generators are those of the ideal MOSFET.

arrd gm is the ertrinsiè transcond,uctance, defined as

n*u: ffi\r"",

ôIo ,

9n: 
AVGSI,DS

(e.105)

Notice that in these derivatives holding constant Vps in one case and.Vpgi in the other is not an issue
since adding Às and Rn to the ideal MOSFtrT does not perturb its perfect saturation. 7

It is clear frorn the result of Eq. 9.103 that the transcorrductance of a MOSFET is reduced as a result
of adding source resistance and that the effect is the greatest the higher the iritrinsic transconductance of
the device.

fis and fip should be added to the smail-signal equivalent circuit rno<iel of the MOSFtrT. When we do
this, we need to be clear that the transconductance and output conductance elements in it represent the
intrinsic values characteristic of the ideal MOSFET. A small-signal equivalent circuit rnodel for a MOSFET
that includes -Rs and -Rrr is shown in Fig. g.47. Notice that in this rnodel, Cis andCiohavebeen placed
on the insi'd,eof -Rs and Rp. A better model would break rRs and.Rp into a contact resistance component
and a lateral component and place the junction capacitances at the common nocie.

'If go i" included, one has to be more careful. See S. Y. Chou and D. A. Antoniaclis, IEtrE Trans. Electron
Dev. ED-32, p. a 8 (1987).

û.v
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Summary

The sheet-charge approximatiorr states that the inversion layer irr a \4OSt-llT is very thin i1 t|e
scale of the vertical climensions of thc clevice. It allorvs us to forrnnlate tlre XdOSFET cnrrerrt in
terrns of the slieet-charge derisity.

The gratlual-challel approximation breaks the l,Lc ?D clccLrostatic prol:lern into two lD simplcr
ones. The vertical electrostatics control the inversion layer charge and the lateral electrostatics
control the flow of inversion charge Iîom source to drain.

In the linear regime, the drain current of an icleal MOSFET increases with Tçs aricl |ps. In the
saturation regime, the drain current depends oniy on 7çs. The dependence is quadratic. In the
cut-off regime, the drain current through an ideal MOSFET is zero.

The transconductance of arr ideal MOSFET in saturation increases with the square root of the drain
current,.

The "body effect" arises from an increase in the local V7 along the channel. It results in premature
drain current saturâtion and reduces the current drive of the transistor.

The application of a back bias to a MOSFET shifts Vr and, affects the clrain current.

In a refined MOSFET model, drain current saturation and channel pinchoff occur when electrons
reach velocity saturation at the drain end of the channel. For 72s values higher than Vps"o1, the
pinchoff point broadens into a region with finite length where the electron velocity is saturated.
This effectively reduces the channel length and increases the drain current of the device. Channel
length modulation, as this phenomenon is called, is responsible fbr the flnite output concluctance of
a MOSFET in the saturation regime.

For 7çs values below V7 , the drain current of a MOSFET drops exponentially. This is known as the
subthreshold regime. The sharpness of the subtlireshold regime is characterizecl by the subthreshold
swing. This reflects a competition between the gate and the body of the trarisistor for electrostatic
control over the surface potential. The sharpness of the subthreshold regime is enhanced the tighter
the electrostatic influence of the gate of the transistor.

9.9 F\rrther Reading

Operation and Modeling of the MOS tansistor (Thircl Editiori) by Y. P. Tsividis arrcl C. McAndrew,
Oxford, 2011, iSBN 978-0-19-517015-3, TK787I.99.M44T77) is a classic textbook on MOSFtrT physics
and modeiing. The treatment of the MOSFET is rather comprehensive and in places goes beyond the
treatment in the present book. Chapters relevant here are Ch. 4 that mostly deals with the long-channei
MOSFET structure, Ch. 6 describing large-signal dynamic operation, and Ch. 7 and 8 addressing small-
signal modeling, including noise. This is an inrporl,ant reference booh.
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Figure 9.48: Left: sketch of a four-terminal MOS structure biased in the linear regime. Inside the circle: detail
of the electrostatics of a small element of the inversion layer.

4T9.1 A more detailed study of inversion layer transport

In general, the inversion layer current has two terms, drift and diffusion. The application of a potential
difference across the ends of the inversion layer imposes an electric fleid that results in a drift current. As
we saw in the main body of this chapter, there is also a lateral gradient of electron concentration that is
produced. This causes a diffusion current. In general, then, the electron current in a differential ofvolume
inside the inversion layer (see Fig. g.aS) is given by:

J"o(*,a) : *qn(r,s)ufii\t (r,a) + qp.49A\os (e'106)

Understanding the notation used in this equation is important. ./"y refers to the electron current along
the g-direction. ri. is the electron coricentration at a certain location in the inversion layer. ,tof, i" tté
electron drift velocity along the g direction. All fo them, in generai, deperid on u and g.

To l<eep things simple, let us proceed under the assunrption tlrat, the elecLric flelcl is small enough so
that there is a linear relationship between drift velocity ancl electric fleld. In this case, Eq. 9.106 can be
'written as:

G

5 D

B

J"r,(r,a):q (n,u)p.ta(r,u)+uo"\frù (9.107)

In this equation, t, ref'ers to the laterai electric field set up in the inversion layer, which in general, depends
also on r and y.

We are rarely interested in the details of the electron current distributiori vertically in the inversiol
layer, but on the total longitudinal electron current supported by the inversion layer. In consequence) rvrr'e

can eiiminate unnecessary detail by integrating Eq. 9.107 in depth from the oxide-semiconductor interface
to the end of the inversion layer:

J. J.u(æ,y)d"r : qp.o n(r,y)tu(r,g)dr * qD. f* )n(x,y) ,I 

-O,!E

Jo oy
(e.108)

p* p*

rnvêr$lo11

layerp depletion
reglon
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Tlie irrtegral stalts at r : 0, the oxide-semiconductor intert'ace and should exterrrl across the entire inver-siorr
layer. Since the electrons are all piled up against the interface, u'e make an insigrrifican[ ntistake by
exLencling the integral all the rÀray to infinity. Aiso, since there are no vertical cullerrts iri tlie structure,
rl,e hâr'e clroppecl the y subindex irr the current explessiorr.

Three cornments are proper here. First, the units of J" iri this equatiorr are Af crn or current per unit
width of the MOS structure. \he uirler the structure (irllo lhe page in Fig. 9.48), thc lioru Lu[al culrerrt
it supports. In contrast, J".y in Eqs. 9.106 and 9.107 above is in Af cm2 . Second, since there are no sources
or sinks ofelectrons inside the inversion Iayer, J" does not depend on g. And third, an assumption that has
been made also here is that p,. and D" are independent of r. We can âlso view them as suitable average
vâlues for the entire electron distribution in depth. pt" and D" satisfv Einstein's relation.

4T9.1.1 The sheet-charge approximation

A signiflcant simplification of this Ibrmulation is possible if the inversion layer can be considered very thin.
As irr Ch. 8, we call this the sheet charge approximation. For a thin inversion layer, t, in the drift term
of Eq. 9.108 does not depend vèry mu-h on æ. Vy'e can then drop its z coordinatè dependence and bring it
out of the integral as €o(fi. The limits of validity of this assumption are explored later on in this section.
Additionally, the term in ÔlÔg in the diffusion term can be brought out of the second integral since its
limits are independent of 9 (Leibniz rule). AII this results in:

(e.10e)

where n" isthe sheet electron concentrat'ion of the inversion layer (in units of cm-2), deflned in trq. g.1.
In general, n" depends on the lateral coordinate g.

A completely equivalent description cari be given in terms of the inversion layer sheet charge densitv,
Qi, given by Eq. 9.3:

J.: QFen"(U)to@) + sD.Ag
dU

(e.1 10)

The sheet-charge approximation has allowed us to express the inversion layer current in terms of the
inversion layer charge ancl the lateral electric field. 'Ihe next step is to find a rvay to determine Q1(gr).

4T9.1.2 The gradual-channel approximation

Befbre attempting to find an expression tor Q i(g) , it is useful to review the electrostatics of a MOS structure
in the case in which no lateral field is applied to the inversion layer. This was studied in great detail in
Ch. 8. As sketched on the left of Fig. 9.49, this is strictly a one-dimensional electrostatic problem along
tlrc :r' rlirection. Gatrss' larv for this problern can be rvr.itten as:

rl.t.,, p(t)
dr É"

(9.111)

rvhere t.,, is thc vcltica.l field irr the sernicorrductor'. hr tlris situaticirr, t" is indepcrrderrt of g. Iiorn here,
l-c rlerive'rl irr Clr. 8 a sirrrple relntiorrslrip between Q, :rrrcl tlre g:rte voltnge li; tltat l,trs r.alid fol stlorrg
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Figure 9.49: Electrostatics of the in r".rio.r layer. Left: In the absence of a lateral field, the electrostatics problem
is simply one-dimensional. Right: With a lateral field applied, the electrostatics problem becomes two-dimensional.

inversion and that was given by Qe: -C"*(Vc -Vr). Note that this equation uses the inversion layer
and the substrate as voltage reference (Vs :VB :0).

With a lateral fleld applied across the inversion layer, the situation gets more complicated. The
electrostatic problem is now of a two-dimensional nature. Gauss' law for this situation is:

0t" *gtt- _ p(r,a)
o-- Aa: tu (9'112)

where, in general, €, ar'd t, depend both on r and g.

In strong inversion and when current flows, t, 10. In general, then, * does not vanish. The
two-dimensional problem embodied in Eq. 9.112 is substantially harder than thË%ne-dimensional probiem
solved irr Ch. 8.

A sirnple approxirnate solution can be obtained under what is callecl the grad,ual-channel approrimation.
If the chang^e of t, along the g direction is much slower than the change of t, along the z direction, that
ir, * tt ff, ,h",. Eq. 9.112 can be simplified to:

AL o(r.u\
a* ='Ë (e.113)

This equation has a similar solution to that of Eq. 9.111. Under strong inversion, the inversion-layer
charge at location g, is determined by the voltage overdrive applied to the gate with respect to the inversion
layer at tlie same location, that is,

Q{a) = -co*lvc -v(y) -vrl (e.114)

Qi now depends on lateral location g through the local inversion layer voltage V(y) that was definecl in
Eq. 9.7.

The gradual channel approximation allows the break up of the two-dimensional electrostatics problem
into two simpler one-dimensional problerns: the vertical electrostatics control the charge in the inversiol
layer, while the lateral electrostatics control the lateral flow of inversion layer charge. In the gracluai-channel
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approximatiort, the l:rteral electrostatics represent a small perturbation of tire vertical electrostatics. As
a collsequerlce, the irrversion layer charge at any one location can be computed usiirg the orre-climerrsional
\dOS theory cleveloped in the previor.ts chapter, with the sirnple precaution of usirrg llte Locnl inversiori
layer voltage. At the eird of this section. we will discuss the constrairrts on the :rpplicabilitv of the graclual-
cltarrrrel alrpr oxirrrat iorr.

We cart rtow procecd wrlh Lhe derrvaltcxr ol a irrsL-order rlodel lbr tlie current. Taking the clerivative
of Q{y) with respect to g in Eq. 9.114 while assuming that Vr does not change in space (no body effect),
we can write:

dQr.(a) _ n dv(u)
dg - vor 

d,a

J,: p.lelal - T"",tW

UT , UT,'' I \ :')
lr l// r.; Iu) ù!/

(e.115)

we can piug this into Eq. 9.110, apply Einstein's relation and also use Eq. 9.8 to get:

(e.116)

Notice that since Qa is negative, diffusion actually helps drifT in electron transport along the inversion
layer. This makes sense since we know that n" drops along the channel from source to drain.

We can now discuss the relative magnitude of the drilT and diflusion terms in Eq. 9.116. Since Qi is
given by Eq. 9.114, it is clear that drift prevails over diffusion if the amount of gate overdrive is much
larger than the thermal voltage, that is, if Vc -V(ù -Vr >> *.This occurs when the MOS structure
is in strong itrversion. In this case, the expression of the inversioi current simplifies bo:

J" = p.Q{a) dv(a)
dy

(e.117)

This is the equation that we used.to derive the I-V characteristics of the MOSFET in the linear and
saLuratiorr regirnes in the main body of this chapter.

Close to threshold, diftirsion becomes important. In f'act, below threshold, as we will see, current
conduction is dominated by electron diffusion. This is the so'-calied subthresltold, current (beware, in this
regime, Eq. 9.114 does not apply since it was derived for strong inversionl as a consequence, Eq. g.116
does rro[ apply eitlrer)

4T9.1.3 Validity of approximations

We can now discuss the limits of the gradual-channel approximation. As stated above, the gradual channcl
approxirnatiorr is valid when:

(e. r 18)

Let us evaluate this irrequality at z : 0+, the serlicorrductor side ofthe oxicle/serniconductor irrterface.
Tlrc litst t.(lllr ceut lrc cstirrrzrtccl lry takitrg thc diflclcrrcc irr clcctlic {it'lcl zrt tlrc surlacc arrcl at t}re bottorn
of tlrc. irrr-ttsion laler':
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(e.11e)
ûan1) €srinu

The second term can be estimated from Eq. 9.8:

7to ' d2V

fit,:o*: -iF (e.120)

The second derivative of V can be obtained from Eq. 9.116 by taking the derivative with respect to gr
and realizing that dJ"ldg: 0. Hence:

d2v 1 dQi dv co, (#Y: -ff;e"tu)t,da2 Qr d's dy Qt
(e.121)

where Eqs. 9.115 and 9.8 have been used (the term on ffCo, in Eq. g.116 was neglected, see justificatiol
below).

Combining Eqs. 9.118, 9'119, 9.120, and g.121, the condition for the gradual charrnel approximation
can be rewritten as:

l€o(a)l < la"l
Ja"r;o; (e.122)

And using the expression of Qi given by Eq. 9.114, it can arso be expressed as

ler(a)l <<
Vc -V -Vr

(s 
-.cn- etnuaot

(e.123)

In,essence, for the gradual-channel approxirnation to be fulfiiled, the lateral electric fielcl rnust be
much srnaller than an effective verLical f,eld given by the voitage overdrive ori the gate divided by an
effective verticai characteristic length (the denominator in nq. O.1ZS). This vertical characteristic length
is a function of the oxide thickness, tlte inversion layer thickness and the permittivities of both materials.
The smaller this characteristic iength, the easier it is for the gradual chanlel approxirnatio' to be fTlfllled.

Let us put some typical numbers to examine the validity of the gradual-channel approximation. For a
MOSFET structure with an oxide thickness of zo, : 4.5 nm a1{ a p-type substrate of lfa : 6 x 1077 crrt-3 ,
frinu a 7.5 rtm, and the vertical characteristic lerigth turns out to be about L0 nm. For a location
in whicir Vc - V(y) - Vr : 1 V, the lateral fielcl must be rnuch smaller than 106 Vf cm, which is an
extraordinarily high value. Hence, except right around threshol<i when I/ç -V(ù -Vr = 0, the gradual-
channel approximation is indeed an excellent one.

We now turn our attention to verifying the sheet-charge approximation that was made at the beginning
of this section when €u(r,gr) was taken out of the integral in Eq. 9.108. This can be clone with minimum
error if n(t,A) changes with z much faster than to(æ,g). Mathematically, this condition can be expressed
AS:

è?!r
' rt 0t' (e.t24)

utu
ôr

1

I
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Let us exarninc tlris irrecluaiity at r:0+. It is handv to rern'rite the left-harrd side irr the following
=way. Since Y x t :0, it follows tlrat:

(e.125)

inside the inversion layer.

In the context of the gradual-channel approximation, at r : 0+

9!t 4t,,.

0r 0y

ôt,, I dQt Co, ^ ,

ayl":o* = -A d, : itorrl
where we have used Eq. 9.115 and 9.8.

Cornbining 9.727 and 9.125, we can write:

,7 at,, cn,
'to ôa lr=ur - €s

n(r\ : -f{r exo 
qlÔ(r) - zÔtl

KT

Now we work on the riglrt hand side of Eq. 9.124. From Ch. 8 we know that:

Hence,

Therefore

t, is given by Eq. 9.126. Hence:

- t Qt+QaCslr:O+ - - 
fu

,Iîrt, , q Qt-fQa,l;yxrlû-o+=lnf o I

C" -- ; 'l Q;-l Q'r

- 

\- lD--a- h l r-

lÇ,1 >-> {r:,,,.
(l

1 atlr,
to a*'*:o* 

:

l)n sAô s^
rt 0æ kT ôr - kT"'

(e.126)

(e.r27)

(e.128)

(e.12e)

(e.130)

(e.131)

(e. 1 32)

(e.1 33)

Plugging in FJqs. 9.128 and 9.131, the condition g.124 aL z = 0* can be written as

Since Q; and Q,1 have l,he sarne sign. i,his conclit,ion is sarisfiecl il
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This is exactly the mathematical expression derived above for the gradual channel approximation.
Hence, under conditions in which the gradual approximation applies, t, changes sufficientiy slowly inside
the inversion layer that it can safely be taken out of the integral irr Eq. 9.108 and the sheet-charge
approximation also holds.
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Problems

9.1 Consider a long rt-chartttel \'IOSFET biasecl in the lirrear regilre. This problern is about
attsrvet'ing a sirnple qr.testion: cloes the sheet charge derrsitv irnaged o:rilhe gute, Qn(U), iricrease,
clecrease, or rernains constant as orie goes frorn source to dlzritr (y : 0 to y : Là?

D

V*=0

You are to answer this question in a quantitative way by calculating the sheet charge clen-
sity imaged on the gate of a long MOSFET characterized by the foilowing parameters: n+-
polysilicon gate (Wp1 : Xs : 4.04 eV), roç : 15 nrru, uniforrn l/a : 1017 crru-3, at a bias
given by Vcs : 2.5 V , Vps : L V, and V6s : 6.

To solve this problem, you need to consider the impact of the bod,g effect. Otherwise, consider
this MOSFET to be ideal.

To save you time, for this structure:

Co,:2.3 x 10-7 Ff crn2, 7 : 0.8 Vt/', ô"r: 0.84 V, Vpn : -l V, Vr" :0.b6 V

a) Compute the sheet charge density of electrons in the inversion layer aT the source end of
the channel, Qa(A :0).

b) Compute the charge in the depletion region uricler the channel at lIrc source encl of the
charinel, Qa(A :0).

c) Compute the sheet charge density of electrons in the inversion layer at lIrc d,rai,n end of
the channel, Qe(U: Lo).

d) Compute the cliarge in the depletion region uncler the channel at the d,r.ai,rt end of the
chanrrel, Qa(a: Ls).

e) Compute the sheet charge density imaged at the gate/oxicle interface at the source an<l
drain ends of the channel, Qg(y: 0) and Qn(A: tro). Which one is highest?

9.2 Consider an long-channel n-MOSFET irr the linear regirne witir V6s : g. Neglectirrg LLe
bodl' sffs.t, derive anall'tical expressions fbr V(9), t""(U), tr(u :0,U), u"(y), and ei(g) from
soulc'c to rhnirr.

9.3 Dt'r'ilc irtt attalvticirl t'-x1ttt'ssiort fril tlrc c:orrclitiorr tliat g-ives lrol'r.losc lll.r- can g-et to Ir;.5, tl
irr:r,\IOSFItT biasc'rl irt tirr: litrc'at legirrrt l;cltlc tlrc elirrluul-clrarurt:l aLlrplo.rirrrtrtiorr fails.
ll.rpress vour resnll itt tertrts o{ AVD,q - Ilcs I/r 1zrg. Do not ilcllcle the bofl1, efiect,.
Vsn - 0. You will neecl t'o solve Prob. 9.2 6rst,. Comput,c ÀVp5 fol a I,IOSFET char.rrctcr.izecl
by l: 0 7 pln, r,,,':4.5 nrn, Ni1 :6 x 1017 c"trt.-:1 . Wha.t fi'action of the rnaxirnLurl current
1l'crlictetl l;1'F-c1. !1.16 is attairrecl at this rrrirxirrrrrrr tolt'r'ablc vrrlLtc of Ij;*?

n+

n+ p*

p Y-o Y=Lo Y
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9.4 Consider an n-channel MOSFET in the saturation regime.

a) Derive expressions and sketch the spatial dependence of V(y), to*(A), to(g), u"(g), and
Qa(y) from source to drain. Explain your results.

b) Derive also an expression for the eiectron velocity due to diffusion. Compare the diffusion
velocity with the drift velocity obtained in part a). Under what conditions is eiectron
diffusion salêly ignored?

c) Obtain an expression for the transit time of electrons through the channel from source to
drain by computing:

- - [" "- [" d'g

't- Jo "': Jo ifi
d) Compute the Lransit time again using the fbllowing expression:
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_ le rl Wnl In" Q{ùctul,r- Io: I"

Compare this result with tire one obtained on part c).

For all parts, neglect the bcidy effect, that is, assume that the current ofthe transistor is given
by Eq. 9.21.

9.5 In power MOSFETs, the body doping is often non-uniform. This problem examines some of
the consequences of this.

Consider a power MOSFET as sketched in the diagram below. In this device, the doping level
in the body drops along the channel from source to drain, as sketched in the diagram on the
right. This diagram shows the doping distribution right aiong the surface of the device. ly'g
and l/p refer to the n-type doping level ofthe source and drain. ,ô/a is the p-type doping ievel
in the body which changes underneath the channel along the gr dimension, but not alorrg the
zdirnension..l/6sreferstotheboclydopingatthesource-endof thechannel (A:0). Nen
refers to the body <loping at the drairi-end ofthe channel (A: t).
In this problern, we will compare the operation of the power MOSFET with that of a regular
NIOSFET with a uniform doping level in the body equal to ly'ps, âs indicated by the dashed
lirre in the diagrarrr. Iri this way, these two devices have an identical threshold voltage.

N(x=0)

Ns ND

Nu, -lç-

standard MOSFET

power MOSFET

Nuo

0 v

This is a lorrg-channel MOSFET problem. Other than a non-uniform body doplng, consider
this device, as well as the reference standard l\4OSFET, as an ideal long-channel MOSFETs
as defirred irr class.
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a) Due to the fact that the bocly clopilg changes alorrg the cliannel, tbe locul tlrreshokl voltage
of the inversion layer is also a function of positiorr. How does V7'(y) evolve alorrg the
clrannel? Sketch a cliagrarn of V7(y) r's. I for the power' À,IOSFET and the legular
I\4OSFET. Explairr vour graph.

b) Now consider these two devices biasecl in the lirrear legirne with an iderrtical Vcs ) Vt
and an identical and small Vos. Sl<etch the absolute of the irrversion layer charge lQn(a)l
along the channel from source to drain for both devices. Explain your graph.

c) Now consider these devices biased in saturation at an identicalVçs ) Vr and an identical
and large Vps ) VDSsat. Sketch a diagram of the voltage along the channel V(g) vs. y
for the power MOSFET and the regular MOSFET. Explain your graph.

d) Under the bias condition of part c) above, which device has the highest drain current?
whv?

e) For an identical value of V6s ) V7, sketch a diagram of 1o vs. Vos for the power MOSFET
a,nd the regular MOSFtrT from Vps :0 to Vos ) Vossat. Explain your graph.

f) Under the bias condition of part c) above, which device has the highest transconductance?
WhY?

9.6 You have been given the specs of.a foundry's digital CMOS technology that you are considering
for one of your company's designs. Some of the values that characterize the n-MOSFET at
room temperature are: Iof j : 1, nAf p,m, Vr : 0.5 V , and S : 70 mVf d.ec. For your design,
it is crucial that you know lo;y at 85 "C, which is not given in the spec sheet. You consult
some books and you filnd that V7 changes typically about -4 rnVl'C. Also the inversion
layer mobilitygoes approximately asT-2. With all this, esti,mate IoyT at 85 "C. State any
assumptions that you need to make.

9.7 Analog designers often need to shift DC bias levels in circuits. This is best accomplished using
p-n diodes. In standard CMOS, floating p-n diodes (that is, diodes not in direct.contact with
the power rails) are not readily available. A common way to "synthesize" a diode is to tie up
an enhancement-mode MOSFET (Vr > 0) with the gate and drain shorted as sketched beiow.
For this, a long MOSFET is typically used.

t1 +

V

In responding to the questions beiow, use "long-MoSFET' theory without body eflèct nor
back-bias effect.

a) Derive suital;le equations for the I-V characteristics of the "diode" . I us. V for V < 1/r,
arrd l"> Iz. Shetclr tlrc I \r citalar.tctistics irr a lirrc.tit scale.

b) Slitrtclr a higir-ficrlucrtc','stttirll-sigrrtrl c'rlrrivalr:rrt cilcuit rnorlcl fbl this rliocle firl situatiorrs
in wiriclt V > Vr. Derive explessiorts for- all irrrpoltarrt srlall-sigual elenreuts as a, IïrircLiorr
of bias.

c) Derive and sketch the I-V clralacteristics of the "diode" if irrrplerrrerrtecl with a clepletion
rrrorlr: tlevir:r: (l.i' < 0).
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9.8 A depletion-mode MOSFET is an FtrT that is ON at Vçs : 0 V. For an n-MOSFET, this is
usually accomplished by purposely introducing an n-type doped region underneath the gate,
as sketched below. This is called a buri,ed-channel MOSFET.

log lp
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GA n '-poty)r

vse=o

D a
vs, 1

p

Vcs

a) Sketch ân energy band diagram for Vçs : Vos : VBS: 0 through the cross-section A-4,
shown above. Indicate presence of depletion, accumulation or inversion regions.

b) Sketch an energy band diagram with the MOS structure at fl.at-band across the A-A'
section. Provide an expression lbr the flat-band voltage Vrra in terms of appropriate
parameters. 7p'6 should be referred toVcs.

c) The subthreshold characteristics of a poorly designed buried-channel n-MOSFET are also
sketched above as a function of the bacl< bias. It is found that for I/56 sufficiently
positive, the transistor turns off nicely. However, for Vgp : 0, the transistor fails to
turn off completely. What is going on? Sketch the energy band diagram across the A-A'
section at bias point Q indicated in the sketch above.

9.9 consider the output I-v characteristics of a long-channel n-MosFET for vsB: 0 below. The
device has a gate length Ls:7 çr,m and a gate oxicie thicl<ness ror: I0 nm. T]6e output
characteristics have been normalized for a unity width device.

L=l ,xr
xo*=1 0 nm

Vse=0

a1

Vo" N)

a) Assuming that this device is an icieal long-channel \4OSFET, estirnate the threshold voit-
age oi the device.
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b) Assuinirtg that this device is an ideal long-charrriel \,{OSFET. estirnate the rrrobility of the
electron inversion layer.

c) Assuming tliat this device is an ideal long-clianrrel NIOSFET, estimate the transconcluc-
lance g^at a bias of Vçs : 3 1/, and lzp5 : 3 V for LVo : 19 rnt.

d) At a bias of Vcs :3 7, and Vns :3 7, estirlate the gate-source capacitance Co" of a
Ws: I0 Ptm device'

e) Now you are given the additional information that the subthreshold swing of this transistor
technology at room temperature is ,9 : 78 mVldec. At a bias of Vçs : B.V, and
Vos :3 V, estimate the back-gate transconductance gmb of a Ws : l0 pm device.

f ) At a bias of VGS :3 I/, and Vps :3 J/, how much less current do you expect to have as a' result of the body effect? (Considering the additional subthreshold current information,
if needed).

9.10 One of my coileagues asserts that: 
o

D

L
2

L
2

@
G I G*l @L

@
S

S

conliguration A configuration B

This basically rnearls that a configuration of two MOSFETs in series with a commôn gate
voltâge is equivalent to a single MOSFET with a channel length that is twice as long, all
other aspects of the device unchanged. This problem is about evaluating this assertion for an
ideal MOSFEI (no body effect, no back bias, no channel Iength modulation, no short-channel
eflccts).

Consider the following sketches of the I-V characteristics for these two configurations lbr the
same value of Vcs ) Vr:

loa log

lDsatB

0

VGSR

VosR
0

Vosg

VossO VDSsatA O VDSsatB

conf iguration A conliguration B

Labcl thc irrtclnal trodc irr corrfignla.tior Â a.s "I", that is, r'c{êr to its rroltage u'ith respect to
tltc source as I/7g.
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a) For Vos ) VDS"at, in rvhat regime is each of the transistors in conflguration A biased?

b) For configuration A and fbr Vos ) VDSsat, derive equations for the drain current through
each transistor as a function of V6g,Vos,Vr, and.Vts. Froni this, derive an expression
lor V1s.

c) F-or configuration A, derive an expression tor lp"o1 as a function of Vçg, Vpg, V7 and
structural parameters. How does this cornpare with Ip"o; of configrrration B fbr the
same values of Vç;g and Vos?

d) For colfiguration A, derive an expression {or Vpg"o1. How does it compare with that of
configuratlon B fbr the same V6g?

9.1-1 Below are two screen shots of weblab measurements taken on a 1.5x46.5 pnz NMOSFET. The
first one shows the output characteristics obtained Tor Vs6 : 0 V, and Vcs from 0 to 3 V,
in steps of 0.5 V. The second one shows the output characteristics obtained with the roles of
the gate and body reversed. In these, Vcs :1.5 V and Vsa is stepped from 0 V to 3 V, in
steps of 0.5 V.

As we discussed in class, the body of the MOSFET beliaves as a gate and reasorrably lookirrg
output characteristics are obtained.
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a) One of tlte Ilost sit-il<irrg diftelcnces behveen tlre trvo sets of output characteristics is
VDS"ot.The ciiaracteristics obtained with the body operatirrg as the rrrli1 gi:ri,e srrerrr to
displav rerrrarkably smaller valrtes of VDS"at than in the normal rnode. This cluestiorr is
about unclerstancling tlie origil of tiris.
Derive a simple expression for Vpg"o1 ai a functiort of Vgp for an icleal N{OSFET. Do
not ilrnlrtdn tho "body effe,ct" (but nhrrinrrsly inclrrde Lhe "ha,cJc bias" effect). Is this
expression consistent with the data above? Explain.
Below are the subthreshold characteristics obtained for this MOSFET for both modes

. of operation. In the normal mode (top), Vse:0. In the mode in which the body is
used as gate (bottom),Vcs:1.5 V. In both cases, Vos:0.1 V.

A renrarka.ble cli{Ielence is also observeci here: t,he subt,hresl'rold srvirrg of the rlevice in
tltc ttrtt'rttirl tuorlc is sis-rrifir'irnl.lv shirlpcl than in ttrcr rnorlc itr s'lric'lr tlrc lrorll is rrsr,,rl as
tlre rtrairr gtrtc.

b) Derive an expressiort fbr the lelatiorrship betrveerr the sulttlrleshoici srvirig ol .r ÀIOSI.-ET
irt tlte rtorrtta.l rrrocle trrrd irr tlie gatc-r-eversecl rrroclc:. Explairr youl lc,snlt.

c) Frorrr thc experirnetttai characteristics of the llevions page, extr':rct the subtlrlcshold srving
of tlris tler-ice fot'lrotlt trrorlcs of opelatiol. (lrirrrpale t.lrcil lclatiorrship rl,itlt tlrat 1lc-
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dicted with the equation derived above. Discuss.

9.L2 A Schottky barrier source and drain MOSFET has been under study as an approach to
reduce source and drain resistance and eliminate latch up. A schematic of this device is
shown below. This problem is about drawing energy band diagrams in order to understand
its basic operation.

metal source and drain

639

A- A

ConsideradevicewithathresholdvoltageVr:0.b Z,bodydopinglevel .l[a -1g:-r "*-8,and source and drain Schottky barrier height qçp, :0.b eV.

a) Sketch an energy band diagram right along the surface of the device (cross section A-A'
above) for Vcs: 1 V and Vos:0. Give as many values of key energy features âs you
can.

b) Sketch an energ.y band diagram right along the surface of the device (cross section A-A,
above) for vçs : vos : r v. Give as many values of key energy features as you can.

c) How does this device operate? Can you see any drawbacks?

9.13 The figure depicts a fïrlly-depleted Silicon-On-Insulator (SOI) n-channel MOSFET. This is
a transistor in which the body is fully depleted in the regular region of operation. For this
transistor, L : I Fm, W :5 pm, ror :20 nm, N4: 1017 cm-\. The Si thickness is
tst : I0 nm.

tsi ^I

a) With Vps :0 I/, calculate the value of Vcs that fully <lepletes the body of the transistor.
Sl<etch the energy band diagram verticaily through the middle of the device at this bias
point.

tr) Calculate the threshold voltage of this device. Sl<etch the energy band diagram vertically
through the middle of the device at this bias point.

c) Estirnate the subthreshold swing of the device at room ternperature.

9.1-4 The "split C-V technique" is widely used to characterize MOSFETs. This problern is about
understanding some fundamental aspects of this techrrique. The configuration fbr the split
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C-V tecluriclue is slrowrr in tlre figure belorv:

ie(r)

vs(t)

V6
1 isd(t) I irttl

In essence, the source and drain are shorted together and grounded. The body is also grounded.
The gate bias is set to Vç thruugh a DC source. A small-signal ÂC signal u, is applied on
top of Vç. The current through all the terminals is measured as indicated in the figure. Flom
thccc currents, the gate-to-channel capa,cita,nce, Cn., and the gate to body capacitance Co6
are obtained. These capacitances are defi.ned as:

i"aCg.: - wsb: - d"e
dt

@
dt

The physical dimensions of the gate of this transistor arc L and W

a) In tlie axes shown below, sketch the evolution of Cr. with V6r across the entire yc range
for a low frequency AC signal. Explain the key features of your drawing.

LWC.* -

b) Irr the sa.lit tlx('s as irr 1;alt a). slictcli tlrc cr-ohrtiort of Co1, with lzc ncloss the entile I/6
larrgc' fot a los' fic'rlrcncr' .\C sigrral. lixplaitr tlte l<ev fezrtules of voul rlt'iulirrg.

c) Irr the salre âxes as in part a). sketch the er,olutiorr of Cn. and Co6 with I/6 across the
errtire V6 rarige for a hi,glt frequertcy AC sigrral.

(

d) Not'cnttsitlct the irrlract of tlrt'ovcr'l:rp c:'r1;acitarrces l;etwt.err the gate arrd tltc sourcc. trrrcl
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drain extensions of the transistor, as sketched below

LWC

G

5 D

t---________

B

In the axes above on the right, sketch again the evolutiol of Cn. and. Cea with V6 at low
frequency r-row accounting for the presence of Co,. The relativË value o?-Co, is iÀ'dicated
in bhe figure below.

c

c
0

4r Vr 
.Vo

e) The split CV technique when combined with DC measurements of the drain current of
the MOSFET in the linear regime can be used to experimentally obtain the mobility
dependence on t.7 y . Explain how this would work. Do this ignoring Co,.
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