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8 
MOSFET 

■ INTRODUCTION 

■ BASIC DEVICE CHARACTERISTICS 

■ NONUNIFORM DOPING AND BURIED-CHANNEL DEVICES 

■ SHORT-CHANNEL EFFECTS 

■ MOSFET STRUCTURES 

■ NONVOLATILE MEMORY DEVICES 

8.1 INTRODUCTION 

The metal-oxide-semiconductor field-effect transistor (MOSFET) is the 

most important device for very-large-scale integrated circuits such as 

microprocessors and semiconductor memories. MOSFET is also becoming 

an important power device. It has many acronyms including IGFET 

(insulated-gate field-effect transistor) MISFET (metal-insulator-semicon­

ductor field-effect transistor) and MOST (metal-oxide-semiconductor 

transistor). The principle of the surface field-effect transistor was first 

proposed in the early 1930s by Lilienfeld1 and Heil.2 It was subsequently 

studied by Shockley and Pearson3 in the late 1940s. In 1960, Kahng and 

Atalla4 proposed and fabricated the first MOSFET using a thermally 

oxidized silicon structure. The basic device characteristics have been 

subsequently studied by Ihantola and Moll,5
•
6 Sah,7 and Hofstein and 

Heiman.8 The technology, application, and device physics have been re­

viewed by Wallmark and Johnson,9 Richman,1° and Brews. u 

Because the current in a MOSFET is transported predominantly by 

carriers of one polarity only (e.g., electrons in an n-channel device), the 

MOSFET is usually referred to as a unipolar device. The MOSFET 

is a member of the family of field-effect transistors. The other members, 

JFETs and MESFETs, have already been considered in Chapter 6. Al-

431 



432 MOSFET 

though MOSFETs have been made with various semiconductors such as 

Ge, 12 Si, and GaAs,13 and use various insulators such as SiO2, ShN4, and 

A}iO3, the most important system is the Si-SiO2 combination. Hence most 

of the results in this chapter are obtained from the Si-SiO2 system. 
We first consider the basic device characteristics of the so-called long­

channel MOSFET; that is, the channel length L is much longer than the 

sum of the source and drain depletion-layer widths (Ws + WD), * This 

serves as a foundation to understand short-channel, that is, L ::S (Ws + WD), 

and related MOSFET devices. 
Figure 1 shows 14 the reduction of the minimum device dimension since 

the beginning of the integrated circuit era in 1959. Figure 1 also shows that 

the minimum dimension will shrink continuously; the 1-µ,m barrier for 

commercial devices may be overcome by 1990. The reduction of device 

dimensions is driven by the requirement that integrated circuits of high 

complexity be fabricated. The number of components per integrated-circuit 
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Fig. 1 The minimum device dimension in an integrated circuit as a function of the year 

for commercial devices. (After Ref. 14.) 

*These terms will be defined in Section 8.2. 
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Fig. 2 Complexity of integrated circuits as a function of the year. (After Moore, Ref. 15.) 

chip has grown exponentially15 since 1959 (Fig. 2). The rate of growth is 
expected to slow down because of a lack of product definition and design. 
However, a complexity of 1 million or more devices per chip may be 
available around 1990 using 1-µ,m or submicron device geometries. As the 
channel length becomes shorter, one has to consider short-channel effects 
due to two-dimensional potential, high-field transport and oxide charging. 
Many device structures have been proposed to improve MOSFET per­
formance. Some representative structures as well as the nonvolatile semi­
conductor memory, basically a MOSFET with a multilayer gate structure, 
will be discussed. 

8.2 BASIC DEVICE CHARACTERISTICS 

The basic structure of a metal-oxide-semiconductor field-effect tran­
sistor (MOSFET) is illustrated in Fig. 3. It is a four-terminal device and 
consists of a p-type semiconductor substrate into which two n + regions, 
the source and drain, are formed* (e.g., by ion implantation). The metal 
contact on the insulator is called gate; heavily doped polysilicon or a 
combination of silicide and polysilicon can also be used as the gate 
electrode. The basic device parameters are the channel length L, which is 
the distance between the two metallurgical n + -p junctions; the channel 
width Z; the insulator thickness d; the junction depth ri; and the substrate 
doping NA• In a silicon integrated circuit, a MOSFET is surrounded by a 
thick oxide ( called the field oxide to distinguish it from the gate oxide) to 
isolate it from adjacent devices. 

The source contact will be used as the voltage reference throughout this 

*This is an n-channel device; one may consider a p-channel device by exchanging p for n and 
reversing the polarity of the voltage. 



434 

OXIDE 

f, 
X 

SOURCE 

p- TYPE 

-VBS 

(SUBSTRATE BIAS) 

MOSFET 

Fig. 3 Schematic diagram of a MOSFET. (After Kahng and Atalla, Ref. 4.) 

chapter. When no voltage is applied to the gate, the source-to-drain 
electrodes correspond to two p-n junctions connected back to back. The 
only current that can flow from source to drain is the reverse leakage 
current.* When a sufficiently large positive bias is applied to the gate so 
that a surface inversion layer (or channel) is formed between the two n+ 
regions, the source and the drain are then connected by a conducting­
surface n channel through which a large current can flow. The conductance 
of this channel can be modulated by varying the gate voltage. The back­
surf ace contact (or substrate contact) can have the reference voltage or be 
reverse-biased; the back-surface voltage will also affect the channel con­
ductance. 

8.2.1 Nonequilibrium Condition 

When a voltage is applied across the source-drain contacts, the MOS 
structure is in a nonequilibrium condition; that is, the imref of the minority 
carriers (electrons, in the present case) is lowered from the equilibrium 
Fermi level. To show more clearly the band bending across the device, Fig. 
4a shows16 the MOSFET turned 90°. The two-dimensional, flat-band, 
zero-bias (VO = V v = V ns = O) equilibrium condition is shown in Fig. 4b. 
The equilibrium conditions under a gate bias that causes surf ace inversion 
are shown in Fig. 4c. The nonequilibrium condition with both drain and 
gate biases is shown in Fig. 4d, where we note the separation of the imref s 
of electrons and holes; the hole imref EFv remains at the bulk Fermi level 
while the electron imref EFn (minority in the present case) is lowered 

*This is then-channel normally-off (enhancement-type) MOSFET. Other types will be discussed 
later. 
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Fig. 4 Two-dimensional band diagram of an n-channel MOSFET. (a) Device configura­
tion. (b) Flat-band zero-bias equilibrium cdndition. (c) Equilibrium condition under a 
gate bias. (d) Nonequilibrium condition under both gate and drain biases. (After Pao and 
Sah, Ref. 16.) 

toward the drain contact. Figure 4d shows that the gate voltage required 
for inversion at the drain is larger than the equilibrium case in which 
l/Js(inv) = 21/Jn. This is because the applied drain bias lowers the electron 
imref, and an inversion layer can be formed only when the potential at the 
surface crosses over the imref of the minority carrier. 

Figure 5 shows a comparison17 of the charge distribution and energy­
band variation of an inverted p region for the equilibrium case and the 
nonequilibrium case at the drain. For the equilibrium case (discussed in 
Chapter 7), the surface depletion region reaches a maximum width Wm at 
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Fig. 5 Comparison of charge distribution and energy band variation of an inverted p 
region for (a) the equilibrium case and (b) the nonequilibrium case at the drain. (After 
Grove and Fitzgerald, Ref. 17.) 

inversion. For the nonequilibrium case, the depletion-layer width is a 
function of the bias V v, and the surf ace potential o/s at the onset of strong 
inversion is given, to a good approximation, by 

(1) 

The derivation for the characteristic of the surface-space charge under 
the nonequilibrium condition is similar to that in Chapter 7. The two 
assumptions are that (1) the imref for the majority carriers of the substrate 
does not vary with distance from the bulk to the surface, and (2) the imref 
for the minority carriers of the substrate is separated by the applied 
junction bias V v from the imref for the majority carriers; that is, EFv = 
EFn + q V v for a p substrate. The first assumption introduces little error 
when the surf ace is inverted, because majority carriers are then only a 
negligible part of the surf ace space charge; the second assumption is 
correct under the inversion condition, because minority carriers are an 
important part of the surf ace-space-charge region when the surf ace is 
inverted. 

Based on these assumptions, the one-dimensional Poisson equation for 
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the surface-space-charge region at the drain is given by 

where 

a2.µ q (N+ N- ) ~=-- D- A+p-n 
oX Es 

Nb - NA = npo - Pvo, 

P = Pvoe-/3,t, 

f3 = q/kT. 

Following the same approach as in Chapter 7, we obtain 

'ifJ = _ a.µ=+ V2kT F (a.,,, V ~) 
ax qLv fJ'Y• D, Pvo 

and 

where 
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(2) 

(3) 

(4) 

(5) 

F (131/1, Vv, npo) = [e-f3,J, + /31/1- 1 + npo e-f3Vv(eM - {3.µef3Vv - 1)]1/2 (6) 
Pvo Pvo 

and 

_ ( kTes )
112 

Lv = =--=z . 
Pvoq 

(7) 

The surf ace charge per unit area after strong ir..version is given by 

(8) 

where 
(9) 

and Qn, the charge due to minority carriers within the inversion layer, is 

ixi f ,J,B n(•'') d·'' 
IQnl = q n(x) dx = q .,,. '+' 

o ,t,
5 

d.µ/dx 

or 

f 
,t,B n e (f3,t,-f3Vv) d·'' 

IQnl = q ___ ___._p_o ____ 'Y~---

,t,
5 

(V2kT/ qLv )F (/31/1, V v, nvof Pvo) 
(11) 

where xi denotes the point at which the intrinsic Fermi level intersects the 

imref for electrons. For the practical doping ranges in silicon, the value of 

Xi is quite small, of the order of 30 to 300 A. Equation 11 is the basic 

formula for long-channel MOSFET, and can be evaluated numerically. 
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Under strong inversion conditions, a simplified expression for Qn can be 
obtained from a charge-sheet model 18 and is given by 

IQnl = V2qNALD {[131/1s + (;::) e(/3"1s-f3Vv)J1

12 

-({31/1s) 112
}. (12) 

This expression for Qn is derived under the condition VBs = 0. When a 
substrate reverse bias is applied, the depletion width increase, and the term 
f3Vv in Eq. 12 is replaced by {3(Vv + VBs). 

8.2.2 Linear and Saturation Regions 

We shall first present a qualitative discussion of device operation. Let us 
consider that a voltage is applied to the gate, causing an inversion at the 
semiconductor surf ace, Fig. 6a. If a small drain voltage is applied, a current 
will flow from the source to the drain through the conducting channel. Thus 
the channel acts as a resistance, and the drain current Iv is proportional to 
the drain voltage VD· This is the linear region. As the drain voltage 
increases, it eventually reaches a point at which the channel depth xi at 
y = L is reduced to zero; this is called the pinch-off point, Fig. 6b. Beyond 
the pinch-off point the drain current remains essentially the same, because 
for V v > V v sat, the voltage at Y remains the same, V v sat• Thus the number 
of carriers arriving at point Y from the source, and hence the current 
flowing from source to drain, remains the same apart from a decrease in L 
to the value L' (Fig. 6c ). Carrier injection from Y into the drain-depletion 
region is quite similar to the case of carrier injection from an emitter-base 
junction to the base-collector depletion region of a bipolar transistor. 

We shall now derive the basic MOSFET characteristics under the 
following idealized conditions: (1) the gate structure corresponds to an 
ideal MOS diode as defined in Chapter 7; that is, there are no interface 
traps, fixed oxide charge, or work-function difference, and so on; (2) only 
drift current will be considered; (3) carrier mobility in the inversion layer is 
constant; (4) doping in the channel is uniform; (5) reverse leakage current 
is negligibly small; and (6) the transverse field (~x in the x directfon) in the 
channel is much larger than the longitudinal field ('ly in the y direction). The 
last condition corresponds to the so-called gradual channel approximation. 

Under such idealized conditions, the total charge induced in the semi­
conductor per unit area Qs at a distance y from the source is given by 

(13) 

where C = eJ d is the capacitance per unit area. The charge in the inversion 
layer is given by 

Qn(Y) = Qs(y)- QB(Y) 

= - [Vo - t/ls(Y)]C - QB(y). (14) 

The surface potential l/ls(Y) at inversion can be approximated by 21j,B + 
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Fig. 6 (a) MOSFET operated in the linear region (low drain voltage). (b) MOSFET 
operated at onset of saturation. The point Y indicates the pinch-off point. (c) MOSFET 
operated beyond saturation and the effective channel length is reduced. 

V(y), where V(y) is the reverse bias between point y and the source 
electrode (which is assumed to be grounded). The charge within the surface 
depletion region QB(Y) was given previously as 

QB(Y) = - qNA Wm= - Y2EsqNA[V(y) + 21/JB]. (15) 

Substituting Eq. 15 into Eq. 14 yields 

Qn(Y) = - [Va - V(y)- 21/1B]C; + Y2EsqNA[V(y) + 21/1B]. (16) 
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The conductivity of the channel can be approximated by 

o-(x) = qn(x)µ,n(x). 

The channel conductance is then given by 

z rx· 
g = L Jo' o-(x) dx. 

For a constant mobility, the channel conductance becomes 

MOSFET 

(17) 

(18) 

(19) 

The channel resistance of an elemental section dy, Fig. 6a, is given by 

dR = dy = dy 
gL ZJ-LnlQn(Y)I 

(20) 

and the voltage drop across this elemental section is given by 

dv d IvdY 
= Iv R = Zµ,nlQn(Y)I 

(21) 

where Iv is the drain current and is a constant independent of y. Substitut­
ing Eq. 16 into Eq. 21 and integrating from the source (y = 0, V = 0) to the 
drain (y = L, V = V v) yields 

Iv= f J-LnCi { ( Va -2tf,B - iv) Vv -j V2
~;NA [ (Vv + 2tf,8 )

312 
- (2t/lB) 312 

]} 

(22) 

for the present idealized case. 
Equation 22 predicts that for a given V O the drain current first increases 

linearly with drain voltage (the linear region), then gradually levels off, 
approaching a saturated value (the saturation region). The basic output 
characteristic of an idealized MOSFET is shown in Fig. 7. The dashed line 
indicates the locus of the drain voltage ( V v sat) at which the current reaches 
a maximum value. 

We shall now consider the above-mentioned two regions. For the case of 
small Vv, Eq. 22 reduces to 

or 

where VT (the threshold voltage) is given by 

V = 2,,, + Y2esqNA(2t/JB) 
T o/B Ci • 

(23) 

(23a) 

(24) 



Basic Device Characteristics 

...J 

....... 
u 
::t. 

!:!. 
........ 

a 
H 

30 

20 

LINEAR 
REGION 

SATURATION 
REGION 

9 

8 

7 

6 

LOCUS OF Io sat vs Vo sat 

5 

4 

3 

2 
1 

o~~t:::::==±===±===±===±===t==t=:t=:=::j 
2 4 6 8 10 12 14 16 18 

Vo ( V) 

441 

Fig. 7 Idealized drain characteristics (/o versus Vo) of a MOSFET. The dashed line 

indicates the locus of the saturation drain voltage (Vo sat). For Vo> Vo sat, the drain 

current remains constant. 

The calculated values of V r as a function of semiconductor doping 
density and insulator thickness were shown in Chapter 7 for the Si-SiO2 

system. By plotting Iv versus Va (for a given small Vv), the threshold 
voltage can be deduced from the linearly extrapolated value at the VO axis. 
In the linear region, Eq. 23a, the channel conductance gv and the trans­
cpnductance gm are given as 

(25) 

alv I Z gm= !JV = L P.,nCVv. 
u G V0 =const 

(26) 

When the drain voltage is increased to a point such that the charge in the 
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inversion layer Q(y) at y = L becomes zero, the number of mobile elec­
trons at the drain experiences a drastic fall-off. This point, called pinch-off, 
is analogous to the junction field-effect transistor. The drain voltage and 
the drain current at this point are designated as V v sat and Iv sat, respectively. 
Beyond the pinch-off point we have the saturation region. The value of 
Vvsat is obtained from Eq. 16 under the condition Qn(L) = 0: 

Vvsat = Va -2'-/JB + K 2( 1-Vl + 2Va/K2) (27) 
~--

where K = V EsqNA/Ci. The saturation current lvsat can be obtained by 
substituting Eq. 27 into Eq. 22: 

mZ )2 
lvsat = L /J,nC(Va - Vr . (28) 

where m is a function of doping concentration and approaches ½ at low 
dopings.11 

The threshold voltage V r in the saturation region is the same as given by 
Eq. 24 for low substrate dopings and thin insulator layers. For higher 
dopings, Vr becomes Ya-dependent. The transconductance in the satura­
tion region when Eq. 28 applies is given by 

aiv I 2mZ gm= av =-L f-LnCi(Va - Vr). 
a Vv=const. 

(29) 

In previous discussions, we made many assumptions to bring out the 
most important characteristics of the MOSFET. We shall now remove the 
first two assumptions and consider the effects due to a nonideal gate MOS 
and diffusion current. The main effect of the fixed oxide charges and the 
difference in work functions is to cause a voltage shift corresponding to the 
flat-band voltage V PB• This in turn causes a ,change in the threshold voltage 
V r; in the linear region V r becomes 

Vr = VFB + 2'-/JB + V2Esq~A(2t/lB) 

= (A-. _ !lt.) + 2,,, + V 4EsqNAt/JB 
'¥ms Ci 'f'B Ci • 

When a substrate bias is applied, the threshold voltage becomes 

Vr = VFB + 2'-fJB + V2EsqNA(2t/ln + VBs)/C; 

or 
d Vr = Vr(Vns)- Vr(VBs = 0) 

= V 2
~;NA ( V2'-fln + VBs-V2'-fln) 

=; ( V2{3t/ln + f3Vns -V2{3l/ln) 

(30) 

(31) 

(32) 
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Fig. 8 Oxide thickness versus substrate doping for various a values. (After Brews, Ref. 
19.) 

where 

(33) 

In Fig. 8, oxide thickness versus substrate doping is plotted for given a 
values 19 using Eq. 33. The a values increase with increasing doping and 
oxide thickness. 

Threshold voltage shift versus VBs is plotted in Fig. 9 for various a 
values. As the a value increases, AV T also increases. For a given a value, 
the resulting variation in AV T is indicated by vertical bars for substrate 
dopings ranging from 1015 to 1017 cm-3 (Fig. 9). The primary influence upon 
A VT is the choice of a itself; the influence of doping or oxide thickness 
upon AV T, independent of a, is minor. 

To consider the effect of the diffusion current component, we refer to 
Fig. 4 for the nonequilibrium condition. The drain current density including 
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Fig. 9 Threshold voltage shift versus substrate reverse bias for various a values. 

both drift and diffusion components is given by 

In(X, y) = qµnn~y + qDn Vn 

(34) 

where 'PFn 1s the electron imref measured from the bulk Fermi level. The 
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total drain current based on the gradual-channel approximation is 

Iv= Lx; lv(x, y)Z dx 

1 f L (do/ ) rx; 
= L Jo DnqZ 0;" Jo n(x, y) dx dy 

Z € " i Vv JI/ls ef3,t,-{3V - - ~ ------:----:- dt/f dV 
- L Lv O o/B F(f3t/l, V, npo/ Ppo) • 

The gate voltage Va is related to the surf ace potential t/Js by 

Va= Va - V FB = - ~; + o/s 

= 2!;skT F (f3t/Js, V, npo) + o/s . 
CiqLv Ppo 
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(35) 

(36) 

Equation 35 reduces to Eq. 22 for gate voltages well above threshold. 
Equation 22 however, becomes inaccurate for gate voltages near threshold, 
and near pinch-off. For a particular device with known physical dimen­
sions, bulk impurity concentration, and effective mobility, Eq. 35 can be 
calculated numerically to give accurate results for the entire range of drain 
voltage from the linear region to the saturation region. Figure 10 demon­
strates the current saturation phenomena very well, showing a typical drain 
characteristic for a long-channel MOSFET. 16 
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• THEORY 
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••••••••••••••••• 
6 7 8 9 

Fig. 10 Theoretical (dots) and experimental (solid lines) drain characteristics of a 
p-channel MOSFET having d = 2000 A, No= 4.6 x 1014 cm-3

, and /LP= 256 cm 2 /V-s. (After 
Pao and Sah, Ref. 16.) 
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8.2.3 Subthreshold Region 

When gate voltage is below the threshold voltage and the semiconductor 
surf ace is in weak inversion, the corresponding drain current is called the 
subthreshold current. 20

•
21 The subthreshold region is particularly important 

for low-voltage, low-power applications, such as when the MOSFET is 
used as a switch in digital logic and memory applications, because the 
subthreshold region describes how the switch turns on and off. 

In weak inversion, the drain current is dominated by diffusion and is 
derived in the same way as the collector current in a bipolar transistor with 
homogeneous base doping. Considering the MOSFET as an n-p-n (source­
substrate-drain) bipolar transistor, we have 

I = _ AD dn = AD n(0)- n(L) 
D q n dy q n L (37) 

where A is the cross section of current flow, and n(0) and n(L) are the 
electron densities in the channel at the source and the drain, respectively 
(Fig. 6a ). These electron densities are given by 

(38a) 

(38b) 

where 1/Js is the surface potential at the source. The area of current flow is 
given by the width Z of the device and the effective channel thickness 
normal to the semiconductor-insulator interface. Because of the exponen­
tial dependence of electron density on the potential tf,, the effective channel 
thickness corresponds to the distance in which tf, decreases by kT/ q. 
Therefore, the effective channel thickness is kT/q~s where <jgs is the 
weak-inversion surface field given by 

'jgs = - QB/Es= Y2qNAt/Js/Es 0 

Substituting Eqs. 38 and 39 into 37 gives 18
•
22 

Iv= /Ln (f) ;g~ C::Lf (1 - e-f3Vv)eM•(f3t/ls)-1l2 

(39) 

(40) 

where we have used the relation Dn = µ,nkT/q, and a is given by Eq. 33. 
The surface potential t/Js is related to the gate voltage as follows: 18

•
19 

(41) 

Equation 40 indicates that in the subthreshold region the drain current 
varies exponentially with Va, and for drain voltage VD larger than 3kT/ q, 
the current becomes independent of VD• 

Equation 40 can be used to find the gate-voltage swing S, needed to 
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reduce the current by one decade. By definition, 

S = In 10 • dVo/d(In Iv) 

= (kT/q) In 10 • d({3V0 )/d(In Iv) 
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= (kT/q) In 10 • [1 + Cv(t/ls)/Cil{ 1- (;2 )ccv(t/ls)/C;]2 
}. (42) 

For a~ (Cn/Ci), the subthreshold swing becomes 

S = kT In 10 • (1 + Cv/C). 
q 

The term in parentheses is the capacitive divider ratio (Ci+ Cv)/Ci. 

(43) 

If there is a significant interface-trap density, the capacitance Cir asso­
ciated with the interface traps is in parallel with the depletion-layer 
capacitance Cv. Using Eq. 43 and substituting (Cv + Cit) for Cv, we obtain 

S (with interface traps)= S (no interface traps) x 
1 + i~ ;!;vf2;/Ci (44) 

where Cit= qDit and Dit is the interface-trap density. 
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Fig. 11 Subthreshold swing versus a for various substrate reverse bias. (After Brews, 
Ref. 19.) 
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Fig. 12 Experimental subthreshold characteristics for a long-channel device (L = 
15.5 µm). (After Troutman, Ref. 23.) 

When a substrate bias is applied, it increases the value of o/s• Con­
sequently, the depletion-layer capacitance CD is reduced and the ref ore S is 
reduced. Figure 11 shows the calculated subthreshold swing as a function 
of a for different substrate-reverse biases. 19 Again the primary influence 
upon S is the choice of a itself. Also, the first volt of the substrate bias 
results in the greatest reduction of S. 

Experimental subthreshold characteristics for a long-channel (15.5 µ.,m) 
MOSFET are shown23 in Fig. 12 for three values of Vns- As expected, for 
voltages below threshold voltage (i.e., below Vr as marked on the curves), 
current varies exponentially with gate voltage. For a given Vns, the 
experimental curves for drain voltages of 0.1 V and 10 V show virtually no 
dependence on drain voltage in the subthreshold region. This important 
indication of long-channel behavior is predicted by Eq. 40. The MOSFET 
had a gate oxide of 570 A and a substrate doping of 5.6 x 1015 cm-3

. The 
corresponding a va~ue is 4. The calculated subthreshold swing S is 
83 mV/decade for Vns = 0, 67 mV/decade for Vns = 3 V, and about 
63 m V /decade for V ns = 10 V (from Fig. 11). The calculated threshold 
voltage shift a Vr is 0.75 V for Vns = 3 V and 1.7 V for Vns = 10 V (from 
Fig. 9). These results are in excellent agreement with the measured values 
from Fig. 12. 

8.2.4 Mobility Behavior 

Because current flows in the inversion layer, mobility and drift velocity 
are expected to be influenced by the thickness of the inversion layer. When 
a very small longitudinal field ~Y is applied (~y is parallel to the current 
flow), the drift velocity varies linearly with ~y, and the slope is the drift 
mobility (v = J.Ln~y). Experimental measurements on (100) p-type Si in-
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Fig. 13 Inversion layer mobility versus effective transverse field for three temperatures. 
(After Sabnis and Clemens, Ref. 24.) 

version layers show that this mobility is a unique function of the transverse 
field <jgx, which is perpendicular to the current flow. This mobility is not a 
function of the surface processing or the doping density in the range 
NA< 1017 cm-3

• The measured results are shown24 in Fig. 13. At a given 
temperature, mobility decreases with increasing effective transverse field, 
defined as the field averaged over the electron distribution in the inversion 
layer, and is given by 

(45) 

When the longitudinal field increases, eventually velocity saturation 
occurs, similar to that of bulk silicon. The measured electron-drift velocity 
is shown25

•
26 in Fig. 14. For a given transverse field ('jgx), the velocity is 

proportional to 'jf;Y at low longitudinal fields, and the proportionality con­
stant is the mobility as plotted in Fig. 13. However, as 'jf;Y increases, the 
velocity tends to saturate. A general expression can be given for the drift 
velocity27 

Vd = Vo [ 1 + (~:r (~: + G )-l + (~:r ]-l/Z 

where Ve, Vs, and G are fitting parameters, and 

Vo= /J.,n('jgx) • 'jgy • 

(46) 

(47) 

That is, for a given transverse field 'jf;x, mobility is a unique function of 'jf;x• 
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Fig. 14 Electron drift velocity versus longitudinal field for various transverse fields. The dashed 
curves are calculated and the solid portions indicate the regions where data were actually taken. 
(After Cooper and Nelson, Ref. 26). 

In the limit 'jgY ~o, the drift velocity approaches vd = v 0 = f.Ln('jgx)'jgy• On the 
other hand, when f.Ln 'jgY is much greater than Ve and Vs, vd is approximately 
equal to Vs, where Vs is a function of the transverse field. 

Chapter 6 considered the effects of velocity saturation on device charac­
teristics for the JFETs. Figure 15 shows similar results for a MOSFET. A 
comparison is made between the simulated current assuming a constant 
mobility (dashed lines) and the measured current from the same device 
having velocity saturation (solid lines).28 Velocity saturation has two 
effects. First, saturation current is greatly reduced, especially for large gate 
voltages. Second, saturation current is linearly dependent on gate voltage, 
rather than nearly quadratic dependent as predicted by Eq. 28. Under the 
velocity saturation condition, the saturation current is given by 

(48) 

Therefore, the transconductance gm becomes a constant: 

(49) 
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Fig. 15 Comparison of drain characteristics for constant mobility case (dashed lines) 
and field-dependent mobility (solid lines). (After Yamaguchi, Ref. 28.) 

8.2.5 Temperature Dependence 

Temperature affects device parameters and performance, especially 
mobility, threshold voltage, and subthreshold characteristics. The effective 
mobility in inversion layer has a r-2 power dependence on temperatures 
above 300 K at gate biases corresponding to strong inversion.24 

In the linear region the threshold voltage is given by Eq. 30: 

(50) 

Because the work-function difference <!>ms and the fixed oxide charges are 
essentially independent of temperature, differentiating Eq. 50 with respect 
to temperature yields29 

(51) 
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Fig. 16 (a) Experimental measurement of threshold voltage versus temperature. (b) 
dVy/dT of a Si-SiO2 system versus substrate doping with oxide thickness as a 
parameter. (After Vadasz and Grove, Ref. 29; Wang et al., Ref. 30.) 

where 

~~ = ± ~ [Eg(;q= O) - ll/lB(T)IJ. (51a) 

Figure 16a shows typical experimental measurements of threshold voltage 
near room temperature for the Si-Si02 systems.29'30 The data can be 
represented by straight lines over this temperature range. Thus a represen­
tative figure for device behavior can be obtained by evaluating Eq. 51 at 
room temperature. Figure 16b shows the results of such calculations as a 
function of substrate doping for various values of oxide thickness. Also 
note that for a given oxide thickness, the quantity dVy/dT generally 
increases with increased doping. 

As temperature decreases, the MOSFET characteristics improve, espe­
cially in the subthreshold region. Figure 17 shows the transfer charac­
teristics of a long-channel MOSFET (L = 9 µ,m) with temperature as 
parameter. 31 Note that as temperature decreases from 296 K to 77 K, the 
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Fig. 17 Transfer characteristics for a long-channel device (L = 9 µm) with temperature 
as a parameter. (After Gaensslen et al., Ref. 31.) 

threshold voltage V r increases from 0.25 V to about 0.5 V. This increase in 
Vr is similar to that shown in Fig. 16. The most important improvement is 
the reduction of the subthreshold swing S from 80 m V /decade at 296 K to 
22 m V /decade at 77 K. Thus the improvement in the subthreshold swing at 
77 K is about a factor of 4. This improvement comes mainly from the kT/ q 
term in Eq. 42. Other improvements at 77 K include higher mobility, higher 
transconductance, higher threshold conductivity, lower power consump­
tion, lower junction leakage current, and lower metal-line resistance. The 
major disadvantage is that the MOSFET must be immersed in a suitable 
inert coolant (e.g., liquid nitrogen) and low-temperature setup requires 
additional equipment. 

8.2.6 Types of MOSFETs 

The MOSFET is ideally a transadmittance amplifier with an infinite input 
resistance and a current generator at the output. In practice, however, we 
have other circuit parameters. An equivalent circuit is shown in Fig. 18 for 
the common-source connection. 32 The differential transconductance gm was 
discussed· previously. The input conductance Gin is caused by leakages 
through the thin gate insulator. For a thermally grown silicon dioxide layer, 
the leakage current between the gate and the channel is very small, of the 
order of 10-10 A/cm2

; thus the input conductance is negligible. The input 
capacitance Cin is equal to aQMI a Va, where QM is the total charge on the 
gate. 16 In practical devices, the insulator layer and the metal gate may 
extend somewhat above the source and drain regions. This fringe effect 
will be the most important contribution to the feedback capacitance Ctb• 

The output conductance Gout is equal to the drain conductance. The output 
capacitance consists mostly of the two p-n junction capacitances con­
nected in series through the semiconductor bulk. In the linear region, from 
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Fig. 18 Equivalent circuit of MOSFET for common-source configuration. (After lhantola 

and Moll, Ref. 6.) 

Eq. 26 and the fact that Cin = ZLCi, the maximum operating frequency is 
given by 

f _ Wm _ gm ~ /J,n VD 

m - 2'7T - 2'7TCin - 27TL 2 • 

In the saturation region, f m is obtained from Eq. 49: 

f Vs 
m =27TL. 

The corresponding transit time for velocity saturation is 

L 
'T =-. 

Vs 

(52) 

(53) 

(54) 

For L = 1 µ,m and Vs = 107 cm/s, the transit time is only 10 ps. However, in 
a typical ring oscillator with 1 µ,m-channel MOSFETs, the measured delay 
time is usually an order of magnitude longer than 10 ps. Thus the delay is 
mainly caused by the parasitic resistance and capacitance around the 
device. 

There are basically four different types of MOSFET, depending on the 
types of inversion layer. If at zero gate bias, the channel conductance is 
very low, we must apply positive voltage to the gate to form then-channel. 
This type is the normally-off (enhancement) n-channel MOSFET. If an 
n-channel exists at zero bias, we must apply a negative bias to the gate to 
deplete carriers in the channel to reduce channel conductance. This type is 
called the normally-on (depletion) n-channel MOSFET. The n-channel 
enhancement and depletion-mode MOSFETs are shown in Fig. 19a. 
Similarly we have the p-channel normally-off (enhancement) and normally­
on (depletion) MOSFET (Fig. 19b ). 

The electrical symbol, transfer characteristics, and output characteristics 
of the four types are shown33 in Fig. 20. Note that for the normally-off 
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Fig. 20 Electric symbol, transfer characteristics, and output characteristics of the four 
types of MOSFET. (After Gallagher and Corak, Ref. 33.) 
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n-channel device, a positive gate bias larger than the threshold voltage Yr 
must be applied before a substantial drain' current flows. For the normally­
on n-channel device, a large current can flow at VO = 0, and the current can 
be increased or decreased by varying the gate voltage. The discussion 
above can be readily extended to p-channel devices by changing polarities. 

8.3 NONUNIFORM DOPING AND BURIED-CHANNEL DEVICES 

In Section 8.2 doping concentration in the channel is assumed to be 
constant. In practical devices, however, the doping is generally nonuni­
form, even for doped substrates that are initially uniform, because the 
thermal oxidation causes impurity redistribution. Moreover, in modern 
MOSFET technology, ion implantation is used extensively to improve 
device performance. For example, ion implantation is used for (1) a 
self-aligned source and drain to reduce overlap capacitances, (2) a shallow 
dopant at the Si-SiO2 interface for threshold voltage adjustment, (3) a 
channel implant on a lightly doped substrate to reduce punch-through 
between source and drain, and ( 4) a buried-channel device by incorporating 
within the surf ace region impurities of the type opposite to that of the 
substrate impurities. 

The impurity profiles N (x) in ion-implanted devices resemble a Gaussian 
distribution with the maximum concentration at a projected range RP and 
with a standard deviation LiRp: 

Dr [ (x - Rp)2]- (55) 
N(x) = yz,; LiRp exp - 2(LiRp)2 

where Dr is the ion dose per unit area (Fig. 21).34 Both projected range and 
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Fig. 21 Normalized range distribution of boron in silicon for different implantation 
energies. (After Wittmack, Maul, and Schulz, Ref. 34.) 




