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6.1 INTRODUCTION 
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6.8 SINGLE-ELECTRON TRANSISTOR 

I INTRODUCTION 

I ltl1 metal-oxide-semiconductor field-effect transistor (MOSFET) is the most-impor-
111111 device for forefront high-density integrated circuits such as microprocessors and 
, 111iconductor memories. It is also becoming an important power device. The prin­
lpl • of the surface field-effect transistor was first proposed in the early 1930s by 

111 ·nfeld1-3 and Heil.4 It was subsequently studied by Shockley and Pearson5 in the 
11111 1940s. In 1960, Ligenza and Spitzer produced the first device-quality Si-SiO2 

11 )S system using thermal oxidation.6 The basic MOSFET structure using this 
I Si 2 system was proposed by Atalla.7 Subsequently the first MOSFET was 

t po, led by Kahng and Atalla in 1960. 8 The detailed early historical development of 
1111 MOSFET can be found in Refs. 9- 10. The basic device characteristics have been 
1t111111 lly studied by lhantola and Moll, 11 Sah, 12 and Hofstein and Heiman. 13 The tech-
111111 y, application, and device physics have been reviewed by many books.14-17 

Hgure 1 shows the reduction of the gate-length dimension in production ICs since 
IV /0. This dimension has been decreasing at a steady pace and will continue to shrink 
II lh • foreseeable future. The reduction of device dimensions is driven by the require-

293 
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Fig. 1 Minimum gate dimension in commercial integrated circuit as a function of the year 
production. 

ment for both performance and density. The number of components per integra 
circuit chip has grown exponentially. The rate of growth is expected to slow do 
because of increasing technological challenge and fabrication cost. However, a c 
plexity of 1 billion or more devices per chip had been available around 2000 u I 
0.1-µm technology. 

In this chapter we first consider the basic device characteristics of the so-cal 
long-channel MOSFET; that is, the longitudinal field along the channel is not I 
enough to cause velocity saturation. In this regime, the carrier velocity is mobill 
limited, or under constant mobility. As the channel length becomes shorter, one ha 
consider short-channel effects due to two-dimensional potential and high-field tr 
port such as velocity saturation and ballistic transport. Many device structures h 
been proposed to improve MOSFET performance. Some representative advan 

· structures as well as the nonvolatile semiconductor memory, basically a MOS 
with a multilayer gate structure, will be discussed. 

6.1.1 Field-Effect Transistors: Family Tree 

The MOSFET is the main member of the family of field-effect transistors. A disti 
tion between the field-effect transistor (FET) and the potential-effect transistor (P 
is warranted here. A transistor in general is a three-terminal device where the chan 
resistance between two of the contacts is controlled by the third (MOSFETs have 
fourth terminal as contact to the substrate). The difference between the FET and 
PET is the way the control is coupled to the channel. As shown in Fig. 2, in an F 
the channel is controlled capacitively by an electric field (hence the name fie 
effect), and in a PET, the channel's potential is accessed directly (hence the na 
potential-effect). Conventionally in FETs, the channel carriers flow from the sou 
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11 'I' Control PET Control 
(gate) (base) 

I 1111 lOCt I Capacitor 
I Contact Contact Contact 

Channel Channel 

(Nll\ll'Ce) (drain) (emitter) ( collector) 

(a) (b) 

I >istinction between (a) field-effect transistor (FET) and (b) potential-effect transistor 

tl11 druin, and the control terminal is called the gate, whereas in PETs, these corre-
111d II terminals are called the emitter, collector, and base, respectively. The 

il111 transistor is a good representative of the PETs. 
l11mily tree of field-effect transistors is shown in Fig. 3 The three first-level 

111 111 ·mbers are IGFET (insulated-gate FET), JFET Uunction FET), and MESFET 
1,d •miconductor FET). They are distinguished by the way the gate capacitor is 

1111 d In an IGFET, the gate capacitor is an insulator. In a JFET or a MESFET, the 
11 ilor is formed by the depletion layer of a p-n junction or a Schottky barrier, 

I" 1 I ively. In the branch of IGFET, we further divide it into MOSFET/MISFET 
1111 insulator-semiconductor FET) and HFET (heterojunction FET). In the 

I I HT, specifically the insulator is a grown oxide layer, whereas in the MISFET 
111 11lator is a deposited dielectric. In the HFET branch, the gate material is a high-

111lv11p emiconductor layer grown as a heterojunction which acts as an insulator. 
ltlt1111 h MOSFETs have been made with various semiconductors such as Ge, 18 Si, 
It 11/\ , 

19 and use various oxides and insulators such as SiO
2

, Si
3
N

4
, and Al

2
O

3
, the 

, I important system is the SiOr Si combination. Hence most of the results in this 
ph•r are obtained from the SiOrSi system. The other members, JFETs, MESFETs, 
1 11 FETs, will be considered in the following chapter. 

MESFET 
(Schottky gate) 

Family tree of field-effect transistors (FE Ts). 
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296 CHAPTER 6. MOSFETs 

Field-effect transistors offer many attractive features for applications in 
switching, high-input-impedance amplifiers, and microwave amplifiers, in a 
to digital integrated circuits. The FETs have considerably higher input imp 
than bipolar transistors, which allows the input of a FET to be more readily m 
to the standard microwave system. The FET has a negative temperature coeffi 
high current levels; that is, the current decreases as temperature increases. Thi 
acteristic leads to a more uniform temperature distribution over the device a 
prevents the FET from thermal runaway or second breakdown, that can occur 
bipolar transistor. The device is thermally stable, even when the active area is I 
when many devices are connected in parallel. Because there is no forward-bis 
junctions, FETs do not suffer from minority-carrier storage and, consequently, 
higher large-signal switching speeds. In addition, the devices are basically squ 
or linear devices; intermodulation and cross-modulation products are small 
those of bipolar transistors. 

6.1.2 Versions of Field-Effect Transistors 

There are many ways to categorize the versions of FETs. First, according to th 
of channel carriers, we haven-channel and p-channel devices. n-channels are fi 
by electrons and are more conductive with more positive gate bias, while p-ch 
are formed by holes and are more conductive with more negative gate bias. Fu 
more, it is important to describe the state of the transistor with zero gate bia , 
are called enhancement-mode, or normally-off, if at zero gate bias the chann I 
ductance is very low and we must apply a gate voltage to form a conductive ch 
The counterpart is called depletion-mode, or normally-on, when the channel i 
ductive with zero gate bias and we must apply a gate voltage to tum the transist 
These four combinations with their 1-V characteristics are summarized in Fig. 4 

It is important also to point out the nature of the channel in more d 
According to Fig. 5, a channel can be formed by a surface inversion layer or 
buried layer. The surface inversion channel is a two-dimensional charge sh 
thickness in the order of 5 nm. The buried channel is much thicker, comparabl 
depletion width since when the transistor is turned off, the channel is totally 
sumed by the surface depletion layer. In the FET family, MESFETs and JFE 
always buried-channel devices, while MODFETs are surface-channel devl 
MOSFETs and MISFETs can have both kinds of channels in parallel, but in pra 
they are mostly surface-channel devices. 

These two kinds of channels offer advantages of their own. Buried chann I 
based on bulk conduction and, thus, are free of surface effects such as scatterina 
surface defects, resulting in better carrier mobility. On the other hand, the phy 
distance between the gate and the channel is larger and also dependent on gat 
leading to a lower and variable transconductance. Note that for depletion-m 
devices, it is common to use buried channels, but theoretically, one can achiev 
same goal by choosing a gate material with a proper work function to shift 
threshold voltage to a desirable value. 
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JD 
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31[0 
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-VG + 
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• VG 
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+ VG t I N111 mally-on) 

VQ= O 

Versions of MOSFETs; their output and transfer characteristics. 

II SIC DEVICE CHARACTERISTICS 

hu~ic structure of a MOSFET is illustrated in Fig. 6. Throughout this chapter we 
llllll' the channel carriers are electrons- an n-channel device. All discussion and 

111111011 will be applicable to the counterpart p-channel devices with appropriate 
Ii I 11 ution of parameters and the reversal of polarity of the applied voltages. A 
1111110n MOSFET is a four-terminal device that consists of a p-type semiconductor 
h 111te into which two n+-r gions...the source and drain, are fo~ed, usually by ion 
111l1111lation. The SiO2 gate dielectric is formed by thermal oxidation of Si for a high-
111111 iOrSi interface. The metal contact on the insulator is called the gate; heavily - .;:;,_.--

Gate Gate 
Depletion layer 

I Source I I Drain I So"cce L ~ ffl ora;n I 
Channel Channel 

(a) (b) 

FET channels: (a) surface inversion channel and (b) buried channel. 
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298 CHAPTER 6. MOSFETs 

7 z 

p-Si 

V85 Substrate Bias 

Fig. 6 Schematic diagram of a MOSFET. 

doped polysilicon or a combination of silicide and polysilicon is more comm 
used as the gate electrode. The basic device parameters are the channel ten 
which is the distance between the two metallurgical n+ -p junctions; the cb.anncl 
?; the insulator thickness d; the jun~ion depth rj ; and the substrate doping_N 11 
silicon integrated circuit, a MOSFET is surrounded by a thick oxide ( called th 
oxide to distinguish it from the gate oxide) or a trench filled with insulator to el 
cally isolate it from adjacent devices. 

The source contact will be used as the voltage reference throughout this ch 
When ground or a low voltage is applied to the gate, the main channel is shut otT, 
the source-to-drain electrodes correspond to two p-n junctions connected b 
back. When a sufficiently large positive bias is applied to the gate so that a su 
inversion layer (or channel) is formed between the two n+-regions, the source an 
drain are then connected by a conducting surface n-channel through which a I 
current can flow. The conductance of this channel can be modulated by varyinl 
gate voltage. The back-surface contact ( or substrate contact) can be at the refi 
voltage or reverse biased; this substrate voltage will also affect the channel con 
tance. 

6.2.1 Inversion Charge in Channel 

When a voltage is applied across the source-drain contacts, the MO~ ucture i 
nonequilibrium condition; that is, the mi it -carrier ( electron 1n the present c 
quasi-Fermi vel E is lowered from the equilibrium Fermil evel. To show m 
clear y the band bending acrosst he device, Fig. 7a shows the MOSFET turned 
The two-dimensional, flat-band, zero-bias (VG= VD = V88 = 0) equilibrium condi 
is shown in Fig. 7b. The equilibrium condition but under a gate bias that cau 
surface inversion is shown in Fig. 7c. The nonequilibrium condition with both d 
and gate biases is shown in Fig. 7d, where we note the separation of the quasi-F 
levels of electrons E Fn and holes E Fp; the E Fp remains at the bulk Fermi level w 
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_,,,...- L ---y 

n+ p T 
X z 

y 

1 (a) 

Source Gate Drain 

E 

lL.y p / / EF 
n+ E ; (b) 

---------

(c) 

p 

EFp 
(d) 

E; 

Depletion region 

'l'wo-dimensional band diagram of an n-channel MOSFET. (a) Device configuration. 
11 1111 band zero-bias equilibrium condition. (c) Equilibrium condition (VD = 0) under a pos-

1111I • bias. ( d) Nonequilibrium condition under both gate and drain biases. (After Ref. 20.) 

I lowered toward the drain contact. Figure 7d shows that the gm:e voltage 
fllilt•d for inversion ~t the dr~ n is Jar er than the equilibrium case in which !f'/inv) 
v,11 ,11 in other words, the inversion-layer charge at the drain end is lowered by the 
j11 hia . This is because the applied drain bias lowers the EFn• and an inversion 

1111• ·ommon assumption of lf/s = 2 lf/8 is for the onset of weak inversion. For strong inver-
11111 , V's can be larger by a few kT 15 This can be understood from Fig. 5 of Chapter 4 . 
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300 CHAPTER 6. MOSFETs 

layer can be formed only when the surface potential meets the crit 
[EFn - ElO)] > q lf/s, where ElO) is the intrinsic Fermi level at x = 0. 

Figure 8 shows a comparison of the charge distribution and energy-band v 
of an inverted p-region for the equilibrium case and the nonequilibrium cas 
drain. For the equilibrium case, the surface depletion region reaches a ma 
width WDm at inversion. For the nonequilibrium case, the depletion-layer wl 
deeper than WDm and is a function of the drain bias f D• The surface potential ~ 
the drain at tlie onset of strong inversion is, to a good approximation, given by 

lf//inv);::: VD+ 2 lf/s. 

The characteristics of the surface s ace charge under the nonequilibrium 
tion are derived under two assumptions; (1) the majority-carrier quasi-Fermi 
EFp is the same as that of the substrate and it does not vary with distance from th 
to the surface ( constant with x), and (2) the minority-carrier quasi-Fermi level 
lowered by the drain bias by an amount dependent on the y-position. Th 
assumption introduces little error when the surface is inverted, because majorit 
riers are then only a negligible part of the surface space charge. The second a 
tion is correct under the inversion condition, because minorit carriers 
important part of the surface space-charge region when the surface is inverted, 

Base~ these assumptions,tlie one-di~ensional Poisson equation for the 
space-charge region at the drain end is given by 

p(x) p(x) 

--,----J;,<--- _ _ q.JflJ...t _ -E; 
q 1/fs EF 

Ev 

(a) (b) 

Fig. 8 Comparison of charge distribution and energy-band variation of an inverted p­
in (a) equilibrium and (b) nonequilibrium at the drain end. (After Ref. 21 .) 
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6.2 BASIC DEVICE CHARACTERISTICS 301 

p = NAexp(-/Jlf/p) (4) 

n = nP0 exp(/Jlf/p - /JVD), (5) 

,,11, r. 
11111 l1ptually the charge due j_o minority __Sl.[ri~ within the inversion layer, is 
1 h } -

h 

(6) 

11 I I denotes the point at which q lf/p(x) = EFn - El x) = q lf/s, and the function Fis 
111 d 11s (see Chapter 4) 

( /11;11,, V0 , ~ ) = 
Ppo 

J
\ p(- /J lf/p) + /Jlf/p - l + ~ exp(-/JV D) [ exp (/Jlf/p) - /Jlf/pexp(/JV D) - l] . (7) 

Ppo 

till practical doping ranges in silicon, the value of X ; is quite small, of the order of 
Ill 11 111 . Equation 6 is the exact formulation, but can only be evaluated numeri-

I II ct an analytical solution we follow the same approach as in Chapter 4 
I I I ). The surface electric field in the x-direction at the drain end is given by 

G? _ ~ , _ +,fikT ( /J ~ ) 
e, s - - dx - - L F lf/s, Vo, , 

x = O q D Ppo 
(8) 

11 11 ~• total semiconductor surface charg.e is then obtained from Gauss' law 

I rS ~v.·•,f--Clt..a- _ _ ,fi&skT ( ~ ) 
t JO.' C Qs - - 6/~s - =F L F /Jlf/s, Vo, , 

q D Ppo 
(9) 

h I l ' the Debye length is 

L ~ tT&,. 
D N 2 Aq 

(10) 

11 version charge per unit area Qn after strong inversion is given by 
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302 CHAPTER 6. MOSFETs 

\-''it"< .J.\ ~ (V'<i"j (.. o.( ~ C'~ 

j h ~q jr-,'1/C-t.! 1 ~ Qn = Qs - QB 

where the depletion bulk charge is 

QB= -qNA WD = -J2qNA &sC VD+21f/B) . 

From Eqs. 9, 11, and 12, the inversion charge Qn at the drain end can be simpl 

This solution is still difficult to use because at strong inversion, Qn is very 
tive to the surface potential lf/s (see Fig. 5 in Chapter 4). Another shortcomina 
the relationship to the terminal bias, that is V c, is still missing. The charg 
model discussed in the following section is simpler and much more us 
deriving the 1-V characteristics ofMOSFETs. 

Charge-Sheet Model. In the charge-sheet model,22 under stron -inversion 
tions, the inversion l~ er is treated as a charge sheet with zero thickness (x; = 0 
sequently, -this assumption implies that the potential drop _acros s this charge . 
also ~ o. These assumptions do introduce error but within an acceptable level. 
Gauss' law, the boundary conditions on both sides of the charge sheet are: 

~ ox 6ox = ~s 6s - Qn · 

In order to express QnCy) throughout the channel, the surface potential is gener 
from Eq. 1 to 

lf/s(y) ~ ~ lf/;(y) + 2 lf/s, 

where ~ 1//i is the channel potential with respect to the source end; 

E(x=O y =O)-E-(x=O y ) 
~lf/;(y) : I ' I ' ' 

q 

(see label in Fig. 7d) and is equal to VD at the drain end. Note that the electric 
can be expressed as: 

~ = s 

In Eq. 17, an ideal MOS system with ~ tion difference -is assu 
Equation 18 is simply the maximum field at the~edge of the depletion re ion. 
bining Eqs. 14- 18 and using C

0
x = &

0
) dwe obtain 

c""'l>--t\.~ o., IQnCY)I = [Ve- ~ lf/;(y) - 2 lf/B]Cox- J2&sqNA [~ lf/;(y ) + 2 lf/B]. 

(..\; J-, v This final form will be used as the channel charge responsible for the current con 
~ 
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6.2 BASIC DEVICE CHARACTERISTICS 303 

1111 t•nl -Voltage Characteristics 

111111w derive the basic MOSFET characteristics under the following idealized 
h 11 ( I ) The gate structure corresponds to an ideal MOS capacitor as defined 
I II I I; that is, there are no interface traps nor mobile oxide char e· (2) only 
1111111 will be considered; (3) doping in the channel is ~ niform; (4) r~~rse_ 

111, vnt is negligible; and (5) the transverse field ( ~x in the x-direc tion) in the 
I I lllll h lar ~ n the Ion ituciinal field (~y in they-direction). This last 

t1t,11 1•111 re ponds to the so-called gradual-channel approximation. Note that in 
111111 ( I), the requirements of zero fixed oxide charge and work-function differ­
h 11•111oved, and their effects are included in a flat-band voltage VFB required by 
h II I produce the flat-band condition. Consequently Va is replaced by Va - VFB 

111 l1rs ion charge, giving - -

I 11 11' )1 = [Va-VFB-Lllfl/y)-21f1B]C0 x -J2&5 qNA[L11/fi(y) +21/fs]- (20) 

uch idealized conditions, the channel current at any y-position is given by 

(21) 

11
( 11

) is the a~ ge carrier velocicy Since the current has to be continuous and 
111 lhroughout the channel, integration of Eq. 21 from Oto L gives 

(22) 

1111 ·r velocity v(y) is a function of the y-position since the longitudinal field 
} I II va riable. Because of this, the relatiooship between v(y) and ~y(y) is impor-
111 1 uluate Eq. 22. We first consider the case where ~y(y) is low such that the 
1111 is constant. For shorter channel lengths, higher field causes velocity satura-
1111111ltimately ballistic transport. These interesting effects will be discussed later. 

11111111 Mobility. Under this assumption, substitutions of v = ~µ and Eq. 20 into 
1 I ives 

I 

// t ll Zµ ll dL1 m.(y) Zµ l VD 
/ IQn(y)I ~ (y)dy = T IQn(y)I ;; dy =-f IQn(Ll 1/f;)ldll l/f; 
' o o ~-- o 

, {( VD) 2 J 25
sqNA 3/ 2 3/ 2 } 

111,,( o.r Va-VFB-21f1B-- VD-3- C [(VD +21f1B) -(21fB) ] . 
2 ox 23) 

II 11 on 23 predicts that for a given Va the drain curre t first increases linearly with 
111 voltage (the linear region), then gradually levels off (the nonlinear region), and 
111 npproaching a saturated value (the saturation region). The basic output charac-
1 lll'S of an idealized MOSFET are shown in Fig. 9. The dashed line on the right 
1th 11lc the locus of the drain voltage (VDsat) at which the current reaches a 

l111um value JDsat· For small VD, the I D is linear with VD. Inbetween the two dashed 
11, , we designate this as the nonlinear region. 
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Fig. 9 Idealized drain characteristics (IO vs. V 0 ) of a MOSFET. The dashed lines separa 
linear, nonlinear, and saturation regions. 

A qualitative discussion of the device operation can be helpful, with the al 
Fig. 10. Let us consider that a p~ itive voltage is applied to the gate, large enou 
cause an inversion at the semiconductor surface. If a small drain voltage is appli 
current will flow from the source to the drain through the conducting channel. 
channel acts as a resistor, and the drain current ID is proportional to the drain vol 
VD. This is the linear region. As the drain voltage increases, the current deviates 
the linear relationship since the charge near the drain end is reduced by the ch 
potential ti lfli (Eq. 20). It eventua y reaches a point at which the inversion cha 
the drain end QnCL) is reduced to nearly zero. This location of Qn ~ 0 is called 
pinch-off point Fig. 1 Ob. [In reality Qn(L) is not zero for current continuity, but s 
because of its high field and high carrier velocity.] Beyond this drain bias, the 
current remains essentially the same, because for VD > VDsat• the pinch-off point s 
to move toward the source, but the voltage at this pinch-off point remains the 
(VDsaJ· Thus, the number of carriers arriving at the pinch-off point from the so 
and hence the current, remains essentially the same, apart from a decrease in L to 
value L' (Fig. 1 Oc ). This change of effective channel length will increase the 
current only when the shortened amount is a substantial fraction of the cha 
length. This will be considered in the section of short-channel effects. 

We shall now consider the current equations for the three cases of linear, n 
linear, and saturation regions. In the linear region, with a small VD, using powers 
around VD and taking only the initial terms, Eq. 23 reduces to 
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(a) 

_ _:+ _ __ r ~ - __ ~i1:_ch-off/ __ n +_----i 

IQnCy) - - ., (b) 
'-

p-Si 
\~e~l:ti:n-region 

s 

- - ::_+_ - _,......... j\ 
-Si 1- , .... -.. , :inch-off 

p L --j ----...---- -
, De letion re ion 

(c) 

MOSFET operated (a) in the linear region (low V0 ), (b) at onset of saturation, and (c) 
111111 1mturation (effective channel length is reduced). 

for (24) 

Vr is the threshold voltage, one of the most-important parameters, given by 
---- - - • ~--- 1 

IV - V + 2 "' + J2&sqNA(2 lf/s) j (25) 
T - FB rB C 
-- ox 

h1 lhrcshold voltage will be discussed in more details in the next section. 
c '11rcful examination of Eq. 23 indicates that the current initially increases but 

h II ocs through a peak and then drops with VD. This drop of current is not physical, 
~ 

,/1 £~ "'N~ 4 e 
(. r "I-

Sandisk Technologies, Inc. - Ex. 1042, Page 000023



306 CHAPTER 6. MOSFETs 

but it corresponds to the condition that the charge in the inversion layer at t 
end Q/L) becomes zero. This pinch-off point occurs because the relativ 
between the gate and the semiconductor is reduced. The drain voltage and t 
current at this point are designated as VDsat and /Dsat> respectively. Beyond th 

off point the current remains independent of VD and we have the saturation 
The value of VDsat is obtained from Eq. 20 under the condition Q/L) = 0. T 
tion yields 

where K = J &sqNA/C0 x- Alternatively, the same solution can be obtained by 
dIJ dV0 = 0. The saturation current JDsat can be obtained by substituting E4, 
Eq. 23: 

0,Vn:::.V.J)~(J..r: Z 
~ol~ytA 1--G"'\ '(t~ircU.) I Dsat = 2MLµnCoxC Ve - VT)2. 

Mis a function of doping concentration and oxide thickness 
K '-4-.sr e,lL. v, U-J w h, 

M=l+--. M=--) 
2~ 

It has a value slightly larger than unity and it approaches unity with thinner o 
lower doping. Furthermore, a more convenient form for Vosat can be express 

Ve - VT 
VDsat = M 

The transconductance in the saturation region where Eq. 27 applies is given b 
~ ----

- dlo I - _£ C (V V) gm - -- - MLµn ox e - T · 
dVe Vo> VDsat 

It can be seen here that in this saturation region, for constant mobility, the curr 
square-law function according to Eq. 27, indicated by the increasing current 
between gate bias shown in Fig. 9. 

Finally, the 9onlinear region in,t>etween these two extreme c~ an be des 
well by 7 

( 

Equation 20 for the inversion charge is an exact expression. An approximat 
the following form, taking advantage of the definition of threshold voltage, 
made: 

IQn(y )j = CoAVe- VT-M~lfi(y )]. 

Substitution of this into Eq. 22 yields a general expression which is the s 
Eq. 31 for the whole three regions of operation. As seen, the only slight dep 
from the previous results lies in the linear region. This simplified charge expr 
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lpl\11 to analyze the conditions under field-dependent mobility and velocity satu-
1 ~ hich is discussed next. 

ll y-Field Relationship. As technology advances and pushes for device perfor-
1 11 nd density, the channel length gets shorter and shorter. The internal longitu-

11 •Id ~Yin the channel also increases as a result. The general v-~ relationship 
111 11 lields is shown in Fig. 11. Mobilityµ is defined as vi~. For low fields, the 

1111 is constant. This low-field mobility is used for the long-channel characteris­
lt1 Ill · last section. In the extreme case of very high field, the velocity approaches 
1111 , saturation velocity vs. lnbetween the constant-mobility regime and the satu-
11 cl city regime, the carrier velocity can be described by23 

(33) 

h /111 is the low-field mobility. The value of n changes the shape of the curve, but 
11nd the critical field ~c (= v) µn) remain the same. It has been observed that in 

1111 l'or electrons n = 2 and for holes n = 1 have the best fit. The value of vs for 
1111 Il l room temperature is around l x 107 emfs. 

the terminal voltage Vn is increased from zero, current is increased because of 
, 1 lie Id and higher velocity. Eventually the velocity reaches the maximum value 

1111d the current also saturates to a constant value. Notice that this current satu-
111 rnmes from a completely different mechanism than in the case of constant 
II ly. Here, it is due to velocity saturation of carriers, before the pinch-off condi­
, 1111 occur. 

111 derive the 1-V characteristics it is important to know the v-~ relationship 
11 ). We find that mathematically, for Eq. 33 with n = 2, the analysis is rather 

tpll ·uted. Fortunately for the cases of two-piece linear approximation and Eq. 33 
h 11 1, the mathematics is manageable and simple solutions can be obtained. 
, lhese two extremes mostly cover the realistic bounds for different kinds of car­

Wl! will consider both assumptions. 

-Constant mobility 

Longitudinal field ~ 

Fig. 11 v-g' relationship (Eq. 33) for 
n = 1 and 2, and two-piece linear 
approximation. The critical field 
g'c = vs I µ , where µ is low-field 
mobility, is also indicated. 
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Field-Dependent Mobility: Two-Piece Linear Approximation. 
linear approximation, the constant-mobility model is valid up to the point w 
maximum field near the drain exceeds ~c· Conversely, Eq. 23 is valid up t 
VDsat value which occurs earlier than the constant-mobility model, so the only 
to find that point. Substituting Eq. 32 into Eq. 21 gives 

ID(y) = ZC0 xµ n~(Va -Vr-Mli1ff). 

Since we know the maximum field occurs at the drain, the current will saturat 
the drain bias is increased to a value where ~(L) = ~c· Equation 34 leads to 

lowing condition: 

l osat = ZCoxµ n~c(Va -Vr-MVosat). 

Here we need one more equation to solve for two unknowns. Using Eqs. 32 
we obtain an expression similar to Eq. 31 given as 

ZCoxµn( MVosat) 
I Dsat = L VG - VT - 2 Vos at • 

Equating Eqs. 36 and 35, we can solve for VDsat as 

- Va - Vr 2 ( Va - Vr)2 
VD sat - L ~c + M - (L ~ c) + M 

Since VDsat here is always smaller than (Va - Vr)IM (Eq. 29), the field-dep 
mobility always gives a lower I Dsat· 

Field-Dependent Mobility: Empirical Formula. Next we consider the u­

tionship ofEq. 33 with n = 1. Substituting this into Eq. 21 gives 

( 
d Ii If/,) d Ii 1//i 

JD ~c + dy = ZCoxµ n~ cC Va- Vr- Mli.lf/;) dy · 

Notice that the right-hand side of the equation is similar to the constant-m 
model. Integrating the above equation from source to drain gives 

ZCoxµ n ~c( M Vo) 
l o =---- Va-Vr- -- VD. 

L ~c + V0 2 · 

This equation is similar to Eq. 31 when L is replaced with L + V d~c Furthe 
Vosat is obtained by setting dld dVD = 0, 

Again, once VDsat is known, Iosat can be calculated from Eq. 39. 

Velocity Saturation. Using either assumption described above, it is interestin 
insightful to look at the extreme case of short-channel devices where velocity 
tion completely limits the current flow. In such case we set v = vs, and conseq 
Qn has to be fixed for current continuity, and is approximated to be (Va- V 
Equation 22 then becomes 
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Z rL 
= L Jo IQn(y)lv(y)dy = 

= Z(VG- Vr)Coxvs 

11 , 1111ductance becomes ' 

l11d •pendent of gate bias. 

(41) 

(42) 

, 11111pure models based on constant mobility and velocity saturation, we show 
tf\1 of identical devices in Fig. 12. Several observations can be made. First, 
t11I I ll ut are both lowered by velocity saturation, while the linear regions remain 
I I h • gm (which is the current difference between VG steps) also becomes a 
111 mlcpendent of VO Finally Eq. 41 shows an interesting phenomena that the 
th111 rnrrent no longer depends on the channel length. 
p, 1 l111cntal data confirm that such simple theory is quite satisfactory. In reality, 

11 111dicates, the carrier velocity never reaches exactly v
5

• Also the lateral field 
1111 l11rm throughout the channel. It is more difficult for the lower field near the 

1111 1.•ach ~c and that presents a bottle-neck for the maximum current. A better 
1111 111 ·an often be reached by adding a pre-factor with a value of:::: 0.5 - 1.0 for 
I 1111d 42. 

lh' 'l'ransport. In the above section, velocity saturation is a steady-state, equi-
111 ph ·nomena at high field, when many scattering events are allowed to happen. 

1·1, in ultra-short channel lengths whose dimensions are on the order of or 
1 1111111 the mean free path, channel carriers do not suffer from scattering. They 
111 l'ncrgy from the field without losing it to the lattice through scattering, and 
q1111 ' a velocity much higher than the saturation velocity. This effect is called 

t 
Increasing Ve 

♦ 
lncreasin V c 

(a) (b) 

( 'omparison of 1-V characteristics for (a) constant mobility and (b) velocity satura-
11 other parameters are the same. 
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ballistic transport ( or velocity overshoot by some), introduced in Section I 
ballistic transport is important since it points out that the current and tran 
tance can be higher than that of saturation velocity, giving an additional inc 
shrinking the channel length. The basic theory and insight in this topic ar 
in Refs. 24-28. 

Computer simulations show that in these devices, the field and velocity 
nonuniform. These quantities are qualitatively shown in Fig. 13. Notice th t 
gitudinal field along the channel (dEddy) varies monotonically, being the hl 
the drain end. Ballisticity always starts at the drain end, where the velocity c 
the value of saturation velocity v5 • (For silicon at room temperature, v~ • 
thermal velocity.) At positions closer to the source, the velocity decreases. In 
have current continuity, the channel potential and inversion charge must adju 
selves such that the product of velocity and charge would remain constant th 
the channel. By such argument, the bottleneck for the current flow, at the ext 
ultra-short channel length, would be at the position of maximum ch 
minimum field, which means the potential maximum near the source end, i 
in Fig. 13a. 

In analyzing the saturation current in the ballistic regime, we go bac 
general equation of Eq. 22, and apply it to this maximum-potential point. 
with the generalized form 

,,,--- Potential maximum 
/• ⇒ 

(a) 

(b) 
y 

Fig. 13 (a) Under a drain biat 
potential maximum is the bottlen 
the current flow and is used to cal 
the current. (b) Average carrier v 
(y-component) as a function o 
channel position. Note that 11 

between the values of vinj and v,,., 
that the maximum velocity ne 
drain can be higher than v inj· 
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I J,,I hns the maximum value at the source as C0x(VG -Vr), and veff is an effec-
111 • carrier velocity that should match the final experimental saturation cur­

t• 111 I his simple expression, the only critical parameter is veff 
11111ximum value of veffi according to classical thermal equilibrium, is simply 

1111111 velocity v1h [ = (2kT/ mn*) 112]. Close examination of the system reveals that 
I 111 ,. inversion charge density, the random velocity can exceed this thermal 

111 i a quantum-mechanical effect, called carrier degeneracy,25 where the 
u 11 ii ·r energy is pushed to a higher state than the thermal energy. This higher 
I 1•11llcd the injection velocity vi'!i' related to the Fermi energy with respect to 

11111111.cd energy En inside the potential well where carriers reside, given by24 

{2kj' F 112 [(EF-En)/kT] 
vinJ = {;;;;;;ln{l+exp[(EF-En)/kT] }' 

(44) 

/.'11 , is the Fermi-Dirac integral see Section 1.4.1). With a small inversion 
111 HF - En, Eq. 44 reduces to 2kT/ mn •, and vinJ = v1h. If the inversion charge 

h, Hq. 44 can be simplified to 

(45) 

I• 11 lltnction of the inversion charge or gate overdrive. Theoretical vinJ as a func-
111 lhc inversion charge is shown in Fig. 14. The maximum current, which is a 
111 I 1, r QnvinJ' gives the ultimate current drive of the ballistic MOSFET and is also 
t 11 in the same figure. 
1111 uturation current of Eq. 43 can be rewritten as 

/Dsat = rnZ/Qn/vinj 
8rnZh [C0 xC Ve- Vr)J312 

= 
3m* J2iq 

- - ----------~3 
11-channel 

300 K 
- - -- 77K 

.,._ ......_--'---'------'----'----'----'--.,__--'----' 0 
2 4 6 8 10 

Inversion carrier density (I 012 cm-2) 

(46) 

Fig. 14 Injection velocity v;nJ as a 
function of inversion density. The 
product of V;nJ and inversion charge 
gives the maximum current. (After 
Ref. 24.) 
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where rn is the index of ballisticity (= v e1rfv in)· In the extreme of ballistic tr 
rn = I , and it sets the ultimate current drive for L ➔ 0. The transconductance I 
by 

4rnZh C0 xCVa- Vr) 
gm = -- . 

m• 2,rq 

It is seen here that both JDsat and gm are independent of channel length L. 
The index of ballisticity is also interpreted by back scattering R of channel 

at the drain back to the source. Furthermore, since mobility is also a consequ 
scattering, there should be some relationship between rn and the low-field m 
µn- It has been shown that:26 

= 1!.EJ = 1-R rn 
Vin) 1 + R 

= [ 1 + 1 ]-I 
Vin) µn ~ (Q+) 

where ~ (O+) is the field at a potential kT down from the maximum toward th 
With this interpretation, some experimental data and simulation trends ar 
explained. It has been seen that at lower temperature, JDsat is increased, and th t 
same temperature, higher low-field mobility always gives higher J Dsat even in th 
listic regime. Both of these can be explained through improvement of µn in q, 

It should be emphasized that in this model, at or near the maximum-po 
point, the field is too low to cause ballistic transport, so v inJ sets the maximum c 
even though a location near the drain can have ballistic transport. The high b 
velocities near the drain cannot produce a higher current than vinJ can support, 
helps to achieve this maximum value set by vinJ by rebalancing the whole syst 

It is interesting to compare the Va dependence of JDsat for different ch 
lengths. In the long-channel , constant-mobility regime, I Dsat ex: ( Va - Vr)2, I 
short-channel, saturation-velocity regime, JDsat ex: (Va- Vr)- And in the limit 
listic regime, JDsat ex: (Va- Vr)312• 

6.2.3 Threshold Voltage 

We now return to the discussion of threshold voltage, first mentioned in Eq. 2 
account for the threshold shift from nonzero flat-band voltage whose main 
comes from fixed oxide charges Q1and the work-function difference <Pms betw 
gate material and the semiconductor, Eq. 25 becomes 

Vr = V + 2 + J2&sqNA(2 l/fn) 
FB 1//n C 

ox 

= ( A. - Qt) + 21/f + J,-4-&s-qN_A_lf/_B 
'f'ms C B C • 

ox ox 

Qualitatively, Vr is the gate bias beyond flat-band just starting to induce an inv 
charge sheet and is given by the sum of voltages across the semiconductor (21//a 
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Id~• layer (last term of Eq. 25). The square-root term is the total depletion-layer 

111111 a substrate bias is applied (negative for n-channel or p-substrate ), the 
h11ld voltage becomes 

,--,... 

hi fted by the amount of 

/ (50) 

V 
r 
(51)) 

11 Ii ·c it is often necessary to minimize this threshold-voltage shift due to sub­
Ii us. ln these cases, low substrate doping and thin oxide thickness are preferred. 

f 11 111 ·asure the threshold voltage, we use the linear region by applying a small 
II h1ns (V0 « Va), and plot ID versus Va as shown in Fig. 15a. According to 

I, lhe extrapolated value at the Va axis is equal to VT+ ½VD. Below the 
111,ld voltage, IO is considered zero in the linear scale, but details can be displayed 
1 111 1arithmic scale (Fig. 15b ). 

40 

30 
,......_ 
<l'. 
:1. ,__, 20 (a) 

.._,Q 

10 

Vr+ ½Vo 

~0.2 0 0.2 1.0 Vc (V) 

IQ--4 

I0-6 

~ 10-s (b) ,__, 
._,Cl 

10- 10 
Subthreshold swing 
S = t.V J decade /0 

Vr 
10-12 

- 0.2 0 0.2 0.4 0.6 0.8 1.0 Vc (V) 

Transfer characteristics (10 vs. Ve) in the linear region (V0 « Ve) - (a)/0 in linear scale 
111 duce V7' Deviation from linearity at higher Ve is due to lower mobility. (b) 10 in loga­

l1111k scale to show subthreshold swing. 
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6.2.4 Subthreshold Region 

When the gate bias is below the threshold and the semiconductor surface is in 
inversion or depletion, the corresponding drain current is called the subthresho 
re nt.29,30 The subthreshold region tells how sharply tb-e current drops with 
and is particul;rly important for low-voltage, low-power applications, such a 
the MOSFET is used as a switch in digital logic and memory applicatiops. 

In weak inversion and depletion, the ejectron charge is small and, thus, th 
current 1s low. The drain current is dominated by diffusion and is derived in th 
-way as the collector~ current in a bipolar transistor with homogeneous base d 
Considering the electron-density gradient in the channel, the diffusion cu 
given by 

I = _ z D dN'(y) ~ z D N'(O)-N'(L) 
D q n dy q n L ' 

where N' is the electron density per unit area, integrated over the depletion widt 
electron density at the source end is given by - -

WD 0 

N'(O) = l n(x) dx = npo l exp(/Jf/lp) df/lp · 
0 I/ls 

Since the potential distribution inside the depletion region is known, this el 
density can be calculated to be31 -

N'(O) ~ ( /J
1

) ~ np0 exp(/J'l1s). 
✓~ 

Similar result can be obtained by assuming an effective thickness (x) of the 
charge layer. Because of the exponential dependence of electron density on the 
tial f/lp, X; corresponds to the distance in which f/lp decreases by kT/q. Therefore 
kT/qfffs where fffs is the semiconductor surface field . With this assumption, we g 
same expression 

N'(O) = X; x n(x=O) = ( qk;) np0 exp(/J'l1s) 

= (kD ~ np0 exp(/Jf/ls) . 
q ✓~ 

The electron density at the drain end is lowered exponentially by the drain bias, 

N'(L ) = N'(O)exp(- /JV0) . 

Substituting Eqs. 55 and 56 into Eq. 52 gives 

Zµ" l' NA( n; )2 10 = - 2 _ s - N- exp(/Jf//s)[l - exp(- /JV0)] 
L/J 21/fs A 

Zµ" Jq&,NA( n; )2 (/J ) ~- -- - exp ~ 
LfJ 2 2 Ifs NA s 
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I 11 I, T/q. Equation 57 indicates that in the subthreshold region the drain 
I\ 1111 t'H exponentially with lf/s, and for drain voltage VD larger than~ 3kT/q, the 
t lw1•nmes independent of VD. Next, in order to relate current to the gate bias, 
I 111111 hip between VG and lfls is needed. 
t1111 ( ' hapter 4 on the MOS capacitor, we have the following relationship 

' I 

(58) 

11 11111111tic equation will not give a simple expression of lfls as a function of V 0 

lh, f//1 is known from Eq. 58, the subthreshold current can be calculated. 
h p11rnmeter to quantify how sharply ~he transistor is turned off by the gate 

I t' LI I led the subthreshold swin S (inverse of subthreshold slope), defined as 
111 tage change needed to induce a drain-current change of one order of mag­
' Kl, from Eq. 58, the relative change of VG and lfls is calculated to be 

- fo-1. 
Ciix - cl dVG = 1 + _l_Jc,qN, = C0 , + CD_ 

d lfls Cox 2 lfls Cox 

111111 Ion, the subthreshold swing can now be calculated: 

(60) 

11! 111 I/~,. in the square-root term in Eq. 57 is treated as a constant since it is a much 
1 l1111ction compared to the exponential term. 

11 11\ 111 , derived the subthreshold swing in Eq. 60, it is intuitive to explain its 
f It 1111111. ln the extreme of zero oxide thickness, the exponential characteristics 
hi, 111 r al to the familiar case of the diffusion current in a p-n junction. For nonzero 

1i11t·kness, the swing is just degraded by a factor which is a voltage divider of 
, 11p11 ·itors in series, whose ratio is (C0x + CD)/Cox· The voltage divider is exactly 
l111pli ·ation of Eq. 59. One also notices that since the depletion width (and CD) 

I \ ith lfls, the subthreshold swing is a weak function, but not exactly constant 
I I ,,, 
111 llt • presence of a significant _ _interface-trap density Du, its associated capaci-
, f '

11 

( q2 Du) is in parallel with the depletion-layer capacitance C
0

. Using Eq. 60 
I 11h Ii luting (C0 + Cu) for CD (see Fig. 14 of Chapter 4), we obtain { 

?7 ( C,:,+ ,t. 

(
klJ ( Cox +CD+ cif) v I..,, - - -

S(with Dit) = (In 10) -;) C _,, ( o--l 
q OX /\ 

c ox + Co + C,t t/' I 

= S(without D,1) x C C (61) 
ox + D 

1111111 device parameters such as doping and oxide thickness are known, by mea-
111v lhc subthreshold swing, the interface-trap density can be obtained. This pro-
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vides an attractive option in measuring Du besides using the MOS capacitor I 
ac measurements have to be made. In general, de 1-V measurements are mu 
to make than ac capacitance and conductance, provided a three-terminal tr 
structure is available (substrate contact is not critical here). 

( For a sharp subthreshold slope (small S), it is preferable to have low 
doping, thin oxide thickness, low interface-trap density and low-tern 
tlon. When a substrate bias is a lied in addition to shiftin the threshold vol 
increases the value of 1/fs by V8s. Conse uently tile de ;u_et.~· ol.il.:.- Miru~i....,.;'+M.I.WMIAUIII 

re uce and tlierefore,s'is reduced. ) 
In Fig. 15a, at and near the threshold voltage, the drain current does not tu 

sharply as Eq. 24 predicts. This is due to diffusion current which is the do 
current near and below threshold, and it has been ignored so far, as one of the 
tions made at the beginning of Section 6.2.2. To consider the effect of the di 
component, we refer to Fig. 7 for the nonequilibrium condition. The tot I 
current density including both drift and diffusion components is given by 

dn dEFn 
JD(x,y) = qµnn rgy +qDndy = D nn(x, y) dy . 

The drain current based on the gradual-channel approximation is 

I

X; ZD I L dE I X; 
ID = Z 

O 

JD(x, y)dx = T 
O 

d;n 
O 

n(x,y)dxdy 

Z BsµnI V D J 1//s exp (/31/fp - /Jtl 1/fi) 
=-- ---~-----d~~~ 

L LD F(/Jl/fp, tl 1/fi, np/Ppo ) 
0 1//B 

The gate voltage VG is related to the surface potential 1/fs by 

VG- VFB = - Qs + 1/f 
c ox s 

2&5 kT ( ~ ) = C L F /31/fs , !:l I/Ji, + 1/fs . 
oxq D Ppo 

Equation 63 reduces to Eq. 23 for gate voltages well above threshold. The I 
however, becomes inaccurate for gate voltages near and below threshold and n 
pinch-off point. For a particular device with known physical dimensions and 
device parameters, Eq. 63 can be calculated numerically to give accurate resul 
the entire range of drain voltage, from the linear region to the saturation region, 

6.2.5 Mobility Behavior 

Because channel carriers are confined to a thin inversion layer, their drift veloc 
and mobilityµ are expected to be influenced by the thickness of this inversion I 
When a small longitudinal field cgy is applied (parallel to the semiconductor su 
the drift velocity varies linearly with cgy and the proportionality constant is the 
field mobility. Experimental measurements on Si inversion layers show that this 
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1h1llt , while independent of ~.Y' is a unique function of the transverse field ~x 

f, 'l'l'lldicular to the current flow.32 This dependence is not directly on the 
hti ~ ll l'SS or doping density, but through their impact of ~x in the inversion 
h, 111 ·nsured results are shown in Fig. 16. When many devices with different 

hti ~ 11 •s 'es and doping levels are measured, the mobility is found to correlate 
1111 11 ingle parameter that is related to ~x- At a given temperature, mobility 

\ ith an increasing effective transverse field, defined as the field averaged ( 

, 1,•,· lron distribution in the inversion layer, given; .1( t f} 1, t,j ; \ 

( ~x)eff= : ( Qs_+iQn)· ( ) 
s 

it means an average inversion carrier experiences the full effect of the 
1111 111 er charge Q8, but only half of the inversion-layer charge Qn- Note that 

, I I • mobility is valid for the current expressions in Eqs. 24 and 27, but will 
h1I difTerent from that in the gm expression (such as Eq. 30) in wh· constant ., 

lh lt11s been assumed. 1 ; I,½ 1 'r 
h II I h • longitudinal field increases, the v-~ relationship starts to de • a e from 
II l'h i field-dependent mobility has been discussed and generally described 

I I 11 nd shown in Fig, 11. Measured electron drift velocity as a function of ~Y 

1 II 111 ~'x is shown in Fig. 17. Since mobility at any field is defined as the ratio " 
II d •creases monotonically with ~Y Eventually velocity saturation occurs and ,.,, " 

It 111 1 value similar to that of bulk silicon. The influence of ~x on low-field 
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If, Electron and hole inversion-layer mobilities vs. effective transverse field, at room 
1tpr111 ture on Si (100) surface. (After Ref. 33.) 

Sandisk Technologies, Inc. - Ex. 1042, Page 000035



318 CHAPTER 6. MOSFETs 

10 

,,..__ 
VJ 

E 
u 

"" 5 Transverse ~ 0 
.._, 

(104 V/cm) _q 
u 
0 

d) 
> 
~ ... 
",:) 

Cl 
0 2 ·;;; ... 
0 
> .s 

1 L...L.1:..L.L...L...IJ-L---'---'--.I........L.--'-'--'--'----'------'----'---'----l.-1--'-'-' 

103 104 105 

Longitudinal field (V/crn) 

Fig. 17 Electron surface drift velocity vs. longitudinal field for various transverse ficl 
slope at low longitudinal field is mobility. (After Ref. 34.) 

mobility from Fig. 16 is also reflected in this figure. It can be seen here also th 
saturation velocity vs is independent of the low-field mobility or ~x· 

6.2.6 Temperature Dependence 

Temperature affects device parameters and performance, in particular mo 
threshold voltage, and subthreshold characteristics. The effective mobility in I 
sion layer has a T-2 power dependence on temperatures around 300 K at gate 
corresponding to strong inversion. 32 This gives rise to higher current and tra 
ductance at lower temperature. 

To derive the temperature dependence of the threshold voltage, we repe 
expression from Eq. 49: 

V = ¢ _fl..t..+21/f +J4&sqNA I//B_ 
T ms C B C 

ox ox 

Because the work-function difference ¢ms and the fixed oxide charges are essen 
independent of temperature, differentiating Eq. 66 with respect to temper 
yields35 

dVT = dl/f8( 2 + _1 J &,qN,J . 
dT dT C0 x 1//s 

From the basic equations of 
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n 2 oc T3 exp ( -EgO\ 
l kT )' (69) 

/' 0 is the energy gap at T = 0, we obtain 

d!fs~! ( Ego\ 
dT ~ T Ifs - 2q ) • (70) 

hows the results of such calculations at room temperature as a function of 
11,111• doping for various values of oxide thickness. Note that depending on the 

lhi c.: kness, the quantity ldV7 /~TI can increase or increase with the substrate 
II~ 

ll'mperature decreases, the MOSFET characteristics improve, especially in the 
ht, hold region. Figure 19 shows the transfer characteristics of a long-channel 

I liT (L = 9 µm) with temperature as a parameter. Note that as temperature 
11 l'S from 296 K to 77 K, the threshold voltage V7 increases from 0.25 V to 

ti O,S V. This increase in V7 is similar to that shown in Fig. 18. The most-impor­
llnprovement is the reduction of the subthreshold swing S, from 80 mV/decade at 

Ill 22 mV/decade at 77 K. Thus, the improvement in the subthreshold swing at 
I nbout a factor of four. This improvement comes mainly from the kT/q term in 

(II) Other improvements at 77 K include higher mobility, thus, higher current and 
,~, 1111ductance, lower power consumption, lower junction leakage current_, and 
, 1 111ctal-line resistance. The major disadvantages are that the MOSFET must be 

111 1 ·d in a suitable inert coolant ( e.g., liquid nitrogen), and that a low-temperature 
111 1 ·quires additional equipment and special care. 

H - - -------------~ 

(I 

(I 01s 

20 nm 

10nm 
Fig. 18 Threshold-voltage shift 
(dVT ldD of a Si-SiO2 system at 
room temperature vs. substrate 
doping, with oxide thickness d as 
a parameter. 
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Fig. 19 Subthreshold characteristics for a long-channel MOSFET (L = 9 µm) with t 
ture as a parameter. (After Ref. 36.) 

6.3 NONUNIFORM DOPING AND BURIED-CHANNEL DEVICE 

In Section 6.2 doping concentration in the channel is assumed to be constant. In 
tical devices, however, the doping is generally nonuniform because in m 
MOSFET technology, ion implantation is used extensively to taylor the d 
profile and improve the device performance for specific applications. For exam 
lighter doping at deeper region reduces drain-substrate capacitance and also th 
strate-bias effect. On the other hand, a lighter doping level near the Si-SiO2 int 
lowers the threshold voltage, reduces the field and improves mobility, and h 
level at deeper region reduces punch-through between source and drain. The 
general cases, namely high-low and low-high profiles, are depicted in Fig. 20, 
their step-profile approximations for ease of analysis. 

We consider next the effect of nonuniform channel doping on device charac 
tics, especially on threshold voltage and depletion width which in tum affect 
threshold swing and the substrate-bias effect. Note that what is most importan 
determining VT is the doping profile within the depletion region. The profile ou 
the depletion is important for considerations of capacitance and substrate sensiti 
that is, dependence of the threshold voltage on the substrate reverse bias. With t 
mind, the general equation for the threshold voltage is given by 

V 
QB 

VT = FB+ I/l's +­
C ox 

_!j_J WDm 
= VFB + 21/fs + C N(x)dx, 

ox O 
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= - --"------ X 
WDm 

(a) 

IM 
.__ _____ Na 

(c) 

N 

N 

WDm 
X 

(b) 

Na 
M 

x, 

WDm 
X 

(d) 

Nonuniform channel doping profiles. (a) High-low profile. (b) Low-high (retrograde) 
I Ii (c) - (d) Their approximations using step profiles. 

11 ()8 is the depletion-layer charge. The limit for integration, that is the maximum 
h I ion width Worn, is needed and determined by the Poisson equation with the 
I 1>1· trong inversion being the boundary condition, 

l
WDm 

Ifs = 2 Ifs = !i... xN(x)dx. 
&s 

0 

(72) 

lh lhat for a nonuniform profile, the definitions of Ifs and VFB become nontrivial 
I 111111plicated. Fortunately, using the background doping of N8 for these values is 

1111d to be sufficiently accurate. This is especially true for the surface potential 
Vis since it is a very weak function of doping level. 

11 igh-Low Profile 

I ,h~r·ive the threshold voltage shift due to ion implantation, we shall consider an ide-
1111'11 step profile as shown in Fig. 20c. The implant profile, after thermal anneal, is 
1111,ximated by the step function with step depth X5, roughly equal to the sum of the 
11j1• ·tcd range and the standard deviation of the original implant. For a wider X5, that 
th• maximum depletion-layer width Worn under heavy inversion is within X5, the 

111 l1wc region can be considered a uniformly doped region with a higher concentra-
11111 , The threshold voltage is identical to that given by Eq. 50. If Worn> X5, the 
h11 hold voltage is obtained from Eq. 71 , 

Sandisk Technologies, Inc. - Ex. 1042, Page 000039



322 CHAPTER 6. MOSFETs 

The depletion width can be obtained from Eq. 72, using lf/s = 2 lf/8 for strona 
s1on: 

2&s ( ql1Nx~ 
- N 21f/s - -- . 
q B 2 &s 

From these equations, we see that added surface doping increases Vr and d 
Worn· 

Notice that for the same dose, the Vr shift is largest with the added doping 
to the surface. For the limiting case of a delta function of dose localized at the 
interface (xs = 0), the threshold shift is simply 

qDI 
11Vr ~C ' 

OX 

where D1 is the total dose D.Nxs. Such approach is called threshold adjust, whi 
the same effect as changing the work-function difference ¢ms or changing th 
fixed oxide charge. 

The step-profile approach described above can give first-order results fi 
threshold voltage. To obtain a more accurate V r, we have to consider th 
doping profile, because the step width xs is not well defined for nonuniform d 
A schematic diagram for the nonuniform implanted doping N(x) is shown in l 
For a typical case, the threshold voltage depends on the implanted dose D1 

centroid of the dose xc. Therefore, the actual implant can be replaced by a delta 
tion located at ::= xc as shown; 

N 

,., 
I I . . 

1 1 Delta approx1mat1on 
I I 
I I 

1 I Implanted profile 

II / . . 
_____ L 1 _____ S!ep approx1mat1on 

I I 

I I 
I I 

I I 
I I 

I I 

x, X 

Fig. 21 Approxi mation of an ac 
implanted profile by step and delta pro 
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(76) 

(77) 

(78) 

2&5 ( qD1xe) - 2f//s--- . 
qNB Es 

(79) 

interesting to examine the dependence of the threshold voltage shift and 
h I Ion width on the centroid xe for a given dose D1. For xe = 0, the implant is a delta 

111111 at the Si-SiO2 interface, and Eq. 78 gives ,~.Vr = qD/C0x, which is the same 
t •I 75. As xe increases, the dose becomes less effective in changing Vr, and the 
It I on width Wnm decreases also at the same time. Eventually xe meets the deple­
t d 1e, and then Wnm becomes clamped to and increases with the implant centroid 

I ltl• condition for which xe starts to be equal to WDm can be obtained from Eq. 79: 

D ( =W ) = Ns(Wbmo -x;) (80) 
I Xe Dm 

2 
, 

Xe 

II Womo is the original WDm with background doping Ns. Eventually, as xe moves 
1111d the WDmo, it no longer has any effect on threshold voltage and depletion 

hh 
111 ·onsider the subthreshold swing and the substrate sensitivity, in Section 6.2.4 

h11 c interpreted the subthreshold swing by comparing the gate-oxide capacitance 
111 depletion capacitance CD. So, once the depletion width is known, the sub­
hold swing can be calculated. For the high-low profile, the added doping 

11 uses WDm, increases C0 , and results in a larger (less steep) subthreshold swing. 
11b trate sensitivity can be calculated also by substituting 2 f//s with 2 If/a + Vas in 

It 11l11ting VT' 

Low-High Profile 

t 11 1 sis of the low-high profile (Fig. 20b ), also called the retrograde profile, is 
1111111' to the high-low case with a LiAf being subtracted from the background doping. 
II uppropriate equations for the threshold voltage and depletion width become, with 
I 11 •hange of signs: 
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and 

2&s ( q!iNx0 
- N 21/fs+-- . 
q 8 2 &s 

The threshold voltage is, thus, decreased and the depletion width is increased 
at the surface doping. 

6.3.3 Buried-Channel Device 

In the extreme case of the low-high profile, the surface doping can be of the o 
type of the substrate. When this happens, and if part of the surface doped lay 
fully depleted, that is, there exists some neutral region, current can conduct 
this buried layer. We call this type of device a buried-channel device.37-4° Fiy 
shows a cross section of such a buried-n-channel MOSFET. The gate volt 
change the surface depletion layer, thus controlling the net opening of the 
thickness and controlling the current flow. With a large positive gate bias, the 
is fully open, and an addition surface inversion layer can be induced at the 
similar to a regular surface channel, resulting in two channels in parallel. 

The surface inversion channel has been the subject of discussion and n 
further elaboration. We now focus on the buried channel whose doping and 
sions are shown in Fig. 22b and whose energy-band diagrams are shown in 
The net channel thickness is reduced from xs by the amounts of surface depleti 
and the bottom p-n junction depletion Won- The surface depletion as a function 
is the same as Eq. 27 of Chapter 4, and is repeated and modified here as 

Vo 

0 No N(x) 

Wos{ 

Ix, n+ 

Wop 

Depletion 
X 

(a) (b) 

Fig. 22 (a) Schematic of a buried-channel MOSFET under bias. (b) Its doping profil 
depletion regions. 
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WDnH WDp \ Ee 

••••••••••••• rp-type EF 

n-type /5 Ev 

= 
(a) 

Ee 

EF 

qlf/b; 
Ev 

• ~v;;;-
(b) 

Ee 

EF Fig. 23 Energy-band diagrams of a 
buried-channel MOSFET, for the bias 

qlf/b; 
Ev conditions of (a) flat band CVa = Vh ), 

(b) surface depletion, and (c) threshold 

(c) CVa= Vr)-

(83) 

1111 that the flat-band voltage v;.8 takes on slightly different meaning here 
I 23a). We refer now to the condition that the surface n-layer has flat band, as 
p11 cd to the p-substrate. The new flat-band voltage is redefined as 

(84) 

hr1 ' VFB keeps the p-substrate as reference. The bottom depletion width is from the 
11 l11nction theory, given by 

(85) 

pccial interest is the threshold voltage Vr at which gate bias the channel width is 
1l11 lly consumed by both depletion regions. Setting the condition of 

Xs = WDs + W Dn• 

h1 lhreshold voltage is obtained;40 

2q&sNDNA 1//bi 

ND+NA 

(86) 

(87) 
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Once the channel dimensions are known, the channel charge can be cal 
easily. Depending on the gate-bias range, we can have different amounts 
change QB and surface inversion charge QI. These are given as; 

Q =QB = (xs -WDs-WDn)ND ' Vr< VG< v;B , 

and 

Q = QB+ QI 

= (xs- WDn)ND + CoxC VG- VFB) , 

Given the channel charge, the drain current can be calculated in a way similar t 
previously derived. But compared to the surface-channel devices, the buried-c 
MOSFET equations are more complicated since the coupling of the gate 
channel ( or net gate capacitance) is now gate-bias dependent. Qualitative 1-V 
teristics are shown in Fig. 24. 

More-exact solution of the drain current can be obtained by substitutin 
charge into Eq. 22. The results, divided into different regimes of VG bias, are su 
rized in Table 1. These results are based on the long-channel constant-mo 
model. Current saturation due to velocity saturation can be estimated to be ~ 

A buried-channel MOSFET is usually normally-on (depletion-mode), alth 
theoretically it can be made as a normally-off (enhancement-mode) device, by 
choice of metal work function, for example. Also for a given N0 , the thre 
voltage becomes more negative with increased buried-channel depth xs. How 
because there exists a maximum depletion width in an MOS system, if the d 
density N0 or/and the buried-channel depth xs are sufficiently large, W0 s can r 
maximum value without pinching off the channel. A limit on the channel profil 
exists, otherwise the transistor cannot be turned off. This condition is bound 
combination of xs and N 0 ; 

Io Io 
VG> Vj.B 

VG = Vj.B 

Bulk 
conduction 

Vr < VG < Vj.B 

Bulk + surface 
conduction 

0 Vo VT Vj.B 

(a) (b) 

Fig. 24 Buried-channel MOSFET: (a) Output characteristics. (b) Transfer characteristics 
vs. Ve) in linear region (small VD), showing threshold voltage Vr and flat-band voltage v; 
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I 'urrent Equations for Buried-Channel MOSFETs, Based on Long-Channel Constant 
llh ( n.er Refs. 15 and 37) 

v;..n 

I 11111 = (VG - Vr) l a (.T = Co..Xs(Co..Xs + l) a = 1 + ( l + (.T) ___L_~ 
lis 26s 4 'lfbi 

II II bulk mobility 
r = (1 + (.T) µs J2&sqNA 

I' surface mobility µB r = 
c ox 

(90) 

111 lhe buried-channel devices, the substrate-bias effect is more direct. It can be 
1•d as a bottom gate. The effects are calculated in the above equations if lfbi is 

11111• •d with lfbi- V88 (V88 is negative). In particular, Vr (Eq. 87) and WDn (Eq. 85) 
11 lw hifted with a substrate bias, to the extent that the transistor can be turned on 
11 nil' and between depletion-mode and enhancement-mode. 

l' now turn to the subthreshold current of buried-channel devices. At a suffi-
1 111 I large negative gate bias, the channel will be pinched off, that is, when xx= 

11 I Won (Fig. 23c). The conduction below the threshold voltage is due to the pres-
111 or a region of partially depleted electrons, wherein the current is carried prima­

lh hy diffusion of electrons. The resulting subthreshold (sub-pinch-oft) current for a 
11 i •d-channel MOSFET is, thus, directly analogous to the subthreshold current for a 

111 111 ·c-channel MOSFET. The subthreshold current will vary exponentially with the 
h v ltage, and the subthreshold swing S is given by the capacitive divider ratio 
,t hl of Eq. 60, except now different capacitances have to be used. From Fig. 23c, 

lh1· 111aximum electron concentration occurs at the location ofx ~xs - WDn· So CD of 
t q 60 should be replaced with the depletion capacitance of the substrate p-n junction 
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[&/ (WDn + W Dp)], and C0 x should be replaced with C0 x in series with th 
depletion capacitance &/ WDs· These substitutions give an expression of 39 

S = (ln 10/T[1 + &ox WDs + &sd ] , 

q 6ox(WDn + W Dp) 

where all depletion layers WDs• WDn• and WDp correspond to the condition at th 
(Va= Vr)- The subthreshold swing is usually larger than that of conventional 
channel devices. 

The buried-channel device is expected to have higher carrier mobili 
surface-channel devices since carriers are free of surface scattering and oth r 
effects. They are also less affected by the short-channel effects (to be discus 
such as hot-carrier-induced reliability problems. On the other hand, since th 
tance between the gate and the channel is further away and is gate-bias depend 
transconductance is smal ler and variable. Note that if the gate is replac 
Schottky junction or a p-n junction, the device become a MESFET or a JFE 
spondingly, both to be discussed in the next chapter. 

6.4 DEVICE SCALING AND SHORT-CHANNEL EFFECTS 

Since 1959, the beginning of the integrated-circuit era, the minimum feature I 
has been reduced by more than two orders of magnitude. We expect the min 
dimension will continue to shrink in the foreseeable future, as illustrated in Fig. 
the MOSFET dimensions shrink, they need to be designed properly to prese 
long-channel behavior as much as possible. As the channel length decreas 
depletion widths of the source and drain become comparable to the channel I 
and punch-through between the drain and source will eventually occur. This re 
higher channel doping. A higher channel doping will increase the threshold vol 
and in order to control a reasonable threshold voltage, a thinner oxide is nee 
One sees that the device parameters are interrelated, and certain scaling rules are 
to optimize the device performance. 

Even with the best scaling rules, as the channel length is reduced, departure 
long-channel behavior are inevitable. These departures, the short-channel e 
arise as results of a two-dimensional potential distribution and high electric fiel 
the channel region. The potential distribution in the channel now depends on bot 
transverse field ~x ( controlled by the gate voltage and the back-substrate bias) an 
longitudinal field ~Y ( controlled by the drain bias). In other words, the potential 
tribution becomes two-dimensional, and the gradual-channel .approximation (th 
~ x » ~y) is no longer valid. This two-dimensional potential results in many fo 
undesirable electrical behavior. 

As the electric field is increased, the channel mobility becomes field-depen 
and eventually velocity saturation occurs. (The mobility behavior was discuss 
Section 6.2.5.) When the field is increased further, carrier multiplication near 
drain occurs, leading to substrate current and parasitic bipolar-transistor action. 
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Table 2 MOSFET Scaling 

Parameter Scaling factor: Scaling factor: Limitation 
Constant-%' Actual 

L 1/ K I I 
%' I > 1 I 
d 1/K > l l K Tunneling, defects 
rj IIK > I!K Resistance 
VT 1/K » IIK Off current 
VD 1/K » 1/K System, VT 
NA K < K Junction breakdown 

In ideal constant-field scaling parameters are scaled by the same factor. 
In reality the scaling factors are limited by other reasons and skewed. 

1i .dso cause hot-carrier injection into the oxide leading to oxide charging and 
• q11 ·nt threshold-voltage shift and transconductance degradation. 
1 lu•Nc aforementioned phenomena will cause short-channel effects which can be 
111111 ized as follows: (1) Vr is not constant with L, (2) IO does not saturate with VD 
l111lh above and below threshold; (3) ID is not proportional to 1/L; and (4) device 

1,h I •ristics degrade with operation time. Because short-channel effects compli­
il1• ice operation and degrade device performance, these effects should be elimi­
,1, H' minimized so that a physical short-channel device can preserve the electrical 

1 hunnel behavior. In this section, we discuss MOSFET scaling and the short­
lllll' I effects that accompany device miniaturization. [Itern-(3) is related to high­

Iii 111obility or velocity saturation, and has already been treated in Section 6.2.2.] 

I l)cvice Scaling 

1110 ' t-ideal scaling rule to avoid short-channel effects is simply to scale down all 
1111 11sions and voltages of a long-channel MOSFET so that the internal electric 
Iii ure kept the same. 41 This constant-field scaling is shown in Table 2 and 

I l 5.This approach offers a conceptually simple picture for device miniaturization. 
II tl1mensions, including channel length and width, oxide thickness, and junction 

Gate 

1- - - L( I IK) ----o-1 

r-------.., 

\ 

Fig. 25 Physical parameters 
for MOSFET scaling. Scaling 
factors for constant-field are 
indicated. 

Sandisk Technologies, Inc. - Ex. 1042, Page 000047



330 CHAPTER 6. MOSFETs 

depth, are shrunk by the same scaling factor K. The doping level is increased 
and all voltages are reduced by K , leading to a reduction of the junction dep 
width by about K . Note that the subthreshold swing S remains essentially th 
since Sis proportional to 1 + CJ C0x and both capacitances are scaled up by th 
factor K. 

Unfortunately such an ideal scaling rule is hindered by other factors that a 
damentally not scalable. First, the junction built-in voltage and the surface po 
for the onset of weak inversion do not scale (only::::: 10% change for 10 times in 
in dopings). The range of gate voltage between depletion and strong inver I 
approximately 0.5 V. These limitations stem from the fact that both the energ 
and thermal energy kT remain constant. The gate oxide thickness has the techn 
ical difficulty of defects as it approaches the low-nm scale. Tunneling throug 
oxide is another fundamental limitation. The quantum-mechanical effect discu 
Section 4.3.6 degrades the gate capacitance due to the fact that carriers are Joe 
a finite distance (:::::1 nm) from the interface. The source and drain series resi 
increases when r1 is decreased. This is especially detrimental when the current 
device increases at the same time. The channel doping cannot be increased in 
nitely due to p-n junction breakdown. The threshold voltage cannot be scaled d 
the off-current consideration, even with a fixed subthreshold swing. The su 
voltage has been historically slow in scaling because of the system consideration, 
also the push for higher speed. These limitations in sca ling are summariz 
Table 2, resulting in the actual nonideal scaling factors which are shown relati 
the constant-field scaling. With these limitations, the field is no longer kept the 
and it increases with smaller gate lengths. 

With the above practical limitations, other scaling rules have been prop 
These include constant-voltage scaling,42 quasi-constant-voltage scaling,43 and 
eralized scaling.44 One other scaling rule with a unique feature of having fle 

scaling factors has been proposed.45 This allows the various device parameters t 
adjusted independently as long as the overall behavior is preserved. Therefor , 
device parameters do not have to be scaled by the same factor K. The expression 
minimum channel length for which long-channel behavior can be observed is fo 
to follow a simple empirical relation:45 

L ~ C1 [r1d( Ws + WD)2] I / 3 

where C1 is a constant, and Ws + WD is the sum of the source and drain deplet 
widths in a one-dimensional abrupt junction formulation: 

2 &s 
- N ( VD + lf/b;- Vss) · 
q A 

For V0 = 0, W0 equals Ws. A variation of this rule is also presented in Ref. 46. 
We have discussed the nonideal factors that hinder constant-field scali 

resulting in some form of a penalty. On the positive notes, there are a couple of d 
ruptive technologies on the horizon that will help scaling. First, MOSFETs built o 
three-dimensional structure with an ultra-thin body will effectively eliminate m 
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11mluction path for punch-through, and the requirement on channel doping can be 
1 d (see Section 6.5.5). Second, research activities looking for gate dielectrics 
ltl h dielectric constants have been intense. Such a high-K gate dielectric can 
Ill • physical thickness, improving the defect density and reducing the field for 

, 11111g. Both of these technologies can help to circumvent or delay the short-
1111•1 effects for a particular generation of channel length. 

( 'harge Sharing from Source/Drain 

h is of the channel charge so far is I-dimensional, that is, both the inversion 
t , 1111d depletion charge is completely balanced by the charge on the gate, so they 
11, treated as charge density. Detailed 2-dimensional examination at the ends of 

1 li1111nel reveals that some of the depletion charge is balanced by the n+-source and 
ht, us hown in Fig. 26a. Departure from long-channel behavior can be shown to 

1111111 by applying the charge conservation principle to the region bounded by the 
lh' channel, and the source/drain,47 

(94) 

11,• 'J~ is the total charge on the gate, Q~ is the total inversion-layer charge, and 
I the total ionized impurity in the depletion region. This of course assumes that 

,1 1dc and interface charges are zero. The threshold voltage, which can be viewed 
111llnge required to deplete the total bulk charge Q~ in the maximum depletion 

hllll. i given by 

Q' 
Vr = VFs +21f/s+-B- , 

Cor4 
(95) 

h11 • A is the gate area ZxL. For long-channel devices, Q~ = qANAWDm, where W0 m 
tlw maximum depletion-layer width, 

Gate Vo 

- L 
1111rce Drain -- L - Drain 

n+ n+ r; 
+++ + ++++++ Wo,,, r; 

111 I l llll _J I L' Wo - L'- Wom -
Ys 

p-Si Yo 

(a) (b) 

111,L, 26 Charge-conservation model for (a) VD > 0, and (b) VD= 0 where WD ::::: W5 ::::: WD,n­
'\Iler Ref. 47.) 
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and 1-D analysis is sufficient. 
For short-channel devices, the full effect of Q~ on the threshold 

reduced, because near the source and drain ends of the channel, some field II 
inating from the bulk charges under the channel region terminate at the 
drain instead of the gate (Fig. 26a). Note that the horizontal depletion-lay r 
and YD are smaller than the vertical depletion-layer widths W8 and WD, re 
because the transverse field strongly influences the potential distribution t 
face . 

First-order estimation of the threshold voltage can be made by consid 
charge partition. The total bulk depletion charge can be estimated by the tra 

Q~ = ZqNA WD,n(L~L j · 

For small drain bias, we can assume that W0 :::::; W8 :::::; WDm, and by straight 
trigonometric analysis (Fig. 26b ), 

L' = L-2(Jrj +2WDm rj - r) . 

The threshold-voltage shift from long-channel behavior is then given by 

fl.V = _l_ ( Q~_ N W ) = - qNAWDm( 1 - L+L' ) 
T C ZL q A Om C 2L ox ox 

= - qNA Womr;(J1 + 2 Wvm - 1J . 
C0 xL rj 

The negative sign means Vr is lowered and the transistor is easier to turn on. 
into account the effect of the drain voltage and the substrate bias, Eq. 99 can 
ified to read 48 

~ Vr = _ q~,c::t i [(J1 + 
2
~s _ 1J + (J1 + 

2
~v _ 1J l 

where Ys and y0 are given as 

2&s 
Yo:::::; - N ( lf/b; + Vo- lf/s - Vss) · 

q A 

Note that the threshold voltage becomes a function of both L and VD. Figure 27 
this dependence on both channel length and drain bias. 
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I kpendence of threshold voltage on channel length and drain bias. (After Ref. 49.) 

'hnnnel-Length Modulation 

11111 also shows that YD is a high-field region where carriers are swept out effi-
118 is a transitional region where the electron concentration is higher than that 

1111iin channel. So for consideration of the channel drift region, the effective 
1 I kngth is more meaningful, given by 

(102) 

1111 lor contributes to a drain-bias dependence of the effective channel length and 
I 11 y 11ccounts for the nonsaturating current with drain bias. Nevertheless, the 

, nl' channel length affects the current only linearly, whereas the barrier low­
, 1111scd by the drain bias, considered next, is much more pronounced since the 

111 lius an exponential dependence on the barrier. 

Ol'nin-Induced Barrier Lowering (DIBL) 

h11\' l' pointed out that when the source and drain depletion regions are a substan-
1 1H1lion of the channel length, short-channel effects start to occur. In extreme 

, hen the sum of these depletion widths approaches the channel length 
1 1•11 - L), more-serious effects will happen. This condition is commonly called 
l Ii Iii rough. The net result is a large leakage current between the source and drain, 
111111 this current is a strong function of the drain bias. 
I 111• origin of punch-through is the lowering of the barrier near the source, com-

11lv 1 ·ferred to as DIBL (drain-induced barrier lowering). When the drain is close 
1111 ource, the drain bias can influence the barrier at the source end, such that the 

11111•1 carrier concentration at that location is no longer fixed. This is demonstrated 
tit, •ncrgy bands along the semiconductor surface, shown in Fig. 28. For a long­
lllll' I device, a drain bias can change the effective channel length, but the barrier at 
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(a) {b) 

Fig. 28 Energy-band diagram at the semiconductor surface from source to drain, for ( 
channel and (b) short-channel MOSFETs, showing the DIBL effect in the latter. Dash 
V0 = 0. Solid lines V0 > 0. 

the source end remains constant. For a short-channel device, this same barri 
longer fixed . The lowering of the source barrier causes an injection of extra c 
thereby increasing the current substantially. This increase of current shows up i 
above-threshold and subthreshold regimes. 

Figure 28 shows that punch-through condition occurs at the semiconduct 
face. In practical devices, it is common that the substrate concentration is r 
below the depth of the source/drain junction r1. A reduced substrate doping 
the depletion widths so punch-through can also happen via a path in the bulk. 

An example of severe punch-through characteristics above threshold is sh 
Fig. 29a. For this device, at V0 = 0 the sum of Ys and y0 is 0.26 µm which is 
than the channel length of 0.23 µm. Therefore, the depletion region of the drain 

7 I0-3 
• • Theory VG= 3 V 2V 6 - Exp JQ-4 

5 10-s 

~4 ,...._ I0-6 
E -< .._, 

---;:; 10-1 ~3 ....... 

2 10-s 

10-9 

00 2 3 4 -0.4 - 0.2 0 
V0 (V ) Vd V) 

(a) (b) 

Fig. 29 Drain characteristics of MOSFETs showing DIBL effect. (a) Above threshold. 
0.23 µm . d = 25.8 nm. NA= 7x 10 16 cm-3. (b) Below threshold. d = 13 run. NA= 1014 

(After Ref. 50.) 
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11•11ched the depletion region of the source junction. Over the drain bias range 
tltl· device is operated in punch-through condition. Under such a condition, 

h ·t11-riers in the source region ( electrons in this case) can be injected into the 
d l'lrnnnel region, where they will be swept by the field and collected at the 
I Ill' punch-through drain voltage can be estimated by the depletion approxima-

1 h, 

qNA(L- ys)2 
VP1 :::::-----"---l//bi• (103) 

2£s 

1111 rent will be dominated by the space-charge-limited current: 

9csµ nA Yb 
ID::::: 8L3 (104) 

/ i the cross-sectional area of the punch-through path. The space-charge­
d l'lllTent increases with Vh and is parallel to the inversion-layer current. The 
l,tl l'tl points in the figure are from a 2-dimensional computer calculation incor-
111• lhe punch-through effect and field-dependent mobility effect. 
111 1)1 BL effect on subthreshold current is shown in Fig. 29b, for various channel 

Iii The device with a 7-µm channel length shows long-channel behavior, that is, 
11hlhreshold drain current is independent of drain voltage when V0 > 3kT/q 
/). For L = 3 µm, there is a substantial dependence of current on V0 , with a cor-

111d ing shift of VT (which is at the point of current departure of the 1-V character­
ltorn the straight line). The subthreshold swing also increases. For an even 

h 1 ·hannel, L = 1.5 µm, long-channel behavior is totally lost. The subthreshold 
111 h •comes much worst and the device cannot be turned off any more. 

Multiplication and Oxide Reliability 

p111nted out earlier that due to nonideal scaling, the internal electric fields in 
I I• lffs would increase with shorter channel lengths. In this section we discuss the 
111111 lous currents associated with high fields, as well as their impacts. Figure 30 
1h I all parasitic currents in addition to the main channel current. Note that the 
h, I field occurs near the drain, and this is the location where most of the anoma-
1 1 11rrents originate. 
I , Ht, as the channel carriers (electrons) go through the high-field region, they 

11111 • extra energy from the field without losing it to the lattice. These energetic ear­
l 11rc called hot carriers whose kinetic energy is measured above the conduction 
111 1 He. This extra energy, iflarger than the Si/Si02 barrier (3 .1 eV), enables them to 
,1p • to the oxide layer and to the gate terminal, and gives rise to a gate current. 
\ 11other major phenomenon happening in the high-field region is impact ioniza-

111 which generates extra electron-hole pairs. These extra electrons go directly to the 
11 11 und add to the channel current. The path of the generated holes, however, is 

11111 di verse. A small fraction of them are driven to the gate, analogous to the hot 
I , Irons mentioned before. The majority of the generated holes flow to the substrate. 
111 hort-channel devices, some holes will go to the source. The division of these 
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Fig. 30 Current components of a MOSF,ET under high fields. 

paths depends on how good the substrate tie is. A perfect substrate tie (R sub = 0) 
sink all the hot holes and none of them will go to the source. As explained later, 
going to the gate or source will produce undesirable effects. 

An example of the MOSFET terminal currents, including the gate current 
substrate current, are shown in Fig. 31. Note that the gate current is due to hot 
trons and hot holes over the barrier and is different from carriers tunneling th 
the barrier. This hot-carrier gate current peaks approximately at VG~ VD. It is g 

10- 1 -----
10-2 

I Q-3 

J0-4 .,,,,.------

10-s 

< I ~ 
._, 
c J0-7 
<l) 

t: 
::I 

10-s u -- V0 =6.5V 

I0-9 
- - - V0 =6.0V 

10- 10 

10- 11 

10- 12 

10- 13 
0 2 3 4 5 6 7 8 9 10 II 

VG (V) 

Fig. 31 Drain current, substrate current, and gate current vs. gate voltage of a MOSFET. 
= 0.8/30 µm. (After Ref. 51.) 
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, mall, and it by itself does not post a problem since it is negligible compared 
1 h11 nnel current. The impacts are the damages it creates. It is well known that 

11111 1:arriers create oxide charges and interface traps.52 As a result, device char-
11th change with operation time. In particular, the threshold voltage shifts, gen­
"' 11 higher value, and the transconductance gm degrades because of interface 
11d reduced channel mobility. The subthreshold swing becomes larger because 

,, 11 'icd interface-trap density. To reduce oxide charging, the density of water­
,111 11 ps in the oxide should be minimized,53 because such traps are known to 
11 hol carriers on their passage. In order to ensure MOSFETs' performance over 
111111b lc time, it is important to quantify the device lifetime over which the device 

11, ll'l'S do not drift outside a given range, for a given bias condition. This is part 
p ·cifi cation of a MOSFET technology. 

11t1 11 c 3 1 also shows the general characteristics of the substrate current. The sub­
' 111 rent has a unique bell shape as a function of gate bias.54 It increases first with 

I 11,·hcs a maximum then decreases. This maximum occurs usually around 
I 1,/2. The maximum in I BS can be explained as follows. Assuming that the 

, I hmization occurs uniformly in the high-field region, the substrate current can 

(105) 

" rt i the ionization coefficient, the number of electron-hole pairs generated per 
I ,Ii lunce, and is a strong function of the electric field; and y 0 is the high-field or 

Ii off region. For a given V0 , as Ve increases, both IO and VDsat increase 
~, Ve- Vr). When VDsat increases, the lateral field [ ~ ( VD - V0531)/y0 ] decreases, 
ltt u reduction of a. Thus we have two conflicting factors. The initial increase of 

I 111 used by the increase of drain current with Ve, and at larger Ve , the decrease 
/1, I due to the decrease of a. Maximum I BS occurs where the two factors balance 
h 11t hcr. Empirically, the substrate current can be expressed as 

( 
- C3 ) 

fs s = C2Io( Vo-Vo sa1)exp V - V ' 
D Dsa t 

( 106) 

It 11• ('2 and C3 are constants. 
I ma short-channel device, that is, a small source-drain separation, avalanched 

I huve increasing tendency to flow to the source.55 This hole current constitutes a 
• , 11 rrent of a parasitic n-p-n bipolar-transistor action, where source-substrate-
111 1s equivalent to the emitter-base-collector configuration. For every hole that 

lo lhe source, there are many electrons injected to the substrate. These electrons 
Ill hl• collected by the drain and show up as additional drain current. This bipolar 
1111•111 gain 1,/fp is roughly determined by the ratio of N dNA- Another way to look at 

lttt I that the substrate current develops a substrate voltage I Bsx R sub which puts the 
11 11 1• •- ubstrate p -n junction under forward bias, thereby injecting electrons into the 

ult I I at~ An additional effect is that the higher substrate potential lowers the 
th11 hold voltage for the surface channel and increases the surface-channel current. 
1111th ·f ects will increase the total drain current. These effects will become worst 

ll lt 11 11 increase of R sub and shorter L. In the extreme case of a MOSFET without a 
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substrate contact (Rsub = oo) such as an SOI or TFT structure (Section 6.5 
output curves show sudden rise of In with Vn. This is referred to as kink effe 
output characteristics. 

In more-severe cases, the substrate current can induce source-drain bre 
from this parasitic n-p-n bipolar action. Analogous to the analysis of a bipolar 
down (Section 5.2.3), since the source-drain distance is much shorter than th 
to substrate contact, the base can be treated as open, and the MOSFET sour 
breakdown is given by the parasitic open-base bipolar breakdown (Eq, 
Chapter 5) 

VBD~ = VsnxC l - a npn)l l n • 

Here Vanx is the drain-substrate p-n junction breakdown voltage, and n descri 
shape of this diode breakdown characteristics. a npn is the common-base curre 
given by the product of the base transport factor ar and emitter effici 
Assuming r~ 1, we have 

a npn = a Ty ,;:::, a T 

L 2 
~1--

2L2 
n 

where L ( channel length) is the effective base width, and Ln is the electron di 
length in the substrate. From the above equations the breakdown voltage b 
source and drain is obtained for a short-channel MOSFET as 

VBDx( LJ 21
n 

VBDS ,;:::, 21 /n L) • 

Equation 109 has been used to fit the data quite well, provided that the fact 
chosen to be 5.4.55 The difference in breakdown voltage for different junction 
ture can be explained by the dependence of Vsnx on r1, as discussed in Chapt 
reduce the parasitic transistor effect, the resistance of the substrate R sub sho 
minimized so that the product of f ssxRsub remains smaller than ,;;,:, 0.6 V. Th 
breakdown voltage of a short-channel MOSFET will no longer be limited by th 
asitic bipolar effect, and higher voltages and more-reliable operation can be ex 

The drain-gate overlap region forms a gated-diode structure. For a thin 
together with an abrupt junction, avalanche can occur during certain bias con 
and it results in a drain leakage current going to the substrate. Such gated-diod 
lanche current is called gate-induced drain leakage (GIDL) and the mechanis 
been discussed in more details in Section 2.4.3. For an n-channel device, with a 
drain bias, the normal channel current decreases with decreasing gate bias in 
subthreshold regime. At some gate bias, the drain current becomes the GIDL c 
and it rises again with more negative gate bias. Very often, in short-channel de 
this GIDL current already exists at V0 = 0, imposing a leakage current compon 
their off-state. 56 
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1111, , ' i MOSFET has been the workhorse of the electronics industry. As such, 
I I Irr channel length and other dimensions have been pushed to shrink for the 

I 111' performance and density (see Fig. 1). While there is much discussion on 
1ll 11 H.• 11s ions are the scaling limits,57 it is certainly true that device scaling is 

l11neasingly difficult and has diminishing return. There are many possible 
I l11r hi tting the end of scaling. These include: sensitivity of statistical doping 
tl1111s and surface charges, various forms of short-channel effects, quantum 

1 1t ll•11 t in inversion layer which places a limit on gate capacitance, source/drain 
11 1 tance, etc. Most-recent data suggest that channel length below 20 nm is 
h l'vcn with planar technology. 58- 59 However, for practical applications, the 

ll111it is most likely around 10 run, even for 3-dimensional structures. 
11 device structures have been proposed to control short-channel effects and 

I\, MOSFET performance. We shall now consider the MOSFET structure 
11 down here into separate parts : channel doping, gate stack, and source/drain 

11 I hi s is followed by some representative device structures for ultimate perfor-
111111 pecial purposes. 

C hnnnel Doping Profile 

t I ·hows the schematic of a typical high-performance MOSFET structure 
1111 planar technology. The channel doping profile has a peak level slightly 
thl· emiconductor surface. Such a retrograde profile is achieved with ion 

11111 tion, often of multiple doses and energies. The low concentration at the 
, 1111s the advantages of higher mobility due to reduced normal field and low 

h11lil voltage. The high peak concentration below the surface is to control punch­
I II 11 11d other short-channel effects. Lower concentration is typically below the 
11111 depth. It reduces the junction capacitance as well as the substrate-bias effect 
1 hold voltage. 

( lnte 
illclcctric Silicide 

I ligh-perf2 ce MOSFET planar structure with a retrograde channel doping pro-
1 11 step source/drain junction, and self-aligned silicide source/drain contact. 
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6.5.2 Gate Stack 

The gate stack consists of the gate dielectric and the gate contact material. T 
dielectric has been exclusively SiO2 right from the birth of MOSFET. In fact, th 
Si-SiO2 interface is the main factor responsible for the success of MOSFET. 
oxide thickness is scaled into the range below :::::: 2 nm, fundamental problem 
neling and technological difficulty of defects start to demand alternatives. A s 
and popular solution that is actively sought after is a material with high dielectrl 
stant, called high-K dielectric. Such a high-K dielectric can have a thicker p 
thickness for the same capacitance, thus reducing its electric field and technol 
problem related to defects . With the value of dielectric constant consider 
common terminology used is the equivalent oxide thickness [ 
thickness x K(SiO2)/K] . Material options being examined are Al2O3, HfO2, 

Y 
2
0

3
, L½O

3
, Ta

2
O

5
, and Ti 0

2
. The dielectric constants for these materials rang 

9 to 30, except for TiO
2 

which is larger than 80. As seen [K(SiO
2

) = 3.9], the E 
easily be extended to below 1 run if some of the options eventually are proven 
successful. Nevertheless, readers are reminded of the quantum-mechanical efli 
cussed in Section 4.3.6 which puts a limit on the gate capacitance. 

The gate material has been polysilicon for a long time. The advantag 
poly-Si gate is its compatibility with the silicon processing, and its ability to 
stand high-temperature anneal that is required after self-aligned source/drain im 
tation. Another important factor is that the work function can be varied by do 
into n-type and p-type. Such flexibility is crucial for a symmetric CMOS techn 
One limitation of the poly-Si gate is its relatively high resistance. This does not 
in penalty of de characteristics since the gate terminates on the gate insulato 
penalty shows up in high-frequency parameters such as noise and/max (Section 
Another shortcoming of poly-Si gate is the finite depletion width at the oxide 
face . This reduces the effective gate capacitance and becomes more sever 
thinner oxides. To circumvent the problems of resistance and depletion, gate 
rials of silicides and metals are obvious choices. Potential candidates are TiN, 
W, Mo, and NiSi. 

6.5.3 Source/Drain Design 

Details of the source/drain structures are shown in Fig. 32. Typically the juncti 
two sections. The extension near the channel has shallower junction depth to 
mize short-channel effects. Sometimes it is doped less heavily to reduce the I 
field for consideration of hot-carrier aging. For this purpose it is called a lightly d 
drain (LDD). The deeper junction depth away from the channel helps to minimi 
series resistance. 

It has been pointed out that the sharpness or gradient of the source/drain pro 
critical to minimize the series resistance. 60 We refer to Fig. 33 to understan 
origin. In practice the profile is never perfectly abrupt, and there exists a regi 
accumulation layer (of n-type) before current spreads into the bulk o 
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Metal contact 

Channel 

p-Si Metallurgical junction 

,~-Channel 

Detailed analysis of different components of parasitic source/drain series resistance. 
,11 n 11nulation-layer resistance due to doping gradient. R sp = spreading resistance. R sh = 

11 1stance. Rco = contact resistance. (After Ref. 60.) 

, 'dra in. This accumulation-layer resistance Rae is related to the transition dis­
h~ lo re the doping reaches a critical level. 
11111jor milestone for source/drain design is the development of the silicide 

, 11 •chnology which started in the early 1990s. Unlike the metal contact, the sili-
111 11 be made self-aligned to the gate, as shown in Fig. 32, thus minimizing the 
I 11•s i tance component (Rsh) between the contact and the channel. In this way the 
l1li has become the metal contact because contact resistance between metal and 
hli is very small. This self-aligned silicide process has been coined salicide. The 
hh• process is described is follows. After the gate definition, an insulator spacer 

11111 ·cl on the sides of the gate. A metal layer for silicidation is deposited uni­
,1~. which at this stage is shorting the gate and the source/drain. After a thermal 
111111 ut low temperature(::::: 450°C), the metal reacts with silicon to form silicide 

th, ource/drain region. Silicide formation on the gate is optional depending on 
1111•!' the gate is capped with an insulation layer as part of the gate stack. Metal 
llil• spacer region and the field region (between transistors, not shown) remains 
I Ince there is no exposed silicon for reaction. The metal is then removed with a 
I • chemical that etches metal only without etching silicide, thereby removing 
11111 ting paths. Note that the silicide/silicon interface in Fig. 32 is slightly 
1•11. This is due to the consumption of silicon during silicide formation. Exam­

h II salicides are CoSi2, NiSi2, TiSi2, and PtSi. 

1111k -Barrier Source/Drain. Instead of p-n junction, use of Schottky-barrier 
1t11 Is for the source and drain of a MOSFET can result in some advantages in fab-
111111 and performance. Figure 34a shows a schematic MOSFET structure with 
h l'11ottky source and drain.6 1 For a Schottky contact, the junction depth can 
111 •ly be made zero to minimize the short-channel effects. n-p-n bipolar-tran-

1111 ll ·Lio is also absent for undesirable effects such as bipolar breakdown and 
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Silicide Silicide 

p-Si 

I 

Fig. 34 MOSFET with Schottky-barrier source and drain. (a) Cross-sectional vie 
device. (b )-{ d) Band diagrams along semiconductor surface under various biases. 

latch-up phenomenon62 in CMOS circuits. Eliminating high-temperature i 
anneal can promote better quality in the oxides and better control of geom 
addition, this structure can be made on semiconductors such as CdS where p­
tions cannot be easily formed. 

Figures 34b-d show the working principle of a Schottky source/drain. At t 
equilibrium with Ve = V0 = 0, the barrier height of the metal to the p-subst 
holes is q¢8P (e.g., 0.84 eV for an ErSi-Si contact).63 When the gate voltage is 
threshold to invert the surface from p-type to n-type, the barrier height betw 
source and the inversion layer (electrons) is q¢8n = 0.28 eV. Note that the 
contact is reverse biased under operating conditions (Fig. 34d). For a 0.28-eV 
the thermionic-type reverse-saturation current density is of the order of 103 A/ 
room temperature. To increase current density, metals should be chosen to gi 
highest majority-carrier barrier such that the minority-carrier barrier height is 
mized. Additional current due to tunneling through the barrier should help to im 
the supply of channel carriers. At the present, making the structure on a p-type S 
strate for n-channel MOSFET is more difficult compared to p-channel devic 
n-substrate, because metals and silicides that give large barrier heights on 
silicon are less common. 
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Fig. 35 1-V characteristics of 
n-channel MOSFET with Schottky 
source/drain. (After Ref. 63.) 

II ,ul vuntages of the Schottky source/drain are high series resistance due to 
h111111:r height, and higher drain leakage current. Typical 1-V curves show 
111 starved at low-drain bias (Fig. 35). Also note that as shown in Fig. 34, 
I 111 i I ic ide contact has to extend underneath the gate for continuity. This 

I 11 1111.: h more demanding than a junction source/drain which is done by self­
l111pl 11 11tation and diffusion. 

011,·ce/Drain. An advanced design is the raised source/drain where a 
1l11p ·d epitaxial layer is grown over the source/drain regions (Fig. 36a). The 
I 111 minimize junction depth to control short-channel effects. Note that an 

1111 11 11dcrneath the spacer is still needed for continuity. An alternative is the 
11 ,·hunnel MOSFET where the junction depth r j is zero or negative 
h 1,111 The drawback of the recessed-channel structure, especially for submi-
1, 1•s, is the difficulty in controlling the contour and the oxide thickness at the 
\ Ii •re the threshold voltage is determined. Also, oxide charging may be 

h ti h ·cause more hot-carrier injection will occur. 

C )I nnd Thin-Film Transistor (TFT) 

I l11 llkc thin-film transistor, the top silicon layer of an SOI (silicon-on-insulator) 
t I Ii i ,h-quality single-crystalline material that is suitable for high-performance 

Drain Source Drain 

p -Si 

p -Si 

(a) (b) 

U, M€ans to reduce source/drain junction depth and series resistance. (a) Raised 
1111 /dmi n. (b}Recessed channel. 
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and high-density integrated circuits.65 Many forms of SOI structures have 
onstrated with different insulator materials and holding substrates. The 
silicon-on-oxide, silicon-on-sapphire (SOS), silicon-on-zirconia (SOZ), and 
on-nothing(air gap). In SOS and SOZ technologies, a single-crystalline silic 
epitaxially grown on a crystalline insulating substrate. In these cases, the i 
are the substrates themselves, Al20 3 in SOS and Zr02 in SOZ. The diffic 
these techniques are the material quality when the film gets thinner. The first 
using oxide as an insulator and another Si wafer as the holding substrate, is b 
most popular. There are many ways to fabricate this structure. Among them 
(separation by implantation of oxygen) where high-dose oxygen is implant 
silicon wafer followed by high-temperature anneal to form the buried Si 
Another technique involves bonding of two silicon wafers one of which ha 
dized layer followed by thinning or removal of the majority of the top wafi r 
thin silicon layer is left. One technique uses lateral epitaxial growth of si licon 
oxide layer, starting from a seed opening to the substrate. Another uses laser 
tallization, transforming amorphous silicon deposited onto the oxide lay 
single-crystalline material, or into poly-crystalline form with large grain size. 

Figure 37a shows a schematic diagram of an n-channel MOSFET made on 
substrate, with its typical 1-V characteristics shown in Fig. 37b. The kinks as 
with floating body without a substrate tie are noticeable. 

The advantages of the SOI substrate include improved MOSFET scaling d 
thin body. A thin body can alleviate most problem with punch-through such 
channel can be doped lightly. The subthreshold swing is known to be im rov 
buried oxide layer serves as good isolation to reduce c.ap . .u.:-i·~u.u;...JJ.J....U.u...i:WU 

giving rise to higher s eed. As shown in Fig. 37a, device isolation is much 
simply by removing the surrounding thin film. This can significantly impr 
circuit density. This type of isolation, as opposed to junction isolation in plan 
nology, also eliminates latch-up phenomenon in CMOS circuits. The disadv 
of SOI is higher wafer cost, potentially inferior material properties, the kink 
and worse heat conduction because of the oxide layer. 

6 

Source Drain 
n - I n 

Oxide 

Si substrate 

(a) 

1.0 1.5 
Drain voltage VD (V) 

(b) 

Fig. 37 (a) Typical structure of MOSFET on SOI wafer, and (b) its drain characteri 
(After Ref. 66.) 

'---------
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Um Transistor (TFT). The thin-film transistor usually refers to MOSFET as 
I 111 0 1 her kinds of transistors. The structure is similar to MOSFET built on 

llh lh • exception that the active film is a deposited thin film and that the sub­
II hl· of any form. 67 Because the semiconductor layer is formed by deposition, 

1111h11u material has more defects and imperfections than in single-crystalline 
111lm·tors, resulting in more complicated transport processes in the TFT. To 

1h• ice performance, reproducibility, and reliability, the bulk and interface­
ti II ll'S must be reduced to reasonable levels. In a TFT, the current is always 
11ll11•d due to lower mobility, and leakage current is always higher due to 

I Ill· main applications lie in the areas where a large-area or flexible substrate 
111 d and conventional semiconductor processing is not feasible. A good 

Ii I urge-area display where an array of transistors is required to control the 
11 111 hting elements. In such applications, device performance such as current 
11 I 11ot critical. 

hn· '-Dimensional Structures✓ 
j, 1 ·a ling, the optimum design is with built on a body of ultra-thin 

• 111 h that the body is fully depleted under the whole bias range. A design tQ 

I his more eT 1c1ent y 1s o ave a surroun gate structure_Jpat enclosesJbe 
l,1~ •1 from at least two sides. Two examples of these 3-dimensional structures 
111\ 11 in Fig. 38. They caii"6e classified according to their current-flow pattern; 
11 l11111tal transistor68- 69 and vertical transistor.70 While both of these are very 
11 111g from a fabrication point of view, the horizontal scheme is more compat­
ttli S I technology and more data are reported in the literature. A new set of 

ullh•s arise from the fact that the majority or all of the channel surface is on a 
111 , ull , for both of these structures. This fact presents great challenges in 

1111 a smooth channel surface from etching and growth or deposition of gate 
11 l 'S on these surfaces. Formation of the source/drain junction is no longer 

n+ Drain 

Gate 

Substrate 
Substrate 

(a) (b) 

Schematic 3-dimensional MOSFETs. (a) Horizontal structure. (b) Vertical structure. 
, 111nmonality of surround gate and thin body. 
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trivial by means of ion implantation. Salicide formation will also be much m 
ficult. Whether one of these turns out to be the device choice in the future r 
be seen. 

6.5.6 Power MOSFETs 

In general, power MOSFETs employ thicker oxides, deeper junctions, an 
longer channel lengths. These generally post a penalty on device performance 
transconductance (gm) and speed ifr), Nevertheless, power application 
MOSFETs have been on the rise, for example, due to the increasing demand 
lular phones and cellular base stations which require extra-high voltage. 
present two power structures that are designed for RF power applications. 

DMOS. As the name implies, in the DMOS ( double-diffused MOS) transistor 
in Fig. 39a the channel length is determined by the higher diffusion rat 
p-dopant (e.g., boron) compared to the n+-dopant (e.g., phosphorus) of the 
This technique can yield very short channels without depending on a litho 
mask. The p-diffusion serves as channel doping and has good punch-through c 
The channel is followed by a lightly doped n--drift region. This drift region i 
compared to the channel, and it minimizes the peak electric field in this reg 
maintaining a uniform field .71 Usually the drain is located at the substrate c 
The field near the drain is the same as in the drift region, so avalanche brea 
multiplication, and oxide charging are lessened compared to conventional MO 

However, the threshold voltage Vr is more difficult to control in a DMO 
sistor because the channel doping is no longer constant along its length.72 Sine 
determined by the local doping concentration along the semiconductor su 
varying doping level leads to variations in Vr as a function of distance and bia , 
the localization of punch-through control by a thin p-shield region requires a 

Oxide 

Source 

' 

... 
n+ 

p 

(iat.: 

\ 

I I 
I I 

n- I I 

n+ 

Drain 

(a) 

Source ... 
n 

p 

Source 

(b) 

Fig. 39 (a) Vertical DMOS transistor and (b) LDMOS transistor. Current path is indicat 
dashed line. In LDMOS transistors, it is common to connect the source to the subst 
reduce inductance of the bonding wire. 
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·I compared to a conventional structure and it leads to poorer tum-off 
h11 lor DMOS transistors. 

t ', The major difference of the LDMOS (laterally diffused MOS) transistor 
%) l'r m a DMOS transistor is that it has a lateral current-flow pattern. The 

I 11111 11 here is an implanted horizontal region. Such a horizontal arrangement 
till' p +--substrate to deplete this drift region at high drain bias. Yet at low drain 

li t her doping gives lower series resistance. This drift region, thus, behaves as 
lt111•11r resistor. At low drain bias, its resistance is determined by l lnqµ. At high 
hl11 , this region is fully depleted so a large voltage drop can be supported. This 
pt I called RESURF (reduced surface field) technology.73 Because of this fea-

1111 drift region can be doped with a higher concentration compared to the 
1111n istor for a lower on-resistance. Another advantage of the LDMOS tran-

1 I hut the source can be tied internally to the substrate by a deep p-type diffu-
1 '11s avoids using a bond wire that has high inductance to the source. The 

11 lransistor can thus perform at higher speed. 

llt 'UIT APPLICATIONS 

11 c111ivalent Circuit and Microwave Performance 

Mc )SFET is ideally a transconductance amplifier with an infinite input resistance 
, 111 rent generator at the output. In practice, however, we have other nonideal 

111 1•1 •ments. An equivalent circuit is shown in Fig. 40 for the common-source 
I , 111111. The gate resistance Re is associated with the gate contact material over 
1 ldl'. The input resistance R;n is caused by tunneling current through the thin gate 
l11t111 , and it also includes any conductance through defects. This of course is a 
I 11111 of the oxide thickness. For a thermally grown silicon dioxide layer, this 
1!1l' ·urrent between the gate and the channel is negligibly small; thus, the input 
l1111l' • is very high, one of the main advantages of a MOSFET. For oxides below 

Gate Drain 

VG Re 
C~D 

Ro VD 

+ 
R;,. vc_ C~s 

gmvG Ros 

c~ar C~s 

'lource o--~-------------+-------~---o Source 

Small-signal equivalent circuit ofMOSFET for the common-source configuration. vG 

1111 111ull signal of VO Capacitance symbols with prime designate total capacitance in Farad 
11pp11,;cd to capacitance per unit area. 
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a thickness of::::: 5 run, the tunneling current starts to become an important f 
gate capacitance Ca (= Cas + CaD) is mostly due to C0x multiplied by 
channel area ZxL. In practical devices, the gate extends somewhat above t 
and drain regions, and these overlap capacitances add to the total Ca . Thi 
effect is also an important contribution to the feedback capacitance Cao . 
output resistance RDS is due to the fact that the drain current does not truly 
with the drain bias. This effect is especially pronounced for short-channel d 
part of the short-channel effects discussed earlier. The output capacitance '' 
sists mostly of the two p-n junction capacitances connected in series thr 
semiconductor bulk. 

In the saturation region, V0 and thus RD has little effect on the drain saturatl 
rent. The Rs affects the effective gate bias, and the extrinsic transconductanc I 
by 

gmx = 1 R + Sgm 

In analyzing the microwave performance, we follow the same procedu 
Section 5.3.1 for obtaining the cutoff frequency / 71 defined as the frequency fi 
current gain (ratio of drain current to gate current), 

where C~ar is the total input parasitic capacitance. (See footnote* for a mo 
plete fr expression with excessive Rs and R0 .) It is interesting to note that if 
only due to the gate-drain and gate-source overlap regions, it has the sam 
thickness dependence as gm> and f r would be independent of C0x or oxide thi 
In the ideal case that there is zero parasitics, it can be shown that 

f - gm 
T -

2rcZLC0x 

V 1 = = 
2 rel 2 rc,1 

where , 1 is the transit time across the channel length. Such an ideal case is in pr 
impossible to achieve, but this equation gives an estimate of the upper limit of 
using v = v5 . Again, in this limitJr is also independent of oxide thickness or gm. 

ever, g m is important in practical devices with parasitics. 

* In cases of very large source and drain resistances, the more-complete expression is 
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ligure-of-merit for microwave performance is the maximum frequency 
lll111i1111 finax, the frequency at which the unilateral gain becomes unity. It is 

81rRcC~D 
fmax = 

IT (113) 

1111 Ii- frequency performance, the most-important device parameters are gm, 
I 1111 other parasitic capacitances. 

k ircuit Blocks 

1·1 lion we present the basic digital-circuit building blocks in both logic and 
t , 1 11· ·uits. The most-basic unit for a logic circuit is the inverter. Different con­
th111 for MOSFET inverters are shown in Fig. 41. By far the most common is 
11 IS ( complementary MOS) inverter where both n-channel and p-channel tran-
111 used. This logic consumes very low de power because when the input is 

11 I h r low, one of the transistors in series is off so that there is very little 
1111c current (subthreshold current) passing through them. In fact, this is one 

11111i n advantages and applications of MOSFETs where the insulated gate can 
t1111d input voltage of any polarity. Such an arrangement is much more difficult 
litpnlar transistors or MESFETs without putting a large resistor in front of the 

111 un NMOS logic (Fig. 41b), the load of the p-channel transistor is replaced 
ii •pletion-mode n-channel transistor. The advantage is a simpler technology 

,111 ·hannel device is not required at the expense of higher de power. This deple-
11111d • device with the gate tied to the source is basically a two-terminal nonlinear 
1111 , which is an improvement compared to a simple resistor load shown in 
l,·. 
11 basic MOSFET memory cells, for SRAM (static random-access memory) 

I W M ( dynamic random-assess memory) circuits, are shown in Fig. 42. The 

Voo Voo Voo 

~ p-channel n-channel R 

depletion-mode 

VOi/i 
~Ill 

VOi/i 

~ n-channel V;n ~ n-channel V;n~ n-channel 

(a) (b) (c) 

Versions of inverters: (a) CMOS logic. (b) NMOS logic with depletion-mode- tran­
h 11 lood, and (c) NMOS logic with resistor load. 
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V o--------.....__ 
~ 

(a) (b) 

Fig. 42 Basic memory cells in (a) SRAM and (b) DRAM circuits. 

SRAM cell has two CMOS inverters connected back to back. It is a latch and a 
cell but it requires four transistors (six including controls for word line and bit 
The DRAM cell only requires one transistor and, thus, has very high memory d 
Its memory information is stored as a charge across the capacitor. Since there i 
leakage of charge in the nonideal capacitor, the cell needs to be refreshed periodi 
typically at a frequency of~ 100 Hz. 

6.7 NONVOLATILE MEMORY DEVICES 

Semiconductor memory devices are classified in Fig. 43. The first division is 
on their ability to maintain their states when the power is disconnected. As then 
imply, a volatile memory loses the content, but a nonvolatile memory does not 
voltage to maintain the data.74-76 

Semiconductor memory 

~ ~ 
Volatile Nonvolatile 

/~ ~ 
SRAM DRAM ROM RAM 

~~ -✓/✓✓-
Mask- PROM EPROM Flash EEPROM 

programmed EEPROM 
ROM 

Fig. 43 Classification of semiconductor memories. 
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• 1111 c getting into each type of nonvolatile semiconductor memory, we should 
1 1111 i ry _the difference between a RAM and a ROM. A RAM (random-access 

11 11 ) has an x-y address for each cell, which distinguishes it from other serial 
1111 il•s such as magnetic memory. Strictly speaking, a ROM (read-only memory) 
h11 rn ndom-access capability since the addressing architecture is similar. In fact 
11d processes of the RAM and ROM are almost identical. More appropriately, a 

1 I sometimes called a read-write memory. However, the nonvolatile ROM has 
111 1 tcd to develop some extent of rewriting capability. So the main difference 

h, tween a RAM and a ROM is the ease and frequency of erasing and program­
\ RAM has almost equal opportunity of rewrite and read. A ROM in general 

11 1111·h more frequent read than rewrite. It itself has a spectrum ofrewriting capa­
h 111 nging from a pure ROM without any writing capability to a full-feature 
IU )M. Because a ROM is smaller in size and more cost-effective than a RAM, it 
, d whenever frequent rewriting is not required. With this background, different 

111' nonvolatile memories are explained below: 
lnsk-programmed ROM: The memory content is fixed by the manufacturer 

I 11ol programmable once it is fabricated. Sometimes mask-programmed ROM is 
111 n.: ferred to as ROM. 
l'IU)M: Programmable ROM is sometimes called field-programmable ROM or 
lhh• link ROM. The connectivity of the array is custom programmed using the 
h11 hp1c of fusing or antifusing. After programming, the memory works as a ROM. 
I• l1ROM: In an electrically programmable ROM, programming is performed by 
1 I •rtron injection or tunneling to the floating gate, and it requires biases on both 
1li 11i n and the control gate. Global erase is by exposure to a UV light or x-ray. 

I , 11 c erase is not possible. 
Hush EEPROM: A flash EEPROM, as opposed to a full-feature EEPROM 

111\ , ·an be erased electrically but only by a large block of cells simultaneously. It 
byte selectivity but maintains a one-transistor cell. It is, thus, a compromise 

j\, l'l'n an EPROM and a full-feature EEPROM. 
11 11:PROM: In an electrically erasable/programmable ROM, not only can it be 
, d electrically, but also selectively by byte address. To erase selectively, a select 

11 I r is needed for each cell, leading to a two-transistor cell. This makes it less 
1111 l11 r than a flash EEPROM. 

onvolatile RAM: This memory can be viewed as a nonvolatile SRAM, or 
I l'ROM with short programming time as well as high endurance. If technology 

1111, the aforementioned features, this would be the ideal memory. 
When the gate electrode of a conventional MOSFET is modified so that semiper-

11111 Il l charge storage inside the gate stack is possible, the new structure becomes a 
1111 o latile memory device. Since the first nonvolatile memory device proposed by 
111111 and Sze in 1967,77 various device structures have been made, and nonvolatile 

11 111ory devices have been extensively used in commercial products. The two groups 
I 111111volatile memory devices are the floating-gate devices and the charge-trapping 
, k •s (Fig. 44). In both types of devices, charges are injected from the silicon sub-

11,111• across the first insulator and stored in the floating gate or at the nitride-oxide 
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Fig. 44 Variations of nonvolatile memory devices: Floating-gate devices as (a) FAMO 
sistor and (b) stacked-gate transistor. Charge-trapping devices as (c) MNOS transistor 
SONOS transistor. 

interface. The stored charge gives rise to a threshold-voltage shift, and the de 
at a high-threshold state (programmed). For a well-designed memory devic 
charge retention time can be over 100 years. To return to the low-threshold 
( erased), a gate voltage or other means (such as ultraviolet light) can be appl' 
erase the stored charge. 

6.7.1 Floating-Gate Devices 

In a floating-gate memory device, charge is injected to the floating gate to chan 
threshold voltage. The two modes of programming are hot-carrier injectio 
Fowler-Nordheim tunneling. Figure 45a shows the mechanisms of hot-carrier· 
tion. Near the drain, the lateral field is at its highest level. The channel carriers ( 
trons) acquire energy from the field and become hot carriers. When their ene 
higher than the barrier of the Si/SiO2 interface, they can be injected to the flo 
gate. At the same time, the high field also induces impact ionization. These gene 
secondary hot electrons can also be injected to the floating gate. The hot-carrier i 
tion currents give rise to the equivalence of gate current in a regular MOSFET, 
shown in Fig. 31. This gate current peaks at VFG ~ VD where VFG is the potenti 
the floating gate. 

Figure 45b shows the original method of hot-carrier injection using drain 
strate avalanche. In this scheme, the floating-gate potential is more negative such 
hot holes are injected instead.* This injection scheme is found to be less efficien 
is no longer used in practice. 
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Source 

p-Si 

Vas= 0 

(b) 

Drain 

< 'barging of the floating gate by hot carriers. (a) Hot electrons from channel and 
I l1111ization. (b) Hot holes from drain avalanche. Note difference in gate bias between 

• Id •s hot-carrier injection, electrons can be injected by tunneling. In this pro-
1111111 mode, the electric field across the bottom oxide layer is most critical. On 
h ,,11011 of a positive voltage Ve to the control gate, an electric field is established 
t II 11f" the two insulators (Fig. 44b). We have, from Gauss' law, that 

(114) 

(115) 

h I h ' subscripts 1 and ·2 correspond to the bottom and top oxide layer respec-
1 1111d Q (negative) is the stored charge on the floating gate. From Eqs. 114-115 
11h l11 Ill 

(116) 

, 111 rent transport in insulators is generally a strong function of the electric field. 
to 111hc transport is Fowler-Nordheim tunneling, the current density has the form 

(
- f5'01 

J = C4 f5'rexp ~) (117) 

C '4 and f5'0 are constants in terms of effective mass and barrier height. This type 
1111 •nt transport occurs in SiO2 and Al2O3 as discussed in Chapters 4 and 8. 

I Ii, original devices were p-channel such that hot electrons are injected under this scheme 
likh are relatively more efficient than hot holes. We use the same n-channel for better 

, 11111pnrison. 
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Using either hot-carrier injection or tunneling as programming mechani 
charging, the total stored charge Q is equal to the integrated injection current 
gate is floating. This causes a shift of the threshold voltage by the amount 

,~.VT = - d2Q. 
&2 

This threshold-voltage shift can be directly measured as shown in the J". 
(Fig. 46). Alternately, the threshold-voltage shift can be measured from the d 
ductance. The change in VT results in a change in the channel conductance g 
MOSFET. For small drain voltages, the channel conductance of an n­
MOSFET is given by 

10 Z 
gD = - = L-µCoxCVc- VT), 

VD 

After altering the charge on the floating gate by Q (negative charge), the g0-

shifts to the right by ~ V r 
To erase the stored charge, a negative bias is put on the control gate or a 

bias on the source/drain. The process is the reverse of the tunneling process de 
above, and the stored electrons tunnel out of the floating gate to the substrate. 

The programming and erasing sequence of a floating-gate memory can be 
stood with the energy-band diagrams in Fig. 47. In Fig. 47b, electron injection 
due to hot carriers over the barrier or tunneling through the barrier. Figure 47c 
that the accumulated negative charge at the floating gate raises the threshold v 
compared to its initial condition in Fig. 4 7a. The erase is carried out by electr 
neling from the floating gate back to the substrate (Fig. 4 7d). 

In both programming and erasing operations, it is important to modula 
floating-gate potential efficiently by the control-gate applied voltage. An im 
parameter in the floating-gate memory is the coupling ratio which determin 
portion of the control-gate voltage that gets coupled to the floating gate capaci 
This coupling ratio is determined by the capacitance ratio 

R - c; 
cc - c· c· 

1+ 2 

/ 
/ 

/ After 
/ programming 

/ I-state Fig. 46 Drain-current characteri 
of a stacked-gate n-channel me 
transistor, showing the chang 
threshold voltage after erasing 
programrmng. 
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l•:ncrgy-band diagrams for a stacked-gate memory transistor at different stages of 
111111 , (a) Initial stage. (b) Charging by hot electrons or electron tunneling. (c) After 
111• , the floating-gate having charge Q (negative) is at higher potential and Vr is 
1 1 d, (d) Erasing by electron tunneling. 
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Fig. 48 Programming of floating­
gate memory using hot-electron injec­
tion. (After Ref. 80.) 
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where c; and c; are the capacitances associated with the bottom and top I 
layers, respectively. Note that in practice, the areas of the control gate and th 
gate are not necessarily the same. More often than not, the top control g t 
around the floating gate so the top capacitor has a larger area, unlike that 
Figs. 44 and 45. The parameters c; and c; represent their total net capa 
The floating-gate potential is given by 

VFG = RcaVa . 

In practical devices, the bottom layer has a tunnel oxide of::::: 80 A, while the t 
lator stack typically has an equivalent oxide thickness of::::: 140 A. A larger 
makes up for the difference in capacitance per unit area, and the coupling rati 
ically around 0.5- 0.6. 

In device structure, the first EPROM was developed using a heavily dop 
silicon as the floating-gate material (Fig. 44a). The device uses drain-substr 
lanche shown in Fig. 45b and is known as floating-gate avalanche-injection 
(FAMOS) memory.78 The polysilicon gate is embedded in oxide and is com 
isolated. To inject charge into the floating gate (that is, to program), the drain ju 
is biased to avalanche breakdown, and holes in the avalanche plasma are i 
from the drain region into the floating gate (*see footnote on p. 353). To er 
FAMOS memory, ultraviolet light or x-ray is used. Electrical erasing cannot 
because the device has no external gate. 

To enable electrical erase, the stacked-gate structure with double-level poly 
gates has been in popular use (Fig. 44b).79 The external control gate makes el 
erasing possible and also improves the programming efficiency. An exampl 
programming transient based on hot-carrier injection is shown in Fig. 48. 

In EEPROM circuits, it is more common to use tunneling as an injection 
nism for programming. A successful commercial device, called FLOTOX (fl 
gate tunnel oxide) transistor, confines the tunneling process to a small area ov 
drain, as shown in Fig. 49. Typical programming and erasing transients fi 
FLOTOX transistors are shown n Fig. 50. 

After programming, by definition, a long retention time is required for nonv 
memory operation. The retention time is defined as the time when the stored c 
decreases to 50% of its initial value and is expressed by 

Oxide 

Gate oxide 

p-Si 

Tunnel oxide Fig. 49 Structure of the FLOTOX 
sistor which uses tunneling for both 
gramming and erasing. (After Ref. 8 
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Typical programming and erasing times for FLOTOX memory device. (After 

tR = ln (2) 
v exp(q<f>slkT) 

(122) 

,, i the dielectric relaxation frequency, and </>s is the barrier height of the 
1111 ate to oxide. The retention time is very sensitive to temperature. Typical 
11111,1 limes at 125°C and 170°C with <f>s = 1.7 V are found to be about 100 years 
I ,_.n r respectively. 82 

C 'harge-Trapping Devices 

t tS Transistor. As a memory device, in the MNOS (metal-nitride-oxide-silicon) 
1 h11or, the silicon-nitride layer is used as an efficient material to trap electrons as 
• 11t passes through the dielectric.83 Other insulators in place of the silicon-nitride 
1 11d1 as aluminum oxide, tantalum oxide, and titanium oxide have been used but 
1111t II common. Electrons are trapped in the nitride layer close to the oxide-nitride 
1111 ". The function of the oxide is to provide a good interface to the semicon-
1111 und to prevent back-tunneling of the injected charge for better charge reten-

11 ll s thickness has to be balanced between retention time and programming 
1111 • and time. 
I pure 51 shows the basic band diagrams for the programming and erasing oper­

h111 . In the programming process, a large positive bias is applied to the gate. 
n,1111 conduction is known to be due to electrons that are emitted from the substrate 
tin ate. The conduction mechanisms in the two dielectric layers are very different 
I ll11vc to be considered in series. The current through the oxide J0x is by tunneling. 

11 , l.' that electrons tunnel through the trapezoidal oxide barrier, followed by a trian­
l,11 barrier in the nitride. This form of tunneling has been identified as modified 
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Oxide 

9ate I• Nitride •I-~ Oxide 
9ate I• Nitride • H-~ 

,I 

,/'/ 
/ Trapped 

/\ electrons 

Traps 

(a) 

' 
' 
' ' ' 

(b) 

Fig. 51 Rewriting of MNOS memory. (a) Programming: electrons tunnel through o I 
are trapped in the nitride. (b) Erasing: holes tunnel through oxide to neutralize the t 
electrons, and tunneling of trapped electrons. 

Fowler-Nordheim tunneling, as opposed to Fowler-Nordheim tunneling thr 
single triangular barrier. It has the following form of 

_ 2 ( c6) Jox - C s~ox exp - ~ , 
ox 

where ~ox is the field in the oxide layer, and C5 and C6 are constants. The c 
through the nitride layer Jn is controlled by Frenkel-Poole transport, which h 
form 

_ [-q(</Js-Jq ~ nl,rcn)] 
Jn - C7 ~n exp kT 

where ~n and &n are the electric field and permittivity in nitride, ¢s is the trap 
below the conduction band(~ 1.3 V), and C7 is a constant[= 3xI0-9 (O-cm)-1], 

It is known that at the beginning of the programming process, modified Fo 
Nordheim tunneling is capable of a higher current, and current conduction is Ii 
by Frenkel-Poole transport through the nitride layer. When the negative charge 
to build up, the oxide field decreases and the modified Fowler-Nordheim tunn 
starts to limit the current. The threshold voltage as a function of programming 
width is shown in Fig. 52. Initially, the threshold voltage changes linearly with t 
followed by a logarithmic dependence, and finally it tends to saturate. This prog 
ming speed is largely affected by the choice of oxide thickness; a thinner oxide all 
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I Q--4 10-3 10-2 10-1 100 

Fig. 52 Typical programming and 
erasing rates for MNOS transistor. 
(After Ref. 83.) 

Time (s) 

I II , programming time. Programming speed has to be balanced with charge 
llt111 since too thin an oxide will allow the trapped charge to tunnel back to the 
111 11bstrate. 
h, Iota I gate capacitance CG of the dual dielectrics is equal to the serial combi-
11 111' their capacitances 

1 Coxen 
CG=------= 

(1/Cn)+(l/Cox) Cox +Cn ' 
(125) 

lhc capacitances C0 x = &0 /d0 x and Cn = &/dn correspond to the oxide and 
luyers respectively. The amount of trapped charge density Q near the nitride­

Ii 111 •rface depends on the trapping efficiency of the nitride and is proportional to 
11111• rated Frenkel-Poole current having passed through it. The final threshold­

II 1 1 shift is given by 

(126) 

I II I he erasing process, a large negative bias is applied to the gate (Fig. 51 b ). Tra­
lh 11111 II y, the discharge process is believed due to the tunneling of trapped electrons 
~ 111 the silicon substrate. New evidence shows that the major process is due to tun-

1111 of holes from the substrate to neutralize the trapped electrons. The discharge 
111 , s as a function of pulse width is also shown in Fig. 52. 

I Ii • advantages of the MNOS transistor include reasonable speed for program­
ht 1111d erasing, so it is a candidate as a nonvolatile RAM device. It also has supe­

lt 11 111uiation hardness, due to minimal oxide thickness and the absence of a floating 
II 1'11e drawbacks of the MNOS transistor are large programming and erasing volt­
, • 1111d nonuniform threshold voltage from device to device. The passage of tun-
1111 current gradually increases the interface-trap density at the semiconductor 

111 I 11 ·c and also causes a loss of trapping efficiency due to leakage or tunneling of 
f 11pp •d electrons back to the substrate. These result in a narrowing threshold voltage 
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window after many cycles of programming and erasing. The major r 
problem of the MNOS transistor is the continuous loss of charge through l 
oxide. It should be pointed out that unlike a floating-gate structure, the progr 
current has to pass through the entire channel region, so that the trapped charai 
tributed uniformly throughout the channel. In a floating-gate transistor, th 
injected to the floating gate can redistribute itself within the gate material, and 
tion can take place locally anywhere along the channel. 

SONOS Transistor. The SONOS (silicon-oxide-nitride-oxide-silicon) tr n 
(Fig. 44d) is sometimes called the MONOS (metal-oxide-nitride-oxide-si licon) 
sistor. It is similar to an MNOS transistor except that it has an additional hi 
oxide layer placed between the gate and the nitride layer, forming an ONO ( 
nitride-oxide) stack. This top oxide layer is usually similar in thickness to the 
oxide layer. The function of the blocking oxide is to prevent electron injection 
the metal to the nitride layer during erase operation. As a result, a thinner nitrid I 
can be used, leading to lower programming voltage as well as better charge ret 
The SON OS transistor now replaces the older MNOS configuration, but the op 
principle remains the same. 

6.8 SINGLE-ELECTRON TRANSISTOR 

With the continuing advancement of technology to nano-scale device geometry, l 
are new experimental observations that have not been possible before. One ofth 
the charge-quantization effect in a single-electron transistor (SET), 84 first observ 
1987. 85 The structure of an SET is represented by the schematic circuit diagr 
Fig. 53a. It has a central single-electron island that has to be extremely small. 
island is connected between the source and drain via capacitors through which 
neling occurs to conduct current. The third terminal is the insulated gate an 
purpose is to control the current between the source and drain, similar to the ca 
an FET. 

The opportunity to observe quantization of charge comes directly from the 
dimension of the single-electron island. The minimum energy needed to transpo 

Single-electron 
island 

Source I Drain 

El-r~~D 
CG 

laate 

VG 

Go 

Single-electron 
island 

Cs+ Co / CG 

E~h. 
00 00 W 

Fig. 53 Circuit representations of (a) single-electron transistor, (b) charging a tunneli 
capacitor, and (c) single-electron box. 
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k l•kctron charge to and from the island is q2/2Cr., where Cr. is its total capaci-

(127) 

1 ll l' rgy also must be much larger than the thermal energy for experimental obser­
h 111 , ,·cquiring that 

_!L_ 
2 Cr. > l00kT. (128) 

11111 111 temperature, Cr. needs to be on the order of aF (l0- 18 F). This necessitates a 
h• •lectron island size less than 1- 2 nm. It is also interesting to note that this 

1 I does not require the island to be made of semiconductor materials and most 
ill ll'd results are based on metal dots. Although for the limit of small islands such 
111111 11lum dots made out of semiconductors, since the total number of electrons 
th I II I he dots ( < 100) is much less than that in metal (::::: 107) , a second effect of quan­
t h 111 of energy levels can also be observed. This causes addition structures in the 
I 11 ·haracteristics,86 but does not contribute to the most-important features of an 
I 1111d will not be discussed here. As a matter of fact, the SET does not require any 

111h·onductor material, but only needs metal and insulator. 
1 h • capacitors between the island and the source or drain are characterized by the 

11111•ling resistances Rrs and Rm. These resistances need to be small (thin insulator 
1 1 ) lo conduct a reasonable amount of current. But they are bound in the lower 

11111 hy the Uncertainty principle that electrons have to be treated as particles being 
I 11ily on either side of the junction. This requires that 

h 
Rrs ::::: Rro > 2 (129) 

q 

• ,, i 25.8 kO) and they should be above::::: 1 MD. 
I he basic I-V characteristics of an SET are shown in Fig. 54. First, Fig. 54a shows 

1111 111 most values of V0 , there is a knee V0 below which current is very much sup­
II ed. This threshold drain voltage, caused by Coulomb blockade, is explained 
'"' · /\nother important feature is that this Coulomb blockade can be varied by the 
h voltage. At some values of V 0, the Coulomb blockade totally vanishes. Shown 

111 I I . 54b, the cycle can be repeated many times and is called a Coulomb-blockade 
1 11 lulion. This is very different from the gate control of a regular transistor, where 

Iii 1•11rrent can be turned on or off monotonically. 
l'o explain these characteristics, it is best to go back to the simplest structure: a 

1111 111 ·ling capacitor as shown in Fig. 53b. Here the capacitor is charged by a small 
1111 l'nt source, so the junction voltage r'.i will increase until an electron can tunnel. 

I lit oasis for the Coulomb blockade is that it requires a certain minimum r'.i before 
tl ll' I c is enough energy for an electron to tunnel. The minimum energy needed is 
II· ' 1, which will be the change of energy of the capacitor when an electron tunnels. 
I It i also the same as the energy gained by the electron when tunneling across the 
11p11citor of voltage r'.i, giving 
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10 (In) 

(a) (b) 

Fig. 54 (a) I-V characteristics of SET for various Ve. The Coulomb-blockade voltage 
varied by Ve. (b) Drain current (logarithmic scale) as a function of Ve for various Vn, 
that VG is shifted by V 0 . 

2 
..9:.... = qV. . 
2c. 1 

J 

So ~ has to reach q/20 before an electron can tunnel. This threshold voltage i 
basis for the Coulomb blockade. Alternatively, one can get the same answer by 
sidering the charging energy (Ech) for transferring N; number of electrons, 

(Qo -Niq)2 Q; 
2C1 2C1 

N 2q 2 
= _, --N-qV. 

2C. I J 
J 

where Q0 is the original charge before tunneling and is equal to ~ IC1. The cri 
for switching to a different state is that Ech has to be negative and at minimum. 

Next, we consider a single-electron box where an island is placed between 
capacitors, the same as the situation when the source and drain of an SET i 
together (Fig. 53c ). As the gate voltage is increased, the island voltage ( V1) is 
increased accordingly, although scaled down by a factor of CJ Cr_ . Similar to the 
above, as soon as the tunneling junction gets above a voltage of q/2Cr,, one ele 
starts to tunnel across it. Once an electron has tunneled to the center island, its p 
tial drops by q!Cr.. Figure 55 shows the charging of the center island and its pot 
as a function of the gate voltage. It can be seen that the gate voltage at which mul 
values of Ni can coexist is at 

VG = t (Ni +D -

This condition implies degeneracy: multiple Ni can exist without a change of en 
and one electron can tunnel freely to and from the island. One can imagine that fo 
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6.8 SINGLE-ELECTRON TRANSISTOR 363 

Fig. 55 Charging of single-electron box as a 
function of Ve (in q!Cc), and the corre­
sponding island voltage V1. 

1111 small bias is applied to the drain, electrons can tunnel from the source to the 
iii 11 •c ly and subsequently from the island to the drain. This corresponds to the 

!11111111 of Ve where the Coulomb blockade disappears in an SET. 
111•1 natively, one can derive Eq. 132 by considering the charging energy of a 

h l' I ·ctron box, 

Nlq2 Niq Ve Ce 
Ech = 2C - C 

L L 

(133) 

t ljtlllting EciNi + 1) = Ee/Ni), the condition of Eq. 132 can be reached. Another 
111m·h to understand this is to plot Ech vs. charge (N//) for different Ve, as shown 
111 56. Remembering that N; takes on only integer values, there are only certain 

11u1 or Ve where the Ech minimum takes on two values of N;, a condition of degen­
\ l'his means that the system can switch between these two states easily without 
1 lll'rgy barrier. 

1• ·an now return to the SET and explain the two most-important phenomena: 
I 111 11 mb blockade and its voltage, and the Coulomb-blockade oscillations. For 

11 111 to conduct from the source to drain, there are two junctions that electrons have 

- 1 0 2 

I.Sq/Cc 

Fig. 56 E ch vs. N; for different V c to 
determine N; in single-electron box. It 
can be seen that depending on V c, the 
E ch minimum falls on either single or 
double values of N;. 
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Source 

Single-electron 
island 

Drain 
--•- Source 

Single-electron 
island 

Drain 

2 

(a) 

--•­

(b) 

• 

Fig. 57 Energy-band diagrams showing the sequence of tunneling events when the tri 
process occurs at the junction (a) between the single-electron island and the source, 
between the island and the drain. Event- I occurs before event-2. Note that the island po 
changes by q!C,. after each tunneling event. 

to tunnel through, but there is only one junction that controls the current flow. 
the energy-band diagrams of Fig. 57, if the bottleneck is at the junction betwe 
source and the single-electron island, an electron will start to tunnel if that ju 
voltage exceeds q12Cr, corresponding to the criterion of 

VDCD + VcCc > ...!L 
Cr Cr - 2C,.' 

giving a minimum value of VD, or 

n - VcCc Vcb = ____::t_ 

2CD CD 

This blockade voltage as a function of V c is shown in Fig. 58 as the line with a 
tive slope of 

Fig. 58 Coulomb-blockade vol 
Vcb as a function of V0 forming 
Coulomb-blockade diamonds. 
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dVcb CG 
= dVG CD. 

(136) 

I~. il'the tunneling process is initiated by the island-drain junction, electrons 

""' ii' 

(137) 

11111 hl' r expression of 

(138) 

= (139) 

lli11f 1-1 ince the current contours follow closely the shape of the Coulomb-
1!1 diamonds,87 an SET has both positive and negative transconductance, 

111111 on the VG range. This is a unique feature that is different from a regular 
I 1111 . l•rom the two lines of Eqs. 135 and 138, an intercept of q!Cr, can be 
ft ti which is the maximum Vcb· 
lh I trnti vely, the Coulomb-blockade voltage can be obtained by setting the 
1111 ·ncrgy negative, either for the island-source junction or the island-drain 

11111 ttN lhe current-limiting junction: 

(140) 

E (N-=I) = L-q[v -(vDcD+vGcG)J~o. 
ch i 2Cr, D Cr, Cr, 

(141) 

1 1· 111ations lead to the same conclusions as Eqs. 135 and 138, respectively. 
111, ' and below V cb, the current of an SET has been found to be described ade-

1 I hy the orthodox theory,88 which states that the tunneling rate is given by 

T = fj,_£ch 
2 ( ' q Rr [l - exp -tJ,.Ech/ kT)] 

(142) 

h N r is the total of (Rrs + Rw) and M ch is the change of charging energy for dif-
111 N1 states. One of the drawbacks of the SET is that besides VG, the drain has 
t1111lial control of the current as well. As shown in Fig. 54b, a drain bias causes a 

Ul II I VG by the amount 88 

/j,_VG = (CG+Cs-CD)VD _ (143) 
2CG 

llh II lhe Coulomb-blockade regime, the VG swing needed to change the current by 
111 dcr of magnitude is calculated to be 
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~VG~ ( In 10)( ~:kq~. 

Similarly, the V0 swing needed for the same change is given by 

~VD~ (In 10)(
2
:~. 

So to have a transistor that has more gate control than drain control requires 
ratio Cc !Cr. be larger than 0.5. 

For application, the SET can perform logic. Since it can possess both positl 
negative transconductance, a complementary type of logic can be employ 
only one type of device, operated at different regimes. However, the small cu 
transconductance due to the tunneling nature limits its practicality in real circul 
parasitics. Another problem associated with SETs is the extreme sensitivity t 
sitic charge surrounding the single-electron island, which is difficult to cont I 
potential application of the SET is nonvolatile memory, whose structure is sh 
Fig. 44b except that the floating gate is miniaturized to a single-electron I 
(More accurately, this memory cell employs a single-electron box or single- I 
charging, but does not contain an SET.) A small number of electrons is st 
emptied in the single-electron island to control the threshold voltage of the MO 
The advantage is that since the charge in the floating-gate island is small and di 
the signal of threshold voltage is quantized and the memory has multiple valu 
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It, !Iv• Eq. 23 from Eqs. 20 and 22 (p.303). 

11111 quare MOSFET (ZIL = 1),JD is measured to be 18.7 µA at VD= 0.4 V and Va= 3 V. 
II 1\1• require a current of 1.6 mA at VD= 0.4 V and Va= 3 V, what is the minimum width 

1tl lhc device? Assume that the polysilicon gate length is 0.6 µm and then+ source and 
11,1111 ·och diffuses sideways 0.05 µm under the gate. 

1111 idcr a submicron MOSFET with L = 0.25 µm, Z = 5 µm, NA= 1017 cm-3, µn = 
1111 l' rn2/V-s, C0x = 3.45 x I0-7 F/cm2, and Vr= 0.5 V, find the channel conductance for 

I I I V and VD= 0.1 V. 

t 111 11 MOSFET with a channel length of 10 µm under certain biasing conditions, the 
h,11111 cl current ID is 1 mA and the gate current is I µA. We want to reduce the gate current 

111 Ill 11/ 0 under the same biasing condition and for the same device parameters except the 
l1111111cl length. Find the channel length. 

I 111 1111 MOSFET with sufficient drain voltage to be in saturation (under constant-mobility 
1111dition), the current is 50 µA at Va= 1 V, and 200 µA at Ve= 3 V. Find the threshold 
,1ll11gc. 

111 lb avoid hot-electron effect in an n-channel MOSFET, we assume an allowed 
111oximum field in the oxide to be l.45 x I 06 V/cm. Find the corresponding surface 
plllential lf/s in the silicon for a doping concentration of l 018 cm-3. 

1111 11or an n+ -polysilicon gate, find the threshold voltage of the above MOSFET with d = 
K nm, assuming Q;1 = Q0x= Qf= Qm = 0. 

1111-channel MOSFET is designed to have a threshold voltage of +0.5 Vanda gate oxide 
11th kness of 15 nm. Find the channel doping to give the desired Vr if n+-polysilicon is used 

Ill • gate material, and there are no oxide charge, interface-trapped charge, and mobile 

l1111 in the device. V, ep..;" \r.1s-~•1.t~ cj:>,.,.t~d.,at>~ nJ.it 

I 11 olate devices from interacting with each other, each MOSFET is surrounded by a field 
11 Id•. If the "field transistor" associated with the field oxide must have a threshold voltage 
111 20V, calculate the minimum field-oxide thickness. NA= 1017 cm-3, Q/q = 1011 cm-3, 
111d un n+-polysilicon is used for local interconnect as the gate electrode. c)..::.: 

1111-channel n+-polysilicon-SiOrSi MOSFET has NA= 1017 cm-3, Q/q = 2x1010 cm-2, 

,111tl ti= l 0 nm. Boron ions are implanted to increase the threshold voltage to+ l V. Find the 
l111plnnt dose, assume that the implanted ions form a sheet ofnegative charge at the Si-SiO2 

111!1•1 l'ace. (¢ms= - 0.98 V). 

I 111 nn n-MOSFET with qlj/0 of 0.5 eV, the threshold voltage change ~.Vr is 1 V when a 
11hHtrate bias V0s of - I V is applied. What is I}. Vr when V0s is - 3 V? 

M SFET (NA = 1017 cm-3, d = 5 nm) has a threshold voltage of Vr = 0.5 V, a sub­
tlt1 •shold swing of 100 mV/decade, and a drain current of0.1 µA at Vr . If we want to 
11 duce the leakage current at Va= 0 to 10- 13 A, find the reverse substrate-source bias 
,, quired to achieve the reduction. CJ<;1,. ,, I 

I Ill• subthreshold current of an ideal MOSFET is given by 

JD = A(/Jlf/s)- 1l2exp(/Jlf/s)' 

1 
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Pvs = PVa -;~[J1 + : 2(PVa- l)- 1], 

where 1//s is the surface potential, P = q/kT, a = Ji ( &/ &0 x)(t0 ) LD), LD is Deby 
= J &,/ qNAP, and A = constant. Show that the subthreshold swing Sis given by 

dVa kT ( C) S-= (ln 10) d(l I ) = -(ln 10) I+ _Q 
n D q Cox 

where CD= Jq&sNA/21//s , c ox = &oJ tox, and a » CofCox· 

13. For a MOSFET with a gate oxide of 10 nm and a substrate doping of 1017 cm-3, n 
\y,z,.t>'\ subthreshold swing. 

l ~ e.P,tt'i. 14. • or a Si MOSFET with NA= 5xl016 cm-3, d =IO nm, and an interface-trap den 
\t D 1011 cm-2, find the subthreshold swing with a grounded substrate termina1.01i i11' 

15. An idealized implanted step doping profile has N5 = 1016 cm-3, NB = 1015 cm-3, an 
0.3 µm. Find (1) the implanted dose Db (2) the centroid of the dose, and (3) the th 
voltage shift (d = 100 nm) with respect to a uniformly doped NB case. 

16. Derive Eq. 79. 

17. Refer to Fig. 21 (p. 322), assume NB= 7.5x l015 cm-3, d = 35 nm, a reverse back b 
I V, and an implanted dose D1 = 6x I011 cm-2, find the depth of the centroid at whl 
depletion-layer edge is clamped to the implant (in nm). 

18. Find the scaled drain current per unit channel width (JofZ) for two n-MOSFETs, on 
constant-voltage scaling and one with constant-field scaling. Assume the devices are 
ated under velocity-saturation condition. The initial device parameters are L = 1 µ 
10 nm, VD= 5 V, IofZ = 500 µA/µm. The scaling factor is K= 5. 

vCFor the constant-voltage scaling approach ofMOSFET with a scaling factor K=lO, fl 
doping concentration of a scaled device if the original device has a doping of 1015 cm 
cm- 3). , c... lJ......--' 

20. When the linear dimensions of a MOSFET are scaled down by a factor of 10 based 
constant-field scaling, (a) find the corresponding factor of the scaled switching ene 
(b) find the scaled power-delay product, assuming the product is I J for the original 
device. 

21. A composite structure of a 20 nm TaiO5 (&;!&0 = 25) and a 2-nm SiO2 is sandw 
between a top and bottom electrodes. Find the equivalent SiO2 thickness (in nm). 

22. A DRAM must operate with a minimum refresh time of 4 ms. The storage capaci 
each cell has a capacitance of 50 fF and is fully charged at 5 V. Estimate the worst 
leakage current that the dynamic capacitor node can tolerate (i.e., the charge in the c 
itor has dropped to its 50% level). 

23. For DRAM operation assume that we need a minimum of 105 electrons for the 
storage capacitor. If the capacitor has an area of 0.5 µm x0.5 µm on the wafer surfa 
oxide thickness of 5 nm, and is fully charged to 2 V, what is the required minimum 
of a rectangular-trench capacitor? 

24. For a floating-gate nonvolatile memory device, the lower insulator has a dielectric con 
of 4 and is 10 nm thick. The insulator above the floating gate has a dielectric cons 
10 and is 100 nm thick. If the current density J 1 = <n'1 where a = 10-7 Siem, and the c 
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111 th • upper insulator is zero, find the threshold voltage shift for a sufficiently long time 
1111 Ii I hat J 1 becomes negligibly small. The applied voltage on the control gate is 10 V. 

I 1111 ider a NVSM cell whose cross 
1 , I Ion is shown. The channel width is 
I p 111. Assume that the bird's beak has the 
1111111 r wedge shape illustrated. The gate 
11 Id • lhickness (between substrate and 
I• ) is 35 mn, the interpoly dielectric is an 
'" Ide of 50 nm, and the field oxide is 

I 
3 

II fl 11 n, . The physical gate length is 1.2 µm, the metallurgical junction lies 0.15 µm under 
1111 ule and the effective channel length is 0.7 µm. The floating gate poly is 0.3 µm thick. 
I 111l'ulate (a) the value of the control gate to floating gate capacitance, (b) the drain to 
1111111 ing gate capacitance, assume half of the channel capacitance to the source and other 
h,d I lo the drain, and ( c) if the floating gate to substrate capacitance is 0.14 fF, calculate the 
, ,ullrol gate to floating gate coupling ration, Rec, and the drain to floating gate coupling 
111t h1n, R0 . 

I 111 11 silicon nonvolatile memory with a floating gate, the thickness and the dielectric con­
• 111111 for the first insulator (thermally grown SiO2) are 3 nm and 3.9, and the corresponding 
\11111 •s for the second insulator are 30 nm and 30. Estimate the stored charge/cm2 in the 
111111t ing gate after a gate voltage of 5.52 Vis applied for 1 ms. There is no current conduc­
lhtll through the second insulator, and the current in the first insulator is by Fowler-Nord-
111 lin lunneling. 

fl oating-gate nonvolatile semiconductor memory has a total capacitance of 3.71 fF, a 
11111l rol gate to floating gate capacitance of2.59 fF, a drain to floating gate capacitance of 
fl 11) fF, a floating gate to substrate capacitance of 0.14 fF. How many electrons are needed 
111 hifl the measured threshold by 0.5 V (measured from the control gate)? 

11 E PROM bas Ccc = 2.59 fF, Cs= C0 = 0.49 fF, and C8 = 0.14 fF, where they indicate 
1111 capacitances between the floating gate and the control gate, source, drain, and sub­
•11 utc, respectively. Assume that when the control gate and the floating gate are shorted 
h 1 ~·lher, the device threshold is measured to be 1.5 V. If the control gate is at 12 V, and the 
1lt 11i n is at 7 V during programming, to what potential can the floating gate be charged 
" Idle the programming voltages are present? What threshold would be observed after pro-
11111inming under these biases for a drain bias during reading of2 V? 
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