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Dncrtpt ion of rover photograph 

A scanning electron micrograph of an array of the floating-gate nonvolatJlc semiconductor memory 
{NVSM) magnified 100,000 tunes NVSM was invented at Bell Telephone Laboratories in 1967. There 
~ more NVSM cells produced annuaJly in the world than any other semiconductor device and, for that 
matter, any other human-made item For a disoussion of this device, see Chapter 6. Photo counesy of 
Macroni.x lntcmattonal Company, Hsinchu, Taiwan, ROC. 
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328 C'HAl''l'Ji:lt 6. MOSFJ.:T~ 

l i.• / ( If' + U',> )] nttd C n should be replaced with C"r in seric1:c• . ··~ , ,,, ,, ' ' . b . . . .., w Ith 
dc,,}ction cai,ncilnncc 6 !1V1k fhcse su st1tut1ons give an exprcss,·c the; \I 

, , .t · )n (>f \'J lrf 1 

k T[ 6 W + C d ] f.t s = ( In 10 )- l + ox Ds s ' 
q 6or( W Dn + Wn,,) 

r<J I 
where all depletion layers Wvs, Won, and Wn,, correspond to the condit' 1 

( v = v ) The subthreshold swing is usually larger than that of conv '
0

~ at thre\h 
c r · cnt,onaJ ,,1,1 

channel devices. \11rf1< f• 

The buried -channel device is expected to ha ve higher carrier · 
. . fi f !'. lilob,Jn surface-channel devices since earners are ree O sur, ace scattering and Y th~ 

h h Other n 
effects. They are also less affected by the s ort-c annel effects (to bed ' "Urface 

. . . 0 h iscu<;,;;ed 
such as hot•carrier-induced rel1ab1hty problems. n t e other hand sine h ne~tJ 

. h . ' eten tance between the gate and the channel 1s furt er away and 1s gate-bias de et d1, • 
. bl N h ·r h Pendent transconductance is smaller and vana e. ote t at I t e gate is re 

1 
-the 

. h d . b p aced b Schottky junction or a p-n junc tion, t e ev1ce ecome a MESFET or a JFE Ya 
spondingly, both to be discussed in the next chapter. T corre. 

6.4 DEVICE SCALING AND SHORT-CHANNEL EFFECTS 

Since 1959 the beginning of the integrated-circuit era, the minimum feature 
1 ' . ength 

has been reduced by more than two orders of magnitude. We expect the minim 
dimension will continue to shrink in the foreseeable future, as illustrated in Fig. 

1 
:rn 

the MOSFET dimensions shrink, they need to be designed properly to preserve. th; 
long-channel behavior as much as po~sible. As the channel length decreases, the 
depletion widths of the source and dram become comparable to the channel lenITTh 
and punch-through between the drain and source will eventually occur. This requi;es 
higher channel doping. A higher channel doping will increase the threshold voltaoe 
and in order to control a reasonable threshold voltage, a thinner oxide is necessa~: 
One sees that the device para1neters are interrelated, and certain scaling rules are us~d 
to optimize the device performance. 

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

As the electric field is increased, the channel mobility becomes field-dependent, 
and eventually velocity saturation occurs. (The mobility behavior was discussed in 
Section 6.2.5.) When the field is increased further, carrier multiplication near the 
drain occurs, leading to substrate current and parasitic bipolar-transistor action. High 
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6.4 DEVICE CALI G A D HORT- HA EL EFFECT 329 

MOSFET Scaling 
r,1>Je 2 

Constant-g, Constant-V Qua i-constant-V Actual Limitation 
_,..n1ete~r....::..~-;-----TT.::------.;-::------:-:--------- -,!:.:i--- 1/K 11K llK II K 

L I > I > I > I 
r 11K' 11K J J/K > I IK 

) / K > llK > llK > 1/K 
'J 
Vr 
Vo 

1/K I 1/K' 
1/K l IIK 
K K K 

» ] / K 

» IIK 
< K 

Tunneling, defect 
Re istance 
Off current 
ystem and Vr 

J unct10n breakdown > . 
·deal constant-field scalmg parameters are scaled by the same factor. In reality the 

:;ling factors are limited by other reasons and kewed. I < K' < K. 

1d also cause hot-carrier injection into the oxide leading to oxide charging and 
tie s h.ft b uent threshold-voltage s I and transconductance degradation . 
su :se aforementioned phenomena will cause short-channe l effects which can be 
summarized as follows : (l) Vris not constant with L, (2) I0 does not saturate with V0 
bias, both above and belo~ threshol~ ; (3~ I0 is not proport ional to l/L; and (4) dev ic_e 
baracteristics degrade with operation time . Because short-channel effects comph­:te device operation and degrad: device performance , these effects shou ld be elimi­

nated or minimized so that a physical short-channel device can preserve the electrical 
long-channel behavior . In this section , we discuss MOSFET scaling and the short­
channel effects that accompany device miniaturization . [Item-(3) is related to high­
field mobility or velocity saturation, and has already been treated in Section 6.2 .2.] 

6.4.l Device Scaling 

The most-ideal scaling rule to avoid short-channel effects is simply to scale down all 
dimensions and voltages of a long-channel MOSFET so that the internal electric 
fields are kept the same .41 This constant-field scaling is shown in Table 2 and 
Fig. 25.This approach offers a conceptually simple picture for device miniaturizat ion . 
AH dimensions, including channel length and width , oxide thickness , and junction 

Sowu 

d(l /K) 

~ 
Gate 

Drain 

-- Fig. 25 Physical parameters 
for MOSFET scaling. Scaling 
factors for constant-field are 
indicated. 
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-''6 cnArlt-:R 6. MOSf'ETh 

depth. arc shrunk by the same scaling f~ctor K. The doping level is i 
Rnd all voltages are reduced by K, lead mg to a reduction of th . ncrea,eu h 

b I h Id • e JUncti y 
width by about ,-.·. Note that the su t 1res o swmg S remains e . 0n depl 1r.·. 

· 1 1 C,JC db h · ssent1a1 I et,() since Sis proport1ona to + ot an ot capacitances are seal d Y the n 
e up h )<Itri 

factor 1<. Ythc)a e 
Unfortunately such an ideal scaling rule is hindered by other f: Irie 

1 bl F. h . . b ·1 . actors th t damentally not sea a e. irst, t e Junction ut t-m voltage and th a are~ 
. . e surfac un. 

for the onset of weak mvers1on do not scale (only~ I 0% change for 10 . c Potent 
tun . 1a1 

in dopings). The range of gate voltage between depletion and str . cs 1ncreas 
approximately 0.5 V. These limitations stem from the fact that bot:~; inversion,: 
and thermal energy kT remain constant. The gate oxide thickness has the energy gap 
ical difficulty of defects as it approaches the low-nm scale. TunneJin e ~echnolog. 
oxide is another fundamental limitation. The quantum-mechanical effec~ ~-rough the 
Section 4.3.6 degrades the gate capacitance due to the fact that carriers a 

1
~cussed in 

a finite distance ( ~ 1 nm) from the interface. The source and drain seriere oc_ated at 
increases when r1 is decreased. This is especially detrimental when the cusr res1stance 
device increases at the same time. The channel doping cannot be increa rednt_ of the 

. . . se tndefi 
n1tely due to p-n Junction breakdown. The threshold voltage cannot be seal d d 1• 

the off-current consideration , even with a fixed subthreshold swing. Th: ue to 
voltage has been historically slow in scaling because of the system considerati supply 

I h h J:'. h. h d Th 1 · · · · · on, and a so t e pus 1or 1g er spee . ese 1m1tations 1n scalmg are summariz d . 
Table 2, resulting in the actual nonideal scaling factors which are shown relati: in 
the constant-field scaling. With these limitations, the field is no longer kept the sae to 
and it increases with smaller gate lengths. me, 

With the above practical limitations , other scaling rules have been proposed. 
These include constant-voltage scaling,42 quasi-constant-voltage scaling,43 and gen­
eralized scaling.44 One other scaling rule with a unique feature of having flexible 
scaling factors has been proposed.45 This allows the various device parameters to be 
adjusted independently as long as the overall behavior is preserved. Therefore, all 
device parameters do not have to be scaled by the same factor K. The expression for 
minimum channel length for which long-channel behavior can be observed is found 
to follow a simple empirical relation:45 

L ~ C 1 [r1d( Ws + WD)2] 113 (92) 

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

26 s 
WD = qNA (VD + lf/bi - Vss) · (93) 

For VD= 0, WD equals w.~. A variation of this rule is also presented in Ref. 46. . 
We have discussed the nonideal factors that hinder constant-field scaling, 

resulting in some form of a penalty. On the positive notes, there are a couple of dis­
ruptive technologies on the horizon that will help scaling. First, MOSFETs built on a 
three-dimensional structure with an ultra-thin body will effectively eliminate most 
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d ·tion path for punch-through, and the requirement on channel doping can he 
I econ uc · r. 5 5) Seco11d · I · · · 1 · · · tl ·ed (.ee ectt?n t) . • • , 1ese~rc 1 act1v1t1es ooking for gate d1clectr1cs 
rd14

· • h dielectnc con tants ha e been mtense. Such a high-K gate dielectric can 
_.th htg . I . k . • . h . 

,, 1 . he ph steal t 1tc ne s, tmpi ovmg t e defect density and reducing the field for 
l'l'

18~e;ling. Both of these technologies can help to circumvent or delay the short-
tun 1 effect for a particular generation of channel length. 
channe 

2 Charge Sharing from Source /Drain 
6.4♦ 

ly 1. of the channel charge so far is I-dimensional that is both the inversion 
Ana . . ' ' 
charge and depletion charge ts_ complet_ely bala_nced by the charge on the gate, so they 

n be treated as charge density. Detailed 2-dimensional examination at the ends of 
:e channel reve~ls t~at some of the depletion charge is balanced by then + -source and 
drain, as shown m Fig. 26a. Departure from long-channel behavior can be shown to 
happen by applying the charge conservation principle to the region bounded by the 

te the channel, and the source/drain,47 
ga ' 

QM+ Q;1 + Q~ = o, (94) 

where QM is the total charge on the gate, Q: is the total inversion-layer charge, and 
Q' is the total ionized impurity in the depletion region. This of course assumes that 
alf oxide and interface charges are zero. The threshold voltage, which can be viewed 
as voltage required to deplete the total bulk charge Q~ in the maximum depletion 
width, is given by 

Q' 
Vr= VFs+2vs+ - 8

-, 
Cor4 

(95) 

where A is the gate area Z xL. For long-channel devices, Q~ = qANAWDm, where WDm 
is the maximum depletion-layer width, 

VD 
-

Source Drain -- L--
Drain 

n+ n+ 
rj WDm rj + + + + ++++++ Wsl lilll m - - -
WD WDm L' - L' - -

p-Si YD 

(a) (b) 

Fig. 26 Charge-conservation model for (a) VD> 0, and (b) VD= 0 where WD ~ Ws ~ WDm· 
(After Ref. 47.) 

\ 
•• 
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,UJ 
C1I ~,n:11 6. \t05fl: 1\ 

2c,(2V/ 8 - V8 s) 
q,v,. 

and , .o --•~~,, is ,utTte1ent. . , •< 

f 
_a....--<hanncl de, -,cn .. the full effect of Q 11 on th 

"'~"' nd d . ,.._ e thrc h 
~'"Cd.~~the~rtt• ra1nenu:tofthechannel. ~orn\ ~,1,1 ., , 
. .r...- tht bulk charg~ under the channel region terth . c f 1tl,j 1 ~ -:, -. 
tft.'9ftnJ 1n "" • 11 ii nate . • , 
drl ~cad of the gate (F1g. 26a). ote that the honz ontal depJ at '~t v • ,. 

_:". - smalkr than the , ·ertical depletion-layer widths JV etion-la:,t- J J"•. • .. 

91tU 'n -" - sand JV · 'i·-
ttecaUK the transvene field strongly influences the potential dist .b rr rt,r,,.:,_1 • 

n ut1<m . • . ·: . 
~ ,j ·r .... 

fint-«der estimation of the threshold voltage can be mad b ~ · .~. 
chaigt partition. The total bulk depletion charge can be estimate~ : con)1dtril".~ _ 

Y the trar-... ~ • (L + l \ Y~ l r r .-

Q. = ZqNAWD,,, 2 -) . 
f1-, 

for small drain bi~ we can assume that WO z W5 z W o,,,~ and b 
trigooomdric analysis (f ig. 26b ), .------- y Slraight fon,~~.j 

L' = L-2 (J rj + 2W0 ,,,rj- rj ). 
(1~, 

The dRsbold -voltage shift from long-channel beha vio r is then gi, ,en by 

Q. NW 
A Yr = _!_( 2-q N,4Wo,,,) = - q A Dm( 1 _ l L') 

CO% ZL cox 2L 

- qN,4Wo.,r1{ ~W Dm - ) - - CT I+ I. 
o~ rj ,s,;, 

The oegative sign means V 1 is lowered and the trans istor is easier to tum on.. To · 
into account the effect of the drain voltage and the substrate bias, Eq. 99 can be rt(<r 
iflCd to read 48 

AVr = _ q~AC::t{U• + 2~ s _ 1) +(Ji+ 2~o _ ,)]. 11r 

whercy5 andy0 are given as 

( IOI 

2e1 ,1ot 
Yo:::; - N ( ~b ; + Vv- ~ s - Vss> · 

q A 
. ..~,~ 

Note that the threshold voltage becomes a function of both L and Vo-Figure -
this dependence on both channel length and drain bias. 
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and 1-D anal is i sufficient. 

2 l\ ( 2 V' 8 - V /J s) 

qNA 

For hort-channel devices, the full effect of Q~ on the thre h 
. s old I 

reduced. because near the source and dram ends of the channel sorn fi vo tag" 
' e telct 1· "i~ 

inating from the bulk charges under the channel region terminate at h 1ne, orig. 

drain in tead of the gate (Fig. 26a). Note that the horizontal depletion-I t e ,o~rce or 
and y 0 are smaller than the vertical depletion-layer widths Ws and W ayer Width, v 
because the transverse field strongly influences the potential distribu~i'o~e:ective1/ 
face. t the sur. 

First-order estitnation of the threshold voltage can be made by co .d . 
charge partition. The total bulk depletion charge can be estimated by th n~, enng the 

e rapezoid 4, 

Q~ = ZqNAWDm(L;L ). 
(97) 

For small drain bias, we can assume that WD ~ Ws ~ WD,n, and by straightfi 
trigonometric analysis (Fig. 26b ), ,--- - - orward 

L' = L-2()r ] + 2 WDmrj - r). 
(98) 

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

Q I N w 
D.V = _I_(___!!.- NW ) = _ q A Dm(1_ L+L ') 

T C ZL q A Dm) C 2L 
ox ox 

= - qNAWDmrj(J1 + 2WDm - 1J . 
C0 xL rj (99) 

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

D. VT = - qNA WDmrj[(J1 + 2ys - 1J + (J1 + 2yD - 1J]' (100) 
2C 0 xL r

1 
r
1 

where Ys and YD are given as 

(10 la) 

YD~ 
2
N
6

s ( lflbi + VD- lf/s- Vas) , (lOlb) 
q A 

Note that the threshold voltage becomes a function of both La nd VD. Figure 27 show 
this dependence on both channel length and drain bias. 
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1.0 r--- ------------- ..... 

f 0.8 

~ 
~ 0.6 -
s 
0 
:> 

~ 0.4 

~ 
¢:; 0.2 

0 i-------~- ----....._-...L-_....1.-_....L_...J.... _ _J 

0 2 3 4 
Effecuve channel length (µm) 

Fig. 27 Dependence of threshold voltage on channel length and drain bias. (After Ref. 49.) 

6.4.3 Channel-Length Modulation 

Figure 26a also shows thatyD is a high-field region where carriers are swept out effi­
ciently. Ys is a transitional region where the electron concentration is higher than that 
in the main channel. So for consideration of the channel drift region, the effective 
channel length is more meaningful, given by 

Leff= L ' = L-ys-YD · (102) 

This factor contributes to a drain-bias dependence of the effective channel length and 
partially accounts for the nonsaturating current with drain bias. Nevertheless , the 
change of channel length affects the current only linearly, whereas the barrier low­
ering caused by the drain bias, considered next, is much more pronounced since the 
current has an exponential dependence on the barrier. 

6.4.4 Drain-Induced Barrier Lowering (DIBL) 

We have pointed out that when the source and drain depletion regions are a substan­
tial fraction of the channel length, short-channel effects start to occur. In extreme 
cases when the sum of these depletion widths approaches the channel length 
(ys +YD::::: L), more-serious effects will happen. This condition is commonly called 
punch-through. The net result is a large leakage current between the source and drain, 
and that this current is a strong function of the drain bias. 

The origin of punch-through is the lowering of the barrier near the source, com­
monly referred to as DIBL (drain-induced barrier lowering). When the drain is close 
to the source, the drain bias can influence the barrier at the source end, such that the 
~hannel carrier concentration at that location is no longer fixed_. Th_is is demonstrated 
c~ tbe ener~y bands along the semiconductor s~ace, shown m Fig. 28. For a l_ong-

nnel device, a drain bias can change the effective channel length, but the bamer at 
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I I 

~our~ .. 
I Jr 1 ,~, 

} It' 

J ( 
~ 

I 

'-~ \ '/J. 
--.._, 

~ f l 

{a) 
(h) 

Fig. 28 Energy-band diagram at the semiconductor surface from source to d . 
. rain fi 

channel and (b) short-channel MOSFETs, showing the DIBL effect in the latter ·
0

°r<ailon~. 
J' 0 = 0. Solid lines VO > 0. · ashect lin;, 

the sour ce end remains constant. For a short-channel device, this same b . 
· f h b · · arner is longer fixed. The lowermg o t e source arner causes an injection of extr no 

thereby incr easing the current substantially. This increa se of current show a c~rriers. 
. sup in b h above -threshold and subthreshold regimes. ot 

Fig ure 28 shows that punch-through condition occur s at the semicond 
. . . . h h uctor sur face. In practical devices, it 1s common t at t e substrate conc entration is d · 

Id . . . A d re ucect 
below the depth of the source ram Junction r1. re uced substrate doping w·d 
the depletion widths so punch-through can also happen via a path in the bulk. 

1 
ens 

An example of severe punch-through characteristics above thresh old is show . 
Fig. 29a. For this device, at VD= 0 the sum of Ys and Yo is 0.26 µm which is la; in 
than the channel length of 0.23 µm. Therefore, the depletion region of the drain ju~:~ 

7 

6 

5 

<4 
E 

'-' 

...9 3 

2 

• • Theory 
- Exp 

VG= 3 V 

2 
VD(V) 

(a) 

3 

2V 

4 

10-3 

I0-4 

10-s 

,......_ l o-6 

-< ..__, 
Q 10-1 ....... - V0 = \.OV 

10-8 - - V0 = 0.5 V 

l o~oOL.6L_L_ __ OL.4_L- _-OL.2--1- ~o--ii o.~ 

VG(V) 

(b) 

Fig. 29 Drain characteristics of MOSFETs showing DIBL effect. (a) Above th~e~~~!d~n~ ~ 
0.23 µm. d = 25.8 nm. NA= 7x )0 16 cm-3• (b) Below threshold. d = 13 nm. A -

(After Ref. 50.) 
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Ached the depletion region of the source junction. O ver the drain hiac, range 
ti011 hi:t5 re de ice is operated in punch-through conditi on. Under c,uch a condition, 
c:htn,•11, 

the .,· r in the source region (electron s in this case) can he ini·ccted into the 
. . ·it cAt1 , . . . . 
n111J(1t ,1 t1t1tlel reg 100 . where they Wt II be swept by the field and col lccted at the 

I tcd <.: , 1 d . . I b . dcP c ,unch-throug 1 mm vo tage can e estimated by the depiction approxima-
dt11in, rhe l 
ti()t'l to be 

( I 03) 

. rrent will be dominated by the space-c harge-limited current: 
pt11tn cu 

I ~ _9 _&s_µ_nA_n~D 
D ~ 8£ 3 (] 04) 

A is the cross-sectional area of the punch -throu gh path . The space-charge-
where . h r r) d . 
. 'ted cun·ent increases wit "b an 1s parallel to the inversion-la yer current. The 

hmt · · h fi fr 2 d' . l l . . calculated points m t e 1gure are om a - 1mens1ona computer calcu at10n mcor-
rating the punch-through effect and field-d ependent mobility effect. 

po The DIBL effect on subthreshold current is shown in Fig. 29b, for various channel 
lengths. The device w~th a 7-µm ~h~nnel length shows long-channel behavior, that is, 
the subthreshold dram curr~nt 1s mdep~ndent of drain voltage when VD> 3kT /q 
(Eq. 57). For L = 3 µm , th~re 1~ a substan~ial dependence of current on VD, with a cor­
responding shift of Vr (which 1s at the pomt of current departure of the 1-V character­
istic from the straight line) . The subthr eshold swing also increases . For an even 
shorter channel, L = l .5 µm , long-chann el behavior is totally lost. The subthresho ld 
swing becomes much worst and the device cannot be turned off any more. 

6.4.5 Multiplication and Oxide Reliability 

We pointed out earlier that due to nonideal scaling, the interna l electric fields in 
MOSFETs would increase with shorter channel lengths. In this section we discuss the 
anomalous currents associated with high fields , as well as their impacts . Figure 30 
depicts all parasitic currents in addition to the main channel current. Note that the 
highest field occurs near the drain , and this is the location where most of the anoma­
lous currents originate. 

First, as the channel carriers (electrons) go through the high-field region, they 
acquire extra energy from the field without losing it to the latt ice. These energetic car­
riers are called hot carriers whose kinetic energ y is measur ed above the conduction 
band Ee, This extra energy, iflarger than the Si/Si0 2 barrier (3.1 eV), enables them to 
escape to the oxide layer and to the gate terminal , and gives rise to a gate curren t. 
. Another major phenomenon happ ening in the high-fiel d region is impact ioni za­
~o~ which generates extra electron- hol e pairs. These extra electrons go directl y to the 
rain and add to the chan nel current. The path of the generated holes , however~ is 

:ore diverse. A small fraction of them are driv en to the gate , analo gous to the hot 
F:tr; ns mentioned before. The majority of the generated holes flow to the substrate. 

s Ort-channel devices, some hole s wi ll go to the source . The divi sion of these 
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