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328 CHAPTER 6. MOSFETs

e/ (W, + Wl and €, should be repl::wf:(l with €' ip Sericg g,

depletion capacitance &/1),,. These substitutions give an ex Pression
Eox Wl)s +&.d }

6{).\‘( Wl)n + Wl)p)-

h the
f " 'lll'}.](’

kT
S = (Inl0 —""[l +
( )q

where all depletion layers Wy, W, D and W, correspond to the con
(Ve =V The subthreshold swing is usually larger than that of con

channel devices. .
The buried-channel device is expected to have higher carrier
'J:M‘. ;

surface-channel devices since carriers are free of surface Scattering an oy, 7 'hi
\ ﬂ'fl' irt
effects. They are also less affected by the short-channel effects (1o pe g " i,
: .).,ai\"lfjfj Ne

such as hot-carrier-induced reliability problems. On the other hand ;... -
tance between the gate and the channel is further away and is gate-b;,. (]C“pn]; ism dic
transconductance is smaller and variable. Note that if the gate i« replwa:ff:m.‘ the
Schottky junction or a p-n junction, the device become a MESFET o , ] Ff;;:d by

spondingly, both to be discussed in the next chapter. 1 Corpe,

d”l(,]' at 1l
Nre. 1
VCTI[](,“;!‘ .“'(\!r:

6.4 DEVICE SCALING AND SHORT-CHANNEL EFFECTS

Since 1959, the beginning of the integrated-circuit era, the minimum featy
has been reduced by more than two orders of magnitude. We expect the Minimyp

dimension will continue to shrink in the foreseeable future, as illustrate in Fig. | iﬂ
the MOSFET dimensions shrink, they need to be designed properly to preser,. th;
long-channel behavior as much as possible. As the channel length decrease; the
depletion widths of the source and drain become comparable to the channe] length
and punch-through between the drain and source will eventually occur, This feC]Ui;es
higher channel doping. A higher channel doping will increase the threshold voltage,
and in order to control a reasonable threshold voltage, a thinner oxide is necessary
One sees that the device parameters are interrelated, and certain scaling rules are used
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 €, (controlled by the gate voltage and the back-substrate bias) and the
longitudinal field &, (controlled by the drain bias). In other words, the potential dis-
tribution becomes two-dimensional, and the gradual-channel approximation (that is.
&, > &) 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 ;hf
drain occurs, leading to substrate current and parasitic bipolar-transistor action. High

re leﬂgth

TSMC Exhibit 1031



6.4 DEVICE SCALING AND SHORT-CHANNEL EFFECTS 329

sl 3 MOSFET Scaling
e

T8 .
Wm-z Constant-V  Quasi-constant-V  Actual Limitation
para™ 7x 1/x I/x i/
L I > | > 1 > |
f; 1/x 1/x Ik > 1/x Tunneling, defects
: 1/x > l/x > l/.:r > l/x Resistance
ij l/x I /K’ » 1/x OfT current
v, I/x ] I/x »> /K System and V;
N K K K <K Junction breakdown

constant-field scaling parameters are scaled by the same factor. In reality the

. ] ’
In ’::: factors arc limited by other reasons and skewed. | < " < &
sca

fields also cause hot-carrier injt?ction into the oxide leading to oxide charging and
psequent threshold-voltage shift and transconductance degradation.

’ se aforementioned phenomena will cause short-channel effects which can be
cummarized as follows: (1) Vzis not constant with L, (2) /;, does not saturate with ¥,
bias, both above and belov.v thresholfi; (3? I 1s not proportional to 1/L; and (4) device
characteristics degrade with operation time. Because short-channel effects compli-
cate device operation and degrade device performance, these effects should 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.]

6.4.1 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.*' This constant-field scaling is shown in Table 2 and
Fig. 25.This approach offers a conceptually simple picture for device miniaturization.
All dimensions, including channel length and width, oxide thickness, and junction

__:E d(1/x) thare V(1/x)
Souree | K_ Drain
RN ) UK nt
Sesaomamyil Sy e &
LA % w,(1/8)
Mo o o Fig. 25 Physical parameters
Na(%) for MOSFET scaling. Scaling
— factors for constant-field are
J) indicated.
VBS
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A0 CHAPTER 6. MOSFETS

depth. are shrunk by the same scaling factor k. The d()ping lsie
and all voltages are reduced by &, leading to a reduction of the jup C4Sed
width by about x. Note that the subthreshold swing § remains egfc,-],l]Ci!(”] i
since § is proportional to 1 + C,,/C, and both capacitances are sse

factor x.
Unfortunately such an ideal scaling rule is hindered by other factore
damentally not scalable. First, the junction built-in voltage and e S‘:fs that g, i
for the onset of weak inversion do not scale (only = 10% change f, ]-()':ffmc hutmw
in dopings). The range of gate voltage between depletion and stron :”_R‘si ‘rca\(c
approximately 0.5 V. These limitations stem from the fact that boyp, ﬂ% -
and thermal energy AT remain constant. The gate oxide thickness has ‘the ene
ical difficulty of defects as it approaches the low-nm scale. Tunnelip ,C“:c 0
oxide is another fundamental limitation. The quantum-mechanica| effe(i T ‘r(‘)“‘c’h the
Section 4.3.6 degrades the gate capacitance due to the fact that carriers a].ésltussed
a finite distance (=1 nm) from the interface. The source and draip Series roc.ated at
increases when r; is decreased. This is especially detrimental when the Curr: SISEE{Iwc:ne
device increases at the same time. The channel doping cannot be increase(?t_()t the
nitely due to p-n junction breakdown. The threshold voltage cannot be scaledlg defy.
the off-current consideration, even with a fixed subthreshold swing. The Suuem
voltage has been historically slow in scaling because of the system considerationpp}y
also the push for higher speed. These limitations in scaling are Summarizéjnd
Table 2, resulting in the actual nonideal scaling factors which are shown relative ;n
the constant-field scaling. With these limitations, the field is no longer kept the Sameo
and it increases with smaller gate lengths. ‘
With the above practical limitations, other scaling rules have been proposed
These include constant-voltage scaling,** quasi-constant-voltage scaling,*} and gep,.
eralized scaling.** One other scaling rule with a unique feature of having flexibje
scaling factors has been proposed.*> This allows the various device parameters to he
adjusted independently as long as the overall behavior is preserved. Therefore, 3|
device parameters do not have to be scaled by the same factor x. The expression for
minimum channel length for which long-channel behavior can be observed is found

to follow a simple empirical relation:+3
L>C\[r,d(Ws+ Wp)?2]13 %)

where C, is a constant, and W¢+ W, is the sum of the source and drain depletion
widths in a one-dimensional abrupt junction formulation:

+ Y |-
el ig Incre,
T

Ntial|,,
o ¥ £ e
al(d Up h} ” | “\,r!-],h:

rg} i{ap
Chnolg,,

Wp = |—==Vp+ Wyi=Vs). (93)

For V,,= 0, W, equals Ws. A variation of this rule is also presented in Ref. 46.

We have discussed the nonideal factors that hinder constant-field scalin_g.
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 ond
three-dimensional structure with an ultra-thin body will effectively eliminate most
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onduction path for punch-through, and the requirement on channel doping can be
e P 1 . O " A rr [ S o, i
the see Section 6.5.5). Second, research activities looking for gate diclectrics

6.4 DEVICE SCALING AND SHORT-CHANNEL FFFECTS 331

NEAGE i - . pe—— [ ) .
I"lth high dielectric constants have been intense. Such a high-K gate dielectric can
1 ben ~lene 1 - 1 . ~ . ) i
¥ iy the physical thickness, improving the defect density and reducing the field for
!\C f )

clling. Both of these technologies can help to circumvent or delay the short-

1 . icular ' ¥
tut | effects for a particular generation of channel length.

Chanﬂf
6.4.2 Charge Sharing from Source/Drain

Analysis of the c}lanne! cha.rge so far is 1-dimensional, that is, both the inversion
;:h arge and depletion charge 1s completely balanced by the charge on the gate, so they
can be treated as charge density. Detailed 2-dimensional examination at the ends of
the channel reveals tl_lat some of the depletion charge is balanced by the #*-source and
drain, as shown in Fig. 26a. Departure from long-channel behavior can be shown to
happen by applying the charge conservation principle to the region bounded by the
he channel, and the source/drain,*’

Qu+0Q,+0; =0, (94)

where Q) 1s the total charge on the gate, O is the total inversion-layer charge, and
0y is the total ionized impurity in the depletion region. This of course assumes that
all 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

gate, t

Op
Vo = Vea¥®2 i el
¥ FBT <¥p C 1 (95)

ox

where 4 is the gate area ZxL. For long-channel devices, Q5 = gAN W, where W, |
is the maximum depletion-layer width,

|

(a) (b)

F
ig. 26 Charge-conservation model for (a) V>0, and (b) ¥V, =0 where Wy = Wg= W,
(After Ref, 47,)
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1 CHAPTERS MOSFET

2e(2yp - V)
gV,

u’n' -

-« is sufficient.
i-D ml.\'ﬂi 18 U B
’drm hort-channel devices, the full effect of Q, op the thy..,

redued. hecause near the source and drain ends of the chanpe|
inating from the bulk charges under the channel region terminage .,
drain mstead of the gate (Fig. 2@). Note thgt the horlzpntal dep,%'; the

and 1, are smaller than the vertical @Ialon-layer widths W_ 5,4 ayer
hecause the transverse field strongly influences the potentig distrihu;},"f
fw;irst-orwder estimation of the threshold voltage can be myq, by o

charpe partition. The total bulk depletion charge can be estimate, b‘»iti

, L+L
Os =Z‘1N4W0m( ) )

For small drain bias, we can assume that W, = Wo= W, ang by straiop
trigonometric analysis (Fig. 26b), ghtfor,
L' = L-2(Jr} +2Wp,r,~r)).

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

. N, W N
AV, = l(-Q—"--—qNAWD,,) = _D_ﬂ(l_L+L ,

Cax ZL Cos 2L )

=_M:'-Q l+2WD”’_1 i B
COIL rj (#7)

The negative sign means V7 is lowered and the transistor is easier to turn on. Ty
into account the effect of the drain voltage and the substrate bias, Eq. 99 can be moc-
ified to read

AV ____QI;‘.P’D_""I l+21-5—1 + 1+2‘V—D—) (1
’ Sl Ti i ,

g(prn‘; ¢

ke Yor (TS

awd
=i

where y ¢ and y/, are given as
2z, 101
ySquN:(Wbi—%_VBS)’ '
28 (ll"’b
—(y,.+ Vp— w.— Vpae)-
yDz qNA(WbJ'*' D WS BS)

- L 54 _;h\\\b
Note that the threshold voltage becomes a function of both L and V). Figure -

this dependence on both channel length and drain bias.
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132 CHAPTER 6. MOSFETY

, 26,2 - Vi)
" Dm = )
qN,

and 1-D analysis is sufTicient. ]
For short-channel devices, the full effect of O, on the threshg, I

reduced. because near the source and drain ends of the channe|. SOme 4 volty,.

inating from the bulk charges under the channel region termingte at th S orig,
drain instead of the gate (Fig. 26a). Note that the horizontal depletion.|, C SOurge
and v, are smaller than the vertical depletion-layer widths Weand 5r€r Width '
because the transverse field strongly influences the potential distribuftJi-nne:;:o[;ti»Q]y
face. at the g,

First-order estimation of the threshold voltage can be made 1,

Y consider;
charge partition. The total bulk depletion charge can be estimated by the i‘rj;rmg the
€20id ©
) L+L
= ZgN W (—j :
QB AN 4W D ) (97)

For small drain bias, we can assume that W~ Wo~ W, |

and by straightf,
trigonometric analysis (Fig. 26b), ghtforwarg

L' = L-2(Jr? +2Wp,r,~r;).

(98)
The threshold-voltage shift from long-channel behavior is then given by
1 (Q}s ) qNAWDm( L+L')
= —| == _gN W = - —|1-
A VT Cox 7L N4 pm Cox 1 2

= - Naoutif fy 2wy
Coxl r, (99)

The negative sign means V' 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

. 2
av, = - Waoulyi(f 295 _q) | 20| (100)

where y¢ and yj, are given as

28,
2 [y = Vo), (101a)
yS qNA(!//bI WS BS)
~ Es—(g//.+V — .- Vge). (101b)
Yb qNA bi D s BS

Note that the threshold voltage becomes a function of both L and V). Figure 27 shows
this dependence on both channel length and drain bias.
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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 that yj, 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

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
(0’s * yp = 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
0 the source, the drain bias can influence the barrier at the source end, such that the
Ehannel carrier concentration at that location is no longer fixed. This is demonstrated
cz;he energy bands along the semiconductor surface, shown in Fig. 28. For a long-

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

_._____/ ,L, _ - K—
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Drain

— N K, L .‘inurgn
- @ = ™ R . ( v
F, —t‘\‘ L’ I;I st J Dry .
8
,__HJ"V- _J- “ [

(a)

(h)

Fig. 28 Energy-band diagram at the semiconductor surface from source to drai «
channel and (b) short-channel MOSFETS, showing the DIBL effect in the | . for

(Jll'!h’

S . atter. Nac g-
Vp=10. Solid lines V> 0. T Dagheg line

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

Figure 28 shows that punch-through condition occurs at the semicq
face. In practical devices, it is common that the substrate concentrati
below the depth of the source/drain junction 7. A reduced substrate doping

; g : . Idens
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
Fig. 29a. For this device, at V', = 0 the sum of yg and y;, is 0.26 pm which
than the channel length of 0.23 pm. Therefore, the depletion region of the dr

me barricr [S
of extra carrie
shows up iny,

No
Is,
Oth

Nductor g
nis redU(_‘ed

hOWn n

1S larger
ain jUnC-

T
6 _Exp . .
st A
Z4r y 1V
E .
23 . 0.5V
. i 0.1V
ZF A
]._
Oy ] 2 3 4
Vp (V)
(a)

Fig. 29 Drain characteristics of MOSFETs showing DIBL effect. (a) Above threshclwid:nf; )
0.23 pm. d = 25.8 nm. N, = 7x10'¢ cm™3. (b) Below threshold. d = 13 nm. N, = 107¢%
(After Ref. 50.)
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6.4 DEVICE SCALING AND SHORT-CHANNEL EFFECTS 335

cached the depletion r.cgion of the source junction. Over the drain hias range
ion et e device is operated in l_’“"(‘l"”"“”“!ih condition. Under such a condition,
hoW™h | ariers in the source region (electrons in this case) can he injected into the
malor ¥ el region, where they will be swept by the field and collected at the

1
! red chal . :
dc‘l’n“:lf:w Dllnch-thl‘mlgh drain voltage can be estimated by the depletion approxima-
‘iOn to bc
: % gN4(L - yg)?
= — = W,
pt 28‘? i (]U3)
| current will be dominated by the space-charge-limited current:
pral
Ve u,AVP
T (104)

2 81,3

re A is the cross-sectional area of the punch-through path. The space-charge-
Wh?ted current increases with V3 and is parallel to the inversion-layer current. The
m?éulated points in the figure are from a 2-dimensional computer calculation incor-
cil)rating the punch-through effect and field-dependent mobility effect.

The DIBL effect on subthreshold current is shown in Fig. 29b, for various channel
lengths. The device with a 7-pum ?ha}nnel length shows long-channel behavior, that is,
the subthreshold drain current is 1ndep§ndent of drain voltage when Vj, > 3kT/q
(Eq. 57). For L =3 um, there 1s a substantial dependence of current on ¥/, with a cor-
responding shift of V- (which is at the point of current departure of the /-¥ character-
istic from the straight line). The subthreshold swing also increases. For an even
shorter channel, L = 1.5 um, long-channel behavior is totally lost. The subthreshold
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 internal 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 lattice. These energetic car-
riers are called hot carriers whose kinetic energy is measured above the conduction
band E.. This extra energy, if larger than the Si/S10, barrier (3.1 eV), enables them to
escape to the oxide layer and to the gate terminal, and gives rise to a gate current.
~ Another major phenomenon happening in the high-field region is impact ioniza-
no“_ which generates extra electron-hole pairs. These extra electrons go directly to the
xz:z gfld add to the channel current. The path of the generated holes, however, is
cectr I1Verse. A small fraction of t!leip are driven to the gate, analogous to the hot
o rSt Mentioned before. The majority of the generated holes flow to the sub‘strate.

“channel devices, some holes will go to the source. The division of these
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