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Lecture 30 - The ”Short”
Metal-Oxide-Semiconductor Field-Effect
Transistor

April 23, 2007
Contents:
1. Short-channel effects
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Key questions

e Why does it seem that in practice the drain current is signifi-
cantly smaller than predicted by simple long MOSFET models?

e What is the impact of velocity saturation in the device charac-

teristics?
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1. Short-channel effects

O Mobility degradation: mobility dependence on &, (vertical
field).

Experimental observation in linear regime:
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where &,, is average normal field in inversion layer:

. Qdmax + %Qz
€s

Eav

Due to semiconductor-oxide interface roughness.
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terf Vs, Egp universal relationship for many MOSFET designs:

Image removed due to copyright restrictions.
Figure4in Ko, P. "Approaches to Scaling." VLS Electronics:
Microstructure Science. Edited by Norman G. Einspruch
and Gennady Gildenblat. Vol. 18. Burlington, MA: Academic
Press, 1989, chapter 1, pp. 1-37. ISBN: 9780122341182.

Parameters for the effective mobility models for electrons and holes:

electrons | holes

o (em?/V - s) | 670 160

E, (MV/ecm) 0.67 0.7
v 1.6 1
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Image removed due to copyright restrictions.
Figure 6 in Ko, P. "Approaches to Scaling.” VLS Electronics:
Microstructure Science. Edited by Norman G. Einspruch
and Gennady Gildenblat. Val. 18. Burlington, MA: Academic
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[from Arora and Richardson, VLSI Electronics: Microstructure Science, vol. 18, 1989.]
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Simplified expression of &, for n™-polySi gate:

1) Relationship between @ gpnq, and Vo

Qdmaw
Coa:

Vi = Vi + Qatn, —

with:

E, 1E

_ _ _ Lo N
Vip=—¢pn =Wy WS)—q(WM Xs ™5 qor) = .2 of

1
q
Plug into Vi and solve for @ gmaz:

E E
Qdmaz - _Cox<VT+2—§+¢f_2¢f) - —Cox<VT+2—qg_§bf) =~ _CoxVT

2) Relationship between @); and Vs — Vr:
Qz’ - _Cox<VGS - VT)
3) Plug Qumar and Q; into &,

Qdmaz + %Qz‘ _ CoxVT + %Coxa/GS - VT) _ €ox VGS + VT

€s €s €s 2xox

[Eav] = |
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€ox VGS + VT
€s  2Top

‘gav‘ =

Key dependences:

o Vos 1= €| T= ttesr |
o Vr 1= ‘gav‘ T= Meff !
® Loy l:> ‘5av‘ T:> Heff l
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Several comments:

e Since Ip ~ u., mobility degradation more severe as Vg in-
creases = [p won't rise as fast with Vig.

e Since p. depends on |Eqy| = pess depends on y. Disregard to
first order = use same p. sy everywhere.

e Mobility degradation considered ”short-channel effect” because
as L |= x,, | and p degradation becomes important.
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gm in linear regime (Vps = 0.1 V) for L, = 1.5 um MOSFET:

\ Measurement Results M= E
MEASUREMENT RESULTS
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gm in linear regime (Vpg = 0.1 V) for L, = 0.18 pm MOSFET:

\ Measurement Results M= E
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O Velocity saturation

At high longitudinal fields, v, cannot exceed v4gy:

vdrift

Vsat -

0 0 A
Best fit to experiments:
Ve = el
€ e€ In\1/n
e
For inversion layer:
electrons holes
Vsar (cm/s) |8 x 108 em/s |6 x 10° em/s
n 2 1

To develop analytical model, use n = 1:

ket
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New current model:

dVv Lbe dVv
]e - W,UeQz'— =W Qz
dy 1+ | 5;\ dy
with
gsat _ VUsat
Rewrite current equation:
I, .dV
]e = W ewi — 5
WheQi = ] m

Plug in fundamental charge relationship:

Qz’:_ ox<VGS_V—VT)

and integrate along channel:

I,
gsat

L=~ WpChy [ 75 (Vas =V = Vi)dV — = Vg

0

Solve for I,:

W Coy

L+ Vbs
gsat

1
I = (Vas — Vr — §VD5)VDS
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Terminal drain current in linear regime:

W 11eCos 1
Ip= Vas — Vi — ~Vps)V,
D I 1+ gVDtL< GS T 9 DS) DS

Effectively, impact of velocity saturation:

fie

Vbs
1 + gsatL

fe =

with V—IL)S = average longitudinal field.

e For V—ZL)S < Esqr = velocity saturation irrelevant (mobility regime).

e For V—IL)S > Esqt = velocity saturation prominent (velocity sat-
uration regime).

Since gy ~ 10° V/em and Vpg order 1 — 10 V', velocity saturation
important if L ~ 0.1 —1 um.
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Current saturation occurs when v,; reached anywhere in the channel
= Ip won'’t increase anymore with Vpg:

V=Vgat
€=Egat
V=Vpssat
ID=Ipsat

Bottleneck is current flowing through vy, region:

]Dsat - - WUeQz’

= statcox<VGS —Vr— VDSSCLt)

W 1eCop 1
L1+ ‘;Ziszt <VG5 —Vr— §VDSsat)VDSsat

Solve for Vpggar:

Vas = Vr

V Sa :gsaL 1 2 1
DSsat (L( |1+ 1 )
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Vas = Vr

Vipssat = EsatL(,|1 + 2 1
posat t <\l " gsatL )

e Lor 10Ilg L7 VDSsat = VGS - VT
e For short L, Vpggur =~ \/255atL<VGS — VT) < Vag — Vrp

VDSsat 4
mobility
regime
velocity saturation
regime
0 >
0 VGS-VT

Velocity saturation results in premature current saturation and less
current:

]Dsat - statcox<VGS — VT — VDSsat)
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Experiments:
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Current-voltage characteristics:
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Impact of velocity saturation on transconductance:

G = 6(;]‘1/);? = WsuCo(1 — 6’;/‘1;;“)
with
OVpssat
NWVas w N QVGit Vos—Vr
Then:
= WsatCor(1

)
Vi V
\/1 + 2 GfatLT

In the limit of short L:
m — statcox

In the limit of short L, g,, determined only by x,,.
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MOSFET I, scaling (Ko, 1989)
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Key conclusions

e Inversion layer mobility degraded by transveral field due to rough-
ness of semiconductor-oxide interface = Ip lower than predicted
by simple models.

e There is a universal relationship between mobility and average
transversal field in inversion layer.

e For short L, velocity saturation in inversion layer important =
Ip lower than predicted by simple models.

e Velocity saturation = premature MOSFET saturation = Vpggat
lower than predicted by simple models.

e Velocity saturation = g, saturation in limit of short L:

9m = stat Cox
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