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CMOS Scalability to Lgate < 50nm?

Bulk Si
(e

PD/SOI

FD/SOI
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Si Substrate Si Substrate Si Substrate

No. No,

but with performance
advantage over bulk Si to
the scaling limit, which
can be enhanced in
strained Si/SiGe
technologies .

Maybe,
but how far depends on
how thin the Si-film body
can be madegf< 10nm
will be needed.

e

Si Substrate

Yes;
thin Si is needed, but
optimal structure is not yet
known. Thicker oxides and
longer channels could
yield superior performance
relative to anything else.
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DG MOSFET: Challenging Technology, Complex Physics, Superior Features

>y
GfT L et 10nm [
v 0 * short-channel effects (SCES)
X Gf toxf . , . _
l quasi-ballistic/ballistic transport

* thermal injection velocity ()

ce— nt Q‘ D }—R_‘D * quantum transport (S-D tunneling)
— ™
Gb ‘oxb

l tg; < 10nm O
Gb

* Gf-Gb charge coupling

* tgi-dependent quantization (QM)

* 2D DOS with Fermi-Dirac statistics
* volume inversion

* QM-definedu,, and vy,

The gate charge coupling underlies several unique, advantageous features of the intrinsic DG MOSFET.
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SCHRED-2*: n(x)
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Notes: Carrier degeneracy for highQé
Different inversion-layer centroids, or average depts (t
Asymmetrical device: one predominant channel (for modergtg.V
Symmetrical device: two channels for high4d/volume inversiorior low Vgg

* D. Vasileska and Z. Ren, Purdue Univ. , W. Lafayette, IN, Feb. 2000.
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Truly physics-based, with key simplifying approximations.

Device structure-dependent, with relatively small number of
parameters that relate directly to processing and physics.

Straightforward parameter evaluation, with minimal measurement-
based tuning of key parameters (like that needed for numerical devi
simulation).

Predictive, enabling reliable IC TCAD, sensitivity analysis;
jcefficient mixed-mode device/
circuit simulation, as well as
)\Can aid advanced device design and
technology development.

for bulk-Si and PD/SOI MOSFETS:; now-DG ...
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UFDG: Generic Process-Based Compact Model for DG MOSFETSs

* Is being developed toroject performance of DG CMQ&ccounting foparasiticsas well as
the intrinsic features of DG MOSFETS, and to thereby aid its design optimization.

* Weak-inversion formalisnbased on approximate 2D Poisson solution (Vidtheg, with QM-
defined shifts of surface potentiglsp,omy(Eg) and predominant diffusion current.

2

* For strong inversionsolve classical 1D Poissodn%) ng—n(x) (nMOSFET); then link, via
dx Si

derived®(Vfs, Vgpg), 10 Iterative solution of Schrodingap;( ), via variational approach
with 2D DOS and Fermi-Dirac statistics, for updatgtE, @(x): compact self-consistent
Poisson-Schrdodinger solver

* Modelquasi-ballistic transpomia Un(Ey, ts) (based on QM modelina@nd \gay(efry (> Vsatfor
carrier velocity overshoot) withyy (ballistic) limit.

* Integratel ., = —WQ(y)v(y) + WDnd(g;(y)

fromStoDto QEBE(VGfs, VGbS VDS’ VBS)’
modeling v(y) in terms of f yy,, and (bias-dependent)y . and including ; dependences.
* Definecorrelatederminal charge€(Vgts, Veps Vbs Ves): | = G Gy, D, S, B.

* Usespline interpolatiorof |, and Q for moderate inversiordefined by bias-dependengys
boundaries (W and Vtg). Truly physics-based modeling is thereby facilitated.
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UFDG:

A Generic Compact Poisson-Schrodinger Solver for FD/SOI as well as DG MOSFETSs

Classical PE potentials, SWE updated potentials,

(charge coupling, electric fields (eigenfunctions, electric fields
inversion-charge (classical Q; & | )> eigenvalues, in Si channel > QM Qi & len
distribution) 15 ch 2D DOS, F-D)

SWE analytical 20
solution is derived «— '
using a variational S
approach, then =
coupled to PE H 1.5
and Qi(Vgfs, Veps) | =
via Newton-Raphson o
iteration. z
o 1.0
E
qg Sym. DG nMOSFETs:
S 0.5 n* gates
w tox=1.5nm
\ Na=10"cm3
0.0¢

00 02 04 06 08 1.0
Normalized Position x4

The QM solution is also the basis for {h&E,, t5) modeling, accounting forolume-inversion effects
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Short-Channel Effects (SCESs)

2D Poisson equation (for weak inversion), y TGf
2 2 N
aL|2J+anDq < : )l ME ltoxf
ox oy Esi L
N T | Leff
is solved in (rectangular) body/channel (B) region by assumingS B itSl D
2

O(x, Y) Ddlg(y) + a3 ()X + U(y)X Dy toxs

in Poisson, and applying the (four) boundary conditions le

(including surface-state charge at the gate-channel interfaces).

The derived potential defines the (classical) integrated (over x) inversion
charge (Q) and an effective channel length.& Lqg) for predominant
diffusion current (in y), and thus accounts for:

* S/D charge (impurity and/or carrier) sharidg(Lesr) & S(Lefr)]

* DIBL (front and back interfacesp\Y(Vpg)] -
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QM Modeling (e.g., for nMOSFET)

* Trial Eigenfunctionfor Asymmetrical (Generic) DG Device:

a —b. X/t —b (te: = X)/ta;
— ]2 o o]+1)mx |7 SI JVSI Sip ;=
LIJJ-(X) =5 tS|Sm . % +ne 4, 1=0,1,2,..

g are normalization constants, ands a charge-partition parameter.
» SolvePoisson equatiofor the electric potentiap(x) in the Si-film:

d? B
5000 = ZLN g n00) = LA+ N W00 T 600

» Use Schrodingeequationto get subband energies:
h2 g2

2
81T dex

50+ (e (x) = E;w;(x) 1 E; 1ChE

* Apply QM variational approach

5 /3

dEJ B}*m m %gd(eff) &I
j % (j +1)£S|h %

i=0,1,2, ...
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QM Model Verification via SCHRED (which defines Q here)

 Eigenfunctions

Symmetrical DG nMOSFETs Asymmetrical DG nMOSFETs
AN -« SCHRED
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» Subband Energies

Symmetrical DG nMOSFETSs Asymmetrical DG nMOSFETs

- — UFDG
or  ¢-eSCHRED

< |  _UFDG

0.0
0003 06 09 12 15 1.8 OOO 0.3 06 09 1.2 15 1.8
Vs (V) Vs (V)

* QM effects are more significant in asymmetrical DG MOSFET.
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e Electric Potential

Symmetrical DG nMOSFETSs

0.0
-0.1}
> B
& 02|
X :
§ I <
-0.3¢ ."°--o--.._.__.__.__.&.}.-o—'.'
| — UFDG tg; = 20Nm
04 ""SCHRED
0.0 0.2 0.4 0.6 0.8
X/tSi

1.0

®x) - @5t (V)

Asymmetrical DG nMOSFETs

— UFDG
o--¢« SCHRED
0.6V

tSi =5n

mg. .

’ """‘\75;‘:"‘1‘:5\'/
0.2 0.4 0.6 08 1.0
X/tSi

* Note that n(x) does not correlate directly wjlx) due to the quantization.

e
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QM Model Implementation in UFDG (to get Q)
Weak Inversion: s b = @t p(cL) - A¢om)EoVars: Vebs tsil-
» Diffusion current follows from integration along channel (0 <ygs L
2D Poisson solution defines SCEs and effective channel length (L

Strong Inversion: Inversion charge vielewton-Raphson Iteration
2

41q kBTD H n: (A0 — EjDD
_Qi = 5 [gdeIn[]]_+N N expG——k—_—r—DD
h [ J [] cYA O Kp (1]
2 ’ f
+gmdzlnﬂ+|\| |I\| exp ifT jDD]: oxf*"GfS "FB Tsf j=0,1.
J [] cYA O ¥pg 117 Y

« Uncertainty in the effective mass fim,’) and the 2-D density-of-states effective
mass rg (my’) suggests two tuning parametetdy|X andQMD, which are
generally unity: m= m,/QMX and ny = my/QMD.

* QMX is also used as a flagiMX = 0 gives classical solution

« Drift/diffusion current follows from integration along channel (0 <yg: L

2D Gauss solution near drain defines channel-length modulatign ().

Moderate Inversion: Vry and Vyg are increased viagon[Eo(Vrw s Vebgl-
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More UFDG Verification via SCHRED

*Electrical Properties (Symmetrical DG nMOSFETS)

Integrated Inversion Charge Density Intrinsic Gate Capacitance
S o g —
- — UFDG - . Classical
1.2r «.«SCHRED ; | — UFDG :
T Classical” «-«SCHRED % ¥
(\'IE | Toxt = Toxp = 3NM] ~19
S ol |tsi=10nm E |
é . NA 1015 Cm L 1.2
X | Pg~ mid-gap E
2P| O
> 0.4.- Oone
0.0] A L 00 ook oo |
: 0.3 0.6 09 1.2 -0.3°00 03 06 09 1.2 15
Vais = Vebs (V) Vais = Vabs (V)

 UFDG has classical option; QM doubles run-time.
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*Electrical Properties (Asymmetrical DG nMOSFETS)

Integrated Inversion Charge Density Intrinsic Gate Capacitance
10 v v v v v v v v 24 . . . - .
08. UFDG i . ' UEDG CIassmgI__
— VU.or o assica [ o--
E -« SCHRED R -« SCHRED
o 0.6} e
© 2
3 ' L 1.2t
< 0.4 SO
O O] i
~ [ @) VDS:O'OV
@ 0.2 0-6f
0.0, , . . o0 ., ., ¢ . . .
0.0 0.3 0.6 0.9 1.2 -03 0.0 03 06 09 12 15
VGS(V) VGS(V)

* Note QM effectsno UFDG parameter tuning!
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Physical (QM-Based) Mobility Modeling

Matthiessen Approximation:

1 .1 1.1 .1 4 1 _1,1, 1

Heff MO(bulk) Heo Hsr Hph Hetf  Ho Hgr lJph

wherepg ik Is the mobility in the bulk silicon defined by the doping density,
Uco IS the carrier mobility limited by Coulomb scattering due to surface states,
Hsy IS surface roughness-limited mobilitgndp,p, is phonon-limited mobility

Uco IS assumed constant, leadingute

Both L, andp,, are dependent on electric field as well as Si-film thickness,

characterized via thBoltzmann transpomrquationandquantum-mechanical
perturbation theoryand on the note@M modeling which defines the form factor for
the phonon scattering and the matrix element for the surface-roughness scattering:

Heft = HerlWi(Vats Vabs tsi)

with only three parametei($lp, and6y, andBg, which are generally unity).
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Mobility Model Verification via Monte Carlo *

Composite Mobility: Surface-Roughness + Phonon Scattering

1200 .
| N tg; = 20nm
2 900 SDG nMOSFET
> 900 — Model >
“E | e--e Monte Carlo toxt = toxp = 3NM
G S Np = 1015 Cm—3
J | | d ~ mid-ga
g 600 O ---------- i\ il G Id-gap
= tg; = 10nm
clolo
106 107 108

Eeff (V/M)

 Note the stron@.s and &; dependences.

* F. Gamiz, et al., Proc. 10th Internat. Symp. SOI Tech. and Devices, May 2001.
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More Physical UFDG Modeling

Physical accountings fompact ionizationand quasi-ballistic transport (witlelocity

overshoo) are based on a simplified form of the energy-balance equation (i.e.r,‘dt-he 2
order moment of the Boltzmann transport equation (BTE)):

(Te(y)=T) _ 20E/(y)
(5vt,/3)  5kg

d
ay T =T

where T; is the carrier temperature [defined by the kinetic energy, which defines the
impact-ionization rated) and the carrier mobilityp)], Ey Is the electric field along the
channel, and,, is the energy-relaxation time. With f) and theparasitic BJTmodeled
in UFDG, the impact-ionization current is then characterized as

GiTe) = faTody| e regions CH " 'BIT)

and, with the $-order moment of the BTE incorporated, an effective saturated drift
velocity, reflecting overshoot, is defined as

Vsat(eff(Tc) = HTIE, W= >Vgat -

met
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UFDG Calibrations/Verification (just beginning)
DG nFINFET*

(L gate = 65nM, &; = 45nm, {,, = 3.3nm) Self-heating?
10-2 e A e e e e e L o o e e LA e e e e L ey s s s ? (Turned Off
3 ] in UFDG.)
10 ]

o Vps = 1.5V -

UFDG SCE formalisth'®” 0.1V _
(e.g., for DIBL) needsy6 L0 p .
to be refined. . ]

ooo Measured Data
10 £ o —— UFDG Predictions : Lg¢ ~ 85nm

10-12 ;u 3

10-13 _;

10-14 PR T SR T (N S N T T (N S T T [N T ST S T T SN S S T S ST S AN SO T SR SN (N ST SO T N N SR SO N
-0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00 1.25 1.50

Ves (V)
Note that tgj ~ Log/2 can yield well-controlled SCEs.

* Devices fabricated and characterized at Motorola, Austin, TX.
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UFDG Application: SG vs. DG CMOS

UFDG-Predicted Asymmetrical DG vs. SG nMOSFET Characteristics:

102~ DG — For UFDG simulations:

* Logr = 50NmM.

SG
° tOXf = tOXb = 3.0nm.

e tgj = 10nm.
B %M - , * N = 1x10%5 cm®,
...- Classical A
1  n*/p* polysilicon gates® s =
Vps=10V 4.05V and®,,, = 5.13V) for
] asymmetrical DG devices.

0.0 0.3 y 0-?/ 0.9 1.2 .sGis ADG device with back
cs(V) gate grounded.

 Both devices have theame .
» SG is representative of bulk-Si devices. Note larger QM effect due to higher E
* Note thatpolysilicon gateswith the QM effectswill not sufficefor scaled DG.
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UFDG/Spice3 Speed-Performance Projections

Intrinsic Propagation Delay from a 9-Stage CMOS-Inverter Ring Oscillator:

Delay/stage (ps)

120]

90t
60r

300

— QM

--- Classical

SG
DG

Gf/Gb-S/D Overlap = 40%

(=)

0

Vpp (V)

05 06 07 08 09 10 112

« DG CMOS is much fastee.g., 41% faster than SG ag\=1.0V.

» The speed superiority is duertaich higherJ,, and not so much higherC

e

o It is enhanced by QM effec{gvhich are worse in SG devices).
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On-State Current (nMOSFETS):

3.0] 12

- ' - Llassica o i .-- Classical

= 2.0 n 8}

= . 5 |

< - = ol

S Q |

S 1.0t = 41

— i _o .
. 20 T T

00— ol | | | | |
02 04 06 08 10 1214 0.0 0.5 1.0 15
Vpp (V) Vpp (V)

» TheDG-device |, is greater than twice that of the SG counterjgarelatively low \pp,
due mainly to the near-ideal gate swing S antdanced by QM

e Significant velocity overshoptue to higher DG mobility, is also beneficial.
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Intrinsic Gate Capacitance (nMOSFETS):

- — QM Vps=1.0V
1.5 --- Classical

.-06 -0.3 OO 0.3 06 09 12 15
Vas (V)

 The DG MOSFET g is near-zero inveak inversion
o It is less than twice that of the SG counterpart in moderate inversion
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UFDG Application: Scaled FD/SOI MOSFET Design
Needed thind; for DIBL < 100mV/V, high N~y for V; ~ 0.25V with poly gates:

16.0

tgi[nm]

11.0+

6.0

Letr [NM]

70.0
65.0
60.0
55.0
50.0 0
450 T
.
40.0 X

35.0 Q,
30.0 2

250 O
20.0
15.0 —
10.0

5.0

*High SOI-channel doping density fog ¥ontrol is not viable!

e
Sy
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Needed thind; for DIBL < 100mV/V, withlow Ng and midgap gate:

15.0 s —————— ———— —————— 190.0
13.0} UFDG toxt = 1.5nm| 85.0
11.0t '
: 180.0
"= 9.0} ; N
= 17503
_.L/_) 7.0F 1 5
I 170.0
5.0r ]
3.0 :_ ] 650
1.0 L [ L L [ 160.0
10.0 20.0 30.0 40.0 50.0  60.0

Lest [NM]

Ultra-thin SOI is needed, but moderaig; can be tolerated.
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2.

UFDG/Spice3: Performance of Lyate = 28nm FD/SOI CMOS*
(9-stage Unloaded Ring-Oscillator Simulations)

(20% of Ly

Propagation Delay vs. Supply Voltage

ate Overlaps S/D; Rg;p assumed comparable to bulk-CMOS values)

10.0 =
9.0 —
8.0 -

6.0¢

T4 [ps/stage]

50

4.0

3.0}

2.0E.

High-Performance

Low-Power

¥—¥ tg;= 5nm
—@ t5i= /nm

0.65

070

0.75

080 085
Vpp [V]

0.90

0.95

1.00

1.05

*Le = 35nm, low Ny, midgap gates. Note use of tg; for V; control.
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Summary

*  Process/physics-based UFDG is being developed as a generic
compact model, applicable to FD/SOI as well as DG
MOSFETS, including FINFETSs.

* In essence, UFDG is a compact Poisson-Schrddinger solver,
and can be useful for optimally designing thin Si-film DG and
FD/SOI MOSFETs and the CMOS technologies (and
circuits).

*  UFDG: FD/SOI CMOS can be scaled to near thgd=
28nm generation with very good performance, but very thin
SOl (& < 10nm) and metal gate(s) will be needed.

*  UFDG: DG CMOS, pragmatically designed with
asymmetrical or symmetrical gates, is potentially scalable to
the end the SIA ITRS ({g1e~ 10nm) with extremely good
performance, but the technology development, with very thin
tgjand possibly metal gates, will be challenging.
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