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Introduction (Moore’s Law and ITRS)

Gordon Moore, 1965

- Moore noted that the complexity of
minimum cost semiconductor components
had doubled per year since the first
prototype microchip was produced in 1959.

Exponential growth, however, also means that
the fundamental physical limits  of
microelectronics are approaching rapidly.

Several observers have therefore speculated
about the possibility of "'the end of Moore's
Law."

100000

10000

1000

Thousands of Transistors
=
Lo}

N
L)
T

1

Intel CPUs

4004

Ps
(Pentium)

Doubling time of fitted line is 2.0 years.

|
PG (Pentium

Pro)

| | | | 1 ] | | | | 1 ] |
Year: 1975 1980 1985 1990 1995 2000




AT ROVIRA I VIRGILI

NIVERSI
Hcmltzrc@(ibj:@ﬂ@;er MULTIPLE GATE MOS DEVICES.

Hamdy Mohamed ADd El1 Hamid
ISBN: 978-84-690-8295-9 / D.L: T.1514-2007 2

1.1 1TRS, 2001

The International Technology Roadmap for Semiconductors (ITRS)

This roadmap is generated by a global group of experts and represents their
consensus. Although it notes that within the next 10 years "most of the known
technological capabilities will approach or have reached their limits"
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Moore’s Law Forever? w. Lundsrom, app. Phy. 2003

A few years ago, as critical dimensions approached 100 nm, a number of
formidable challenges arose, ON- OFF conditions for digital applications
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Why the Devices are scaled down?

Scaling down to improve IC Performance

Scaling limits of MOSFET devices can be
Investigated using various criteria, including:

1- Turn-off characteristics (i.e., subthreshold swing
requirements),

2- Threshold voltage roll-off requirements,

3- Process tolerance requirements,

4- Application (system-level) requirements, and

5- Source-to-drain tunneling limits.
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1.2 Short Channel Effects (SCES)

- Threshold Voltage Roll-off

- Drain Induced Barrier Lowering, DIBL
- Subthreshold Swing, S

Keeping SCEs under control,

Prof. Jean-Pierre Colinge,
Tyndall National Institute, Ireland
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n=number of gates; . 1s assumed equal to IV,
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Anyway, multiple gate structures present 03 a 20
some difficulties in fabrication. [ ss

02 & _ e 4 80 _
In double-gate MOSFETS, N e e
The alignment of the top and the bottom oy | = 1, @
gates to each other and to source/drain == | .
doping is critical for the device . 0 '
performance; misalignment can cause an Cie ame ke g s 0%
additional overlap capacitance between gate bmis L

Hard
mask
e

and source or drain, as well as an additional

series resistance.
Yin, IEEE EDL, VOL . 24, NO. 10, Oct. 2003

In triple-gate structures

— LOWET COMmar

An inversion channel forms not only at the
planar sides of the device, but also in the |
corners where two such sides meet. It can be
avoided by reducing channel doping or by P
rounding the corners of the fins  conedone

F——100 nm
Xiongetal, ", IEEE EDL, VOL.. 25, NO. 8, Aug. 2004
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In surrounding gate MOSFETS,

SS as well as DIBL in the ideal cylindrical-channel MOSFETs were
smaller than those in cubical-channel MOSFETSs with corner effects.

| Cubical channel | I Cylindrical channel | 0-1 L =W, =H =30 nm,t =2nm |
E 1E-3 F Cubical channel LTI
Corner Effect No Corner Effect o 1Esf SS-T8S mVidec E
— DIB L=85.16 ¥ Cylindrical channel
T.=2nm T..=2 nm - 1E.7 B S5=75.68 mV dec
ox Square o= Circle x 016 L=70.76 m¥/v
(=) H b} E e ) ]
fin a Cylinder (v =0.1v) ]
- s = 1EM - — -Cylinder (& _=1.0%) 7
o We o Cameter g remw - Cublie (V,=0.9v)
1E-15 —-=-Cubic {¢__=1.0v)

Lg=wﬁn=Hfin=30 nm Lg=cdiameter=30 nm _1._'] _[]._5 D-'D l:lj".i 1_.[]
Gate Voltage (V)

Cubical Cwlindrical —r T T T T T T T T T T T T 1E-6
Charmel Chanmnel 20 b —@—ON current -' 1E7
— —O— OFF nt ®
Vi 01714V -0.1869 W E I cue - 1 1E-8 r%i
= 18} _e—® o
< ~® 0" 14e8 <
S8 78.9mV/dec | 75.8mVidec = r o e : —
(c) — 16} © 1110 E
o = O ] @
DIBL 85.16 mV/V 70.78 mV/V 7 L. - i1 E
o4l o ] o
o — {1612 |~
. 3.56 mA/jpm 2.53 mA/um 1 O i
g 1.2 Lg='30 nm, t“=2 nm 3 1E-12 O
Lo 339 pA/um 62.1 pA/pm S Y Y S S S S - 1E-14
18 20 22 24 26 28 30 32 34 36 38 40
Cylinder Diameter (nm)

Song et al, IEEE TRANSACTIONS ON NANOTECHNOLOGY, VOL.. 5, NO. 3, MAY 2006
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1.5 Modeling challenges

These devices need to be modeled to understand and predict the functionality of
the circuits.

Three Multiple Gates MOS devices have been studied through
this work

| FinFET |

Drain

| cAamOs |

gate insulator;
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SN 1A 2D 'SCEs Models for the undoped GAA MOSFET

(at low drain-source voltage)

oale insulator:

2A.1.1 Potential Model Derivation
2-D Poisson Equation solving in cylindrical 'z l_ilb”
coordinates W "FI M
\V4 2 r,x) = q n —n. (¢—¢|: )/VT .‘--'urruumling gale
$(r.x) = B n=n.e
With the next boundary conditions Ve
Surrounding gate
$(0,r) =V (at source end) .
SAVA at drain end r I |
¢(L, r) Vbl ( ) (b) {H-I:L\‘L]-“-‘ 2D ) x. Ifil:un

and,

Surrounding gute

I

=

0
Cox Vas —Pus —P(X, 1)) = &g ¢g: D

V,, is the built-in potential between source/drain end and channel

—
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2A.1.2 Inversion charge and Threshold Volatge

0.6 L=20 nm|
06
0.57 5
[£]
E E 038 —— Analytical model..
054 Z -
":‘ ; 055 [ ] Numencal
o 2
-é:' L _;:E 0.54
044 .-'r%-“ 0.52
045 "3 2 4 6 8 10 12 14 15
0 0.2 D'_l‘ i D_'IS 0.8 1 Silicon Thickness [nm])
Mormalized position, % )
tg; /2 tg; /2
—_ ¢m'n /VT — ¢m'n /VT
Qinv = Inie nTdr =2 | n;efmn " T dr
~tgi /2 0 042
)
% 0.6 —  Analytical model_.
Q_ ~N: -t ,e[¢om+A'(VGS_¢ms_¢om)'IO(U)]/VT 2 ® HNunerical
inv =~ M tsi z
o
=
g
—_ — 12 2 = 0.56
At Qinv _ QTH QTH 10'*cm
0.54

1] 2 4 6§ ] 0 12 14 16

Silicon Thickness [nm]

(b)

Vg = Ops T Pom +| Ve r?Tt:',)%Om /[A'IO(U):[
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2A.1.3 Threshold voltage roll-off

(1-1.25/A)
Io(ﬂ)

Jou)

/2 S YAY;
0

- -1

r0
J. N, (r) Z@mi“ dr
_ _| r=0 GS

dlog I p o
J.nm (r)dr

r=0

Csi
C o
lo(7)cos( = — 2X,B)

V7 In(10)

2 n-li(m)+1y(n)

Hamdy et al, ,Solid-State Electronics,

Tox= 1.5nm

- 100 ﬁ-

-200
L J

tzi = 1.5nm
H3-E1 tsi = Snm

w4=% tgi = 10nm
Sz bzl = 15nm
Equivallent numencal
results

=200

Threshold Yoltage Roll-off [m¥]

()
- 400
100 1000
Channel length [nm]) '
B5
4 |
tei=Snm

E3 1
v
E 62 1
B
& &1
]
L9r

(d:] (=11}
* * & - »
59
55 4 T T T T T T T
20 30 40 a0 G0 o G0 a0 100
L{nm]

vol. 50, no. 5, May 2006
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2A.2 SCEs for the undoped GAA MOSFET
[including DIBL]

2-D Poisson Equation solving in cylindrical coordinates

V24(r.x)= —n
&g

) /Vy

¢F (09 y) = O
or (L, y) =Vps

C,,Vas —Pus —9(X,r =t,))= gSiM

r=tsi/2

#(0,Yy) =Vy,i

P(L,y) =V +Vps

Quasi-Fermi Level [V]

Vds=1V, Vgs=0.37V Undoped DG MOSFET device
Chenet., al., IEEE TED, VOL. 50, NO. 7, JULY 2003

12
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2A.2.1 Potential Model Deriviation

gale insulator;

Divide Poisson Equation solution into two
components as,

¢(X9 r) - ¢O (r) + ¢1 (Xa r)

Surrounding cate

¢,(1), which is the solution of the 1D Poisson’s equation in the radial direction,
@,(X,r ), which is the solution of the remnant 2D differential equation

V2, (r)=——n

gSI

(1-D Poisson Equation)

2
2

(2-D Poisson Equation)

0 0
rﬁ_r¢1(x’r)+ ¢1(X9r):0

1
r or OX

Using the variable separation method to solve the 2-D part
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Good agreement has been obtained with 3-D
numerical simulation for different V values
Virtual Cathode ( \VValue and position)
g (x,r)  _ 0
6X Xmin

_Lgé, —LQ%— | E
S, -[Vyi-|1—e P |4V |-|1-e B v, i
<
X . :L— "o -In 3
min 2 2.1 —Li —Li —Li 4]
S;-|Vyi-[1-e R l-vi-e Ro|-l1-e R lv E

Hamdy et al, IEEE TED,Vol. 54, No.3, March 2007

16 T T T r 14
Vds (V) .'
14 H
[ ]
14
L2 Channel Radius N
Enm H
1 _
=
]
2
&
al
E
. L 1 I
0 510 ° 110 ° 1.5-10 ° z10° °
x
110 "
1810 °
1610 °
k]

1410

L2100

0 0.2 0.4 0.6 0. 1
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[IR=5]
2A.2.2 Inversion charge | -
r, 3
Qinv — 2Inie¢[xminar]/VT dr gﬂ..’i?-
3%
0 ; H—e—_o
2 os6t o,
2A.2.3 Threshold Voltage model, £ F\‘\
1 QrH A
VTH - ¢ms + 1—-5S .[VT ln[zn_ T J_ SdSJ b4 06 08 1' 12 14 15
gs | O Channel Radius w10t
. 50
2A.2.4 For Long Channel device, = A
E
e O = |
T [VT " (SLN 3 T ATETT s
o] [=] , “" : ! .
2 f,:’. A : gfrﬂ,r”razﬁé’}e”f'
o & nm, NUMerca
2A.2.5 Threshold Voltage Roll-off £ 17 X T ot
o FTeemmm s ]
A
QTH 1 E-wn- {
AVTH :VT ln(2n--r ]{1—5 1]8dS =
|1 © gs :
oot

Hamdy et al, IEEE TED, Vol. 54, No.3, March Y Cramellength gt
2007
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Channel Radius

1 — MndeI,Enm
2A.2.6 DIBL Calculations A v
— o= & 30-MNurnerical, 10nm | 7
. & '
[Vrh (At high Vgo)-Voy (At low V)] z - i
3 |
DlBLZ\AI-I QTH 1 1 _ SdSO o 1ok "-‘t
SIS 1_Sgso 1_Sgs ]"Sgso gso N
hY
a0 "\
.*-..._ .
. BT S WY N
. 0 4
2A.2.7 Subthreshold Swing A G B
Channel Length ¥ 10°
- ~-1
rO
J.nm (r) a¢min dr 130 :
aVGS o aVGS — o Channel Radius
= = VT In(10) s — Model, 10nm
alog ID o 8 ‘.‘. @ 3D-Mumerical, 10nm
[ i (o S " .
I ] @ e
-(% sof "‘-.,_
Atr=r =T,/4 3 .
V @ 70
A T S
SWlng = T ln(l()) = * B el P— - -
—Sgs
50 '
0 40 50 B0 70 a0 30 100

Hamdy et al, IEEE TED, Vol. 54, No.3, March

2007

Channel Length [nm]
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2B. SCEs for the undoped DG MOSFET

2B.1 Potential Model Derivation

V24(X,y) = ——n
Y
— /V
;
Cate
G B
T e, D
. * [ '¢Tli.}?_ér ______ L)
= Gatel "
.,

Quasi-Fermi Level [V]
2.5

¢F (09 y) = O
¢r (L, y) =Vps

CoxVas —Pus —9(X, Yy =1))) = gSiM

Vds=1V, Vgs=0.37V Undoped DG MOSFET device y=tsi/2
Chenet., al., IEEE TED, VOL. 50, NO. 7, JULY 2003
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¢(X, y)= ¢1D(y) +¢2D(X9 y)

Eigen walue Calculations

B
=V, -1 n
$p(y)=V;-In 7.5

¢2D(X> Y) — Co e

0 T T T 1
S ty [m]
u}
] s
ul —_— .
+++++ 1010

- - 150077
B

nr

-6 C4F - 4 o-d4 -l 00 13 14 34 48

2 -4 tan (11): C,

i

g

ty [m]
() ey

— 510
+++++ w1’
O T et

b Lovwvest eigen value of & ¥ i

-l6 -1d -0@ -04 0 04 08 12 16 2
A

18
s=—9 n.t°
N 'VT
C. = € ox 'to
P = —
tox "€
24
CO:SI'VDS+Vbi' 1-e b _Sz'¢so
24 _Lti
CI_SI Vbi' 1-e o _VDS e ” Sz'¢so
S _ 4 -sin( 1)
! A
)
[2-/1+sin(2-2)]-{l—e ‘o]
LA
4-/1-cos(;tj{l—e t°]
2
S, =

[2-/1+sin(2.,1)]{1e to
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Center Potentail [+]

2B.2 Potential Model Testing

Short Channel DG MOSFET

2 T T T T T T T T T
024

flin. Potential %]

0
o 05 1 15 2 258 3 35 4§ 45 5
Channel Length [m] 4

The Channel electrostatics is
governed by 2D Potential

Center Potentail [W]

Long Channel DG MOSFET

0.6

]
=

o
(]

Min Potentail [+]

EI ae
o 02 04

Wis=0%, and 1V

1D-Potential
component

06 08 1 12 14

Channel Length [m]

The Channel electrostatics is
governed only by 1D Component

19



Shoks 10h:the Unaopea DS MEOSEET:.

Hamdy Mohamed Abd El1 Hamid

ISBN: 978-84-690-8295-9 / D.L: T.1514-2007 283 Subthreshold SWIng

130

LW (KT /q)[1- exp(— qV,. /KT)] I —a— Symmetricanlaytical)

- - Symim etric]simulation)
L
j tsi/2
0

— & — Agymmetric(analytical)
J‘n eq¢ X,y /KTdX

3

Ids:

10 4 = <= Asymmelric(simulation)

Subthreshold slope (mV/decads)
g8 & 8
1 1 1

=20rm

~tsi/2 ¢ =2nim

5 | 20 a1V

S ~ 2.3V, o -In(10) 60 1
anS s0 :
1 10
Liang and Taur, IEEE TED, vol. 51,Sep. 2004. LIy
120 T
‘ Tox=2nm

o Silicon Thickness

—
=
=

= A, Model

& Anm, Murmerical

== 10nm, kaodel

4 10nm, Mumerical
=« 20nrm, Model

W Z0nm, Numerical

Sl /2 L /V
I o Inle min ¢F) Tdy

—_

=

]
T

80

80

Swing = %-111(10)

Subthreshold Swing [mV/Dec.]

5D | |
5 10 15

Hamdy et al, IEEE TED, vol. 50, June 2007. Channel Length X 10
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2B.4 Threshold VVoltage Model

The inversion charge can found from

t()
Qinv — 2Inie¢[xmin sy]/VT dy

After some mathematical manipulations

1 Qry s
\LI-H mS 1— S [\Ar '{2ni tO] SdSJ ’ 510 ¢ 110 " 1510 21077

Channel Lencth [m]

Threshald Yalatge Coef.
=
Ln
I
|

=

For Long Channel DG MOSFET

Sy is the effect of the drain-
Ny h{ Qry J source voltage

Ve, =
T™H = fms *V7 n

Chen Model, in IEEE TED VOL.. 50, NO. 7,
~10%cm-2 JULY 2003, does not include the effect of V
QTH ds
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2B.5 Threshold Voltage Roll-off, and DIBL Models
Q 1
AV =V i 1l-— = Sd DIBL=J\_1 QTH 1 _ Sdso Sds
TH 2n. -t 1-S S T 20t |1-S 1-S__ 1-S
) 0
| gS | gso oS gso gso
a0 : | | , 250
Tox=1.5nm Vis=14 - Tox=2nm
.;. Silicon Thickness
ok 2001 = Anitn, Miodel
ﬂé ® Aanm, Mumerical
=" H == 10nm, Model
o] P —_ 3 4 10nm, Numerical
0 ; Si Thickness = 150k 3 eees 20nm, Model
0] 4 = 4nm, model e E B 20nm, Numerical
o ? # 5nm, Num = ]
g ! == 10nm, model = F
o -0 _"[’ """"""""""""""""""""""" 4 10nm Num |7 n_:' 100k
} I E
L) H L ¢ )
2 @)y 1 ™
0 i ke -~ A
£ | "
F oood -
i 6 ] TR
. 1 | | | 1 4
2502 - . i = " Channel Length w10
Channel Length x10°

Hamdy et al, IEEE TED VOL. 50, June 2007
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2C. SCEs for the undoped FinFET
z | Vs 1
e
I i
t e Undoped body
hﬂ '.:_3
e | g
EE T F sl
@ | =l
S 3|F| @
4 L

N q]

G52

O*d(X,V,2) O°H(X,Y,2) O°d(X,Y,zZ
A 2)’ ), O 2y ), 07 zy )_ ¢ A, Y, 2)
OX ay 0z Esi
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2C.1 Potential Model Derivation

Boundary condition at source end

Boundary condition of right gate

¢(09 y,Z) - Vbi

Boundary condition at source end

Coxo - Vasi — s —#(X, ¥ =15, 2)] = ¢, 8¢<Xa»y Y,2)

P(L,y,z) =Vy; +Vpg

Boundary condition of left gate

0p(X.Y,2)
oy

Coxo '[VGSI — s —O(X, Yy =1y, Z)]: &

y=-1,

¢(X9 Y, Z) = ¢2D(ya Z)+¢5D(X9 Y, Z)

bp(Y,2) = dp (V) + a0 (Y)- 2+ (y)-2°

=2t
%%)9=a%

Boundary condition of top gate

0p(X,Y,2
Coxl '[VG81 — s —O(X,Y,Z= ho)]: —&sj M 5Zy )

z=h,

Boundary condition of bottom gate

0p(X,Y,1
C0x2 '[VGSZ — s —P(X, Y, 2= _ho )] = &g i 5Zy )

82¢3D(Xa Y,2) n 82¢3D(Xa y,2) + 52¢3D(Xa Y,2) ~0
ox* oy? oz*

z=-h,
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ox>

8y2

(X, Y,2) = £(X)-g(y)-h(z)

f0", 9", h@)" _

f(x) g(y) h(

g(y)” 2
=0

a(y) 7Y

h(z)n )

h(z) + 7,

f (X)H B
f(x)

2 2 2
0 ¢3D(X’ y,z)+8 ¢3D(X> y,z)+8 ¢3D(Xa y,Z) -0

oz7?

25

Eigen value Calculations

Eigen value Calculstions

SlFe-s-7-6-A-4-3-2-10 1

T T T T T T T T T T T T T T 1T T 1 71
(a)

Mgy gl

+++++

equation we have assumed that,

-4% -Ig6 -24 -132 1]

Pp<V1

12 24 Za 4.8 a

L]

= chﬂ gigen value of A .. —

Lowvest eigen valus of &

Lowvest eigen value of ¥

-2 -1l6 -12 -0& -04

1]

Ay

To separate ¢3D component from the whole electrostatic potential

o4 08 12 16 2
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' T T T T T T
Jhermal vWoltaoe Thermal “oltage
0,025 [heeie e i xx%?-?@?]%%??z}éxx I S 0,025 P xxg.(.){é(%*%gé%x e e e
L=120rm L=E0nm
— 0.2 — —
= =
P = g 0Oz
= =
a 8
T oo - — =
= £
¢3p<V7 : £
= & 00L5
- - E i
- — =
validation g oo - £
= == 1 o
ceeee 1 ot
0.00s [~ —
et - | | |
o3 -0.5 LLDJ 0.5 1 HibE -0.s o 0.5 1
¥ ¥
\ Mormalized Channel width Marmalized Channel wicth
s
T T T T T 1
12| Vg (v y=0, H o =1
o.e
16 _ _ s .
e e e 0.2 (numerical) ,.IJ—H""—_'-_-_ __HL-‘_"“--,
ldl- | oo 04 - 0.5 03 :
o~ fag
= - seees [ A K] :
< 14 e s
= c
= 1 # w : 15
& F T o Center of Gravity
2 o= i, = Yels=0Y
= £
R
0.6 — = "
04 —
0.5 —\_g_g__—_lﬂ—a/
"2‘.1'—.._-—---‘ ,.."" : ’
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0 | | | | |

10 20 30 40 50 &0



g;@gss IﬁSTISE Iﬁﬂ leIRGﬁté:dﬂE ! pevices.

Hamdy Mohamed Abd E1 Hamld

ISBN: 978-84-690-8295-9 / D.L: T.1514-2007

2C.2 Subthreshold swing Model

-1

2 j j (. 22 mn 2 gy ) 2002
6VGS z=—h, y=0 aVGS OX
= = » V; In(10) X=Xmin
dloglp o
2. J. Jnm(y,Z)dde
i z=—h, y=0 1
-1
S= 1ZKl-cos(iy-yC)-cos(lz-ZC)+K2-cos(/Iy-yC)-Sin(Az-ZC)} -V, -In(10)
Az0.1
0 0 7!
j j Ny (¥,2)-c0s(A, - y)-cos(4, - 2)dydz
/'1 | z=—h, y=0
—cos(4, - Y¢)-cos(4, -z¢) = —t V7 In(10)
j fnm(y,z)dydz
Conduction < - ey .
paths exact e :
Solution I Inm(y,z)-cos(/ly-y)-mn(/lz-z)dydz
cos( Ay - Yo )-SiN(A, -2g) = | = Y= V7 In(10)

N~

f Tnm(y,z)dydz

z=—h, y=0

Hamdy et al, WCM, May 2007, USA
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160 T T T T T T T T
Vdg=20m E
¥ | =E0nm Exp.
o & [=90nm Exp.
e i Channel length
— Model

]
o

i}
)

Subthreshold Swing m/Dec
3

—o MNumerical

B0nm

FIr Width

40 1 1 1 1 1 1 1 1 1
2 25 3 35 4 45 5 2.5 G B.5 7
FIM Width <10t
450 T T T T T T T T T
= icght=l %
*  L=60nm Exp. Wis=1%, FIMN Height=60nm .
4001-| & L=90nm Exp. 1
——  Mhlodel
o 3B0F | —&  MNumerical
=
=
£ 300+
pa )
o=
&
= 250+
(=] -
=
ol -—
E 200 - Trl Gate SG
=
=
5]

Subthreshold Swing my/Dec

Subthreshold Swing mi/Dec

28

160

140

120

100

B0

Model
—o Murnerical

FIN Width (nm)
\fiDnm

Wis=20mY,
FIM Height=E0nm

40
4

Channel Length

240
220
200
180
160
140
1204
100

804

B0

hlodel
—=  Murmerical

Wds=1%, FIN Height=60nm

A0
4

Hamdy et al, WCM, May 2007, USA
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At fixed z, =closer
to Fin height

y. closer to W2

§ Swing (mV/dec)

. 29
Peietal, IEEE TED VOL. 49, August 2002
55 L] Ll L] L3 L
Ve =01V O
a0 l,ﬁ'=ﬁ[] nim .__.r"'--_--'-- 1,..-l..---.-....---- vapm Y
b e .—il-[: G L e EXxpetimental,
ask -‘_,?“r- ‘.‘._.1 o ',I":Im =32 nm 4
.".Ey _ .-"'““ ":-- -
Eﬂ " .( il= I‘E“- T
1-( =|"+ :'
l‘f i+- :' E
75k : - = = =Aunalvical. &, =075H,
a . - e Apnalyiieal, 2, =05,
7o - Experimental = = Analytical, 7, =0 4
; A =200 Ty
G5 = '-':"""“:.E'..‘.'_'r-.':q.:'.:f:—_"-:ii:-‘—" i At s e
6 . : S ——Tw=20nmm
DED 30 40 S0 &0 70 a0 a0
Fin Height, Hg, (nm)
16':' T T T T T T T T T
wds=20m", L=60nm b
160 -
140 sty
1ol FIM height o07a
g # A0nm , MNumerical
E 120- A& S0nm, Mumerical 7]
g 110k #® B0nm,Mumerical L |
E #* BO0nm, Exp.
E 100 e
=
F a0 i
g0 -
70 -
ED 1 1 1 1 1 1 1 1 1
2 25 3 34a 4 4.5 5 54 B E.a F
FIrM WWidth

Hamdy et al, WCM, May 2007, USA
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N " Fin Height _>}{1D
k;t\ \'\‘ = B0nm
t ho ¢min(yaz) o \\\ AN o 70mm _)
_ Vi \\\\
Qu=2| e wy
y:O Z:_hO o 07 \\f&\\ %
ﬁnin(ycazc) {}~‘ s %
. \ 06k p “ ‘\@u g
va—ni 'WFIN'(a°HFIN)'e ! e T =
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¢ms VT -1 ( QO ]_Sds * * FIN:"?idth[nm] ° °
Sgs nl .WF|N ) HF|N 1 T PP ST kT
ar
a
&
TH = Pms T T —9ds & & e
1— Sgs n. - FIN HFIN % : i 1- B gy
2 ost .
For a long channel device g | !
Qun ¢
Vg = fns +V1 -ln[
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T T T

0.42

0.4

Threshold Yoltage [V]

| \ds=20rm, Hiin=6nm ‘

Win=30nm (model)
—&—YWfin=30nm (nurnerical)
——Wfin=40nm (model)
——Wfin=40nm (nurnerical)
" WWfin=50nm (model)

0.26 | —#—Wfin=50nm {numerical)
30 40 50 =] 70 =] a0
Channel Length [nm]
20 ; . ;
Wde=20mV, Hfin=E0nm § 1 1 1 !

Threshald ‘Yaoltage Roll-off [mv]

——————————————————————————————————————————————————————————————————————

Wifin=30nm (model)
® Win=30nm (numerical)
Wiin=40nrm (model)
& Wiin=40nm (numerical) 3
Wiin=50nm (model)

*  Win=S0nm (numetrical)

Channel Length [nm]

Threshald Yaltage [V]
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T T T T T T T
“irds=20mb, Wiin=40nm L=60nm (model)
B [=G0nm (hurerical)
L=90nm (rmodel)
& [=90nm (humerical)
()
04r -
' ¢ [ J L ]
] ] u -
0351 -
03 1 1 1 1 1 1 1
30 40 50 50 70
Fin Height [nm]
<0 i j j j e
R e :
1] beoeoes deemeee P s "SR COUR EEE  PRREEEEEREEPEREEEPEPE LR 4
by rd Hfin=50nrm (model)
A f-mmm b oo imommm oo O Hfin=50nm {numerical)

Threshold Yaltage Roll-off [rm']

-100

-120

'
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'
'
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'
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-
'
'
'
'
'
'
'
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I Y
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¢
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b
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'
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Hamdy et al, J. App. Phy., submitted, March 2007
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ISBN:

DIBL Coet. [m'iv]

120

100

a0

ol

40

20

2C.3 DIBL result

+
ol

Fin Height [nrm)

+++++ |2

Hvﬁnﬁzﬂnm

40 B0 a0 100
Channel length [rm]

120

280+

200

150

DIBL[mW/v]

100

a0

Fin height=B0nm

——fir=20nrm
¥ Win=20nm
— ¥Wfir=30nrm
B Yfin=30nm

rmadel]
numerical)
rmadel]
numerical)

e e

Channel Length [nm]

Hamdy et al, J. App. Phy., submitted, March 2007
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At S=70mV

B5 ,

S=70mvA

B0

m
m

4]
o

(@)

[45)
m

(1.527)

[45)
)
T

Channel Length,[nm]

v S

(2,22.5)

_____________________________________________________________

il 52050

1 1.5 2

a0

25 3 38
Oxid Thickness,[nm]

48t

e
om
T

o
.
T

(a)

DIBL, [mVAV]

i
[3u]
T

40+

5=TOm¥/Dec.

Oxide Thickness

{5,20,41,1.5)
(Ro, L, DIEL, tox}

38
0

5 10
Channel Radius, [nm]

Channel Length, [nm]

®h)

g

Channel Length,[nm]

DIBL, [mV/V]

- ' i DCMOSFET |00 g e

100 T T T . T . .
S=70mw : ‘l

: : .
: i -
g0 | : Jp— _
= ?’D) - Channel Thickness
Ok------ ;..‘(1}55. 55_)*/. ............................. .—.:.—..1.Dnm._ ....... -
s 3
a0 : ) -
_________ .U 539 g T .
LN N s 4
el e
g5am  (2.34)
a0 I i 1 I 1 I I
1.5 2 25 3 35 4 4.5 5
Oxide Thickness,[nm]
53 = Lo . 0
[ ™ s TOmV.
- 5 -..'_ -
n : oy 1 : -
5251
=
=
82t =
o
c
Oxide Thickness 3
& 1.5nm —
51.5F | -4 2nm o
-l 3nm =
{30 B
T 15,30,51.1,1.5) [&]
a1k ! {Tsi2,L, DIBL,tox} .
1 : 0
|
so5 ¥ i i 10
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Channel Diameter,
[nm]

10
15
30
10
15
30

Channel Thickness
[nm]

10
15
30
10
15
30

[nm]
20

27
48
225
30
51

T.1 GAA MOSFET device characteristics |I

[nm]
30
39
65
34
43
70

Channel Length,

Channel Length,

Oxide
Thickness, [nm]

15

15

1.5
2
2
2

Oxide thickness,

[nm]
15
15
15

2
2
2

T.2 GAA MOSFET device characteristics

DIBL,
[MV/V]
42

41.6
38
45

43.5

511

51.75
50.8
52.45
52.25
51.45

S=70mV 34

Result

We have observed
that to reach a
given

performance, the
GAA MOSFET,
can have a 33%

longer channel
length  than the
DG MOSFET.

Hamdy et al, Solid-State Electronics, VVol. 51, March 2007
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3.A. Explicit Continuous Model For Long Channel
Undoped Multiple Gate MOSFETSs

3.1 GAA Model and results
Assuming the gradual channel approximation (GCA), in an undoped (lightly-doped) cylindrical n-
type SGT-MOSFET, Poisson’s equation takes the following form:

d'p 1dg_kT 0 SLaoo-0 =R,
dr’ rdr g

o) =V + XL 1o g( —58 j A
q

o(1+Br?)
>(VGS_¢ms_V)_kT10g( 82) 2 le %Q]—FkTIOg(Q—FQO)
d¢ g \WRJ C, a Q) ¢ Q,

C (VGS ¢ms ¢so) Q 8Sld
r

Charge control model

r=R—
An approximate explicit solution

Q=CoVes—Vo V) QCox( ZCQW \/[2COXVT2T+4V?1°g2[”exp(VGszvvoVm

0

>
V.. -V, -V 2 22 3 B
Q=Q, GX{ =0 j Q= Cox[ 2Co Vs \/ (—ZCOXVT ] +4V; log’ [1 + ex;{VGS Vi FAVmy VD}
v, D Q, Q 2V,

th 0
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Charge density results

0.035

o~ 0,02
E
Q
O 0.015
0.01
0.005 -
%5 0 05 1 1.5
VGS[V] .
10°
2 -
107
10"
10"
£
L
o 10®
10"
10"
-
.05 0 CEVIRY 15

Channel charge density (per unit area)

gate working function of 4.61eV, L=1Micron,

tox=1.5nm, R = 6.25 nm

36
The drain current calculations

271: R '
I, = j Q(V)dV

From Charge control model Equation,

dv = - dQ
C ox

kT(dQJr dQ J
gl Q Q+Qp

Now integrating between Q, and Q,

Q4
2R
e =170 [Q-dQ
QS
_% A M Rt s TQo
= u{z (Q -Qy)+ QO g{Q 0,

Ifiiguez etal, IEEE TED VOL. 52, AUGUST 2005

ﬂ
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Current results

L=1Micron, tox=1.5nm, R = 6.25 nm, V . =0.1 V

Ifiiguez etal, IEEE TED VOL. 52, AUGUST 2005

Ihs [A]

2.5
<
" 1.5
_a

0.5
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15

Potential [%]
I

Q:Qo X

/

() £3w%} Tatal Potertisl

== 3D-Potertial componert
= s Z0-Potertial component

Channel length [nm]

<A44VGSI _Ass 'VGsz _Vo _V)
VT

L5

Potertial [+]

0.

~Q, ex

3.2 FINFET Model and results

{5+ Total Potential

== 30-Potential component
= =+ 2D-Potertial component v

)

Strong SCEs

5 10 15 20
Channel length [nm)

(Vc551 _Vo _V)

23 30

VT

Square GAA

!

Q - Cox '[A44(VG81)_A55 (VGSZ)_V _Vo] ~ Cox '[VG81 -V _Vo]
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Ids

0.46

0.45

=
=
=

0.43

0.42

Threshold Voltage [V]

0.41

0.4

0.39
0

_ (2H en + Wen )

GAA Current results

QQd

L@ Q)+ Qolg

Q4 Q¢

0

FinFET

—&— Sguare GAA
¢ Cylinderical GAA

L q 2C Q, +
0X
T T T T T T T T T x 10-
? | T T
YWids=1Y
E -
5 -
(al
IdS[A] 4+
3 L
2+ </
A Cylinderical GAA  R=7.5nm,
Sruare GAA
1

H = W =15nm, &
b R

GAA MOSFET model: Cylindrical and Square MOS comparison

gate working function of 4.61eV, L=10Micron, tox=1.5nm, t

box

=150nm,
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FINFET: current results

He,=65nm, W =25nm, and L=10micron

40

106" Log (1]

0.1 02 03 04 05 06 07 08 089 1
Vds[‘\/]
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3.B. Ballistic and quasi ballistic transport

Channel Length are decreasing to below 50 nm where traditional
compact models lose validity.

B
balistc fux | o F+

scattering flux (1 -rjEB'.q_

0.4

E T gate If_;?':th
— 0.2 +
Barrier height W Vgrain = D_a\

—15 —5 5 15
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¥
Ballistic Current E ‘ Top Gate
Source SO, :I tox Toraun

> In-l—l- Ttsi Si ot I—.

jT(E) =0,

=12 Y3 (f(E)- (E))[

vk .k k>0

l,=1"-1"=Wq(F"-F")

Ballistic Charge =T, _\{
i Subthreshold . _.,

Bpg == === L
Q = ZZ{QJr (EFS - Er\1/ (Xmax))+Q_(EFD o Er\1l (Xmax))} Ry i
v n | S S
Q=1(F +F")
V Salursion W\ b EFD
S D
P x

Kmax (virtual cathode)

Jimenez et al, Journal of Applied Physics, vol. 94, July 2003
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3.B.2 DG Scattering Model

Backscattering Current

| =W q {F" —rF" —(1-n)F,"|
=Wq (1-r(F"-F)=01-nl,

Backscattering Charge

Q= {F+ +rF" +(1—r)FB_}:(1+ NQ™ +(1-nNQ~

< |o

Backscattering Coefficient

Rahman, et al, IEEE TED, , Vol. 49, No. 3, March 2002

44

ballistic flux
scattering flux
%103
0.7y 1

H0.9
. D&y
B {08

+
En 0 51: : 5 =
S Average carners velocity 0.7,

3 A :
[E 1 ] =
g 0.4 08 E
5 Hos E
'EU 0.3 &
4 - 0.4 E
2 5
%‘ ozl 403
=
= 40.2
% 0.1

H0.1
o]

i

0os 01 015 02 02 03 035 04 045 05 055
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current results

700r

i 1 4 T ] T
"; Anmalytical .
EDDI':_,._'.'_H.‘I'H?E'FTE.”:.E """" i VOB 5
1] fy P é*
E 400p------- E‘ """" A ‘E """ 5;;1'3‘. --;--'lj.-ﬁi}‘-f;' -
i . ”
2 300p------- L Pt s |
A ! 5 Vi =045V |
2000----+-- ¢ """ AT : '+ I ) Sl
¢ : E "LfG' =040V
100 £/ s - e . R=—rr= -
/‘ . . . I
i e S W S W——
i 0.1 0.2 0.3 0.4 0.5
Vs V]

The solid line results of our compact model,
and the diamonds represents 2D numerical
simulation of the same device.

45

280

o]
=
o~

—_

[A]

_
T

Ballistic output conductance (in units of GO)

——— Compact scattering model

—— Compact Ballistic model
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Conclusions

In this thesis we have studied the characteristics of the undoped multiple gate
MOS devices.

- We have introduced compact models for the Short Channel Effects (SCEs) for three
multiple gate devices (Surrounding Gate All Around, Double Gate, and FinFET).

- We did not introduce any fitting parameters to develop those models.

- The device electrostatics has been studied based on the device structures as: we
consider 2D structures (like Double Gate MOSFETS), and 3D structures (like Gate
All Around MOSFETs, and FinFETs).

- We have also proved that the devices with multiple gates have better performances
than the devices with a single gate using our models.

- We have presented an analytical DC model for undoped multiple gate MOS devices.

The model is based on a new unified charge control model

- The backscattering coefficient has also been studied through this thesis.
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ecommendations for the future work

- In the future we shall study the SCEs for the undoped multiple gate MOS devices with
channel thickness thinner than 10nm, i.e. the quantum effects should be included

- We shall study the DC device characteristics for the devices with shorter lengths.

- We shall study the backscattering coefficient for the devices with new materials like
Si1Ge, or carbon

- We shall study the devices with a strained Si, or SiGe

- System applications based on multiple Gate MOS devices also will be studied, e.g,
noise, amplification gain
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