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Reduction on cost/function I
Performance improvement

Scaling
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Evolution of Transistors
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, FinFETs From double-gate to nanowires
I Double Gate Tri Gate NANO-WIRE
DOUble Gate lunctioniess MOSFETs
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The Junctionless Nanowire Transistor
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Introduction & Motivation

* The Junctionless Nanowire Transistor (JNT)
» Developed in 2009 by J.P. Colinge et al.[1]. Drain__

» Absence of doping gradients;
Source

» Avoids impurity diffusion into —
the channel region; ¢

Buried Oxide

» Presents doping concentration in
Gate Oxide

the order of 101° cm3;

Wﬁn .
Junctionless | IM Trigate

Source Gate Drain
P Silicon

N* Silicon

Buried Oxide

Buried Oxide

3 !
@“mmm‘* [1] J. P Colinge et al., in: SOI Conference (2009).

MOS-AK Workshop, ESSDERC, Leuven, 2017 www.fei.edu.br |




Introduction

e The Junctionless Nanowire Transistor

Source Gate Drain
Hs, N* Silicon

Buried Oxide

L
With respect to inversion mode devices:

Advantages Drawbacks
» Reduced electric field; »Strong dependence of V;, on the
» Smaller mobility degradation; fin dimensions;

> Better analog properties;
> Better DIBL;
@ > Reduced low frequency noise.
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» Higher Series Resistance;

» Smaller low field mobility.
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Junctionless nanowire transistor - (3 parallel nanowires)
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Performance Comparison: Inversion-Mode and Junctionless nanowire transistors

= Common parameters in INT and IM:
vEOT=1.3 nm

vig;= 10 nm

v W, >10 nm

v' L =down to 10 nm

- JNT Characteristics:

v'Np=1.101¥%cm3 Gate oxide

- IM Characteristics:

v N,=1.10%cm3
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Comparison between IM and Junctionless nanowire transistors of similar dimensions

Drain current vs. V. - L down to 10 nm

4
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Comparison between IM and Junctionless nanowire transistors of similar dimensions

V.4 and Subthrehsold Swing (SS) vs. L
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Comparison between IM and Junctionless nanowire transistors of similar dimensions

Drain Induced Barrier Lowering (DIBL) vs. L

- —il— Junctionless
| — 17— Nanowires

DIBL [mV/V]
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Comparison between IM and Junctionless nanowire transistors of similar dimensions

lony @nd lgee vs. L
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Comparison between IM and Junctionless nanowire transistors of similar dimensions

lon/lor VS. L
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Comparison between IM and Junctionless nanowire transistors of similar dimensions

g ..,and Rc vs. L
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Comparison between IM and Junctionless nanowire transistors of similar dimensions

lons lorr @nd lon/lopr VS. Weiq
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Comparison between IM and Junctionless nanowire transistors of similar dimensions

SS and DIBL vs. W¢,,
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Compact Modeling

Static Drain Current Model
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Long Channel Drain Current Model

Bulk conduction

= 2D Poisson equation (considering only the depletion charge):

d’® d*® _ gN,

_|_
dx*  dz’ Es;

= Using the approximation: di)—di) Zd(d—djjz =2 N, do
8 PP ' dx dz dx Esi

and considering the center potential as zero at the source side

Poisson equation can be _ \/
integrated, leading to: ES,depl _ qN D (DS,depl lgSi

TREVISOLI, R.. D ; DORIA, R. T. ; DE SOUZA, M. ; DAS, S. ; FERAIN, I. ; PAVANELLO, M. A. . Surface
... Potential-Based Drain Current Analytical Model for Triple-Gate Junctionless Nanowire Transistors. IEEE
gl Transactions on Electron Devices, v. 59, p. 3510-3518, 2012.
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Long Channel Drain Current Model

T T T T T T T T
| =4.16 x10° V/cm
Right surface

=4.04 x10° V/cm

Top surface

=4.16 x10° V/cm

Left surface

= Approximation: o — do 44

dx dz

Electric field [x10° V/cm]
N

T T T T T E Z
0.004 . 14 @ 7
0 - i
-0.04 -
.Z. T T T T T
— -6 -4 -2 0 2 4 6
O
£ -0.081 - X,z [nm]
°
a Right surface =-0.11V
-0.121 Or o e =012V ]
Left surface =-0.11V
-6 -4 -2 0 2 4 6
certros .
Uniyersimres X’Z [nm]
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Long Channel Drain Current Model

Bulk conduction

= Relation between depletion charge and electric field:

QDepI = 8Si ES (2 H Fin +WFin)

Es = \/qND Dy et &5 \

2
T o o o
(DS,depI :VG _VFB _2"‘\/( j - > (VG _VFB)

/ 2C,
MOS capacitor:

» = E&.. . . )2
((I)S,depl -|-VG _VFB )Cox — QDepI a=8&;q ND (ZHFm + WFm)

centro
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Long Channel Drain Current Model

Accumulation conduction

= 2D Poisson equation:

d’® d°® qN, ®/ D,
>t T €
dx dz Es;
Poisson equation can be
integrated, leading to: ES,acc = \/q N D¢t (exp(q)s,acc /¢t) _1)/88i

-V C o
Sacc _¢t Inl 1+ (VG FB Sacc)
a ¢,

An exact solution for ®g ... can be obtained by the use of the Lambert function.
However, in order to obtain a simplified solution, as ®g ,.. values a few ¢, in strong
accumulation, ®g ... can be neglected for V5 >> V; inside the logarithm term.

=
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Long Channel Drain Current Model

= Transition between bulk and accumulation conduction

to have a continuous transition between both conduction regimes (bulk conduction and both
accumulation layer and bulk conductions), a smooth function has been used to Vg [24]:

In[1—exp(A (1- (Vs —VY)/V))]
In(1+exp(A,))

Voo =Vieg| 1=

where A, controls the smoothness and has been set to 12 and Vy is the voltage at the point y of the channel, i.e.
Vy = 0 at source and Vy =V at drain for the calculation of the source and drain surface potentials, respectively.

This equation is used to limit the maximum gate voltage in V. This
function is used inside the square root term of @, .., instead of Vg, so that
the depletion charge smoothly tends to zero at the flatband condition.

certros
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Long Channel Drain Current Model

" Transition between subthreshold and above threshold regimes

This equation limits the minimum gate voltage in the threshold voltage,
such that the conduction charge reduces exponentially.

In[-1+exp(A,(1-Vg, /V7))]
In(1+exp(A,))

Vg, =V, |1+

where A, is related to the subthreshold slope, calculated as A, = V./(2.n.¢,),
where n is the body factor which is close to the unity for these devices.
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Long Channel Drain Current Model

= General solution

(I)S — (I)S,depl +O

S,acc
2
a a
(DS,depI :Vez _VFB +Vy — °C > T °C > _?(\/63 _VFB)

(VG _Vez)2C0x2
ap,

(DS,acc — ¢t In 1+

certros
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Long Channel Drain Current Model

" The drain current can be obtained by:

M | K, _(Qn,SZ _Qn,Dz)_
dy ° L 2C

ID:Mn n

OX

Qn :Qf +Q:q I\ID\N H _(VFB _VG +(DS )Cox

Wi e
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Long Channel Drain Current Model

Saturation voltage 1, =Q.,V.,

The drain current I, is obtained by considering Q, , = Q. Therefore, Q, can be
isolated, reaching:
2
LC LC 2
Qsat = Vgu =+ (Vsat = ] T Qn,S
Hn Hn
_ , -
Qi 1 1
V., =« (— Qu | St | —| = | |-V +Vs
20 2a C,, C..
V :V 1_ In[1+ eXp(AB (1_VD /VDsat ))]
o In(L+exp(A,))
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Long Channel Drain Current Model

* Three-dimensional simulations were performed in Sentaurus
= channel length =1 um

= N+ polysilicon gate

. o "t; =10 nm
e Device characteristics

" N, = 1x10%° cm?3

"t,,=2nm
*"W=10 nm

 Low Field Mobility was considered as 100 cm?2/V.s

centro
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Long Channel Drain Current Model

o
o

Effective Surface Potential [V]
o o o
? < '

O
oo
1

1H=10 nm

|L=1um

| Surface potential at drain

T ” L
N,=1x10"cm”
forV,=0.1,0.2and 0.5V | >V,

W =10 nm
tox=2nm

Surface potential at source -

lines - model |
symbols - simulation _

centro
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0.4 08 12 16
Gate voltage [V]

Good Agreement
between simulated

and modeled data
for various V¢
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Long Channel Drain Current Model

§ _ 1 1'9 3 1 N 1 N 1 N 1 ?
. 10-12,: N, =1x10"cm ;
S 1 H=10nm
8 J W =10nm
= 407 jt,=2nm >V, Good Agreement
= jL=1um between simulated
8 1078 ; Charge density Charge denstiy at drain and mOd_eIed data
P j atsource forV_=0.1,02and 0.5V for various V.
o . 1
-5 1078 lines - model

symbols - simulation ]
0.0 0.4 0.8 1.2 1.6
Gate voltage [V]
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Long Channel Drain Current Model

= Comparison of the curves
IpxVgand g, xVg:

4. (B) symbols - simulation |
N lines - model
=
O 34 i
e V,_ =-0.05,-0.1
3 0.2,-0.5and -1V
o 2. |
S
2 =14
S , |w=H
B 1t.=2 -
-
S [N, =1
| S
— 0- |

00 -04 08 -12 -16

certros

univers i Gate VOItage [V]

Drain current [uA]

16
1.2-
0.8-
0.4-

0.0+

! (A) "V, =-005and -1V

V_ =-0.05, -0.1
0.2,-0.5and -1V

110"

00 -04 -08 -12 -16
Gate voltage [V]

"l and g are correctly
predicted by the model in

both subthreshold and
above threshold regions.
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Long Channel Drain Current Model

= Comparison of the curves
I, xVyand g, xV,:

Drain conductance [S]
o

IN, =1x10" cm”

symbols - simulation ]

lines - model
Ver=-02,-04,
-0.6,-0.8 and -1V ]
IL=1um
] tOX =2nm
- [ ]
E W=H=10 nm 3

certros
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00 -04 -08 -12
Drain voltage [V]

Drain current [uA]

N
o
1

N
o
1

N
o
1

o
&)
1

o
o
1
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00 -04 -08 -12 -1.6
Drain voltage [V]
" The dependence on
Vs also adequately
modeled
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Short Channel Effects

= To obtain an analytical expression for SCE, the 3D Poisson
equation must be solved:

d’® d*® d°®d qgN,
T R R
dx* dz® dy €qi

= Using the superposition principle, the solution of the 2D Poisson
equation can be added to the solution of the 3D Laplace equation for
the minimum potential: 420 d2d  d2®

dx? i dz? i dy? 0

_Vsinh(y,,, /A) +U sinh((L = Y., )/ 4)

which is given by: @ __ :
sinh(L/A)

- . N o y —iln U exp(L/1)-V
Ymin is point of the minimum potential given by: Ymin =51 &7 exp(—L/ 1)

certros

e beasiviria A is the characteristic length
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Short Channel Effects

=" The minimum potential in the channel is obtained by:

_Vsinh(y,,, /A) +Usinh((L =y, )/ 4)

OJ

o sinh(L/2)

y :&In U exp(L/A)-V
™27V —U exp(=L/A)

where: -

8SiW tox 1+ 8oxW i
2 ‘90x 4 SSi tox

2T

gSi H tox 1+ gox H i
gox 2‘98i tox

= To calculate the drain current with the short channel effects correction:

VG :VG + (Dmin

=
Wi e
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Short Channel Effects

= @ _. represents the variation of the minimum potential in the channel:

0-6-"|"|I_=I20'nmI | f\/I'VGI=1I.2\I/ |
i L = 1 Mm ,
E 05- \ Y ] J j'
(_G 04_ \ S N _ 7 /
“— 1 \ S . PR ;
T- - “\/ — /
-|GC-‘) 0.3- \\ Im6—0.4\4
o | \ ,
Q_ 02 ] \ U //
- 1 \
CICJ 0.1 A N / /
T 1 Sl -
_5 OIO_. variation of the _
-0.1- Lminimum potential VG =0 \j
'02 = \%
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06 -04 -02 00

02 04 06

y/L
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Short Channel Effects

o
&

= Comparison of the curves [(A) Vo=-005and-05v.
I, xVg;and g x V. fora

device with L =40 nm:

{107
{10°

V_ =-0.05, -0.1

Drain current [uA]
&

)
[v] uauino u!e]p a)n|osqy

-0.2and-0.5V

= 204 (B) gymbols - simulation _2_- T
£ lines - model 1 ]
d 1 0_ E 10-17
3 15 :
e 7 V, =-0.05, -0.1 2 - 11071
S 0.2and 0.5V 0.0 -0.4 -0.8 1.2
o 10 Gate voltage [V]
g {L=40nm
o W =H
2 Sqt =2
S N "l and g are correctly

0- predicted by the model in

00 04 o8 12 both subthreshold f'md

oo Gate voltage [V] above threshold regions.
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Short Channel Effects

= Comparison of the curves 121(A) v =02 04
-10 d-0.6V
I, xVp and g, x V, for a z an
device with L =40 nm: =
= _
= -6-
) ]
T T . T (@) 4
1 symbols - simulation | £ T
—_ 10* '(B) lines - model © 1
23 ] 0 -2 -
< _
£ 10° 0 | | .
5 0.0 -0.4 -0.8 1.2
'O .
S 10° Drain voltage [V]
(&)
£
fo,E 107 =" The dependence on
_ V,.is also adequately
00 04  -08 12 modeled
it Drain voltage [V]
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Short Channel Effects

= Comparison of the curve g_/I, x |1;]:

-30-
[t =2nm

N, =1x10%cm® % s

-204

1
g /I,IV]

-10- V_=-00

04 symbols - simulation

©

. and -0.5V R
lines - model

= The plateau in the

weak inversion regime is

inversely proportional to

10" 10" 10™ 10° 10° 107 10° 10°
Absolute drain current [A]

certros
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Drain Current Model — Devices with L=30 nm

2‘1 OO T T T —T T T T T ]
=1 | symbols - experimental 1
'~ 75 lines - model 110° ED)
S { =300, 360 i 5
S 5(0dand420K 2400 o
o ] EE’EEE‘ : 10 S
c , L) T = 300, 360 maig L C-B
'S 25 - and 420 K . 0 2 f: 10-14 2
= y = BT L —
D O - - B B R R R ;Il 18 2
— 1 1 1 1 1 1 3 10'
) I l 9 3 ' ' ' '
2120{N,=1x10"cm’ s
8 {EOT =1.5nm
% 804 W=20nm -
T E_‘;g:rr: T = 300, 360

4= and 420 K _
g 401y =40 mv
9 ,
g 0 - 50 ﬂnilil:i R -
m I ! I ! I ! I ! I ! I
= -1.2 -0.8 -0.4 0.0 0.4 0.8

Gate voltage [V]
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Drain Current Model — Devices with L=30 nm

800 ———
o ,—T=300K V,=06V
3 T=420K g8
_ 600 {symbols - experlmental J BET ' -
ii. _Ilnes model 04V
§ 400 - ]
o =02V
C -
'@ 200 - - ]
- 30 nm
0 H=10 nm EOT =1.5nm
| W=20nm N, =1x10" om”]
0.0 0.2 0. 4 0.6 0 8 1 O

TREVISOLI, R.. D ; DORIA, R. T. ; DE SOUZA, M. ; DAS, S. ; FERAIN, I.

Drain voltage [V]

; PAVANELLO, M. A. . Surface

Potential-Based Drain Current Analytical Model for Triple-Gate Junctionless Nanowire Transistors. IEEE

Wi e

Transactions on Electron Devices, v. 59, p. 3510-3518, 2012.
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Long Channel Drain Current Model
Substrate Bias Influence

= Relation between depletion charge and electric field:

2
H, —H, — _Esila | Esileox | | 2Es (VFBs V) This approximation neglects the
€,y €. q cross-dependence between the gate
and the substrate biases on the
_ _ . channel potential.
QSi T q N D WFin H Fin CBox (\/FBS VBS )

> CI)S,depl :VG _VFB _

/ 2C,
MOS capacitor:

- = €. 2
((DS,depI +VG _VFB )Cox — QDepI *=8q ND (ZHeff Fm)

\ 2
ES:\/qND(DS,depI/gSi 0‘2+\/( & } __“

=
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Qutline

Compact Modeling

Dynamic Model
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1310).4

Substrate

o Tt = Csp Mo - (Cpg - Cop) Mz - Cps Ps
B dt dt dt

TREVISOLI, RENAN ; Doria, Rodrigo Trevisoli ; DE SOUZA, Michelly ; BARRAUD, SYLVAIN ; VINET, MAUD ;
Pavanello, Marcelo Antonio . Analytical Model for the Dynamic Behavior of Triple-Gate Junctionless Nanowire
centro Transistors. IEEE TRANSACTIONS ON ELECTRON DEVICES, v. 63, p. 856-863, 2016.
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Dynamic Model - Formulation

= Conduction charge density per unit of length:

Substrate

QC — qu DWFin H Fin (VFBS _VB + (DSB )CBox' _|(VFB _VG + (Ds (VG 1VY) )Cox'

] \
: A | |
Fixed Substrate induced Gate induced
Charges Charges Charges
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Dynamic Model - Formulation

= Total Conduction charge at the channel:

= Integrating the conduction charge density:

J.Qc dy_ a IQC dVy

l5 Vg Charges
density at
drain-side
Qc.o
3
Q= C J-Qc Qc = C (Qc S QC,D ) Charges
o o o, o density at
source-side
= Total charge at the gate:
(Qcs’ —Qcp)
cenio QG - Qt o L(qNDWH o CBox(VFBs o VB + @SB))) |D ﬁ{ C’SZC SH }
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Dynamic Model - Formulation

= Total charge at drain node:

= Following Ward—-Dutton scheme:

2 2C,, LI

&

Q B ,le Qc,sz(Qc,s3 _Qc,DB) . (Qc,s5 _Qc,DS) . LQf
> 2L(C,1,)? 3 5 2

—_LX _LQf 2 2 _LQf
—MLQCdy } jQC (Qcs” ~Qc") dVy——

= Total charge at source node:

o Qs =—Qs—Qp

Wi e
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Dynamic Model - Formulation

= Substituting the drain current into the charges equation:

2L Qcs” +Qcs Qep Qe )
3 (Qes +Qcp)

Qs LQ;

. 2L(2QC,83 + 4QC,82 QC,D + 6(?C,SQC,D2 +3QC,D3) 4 LQf
15(QC,82 + 2(QC,S(QC,D +QC,D2) 2

D =

Qs =-Qs—Qp

All charges are written in terms of the charge densities at
source- and drain-side of the channel
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Dynamic Model - Formulation

= Transcapacitances:

The transcapacitances are obtained by the node (. ik = _ aQ/(’}Vk
charges derivatives: J

0Qs _ 2L Q¢ [ZQC,S +Qoo  Qos’ +Qos Qoo +QC,D2J+ 2L 8Qc ( 2Qeo+Qs  Qos’ +Qcs Qo +QC,DZJ

oV, 3 Ny | Qes +Qep (Qcs +QC,D)2 3 oV, | Qcs+Qcp (Qes +QC,D)2

0Qp _ 4L 0Q; Qc,s3 +3QC,DQC,82 +QC,SQC,D2 B 2L Q¢ 3QC,D3 +8QC,DQC,82 +9QC,SQC,D2 ]
QC,83 +3QC,DQC,82 +3QC,SQC,D2 +QC,D3 15 oV Qc,53 +3QC,DQC,82 +3QC,SQC,D2 +Qc,03

oV, 15 oV
Q,  Q, Q,

N, &, v,

All the transcapacitances are

written in terms of Q. As the surface potentials are

0Qc :(We _ 5®5W67VY)jC +(5VB _ 0P jCB obtained analytically, their
oV oV oV N OV derivatives are also analytical
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Dynamic Model - Formulation

" Transconductances:

The transconductances are also written in terms of Q..

oy
&V, 2C, L{ Qes oV, ~2Re0 7y

ch 8QCDj|

= Quantization:
QM effects are considered by the addition of @, t0 &

h? h? o )P Accounts for electrical
Si 0.63
Pon = 8m. W 2 " 8m. H? +ﬂ(ND){ q j (Es)™ +5(Np) > and structural
" ! confinements

DR E eq ) 0.63 OE,
P\ 4gkT ) BT 0V,
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Model Derivation

= Short-Channel Effects:

SCE effects are considered by the addition of the minimum
potential variation to Vg

_Vsinh(y,, /A) +Usinh((L - y,,,)/4)

(Dmin -
sinh(L/ 1) U and V are the
surface potential at
drain- and source-
, —iln U exp(L/A)—V sides of the channel
™2 |V =Uexp(-L/A)
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Dynamic Model — Comparison against 3D simulations
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Dynamic Model — Comparison against 3D simulations

o
o

] CGG’ CGD’C

©
~

W =10 nm
{H=10nm
tOX:an

o
N

DS’
IN,=1x10" cm™

C:SD

Capacitances [fF]

o
o

©
~

o
N

Capacitances [fF]
o

o
o
o

o
o
=

Lines - Model

o
o
N

o
o
o

Capacitances [fF]

| Symbols - Simulation

T
0.0

certros

Wi e

0.5

1.0 15
Gate voltage [V]

2.0

@ MOS-AK Workshop, ESSDERC, Leuven, 2017

www.fei.edu.br |



Dynamic Model — Comparison against 3D simulations
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Dynamic Model — Comparison against 3D simulations
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Dynamic Model — Comparison against 3D simulations
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Dynamic Model — Comparison against 3D simulations
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Dynamic Model — Comparison against Experimental data
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Conclusion
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Conclusion

*The Junctionless Nanowire Transistor is an interesting alternative for MOSFET
downscaling with respect to IM nanowires.

« Smaller 15 and higher |5/lIoee at similar L (down to 10 nm).

*The analytical models presented show good agreement with experimental and
simulated data.

» Accounted for terminal voltages variations;
« Symmetric in the vicinity of V=0 V;

» Transconductances and transcapacitances.
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Tasks Ongoing

* Transfer the models to VERILOG-A

« Compact modeling of Low Frequency Noise

=
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