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The concern

 Variability: growing concern with scaling.

— How to effectively account for it in design?
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The concern

 Variability: growing concern with scaling.
— How to effectively account for it in design?

. Global * Local
« Lot to lot variation. * Intra die variation.
« \Wafer to wafer variation.
 Die to die variation.
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The concern

 Variability: growing concern with scaling.
— How to effectively account for it in design?

T

* Die to die variation.

 Global
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FD-SOI

« Key contender for sub-32 nm nodes.
— Low power, IOT applications, ...

ource

Drain 3
Ultra-Thin Buried oxide

Planes, N., Weber, O., Barral, V., Haendler, S., Noblet, D., Croain, D., ... Haond, M. (2012). 28nm FDSOI technology platform for high-speed
low-voltage digital applications. In Digest of Technical Papers - Symposium on VLSI Technology (Vol. 33, pp. 133—134).
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« Split C-V based process parameter extraction.
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Vertical thicknesses

Automated extraction from slope of Q/C vs Q, plot
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Pradeep, K., Gouget, G., Poiroux, T., Scheer, P., Juge, A., & Ghibaudo, G. (2017). Systematic evaluation of the split C-V based parameter extraction methodologies for 28
nm FD-SOI. In 2017 International Conference of Microelectronic Test Structures (ICMTS) (pp. 1-5). IEEE.
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Vertical thicknesses

On-wafer trends
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Pradeep, K., Gouget, G., Poiroux, T., Scheer, P., Juge, A., & Ghibaudo, G. (2017). Systematic evaluation of the split C-V based parameter extraction methodologies for 28
nm FD-SOI. In 2017 International Conference of Microelectronic Test Structures (ICMTS) (pp. 1-5). IEEE.
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Ground plane vertical doping profile

x10°
—~1.1; 1 1 2
o . Chg " ek * q€siNg (ng - Vfbb)
E ol [Ghibaudo et. al., T-SM 2000].
“ 3 * Gy, (Vi) gives the depletion depth, Xye,(Vy,)-
‘,\3 0.8l Slope=2a=N.) « The vertical doping profile obtained by

combining these.

0 ng (V) 1

Pradeep, K., Gouget, G., Poiroux, T., Scheer, P., Juge, A., & Ghibaudo, G. (2017). Systematic evaluation of the split C-V based parameter extraction methodologies for 28
nm FD-SOI. In 2017 International Conference of Microelectronic Test Structures (ICMTS) (pp. 1-5). IEEE.
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Ground plane vertical doping profile

(normalized)

Well doping

concentration

0o 3 6~ 9 12
Depth from the BOX interface (nm)

Highly perturbed by measurement
noise, close to accumulation.

Pradeep, K., Gouget, G., Poiroux, T., Scheer, P., Juge, A., & Ghibaudo, G. (2017). Systematic evaluation of the split C-V based parameter extraction methodologies for 28
nm FD-SOI. In 2017 International Conference of Microelectronic Test Structures (ICMTS) (pp. 1-5). IEEE.
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| ateral dimensions

L=Lyesign Shrink
Source [ 7 Drain

<> <>
AL/2 AL/2

© ACy = Cye(V, =Vp + of fset) —
Coc\Vyg =Vp — offset).
— Vr is the threshold voltage.
« AC, = ;Z—;‘(L — AL)(W — AW).

« Linear regression with W (for
constant L) and L (for constant
W).

« L., from overlap component of
parasitic capacitance.

Lersr = Lgesign X shrink — AL
Werr = Wiyesign X shrink — AW
Lpoly == Leff + 2L0v

Pradeep, K., Gouget, G., Poiroux, T., Scheer, P., Juge, A., & Ghibaudo, G. (2017). Systematic evaluation of the split C-V based parameter extraction methodologies for 28
nm FD-SOI. In 2017 International Conference of Microelectronic Test Structures (ICMTS) (pp. 1-5). IEEE.
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Similar trends and
values observed for
PFET and NFET

(except for Lyyerap)-

Pradeep, K., Gouget, G., Poiroux, T., Scheer, P., Juge, A., & Ghibaudo, G. (2017). Systematic evaluation of the split C-V based parameter extraction methodologies for 28
nm FD-SOI. In 2017 International Conference of Microelectronic Test Structures (ICMTS) (pp. 1-5). IEEE.
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Equivalent single trapezoidal barrier model

o I,=fXQXT, XWXL. S e
- Gate transparency modelled  Z=10"} + 210B
using an equivalent single o _t
trapezoidal barrier. 100603 06 09 12
— Thickness: t,, X HK. _ ,V_g (Y) .
— Barrier height: A x ¢,,. 10 El S5 =

ansend sosed soned sosnd ool 10y

—~ FA=0.5
~ T = exp (_ tox HKVA Q[ t3,HK? ) < :
r on 4851/1035(]5035\/2 ) HD{) 10 13 E- ° n O3/O35_Expt -!
° /’{ — ] 1 e 0.06/0.02_Expt. 1
0X  1.5XKoxvPox F 0.06/0.02_Model

17E . ] . 1
10 0.0 0.3 0.6 0.9

vV, (V)

Pradeep, K., Karatsori, T. A, Poiroux, T., Juge. A, Scheer, P., Gouget, G., Josse E. , & Ghibaudo, G. Analysis of Gate Current Wafer
Level Variability in Advanced FD-SOI MOSFETs. 2018 ESSDERC
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t,, thk variance segregation using C-V & Ig
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Linear fit
Expt.

0.0 0.5 1.0 1.5 2.0 25

Q. x 10 (C)

28 nm FD-SOI:
«  W/L=2pum/10 pm.
o¢,, = 0.004 nm.
Oty = 0.014 nm.

* 14 nm FD-SOI:
« W/L=5pum/5 um.
0y, = 0.005 nm.
= 0.092 nm.

Otuk

Using In (;ﬁ) =Inf+InT,:

— Intercept of linear fit of In T;. with Q;:

(_ tin fH_K)
ML g/’

2 2 _ 2
AILO-Intercept — UtIL
From split C-V:

2 2 €IL 2
- Gtox = O-tIL + (_)

E€HK

A
_|_(i

AHK

2
tuk:

)

2
tHk-

Can extract o;,, & o;,,, from these.

Pradeep, K., Karatsori, T. A, Poiroux, T., Juge. A, Scheer, P., Gouget, G., Josse E. , & Ghibaudo, G. Analysis of Gate Current Wafer
Level Variability in Advanced FD-SOI MOSFETs. 2018 ESSDERC
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« Statistical modelling.
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Statistical modelling of global variability

« For any property X of the device whose variability is being studied.
— AX/X =In (X/X,) where X, is the property of the device at the center of the wafer.
— Standard deviation, a(AX/X).

- o () =3, (5) o

« Sensitivity to each parameter: abs (

d In X)
6Pl- ]

« Percentage contributions:
(0 InX/0P;)?*c?(P;)

> x 100.
zj(a InX/dP;) a?(Pj)

— %P, =

« This can be applied to capacitance.
— Using Leti-UTSOI compact model.

« This can be applied to gate current.
— Using equivalent single trapezoidal barrier model.

Pradeep, K., Poiroux, T., Scheer, P., Gouget, G., Juge, A., & Ghibaudo, G. (2017). Sensitivity analysis of C-V global variability for 28 nm FD-SOI. In 2017 Joint
International EUROSOI Workshop and International Conference on Ultimate Integration on Silicon (EUROSOI-ULIS) (pp. 132-135). IEEE.
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Capacitance statistical model

Parameters used:

Vibs Vioos Tsis Teoxs Toxs IN Nyei

Good fit obtained
with the model.
Fitted values close
to initial guesses.

Pradeep, K., Poiroux, T., Scheer, P., Gouget, G., Juge, A., & Ghibaudo, G. (2017). Sensitivity analysis of C-V global variability for 28 nm FD-SOI. In 2017 Joint

International EUROSOI Workshop and International Conference on Ultimate Integration on Silicon (EUROSOI-ULIS) (pp. 132-135). IEEE.
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100+
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Q

% contribution
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Capacitance percentage contributions

Long-wide NFET

100+

% contribution

« T,, dominant in strong
inversion.

 RBB, moderate inversion:

1004 ~

80+

60

% contribution

v, (V)

V, dominant.
— EvenstrongeratV,=0V.

« Very strong FBB, moderate
inversion: Tg; dominant.

%Pi -

(6 In C/aPl')ZO'Z(PL')

%;(21nc/ap) o%(P))

x 100

Pradeep, K., Poiroux, T., Scheer, P., Gouget, G., Juge, A., & Ghibaudo, G. (2017). Sensitivity analysis of C-V global variability for 28 nm FD-SOI. In 2017 Joint
International EUROSOI Workshop and International Conference on Ultimate Integration on Silicon (EUROSOI-ULIS) (pp. 132-135). IEEE.
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|g statistical model
14 nm FD-SOI

! ! ! !
e Expt.
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« The proposed model can reproduce the measured variance quite well.

« Parameters used:
- Vs
1:OX.

Pradeep, K., Karatsori, T. A, Poiroux, T., Juge. A, Scheer, P., Gouget, G., Josse E. , & Ghibaudo, G. Analysis of Gate Current Wafer
Level Variability in Advanced FD-SOI MOSFETs. 2018 ESSDERC
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lg percentage contributions
14 nm FD-SOI

* Above threshold, the Ig variation is

= 100F™ " ' ] controlled almost completely by
g 75k - the barrier thickness.
fé 50F . - Below threshold, both V; and
S 55l l barrier thickness have similar
o | contributions.

0 OtO : 0t3 ' 016 ) 019 ' — Vy slightly dominating barrier

VvV (V) thickness.
g

Pradeep, K., Karatsori, T. A, Poiroux, T., Juge. A, Scheer, P., Gouget, G., Josse E. , & Ghibaudo, G. Analysis of Gate Current Wafer
Level Variability in Advanced FD-SOI MOSFETs. 2018 ESSDERC
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Conclusions

* Robust, efficient split C-V parameter extraction
methods.
— Qutomated extraction on large amount of measurement
ata.
« Gate leakage current model proposed.

— Shown to work in different technology nodes and different
geometries.

— Can extract variance of IL and HK layers.

 Statistical model.
— Works for both capacitance and Ig wafer level global
variability.
— Can analyse the dominant source of variability at each
bias condition.

— Can be further extended to Id or any other property, using
Leti-UTSOI compact model.
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Calibrated Leti-UTSOI

)‘ IMEP-LAHC

Long-wide NFET

Good fit of the
measurements obtained
with Leti-UTSOI at different
V, values.

Used to calculate the
sensitivities.

x 10
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Pradeep, K., Poiroux, T., Scheer, P., Juge, A., Gouget, G., & Ghibaudo, G. (2018). Analysis and modeling of wafer-level process variability in 28 nm FD-
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SOl using split C-V measurements. Solid-State Electronics, 145(March), 19-28.
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Percentage contribution of Tg,
Leti-UTSOI results

-x 107
yt - The change in the sign
< 15 of sensitivity around
s the threshold voltage.
% 0.9
o — Responsible to make
0.0 the contribution go to
-0.3 . .
-1.5-1.0-0.5 0.0 0.5 1.0 1.5 zero at this bias.

V, (V)
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