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Outline

* Introduction

» Studied CMOS process

» Specific & non specific physical effects at LT:
* Freeze-out effect in LDD
e Subbands quantization effect

» Compact modeling with EKV3

» Benchmarking of models at LT: PSP vs. EKV3

» 1/f noise

* Transistor matching

» Conclusion
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Synthesis of work done in LETI during last
2 years on MOSFET at Low Temperature (LT)

= WCM-Nanotec
~ = Int. Conf. on Noise & Fluctuations, Pisa 2009 8BS
= Article in Cryogenics, vol. 49 (11), 2009

* R. Fascio, DRT diploma, Grenoble INP, 2009

E
o
z N
«
<

= WOLTE-8, Jena/Gabelbach 2008
= \WCM-Nanotec
- = MOS-AK, Edin
- * MOS-AK, Fran

n, Boston 2008
ourgh 2008
kKfurt am Oder 2009

N, Houston 2009

ICNF
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Why cryogenically cooled CMOS?

Dry ice
0 100 K 200 K 300 K 400 K
42K 77K
L4He LN, _ 40T + 125|C
A x A A A
i Room
........... | | . : Temp
Read-out circuits for |
- i i high performance Automotive
© i1 infrared (IR) imagers electronics
i IHybrid circuits (flip-chip) . &low pert.
o uncooled IR
0.3 K: far IR detection imagers

for astronomy ( L3He + L4He)
Herschel Space Observatory/PACS (ESA)

= P. Martin, MOS-AK Rome, April 8-9, 2010 | 4



Cooled CMOQOS at Ultra Low Temperature: 1 st example

= Electrical characterization at
0.3Kand 4.2 K

» LF noise meas. at 4.2 K

= CMOS = PD-SOI severe
floating effects (kink)

= Lack of MOSFET model

= No complete parameter
extraction

» “Simple” but robust read-out
circuit: mainly PMOS
source-followers and
switches

= 0.5 um CMOS process

% Ariane 5 launch, 14 may 2009
e First test image

LT ASIC: 2K
100 um

© ESA & The PACS Consortium

1IN e

ULT ASIC: 0.3 K
stage (from Si

bolometer arrays
2560 px)

TN s e e e |

—_—
<+«—Test module

=
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Cooled CMOS at Low Temperature: 2 " example

Bispectral IR imager from CEA/Leti

erved. Any reproduction in whole or in part on any medium or use of the information contained herein is prohibited without the prior written consent of CEA

* Format=256 x 256, pitch=30 um

= Complex CMOS circuit, approx. number of transistors: 530 ,000

* 0.35 um / 3.3 V CMOS process

» Full parameter extraction at intermediate temperature (77 - 300 K)

P. Martin, MOS-AK Rome, April 8-9, 2010 | 6
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Results on a 0.18 um CMQOS process

Analog/Digital/RF transistors

NMOS PMOS
(i) 1 V1o 7yl (STD or LVT) NMOS TWELL

T,=3.30r6.5nm
Vy=180r3.3V
Lin=0.18 or 0.35 pm

erved. Any reproduction in whole or in part on any medium or use of the information contained herein is prohibited without the prior written consent of CEA

PWELL (P type substrate)

12 kinds of MOS transistors

© CEA 2010. All rights res
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Standard and specific effects at LT

Many standard effects:

» e.g. standard INW (Inverse Narrow Width) effect
In PMOS

» Temperature scaling to be improved for precise
analog modeling in a wide range: 77 - 300 K

Some specific effects:

1 Anomalous INW effect in NMOS

[1 Negative gate transconductance Gm at high Vgs
[1 Degradation of weak inversion slope

M Freeze-out effect in LDD regions

M Energy subbands quantization effect

= P. Martin, MOS-AK Rome, April 8-9, 2010 | 8
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Freeze-out effect in LDD regions

1.6E-02

1.2E-02

8.0E-03

Gds (S)

4.0E-03

0.0E+00

» Drain conductance Gds decreases at low Vds due to impuri

NMOS 3.3V STD 77 K W/L=20/0.34
i ». o’..oo“‘O.Wm P ette ve
m.m“"“..“....“ ) e ety “““”M....*
- . 000. mm... ...M Perstagityy Load o “..Mo.... .....0—
R P abe, o ¢
* - + o°..:=z..:::m:
* * * .3“”;00000000.
* 4, .
s o
N 33!!555... -1
| Vgs = 2-2.6-3.2 V
1 1 1 1 1 1 1
0 0.1 0.2 0.3 04
Vds (V)

0.5

8E-03
6E-03
o)
4E-03 2
>
2E-03
0E+00

ty

freeze-out in LDD regions at LT (only when T < 130 K,

depending on N

» De-freezing at high Vds due to impurity ionization as

LDD)

lateral electrical field (shallow level impact ioniz
P. Martin, MOS-AK Rome, April 8-9, 2010 | 9
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Modeling of freeze-out effect in LDD

I.M. Hafez et al., SSE, 38(2), 419-424 (1995)

nt of CEA

Increase of source-drain series
resistance due to freeze-out:

(4 1 D
i § =R _
SD( LDD) min Nd+/Nd

Nd"/Nd =1+ (Nd: /Nd-1)/ (1+Y)
\y = YD exp(_ B/ ELDD) j

is prohibited without the prior written consel

herei

+
NdJ'Nd

of the information contained

E, o<V /cm) ® Nd*/Nd: fraction of ionized impurities
Ryin: Min. R g When all impurities are ionized

in whole

Il ekv3 parameters.va - New parameters for modeling freeze-out effects in LDD zones:
parameterreal F LDD =0 from [0:1]; ---> Flag  pour simuler sans ou avec gel dans LDD
parameterreal L_LDD = 1.0E-7 from [1.0E-8:1.0E-7]; ---> Longueur des zones LDD, en metre
parameter real B_LDD = 6.0E6 from [1.0E6:1.0E7]; - --> Parameétre B dans eq (8), en Volt/meétre

© CEA 2010. All rights reserved. Any reproduction

parameter real G_LDD =100 from [1:1000]; ---> P ré-facteur gamma0 dans eq (8), pas d'unité
parameter real ND_LDD =0.5 from [0.1:1.0]; ---> Fraction de donneurs ionisés a une
température donnée, en I'absence de champ électrique |  atéral notée NdO */Nd dans eq (7b)

= P. Martin, MOS-AK Rome, April 8-9, 2010 | 10



Modeling of freeze-out: modifications in ~ ekv3.va

‘ifdef DC_S
/l SERIES RESISTANCE
tmp = abs((VD-VS)) / (L_LDD + 1.0e-9); ---> electric field ELDD, Hafez eq. (3)

nt of CEA

: if (tmp == 0.0)

i begin

é Gamma = 0.0;

i end

i else

begin

E Gamma = 1.0E-9 + G_LDD*exp(-B_LDD/tmp); ---> Hafez eq. (8)
£ end

Nd =1.0 + (ND_LDD - 1.0)/(1.0 + Gamma); ---> Hafez e q. (7b)
rs_new = rs; ---> unmodified RS
if (F_LDD == 0.0)

begin Non linear field-dependent

on any medium or use

I
orin part

---> ekv3 code continuation

Ly e drain resistance

ﬁ else

; begin

” rd_new = rd / abs(Nd); ---> Hafez eq. (9)

E end

; IDS=1IDS /(1.0 + (rs_new * Ispec / UT) *gs + (rd_new * Ispec / UT) * qdp);
E //'IDS

= P. Martin, MOS-AK Rome, April 8-9, 2010 | 11



Freeze-out effect in LDD regions

y meas. —— sim. with EKV3 (modified Verilog-A code)

N 1.6E-02 8E-03
NMOS 3.3 V STD 77 K W/L=20/0.34
1.2E-02 6E-03
v 8.0E-03 4E-03
S 2
4.0E-03 2E-03
et Vgs = 2-2.6-3.2 V
0.0E+00 bW — . . 1 . OE+00
0 0.1 0.2 0.3 0.4 0.5

Vds (V)
» Fair agreement obtained with the Hafez model withimp  act ioniz.
» Strong impact of these regions during characterization
traditionally made in the linear regime (Vds <50 mV) = artifacts

— in Vth (L) extractions
e P. Martin, MOS-AK Rome, April 8-9, 2010 | 12

erved. Any reproduction

© CEA 2010. All rights res|




Subbands quantization effect

1.4E-04

NMOSFET 1.8 V LVT W/L=20/20 Vds=50 mV Vbs=0V
1.2E-04 |

Peak in Gm for moderate inversion, e«

8.0E-05 |

only on lightly doped and long

4.0E-05

NMOSFET (< 8 10'° cm3)

0.0E+00

= Subbands quantization effect S e 0 os e 1 e s

% \ Vgs (V)
1.5E-04 \

nt of CEA

(S)

is prohibited without the prior written consel

herei

NMOSFET 1.8V LVT at 77 K

of the infol

1.0E-04

or in part on any medium or use

in whole

5.0E-05
(Ando, 1982)

Gm (S)

FIG. 5. Schematic constant-energy surfaces for the conduction
band of silicon, showing six conduction-band valleys in the
{100} direction of momentum space. The band minima, cor-
responding to the centers of the ellipsoids, are 85% of the way
— to the Brillouin-zone boundaries. The long axis of an ellipsoid
corresponds to the longitudinal effective mass of electrons in
silicon, m;=0.916m,, while the short axes correspond to the

N e g ative G m transverse effective mass, m, =0.190m,.

erved. Any reproduction

0.0E+00

W/L=20/20 Vds=50 mV

-5.0E-05

© CEA 2010. All rights res

O 02 04 06 08 1 1.2 14 16 1.8

e Vgs (V)
= P. Martin, MOS-AK Rome, April 8-9, 2010 | 13



Subbands quantization effect: Numerical
2D simulations with Atlas (Silvaco)

®

Si (100) 200 K Na=5E16 cm-3 Tox=3.3 nm Vgs=0.2 V Vb s=0V POiSSOﬂ'SCh rod | nger Si mu |ati0nSZ

0.20: / = Si (100) ; m;=0.916 m, ; m=0.19 m,
- S | =degeneracy: g =2 ; g =4
= N,=5x10"° at/em®; T=200 K ; T ,,=3.3 nm

E1T Ten lowest energy subbands
E1L

nt of CEA

is prohibited without the prior written consel

herei

Energy (eV)
o
[
[6,]

o
[
o

o
o
a

4E11 electrons/cm 2

f thi
o
o
o

edium or use of the information contained

0 0.01 0.02

@ Depth (um) 40 1E-04
> ” 35 E1L subband
o L =vebov o6V =12V E1L § 30 + Vsb=0-0.6-1.2V - 8E-05
° ~ 25 |
£ __60 g ] )
; Q\o, 50 % 20 | / 6E-05 %)
g Vsb <
i o = =
. 540 2 15 / 1 4805 2
2 =3 [1°] | [\
< 230 a 10
3 o 3 J—'
- Ol E1T S 5 1{ 2E-05
E2L Q . -
g 0 b= -5 0E+00
8 0.00 0.25 0.50 0.75 0.00 0.25 0.50 0.75
<
vos (V) Vgs (V)

= Occupancy < Drain current dOccupancy/dVgs <& Gm

= P. Martin, MOS-AK Rome, April 8-9, 2010 | 14




Toward compact modeling of subbands
guantization effect?

F.: surface electrical field

N=T =9 T |14 exp( =i Enj
Th* KT

Nn-MOSFET energy band diagram

From F. Prégaldiny, PhD
U. Strasbourg (2003)

u=p, / [(va /Q.)+(Q./Q )ZJ A. Emrani, PhD INP Grenoble (1992)
W
IdSLin = T VdS (ulL QulnLv + ulT QulrI/ + uZL |2nlx_/ + )

= P. Martin, MOS-AK Rome, April 8-9, 2010 | 15



EKV3 + 1.8V NMOS LVT at 77 K

lds-Vgs in Log scale, Vds=1.8 V, after parameter opt imization
5 Eun by :3CHME

c Process: CMOS

g Temp. :-196

=

s Wt i W , LA L R i

i . F E Ripinld [ W— 0.43 : gl
£ 10 o 3 sim. -5 [ L= 20.0 ] sim.
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g H E ] H  _g [ ]

s - 5 10 E 3

S 1 E = C ]

15 F ] E 5

g E 4 VBE step =-0.600 3 -1 F ’ VBE step =-0.600 ]

g wtt b B VBE start = 0.000 ] 10 3 A VBS start = 0.000 3

° F o ____ ! VDS - 1.s00 3 [ - L VoS - 1.800 ]

= L MODEL: EEV ; MODEL: EHW

8 W R b b b ] W b b L b a1

E -1.00 -0.50 o.0o0 0.50 1.00 1.50 Z2.00 -1.00 -0.50 0. oo 0.50 1.00 1.560 2,00
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s

8
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5 . fW-20.0 ® Riigld [ W= 2.0 177
3 1 [ L= 0.24 dsin. s [ L= 2.0 1 sim.
5 F E 14 C 3
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3 a 1 F 3 @ . f ]

5 - " : - 10 3 E

z R 3 8 C 3

o H F ] H _ » ]

: E g 13 L -
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2] F 9 E E
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Ed Y S A VDS = 1.300 3 e 4 WOS = 1.800
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<
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st Leakage current due to measurements in cryostat
= P. Martin, MOS-AK Rome, April 8-9, 2010 | 16



How to compare two compacts models
for analog/digital applications?

» Choose one family of MOSFETs: NMOS 1.8 V LVT

» Choose one temperature: 300 K, 77 K

» Choose one model: EKV3, PSP (HiSIM2 not evaluated)

» Choose MOSFET with different W/L (20/20, ... Wmin/Lmin )
representative of the design (transistors in the pi xel for imagers)

» Perform a complete DC parameter extraction

» Evaluate errors between simulations and measurement s on lds, Gm
[from Ids(Vgs)] and Gds [from Ids(Vds)] in saturati on (at Vds=1.8 V)
for each measurement point (in weak, moderate and s  trong
inversion, lds from nA to mA) and each geometry

= Calculate the cumulative number of experimental poi nts whose
error is less than a fixed amount (2, 4, 6 ... 100 %)

= Normalize this figure to the total number of measur  ements

» Repeat the procedure (other temperature, other mode 1)

erved. Any reproduction in whole or in part on any medium or use of the information contained herein is prohibited without the prior written consent of CEA

© CEA 2010. All rights res|
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How to compare two compacts models
for analog/digital applications?

nt of CEA

Near-perfect model Very accurate model: more than 80% of points have
\ / anerror less than 10%

- 100 [y 7 —
§ 80 froefernnn ;

)

. 2 60 F

s o

g

g E 40 1 Y

3 )

o Not very accurate model: only 40% of points have

: 20 H

an error less than 10%

g O i 1 1 1

0 10 20 30 40 50

Max error (%)

= P. Martin, MOS-AK Rome, April 8-9, 2010 | 18



PSP vs. EKV3 at 300 Kand 77 K

A - Error on drain current in saturation (Vds=1.8 V)
100
%
: 80
° =
= g 60
S —300 K
c Q
g ()]
2 @
g £ 40
- & Id min=1 nA, Id max=11 mA, #points=1634
£ 20
E | NMOS 1.8 VLVT 300K (Vds=1.8V/Vgs=-0.6a1.8V/Vbs=0V)
g 0 1 1 1 1 1 1 1 1 1
3 0 20 40 60 80 100
% Max error (%)
H 100 S ___
80 |
= E
Z 8 60
3 S
e ol 77K
0 ()]
2 @
8 c 40
g 8
z o I
S o 20 Id min=1 nA, Id max=16 mA, #points=1358
>
g - NMOS 1.8V LVT 77K (Vds=1.8V/Vgs=-0.6a1.8 V/Vbs=0V)
0 1 1 1 1 1 1 1 1 1
— 0 20 40 60 80 100

& Max error (%) P. Martin, MOS-AK Rome, April 8-9, 2010 | 19



PSP vs. EKV3 at 300 Kand 77 K

B - Error on drain current derivatives, Gm and Gds, at Vds= 1.8V

Gm Gds

\l
\l
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Comparison between PSP and EKV3 for
analog/digital applications

= Both PSP and EKV3 are less accurate at LT

* Near the same accuracy for Ids and Gm at LT

= EKV3 less accurate for Gds at 77 K: due to
parameter extraction?

= P. Martin, MOS-AK Rome, April 8-9, 2010 | 21



LF noise: physical mechanisms

Normalized drain current power spectral density WLS Id/Id?

nt of CEA

: 1E418 ¢ 1E416 ¢
3 Lt e 3 NMOS 3.3 V STD PWELL 77 K f=1 Hz

c = * o

% 1E-19 | Improved model 1E-17 E .. .

s N £ N e

g I : I 1E18 |

- E g0 L Noise measurements in - T O E

B F saturation: Vds=3.3 V = i Improved model

: 2 [ L=Lmin-20 pm, W=Wmin-20 pm . 2 1E19 ¢

- 2 1B ¢ 3 g

59 L 7] r

2 1 E =1 1E-20 E

.= C Standard McWhorter model 3 - 3

5 1E-22 | - o

3 1E-21 ¢ / .

" NMOS 3.3 V STD PWELL 295 K f=1 Hz 3 McWhorther model

F 1E-09 1E-08 1E-07 1E-06 1E-05 1E-04  1E-03 1E-10 1E-09 1E-08 1E-07 1E-06 1E-05 1E-04 1E-03 1E-02

on any medium or use

1 - Standard McWhorter carrier number fluctuations ( AN)

\

rt

orin pai

in whole

~ Ghibaudo |

. | =[1+ L] G f A’/H
; model: S d [ A l":'(:ox Gm] Gm SVfb( ) [ Z]
\

2 - Correlated mobility fluctuations ( Ap) at high current

= P. Martin, MOS-AK Rome, April 8-9, 2010 | 22
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LF noise: compact modeling

1E-30 ,
Strong Inv.

1E-32 "}?-/'
1E.34 EF=2.08 KF=5.2E-27 e

o ) * o

» o AT

«, 1E-36 o

P ﬁl‘ hd

S oL

~ 1E-38 e

2 vl
1E-40 . ;,: o
142 v " PMOS 3.3V STD 77 K f=1H

. . =1RZz
1E_44 Wguau'Klln.\/T...un L1l L1l L1l AR
1E-08 1E-07 1E-06 1E-05 1E-04 1E-03 1E-02

Gm (S) e R
:Three parameters: KF, AF, EF # 2 B KF G*
iny Gm, the.g.ate transconductance i C W L~
» Simple but efficient model W 3
» Valid in weak, moderate and strong inversion
» This is the model introduced in EKV3

P. Martin, MOS-AK Rome, April 8-9, 2010 | 23



Matching of MOS transistors

Pelgrom model

& A2 2
0*(AP) = —>-+S; D?
WL
- J

= Area (Ap) and spacing (S ) matching parameters
» Electrical parameter P =VTO, [,y

= P. Martin, MOS-AK Rome, April 8-9, 2010 | 24



Matching of MOS transistors

100 Relative drain current fluctuations vs. Id MC analysis with ELDO
Bt 2 vesmaaons | | after EKV parameter extraction
§ g . g _____ --Eqg.1

= samosi | [~ a) l (avTO)[Ea. 1
; SN el 0.7x0.7 pum? |d n Ut

F 1.3x1.3 ym2

; : PMOS 3.3 V LVT 295 K Vds=-3.3 V g 13xI3pm?

i 100 1s 1207 1605 1005 am0s 105 102

% -1d (A) 1000 ? e

= Fair agreement between oo P o pg e

~ measurements and MC g F RN

simulations (for relative % ST S 0.4450.5 pm?
mismatch higher than v S g
g ~ 0.5%) PMOS 3.3 V LVT 77 K Vds=-3.3 V " 1sasum
- =Higher current mismatch at  *\. 0 icos 106 1007 1006 1e05 108 1605 1E02

= -1d (A)
&= low temperature P. Martin, MOS-AK Rome, April 8-9, 2010 | 25




Conclusion

» Specific & non specific physical effects observed
at low temperature

» Analog compact modeling at ultra-low temperature
Is still a challenge

» Standard versions of EKV3 and PSP models are
relatively accurate for LT modeling in weak &
moderate inversion

* These advanced models are very interesting, even
for not very aggressive technologies

* Some improvements are needed, e.g. freeze-out
& subbands QM effects, as well as temperature
modeling of non specific effects such as GIDL

erved. Any reproduction in whole or in part on any medium or use of the information contained herein is prohibited without the prior written consent of CEA
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