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Reduction of T down to Cryogenic Temperature (CT)

Parameter

CT Behavior Impact

Mobility
Saturated velocity

Transconductance
Subthreshold swing (SS)

Leakage currents
Thermal conductivity
Thermal noise
Flicker noise

Threshold voltage

Oscillations and kinks in the transfer and
output characteristic

Increases
Increases

Increases

Decreases, but
saturates at LT

Decrease

Increases
Decreases
Increases

Increases

Appear

®» OO0 O006000 6 0 6

© Christian Enz



=PFL - Qutline

SMACD
e 1y 1

B The sEKV Model for the Design of Cryo-CMOS Circuits | SMACD | Istanbul | 2025

= |ntroduction

= Subthreshold current and swing
= Threshold voltage

= Simplified EKV model at CT

= RF modeling

= Noise modeling

= Conclusion

© Christian Enz



=PFL .V Characteristics of 22 nm FDSOI

B The sEKV Model for the Design of Cryo-CMOS Circuits | SMACD | Istanbul | 2025

SMACD o , o .
=:2028 Transfer Characteristic in Saturation Output Characteristic in Strong Inversion
nMOS pMOS 1vest =1v _ nMOS pMOS [Vs| = Vr, = 0.3V
102 Fws=1 pm, L=1 um W=1um, L=1 um (b)
nMOS pMOS
60
300 K 150
10°F . 210K 2
< — 150 K
3 T K 1100 g 240 g
S10-2 | — 36K @ 3 @
— 20K =~
— 295K 50 20
Lot | nMOS pMOS
0 0 i W=1um, L=1 um
WI=0.5 ,ur;1, L<30 nm W.=0.5 um, L<30. nm - 600 400 F
nMOS pMQOS
102 - <4 500
300
400 —_
< 1001 w < (92)
2 13003 =200 3
Q — a —
1072 | 4200 =
100
. 4 100 nMOS pPMOS
107 P (h) ol W=0.5 um, L<30 nm |/ W=0.5 um, L<30 nm
' 1 ' 1 'l 'l 1 1 o | 0 1 1 1 1 1 1 1 1 1 1
01 03 05 07 09 01 03 05 07 09 01 03 05 07 09 01 03 05 07 0.9

Ves (V) Vs (V)

Vps (V) Vsp (V)

© Christian Enz



=PrL

Al

Transfer Characteristic in Saturation

sanns 2028
Vsl [V]
0.45 0.55 0.65 0.75 x10-5
[Ye] — T T T T |
S 107 = W/L=58nm/240nm
N £
- 10-5 £ Vps=1.1V -
3 E
g 106 ;nMOS )
5 D E
—_ Q 10-7 C
o = E 7
2 < wek _
% — E
Z B wre i
n = E
5 10710 &
e E i
o 1071 E
@
% 10—12
o 02 04 06 08 10
o
g Vas| [V]
5 0.35 0.45 0.55 x10-*
c E T T T
3 10-¢ [ W/L=58nm/16nm .
a . | Vos=1.1V
2 107 Enmos ]
5 o 107°¢E
= O F 7
S = 107 E
S < E 4
s E
= 10
§ — 1p0-10 % |
[ ] -11 L
1070 E (f) |
10-12 L 1 1 1 1
02 04 06 08 1.0

Vsl [V

(un) w1 1591

(un) vl 1591
ls] [A] (log)

o
o

10=*
10-5
107
1077
1078

1072

|los| [A] (log)

10—10
101

10-12

Vesl [V]
0.45 0.55 0.65 075 x10-5
F W/L=58nm/240nm 5
§V05=1.1V
| pMOS 44
; >
E 432
E 42 ~
5
3 41
E d
e/ . X f ) 4o
02 04 06 08 10
[Ves| [V]
0.4 0.5 0.6 x10-4
_ W/L=58nm/16nm I
iVD5=1.1V —_—
© pMOS 12
g {105
3 - 0.8 —
3 406 =
3 J04 2
4 0.2
; 7 1 1 1 1 7 0.0
02 04 06 08 1.0
Vesl [V

l/ps| [A]

|/ps| [A]

|-V Characteristics of 16nm FinFET

Output Characteristic in Strong Inversion

X107

2.0

W/L=58nm/240nm (nMOS)

1.0

0.5

0.0

X107 yyL=58nm/240nm (pMOS)
I\” . -
I / \ =08V
// . 56=0.7V

x1072

4.0 f

20 F

0.0

W/L=58nm/16nm (nMOS)

~

7 Wes=08V_
o Vgs=0.7V

()

5.0

2.5

0.0

’ VSG=0-7 v
(e)

0.00

300 K
210K
150 K
77K
36 K
20K
295K

025 050 075
Vps [V]

1.00

dielectric

0.00 025 050 075 1.00

Vep [V]
v\gaAte length

fin height:

rain . 24 "M

p——
fin width: 10 nm

© Christian Enz



=PrL - Subthreshold Current

SMACD
msn;ﬁwmzozs

B The sEKV Model for the Design of Cryo-CMOS Circuits | SMACD | Istanbul | 2025

—~ .3
s 10 [FDsornmos FDSOI pMOS
S T=3.8 K
Q2
' 10
2
5
O 3
510
&)
=
LR
D 10 h | I ]
02 03 04 05 06 02 03 0.5
Voltage, Vgg (V)  (a) Voltage, Vgs (V)  (b)

Dashed lines: Vs = 10 mV (linear)
Solid lines: Vs = 0.8 V (saturation)

© Christian Enz



B The sEKV Model for the Design of Cryo-CMOS Circuits | SMACD | Istanbul | 2025

=L Syuhthreshold Swing SS
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Impact of S5 Saturation on Power

= Required current to achieve a given transconductance G,,, in weak inversion

= with Uy £ kq—T and where n, is defined as

n forT, <T

q .SSsat
In10 kT

= Current savings at CT to reach the same G,,, than at RT in weak inversion

SS(T)

neq(T) = {707 =

forT < T,

Ipleryo _ "eq|CTyO.Tc,,yo _33 42 1 _1
IDlRT nequT TRT 15 300 71 32

= Current savings of 3.2 instead of 70 if n,, would remain constant

C. Enz, H.-C. Han, “Design of Cryo-CMOS Analog Circuits using the G/l Approach,” ISCAS 2023.
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Energy

Ioyp = Itn + Ihop + Lsat

A
Source LDD Channel LDD Drain
e » thermionic Ith
— 2 N\_ | sDT 1.
Ef /Joo o I
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P . qVps
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i
| E
E‘ Ly \ | fp
) T —
Position, x

= The subthreshold drain current

I, p 1S made of
Ioyp = Itn + Ihop + Lsat
= The thermionic current
I;;, which dominates at RT
= The hopping current I, in
band tail

= The source-to-drain tunneling
current I 54,
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=PFL - Subthreshold Currents at CT
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= AVo mostly due to change in the Fermi
voltage as illustrated in the right figure

= |[mpact of incomplete ionization is minor
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= Qverdrive voltage V; — Vo not convenient for weak inversion

= Replaced by the inversion coefficient IC characterizing the global level of

© Christian Enz

inversion of the transistor in saturation

D |;,dturatu

Typical values of I for 28-nm (at RT):

750 nA for NMOS

200 nA for PMOS

_/ Ispec

= where Ispec = Ispecu -W/L, Ispecn Z2n- - Cox - UT1 Ur 2 kT/q

Weak inversion Moderate inversion Strong inversion
(WI) T 1 (M) (SI)
| | . ' . I »|C
0.001 0.01 0.1 10 100
Subthreshold

X C. Enz, F. Chicco, and A. Pezzotta, IEEE Solid-State Circuits Magazine, vol. 9, no. 3, pp. 26-35, Summer 2017.
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=PFL - Simplified EKV Charge-based Model (in saturation)
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= The normalized drain current in saturation or inversion coefficient is given by

IC & IDlsaturation 4‘(%2 + q$)

[spec 24 Ae +/4(1 4+ 2) + 2% - (1 + 2q,)2

= where gs = Q;(x = 0)/Qspec is the normalized inversion charge at the
source With Qspec = —2n - Cpy - Uy

= 1. is the velocity saturation (\VVS) parameter corresponding to the fraction of the
channel under full velocity saturation

Lsat
Ao 2 SL“
= where Lgqy = 2l * Up/vgq: = 2Ur /E, is the channel length over which the
velocity is fully saturated

C. Enz, F. Chicco, and A. Pezzotta, IEEE Solid-State Circuits Magazine, vol. 9, no. 3, pp. 26-35, Summer 2017.
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Voltage versus Charge

= The current versus charge expression is coupled to the following voltage versus

charge relation
vp — Vs = In(qs) + 2q;
= where voltages are normalized to U £ kT /q

Vp _ V-V
Ur - n-ur S Ur q

= where Vp = (V; — V;)/nis the pinch-off voltage

A
vp_

= Only requires the following 4 parameters: Vr, Is,oc0, 1, Lgge (OF A)

= No explicit expression of the current versus voltage
= Note that parameter n allows to change the slope factor versus temperature

C. Enz, F. Chicco, and A. Pezzotta, IEEE Solid-State Circuits Magazine, vol. 9, no. 3, pp. 26-35, Summer 2017.
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[ H. -C. Han, A. D’Amico and C. Enz, “SEKV-E: Parameter Extractor of Simplified EKV |-V Model for Low-Power Analog Circuits,” OJCAS, vol. 3, pp. 162-167, 2022.
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= |t is a fundamental FoM for low-power analog and RF IC design
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=PFL The G,,, /I, for Different Advanced Technologies
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[ H. -C. Han, A. D’Amico and C. Enz, “SEKV-E: Parameter Extractor of Simplified EKV |-V Model for Low-Power Analog Circuits,” OJCAS, vol. 3, pp. 162-167, 2022.
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=PFL - Simple RF modeling of FDSOI

SMACD
sanns 2028
3G

; Gate %RG
S GS || - | C
= : - Fox == 7
E Channel -
z ® < ol
§ S RS Si ]m d; RD
: ot —WMi—+—3 - IW—
2 G
3 Source |t 2o 9 Drain
O
o v, L Tl
= Cps =T Box — Cap
b,
5 V || nwell/pwell Rp
8 py
=B
2 ~ 2 2 2 :
3 Y11 = w*(CGgRp + CG6Rg) — jwCeg

~ 2 '

Z Y12 = w*(CppCspRp — CepCeeRe) — jwCep
% Yy, =

= Approximation of the Y-parameters
given below

= R(Y) shows quadratic behavior with
respect to frequency

= |t allows direct analytical parameter
extraction (without optimization)

G + 0*[CepRp(Cop — Coy + Crs) — CocRe(Cop + C)] — jw(Cep + Cpy)
Yoy = Ggs + w?[CapRp(Cop — Ciy + Cpns) + CopRe (Cop + Cr)] + jw(Cpp + Cep)

H.-C. Han et al., ESSDERC, pp. 269-272, 2022.
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=t Frypeak and Fo, ., versus Temperature
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=PFL - Impact of Self-heatingon R (Y 5,)
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= The non-quadratic behavior of R(Y,,) at low frequency is due to self-heating
= The difference between Gpg, . and G, . is due to self-heating and becomes

significant at 3.3 K particularly for nMOS

[ H. -C. Han et al., ESSDERC, pp. 269-272, 2022.
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=PLY.parameters at CT including Self-Heating
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= A 4t-order thermal network is needed for a proper modeling of the dynamic SH effect

[ H. -C. Han et al., accepted for publication in JEDS, 2025.
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= |ntroduction

= Subthreshold current and swing
= Threshold voltage

= Simplified EKV model at CT

= RF modeling

= Noise modeling

= Conclusion
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=PrL | ow-frequency Noise in 22nm FDSOI
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= The noise-to-signal ratio S, /I3 increases at CT thanks to improved G,,,/Ips at CT (in
strong inversion)

= The simple model fits the data well down to CT

= Parameter @ = 4V~ and Sy /p are almost temperature independent
[l B. Cardoso Paz , et al., TED, vol. 67, No. 11, Nov. 2020.
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=P~. White Noise and the Fano Noise Suppression Factor

SMACD
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= The Fano noise suppression factor compares the PSD of the drain current

fluctuations to the PSD of shot noise which is dominant in weak inversion
SAI% . 4kpT - VG . Gm _ 9 Yn . ng(IC)

2q1; 2q1, T Vn Ip n IC

= By definition F, = 1 when the noise is full shot noise like in weak inversion and
F, < 1 when the noise is only partially due to shot noise like it is the case in
moderate and strong inversion for example

= The Fano noise suppression factor is actually proportional to the G,,,/Ip ratio

= |t can be expressed in terms of the inversion coefficient IC by using the
normalized G,,, /I, ratio

ImsC)  GunUr  JAIC+ 1+ (A1C)2 —1
Ic I,  IC(2+2IC)

C. C. Enz and H.-C. Han, “The Fano Noise Suppression Factor and the G/l FoM,” ISCAS 2023.
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= The Fano noise suppression factor is limited to A, in strong inversion

C. C. Enz and H.-C. Han, “The Fano Noise Suppression Factor and the G/l FoM,” ISCAS 2023.
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=P~LFano Factor Measured on Several Technologies (RT)
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[ C. Enz and H.-C. Han, ISCAS 2023.
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=P Fano Suppression Factor /-, versus Temperature
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= | ike the normalized G,,, /I, the Fano noise suppression factor F; is almost
temperature independent, but depends on the inversion coefficient IC

K. Ohmori and S. Amakawa, JEDS, vol. 9, Sept. 2021.
X. Chen, H. Elgabra, C.-H. Chen, J. Baugh, L. Wei, ISCAS 2021.
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= |ntroduction

= Subthreshold current and swing
= Threshold voltage

= Simplified EKV model at CT

= RF modeling

= Noise modeling

= Conclusion
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=PFL - Conclusion
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= Available CMs do not scale correctly with T down to CT

= Most MOSFET DC features improve at CT except
e Vo Which increases
e 5SS which saturates
e Additional hopping and tunneling subthreshold currents appear for short-channel at high
Vps voltage
= The sEKV can do a good job modeling silicon devices at CT

= RF Y-parameters can be properly modelled at CT, but self-heating needs to be
accounted for in R(Y,,)

= The white noise can be modelled with the Fano noise suppression factor taking
advantage of the temperature independence of the normalized G,,, /I, FoM
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=PrL

Additional Resources

= Github page of Christian Enz:
https://qgithub.com/chrisenz

= General analog circuit design:
https://qithub.com/chrisenz/Analog-Circuit-Design

= Currently including:
e Optimization of capacitive closed loop CS amplifier
e AC simulation of SC circuits with a standard Spice simulator
e And many more to come...
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