CRYO-ELECTRONIC
& NOISE




Ultra sensitive cryogenic detectors

> Bolometers / Calorimeters

> Josephson junction based detectors like
SQUID (Superconducting QUantum Interference Device)
and STJ (Superconducting Tunnel Junctions)

v

KID (Kinetic Inductance Detector)

» SNSPD (Superconducting Nanowire Single-Photon Detector)

Basic function of a front-end readout —

CRYOGENIC environment allows to achieve extremely low noise performances

= NOISE of the cryogenic readout chain is an essential point
Anyway, Cryogenic T is not a "magic" solution to
reduce noise
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Intro. Amplification SNR

Amplification = increase in amplitude

> Power: active devices are required for power applications

» Voltage or Current: Current or voltage amplification can be
done at equal power using transformers or resonant circuit

LU

= A buffer (common emiter) voltage gain = 1, provides a current gain (high Z;,, and low Zyy¢)
leading to power gain Gp = Gy Gy avec Gy — and Gy /

= A opamp (Zoyr = 50Q2) amplifying a voltage signal of a 50Q2 source, provides also a power
gain

= A MOS with an isolated grid, provids a power gain — oo!
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Intro. Amplification SNR

SNR degradation & readout detection chain

= The Front End amplifier stage of a tiny signal is at the same
times :

» The require function to prevent noise/parasite
contaminations,

» The main source of noise of the readout chain.

It is important to amplify as early as possible in detection chain and avoid
any signal attenuation. Once amplified, the amplitude of the signal
becomes large compared to the amplitude of the following stages noise.
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Thermal Agitation of Electricity in Conductors.

ic econductors are sources of
spontaneous fluctuations of veltage which ecan be
measured  with “sufficiently  sensitive instruments.
Thiz preperty of conductors appears to be the result
of thermal agitation of the electric charges in the
material of the conductor. )

The effect has been observed and measured for
various conductors, in the form of resistance units,
by means of a vacuum tube amplifier terminated in
a thermocouple. It manifests itself as a part of the
shenomenon which is commonly ealled © tube noise.”
I'he part of the effect originating in the resistance
gives tise to o mean square voltage fluctuation F#
which iz proportional to the value R of that resistance.
The ratio V*/R is independent of the nature or shape
of the conductor, being the same [or resistances of
metal wire, graphite, thin metallic films, films of
drawing ink, and strong or weak electrolytes. Tt
does, however, depend on temperature and is pro-
portional to the absolute temperature of the resistance.
This dependence on temperature demonstrates that
the ecomponent of the noise which is proportional
to R comes from the eonduetor and not from the
vacuurmn tube.

OrDINARY  clec

No. 2084, Vor. 119]

NATURE

Shot noise

Thermal nOiSC Identify by John Bertrand Johnson in 1926
thermal agitation of the charge carriers inside an electrical conductor

[Jaxuvary 8, 1927

A similar phenomenon appears to have bemm
observed and correctly interpreted in connexion with
a current sensitive instrument, the string galvanometer
{W. Einthoven, W, F. Einthoven, W, van der Horst,
and H. Hirschfeld, Physica, 5, 358-360, No. 11/12,
1925). What is being measured in these eases is the
effect upon the measuring deviee of continual shoek
excitation resulting from the random interchange of
thermal energy and energy of electric potential or
current in the conduetor. Since the effoct is the
same for different conductors, it is evidently not
df.‘Pﬂ]’lfit‘-‘nl on the specific mechanism of conduction,

Phe amount and character of the observed noise
depend upon the frequency-characteristio of the
amplifier, as would be expected from experience with
the small-shot effect, The apparent Input power
originating in the resistance is of the order 10°1% watt
at room temperature. The coreesponding output
power is proportional to the ares under the graph of
power amplification—frequency, at least in the
of audio frequencies.  The magmitude of the t:
noise,! when the quietest tubes are used without
input resistance, iz about the same as that produced
by a resistance of 5000 chms al room temperatura
in the input circuit. For the technique of amplifica-
tion, therefore, the effect means that tha limit to
the smallness of veltage which can be usefully
amplified is often set, not by the vacunm tube, but
cal circuits ars
B. Jonnsox.

hy the very matter of which sle

built. X

Bell Telephone Laboratories, Ine.,
New York, N.Y., Nov. 17.
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e Shot noise

Thermal nOiSC Measured by John B. Johnson in 1926

Voltage noise o< VR
independant of the nature of the resistance
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Thermal Agitation of Electricity J. B. Johnson, PHYSICAL REVIEW, July, 1928
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Shot noise

Thermal nOiSC Measured by John B. Johnson in 1926

DSPx aT
Independently to the R value
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Shot noise

Thermal nO iS e Interpreted by Harry Nyquist in 1928

JULY, 1928 PHYSICAL REVIEW VOLUME 32

THERMAL AGITATION OF EI
IN CONDUCTORS®*

By H. Nvquist

"RIC CHARGE

AnsTRACT

The electramative faree due to thermal agitation in conductors is calculated by means
of principles in thermodynamics and statistical mechanics.

Eldv=4R,kTdv Efdv=4R v/ (c" ¥ =1)
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Noise Johnson noise Shot noise

Quantum limitation (@ high f and/or verry low T)

Generalization including a quantum approach (similar to black

body radiation) :
Electric energy — multiply by i f DSP thermal noise :
hf
S=—F
eks’ —1
_ hf
T hf L 1hf 1 hf
m + T(m)z + g(m)B +...
~kpT onlyif kgT >> hf
1 @ 300 K white up to 6 THz

1 @ 300 mK "only" up to 6 GHz!

prele@apc.in2p3.fr DRTBT 2024 - Aussois - du 24 au 29 mars 2024


p

Noise Johnson noise Shot noise
. . , . hf
DSP de bruit thermique d’une resistance : S = —7—
ekBT —1
—10%t =
N F
L B
A
EJ? 22
g 102
= I
© [
£
S —— hf/(eMhf/(k*300))-1) : T = 300K
E 105 E —— hiierht(k77))-1) : T = 77K
- = hif(e(hf/(k*4.2))-1) : T = 4.2K
i hi/(eA(hf/(k*0.1))-1) : T = 100mK
10 e e
100 MHz 1 GHz 10 GHz 100 GHz 1THz 10 THz
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Noise Johnson noise Shot noise

Johnson noise cut off take in consideration for Johnson
thermometry

At the very lowest temperatures, Nyquist’s law may not be
a sufficient approximation of the fluctuation dissipation
relation (1). The relative error in Nyquist’s law is given by the
series expansion of the Planck factor (see (2))

W | kT
_ WD) W, iopaxaon L ,  (23)
exp(hf /KT)—1  2kT T

so that a INT using Nyquist’s law at temperatures near 1 mK
and with an average operating frequency of 100 kHz is
accurate to about 0.24%.

J. F. Qu et al. Johnson Noise Thermometry
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Noise Johnson noise

Available/Measurable thermal noise power

kp TAf — Puissance maximale disponible

To measure P = kg TAf, a matching impedance is required
(R; = R, = R) -> Optimal power transmission
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Noise Johnson noise

Voltage and Current noise spectral density

e, = \/4kg TR [VIVHZ]
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Noise Johnson noise Shot noise

Equivalent noise resistance and noise temperature

Assuming a white noise spectral density S, and S; ; and a "source/detector" impedance Rg
we modeled as a:

» Noise equivalent resistance: Resistance producing the same
Johnson noise than the S, and S; contribution (define at which
temperature).

_ S,+R2S;
Req = akg To

» Noise equivalent temperature : at which temperature a Ry
(often Ry = Rs = 50Q2) produces the same noise as the S, and
S; contributions

_ S,+R%S;
Teq = Tt
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Noise Johnson noise

Noise in electronic devices

v/ The Johnson noise is only associated to the ) impedance

X Imaginary parts (L or C) and Dynamic impedances or active
charges (h11, 1/gm, Rps ...) — do not produces Johnson noise

(except maybe the MOS channel noise in Strong inversion %‘”CB Tgm where the resistance of the channel is real)

> "Capacitive" noise kB—CT

» "Thermal noise of a bipolar transistor" 42k—BT
m

24 - Aussois - du 24 au 29 mars 2024
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Noise Johnson noise

Voltage noise kg T/C (noise integrated f[0->00])

e _ 1
> avec fe = sire — Af=5fe=me

=21 VR

=but T is the resistor temperature
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Noise

Charge noise kg TC

Johnson noise

prele@apc.in2p3.fr

Veff=kB;CT o Qn:\/kBT

Charge and voltage noise in capacitors

c| YBIC | /GTIC
1 uF | 400000 e~ | 64 nV
1nF | 13000e” | 2uV
1pF 400 e 64 uv
1{F 13 e~ 2mv
1aF 0,4 e 64 mV
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_____Inuo. Noise Fxcessnoise_Cryo-electronic_Conclusion | Johnsonnoise Shotnoise
discrete nature of electric charge ; visible in the fast transit
of e” in a potential depleted zone / junctionroison dsuivuion

Polar g 9 - zcE Polar.J 9 » e

i F:
” il

=TI

a "Shot !" occurs every electron passing throug the junction depleted zone

() =q Lot ty)

o VL
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Noise Johnson noise Shot noise

Shot noise in a junction

» Shot noise — fast transit
» Time correlation crossing the device

m neglectable recombinations (nb e~ emitted = received)
neglectable latice interaction / delay, large relaxation limes
(average time between "collitions") 7,

Transit time crossing the depleted zone 7;:

heater .
ey ~— cathade T <<Tr
.

& s shot noise discovered in vacum tube by
! H Walter Schottky in 1918
|
base pins <
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Noise Johnson noise Shot noise

"Schottky expression”
Current spectral density [A%/ Hz]

Si=2ql

with I the DC current crossing the junction

White noise V fand T
RMS noise over 1 Hz

lefflaf=1mz=VSi=\/2qI
N.A.: assuming a diode bias withI=1mA:

VSi=V2x1.610"19 %103 =18 pA/VHz

q=1,6x 10719 (C] ou [A.s] est la valeur absolue de la chargedel’e™
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Noise Shot noise

Shot noise in high frequency

2ql
S; = qu[smn(}t{‘r) .
_ 2qliok
AN.7,=10ps: ’
% =100GHz! 2qI100F m(\
m\n

0.1 /tau 1 /tau 10/tau
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Noise Shot noise

Small signal noise model

D in % rd(non bruyante)

Ip
kgT
Si :ZqID

voltage noise S; = 2qID(’;BIT) = Z(k;i)z . 4kp T

=finally, shot noise is depending on temperature ... but it is not
means that it is a Johnson noise !
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Non-Fondamental noise

Non-Fondamental noise

» Avalanche -> M factor on the shot noise

» Generation - recombinaison (GR ou burst noise)

> Telegraphic noise
> 1/f (Flicker noise)
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1/f

Johnson notse 1004, 300K
nolse indax -40dB8
o, Sppm

25ppm
Y, SOpOM
\l'lc'hey SNMO204-MS1, 1%, + SOpm
Vitrom 20 0204, 1%, SOppm
Mira Electronic 1206, 1%, 100ppm
Mira Electronic 0805, 1%, 100pom
Yagea RC 0205, 1%, 100pom ]

= Yagea RC 1206, 1%, 100ppm i
= hlhps RACO1, 5%, 200ppm

= Tyco RN73, '0.1%, 10ppm —— [
8.7 Vigha sw.moa,o_m. 15ppm ——
£ 10 —

& p———2
5 Opom ——

= Vishay TNPW, 0.1%

g Beyschiag MMUT102, 1%, S0ppm

F'ana s0nIC

HJ-SEN .Ha 100ppm

B
10
10° 0

10? 10° 10°
frequency (Hz)

Noise of surface-mount devices (SMD) with 100 Q) up to a max. power dissipation of 1 W (U=10V)
"Resistor Current Noise Measurements" - Frank Seifert
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Excess noise 1/f

Low frequency noise — traps

The low frequency noise is associated to traps

Arbitrary number of carriers under electric field:
/" generation :

e~ trap — bande de conduction
trou trap — bande de valence

\\ recombinaisons :

e~ bande de conduction — trap
trou bande de valence — trap
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Excess noise 1/f

Generation- recombinaisons - GR noise

Arbitrary rate of generation recombinaisons in traps (defects,
doping, stats of surface)

Trap relaxations (carrier life time) 7, < 77 Sgr(0)

Sgr(f)

Sep o —Lt
GR ™ Ti@nfr,)?

Lorentzian spectrum «— TF(I 207ty

1/(2riTau) f

Generation-recombinaisons — A single G-R process dominats
7, characteristics of an exponential "relaxation"

26/ 86
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Excess noise 1/f

Different relaxation times superposition

multiple generations - recombinaison process

2 levels system ormore: multiple time
constants 7,

2
S21evel 44D

(n+rz)[(ﬁ+i)2+(2ﬂf)2]

T2

Large number of generations-recombinaisons processes
— large number of time constants 7;
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Excess noise Non-Fondamental noise 1/f drift Allan Synthesis NF

Flicker noise

» Large number of G-R: e~ number fluctuation ; due to defect,
ion and any traps (recombinaison center - present in surface)
— Large number of Lorentzian spectrums (# f¢)

S(f)
I
/
'
/
n I
-
=R
1
/

1/(2rTaut) 1/(2nTau2) 1/(2rTau3d) f

Tmax
2 _Ti 72 Ti
Socl Zl: l+@nfr)* — I _L_-[ 1+@2nf1;)?
_2 2
= Zfrf [arctan (27 f T ) — arctan(27 f 7 ,,i,)] = 4[_f

» Mobility fluctuation leads also to: "volume" noise
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Excess noise

Low frequency noise bellow 0.1 Hz ... and thermal drift

Measured noise down to about 10°Hz = 1 day :
» The drifts are indistinguishable from the low frequency noise

»> The Johnson noise is not anymore white
... because T is not anymore a constante
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Non-Fondamen

Allan

tal noise 1/f drift Synthesis NF

Allan variance

~ integration times 7
# 7~ SNR

SNR

St jass

‘_. 1 w w'
[ ]
Fundamental sensitivity limit imposed by 1/f noise

®

GYROSCOPE NOISE DENSITY ('fal He)

Gyroscope Noise Density, Te=25"T

FRECUENCY |H)

L]
[X] 1 0 100 1 Y
L]
B Gyroscape Root Aflan Variance
5 n
w
3
g
E
3 1
4
Tau [Seconds)
"o [T 1 0 [ 1000 16080

T || nds|
Exampl"(.e“:= Gyroscop ADIS16490
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Excess noise Synthesis

Empirical modelization of the 1/f noise

S; o % typical values: 0.8 <y < 1.3

S;oc I typical values: 0.5 < a <2
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Excess noise

Noise syntesis

Synthesis

| Nom | Forme | DSAS; | Source
Johnson | white | 4kgT/R | Real resistance
shot white | 2qI Junction
flicker 1/fr % X % Semiconductor

> Johnson : Resistance, Température

» shot: Current

» 1/f: Current density - size, technology/cleanliness

prele@apc.in2p3.fr
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Non-Fondamental noise 1/f drift Allan Synthesis NF

Source / Sensor

Vin

Assuming a source resitance Rg and a voltage amplifier, the noise factor NF :
V2
in 2 2.2
Akr TR 4]CBTRS+3 + R¢i
B_—S =10log noosn

(GVin)? 4kpTRg
G?(4kp TRg+e5+R2i%)

NF =10log

L= e%, and i% here the spectral density and G= ‘;/oint

the voltage noise
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Non-Fondamental noise 1/f drift Allan Synthesis NF

Input noise vs source resistance

4kpTRs+ €2 + R
4kpTRs

Example: input noisevs optimal noise resistance of an OP27

NF =10log

|
wb———31 L1 N[ 1
_ e A = . j . R
g ™
— AT 10Hz —| e
LA z ==
En =
Z [ AT lkHz
-
£ =
o /
VakTRs '-1 0P27 datasheet
100 SOURCE RES. (2] 1k 106

When total noise is close the Johnson noise -> optimal source resistance (minimum NF)
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Excess noise

Noise index vs source resistance

Analog Devices operational amplifier noise

100 7— -
& S ADIST
» B ADTAS
F .
8 200853,
r/ s
,’,///
7W°
J//
60 1 :
@ |
8Z|
Zai
5|
« |
a0

Source Resisiance
——

0 g

" ’5.9@\é}_@\+o§v\sb‘§v\&\-r§gr.\§,§-‘\@"§$‘§“,§\@np

prele@apc.in2p3.fr

Non-Fondamental noise

1

/f drift Allan Synthesis NF

- For a low impedance
source -> AD797;

- For a high im-
pédance source ->
AD745.

- NOISE INDEX ap-
proaches 1 (0dB) for
Optimal impedance
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Excess noise

Optimal impedance Rg,,,

F, oF 0
min — A5
ORg Rs=Rs,,,
R 242
Sopt' 1
01+ 2
1k TRs,,,
ORs,,,
i2 e’ €n

A ———n.  —(0)—|Rg =—
4kpT  4kpTRS, | o g,
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Non-Fondamental noise

Aop Analog Devices en fonction de Rs,,,
Low Noise Amp. Selection Guide for Optimal Noise Perf.

1/f drift Allan Synthesis

NF

&, @ 1kHz OP28s
0P4sT ADSE 10/

N ADAB20

1 —OPR1TT

= L]

£ L ]

E OP275 @ oPI13

a o

= ™ OPxi4

a OP2T0 /“

2 QP27I0P37 ADFAVAME

'g ® spade044

>

1 @ AD359TIADESEY
L]
AD797
= JOHNSON KOISE LINE
OF SOURCE RESISTANCE

] 100
P. Lee - A.D. Application Note

1k 10k

SOURCE RESISTANCE {(3)
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Excess noise Non-Fondamental noise 1/f drift Allan Synthesis NF

Decreasing noise by putting Aop in //

Trput 200 f=Ta) et -
—N«TN Sove e noars
= 2™ sk UTCOTelated
3 ?M” : g '\'\"’u\
200 Sy
WA T -
— 2
° & ke . .
o oras >4 Quadratic sum of indepen-
ate, a0, dant noise (multipliés par
YWY L . .
1 T 2| v N) ; Slgnal (same for all amplifier) 1S
| opas> multiply by N.
vy L i T'he first f10n inverter stages pro-
= 2> e vide N gains = 101 a+2ka/200) ; Last
B ke
5| OPRIT —N\—1 stage SUIM (sommater-inverter) .
_f{r_,\_ii\}_ Voltage gain= —1010
= : N 2hiz
| oPnar —/\\—s
g 1

r
N =10 Each OPA3T
OPA27 datasheet
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Cryo-electronic Semiconductor active devices SQUID/Superconducting device

Cryogenic electronic devices

1. Field-effect Transistors - FET

> standard MOS & JFET
> Hetero-junction FET ie HEMT

2. Bipolar transistors

> Bipolar Junction Transistor - BJT
> Hetero-junction Bipolar Transistor - HBT

3. Superconductor devices
> Superconducting QUantum Interference Devices - SQUIDs
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Cryo-electronic

Amplifications and figures of merit

Inputsignal = Gain = Outputsignal

AMPLIFICATION UNIT EXEMPLES
voltage [VIV] transformer; op. amplifier
current [A/A] transfo.; bipolar trans. ()
transimpedance [V/A]; [Q] resistor, SQUID + input coil
transconductance [A/V];[S] transistor (g;,)

prele@apc.in2p3.fr 40/ 86 DRTBT 2024 - Aussois - du 24 au 29 mars 2024


p

Cryo-electronic Semiconductor active devices SQUID/Superconducting device

Voltage/Current sources and "matching" impedance

voltage amplifier example

AMPLIFICATION INPUT OUTPUT

voltage gain Zin>2s 21> Zour
current gain Zin<Zs Zp<Zout
transimpedance Zin<Zs Z1.>Zout

transconductance Z;;,>7Zs Z.<Zout
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Cryo-electronic Semiconductor active devices

Solid-state physics and semiconductors
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Cryo-electronic Semiconductor active devices SQUID/Superconducting c

SOlid-State thSiCS and SemiCOHdUCtOIS (carriers density as function of T)

1000 500 250 200 125 100 77 TIK]
T T TS T T T T T

101?

.

n type silicon

1 016 t

Electron density [cm*-3]

{7 TN CE R N R N T S S
0 5 10 15
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Cryo-electronic Semiconductor active devices SQUID/Superconducting c

SOlid-State thSiCS and SemiCOHdUCtOIS (carriers density as function of T)
17 1000 500 250 200 125
10 l: || T T ™~ : T T T T

|
no=n= ‘E,Jl NN, exp

o e l's

100 77 TIK]
T T T

-E, - ¥
5t n type silicon

’
[T e

1 0?6

Electron density [cm*-3]

1 015
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Cryo-electronic Semiconductor active devices SQUID/Superconducting device

SOlid-State thSiCS and SemiCOHdUCtOIS (carriers density as function of T)

1000 500 250 200 125 100 77 TIK
101? - T T T i~ T T T T T T T T T ]
B Intrinsic N ]
i Usual operation ™ 1

temperatures

1 0?6 k

Doping

~y Freezeout

Electron density [cm*-3]

{1 T PR S S R I

0 5 10 15
1000/T [1000/K]
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Cryo-electronic Semiconductor active devices

Field Effect Transistor - FET

Field effect transistor uses ELECTRIC FIELD to control the output
current

1. INSULATOR ssio»

— MOSFET (Vetal Oxide Semiconductor FET)
2. Depleted region of a reverse biased pn JUNCTION

— JFET (Junction FET)
3. Depleted wide band-gap of an HETEROSTRUCTURE s

GaAs/AlGaAs)

— HEMT (High Electron Mobility Transistor)
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Semiconductor activ

D D
A
n
Go] Go—{ P
i G G
R
enhancement-mode (da&eted-mode MOS existss depletion-mode S S
Parameters :
» transconductance =20
&m = 3vgs
» capacitive input impedance — close to co at low freq.
» current gain not defined — Z; too large
>

output impedance depends on the circuit (what the output is)
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Cryo-electronic Semiconductor active devices

MOS and JFET transconductance

1. weak-inversion for low consumption;
— VGs Vin —Ib
ID—IDoeXp nv. g’”_nVT
IDO—IDandVgsthh,n—1+ at
V= kT

2. the active mode for low-noise analog amplifier
Linear low noise amplification — pinch-offand active mode

(saturation)
51 . B W g mos
> | Ip(Vps) =k (Vgs — Vi)~ | with k = IDss
for JFET
61
> lgml =57~ |~ 2K(VGS_Vth) x VIp
Vvip

> u(T)ox T~* — u / atlow temperature = | g,
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Semiconductor active devices SQUID/Superconducting d

Cryogenic measurement of MOS transconductance

COX
Ip(Vps) = 52 W (Vs — Vip)?
= 1gml = ﬂcox%(VGS = Vin) x #

0D8mS @
Q
T
DEMS G
] =]
- 7 -E
c 400 pA 04msS ©
@ o
: :
© 300 pA - 02ms ®
£ [ -
m b
5 200 puA — 0
100 pA
(S0 ) r—re————
Q 05V 1V 158V 2v
nMOS W/L =5 um / 0.5 um (data from E Voisin Thesis) gate-snurce voltage
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MOS output characteristic and kink effect

s lo b
V= Vs= 0V VarVr 5> Vosa Vos < Vsmy
>
Vis > Vasimx Ves=Vesa
R ¢
substrat P P freeze-out :
selectron 8 hote O:ec‘.lon callision with the inic lattice —Vr Vase Ve Vosru Vos

E Voisin - "uElec. Cryo. pour instru. bas bruit", Porquerolles 2007

At high Vp, e”-hole pairs created by impact ionization mechanism.
> e~ — drain
> holes stay in the freezed-out bulk (increasing the bulk potential)
= add a "potential control" in addition to Vg

Kink effect is stronger in nMOS as compared to pMOS
Solution : adding many bulk contact around the MOS
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MOS transistor design for cryo. and space applications
To mitigate the kink effect, all MOS transistors are fully
surrounded by substrat contacts (to really fix the potential) :

Exemple of inverter in AMS 0.35 Technology

Hiide FacCxdsy Gy

Moreover, ELT e manss
w« suppress the effect of
the charges trapped in
"bird’s beak" of standard
MOS design wocioseonorsiicon

| Sljzrn Wafer

Source
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Latch-up mitigation at cryogenic temperatures

» Gard ring used to reduce kink effect allows to reduce too the
Latch-up occurrence

> Atlow temperatures, freeze-out dramatically reduce BJT wpoancion
Tansson CUITENTE gAIN

PMOS
Ic)
o B s - D Via
o
- P o
Q1
Q1
PNP Q2
Caisson N vertical o 2
' o
Substrat P v

E Voisin - "uElec. Cryo. pour instru. bas bruit", Porquerolles 2007

prele@a;
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MOS transistor Flicker evolution with T

10-10 101(}
107" 107"
N N
= 1072 = 1072
o
= =
2110-13 2;1013....
%) o
1e-14 10714
1e-15 107185 -
10" 10® 10° 10¢ 10" 10* 10° 10* gy

measurements 28nm technology (a) nMOS and (b) pMOS at 300
and 4 K for Vov = 0 V and Vds = 20 mV. Notice that the noise
amplitude at 4 K is higher than the one at 300 K au ssevere o0 01, smterstanang sne

Excess 1/f Noise in MOSFETs at Cryogenmic Temperatures - 2023
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1/f noise excess at cryogenic temperature

- band tail states start to behave as traps at cryogenic temperatures
- related to the temperature dependence of the hopping

mechanism in band tail states

-plus dielectric traps

The trapping dynamics :

-> decrease in temperature reduce the number of traps thermally
accessible, resulting in a noise spectrum originating from a few =

[)
prele@apc.in2p3.fr

f—[r'—.f '] "‘-f—lam-a

AV [V]

,rm‘ "n« " ILM

|'a

1n.|t ] w mnm— L=: ><|mn

ﬂ 2 025 0.3

Tlrne [5]

3 r=(rl4r) = 2.1mas

AV V]
o

MW

] r [IHI'h w ,.,I,..., | ==

JUET IRESHOLD (d= 30mA | ]

| '|
’l Rl

015 03
Time [s]

DRTBT 2024 - Aussois - du 24 au 29 mars 2024


p

Cryo-electronic Semiconductor active d

Cryogenic measurement of JFET transconductance

'i' T T T T T T T
£ 1 mAj- E I
—_ Ge JFET
R Vds=2.0V
H
5t 8
1pat =
L 8
-
1nApF [+
i 4
"
Al REAl 1V 0.5V ov
gate-source voltage
Gldberg et o - Chamcterization of crym i JFCT
Ward 61 8 - Desw, 61 Sy 0 JFET >
-

0 50 100 150 200 250
Si JFET for 77 K applications and Ge JFET for 4 K (but there are very few Ge commercial technology) Temperature  (K)

24 - Aussois - du 2


p

Cryo-electronic Semiconductor active devices

High Electron Mobility Transistor - HEMT
/

nALG aks

degensrated channe!

» Very high e” mobility — high g,
» High operation frequency up to
mm wavelengths

» e~ conduction spatially separated
from donor impurities — no
ionized scattering (collisions with

2D electron gas (typ. 100A) impurities)

> Allows operation down to sub-Kelvin temperatures wegeneratea)
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1/f Noise ina HEMT @ cryo T

Typical decomposition of PSD at T = 51 K: Thermal noise (STh), 1/f
noise (S1/f) and one or several G-R noise components (SG-R) :

o T

T 310" oy e - -

] T=51K |
3 3 1
110"k 1
U is >
T - >
s e 29
1 l‘-; # ey
P V=0my

ey |1 2 s 4
f(Hz) "~ 10" 10 10° 10" 10" f(Ho)
S. Mouetsi et al, The 1/f Noise in a Two-Dimensional Electron Gas: Temperature and Electric Field Considerations
Noise in semiconductor is affected by various parameters such as
conductivity, defect density, temperature, doping concentration, and bias
voltage. However, when bias or temperature are varied, the semiconductor
properties are no longer constant ... when the temperature is lowered, a shift
of the cutoff frequencies towards lower values occurs, new levels appear
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Semiconductor active devices

Cryo-electronic

Thin semiconductor material common to 2 junctions :

C C
Q.
g > Homojunctions Si/si
B B n — Bipolar Junction Transistor - BJT
.
B EE » Heterostructure /v as mp/imGaas or IV/1V as Si/SiGe
— Heterojunction Bipolar Trans. - HBT
Parameters :
_ Ol¢
» transconductance &m = 5v,
> current gain B = g%
_0Ves _ P
hll ~ 0l T gm

»> input impedance

56 / 86
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Bipolar access resistances R’

At cryogenic temperatures, weakly doped semiconductor suffer
from freeze-out = increasing of the access resistances

Rpp (B+1)Rgp
R = +
B B
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Cryo-electronic

Transconductance - g,

Semiconductor active devices

80 uA |
Bﬂ_uAE—
40;JA2—
20;_(!\5-

0:

collector current

/ dic/dvbe
=gm

T=300K

TTK

05V

06V 07V 08V

09V 1v
base-emitter voltage

recombinations, carrier mean free path, thermal decoupling and R’

0l _
&m = 0Vgg —

58 / 86

qlc
Ic _ qlc _ nkgTe
—_— = — fr _
VT kBT gm T 1+R/ qIC
cryo nkgTe
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Current gain f and input impedance

AE, |
ﬁaexpm with AEg=Eg, —Eg, <0

AEj : difference in band gap between the emitter and the base
regions and induced by doping - band gap narrowing

measured § go from 225 to 35 from room temperature to 77 K

h11=g£mi

Considering Ic=1mA — h]l(T:SOOK) = ~6 kQ

39 mS

h] 1(T=77K) = 150 mS < 2509 = fallS Zin > ZS at lower temperatures
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Heterojunction Bipolar Transistor - HBT

Differing semiconductor materials — Heterojunction
of one, at least, of the junctions of a bipolar transistor

— high frequency performances

» III-V or IV-IV hetero-junctions are used by using InP/InGaAs
or Si/SiGe for instance.

» Si/SiGe is one of the few hetero-junction compatible with
standard Si based technology
SiGe HBT becomes the most popular bipolar technology with
competitive speed, and even better, than III-V expensive
technologies
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HBT planar technology

Ex-+(81) Br(SiGe Cn(81)

[.
‘lnP T

HBT 5iGe

Instru. Cryo. SiGe - PhD D. Préle
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SiGe and Cryogeny

» HBT is usually developed to achieve high frequencies perf.
» For Cryogenic applications, alloy of silicon and germanium
(SiGe)

= | Change the 5(T) ‘

= Pushes the freeze-out at lower temperatures

Si/SiGe heterojunction improve the emitter injection efficiency, as
compare to BJT, so that it is possible to increase the base doping
= SiGe HBT still work at 4.2 K, far away temperatures where Si BJT

is freezed out
_ .u:erN dE ex AEg.S’H SiGe Mgh’a:}:}

Busr sie =
JupWB' N kyT
BT 81 & #”LdeE exp _AESEW
1, WyN k,T

DRTBT 2024 - Aussois - du 24 au 29 mars 2024
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HBT current galI could increase exponentially with decreasing temperature
AEg . B
ﬁSiGeO( exp KT with AEg = EgE _EgB =~ EgESi _EgBSiGe
——— —_—
<0 for BJT due to doping  could be >0 due to Ge

B(T) and "band gap vs doping"

1200
SiGe AMS 0.35

100 — 298K

L 'S 1 L
Jo 1 pAlpm~2 10 pASumA2 100 pAmA2 1 mAjum*2

at small J¢ : recombinations in the base

atlarge J : high injection BUc) K) "bell curve”
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HBT current galI could increase exponentially with decreasing temperature
AEg . B
ﬁSiGeO( exp KT with AEg = EgE _EgB =~ EgESi _EgBSiGe
——— —_—
<0 for BJT due to doping  could be >0 due to Ge

B(T) and "band gap vs doping"

1200
SiGe AMS 0.35

100l — 202K

L 'S 1 L
Jo 1 pAlpm~2 10 pASumA2 100 pAmA2 1 mAjum*2

> atsmall /¢ : recombinations in the base

> atlarge /¢ : high injection BUc) K) "bell curve”
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HBT current galI could increase exponentially with decreasing temperature
AEg . B
ﬁSiGeO( exp KT with AEg = EgE _EgB =~ EgESi _EgBSiGe
——— —_—
<0 for BJT due to doping  could be >0 due to Ge

B(T) and "band gap vs doping"

1200
SiGe AMS 0.35

ool — 130K

L 'S 1 L
Jo 1 pAlpm~2 10 pASumA2 100 pAmA2 1 mAjum*2

> atsmall /¢ : recombinations in the base

> atlarge /¢ : high injection BUc) K) "bell curve”
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electronic

HBT current galn could increase exponentially with decreasing temperature
AE .

BsiGe expﬁ with AEg=  Eg;—Egy ~Eg, —Egp.

——— —_—

<0 for BJT due to doping  ¢ould be >0 due to Ge

B(T) and "band gap vs doping"

1200 e
SiGe AMS 0.35 \

o0} 7K

@ [—

__,..-'-""-"—/

L

/

Jo

> atsmall J¢ : recombinations in the base

1 pAlpm~2

> atlarge /¢ : high injection

prele@apc.in2p3.fr

10 pASumA2

63 / 86

100 pAmA2

1 mAjm*"2

—— "bell 4
BUc) ~ ell curve
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HBT current galI could increase exponentially with decreasing temperature
AEg . B
ﬁSiGeO( exp KT with AEg = EgE _EgB =~ EgESi _EgBSiGe
——— —_—
<0 for BJT due to doping  could be >0 due to Ge

B(T) and "band gap vs doping"

1200
SiGe AMS 0.35
oo 5K
800 e
800 | = ot
/./’
400 >
~
200 .
_‘___.’—’
o i L L
Jo 1 pAlpm~2 10 pASumA2 100 pAmA2 1 mAjum*2
> atsmall J¢ : recombinations in the base
> atlarge /¢ : high injection BUc) T_\’ "bell curve”
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HBT current galI could increase exponentially with decreasing temperature
AEg . B
BsiGe x expm with AEg = EgE_EgB NEgESi _EgBSiGe
——— —_—
<0 for BJT due to doping  could be >0 due to Ge

B(T) and "band gap vs doping"

1200
SiGe AMS 0.35 \
100l — 298K
— 209K
— 130K E
BOOF ek
— 5K

800 |
400
200 |
e —
o e iy L L

Jo 1 pAlpm~2 10 pASumA2 100 pAmA2 1 mAjum*2
> atsmall J¢ : recombinations in the base
> atlarge /¢ : high injection BUc) T_\’ "bell curve”
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Cryo-electronic

HBT transconductance

qlc
G = nksTe with R’ = Rez , B+DRgp c
" 1+R' qlc p b BR
nks T g
E

Below 77 K, the HBT still operates ...
» Strong T, decoupling
» "Start" of freeze-out=R’

> R’ effectif R’ nzgcTe is comparable or larger than 1
> Large R/
> Large Ic
> LowT

024 - Aussois - du 24 au 29 mars 2024
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measured SiGe transconductance

S -
% 1ms
3
=]
=
8 calculated
21005 gm = glekT
& with T =
h s 49K
105 1 - Ta= 34K
...... 7K
———= 300K
1ps
1
10 nA 100 nA 1uA 10 A 100 A

collector current

» T, — the 4.2 K measurement fit with qI/kp34 K
» R’ reduce the measured g, (as compare to the ideal law)

» Recombination in the base-emitter depletion region at cryo. T
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HBT parameters determined from pummel plots
Gummel plot of a NPN254 SiGe ars, 45, ¢ =50um — area=20um?)

1mAg
F — Ic (296K)
100 A | == Ib (296K)
10 LA E
1 HA ; /”’.-—"‘"-‘-
E -~
100 nA 2
10 nA £
1nA
100 pA |
10pal L - 5 a .
0.4 0.6 0.8 1
Vbe
> Voltagegain = gm = ;‘g[fe ~ % [\[]
> Inputimpedance = hjj = gim and f= % ; Buffer outputimpedance = gim
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HBT parameters determined from pummel plots
Gummel plot of a NPN254 SiGe ars, 45, ¢ =50um — area=20um?)

1mAg
F— Ic (202K)
100 yA f = Ib (202K)
10 LA E
1uAE
0 E
© 100 nA 3
10nA F
1nA —
100 pA |
10pA-"'--/'l/- g -
0.4 0.6 0.8 1
Vbe
> Voltagegain = gm = ;‘g[fe ~ % [\[]
> Inputimpedance = hjj= gim and f= % ; Buffer outputimpedance = ng
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HBT parameters determined from pummel plots
Gummel plot of a NPN254 SiGe ars, 45, ¢ =50um — area=20um?)

1mA g
 — lc (102K)
100 A = Ib (102K)
10pA L
1pA —
5 100 nA —
10 nA —
1nA —

100 pA F W i
10pAL— o4 o6 <
> Voltagegain = gm = :&Eg = % Vool

> Inputimpedance = hjj = gim and = % i Buffer outputimpedance = gi’”

prele@apc.in2p3.fr 66 / 86 DRTBT 2024 - Aussois - du 24 au 29 mars 2024


p

Cryo-electronic Semiconductor active devices SQUID/Superconducting

HBT parameters determined from pummel plots
Gummel plot of a NPN254 SiGe ars, 45, ¢ =50um — area=20um?)

1mAg
P — lc (75K)
100 yA | = Ib (75K)
10 LA E
1pA L
0 F
© 100 nA 3
10nA F
1nA —
100 pA >
10 pA —_ R Pl
0.4 0.6
Vbe
> Voltagegain = gm = ;&g»‘e ~ % [\[]
> Inputimpedance = hjj = gim and = % ; Buffer output impedance = gim
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HBT parameters determined from pummel plots
Gummel plot of a NPN254 SiGe ars, 45, ¢ =50um — area=20um?)

1TmAg
100,uA;
10,uA;
1uA
ﬁwomg
10nA;
1nA;
100 pA |
1(JpA:

> Voltagegain = gm =

1,
> Inputimpedance = hjj= i and f= % ; Buffer outputimpedance = 57—

prele@apc.in2p3.fr

— Ic (5K)
-= Ib (5K)

0.4

dlc _ qlc
dVye = kgT

8m

66 / 86

0.6

0.8 1
Vbe [V]

1
&m
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HBT parameters determined from pummel plots
Gummel plot of a NPN254 SiGe ars, 45, ¢ =50um — area=20um?)

1mAg
100 pA |

10 yA

1pAL
ﬁwomg
10nA;
1nA;
100 pA f
1(JpA:

> Voltagegain = gm =

— Ic (296K)
- Ip (296K)
— Ic (202K)
- Ip (202K)
— Ic (130K)
- Ib (130K)
— Ic (75K)
- Ip (75K)

-’. . -
L, 1 o el |
0.4 0.5 0.6 0.7
dic _ qlc Vbe [V]
dVy, ~ kpT
> Inputimpedance = hjj= Tm and f= % ; Buffer outputimpedance = ng
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Calculated h,; from f and g,, measurements
input impedance h;

hin=—
8m

> Jcis thus equal to 10 gA/um? (1 mA/100 um?)

Parameters 300K 77K 4.2 K

B 180 1400 900
gm 30mS 100mS 150mS
hi; 6 kQ 14 kQ 6 kQ
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HBT Ic(Vce) characteristic —

100 pA — 298K
80 yA
60 yA -
o
40 pA T
20 A
0 B L L 1 L 1 L L L
0 0.2 0.4 0.6 0.8 1 1.2 1.4
Vee [V]
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HBT Ic(Vce) characteristic —

100 pA — 241K
B0 AT
60 uA |
2
40 pA
20 uA |
0 _I 1 1 1 1 L L L
o 0.2 0.4 0.6 0.8 1 1.2 1.4
Vee [V]
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HBT Ic(Vce) characteristic —

100 pA — 199K

B0 AT

60 uA |
2

40 pA

[—
20 uA |
0 B 1 1 1 1 1 L L L
o 0.2 0.4 0.6 0.8 1 1.2 1.4
Vee [V]
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HBT Ic(Vce) characteristic —

100 ya - — 175K
8O UA[
60 uA -
o
40 pA L =
428
20 yA | ==
0 B L L 1 L 1 L L 4 L
0 0.2 0.4 0.6 0.8 1 1.2 1.4
Vee [V]
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HBT Ic(Vce) characteristic —

100 pA — 151K
B0 AT
60 uA |
2 ==
/=
e
40 pA =
20 uA T /_
0 B 1 1 1 1 1 L L i L
o 0.2 0.4 0.6 0.8 1 1.2 1.4
Vee [V]
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HBT Ic(Vce) characteristic —

100 pA — 127K
B0 AT
60 uA |
2
40 pA
20 uA |
0 B 1 1 1 1 1 L L L
o 0.2 0.4 0.6 0.8 1 1.2 1.4
Vee [V]
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HBT Ic(Vce) characteristic —

100 pA — 100K
B0 AT
60 uA |
2
40 pA
20 uA |
0 B 1 1 1 1 1 L L L
o 0.2 0.4 0.6 0.8 1 1.2 1.4
Vee [V]
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HBT Ic(Vce) characteristic —

100 pA —-88¢
B0 AT
60 uA |

2
40 pA
20 uA |
0 B 1 1 1 1 1 L L L
o 0.2 0.4 0.6 0.8 1 1.2 1.4
Vee [V]
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HBT Ic(Vce) characteristic —

100 pA — 7K
80 pA
80 pA - T v

o
40 pA e
20 pA L
0 B 1 1 1 1 1 L L i L
0 0.2 0.4 0.6 0.8 1 1.2 1.4
Vee [V]
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HBT Ic(Vce) characteristic —

100 pA | — 70K
» R
80pAL
BOpA -
o i
40 pA - -
20 uA L
0 B '} 1 1 1 1 L L 4 L
0 0.2 0.4 0.6 0.8 1 1.2 1.4
Vee [V]
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HBT Ic(Vce) characteristic —

100 pA — 58K
80 yA
60 yA -

o
40 pA T
20 A
0 B L L 1 L 1 L L L
0 0.2 0.4 0.6 0.8 1 1.2 1.4
Vee [V]

prele@apc.i fr 68 /86


p

Cryo-electronic Semiconductor active devices SQUID/Superconducting d

HBT Ic(Vce) characteristic —

100 pA — 35K
80 yA
60 yA -

o
40 pA T
20 A
0 B L L 1 1 1 i i L L L
0 0.2 0.4 0.6 0.8 1 1.2 1.4
Vee [V]
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HBT Ic(Vce) characteristic —

100 pA — 25K
80 yA
60 yA -
o
40 pA T
20 A - =
0 B L L 1 1 1 i i L L L
0 0.2 0.4 0.6 0.8 1 1.2 1.4
Vee [V]
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HBT Ic(Vce) characteristic —

100 pA — 18K
80 yA
60 yA -
o
40 pA T
-
20 A -
Fay
A4
0 B L ‘-I 1 L 1 L L L
0 0.2 0.4 0.6 0.8 1 1.2 1.4
Vee [V]
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HBT Ic(Vce) characteristic —

100 pA — 5K
80 yA
60 yA -
o
40 pA T
f.'r
—
20pA J __ ; g
0 B '} 1 . 1 1 1 L I_ L
0 0.2 0.4 0.6 0.8 1 1.2 1.4
Vee [V]
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Cryo-electronic Semiconductor active

Noise discussion - on the benefit to have the larger g,

a~2
fret
Sip _ 8kyT | K Ip™
gm  38&m  gn [T

a=2
Rgpr Iy

T

» Output current noise : S;,, = 4kp ng’” + K

» Input voltage noise: S, =

» Input voltage noise S, = 4kp TRpp' + 2;;16 LK

4kgT RBB’Ia~2
= Zem + K—4— 7
a=2

> Input current noise S;, =2qlp+ KZ= ;YN
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Cryo-electronic Semiconductor active devices

SiGe HBT Shot noise and 1/f (?) noise at cryo. T

10

SiGe LNA input noise (Ic = 1 mA)
w
I ) 2 5 300 K
:é 1 PN Mgl wmuww/mfhw

T
0‘1 L 1 L 1
100 Hz 1 kHz 10 kHz 100 kHz
frequency
\/ 26] Ic
ep ~ ——— |with g, ® £ = I fixed by the required input noise
8m
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Cryo-electronic Semiconductor active devices

1/fnoise and transistor top

+ effect of the size — 1/fox 1/ Area
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Cryo-electronic SQUID/Superconducting d

Superconducting QUantum Interference Device

The "DC SQUID" is composed of one superconducting ring washen
interrupted by two Josephson junctions .

Isouip

Vsouip
¢

Very sensitive magnetometer which combine two physical phenomena :

1. Magnetic flux quantization (¢ = L ~ 2.0~ > Wb eusieuvs) in a superconducting
loop

2. Josephson tunneling effect

h=6,6.10"% s or [W.s?] Planck constant; e = 1,610~ C or [A.s]
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Cryo-electronic Semiconductor active devices  SQUID/Superconducting device

Magnetic flux quantization in a superconducting ring

Quantum properties of the superconductivity : q = 2 wsoreconperpaie
Superconductor is described by a quantum wave function .

In superconducting ring, phase of ¢ continuously change but must comes
to the same value around a turn — magnetic flux screening can only com-
pensates N magnetic flux quanta ¢y:

—nﬁ—n
b= 20 ®o

$o =2 =210 Wb ou [T.m?] ou [V.s] le quantum de flux magnétique
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Cryo-electronic Semiconductor active devices  SQUID/Superconducting device

Josephson junction

2 superconductors separated by a thin «10»m non-superconducting
barrier.

. superconductors
CF ‘f barrier

Josephson tunneling effect : : : T,
Cooper pairs of electrons pass Ao (g Voo

through the barrier by tunnel-
ing effect, maintaining phase IosinA(p

coherence in the process.

Current biasing controls phase difference A¢ between the two
superconductor according I = IysinA¢ leading to superconducting
phase modulation.
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Cryo-electronic Semiconductor active devices  SQUID/Superconducting device

Interferences

For I > Iy = voltage across the junction became >0
Superconducting phase difference evolves with time at the
— Josephson frequency :

. %4 f 1
I=Iysin(2n—1t| = = =—=500MHz/uvV
$o $o

SQUID provides at low frequency, average value of interferences.

Isquip
Q With no magnetic flux, the 2 junctions os-
” cillate in phase
min  — destructive interference.
Iso./2
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Cryo-electronic Semiconductor active devices  SQUID/Superconducting device

Flux and superconducting phase shift

Magnetic flux leads to an additional phase shift 27 %
Isquip )
/
Vsquip
I I | ¢

1) o

. v 4

Iy = lpsin|2n—1t—-2m—

$o $o

. 4 ¢

Ip = Ipsin(2n—1t+2m—

$o $o

The two junctions are not in phase for ¢ # no0 periodicity
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Cryo-electronic Semiconductor active devices  SQUID/Superconducting device

[(V) and V(¢) characteristic SQUID awgnetomeen

» Bias < 2] : no voltage
» Bias > 21 : SQUID has periodic (¢pg) characteristic V(¢)

90
Mesurées sur un CSBleu SQUID Supracon w;

: ) —’/\_—/\IBIAS
0 o a I
10 20 30 40 50 ®in [¢u = h/ze]
IBiAS [HA] Flux quantum
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Cryo-electronic Semiconductor active devices  SQUID/Superconducting device

SQUID as a trans-impedance amplifier

An input loop is used to convert /7y in flux ¢ = AI/[’—;‘V
a8
5
o
L2
>
Isquip
In I
¢ © Sres “lin [ua]

> Inputimpedance =0 Q
» Inputnoise = pA/vVHz

> Trans-impedance gain = 100 V/A
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lectronic Semiconductor ac vices  SQUID/Superconducting di

[(V) and V(¢) overplot

The use of V(¢) to mesure I1(V)

S5QUID SQE00Sv2 4 A 10 pA biasing current
4QUBIC T T T T T T ¥ T ¥
a5k | | o | P
Vsquid ,f’
L /,,
40 pV
IV(phi)
i — MIN_IV(phi}
30 pV fA—— MAX_IV(phi)
17.5 pA
i 15 pA
204V 12.5 uA
10 pA
10 4V g 7.5 uA
3 5 uA
P 2.5 uA
0 " /v OHA
.1 . . 1] PR SN T TSN T W T W PR P |
-1 nA ] 1 nA 2nA 3nA input curren 5nA
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Cryo-electronic SQUID/Superconducting device

A flux feedback to linearize the SQUID characteristic

An other loop is usually used to compensate magnetic flux induced
by I ine

|H, | = Vour - H G
openl = T., lopen Osquip T Amp
V. M;
|Hprpl = —4 =| —=Rpp
Iin Iin close be
= Don’t worry about the loop gain sign,

H is periodic!
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UID/Superconducting di
SQUID planar technology

Ibias

nput Coil

Josephson
Junctions

J. S. Bemnett et al., Precision Magnetometers for Aerospace Applications: A Review - 2021
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Cryo-electronic Semiconductor active devices  SQUID/Superconducting device

SQUID gradiometry to remove far field magnetic noise

Pickup consists of 2 integrated rectangular coils connected in series and magnetically
coupled to a dc-SQUID in a double parallel washer con?guration via two crossed multiturn
input coils

/ 0 efectanics painal

Design and fabrication of multichannel DC SQUIDs for biomagnetic applications S. Yamasaki
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Cryo-electronic SQUID/Superconducting device

Planar technology and gradiometry

St Mg || Do W) Hate L It
MEB-ief, SQUID StarCryo

Laurence Livermore National Laboratory
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Cryo-electronic Semiconductor active devices  SQUID/Superconducting device

SQUID Noise

> Junction flicker noise: Sy = (%)Z(Z—I‘gﬁ@ T?/(3Cy f)
-> Cy the junction heat capacity -> ¥V SQUID geometry
random trapping and release of electrons in the junction
barrier, which locally decrease the conductivity and cause the
critical current fluctuation

> Excess 1/f noise observed two orders of magnitude higher

» Shunt Johnson noise : Syy = 4kg T Rghunt

J. Clarke and G. Hawkins, Flicker 1/f noise in Josephson tunnel junctions, Phys. Rev. B 14, 2826 1976
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Cryo-electronic

Semiconductor active devices  SQUID/Superconducting device

Magnetic Johnson induced noise from normal metal

Thermal motion of charge carriers in a conducting object causes magnetic field noise

can interfere with sensitive detectors : /St = (4ky, Tp(z) /Lgpn)G o /0 -> increase with cooling

with G = nha4/322(2)

5 b %
s—Copper | @100Hz ('['.\' _ | Thermal noise lavel
& Aluminum ] .F } ‘ 1 40° . -
30 H & Brass g T
sl 2 ! Metailic Bisk - )
E a a ~ ki
nl g a T cut off by the eddy curfe
2 2 E ) f s i
Y T T % —— System nolse
52 2 VX '-Iu",'f,-ﬂl'aﬂ‘,' 'Wuj 300 K
2 g | i 7K
ol E 4K
] Temp w2 T T T
1 7 300 i Freq y (Hz) 10' 10°
skindepth=1/+/7 fupo
K. Yu et al.

Direct Measurement of Thermal Noise and Eddy-current Noise Induced in Metals by Using a lst-order SQUID Gradiometer

J. Clem et al. Johnson noise from normal metal near a superconducting SQUID IEEE 1987
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Conclusion

Conclusion

Decreasing temperature leads to reduces the thermal noise

However, shot noise and flicker noise are not directly
improved with cooling

Many examples show significant increase of 1/f noise at
cryogenic temperatures

Also : transistor transconductance normalized to a given biasing
current is increasing with cooling

However, to reduces the electronic dissipation at cryogenic temper-
ature -> biasing is also reduce leading to not benefiting larger gain
atcryoT
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