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CRYOGENIC CMOS

A brief look into history

e Earliest IEEE publications:
dating back to the early 1980’s

Cryogenic behavior of scaled CMOS devices
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e Single device characteristic at 77K

e Focus on performance gains
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References 10-300K range. Direct measurements demonstrate the absence of freezeout in the channel of enhancement type MOSFET's.
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CRYOGENIC CMOS CMOS is typically specified to -40°C (233 K)

Cryogenic means <120 K for us
A brief look into history

e Earliest IEEE publications:
dating back to the early 1980’s

e Single device characteristic at 77K

e Focus on performance gains
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Publisher: IEEE Publisher: IEEE m
J.W. Schrankler; J.S.T. Huang ; R.S.L. Lutze; HP. Vyas; G.D. Kirchner All Authors G. Gildenblat ; L. Colonna-Romano; D. Lau; D.E. Nelsen All Authors
23 131 25 536
Paper Full 0 < @ ‘ Paper Full Q < © ‘
Citations Text Views Citations Text Views
Abstract Abstract: Abstract Abstract:
AUl Performance enchancements of scaled CMOS devices are studied at room and liquid nitrogen temperatures. The extent of Authors The performance of cryogenic CMOS (CRYOCMOS) operation is investigated at the device, circuit and system levels. With the
uthors ]
propogation delay improvement at low temperature is limited by velocity saturation as device channel lengths are decreased 2antanat et on transconductance, device parameters are monotonic functions of the ambient temperature in the
References and or the supply voltage is increased. Liquid nitrogen temperature operation increases low field mobility by a factor of 4 while References 10-300K range. Dir :t measurements demonstrate the absence of freezeout in the channel of enhancement type MOSFET's.
Citations the saturation velocity increases only 30%. An analytical model is developed for device switching speed which includes velocity Citations CRYOCMOS scalit  js discussed. The speed advantage is reduced for the non-ideal scaling. However, if the gate drive and
saturation effects. The model accurately predicts measured propogation delay on scaled CMOS delay chains with channel device dimensions are scaled proportionally, the performance gain of CRYOCMOS remains unchanged. The switching time is
Keywords lengths down to 0.5 pm. Keywords a monotonic function of temperature down to 10K. The operation of a microcomputer with a CMOS-based CPU immersed in
liquid nitrogen results in speed increase of about 100% as compared with room temperature operation.
Melrics Metrics
Published in: 1984 International Electron Devices Meeting
Published in: 1985 International Electron Devices Meeting
Date of Conference: 09-12 December 1984 DOI: 10.1109/IEDM.1984.190792
Date of Conference: 01-04 December 1985 DOI: 10.1109/IEDM.1985.190948
Date Added to IEEE Xplore: 09 August 2005 Publisher: |[EEE
Date Added to IEEE Xplore: 09 August 2005 Publisher: IEEE
1 984[1 ] Conference Location: San Francisco, CA, USA
R ——

@) JULICH ZEA-2
Member of the Helmholtz Association 14.03.2023 6

Forschungszentrum Electronic Systems



CRYOGENIC CMOS

Focus of accelerated research for Quantum Computing (QC)

# IEEE Publications
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Cryostat for Quantum
Computing at Google

https://www.wired.co.uk/article/quantum-supremacy-google-microsoft-ibm




THE WIRING BOTTLENECK

Cryogenic CMOS as scaling solution

e How to scale into millions of qubits?

e Cables from room temperature are unlikely

e Solution concept: use of cryogenic CMOS
Avoid parasitics of long cables!!
Local control loops inside the fridge!*!
Sparse qubit array & full 3D integration®
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CRYOGENIC CMOS

Behavior from RT compared to cryo

e Reduced Johnson—Nyquist noise e Increased mobility u
Increased subthreshold swing SS  Increased threshold voltage V;, ©®
* Negligible leakage currents
e Saturating at ~20mV/dec for TS 70K 70 A [6]
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CRYOGENIC CMOS

Behavior from RT compared to cryo

* Increased threshold voltage V;, ®
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CRYOGENIC CMOS «Kink,-hysteresis-and-overshoot

* Not observed in modern nodes

Behavior from RT compared to cryo in operation range

e Increased g, ek ©  Increased 1/f Noise ®
* Increased f; .. ©  Increased mismatchl81®
22nm FDSOI 28um Bulk [6] 107 e
VB = UV VT'H=VT'I'L3IJOKI NMOS
NMOS —=— —k— a
PMOS —@— —k— O
2.8 I I N I v I v .I ] I ' 1 " I 4 1
1 500 (b) 1
:ﬁ 400 W = 1pm, L = 24nm i
1 g - O—28nm Bulk [6]
31.6:— _ E“SOO_ = =5 S -
%0141 M 1+ i N
- 0 100 200 300 0 100 200 300
T (K) T (K) 7] [7]

[7] B. Cardoso Paz et al., "Performance and Low-Frequency Noise of 22-nm FDSOI Down to 4.2 K for Cryogenic Applications,"
in IEEE Transactions on Electron Devices, vol. 67, no. 11, pp. 4563-4567, Nov. 2020, doi: 10.1109/TED.2020.3021999.
[8] P. A.’T Hart, M. Babaie, E. Charbon, A. Vladimirescu and F. Sebastiano, "Characterization and Modeling of Mismatch in

o0
Cryo-CMOS," in IEEE Journal of the Electron Devices Society, vol. 8, pp. 263-273, 2020, doi: 10.1109/JEDS.2020.2976546. ‘ ' J U LI c H Z E A 2
-
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CRYOGENIC CMOS

Behavior from RT compared to cryo

e Increased 1/f Noise ®
e Increased mismatchl8 ®

22nm FDSOI 28nm Bulk [6] Ll —————

Improved CMOS performance at cryogenic temperatures.
Saturation effects below ca. 70 K

Indicated 1/f noise and mismatch increase.

SOl can mitigate V;, shifts and appears well fitted for cryogenic temperatures.

[7] 17 17
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CMOS DEMONSTRATOR
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ONGOING RESEARCH

Cryogenic CMOS * Cryogenic CMOS Process-Development-Kit
o Thermal management e Accurate device models in simulations
e Further optimizing Bias-DAC thermals * Cryogenic CMOS process optimization
o Self-heating * No leakage - Lower V;, = Lower Vp,
 Decreased Si thermal conductivity < 30 K * Improve power efficiency
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POTENTIAL BEYOND QUANTUM

What has cryogenic CMOS to offer

e Signals without wave characteristic

e Limited bandwidth by wire capacitance ©

e Signals with wave characteristic

e Matching network required ®

Member of the Helmholtz Association

Power consumption by 50 Q matching ©

No 50 Q matching needed (short wires)
Increased bandwidths available

No need for compensation of parasitics

14.03.2023
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POTENTIAL BEYOND QUANTUM

What has cryogenic CMOS to offer

. Wiring bottlenecks - 209
¢ One (matched) wire per signal @ i ESOQ
e High thermal load due to wires ® 1
e Avoiding 50 Q matching per signal
e Local processing and signal generation 50 Q|—e T -o Signal 1
e Improved cryogenic CMOS performance - |-0OSignal2
50Q F .

Build low power systems

Sig.nal N

More cooling capacity & power budget

9 JULICH | ZEA-2
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POTENTIAL BEYOND QUANTUM

What has cryogenic CMOS to offer

e Wiring bottlenecks )

e One (matched) wire per signal ® @ i SOQ

Cryogenic CMOS enables low power scalable systems.

CMOS performance saturation effects <70 K

Si thermal conductivity, increasingly challenging < 30 K

[HY

Biggest promises around liquid nitrogen temperature 77 K.

_ o . o N T [ el —O Signal N
e More cooling capacity & power budget
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POTENTIAL BEYOND QUANTUM
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How can we transfer cryogenic CMOS to future experiments?

Utilize cryogenic CMOS performance gains.
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