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Semiconductor Quantum Dot (QD) qubits
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(1) Gate/Fin Variability
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(5) Dislocations/Defects

Qubits formed in QDs where electrons/holes are confined by an energy potential well created in the

conduction/valence band of a semiconductor structure: Si, Si/SiGe MOSFET, FDSOI, FinFET
QDs placed in close proximity to enable tunnel coupling, a function of barrier height/thickness

Two adjacent (usually lowest) energy levels in QD used to create basis states |0> and |1>



Charge qubit concept in FDSOI

0 Similar to charge coupled devices

0 Gates control barriers (tunnel coupling, f) between QDs
0 Degree of freedom is position of electron in DQD

o Voltage applied between dots creates detuning: £, #E_,

o Rabi frequency, f,, from probability oscillation ¢
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Hole-spin qubit concept in FDSOI
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Equali1.lab 22nm FDSOI QPU for 4K operation

Fully-Integrated Mixed-Signal-Control & Quantum Core QPU SoC @ 4K Ful Iy" nteg rated SoC

Cryogenic Cryogenic o
LVDS 1/0 ey Ao Quantum

N
/ Calibration Supply & o Analog

Loop Miscellaneous

Multi-Phase . .
TTTTTITY ¢ ° MlXQd'SlgnaI

Multi-core
High-Speed Frame Quantum & Control

Digital aillaz Core
Pattern Generator E m

¥

Imposers

g Rl
~d Sampler

1959y

Quantum
Core

Detectors

Amp
Sampler

~Ame
N

azjjenu

[D. Leipold, et al. 2019]



Equal1 Quantum Core: charge qubit array
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Hole-spin mm-wave QPU for 3-12K operation

- QUblt array PLL SRAM: Pulse Sequence Read Mode On/Off
- 5 pW (100pA/50mV) per qubit |
- 10" qubits = 50 mW it | "”LL?H I
o Spin manipulation (on 00 D> '.'_L‘{H"‘_ 7 £
- low phase noise (OFDM) signal at g > PULSE, : g |
. >—||—?o—| > 9 |
- 60-100 GHz for 3-5 K operation ; PULSE, S
>—||——?o—| TIA g
- 140-240 GHz for 8-12 K operation Off-Chip | On-Chip

_________________________________________________________________________

- n-MOSFET switch+phase pulse modulators

P,=0; P= szc Von

Note: qubit bias scheme not shown

o SRAM stores digital pulse sequences (gate operations)
Control/readout circuits dominate consumption. Integration limited by cryostat lift
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5 coupled quantum-dot hole-spin qubit array

25 gates = 5 serially coupled qubits | N

> similar to CCDs and stacked cascodes  |[5REEEEEE RS R

o Antenna diodes included [S.Bonen et al. EDL 2019]
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Charge QPU with built-in self-test in cryostat

* Cryo-packaging solution
QPU SoC daughter-board
* Cable thermalization assembly |

* Impact of circuitry on qubit

[D. Leipold, et al. 2019]
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Mm-wave cryogenic die probing
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On-die cryogenic test challenges

Define common transistor, passives,
SET, DQD, circuits, processor padframe

Padframe and complexity of probes,
circuits, processor limited by cryostat
DC power lift
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Minimum-size 20nmx80nm MOSFETs: quantum
behaviour at low V_ . and 2 K
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Quantum behaviour of 18nmx70nm p-MOSFET

beyond 20 K
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Process variation: die to die and different Nf

. AW, AL, Mo => E-E,, 1,

* (Gate oxide spacer and
source/drain-to-channel
potential barrier => E -E_

« Surface roughness => E.-E_

o At ., AW, AL, AtSi(Ge)=> Vt, fR
variation
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Less process variation in quantum dot arrays
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HF performance improves at 2-3 K
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o Transistor and TIA performance improve at 2 to 3 K compared to 300 K
oV, increases but is readjustable from back gate, channel undoped, => no kink

o Poly resistors and MOM caps vary by less than 5%

o T-line, inductor, transformer loss improve

[S. Bonen et al. EDL 2019]
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Conclusions

Quantum processors are the most complex SoCs
- Quantum dots

- Analog-mixed signal circuits

- Microwave/mm-wave circuits

- Digital

All 22nm FDSOI actives and passives work (better) at 2-70 K.

Cryogenic testing slow and expensive

Correlation between 4K and 300K testing must and can be
established to reduce test time
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