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@ How is a Quantum Computer Different?

Classical Computer Quantum Computer
Logic el “Bit” : classical bit “Qubit” : quantum bit
ogic element (transistor, spin in magnetic memory, ...) (any coherent two-level system)

BEAMeeting 2024- 2 LINCOLN LABORATORY

MASSACHUSETTS INSTITUTE OF TECHNOLOGY



[E]

Why all the attention?

Quantum computers may revolutionize high-performance computing.

Shor’s Algorithm for Prime Factorization: Quantum Chemistry Calculations:

RSA Key Decryption

Efficient Optimization:
Nitrogen Fixation Traveling Salesman
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Or they could be completely useless.
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]@[ Building Superconducting Qubits

Need: A quantum system with two energy levels
* (0 and 1 states)

Choose: Superconducting LC Circuit
« Macroscopic quantum system

Qubit Components

« Capacitors
* Inductors
« Signal Carrying Lines
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L: inductor

C: capacitor
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]@[ Building Superconducting Qubits

Need: A quantum system with two energy levels
* (0 and 1 states)

Choose: Superconducting LC Circuit
« Macroscopic quantum system

Qubit Components

« Capacitors

* Inductors

« Signal Carrying Lines

* Non-linear Inductor (Josephson Junction)
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@ Building Superconducting Qubits

Need: A quantum system with two energy levels
(0 and 1 states)

Choose: Superconducting LC Circuit
« Macroscopic quantum system

Qubit Components

« Capacitors

* Inductors

« Signal Carrying Lines

* Non-linear Inductor (Josephson Junction)

Josephson Junction (JJ)
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« Control: Send microwave pulses at qubit
frequency to change qubit state

 Read out: Measure the resonator
frequency which shifts depending on the
qubit state
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@ Superconducting Qubit Performance
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@ Building a Superconducting Quantum Computer

Qubit Chip Packaged Qubit Chip Dilution Refrigerator and Control Electronics

 Packages shield qubits and
provide access to control wiring

« Mount and measure qubits at
mK temperatures

* Dilution refrigerators and
control electronics can now be
purchased commercially
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@ Superconducting Qubit Community

Overall Goal: Fault-tolerant quantum processor for universal gate-based operation
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TSV interposer

Qubit chip
I | N | B | B | S | B | S | ;—“——3 - k m | — | — ] — -
| S— | S— | S— | S—| | | eo— | S—
Monolithic Flip-chip Multi-tier stack with TSVs
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@ E-beam Lithography

Circuit elements fabricated using E-beam lithography
« Almost always: Josephson Junctions

« Group dependent: Everything else
— Feedlines
— Coplanar waveguide Resonators
— Capacitors

Junction process flavors:
* Dolan bridge
 Manhattan

 Two-step Lithography
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@ Dolan Process

Process Requirements

— Resist stack: e-beam bilayer (commonly
MMA/PMMA, CSAR, ZEP)

— Moderate undercut needed
— Metal deposition needs tilt stage (+/- wafer tilt)

Pros/Cons
 Full JJ formed under vacuum

« Relatively compact design

— But can be compensated by angle

— But removes size dependence on resist height

Electrode

Dolan Bridge

Top

Resist length
L 9 Undercut T — -‘*-’t‘*“"‘"
4 T D

overlap

Wt

JJ

Bottom
Electrode Substrate
al .
CSAR 62 ji, a,
MMA o

S| p

Anastasiya A Pishchimova et al, Scientific Reports. 13. 10.1038/s41598-023-34051-9 2023
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@ Manhattan Bridgeless Process

Process Requirements

— Resist stack: e-beam bilayer (commonly
MMA/PMMA, CSAR, ZEP)

— Undercut for lift-off only
— Metal deposition needs tilt and rotation stage

Pros/Cons
* Full JJ formed under vacuum
» Easier fabrication process with no bridge

« JJ CDs are set by ebeam (resist height independent)

« Larger areas accessible with 0O layout

evaporation 1 evaporation 2 evaporation 1 evaporation 2
. - . 4

(a) (b)

Zhang Ke et al, Chinese Physics B, 2017, 26(7): 078501 (2017)
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@ Two-Step Lithography Process

Process Requirements

— Resist stack: PMMA for bottom electrode (BE),
MAN for top electrode

— Subtractive etching landing on BE

Pros/Cons

’ W BN NN NN SN G N NN NN NN G SN R NN N S G R W R Sy \
1. Pattern bottom electrode ¢ 1L Arplasma 111. Controlied oxidation IV. Top clectrode deposition \ V. Pattern top clectrode
e

e ———_

« Manufacturable fabrication with no bridge or angled
deposition

« JJ CDs are set by ebeam (resist height independent)

S T
N ————————

« Larger areas accessible

\~ _______________________ ,/
@ MI | | 'i n 't h e'm I d d | e req U I red B Aluminum Bl Silicon N AlO, (Native) BN AlO, (Barrier)
 EXxtra process In g steps Jacques Van Damme et al, 0.48550/arXiv.2403.01312. (2024)
e Some extra metal needed to connect to leads
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@ Compound Elements

 Merged Element Transmon * Fluxonium
— Combination JJ and shunt-capacitor for — Qubit circuit that uses an inductor,
smaller footprint device typically made from a series chain of JJs
— Concentrates E+M energy inside the JJ, p
reducing relative participation at other el
interfaces -T C>< Pext) L

v

V. E. Manucharyan et al, Science 326, 113 (2009).
qubit } Nb ground

plene — Reduced sensitivity to dielectric loss and
protection against quasiparticles at the
small JJ lead to very high performance!

100 pm leng “antenna”

CPW resonator

SeTRE 150 pm L
v Al1+A12 : |
All+A12 ¥y : |
a - JJ2 Single junction & array ]
H.J. Mamin et al, Phys. Rev. Applied 16, 024023 (2021)
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E-beam Considerations

SEBL Parameters

Beam current
Spot size
Beam step size
Field sizes
Dosing

PEC

Device Parameters

Feature size precision
Feature size range
Write speed

Uniformity

Line edge roughness
Undercut requirements

Ease of lift-off

Fundamental understanding and implementation of e-beam write parameters is
critical to the fabrication of high quality superconducting qubit chips
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@ Superconducting Qubit Development

o Improving qubit design
Intrinsic

noise protection

Device
Design

Understanding materials losses

Theory & ot -
Analysis Superconducting Fabrication \’L"{“{ % YLV Y

Qu blt Aluminum/Tantalum
Development

Silicon

Excess Oxide

Advanced control techniques
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See <
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5 5 + 5 | + SANARANG Phonons
Time (hours) Substrate
Fig. from McEwen et al., Nat. Phys. (2022)
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@ Summary

Quantum computers will do calculations in a new way to solve SOME kinds of hard
problems

We can make qubits from superconducting circuits

E-beam lithography is highly used to pattern most sensitive circuit element, the
Josephson junction

Ongoing research to further improve device performance
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