27-29 October 2025

YOKOHAMA

Progress towards high-density superconductor digital
logic

Leonard M. Johnson

Quantum-Enabled Computation Group

]@ LINCOLN LABORATORY

MASSACHUSETTS INSTITUTE OF TECHNOLOGY

DISTRIBUTION STATEMENT A. Approved for public release. Distribution is unlimited.
This material is based upon work supported by the Under Secretary of War for Research and Engineering under Air Force Contract No. FA8702-15-D-0001 or FA8702-25-D-B002. Any opinions, findings, conclusions or

recommendations expressed in this material are those of the author(s) and do not necessarily reflect the views of the Under Secretary of War for Research and Engineering.

© 2025 Massachusetts Institute of Technology.
Delivered to the U.S. Government with Unlimited Rights, as defined in DFARS Part 252.227-7013 or 7014 (Feb 2014). Notwithstanding any copyright notice, U.S. Government rights in this work are defined by DFARS

252.227-7013 or DFARS 252.227-7014 as detailed above. Use of this work other than as specifically authorized by the U.S. Government may violate any copyrights that exist in this work.

QUEST 2025- 1 LINCOLN LABORATORY

L M Johnson October 2025 MASSACHUSETTS INSTITUTE OF TECHNOLOGY

IEEE-CSC, ESAS and CSS] SUPERCONDUCTIVITY NEWS FORUM (global edition), Issue No. 62, Jan. 2026. Presentation given at QUEST 2025, Yokohama, Japan, Oct. 2025.



@[ MIT Lincoln Laboratory
- Quantum-Enabled Computation Group

Quantum-Enabled Computation Group

MIT Lincoln Laboratory

Federally-funded research & development center
located in Lexington, Massachusetts

~4500 employees
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@[ Quantum-Enabled Computation Group

Mission: Develop advanced hardware, systems, and algorithms
that leverage quantized signals for transformative computational advantage

Superconductor Electronics (SCE)

+ Demonstrating and validating efficient SCE
supercomputing and processing concepts
 Enhancing SCE foundry capabilities to access
new paradigms for cryogenic computing
+ Enabling new sensing, detection, control, and

digitization capabilities with SCE electronics

Demonstrate transformative capabilities in

SCE platforms and applications

Superconducting Qubits (SCQ)

Advancing fundamental science of SCQ devices
Pathfinding for advanced integration & routing
Building verification and validation protocols
for quantum logic

Accelerating fundamental research via SQUILL
Foundry

Chart the path to useful quantum
computation with superconducting devices

Quantum Information Science (QIS)

Biomedical
High-Energy Physics
Fluids & Plasmas

Quantum

/ | Biochemistry

Quantum

| /_ Chemistry
/
Condensed Matter /

Materials Science

Machine Learning

Quantifying quantum utility for
government and commercial sector
Mapping applications to algorithms and
processors

Investigating tradeoffs in physical qubit
architecture

Quantify and expand the use case for

guantum computation
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]@[ Outline

== « QOverview of MIT Lincoln Laboratory SCE integrated circuit foundry

SCE digital logic applications and motivation for advanced process nodes
— In context of continuing advances in digital CMOS technology

Advanced process node development (SFQ7ee)

— Emphasis on increasing SCE circuit density
« Compact kinetic inductors
« Self-shunted Josephson junctions

Flux-trapping diagnostics and mitigation
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Superconducting Electronics (SCE) for Low-Energy
Digital Computation

Candidate Beyond-CMOS Technologies
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Lowest energy per digital bit operation

— Adiabatic Quantum Flux Parametron (AQFP): ~10"-21J
Highest clock rate in digital circuits

— Single Flux Quantum (SFQ): >100 GHz
Nearly lossless data transmission: 10M-19 J/bit

Operates in closed-cycle cryocooler at 4K

Superconductor electronics (SCE) is the lowest energy of all beyond-CMOS technologies for digital computation
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@[ MIT-LL SFQ5ee Research Foundry Process Node

8 Nb layers, fully planarized

700 nm Josephson junctions (min)
M8 Jc : standard 100 pA/pm?

17 * optional 2, 4, 200 & 600 pA/um?2
M7 Wiring: 250-nm minimum feature size
16 Mo,N high kinetic inductance layer
M6

15, J5, & R5
M5

14

B
13 A

mQ resistor
M3

12
M2
11

M1 Example SFO5ee layout: AQFP MAJ3 gate [1]

10
........................................... MO buffer é buﬁer é buffer ‘é

MIT LL SFOQ5ee cross section

High-K Layer/

thermal oxide

I \Db PECVD SiO, HMJJ barrier MM High kinetic inductor
Au pad Thermal SiO, [ Anodization M Shunt resistor branch 9 45um X275 um
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@[ MIT LL Foundry for Superconductor Electronics (SCE)

MIT-LL Microelectronics Laboratory (Class 10, 200-mm wafers)

—
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@ Design team @ Fabrication foundry

Fabrication capability for advancing the state-of-the-art of SCE integrated circuits
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@[ In-Line Defect Inspection

KLA-Tencor Defect Inspection Tool SFQ5A4 MPW Run (2021)

Optical Inspection Random Defect Yield Summary
% Non-Defective Die by Wafer
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« SFQb5ee defect-free chip yield typically exceeds 90% for all wafers (as observed on active circuit area)
« Interconnect layer defect density (wafer average per layer) ~ 0.03 defects/cm?

« SFQ5ee wafer average Killer defect density ~ 0.3 defects/cm?
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@[ Partners & Sponsors Utilizing MIT-LL SCE Fab

Research Foundry
I s Sandia cp e
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University of Colorado
Denver

More than 700 publications reference the MIT-LL SFQ5ee fabrication process node
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@[ Superconducting Electronics (SCE) for Low-Energy
- Digital Computation

Candidate Beyond-CMOS Technologies
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« Lowest energy per digital bit operation
— Adiabatic Quantum Flux Parametron (AQFP): ~10"-21J
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Delay, z(ps) * Nearly lossless data transmission: 10*-19 J/bit _ ,
) MIT-LL Shift Register
* Operates in closed-cycle cryocooler at 4K ~1M JJs
Example Schematic SFQ5ee AOFP/SFO interface SFQ data transmission
R — test chip
Bl , : i
‘_AC&rrent ‘ '
_ Y ! {':'. 7,54.~ JEE RSFQ (PRBS gen.)
31| 02 167 346|043 047 Wit Qg
O J2 g _;7 v—g AQFP
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YNU & Hypres, Inc :

Superconductor electronics (SCE) is the lowest energy of all beyond-CMOS technologies for digital computation
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[E]

Flip-Chip Superconducting MCM Packaging

SFQ Flip chip

SMCM-4M Carrier

9-chip (Northrop Grumman RQL)
on S-MCM assembly
IARPA C3 Program

* Flip-chip attachment of SFQ (and other) chips to S-MCM carriers Wafer-scale S-MCM witn 800-nm
* Provides controlled-impedance transmission lines between chips minimum linewidth (utilizing
: : stitching)
* Indium bumps: down to 5 um pitch
« 32mm x 32 mm MCM size (up to 5cm by 5 cm possible)
e s See also:  Das et al, Nature Scientific Reports (2023) AT BT or i
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@[ Traveling-Wave Parametric Amplifiers (TWPAS) for
- Superconducting Qubit Diagnostics

Research and Development for TWPAS TWPASs for Research and Development
i3 B3
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@[ Heterogeneous Multi-Tier Qubit Integration Platform

Incorporates Nb Routing based on SFQ5ee node

Superconducting Qubits Through-Silicon Vias

Qubit Tier

T T e T MRk X

Interposer Tier

Superconducting Routing Module

Multi-tier stacks aim to enable high connectivity while maintaining qubit coherence

QUEST 2025- 13 LINCOLN LABORATORY

L M Johnson October 2025 MASSACHUSETTS INSTITUTE OF TECHNOLOGY
IEEE-CSC, ESAS and CSS] SUPERCONDUCTIVITY NEWS FORUM (global edition), Issue No. 62, Jan. 2026. Presentation given at QUEST 2025, Yokohama, Japan, Oct. 2025.



@ Superconducting mm-Wave Filters in SFQ5ee
U Waterloo

Antenna
Millimeter-Wave Ultra Wideband Multilayer R RN e \
Superconducting Filter s — .

0
] \ ] .
5.5 i RF Channelizer DR
5wl A [ WL\ | | | Having . =— o
o i . 1)
E { * [l B y 4 & = UWB FIltEl’S AT
& 45 | ; I L_Converter
-60 L T 1 - [ ‘ i :
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Frequency (GHz) | | Supemonductcf i
Fig. 12.  Simulation and measurement results. Receiver
Fig.2. Photo of the fabricated multilayer superconductor filter. l ————————— 1
Cryogenic Package

Coplanar Waveguide (CPW) 8-pole design (0.9 x 2.2 mm?)

Fabricated at MIT-LL in the SFQ5ee process (no JJ’s) Fig. 1. Schematic block diagram of superconductor digital receiver.

Mansour, IEEE Microwave Magazine (June 2025)

Jia and Mansour, IEEE Trans. Appl. Superconductivity 29 (2019) UNIVERSITY OF
. WATERLOO

Scle"f e & Tech““““ga

SCE fabrication processes (SFQ5ee) enable integration of passive microwave/mm-wave elements with
active circuits
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]@[ Outline

Overview of MIT Lincoln Laboratory SCE integrated circuit foundry

:

SCE digital logic applications and motivation for advanced process nodes
— In context of continuing advances in digital CMOS technology

Advanced process node development (SFQ7ee)

— Emphasis on increasing SCE circuit density
« Compact kinetic inductors
« Self-shunted Josephson junctions

Flux-trapping diagnostics and mitigation
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[

Multi-Beam Multi-Function Digital Array Sensor/Receiver

for Wideband RF/mm-wave Systems
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Digital arrays offer highly agile independent beams
Digital processing dominated by multiply/accumulate
operations (FIR filtering)
— Often with modest memory requirements
Increasing energy efficiency of digital process enables
Digital
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wideband & high-beam-count systems

Need for low-power (including cooling) digital processors
with >10’s petaFLOPS performance
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@[ Ongoing Advances in SI CMOS Digital Logic

Switching energy (attoJoule)

Datta et al, Science 378, 733-T40 (2022) 18 November 2022
SPECIAL SECTION TRANSISTORS
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While logic transistor switching energy continues to decline, energy per OP in logic circuits and
processors will likely be dominated by other factors (interconnects, etc.)
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& SFQ Logic Families

Adiabatic Quantum Flux Parametron
(AQFP)

Dc voltage source

“feeding JTL” Energy-Efficient RSFQ | _
V= Oyef. (ERSFQ) : * JJs do not ‘switch’
Dc current i 12
§— x - Eliminates resistor-based bias network , l?
¢ ! X L\-.’ : L\-.J
1 h .
Dc + =t 2 E ] C\m: \%D ]
Voltage Lossless SFQ data transmission : T m—
etk L 8 2 g | =
I I Speed of light I L, L,
1= =1 - : A
feo—s voltage : fenae <L )
\ v:o : “0” [om “1”
C— !
: 3
Reciprocal Quantum Logic i :
(RQL) : SRl ‘
: k= X
« Developed by Northrop Grumman | S Moot Natl,
« Based on AC biasing ! 1 ' 0.2 /
! 02X =0
! 5 X va’ 7 “initial
5 3 -l [ 3 5

¢,

QUEST 2025- 18
L M Johnson October 2025

IEEE-CSC, ESAS and CSS] SUPERCONDUCTIVITY NEWS FORUM (global edition), Issue No. 62, Jan. 2026. Presentation given at QUEST 2025, Yokohama, Japan, Oct. 2025.

LINCOLN LABORATORY

MASSACHUSETTS INSTITUTE OF TECHNOLOGY



& AQFP Energy Dissipation

PHYSICAL REVIEW APPLIED 4, 034007 (2015) 1{]_19 _ }
E Nonadiabatic 3
Thermodynamic Study of Energy Dissipation in Adiabatic Superconductor Logic h_'_‘—“ ——— H{_c”t'calw damped) ]
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'Institute of Advanced Sciences, Yokohama National University, 3
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2Department of Electrical and Computer Engineering, Yokohama National University, Adiabatic 1
79-5 Tokiwadai, Hodogava, Yokohama 240-8501, Japan -1{]-21 - -
(Received 17 June 2015; revised manuscript received 28 June 2015; published 24 September 2015) (critically damped)
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Dataflow FIR Filter

Hybrid ERSFQ/AQFP Superconducting Electronics
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Candidate Beyond-CMOS Technologies
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@[ Demonstrated AQFP Multiplier (2025)

Yokohama National University (YNU)

« Design & demonstration of Array and Wallace-Tree multipliers
— AIST 10 kA/cm? high-speed standard fabrication process

10717.
Wallace-tree multiplication o _ max
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Lincoln Al Computing Survey (LAICS)
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Reuther et al, MIT Lincoln Laboratory
Presented at 2023 IEEE High Performance Extreme
Computing Conference (HPEC)
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NVIDIA GB200 Superchip (2024)

Two Blackwell GPUs
208B Transistors

20 petaFLOPS @ 2700 W

~107-13 J/FLOP

==) 10 TOPS/W
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]@[ Outline

Overview of MIT Lincoln Laboratory SCE integrated circuit foundry

SCE digital logic applications and motivation for advanced process nodes
— In context of continuing advances in digital CMOS technology

!

Advanced process node development (SFQ7ee)

— Emphasis on increasing SCE circuit density
« Compact kinetic inductors
« Self-shunted Josephson junctions

Flux-trapping diagnostics and mitigation
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]@ SFQ D flip-flop (DFF)

Example layout for 4-layer process (circa 2013)

Clk
loias § Flux quantum &y = h/2e = 2 mV ps
" E~I.D,~107"J

* Reducing I- lowers switching energy,
but min I limited by thermal error rate

* Min | typically 10’s pA

LI, ~ @,

, * Lower I calls for larger L’s
I’s~100 uA . mplications for circuit density
« Geometric inductance per unit length

SFQ storage loop

] U L’s ~35 pH varies inversely with linewidth
‘ ) )
e 1 Legacy fab process R2 (pads)
C?)- f ), . . . M3 (top ground)
~ o For min 700 nm linewidth: ;
| et L ~ 0.2 pH/um (geometric) Mz (wiring faven
M1 (base electrode)
~1M JJS/CITIZ B Mo (ground plane)
M2 inductor Josephson Resistor Via

Junction
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Inductance in Superconducting Wires

Geometric

Kinetic

2e Kinetic Inductance

sC Wirem m
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Geometric Inductance

Stripline Inductance (simulated)
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Geometric inductance increases with decreasing linewidth.
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2m,

—

-
AN,
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—~_

« Superconducting current: 2e, 2m,, velocity v,
Cooper pair density ng; Penetration depth: A

2
Lk = Me 1 = HoA” 4 pH/pm for NbN
l 2nge? | \tW tw

Kinetic inductance varies quadratically with A, and inversely
with cross-section area.
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SFQ Circuit Density Drivers: Junctions and Inductors
Pathway Towards ~ 108 JJs/cm?

SCE scaling needs to include both Josephson
junctions (JJs) and inductors

— About 1:1 ratio required
— LI.~ Const.

Maximum circuit density when inductor density
matches JJ density, n| ~ny;

Reducing minimum feature size F results in more
compact geometric inductors

— Suitable for externally shunted JJs

Replace geometric inducotrs with kinetic inductors
with Lsq ~ 4pH/sq further increases density

— Combine with self-shunted JJs

Density of junctions and inductors (cm™)

—
o
©
|

—
o
~l
ll'

RN
o
G

Component Requirements for Higher Density SCE Circuits

T ' ' ' ' ' ' '
. With kinetic self-shunted k=0.5
“sinductors J =0.5 mA/um’ E

T n

1"Z 0.50 um
ih —J_= 0.1 mA/um?

- - =J_=0.2 mA/um’

0.1 0.2 0.3 0.4 0.5
Junction critical current, /_ (mA)

o
o |m-—=

Unit Cell -
L le L I, L
v v
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]@ SFQ7ee Process Development Goals

» Develop advanced materials and fabrication technology for a 10x increase in the integration scale of
superconductor integrated circuits

Three Major Development Areas

Reduce Area of Active Devices -
Josephson Junctions (JJs)
» Develop self-shunted JJs with high
critical current density (high-J,) to
- eliminate resistive shunts
- reduce the JJ area

<«— Without the
shunt resistor

With 6x
State-of- increased J.
<+ the-art
now

Decrease Area of Circuit Inductors

Develop kinetic inductors using
superconducting NbN and NbTiN thin
films instead of Nb geometrical
inductors

Inductor

Inductor

I I I I Cell with NbN
@ @ @ inductors

.

Transformer

Shift register cell with Nb 9 pm x 5 um
inductors: 20 ypm x 14 pm

Decrease Linewidth of Data, Clock,
and AC Power Transmission Lines

Develop high-k, low-loss interlayer
dielectric instead of conventional SiO,

Nb

SiO, PECVD dielectric
Nb

High-k dielectric Ta,Ox

Nb
Nb

7x — 10x stripline width reduction

50 nm Ta,05 —»
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]@[ Inductance of NbN (and Nb) Striplines with Nb Ground

LI

Planes
— 8 i vy vy eyt gy e et
= =  NbN_M6aM4bM7w9F4ch :
{1 +5+2) =7 ¢ NbN_M6aM4bM7w9E3ch16 -
L= Moy q 4 S Ha + oAt 3) = e NbN_M6aM4bM7_w10F4ch9 |
L™ 4n sinh20ZZ35T0ED) | gy 0 o Nb_M6aM4bM7 w6F2ch9 |
< 5 i Eq. (2) for 200-nm NbN )
\ ' N = —-—--Eq. (3) for 200-nm NbN ]
S 4] - - - Eq. (2) for 200-nm Nb :
Geometric Inductance: Kinetic Inductance: - ' ' '
dominates for Nb dominates for NbN = 1 NbN, 1 =491 nm ]
A~90nm A ~ 490 nm 2 3 [ ro i
¢ 5] M6, NbN =1 |, ]
o ] d H i
O v Nb 1 i
% 11— |
- Excellent agreement between measurements and 5 el el
3 Soa e &
model _§ 0 e e I e -

00 05 10 15 20 25 30 35 40
Stripline width, w (um)

« Determined NbN kinetic inductance: L, = 1.51 pH/sq
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SFQ7ee Process

Typical junction critical current, </ > (uA)

SFQ Logic
Junction diameter, d, (um)

= 032 046 056 065 073 0.80 Pad pad Opening, PO Pad

£ R RPN e e 17

= w=150 nm r ve—>- 10 KM | M8 =

= w=15

M7 NBbN/Nb or Nb

y w=250 hm c5J__C5 i — —

5 10%; — —— M6 ot Y s B e B 'V R N I
o 3 ] = T M5 14 (I8 RS L 45\ - 5
(@) e : =~ !

& —NbN inductors _fe=
S = a0 e =TT ] ma [P |
ELy © 1074 e nE '\‘{‘_-: m3 [ 12 | | T
@ = o Nb inductors ] m2 —— "7 — — — I R w—

] dis | M1 10— |

S f,=2.A,=036 um’ i —co

J_ =600 pA/um ] LO , -

£ 10° Hi S SIO,

= 50 100 150 200 250 300 200-mm Si wafer

0

« Balancing number densities of self-shunted Josephson junctions and inductors requires compact kinetic
inductors

« Circuit densities ~ 100M JJs per cm? are achievable in the SFQ7ee process
— Target J, = 600 um/pm?, self-shunted, d = 400 nm
— One —-two layers of kinetic inductors w = 250 nm for logic, and one layer for bias inductors
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Development of Compact Inductors with NbN/Nb
Bilayers

* NDbN thin films have high kinetic inductance (resulting from

large penetration depth A ~ 490 nm)

— Ly, proportional to A2/tw

— Larger than 200-nm film thickness, thus compromising

shielding properties

» Developing alternative approach utilizing NbN/Nb bilayers

 NbN-only regions have high kinetic inductance, tunable over

wide range up to 30 pH/um

« Bilayer inductance is the same as of 100-nm Nb layer —

effective for shielding

NbN/Nb bilayer region

inductance dominated by Nb \

Bilayer behaves electrically as 100-nm-thick
Nb layer at 4 K

M8
M7
Mé6
M5
M4
M3
M2
M1
Mo

Pad Pad Opening, PO Pad

- 6 |
405.1765% — 7 _

= I T I s | NBNNE — T C —
|49 RS L 5\ . iy
e | — —
R | ]
— "3 | — | |
I [ -
- ] LO C Nb

/

Patterned M6 NbN kinetic inductor

M7

/

./ ] Nb NbN SiO,

M6

M4
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]@ Bi-Layers for Circuit Inductors and Transformers

NbN/Nb bilayers as inductor layers

_Nb_NbN

FIB cross section of the NoN/Nb SiO,
bilayer with etched NbN inductor

Photolithography #1 using Nb cut-out Nb selective etching

mask
-
ist
SIS Nb

— NEN - NbN
FIB coating [ 95 \ nsn‘:sz [\

l * NbN (a) (b)
. —— | Si 02 Top view after etching Photolithography #2, top view

Npllinductor, NbN/Nb
NbN/Nb
(post-etch)
| NbN |
(c) (d)
After bilayer etching and resist strip
Nb/NbN NbN Nb/NbN
(s)
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Single-Layer & Bilayer Stripline Inductors

S TN Cn s s Bilayer NbN/Nb (100 /100 nm) striplines [2]

00 05 10 15 20 25 30 35 40

Stripline width, w (jm) Linewidth of NbN/Nb and Nb striplines, w (um)

_ 8 i ol W o s tncadongin ook sttt o s
E = NbN_M6aM4bM7wOF4ch9 - | E s biM6aM4bM? stripline, H=1015 nm |
= 7 ¢ NbN_M6aM4bM7w9E3ch16 ] | T 144 (i e 100-nm Nb stripline at d,=715 nm -
L ] | o ) 2
e ® N MGabiIb widkdcnd ! S .1 \w --- biMBaM4bMB stripline, H=1415 nm
o ¢ Nb_M6aM4bM7_w6F2ch9 : o 1.2 % = 100-nm Nb stripline at d,=715 nm -
£ 5] Eq. (2) for 200-nm NbN ] | & - «
= 9 —-—--Eq. (3) for 200-nm NbN ‘: : g 1:0- s M8orM7, NbT.
5 4] - - - Eq. (2) for 200-nm Nb ] ! ) - \ biM6 - B r e
= : | = 0.8 * Id NBN ld, |™ -
E NbN, 4, =491 nm 1 | g 2. M4, Nb : !
= M7 | = i ! S 06- " d, =615 nm]
] ] ! = ! = ]
g_ 2 M6, NbN |_—_|d T : S 04l H=1415 nm ;‘{2;715 nmq
o 1 Nb . o | & Moz~ ~. . A o
E 19 A4= - m : i 02. Sl T._.___._::::: ____________________ _q
5 Moyl St i 3 <1 H=1015nm = = TrTrmimeeeeaa.o 51
_8 0 ______________ .?— : vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv

Bilayer (NbN/NDb) striplines dominated by Nb geometric inductance (as expected)
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= AQFP Scaling in SFQ7ee & Beyond

Parameters of ac excitation transformer,

Iy = lyc+ 1. L4 L, AQFP cell inductors (Nb & NDbN striplines)
W AQFPs using Nb and"NbN/Nb bilayer stripline inductors
M lin AQFPs with NbN/Nb bilayer striplines biM6aM4bM8 s ' ' : el Tl Dol T T :
/é‘ 3.5 — 71 r 1 r 1T ' T T T * T * 1T ' 1T r T =] ‘C 22M Z= 1
= 21, from (3) for ] E 1wl
Jy Jq = 30} biMBaM4bM8 = ] B\ 20M S,=2l +s
& i e 1 M' §,=S,,=1.65 um |
., 2.5 M8 - 18M- \ .
e M7 (Nb) = gy = ; N ;= Sy s =14 pm |
RF SQUID M+ lou = ST & =250 nm ]
) ] O M4 o
. - by S S e DR e S O S e S o ]
CRurdetes g _w S 157) fom (1) 7 on, 1 2 _
T ———— ¥ =] 1'm e _.-q £
Tex J||!| ! g..ﬁ _ o 1t RATARAALRADE T =
L ] L. = 1for M7aM4bM8 _ _T= z INb | M7 ia ]
QFP #1 i e 04 e 0 e ] a ayer M7 (ac excitation) .
o #1 Al s o e : - 12M 1NbN/Nb bilayer inductors biM6: 100/100 nm—— <
aff|'s ¥ £ 059 fgMNON - . o ] b 1 Nb ground planes M4 and M8 1
ac power +dc bias | Lou [ M Tous 2 = .’Nb{ biM&: EIEN/ — 10M ey l T -‘ —T T T T T
‘ 1 = + %00l 0 % 100 120 140 160 180 200 220 240 260 280 300
OF L. ® @, ., @ @ j @ 100 120 140 160 180 200 220 240 260 280 300 Linewidth of stripline inductors, w (nm)
QFP #1 L QFP#2 | QFP #3 Linewidth of all inductors, w (nm)
row#2 |77 i s 100 9
Louefl] 1 . = * =
e | ! 2mlg L 2mlgyL Je nA/pm
Loyt Lnuf L Loyt | ﬁ —_ C] 2 J— 0 2 ﬁ e —] q — 1 6
. . L q)O . q (DO IC] =50 llA
Path to ~20M AQFPs/cm”2 with advanced process node
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@[ Development of SNS Self-Shunted Josephson Junctions

JJ with Shunt Resistor

TEM Cross-section of the fabricated devices Resistor
<— Nb wiring

AlO,
< Al

Six Bottom Wiring and PTL Layers

Si Wafer

Barrier NbN, op Electrodé

Self-Shunted JJ
Nb (Bottom Electrode eli-shunte Nb, NbN or

«— NDbTIN
wiring

Nb or NbN
Top electrode\

<«— NbN,
or TaN,
barrier

Six Bottom Wiring and PTL Layers

Si Wafer

NbN Interconnect

bN * NDb/AI-AIO,/Nb tunnel junctions are used as active devices in SCE

Barrier NbN, (T(jp Electr-‘od- — These JJs are hysteretic and require resistive shunting to remove hysteresis
; — Shunt resistor increases the device area by about 10x
NbN (Bottom Electrode Y

* Replaced 1-nm AlIO, barrier with 5-10 nm high-resistivity NbN, or TaN,
to obtain self-shunted JJs with the same critical current density (J.)
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_ Electrical Properties of
]@ Nb/NbN,/Nb and NbN/NbN,/NbN Josephson Junctions

R y y ! 0.6 ) ! ) ! ) ! i J ) I 30 T T T T T T T T 1
55 d (um)=0.71/ 1.0 1-151:?_5 1.44: _ NbN/NbN,/NbN junctions || = w5B3, J=230 pAum? s
06 0.4- d=2.04 pm i j5] ® B4 J=130 A’ =ishm
"1 w5B3, J= 230 pA/um? . . |l—— 1.2 =d(rJ,)""
i 2 021 1
= 8 90
> 7 <
{ | 8; 0.0 My ] =
1 8 7 =, 157
Nb/NbN,/Nb with| ] ;’ —0.2 1 =
t=14 nm barrier 1 t=20 nm, w20 1
—— Self-shunted |7 ~0.44 t=15nm, w18 i 10+
junction model || | — 3il,f:;hunted junction model | Nb/NbN,/Nb junctions
—10 T T T T T T ! T T T T T T T T T _06 T T T T T T 2 T T T T T 5 T T T T T T T T T T T T T T T
=20 =15 =10 =05 00 05 10 15 20 -18 =10 <0456 0.0 0.5 1.0 1.5 06 08 10 12 14 16 18 20 22
Current (mA) Current, / (mA) Junction diameter, d (um)

» |-V characteristics show no hysteresis and are very well described by a self-shunted (intrinsically
shunted) junction model

- Critical current of the junctions properly scales with the junction area, I, x A = VI, < d
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]@ AlO,-Based Self-Shunted JJs

7- Self-shunted Nb/AI-AIO,/Nb
= 5 i
E
> 4 i
5 I.Ry=1.72mV |
s ; N b 3 Vc=IcRn=1'5 mV -
; - S d=0.354 um| |
Nb bottom elétr > 5] GR0.3oaum |
- " - —— d=0.803 um |
20 N L , ——d=0.975um 1
' i 18 J=0.7 mA/um® _ _ _y =3 134%x | |
oLl £ -
0.0 0.5 1.0 15 2.0

Current, / (mA)
« Self-shunted AlO,~barrier JJs are more difficult to fab because J. is

— sensitive to film stress and roughness in Nb bottom and top electrode
— sensitive to Al thickness, roughness, and granularity

* However, Nb/AI-AlO,/Nb JJs have a 4x —5x larger V. = I.R,, than
JJs with deposited disordered barriers (NbN,, TaN,, doped a-Si,...)

« Much weaker critical current temperature dependence I (T); better
across wafer J. uniformity
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]@[ Outline

Overview of MIT Lincoln Laboratory SCE integrated circuit foundry

SCE digital logic applications and motivation for advanced process nodes
— In context of continuing advances in digital CMOS technology

Advanced process node development (SFQ7ee)

— Emphasis on increasing SCE circuit density
« Compact kinetic inductors
« Self-shunted Josephson junctions

!

Flux-trapping diagnostics and mitigation
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@[ Superconducting Digital Logic
- Flux Trapping

Superconducting loop

Pearl vortex .
’ | *
I, ~1mV %;——f — =5 A ,g,/ I
= ————— .= _ 5 [}
ve W) Y| 2/ \e—-tes — 1 ~—— d<12
L]
o d
Trapped t o /
vortex Flux trapped in film .
cooL1
ST —
- ' » \

@ 2 LmoaT / - .
iasin LS s biasout Moat In AQFP
f E e / cell [1]
. L1A L2A L4A |L4B 1B —
o | b b ak Ak out ) = R Loy o
J4 w Moats in M4 ground plane
B A———— Fluxon trapped in moat produces a much smaller
Y?LM S magnetic field than a vortex in the film

Trapped flux can adversely affect SFQ circuit operation: need effective mitigation techniques

- . . LINCOLN LABORATORY
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@[ QSWIFT: Magnetic Microscopy for SDL Diagnostics
' Quantum Solid-state Widefield Imager of Flux Trapping

Diamond Nitrogen-Vacancy (NV) Centers Sense Magnetic Fields
Device

‘ 0 ’ under test 4/‘Mlcrowave

7

Diamond

NV
Fluorescence

QSWIFT Magnetic Image of Trapped Flux in

. > 4
Superconducting Test Structure \ 5 : -
Magnetic Field in 20 um Strips, Below Critical Field Imag | ng
g "’ﬁg, TN ik : 25 Opt|CS
. Sy ¢ af %
b Vi ie A

% . * Fast, global imaging

. ¢ Micron-scale resolution

uT

. * Repeated measurements
across T,

See arXiv:2506.01906 (Kapur et al)
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Magnetic Imager Comparison

NV Widefield
Microscope

Global
Imager

. 500 x 500 pm?

Spatiotemporal
Dynamics

Typical field of
view (FOV)

Spatial
Resolution

C
C

Sensitivity

Magneto-Optic

Imaging (MOI)

Global
Imager

50 x 50 pm?

Few-pm

NV Scanning
Tip (NV-AFM)

Scanning
SQUID

. Raster Scan

200 x 200 pm?

. ~100 nm

Scanning Hall
Probe

. Raster Scan

100 x 100 pm?

Few-pm

Time to Tens of EE I Tens of
measure . seconds to minutes . Hours minutes to . Hours
1 x 1 mm?2 minutes hours
%):rc:)r\:lel';l::'::itti%ity ::;::;ng::)ll?(lzzt‘?(;;hs Best for small- Limited by Limited by
Comments resolution, & FOV | usually qualitative | 2762 S€ans scan speed scan speed
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&3 QSWIFT Architecture

Widefield magnetic imager purpose-designed for flux trapping diagnostics

Cryosystem
Package
T Objective Dichroic
DUT , ) Mirror Lens CCD

Cold Plate

MW
Generator

QSWIFT: Quantum Solid-state Widefield Imager of Flux Trapping
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QSWIFT Architecture

Sensor Head

NV Diamond Diamond Stackup Measurement Chamber

Tailored
production &
custom coatings

EM shielding,
microwave delivery,
& sample interfacing

Thermal management,
sensors, coils, &
translation

Sample isolation
from laser light

o et} Pl

Customized cryostat & custom
magnetic shielding

Micron-scale
proximity to sample

10 nT background
magnetic field

4 K operation
(<T. of niobium)

Cryomicroscope System
/T g i
[ &V ) LEN

Optical microscope and system control outside cryostat
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]@ Imaging Vortices in a Bare Niobium Film

Magnetic Field in Bare Nb Film

« Vortices visualized in 200nm Nb film
— High SNR in minutes per image

— Few-micron resolution
— 580 x 360 pm?, tileable field of view

- 20

uT

=15
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Preferential Flux Pinning in Nb Film

Number of Pinning Sites

Vortex statistics upon 10 cooldown cycles through T,

Bare Nb Film Flux Pinning Sites

Bare Nb Film Pinning Frequency Distribution

501

S
o
!

(]
o
1

N
o
!

10 4

1 2 3 4 5 6 7 8 9 10
Pinning Frequency

A majority of sites are observed
to pin vortices multiple times

Pinning locations considered discrete when separated by >1.5 ym

Pinning Frequency
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@[ Field Expulsion in Intersecting Strips and Moats

Intersecting 20 ym Strips

Magnetic Image Below Critical Field of Strips
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- 15
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3
- 10
5
B=8.98 | » 100pm 0

FOCuUS Intersecting Strip Array Test Chip
>20x lower critical expulsion field in intersecting regions than in strips

Early indication that flux trapping in 2D circuits does not follow intuition based on 1D systems
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Flux Observation Control and Sequestration (FOCuS)

Circuit Simulation Design 103
100 *,o—o-ooooooooooooo 2 2 P
R RN .
- r : 3 m\ E4
3 ! \\\ S o
e ] o 2 S
| y 3 . S
2 ; H ‘: k\?\\\\\\\\\\\\\\\g : = 2
© 1 = *
5 50 : N A\ N N } o
§ | 1IN ) N :
- ' ® No Flux N < © N <
o I N N N X
Q ¢ ® Trapped Flux N S vzl o0 * *
O 0 .,:" - . | SN, § 4NN o 0 10 20
®eéTs0ccocve oo W08 V8 &8 Thermal Cycle Number
Timing Shift (Clock Cycles)

0.6 1.0 1.4
Clock Amplitude (mA) M5 HEEJJ I M6 ® 1 0 0 1.0 2 ® 3 4 ® 5 @ <5

Perform in-house electrical testing

Design and fabricate benchmark
to verify simulation results

Integrate flux simulations into
circuits to study flux trapping

circuit design workflows

MIT LL is working toward a foundational understanding of flux trapping in superconducting digital logic circuits
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]@[ Effect of Multiple Ground Planes on Flux Trapping

Flux-shuttle shift reqgister

Lm s L5 s 1004 = M7, M4 +one GP |
ARV L6 %5 : | e M7, M4 + two GPs |
n L1A L2a]l28 L3 LA L7E LB 80 - -
| out
TMO J2 J3 J4
60 - .
LJ1 LJ2 LJ3 LJ4
AV v M7,M4+GP

Single ‘dummy’ ground plane

% operation failure
NN
o
|

20 -
Mci-ats Cell Cross Section Cell in adjacent row
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active Cell in adjacent JJ ias T T T T T I
ow | 3 ' W4 active GP 0O 200 400 600 800 1000 1200 1400
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(a) MO

Closely spaced GPs can strongly enhance detrimental flux trapping outside moats
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]@[ Summary

« Superconducting electronics provides a combination of higher speed and lower
energy dissipation exceeding that of any other beyond-CMOS digital logic integrated
circuit technology

* Increasing circuit density (gates per cm”2) enables future applications

 Both compact (kinetic) inductors and self-shunted Josephson junctions are key
elements of advanced process nodes

« Continuing progress in evaluating and mitigating causes and effects of flux trapping in
SCE integrated circuits
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