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]@[ Quantum Annealing Testbed Concept

Silicon Qubit Printed Circuit

MCM

- High interconnect density allows highly-
capable, reconfigurable room-temp
electronics

- Qubits, interconnects, control are
optimized separately, independently

dc Wiring Harness —g ) =—a, L—RF Wiring Hamess  _ Maximize isolation of qubits from lossy

Wire Bonds Bibbon Boricrs -~ - _ and uncontrolled surfaces

Microbumps .
Coplanar Waveguide S~a

Metal Carrier Transition to MCM =

Spin qubit 1 Large, isolated High-Q metal

gubit mode
volume Inductive Spin qubit 2
couplings

T s

Spin qubit
chip

standoff [}

Interposer Coaxial shielded
through-silicon vias

—\I

[ Ep. __HR _NEER_ BN  hickgroundplane N |

Readout/ . :

L
Interconnect Parametric readout amplifiers
and qubit bias/control routing

Develop technologies that enable a validated basis of design for application-scale
guantum annealing machines that provide quantum-enhanced performance
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QEO Implementation Overview

[ N

QEO
implementation
technologies

High-Q
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| Pprocesses

-
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spin qubits,
readout

4 .
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architectural

\_ Primitives )

s ) N
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coherent

L integration )

Scalable
300K

electronics
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Foundation

Technology

Realization

Technology

Foundation

Materials and fabrication;
circuit design and simulation

Optimal programming;
physical architectures

MIT-LL NASA, ETH, TAM
v N
Quantum- .3D Hyb_rid
limited readout Integration
UCB, MIT-LL MIT-LL
v V
Advanced Architectural and
spin qubits measurement primitives QA testbeds
MIT, MIT-LL MIT-LL MIT-LL
4 A AN
Spin coupling rc?g::?tzlri’
primitives ol P
MIT-LL, MIT contro
MIT-LL, MIT
f e AV4

Noise and variability

characterization
UCB, MIT

Mechanisms of
guantum enhancement
NASA, MIT-LL

Many requisite QEO technologies incubated in the IARPA CSQ program
(high-coherence materials & qubits, noise & variability characterization, high-fidelity readout, ...)
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QEO Implementation Team

[ N

QEO
implementation
technologies

High-Q
materials,
processes
\_ J

P
Advanced

spin qubits,
readout

f Coupling, A
measurement,
architectural
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e ) N
Hybrid 3D
coherent
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300K

electronics

S 2/

Quantum Information and Integrated Nanosystems Group, MIT-LL
— Device design,

— Materials & fabrication

— 3D integration & control electronics @
— Quantum annealing testbed development

— Advanced annealing protocol development

Orlando group, MIT Campus I -
— Advanced spin qubit development I III
— Noise, variability, control characterization

Clarke and Siddiqi groups, UC Berkeley
— Flux noise characterization with DC SQUIDs
— Scalable, quantum-limited readout development

These teams worked together in the IARPA CSQ program

Many requisite QEO technologies incubated in the IARPA CSQ program
(high-coherence materials & qubits, noise & variability characterization, high-fidelity readout, ...)
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QEO Experimental Overview

* |ntroduction

Tasks
Teams

‘ * Approach & motivation

3D integration
Tunable, high-coherence qubits

* Supporting technologies

slide-5
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High-Q materials & fab
TSVs

Flip-chip qubits
Electronics

J-TWPA

Coaxial TSV

Tilted SEM cross-section

S et A ATy

|
;

TSV etch
300 pum




]@[ Approach to 3D Integration

QEO Qubit Stacked Module Schematic

3| multi-chip module
(SMCM) process

silicon substrate

Qubit high-Q metal
. . large qubit
1| fabrication iy m
rocess volume m
P high-Q metal e ~
. (LR T !\ ;; I . dielectric standoff
coupler
TSV, thinned P shielded
2 coupler silicon through-
substrate substrate via
process ~100 pm Tsv)
bond — E—— bond
pads I I thick ground plane I I RS
Superconducting 4 = T
T

parametric readout amplifiers
and passive routing

Goal: Improve test bed performance by maintaining process independence
for each wafer (layer), allowing each to be separately optimized

slide-6
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]@[ Approach to 3D Integration

QEO Qubit Stacked Module Schematic

Qubit | o high-Q metal
. . arge qubi

rocess volume m

P high-Q metal ' 4
e
+
. - L U I . dielectric standoff
coupler
TSV, thinned P shielded
silicon through-
2 COUpIer substrate substrate via

process ~100 pm (TSV)

+

bond bond

-
pads thick ground plane I I pads
ey e
——— 7

Superconducting

3 mUIti_Chip module I b parametric rea'dout amplifiers
silicon substrate
(SMCM) process and passive routing

Goal: Improve test bed performance by maintaining process independence
for each wafer (layer), allowing each to be separately optimized
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]@[ Qubit Plane

QEO Qubit Process Development

Qubit high-Q metal
. . large qubit
1 fabrication [ SN
process volume

Qubit Materials

* Substrate preparation

— Surface reconstruction
— Si(100) and Si(111)

* High-Q materials
— TiN and Al growth
— Surface passivation layers

* Noise characterization

— Resonators, DC SQUIDs, and
gubits

— Variability and reproducibility

slide-8
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Qubit Fabrication

* Qubit fabrication processes
—  C-shunt flux qubit (baseline)
— Crossover development
— Resonators and DC SQUIDs

* High-Q fabrication techniques
— TiN and Al fabrication
— Sidewall profiles
— Trenching
— Post-process cleaning
— Passivation layers



TSV and SMCM Planes
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TSV and SMCM Processes

. high-Q metal
QUb_It . large qubit
fabrication mode field m
volume
process high-Q metal /_\f‘
. - L . !\ ;; [ ] . dielectric standoff
coupler
TSV, thinned P shielded
2 coupler silicon through-
substrate substrate via
process
~100 pm (TSV)
bond bond — - I ond bond
pad pad ] I thick ground plane I L EE pad
Superconducting - M =
3 mUIti-Chip module ili b parametric rea'dout amplifiers
silicon substrate
(SMCM) process and passive routing
TSV Interposer SMCM Plane

* Thru-silicon vias (TSVs)
— Shielded / coaxial TSVs
— High-density qubit arrays

* Qubit-couplers and readout resonators
— Reduces crosstalk
— Higher connectivity

* Isolation of qubit and SMCM planes

slide-9
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* Wiring and routing
— Increased I/O to annealer
— Room temperature control

* Qubit readout
— Traveling wave paramps
— Frequency multiplexing

* Leverages IARPA C3 program



QEO Experimental Overview

* |ntroduction

Tasks
Teams

* Approach & Motivation

> -

3D integration
Tunable, high-coherence qubits

* Supporting technologies
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High-Q materials & fab
TSVs

Flip-chip qubits
Electronics

J-TWPA

Coaxial TSV

Tilted SEM cross-section

S et A ATy

|
;

TSV etch
300 pum




I&] C-Shunt Flux Qubit Ul

C-Shunt Flux Qubit

with 2D Resonator

resonator

capacitor
plates

flux qubit

slide-11
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T1 Measurement
C-Shunt Flux Qubit with 2D Resonator

1 F— T . .
AN |T=ses
© ' T2E - 100 l,l.S
& - ; _
Qs
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Py
E
©
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o
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Time (us)

Coherence times:
T, =55 ps at degeneracy (CSQ result)
T, = 40 ps at degeneracy (CSQ result)
- 100 ps at degeneracy (QEO result)

F. Yan et al., arXiv:1508.06299




@ C-Shunt Flux Qubit UITe

C-Shunt Flux Qubit

with 2D Resonator

resonator

capacitor
plates
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Electrical Schematic
single Z-loop

Z-tuning / / ——  Shunt
(tunes &) %// capacitor

Z-bias line

D

H =c¢0, + Ao,

F. Yan et al., arXiv:1508.06299



I&] C-Shunt Flux Qubit Ukt

C-Shunt Flux Qubit Electrical Schematic
spectroscopy single Z-loop

Resonator spectrum

0
)
¥

Z-tuning
(tunes &)

— _  Shunt
capacitor

®,,/2n (GHz)

| m Z-bias line

®,/27 (GH2)

H =c¢0, + Ao,

A1,2

Is fixed\v ;

;
150 200 250 300 350

Z-bias line (pA)
slide-13 F. Yan et al., arXiv:1508.06299
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I&] C-Shunt Flux Qubit Ukt

C-Shunt Flux Qubit Electrical Schematic
spectroscopy single Z-loop

Resonator spectrum

o, /2n (GHz)
o9
N
2

Z-tuning
(tunes &)

— _  Shunt
capacitor

| m Z-bias line

®,/27 (GH2)

H =c¢0, + Ao,

A
4 ﬁl)’(zed\ Single-loop qubits: tunes Z-field only

Annealing protocols require both Z- and X-

50 100 150 200 250 300 350 field tunability = two-loop flux qubits
Z-bias line (nA)

slide-14 F. Yan et al., arXiv:1508.06299
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[&] oEO Tunable c-shunt Flux Qubits  IIiT

Non-Gradiometric Two-Loop Qubit Single-Loop Qubit
X-tuning /,x"/ ——————————— \“\\
Z-tuning X —— Cfr;lé?ttor Z-tuning :/%// X ——— Shunt
p f//?// capacitor
|m Z-bias line Bxgm ‘/\ S bins line

® Splitting small junction into a loop with two junctions
allows for X-field tunability

X Crosstalk between X-loop and Z-loop is undesirable

slide-15 S. Gustavsson et al., PRB 84, 014525 (2011)

QEO 11/17/2015



]@[ QEO Tunable C-Shunt Flux Qubits: Uty

Non-Gradiometric and Gradiometric Configurations

Non-Gradiometric Two-Loop Qubit Gradiometric Two-Loop Qubit

Z-tuning X T — shunt X i : ]}( —_— Shunt
capacitor W capacitor

differentialf Zstuning
m Z-bias line B,field B,field /\/\ X-bias line
Z-bias line

® ® 1

X-tuning X-tuning

® Splitting small junction into a loop with two junctions
allows for X-field tunability

o Gradiometric two-loop design minimizes crosstalk
between X and Z loops

Tunable C-shunt is the baseline qubit for QEO Study

slide-16
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@ QEO Tunable C-Shunt Flux Qubits: UHw

Non-Gradiometric and Gradiometric Configurations

Non-Gradiometric Two-Loop Qubit Gradiometric Two-Loop Qubit
X-tuning X-tuning
Z-tuning ?'/ % ——  Shunt 3 — — Shunt
/ capacitor capacitor
o

Z-bias line B,-field B,-field /\/‘\ X-bias line
Z-bias line

® ®

Non-Gradiometric Flux Qubit SEM Image

— } '
Non-gradiometric

qubit

Z-bias line
QE(
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Qubit Spectra: Z and X Tuning

A ~6.5GHz

A=5.9GHz

A=5.2 GHz

A=45GHz

A=3.8GHz

—0.1 00 0.1

9 H
E:
~ 7
£ n
3
2
! 0.0 0.1 -0.1 } 0.0 E ) —0.1 . 0.1 -0.1 O. -0.1 -7: 0.1
Detuning Detuning Detuning Detuning Detuning
H=¢c0,+A0
Annealing Cheat Sheet
Direction Z X
Field Longitudinal Transverse
Pauli operator G, Oy
Annealing notation 2h 2A
Qubit notation g A
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A=3.2GHz

—01 00 01

Detuning

Detuning

X-tuning

A=1.3GHz

-0.1 0.0 0.1

Detuning

J

g

7

(//
=
i

jeais

D

S. Gustavsson et al., unpublished (2015)

X-bias line
Z-bias line



I&] Qubit Spectra: Z and X Tuning Uy

A=7.3GHz A~65GHz A=

Frequency [GHz]

0.0 0.1 -0.1 0.0 0.1 -0.1 0.0 0.1 -0.1 0.0 0.1 -0.1 0.0 0.1 -0.1 0.0 O. —0.1 0.0 0.1 -0.1 0.0 0.1

Detuning Detuning Detuning Detuning Detuning Detuning Detuning Detuning

A=3.2GHz: T, =30 ps

—+— Data
S2B0MN e Exp. decay n
: Decay : 30.21 us
_300L- e
-3501-

-4001

Signal [uv]

-450
-5001
-550+
SBO0 e BT

Readout delay [us] Detuning

OO 111715015 S. Gustavsson et al., unpublished (2015)



]@[ Qubit Coupling

Direct coupling
(“always on”)

* Annealing requires tunable couplers — M —i
— Direct coupling: “always on” Ip(A)’ﬂ m
Capacitively coupled transmons

Inductively coupled flux qubits

— Coupler-mediated coupling: tunable bt obitn
* Desire a “generalized coupling scheme”
— Independently tunable XX and ZZ Tunable coupling
— Ability to tune sign of coupling
— Stoquasitic and non-stoquastic Coup'ef
* Ideally uses same coupler for all actions
C-Shunt q-c C-Shunt
qubit A qubit B

slide-20 A.J. Kerman and W.D. Oliver, PRL 101, 070501 (2008)

QEO 11/17/2015
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Tunable Qubits and Couplers

Spin
qubit 1

slide-21
QEO 11/17/2015

= e |

X field Ferromagnetic X field
coupler coupler coupler
| | N N¢ N | |
|1 N N 7N I
N/ \N/ N \/
>< )( 7< 7< 78 7} )(
AV N
/N N\
AV
X x
Z field Anti-ferromagnetic Z field
coupler coupler coupler

Generalized +/- XX and +/- ZZ coupling achievable using a
single type of tunable coupling element (with crossover)

A.J. Kerman, unpublished (2015)

Spin
qubit 2



@ Qubit Coupler Demonstration

Tunable coupling

* Characterizing the coupler
— Demonstrated it with Z-Z coupling
— Same coupler for X-X coupling

Coupler

C_Sh_unt Mq-c C-Shunt
qubit A qubit B

Z-Z coupling: GDS file Z-Z coupling: optical image
g 8 R B o
bias ‘ ' . bia
coupler coupler
bias b JES
- T R : .
/ qubit A coupler qubit B . qubit A coupler qubit B -
slide-22 S. Weber et al., unpublished (2015)
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@ Qubit Coupler Demonstration

Qubit A Spectroscopy

_ _ _ Tunable coupling
vs. qubit A flux bias  vs. coupler flux bias

4.4
&4z Coupler
:f_,_; 3.8 ?
%3.6 sy ,\ /
5 3.4 - C-Shunt M C-Shunt
& 4, qubit A qubit B
3.0
238 236 25 2% 23 3 2 4 o0 1 2 3 7-7Z Coupling: Optica| image
Qubit A bias current (mA) Coupler bias current (mA)
coupler .
bias
qubit A coupler qubit B -
slide-23 S. Weber et al., unpublished (2015)

QEO 11/17/2015



@ Qubit Coupler Demonstration

Qubit A Spectroscopy
vs. qubit A flux bias  vs. coupler flux bias

Tunable coupling
Coupler

C-Sh_unt Mq-c C-Shunt
qubit A qubit B

Spectroscopy frequency (GHz)

238 2.36 2.34 2.32 2.30 3 2 - 0 1 2 3 Z_Z cou p I | n g "0 ptl Cal | m ag e

Qubit A bias current (mA) Coupler bias current (mA)

Coupler Circulating Current

. L
0.6 ST, Yoo coupler
: b e ® Experiment| of]
I s 1 1as
~ 0.4¢ h AN - - - Theory .
g | : |
= 02} [ e, 1
5 1 . 1
- 0.0t ! ‘v ! 1 X .
3 . e : qubit A coupler qubit B
3 .02 i N | 1
8 ’ 1 \. . I
N I
0.4 ! te. !
06f* o RN
e . . . T L .
-06 -0.4 -0.2 0.0 0.2 04 0.6
Coupler flux bias ()

Coupler current changes qubit frequency as expected

slide-24
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]@[ 3D Integrated Tunable Qubits & Couplers

— —
con AT B [ comn
spin qubit 1 == @ %@ @ o spin qubit 2

Transfer Transfer

Spin qubit 1 High-Q metal Spin qubit 2
. . Inductive LENEE Tl
Spln qult couplings m\?c?li:rl:zld ~100 pm
chip
Standoff l gf"'"" '-'3;... : ' l ien\;v
. Sign
TSV chip
Shielded
through- /
silicon vias
(TSVs)
| | . |
Readout/ — —t - ¥ —l _H_::;i_ =l ' —
interconnect '
Parametric readout amplifiers
: q lif
MCM and qubit bias/control routing
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QEO Experimental Overview

* |ntroduction

Tasks
Teams

* Approach & motivation

3D integration
Tunable, high-coherence qubits

* Supporting technologies

> -
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High-Q materials & fab
TSVs

Flip-chip qubits
Electronics

J-TWPA

Coaxial TSV

Tilted SEM cross-section

S et A ATy

|
;

TSV etch
300 pum




]@[ Qubit Coherence i

“Moore’s Law” for T,

* Remarkable improvement in T, , by 10003 7
groups worldwide ] 3D transmon .
- several groups 100-150 us ’
. . . (Delft, IBM, MIT, Yale, ...) A ,' QEO
[ ]
All major qub_lt types at MIT/LL 100 4 |owest thresholds e
—  Flux qubit: T,=23 us 1 for quantum. ,".CSQ
— 2D transmon: T,=35us ~ perorcorection gux  o--.e.A’ ® nsmeu._
— 3D transmon: T,=150us 3 4 =Y B A
— C-shunt flux qubit: T, =100 us ) ] y 7 .
& ] y - materials
* Resonators at MIT/LL = 1 quantronium 4 advances
— Q=1-2Mfor TiN/Si ® T3 By
. - 4
~ Q=0.5-1.0Mfor Al /Si S . AN
—  Q~0.5Mfor Al / AlLO, o) . K fransmon,
-g 0.1 5 ’ o fluxonium
. . 7 7
* Applications O : » MIT-LL Nb Trilayer
— Gate-based quantum computing ] it flux
— Quantum annealing 0.01 = R Blue: MIT-LL
] 4 N
* Results based on improvements in: 1 ® 2D qubits
— Design 1 ,~ ® charge qubit A 3D qubits
- Materials 0001 —l ? I 1 Ll I I | I I 1 1 I Ll I I I | I
—  Fabrication 2000 2005 2010 2015
Year

ideo7 Oliver & Welander, MRS Bulletin (2013)
QEO 11/17/2015



@[ Materials & Fabrication Characterization

Multiplexed Resonator Standard

Frequency-multiplexed A/4 resonators Resonator Transmission Spectrum

-

4j8 5 5:2 5:4 5:6
v Frequency (GHz)
Resonator Internal Q, vs. Power
* Community-standard design (CSQ) e
— 5resonators per chip Single

. hoton
* Two parallel measurement chains P

ot i g
— 2Xx 6 coaxial positions =12 chips : limit }ﬁ ﬁ %ﬁ g fg :

o
T 1 E
* Total of 60 resonators per cooldown S x ﬁ
E ﬁ @ f°=3.44575Hz
* Automated measurement and analysis j E § fy=arniz i
J_I fo = 3.6853 GHz
10"-& i p ® f,=38170 GHz
. . . . s =
* Internal Q at single-photon limit is key metric © fo7 39501 Gt
1;° 1;’ 10 10°

et s D. Rosenberg, G. Calusine, et al., unpublished (2015) Photon Number (Power)



Reproducibility of TiN Films on Si

High-Q results for TiN using two deposition systems

CVD TiN Resonator Histogram
1 L}

N
o

-
LS

o

Number of Resonators
—
o

o

0.5

1 1.5 2 2.5 3 3.5
Internal Q (Millions) %108

Reactive Sputtering TiN Histogram
Ll Ll L] L]

15

Number of Resonators
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0.5

1 1.5 2 25 3 3.5
Internal Q (Millions) %108

~100 total resonators measured

Low-power Q, exceeded 1M for
90% of resonators

Best device Q; ~4M

High cross-wafer uniformity
(stress control over 200 mm)

D. Rosenberg, G. Calusine, et al., unpublished (2015)
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Assessing Fabrication Processes
Dry vs Wet Etch & Clean vs No-clean

Etch dependence for MBE Al on Si

1.0E+07

© Dry etch
® \Wet etch
O 1.0E+06 O ;
T o8 ‘»Q@@@ 8
c e o
5 Feolos
S 10E+05 ~g* o 3
2 °® o
REE
[ )

1.0E+04
475 5 525 55 575 6

Frequency [GHZz]

Dry etch order of magnitude better
than wet etch for MBE Al on Si
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Post-process clean dependence

8.0E+05

7.5E+05

7.0E+05
oy 6.5E+05
— 6.0E+05
C 5.5E+05
2 5.0E+05

£ 45E+05 -

4.0E+05
3.5E+05
3.0E+05

8
8
o

[ ]
(O]

© No clean
® Post-clean

475 5 525 55 575 6

Frequency [GHZ]

No obvious impact from

“short” post-process cleaning

J. Yoder, et al., unpublished (2015)




QEO Experimental Overview

* |ntroduction

Tasks
Teams

* Approach & motivation

3D integration
Tunable, high-coherence qubits

* Supporting technologies

> -
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High-Q materials & fab
TSVs

Flip-chip qubits
Electronics

J-TWPA

Coaxial TSV

Tilted SEM cross-section

S et A ATy

|
;

TSV etch
300 pum




]@[ Approach to 3D Integration

QEO Qubit Stacked Module Schematic

Qubit high-Q metal
. . large qubit
rocess volume m
P high-Q metal ' 4
e
+
. N & 8 ] [ ] . dielectric standoff
. coupler

TSV, thinned shielded

silicon through-

2 COUpIer substrate substrate via

process ~100 pm (TSV)

+

bond bond

-
pads thick ground plane I I pads
ey e
——— 7

Superconducting

mUIti_Chip module I b parametric rea'dout amplifiers
silicon substrate
(SMCM) process and passive routing

TSV layer enables isolation and increased wiring complexity while allowing for
fabrication independence between the qubit and SMCM layers

slide-32
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@ TSVs for 3D Integration

SEM cross section of LAM TSV

* High-aspect-ratio deep-silicon TSV etch
demonstrated

— Etched TSVs (see SEM cross-sections)

* Deposited continuous Ti/TiN liner in TSVs |

165 ufn
TSV etch

* Deposited Tungsten with CVD over liner

4 pm wide slots
Pitch 14 pm

sHicon substrate

slide-33 D. Yost, et al., unpublished (2015)
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SEM cross section
chain array

(D)
[92)]
@®
o]
+—
@®
E
3
>

100 kX CVD W over
IMP PVD + CVD + ALD
Ti/TiN and Thermal Ox

slide-34
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High Aspect Ratio TSVs: TiN and W

TSV 20um x 40pm

22um
Wide slot

Ti/TiN and
Thermal oxide
liner

Silicon
substrate

11:1 aspectratio in X
6:1 aspectratioinyY

TSV 10um x 40um
214 um deep

Ti/TiN and
: hermal oxide
;Iiner

Silicon
substrate

19:1 aspect ratio in X
5:1 aspectratioinyY

TSV 4um x 20um
164 um deep

I uunwmm i

UHU[![\HHUIi RN

Wide slot

¥ Ti/TiN and
; '. Thermal oxidg
' liner

Silicon
substrate

33:1 aspect ratio in X

8:1aspectratioinyY



@[ Large Co-Axial Vias Successfully
' Etched and lined with Ti/TiN and W

GDS of Co-Ax TSV
Top View Coaxial TSV

Tilted SEM cross-section

45 um
Coax
shield width

|
|

R R BRORA . rTTRTRTE v TSV etch
: : 300 pm

Will enable electrically testable co-ax TSVs

slide-35
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@[ TSVs for 3D Integration

Next Steps

TSV Hard Mask 1.1um Oxide / 2um Resist

TSV wafer

TSV Deep Silicon Etch 100-200pum

* Continue to improve filling of m
high aspect ratio TSVs TSV wafer

TSV Fill and Top Metal Patterning

* Top metal patterning over =)
planarized TSV’s

TSV wafer

* TSV interposer wafer flipping,
mounting and thinning from the
backside

slide-36
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QEO Experimental Overview
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Introduction

Tasks
Teams

Approach & motivation

3D integration
Tunable, high-coherence qubits

Supporting technologies

High-Q materials & fab
TSVs

Flip-chip qubits
Electronics

J-TWPA

Coaxial TSV

Tilted SEM cross-section

S et A ATy

|
;

TSV etch
300 pum




I&] Flip Chip Motivation

Standard Qubit Packaging Flip Chip Qubit Packaging
Motivation: QEO 3D integration

« Qubit is flipye@ and bump
bonded onbordlip chip Module

(FCM)
——— L~ —

ubit chip

Goal: Assess impact of 3D
integration on qubit coherence
and control

Biaslin@@&ig%i‘:ve readout lines and
bidx n both sides | | |

ﬁl:(:mdependently-
#ddresgablequbyts:

Signal in Signal out _.cdllpl'dd t0"the SaM e
= . ; d¥aRsMiesionsling =
Required for full 3D integration SEwE W " e
_ | with qubit fabrication process . :'i‘;EéaldaI:d “aaa
b . qmlt EEm
QuDbIts| i dependent of SMCM process Wadkagiy: QUibit3d:
ackaged and__ =x=

‘/lreboﬁldedl

6-qubit chip with independent bias lines

slide-38 D. Rosenberg, D. Yost, et al., unpublished (2015)
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@ Junction Rn Before / After Bump Bonding

~N @
o O

S-MCM for 16-Chip Packaging 5 P pia R ;2
% g0l B X ‘ f ®
HE LU

B
4]

S
o

©
Sa

S b
o om
|

700nm JJ

LT ELLEY

w
o

Resistance (Q)
w
5y

N
[&)]

Bumped S-MCM before S-MCM after bonding

20
bonding -
g 20 1000 nm JJ
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@ Flip Chip Fabrication: Two Components

1| C-shunt Flux Qubit Chip 2| Flip Chip with Indium Bumps
with underbump pads (inverted for comparison)

Sy D. Rosenberg, D. Yost, et al., unpublished (2015)

QEO 11/17/2015



I&] Bump-bonded Flip Chip

6 identical qubits coupled Packaged qubit with flip
to quarter wave resonators chip bonded on top

* (Coherence times
- T,=15-25ps

* Passed control and readout
signals between chips

Packaged qubit with flip

_ _ ch|p bonded on top
Single qubit coupled to e . e

half wave resonator

* Demonstrated flux biasing
the qubit (flip chip) from the
MCM module

slide-41 D. Rosenberg, D. Yost, et al., unpublished (2015)
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QEO Experimental Overview
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@ Room Temperature Control Electronics

Rack-Mount Chassis

FPGA Card Low-noise
DC bias

slide-43 Backplane
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]@[ DAWG: Waveform Generation

« 2 DIUs
« 4 DAWG channels
 Predistortion applied

« 100 ps spacing
between waveforms

e 1 ns/div, 10 ns record

» Externally Triggered

« 3 DAWG channels
1 marker bit
Persistence enabled
5 ns/div, 50 ns record
Externally Triggered




]@[ Fast Upload Application:

Quantum Annealing

Annealing Schedule for Spins

example testing different X-field schedules
* Fast waveform uploadis a ;

resource — ;(;w
— Gate based QC il '
— Quantum annealing QC

ol
T

N

* Quantum annealing requirements

— Sweep X and Z fields of each
qubit and coupler

— Long timescales
— Deep AWG memory

— Means to quickly change
waveforms

— DAWGSs provide this capability

Energy [GHz]

w
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QEO Experimental Overview
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@ Josephson Traveling-Wave
' Parametric Amplifier (J-TWPA)

slide-47
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K. O’Brien et al., PRL 113, 157001 (2014), C. Macklin et al., Science 350, 307 (2015)
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]@[ TWPA: Near-Quantum Limited
. ' and Broadband Amplifier

TWPA Gain vs. Frequency System Noise vs. Pump Power
10°
5 \ N\
m
= \ \
‘T », 10" | Nng=50 photons |\
o Z | Ty=145K \
Q c = \\
2 \
g 10 \
©
O 5 10° - Neys= 0_.94 photons
| Ty=0413K
03 4 5 é 7 8 9 10 -25 -2}0 -1}5 -10 -5
Frequency (GHz) Pump Power (dBm)
> 20 dB gain over Thsys = 0.4 K
4.25-8.75 GHz band (TWPA quantum efficiency ~ 0.8)
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]@[ C-shunt Flux Qubit + TWPA

T, Measurements: Without Isolator

Averaged and Fit

T T T — T .
| z z =
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e
5% % 6 7% A0 20 3D 3o
Time (us)
(2]
E
* Repeated measurements of T, at degeneracy 8
- Without isolator: T; =51.5 us &
«  Without isolator: T,g =17 us e
+  Without isolator: T,z = 35 us £
« Consistent with F. Yan et al.

QEQ 1111712015 D. Hover et al., unpublished (2015)

T, at Degeneracy

Ty (us)

T,z at Degeneracy

) T2,Echo:35 MS




]@[ Integration Concept: SMCM Layer

TSV and SMCM Processes

high-Q metal

QUblt large qubit

fabrication mode field
process volume high-Q metal m

. | ! ; . dielectric standoff
TSV, thinned coupler U shielded

coupler silicon through-
substrate substrate via
rocess
P ~100 pm (TSV)
bond bond I - EEEmm——— [ond bond
pad pad ] I thick ground plane I L EE pad
Superconducting - —_—r—y
3 mUIti-Chip module ili b parametric rea'dout amplifiers
silicon substrate
(SMCM) process and passive routing

Niobium S-MCM (Superconducting
Multi-chip module — IARPA C3 program)

TWPA and I/O routing in
SMCM layer leverages
IARPA C3 program
(SFQ multi-layer fabrication)
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]@[ Summary: QEO Experimental Overview
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Developed an approach to achieve 3D
integration of high coherence qubits for
guantum annealing applications

Demonstrated several foundational concepts

C-shunt flux qubits with state-of-art coherence
Fully tunable C-shunt flux qubit

Tunable coupler shifting qubit frequencies in
controllable manner

Demonstrated / developed several supporting
technologies

High-Q materials & fabrication

Crossovers

TSVs

Flip-chip qubits (little T1 degradation)

Qubit ensembles & multiqubit measurements
Room temperature electronics

Advanced readout with TWPAs

Coaxial TSV

Tilted SEM cross-section

45 um
Coax
shield width

TSV etch
300 pum




