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Sensitive Detectors

- inIRrange
- optical quantum communication

- guantum key distribution

- in THz range

- galaxy formation via cosmic radiation

- in GHz range

- remote entanglement of
superconducting

- high-fidelity quantum measurements

- microwave quantum illumination
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For Qubit Measurement

* Dispersive phase shift readout  Photon-counting readout e Remote entanglement
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Yale, PRX (2016)
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No need for room-temperature detection

NG

Fast, High-fidelity, Scalable measurement

[L.C.G. Govia et al., PRA 90, 062307 (2014)]
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Thermal Detector

* No need to collect electron

* No threshold

* Robust against impurities

* More freedom to choose material

Resistance [mOhm]

Photon =g,

Energy E, Thermometer
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e E,: Photon energy
* (: Heat capacity
* G :Thermal conductance
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Higher temperature rise @
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Faster cooldown @
(shorter deadtime)
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Graphene for Sensor

* Very small electronic heat capacity
due vanishing density of state, D(E)
near Dirac point (E=0).

D(E) = 2|E|A/z(hvg)?

* Faster thermalization, thanks to
short el-el scattering time.
[Nat. Phys. 9, 248 (2013)]

e Broad absorption bandwidth by
impedance matching
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Small Electronic Heat Capacity, C,

Specific heat capacity of monolayer graphene:
C. ~ 10kg/pm?2 (@ 7=0.1 K, n=1.7x10'2 cm-?)

10
ng=1.7x10° cnv
“e  10°}
<1
K n=2x10% cm-2
(‘J; 10't [K.C. Fong et al., PRX 2012)]
C,=AyT
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10 = = :
102 10" 10° 10

Ty (K)

Sommerfeld coefficient:
Y = (_4fr5/2k'/2)/(3/11’p)

Carrier density

Significant heating of electrons !
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Absorbing 26-GHz pw-single-photon

For uw-SPD, we need to detect temperature
rise AT ~ 200 mK within T4~ 100 ns.

[E.D. Walsh et al., PRApplied 8, 024022 (2017)]
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Josephson Junction

Josephson coupling by overlap of macroscopic quantum wave-functions across junction
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1,550-nm NIR Single Photon Detection

graphene
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1. Poisson distribution » Single photon detection
[E. Walsh, W. Jung, GHL, ..., Kin Chung Fong, Science 372, 409-412 (2021)] 2. Mean count X Laser power glep
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Orthogonal-Terminal Josephson Junction

Previous work on orthogonal-terminal JJ
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[A. F. Morpurgo et al., APL 72, 23 (1998)]

In this work

hBN encaps
graphene

[GHL et al., Nature 586, 42—46 (2020)]
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Thermal Circuit

* G,,q: radiation to environment » very small

* Gy hot electron diffusion to electrode » negligible with superconducting electrode

*Cooper pair doesn’t carry momentum.

* Gp: electron-phonon cooling > dominant cooling channel
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GJJ-embedded Resonator

1 mm
— Antinode
> [C low-pass filters Node Node
for DC line l l
resonator

graphene

A
v

half-wavelength

Graphene in current antinode (critically coupled)

NG

TN honE o Maximum power dissipation in graphene

Josephson
junction
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Graphene Absorbing Microwave

With continuous microwave, P,,=-112 dBm (6 fW),
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<I.> get suppressed at the resonance frequency, f=7.9 GHz.
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Switching Current Distribution

0.2} microwave .
—e— Off
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P(l,) with microwave input has same shape of P(/,) with elevated temperature.

NG

Heated electrons get fully equilibrated.
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Estimation of Electron Temperature, T,

100 200 300
Input power (fW)

Power due to electron-phonon coupling: P = ¥ A (Tg - T5)

Fitting parameters: 6=3, 2., = 2.14~3.30 Wm=K3

</>-to-T, conversion

400
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Input power (fW)

/'

el-ph coupling due to disorder

Estimated X, with bulk mobility 20,000 cm?/Vs ~

A: Area of graphene

2: electron-phonon coupling parameter
O: temperature power law

T: bath temperature

Large discrepancy. Why?

0.01 Wm-~2K-3
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Cooling Mechanism via Atomic Edge Disorder

-50 0 50

T [HK]

A

tSOT
hBN/Gr/hBN &5 =

Si0,/Si B

20_nm

. -50 50 Lc[HK]
[D. Halbertal et al., Science 358, 1303 (2017)]

Atomic disorders at the edges could greatly enhance the electron-phonon coupling, 2.

Theoretically estimated X ~ 0.01 Wm=2K3 << Measured X ~ 3 Wm~2K-3
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Noise Equivalent Power (NEP)

02} microwave | ; /./
Measure of sensitivity of a bolometer e —s—oT AR
< Rt R L S e e A
e v >
=) ¥ 045K ) 1OV | Lonet’ SHEE
Noise equivalent power (NEP): ~ o4} i "’m,/” P
) . , : : ~ 3V, .
Signal power that gives signal-to-noise ratio of one. Y oy 04 oo #J.,»"'
<[s> o s st . dhata
—— theory
0 B
o . 0.8 0.9 1 . 10 100
* Minimum power P, for changing </.> by c_,... Is (pA) Input power (fW)

> Pin ~ 114 W @ Vpye=1.9 V

* Time needed for sensing P, &
1. Resonator input coupling time, t;,~1.6 ns (slowest) :E *
2. Resonator dissipation time, 14~ ~ 1.3 ns S + +
3. Thermal time constant, T~ ~ 0.6 ns Di_“/
LLl
Pt

9 NEP= Pmin/,/fin=0.45 aW/Hz1/2
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Fundamental Limit of NEP

Intrinsic thermal fluctuation imposes the
fundamental limit of,

» energy resolution, AE~C,+/(AT?) = /C, kgT?

* Fundamental sensitivity of a bolometer,

NEP = /4G, kpT?

|
N
&
=
&
o 0.5¢ +
LU
< + data
=== NEP limit
0
0 1 2 3
%ate (V)

Fluctuation of temperature:

V{AT?) = Jkg/C.XT

e.g.) for C.=10kg, T=0.1 K, AE~ 6 GHz

We reached the fundamental limit

Expected energy resolution:

AE = NEP - \/T;, ~30 GHz

[S. H. Moseley et al., JAP 56, 1257 (1984)]

c.f.) graphene-based bolometer with Johnson noise thermometry,
NEP ~ 0.4 pW/Hz2 @ 2 K [K.C. Fong et al., PRX (2012)]
NEP ~ 10 pW/HzY2 @ 5 K [D. K. Efetov et al., Nat. Nano. (2018)]
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GJJ for Dark Matter Detection ?

Energy injection
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GJJ detector
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How can we make mg-scale GJJ detector?

Graphene-Based Bolometer for Detecting keV-Range Superlight Dark Matter,
Doojin Kim, Jong-Chul Park, Kin Chung Fong, and GHL, arXiv:2002.07821 (submitted)
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Proposal of 1mg-scale GJJ

For 1mg-scale GJJ, we need ~870 billion (8.7 x 1011) GlJs.

8-inch wafer

graphene We

*mass density of graphene: agr = 7.62x1078 g-cm~2
*GJJ dimension: L;=0.5 um, W ;=3 um.

cutting graphene

v

Number of GJJ in a single wafer: Ny,= 5.6 billion (5.6 x 10°)

Then, we need 150 wafers connected.

* number of transistors in modern integrated circuit chips: 10 billion
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Progress in Nano-fabrication — 216 GJJs in series (1)

Large piece of graphene hBN-encapsulated graphene Etched hBN/Graphene/hBN stack
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Progress in Nano-fabrication — 216 GJJs in series (2)

T=5K
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Bias current (uA) Bias current (uA)
216 GJJ electrode patterned 216 GJJ electrode patterned 216 GJJ electrode patterned

Uniform 216 GJJs were successfully fabricated.
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Dark Count Estimation

[Dark count rate measurement]

Dark count rate, Gy« (1/5)

10-5 I

10-10 I

Tose = 110K s

ICO = 18.89 [,lA /’;),"r

Thath = 002K _/{;ﬁ

SN, S

For [y=15.5 mA,

1GJ] -15
’ rdark~10 Hz

1015

15.5 16

16.5 17
Bias current(uA)

17.5

For 10°-GJJ array Iy

10°GJ]

ark

~107° Hz, and

Dark count ~ 0.03 for 1-year.

(assuming all JJs have uniform /..)
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Plan for Detector Calibration
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I I attenuator

e Resonator absorbs only 8 GHz microwave

* Generate fake-signal with 8-GHz mw pulse with varying its height

e Threshold measurement scheme for detection

4 RF ports( 1 auxiliary)

LNA power line «—— NW 50, 4-way cross fitting
+ DCline
+ Cernox line

<+ %” SUS post
4

()
<+<— CuNiRFline

D
495 <P

«— LNA

<«—— Circulator
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&b Sample package

<«— Sample can
40 po>
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Summary

10°
ng = 1.7 x10° cn’
* Graphene of minute heat capacity was utilized for sensitive microwave “g 10°
3
bolometer. =
o 10
10100‘2 6 .18° 14
* Graphene Josephson junction was embedded in the resonator and T, (K)
measured with continuous microwave.
< T +
 Achieved fundamentally limited NEP of 0.7 aW/Hz/2, which corresponds to = +ﬁ
05} = ]
the energy resolution of ~30 GHz (~0.1 meV). % . +
data
== NEP limit
0
0 1 2 3
thate (V)

* Implementing fast measurement is underway for microwave single photon

detector.

* Detector development and calibration is on going for dark matter search.

25 rPoOs L=



26

rrPoOsS T2



Current Efforts — Microwave Single Photon Detector

12 13V
» Maximizing temperature sensitivity of I, (d/./dT T%) -
<
> Optimization of junction geometry e
» Optimization of superconducting materials = 06
0.4

0 02 04 06 08

250
» Minimizing heat leakage to phonon, (Ze.on ¥, T 1) <
< 150

> Understanding the role of ~ 100

disordered graphene edge for X 50

Pristine graphene Etched graphene

» Developing fast-enough (faster than t;,) measurement of /. change

For broadband microwave single photon detector !

T* EP +rad
T? EP +rad

\' Ty
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Examples of S/N-based Sensor

NEP =6 aW/HzY/?2 @ 0.1 K

v, o
(a) RPN . i
300 K : < ‘ —
_____ 1 NIS
2K 5 —
600 mK
‘:‘ 20 mK
e v  ____
.
(- 20
sample 1 1 1
(G stage 610 620 630
f (MHz)
[P. K. Day et al., Nature 425, 817 (2003)] [S. Gasparinetti et al., PRApplied 3, 014007 (2015)]
Graphene
ERRYmne . | e
! i Se 2 Al il -
/A é e LaW
(@) S ol
a ;
50 (2 I N H'A'A'A'A x Vis {‘ 740 760 780
2 o clzire) Jf z f (MHz)
P eat in
2P = O
- G —é— 2 probe in P,
[l V. Borzenets et al., PRL 111, 027001 (2013)] [J Govenius et al" PRL 117, 030802 (2016)]
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Single Photon Detector v.s. Bolometer

Quantity measured One photon at a time The power of photon flux
Energy resolving No Have information
Sensitivity No fundamental limit Fundamentally limited by thermodynamics
Demonstration of graphene-based IR-SPD ill :: Demonstration of graphene-based bolometer
Complementary
short pass © o2fTow technology

U ¢ & | I

graphene\ E 0 |

0 * Noise equivalent power (NEP): 10 pW/Hz/2

0 4 8 ..
Time (s) * Fast thermal relaxation time: < 35 ps

[D. K. Efetov et al., Nat. Nano. 13, 797 (2018)]

[E. Walsh, W. Jung, GHL et al., Science 372, 409-412 (2021)]
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For Dark Matter Search

Atoms
Dark
4.6% Energy
72%
Dark
Matter
23%
Axion

* (Candidate for cold dark matter
e Mass: 10 peV ~ 1meV (2 ~ 200 GHz)

[Peccei—Quinn theory (1977)]

- 4

B-field —>

il
e
Axion 3

CAPP-PACE detector setup in Korea
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