[}

:

on

Yedical JOkypsics

- 11th JCATIOP Conference
Astroparticle, article, Space Johpsics, Detectors and

B

i : n's :

Applicat

-

3




Outline
o9 *-e
= + Introduction to CMB— Cosmic Microwave Bacﬁgmuncf ——l=

i

M ‘FAAaa
v, A U/

4%

+ ‘Introduction to Bolometer ‘Matrices and Transiti

= —r eSS



B

Cosmic Microwave Background
from the Big Bang 14 Billion Years Ago

CMB radiation is polarized .
because it was scattered off Qu ad upole colder radiation

of free electrons during Anisotropy
decoupling.

Thomson

~ 5 ! Scattering

hotter radiation
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Polarization
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Cosmic
Microwave
Background

Schematic diagram of the history of
the Universe from the Planck time to
the present:

PLANCK
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" _ The SecieTfE Prog

Planck physics

(on orbit since
May 2009)

[The Scientific Programme of Planck, 2006,
Qstro-ph/ 0604069]

Today
Life on earth

Acceleration
Dark energy dominate

Solar system formsy
3

Star formation peak \Ee -

Galaxy formation era \
Earliest visible galaxies

Recombination Atwms form
Relic radiation decouples (CMB|

Matter domination
Onszet of gravitational collapse

Nucleosynthesis
Lightelements created - D, He. Li

Nuclear fusion begins

Quark=hadron transition

Protens and neutrons formed

Electroweak transition

Electromagnetic and weak nuclear
forces first differentiate

Supersymmetry breaking

Axions etc.?

Electroweak and strong nuclear
forces differentiate

Inflation

Quantum gravity wall
Spacetime description breaks down

14 billion years
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Space Based CMB

Experiments

Experiment | Description Year Location | Target

Relikt Relikt-1 on Prognoz 9 mapped the sky at 37 GHz with an angular | 1983- Earth orbit | Large scale
resolution of 5.5 degrees and a temperature resolution of 0.2 mK. | 1984 temperature

anisotropies

COBE COBE (Cosmic Background Explorer) was developed by NASA's 1989- Earth orbit | CMB spectrum
Goddard Space Flight Center to measure the diffuse infrared and 1993
microwave radiation from the early universe.

WMAP WMAP (Wilkinson Microwave Anisotropy Probe) is designed to 2001- Temperature
determine the geometry, content, and evolution of the universe via present anisotropies;
a 13 arcminute FWHM resolution full sky map of the temperature Polarization
anisotropy of the cosmic microwave background radiation.

Planck Planck is the third Medium-Sized Mission (M3) of ESA's Horizon | 2009- Lagrange 2 | Polarization;
2000 Scientific Program. The basic scientific goal of the Planck present Temperature
mission is to measure CMB anisotropies at all angular scales larger anisotropies;
than 5 to 10 arcminutes over the entire sky with a precision of ~2 Foregrounds
parts per million. (HEMT/Bolometer 30-857GHz)

B-Pol Primordial gravitational waves generated during inflation Future- B-Polarization

[http://en.wikipedia.org/wiki/List of cosmic microwave background experiments;
http://lambda.gsfc.nasa.gov/links/experimental sites.cfm]
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Basic Structure of One Pixel of
Bolometer Matrices

1. Radiation absorber 2. Thermometer

+ Feed horns + Superconducting transition edge

sensors (NbSi, Mo/Au, Ti, etc.)
4+ Antennas

+ High impedance Anderson

R ecuasomption by thin AT  insulator (NbSi, NTD Ge, Si:P
films (B1 or Cu) incident etc.)
power P Z

3. Thermally 1solated
sample holder weakly [ 7
coupled to a heat sink §G

+ SiN membrane-- Electron- _
phonon decoupling (7!

+ AT=P/G

weak thermal link

[Picture from
Piet de Korte in SRON]



Absorbers of Bolometer Matrices

oP-o L

Atacama Pathfinder EXperiment (APEX)
Large Apex BOlometer Camera (LABOCA)

4+ Feed horns conical horns

1. Radiation absorber

4+ Antennas

+ Direct absorption by thin
films (B1 or Cu)
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Absorbers of Bolometer Matrices

e “ "  (UCB/LBNL)
— Microstrip Bandpass Filters (217 GHz, 40% BW)
]_ . Radlatlon absorber Transmlfsmn Lines l l

4+ Feed horns 111

—_— ) —..,_.s-.._._ B ———

4+ Antennas o e r " f v

» <+ Direct absorption by thin | |
-~ films(Bior Cu) | : =

Microstrip
terminatedona |
Si-nitride
suspension.

Double-Slot Dipole Antenna

Power measured
with TES

Antenna-Coupled Prototype Pixel (Mike Myers)



Absorbers of Bolometer Matrices

oP-o L

- TES-based Micro-Calorimet
1. Radiation absorber ased MICro-L alormeter

4+

Feed horns | % é{}

4+ Antennas

+ Direct absorption by thin
films (B1 or Cu)

L

(Piet de Korte in SRON)

Absorber

Thermal link

Cold Bath

TES (Ti/Au)
Wiring (Al)

Pixel design
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Sensor's of Bolometer Matrices
* i L X
+ Resistance versus Temperature curve:
o 100nA 2. Thermometer
Nb, 1451, g¢ thickness 50nm — 400nA —
T TuA . Superconducting transition edge

——100nA

- 400nA sensors (NbS1, Mo/ Au, Ti, etc.)

—— TuA

- High impedance An

o N T
a e a
A11ouUulal!

(Ohm)

~f  Smooth transition .
~ ¢ Normal = Supercondugting sta

R_TES4
o
=
1

[P T P Y I PO S P P .

-7+ r - r - r - 1t - 1t - 1°r - T - T 7
0.132 0.134 0.136 0.138 0.140 0.142 0.144 0.146 0.148 0.150
Temp (K)




Sensor's of Bolometer Matrices

oo

e P o
+ Resistance versus Temperature curve:
2. Thermometer 4

Nb, 4551) 9, thickness 50nm

 NbxSi(1-x), x=0.08, thickness = 50nm Superconducting transition edge
: - l ' . ' 1 N C
sensors (NbSi, Mo/ Au, Ti, ¢

0000000 T T T

.4

11gh 1mpedanc
g PEC

=R




Bolometer Matrices with
Membranes

e @) @ oo
[Piet de Korte in SRON]

Absorber

CuBi
\

SiN leg with Nb wire
4 um x 240 um

Nb wire < ’

SikN,- membrane \ TES

TiAu on Si,N,

Si support \

structure Wiring

— . Thermally isolated
nple holder weakly

9

by Marcel Ridder at SRON

Single pixel with optical absorber (a real picture)




I will present here:
bolometer matrices without SIN membranes

NbSi is used to:

1. Absorption of radiation (with or without antennas): it
needs impedance matching to vacuum impedance 377 Q
or to antenna termination.

2. Creation of thermal decoupling: electron-phonon
decoupling of NbSi without membrane.

3. Temperature Sensor (TES NbSi or Anderson Insulator
NbSi).

We will develop here e-ph coupling and
TES performance of NbSI.



Outline
o9 *-e
= + Introduction to CMB— Cosmic Microwave CBacﬁgrouncf ——l=

i

M ‘FAAaa
v, A U/

4%

+ ‘Introduction to Bolometer ‘Matrices and Transiti

= —r eSS



S o /U T ; v

Phase Transitions of NbSi

o9 i

+ For 3-dimensional Nb,Si, , thin film
(e.g. 100nm): d

o X <9%: Anderson Insulator state

Nb;SiH
= x=0,076 0
— =008 | 0 9% < x < 12%: metallic state
— X =0,
— x=0,083 | 0
—xo00| O x> 12%: superconducting state

- x=0,13 |
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Au contactpalls * " ~——

NbSi thin ilm Nb electrodes

NDbLSi Thin Filmm Bolometer Matrices

Prototype of 23-pixel matrices of superconducting NbSi alloy transition sensors:
NbSi thin film

Niobium leads

Niobium electrodes interlacing on NbSi thin film =» to reduce normal resistance
Gold contact pads

B >
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Thermal

Conduction and

Power Law

cFe ° 9

- For electrical power dissipated to the

: 'e]lectmn bath of the bolometer thin

NbSi thin film

(Gkapitza




Experimental Setup !

e P o

e o

Mounting and wiring of Si wafer with 23 pixels ~ Schematic of the sample setup
of NbSi TES’s on the copper sample holder
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Model for Electron-Phonon Coupling

Dissipation Power P=IV. =~ 4 The lowest bias current is applied to the NbSi TES
(e.g. 200 nA, P < 16 f W), sen%esistance (R)
versus temperature (T) 1s acquired T~T,, =T,

= ( Electron bath T‘) + Higher dc bias currents are applied to the NbSi TES,
= § i increasing the temperature of the NbSi electron bath
; ' by Joule heating effect, P=I’R. Then the energy is
Z (Phonon bath Teh ) transferred to the NDbSi phonon bath via the
' electron-phonon interaction (G,,,) and to the Si
§ Claitza substrate by Kapitza interface thermal conductance
(Gkapitza)'
Phonon bath T0
S wqfer substrate + The S1 wafer is thermally connected to the cryostat
) cold bath by the gold wires (thermal conductance,
§ (Glink Glink)'
Cold bath +  Assume Gy >> Gypiva >> G ppand T>T =T,




Resistance versus Temperature
Curves of Nb, , Si, ;, TES thin £ilm

5 TES thin film: NbxSi(1

[

-X), X = 0.14

0.30 -

o

)

o
|

o

V)

o
|

Resistance (Ohm)
o
o
|

]

As hlgher exc1tat10n blas currents 1

""""""""" #\are applied, R sh1fts to lower: pue
E .,; lower T Values sl
. ,,
+ ?-;-

: T =
0.09 0.10 0.11
Temperature (K)

o4

55— 400nA (d=50nm)

||~ 8UA (d=50nm)
|-+ 200nA (d=20nm)

1+ 1uA (d=20nm)

TuA (d=50nm)
—— 2UA (d=50nm)
4uA (d=50nm)

— 10uA (d=50nm)

e -

400nA (d=20nm)

[P

2UA (d=20nm)
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- Resistance versus Temperature |
- Curves of Nb, | Si, o, TES thin film

oP-o i

NbxSi(1-x), x = 0.14, thickness= 50 nm

T 1 . 400nA
i 3 st e R ; 1 —— 1uA
: : SRy . o | : f — 2 2UA
é\\\ P e { =+ 8uA
| N | | | > 10uA
B — | & :

S Fid : ‘

< r i/ :

) ‘ 400nA | | |

© 0.15+ o | -

= As h1gher and h1gher exc1tat1on blas

3 Currents are applied, R sh1fts to lowex

L 0.10 -

n: :

‘ "’"and lower T Values

0.00 = > I L I L} l ) l L) I L) I L) I L)
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Comparison |

Category Material Size 8e-ph Ge.pn Group
(W/ K4 cm?) (W/ K)
Nby 1451 86 300 4 mx600 4 mXx50nm 3.28x10°
300 4 mx600 4 mx20nm 558 3.18x1010 5 :
S. Marnieros, et
al.
Anderson Nbg (53515917 100 4 mx100 ¢ mX100nm 100 5x10-11 5
insulator @ 100mk
- Anderson NTD Ge ImmX1mmx0.2mm 40 6 [
insulator
6.5 55 N. Wang, et al.
TES Ti/Au ImmX1mmx20nm 3000 4 R. Horn, et al.
TES Ir 75%75 (t m? 1.2x101 D. Bagliani, et al.
TES Mo/Au 700 £ mx0.35 4 m 19x10°1 M. Kenyon, et al.
700 4 mX0.5 4 m 72x10°15

TES Ti/Au 150 4 mX150 g mx75nm 2000 2x10° 5 P. Korte (SRON)
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Dimensionless Sensitivity of NbSi
TES Bolometer

o9 o . g o
= dlogR (T dR

) dlogT \R
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Schematic Circuitry of dc-SQUID

© Reable

AAA N <«— |DB

ki Recable

800
700
600
500
400
300
200
100

Voltage of TES sensor (nV)

I-V Characteristics

y=264.21x - 61.891

7

e

1 15 2

Current of TES sensor (micro-A)

T X7

1-v C

2.5




Noise Spectra of NbSi TES

e P o

Using dc-SQUID
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Intrinsic Noise Source of a
Bolometer

+ Noise equivalent power (NEP) of Johnson noise:
4kTR
NEP? = [W?/Hz| o T

N’
R: the electrical resistance at the temperature T; k: Boltzman constant; i : responsivity (V/W)

+ Noise equivalent power (NEP) of phonon noise:
2 2 2 2
NEP;, = 4kT°G, |W*/Hz| o T
Gg: the conduction at uniform temperature T

<+ Total intrinsic noise of the bolometer:
2 2 2
NEPbol = NEPJ + NEPph

+ So a TES should be operated at very low temperatures below 100 mK

4 Other noise sources: excess noise
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Conclusion

We have déve[cyoeof sensitive and low noise bolometer matrices with NbSi T‘ES
sensors to measure the temperature ffuctuan’ons of the CMB (Cosmic
“Microwave CBacEgrounaf radiation).

The structure of bolometer matrices, transition ec{ge sensors and faﬁricau’on_,
process of our NbSi TES have been discussed. Our NbSi T'ES works not on[l‘
as a temperature sensor but also as an absorber of radiation and due to its
intrinsic thermal decoupling it does not need SiN membranes.

We build an e[ecﬂon-pﬁonon cou]o[ing model for NbSi thin fi[ms. The electron_-

“phonon coujo[in[g cog?‘:icients are calculated for different thickness, and are-
quite comparable to those found in metallic samples by other groups.

We also discuss about the }oe1:fo1’mance qf our NbSi TES bolometers. Their
ﬁigﬁ sensiu’vﬁy and low noise are very encoumging for ?lstroyam’c[é detection.
expem’ments.



B Mode Polarization of CMB
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Deviation from the Power Law of
Heat conduction

- i = o9

Power versus T.>-T ;> for Power versus T.>-T ;> for
R=0.1~0.8R, R=0.1~0.9R,
Nb, 1451 g5 thin film 50 nm thick Nb, 1,51, s thin film 50 nm thick

R=0.1~0.8Rn TES thickness = 50 nm R=0.1~0.9Rn TES thickness = 50 nm
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- Deviation from the Power Law of
1 Heat conduction ‘
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R=0.1~0.8R,

R=0.1~0.8Rn TES thickness = 20 nm

Nb, 1451 g5 thin film 20 nm thick
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Paraconductivity Calculation

Paraconductivity=excess conductivity=
conductivity-normal state conductivity
0’'=0-0,

Ln(o’/ 0 ) versus Ln[(T-T.)/T_]
for the whole range of R

Ln(o’/ 0 ) versus Ln[(T-T.)/T_]
for R=0.8~0.9R |

4 — — — v  — — T T y=Ln(sigma‘/sigma_0), x=Ln((T-Tc)/Tc)
e~ ! ! ! —=— d=50nm, 1=400nA y1=-1.29953x1-4.04321
Y —— d=50nm, I=1uA y2=-1.30104x2-4.06602
J| —— d=50nm, 1=2uA 13 R=0.8~0.9Rn y3=-1.27096x3-3.99231
—— d=50nm, I=4uA T T T T T T T T 00N 405098 T || —e— d=50nm, I=400nA
9 —— d=50nm, 1=BuA 14 y5=-1.13281x5-3.95077 —s—d=50nm, I=1uA
_ | ——¢=50nm, 1=10uA 4+ R {y6=:1.01988x6-3:83401 )| —=—d=50nm, I=2uA
- —— d=20nm, 1=200nA 1 i y7=e1,2617x7-4.01363 4| ——d=50nm, I=4uA
5 1= oA | " YBE12711 138402559 || 2 d=S0nm. I=8uA,
I i B kil y y9=:1.27506x9-4:07808 || o> =THu
@© i — g=20nm, 1=2uA ~.16 R 3 imad| —*—d=20nm, I5200nA
g b R | Y10ET.00FZSX1G:36T297 ") o 4=20nm, I=400mA
B : s i i i i —e—d=20nm, I=1uA
2 i £ 17 propee ol —e—d=20nm, I=2uA
© : = q i i q f
= i 7 i i Linear Fit of Ln(sigm
o ! w -1-84 i - Linear Fit of sigma'ls
‘» i = 4 } { 4| — Lin=ar Fit of sigma'/s
= . ; % 194 i ad Linear F?l of sigma's |8
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Fabrication Process of NbSi TES
Thin Film Bolometer

o @ oe@Po

1. Deposition of membranes materials by PECVD (Plasma
Enhanced Chemical Vapor Deposition) device
(510,+8S1;N,:510,/S1N/S510,=290/230/100nm) on a
silicon wafer of 2” diameter =2 for electrical and thermal
insulation

SiN membrane

2" silicon wafer




Fabrication Process of NbSi TES
Thin Film Bolometer ‘

oP-o i

2. Nb,Si, , co-evaporation (x=0.14, 20-50 nm thick): NbS1
thin film 1s manufactured by electron-beam co-

evaporation by irradiating two targets of Nb and Si1
simultaneously:.

2” silicon wafer

= ) W :
SiN membrane

NbSI1 thin film




Fabrication Process of NbSi TES
Thin Film Bolometer

* i e L

3. Photolithography to form Nb. S1, , bolometer matrices.

SiN membrane

2" silicon wafer




Fabrication Process of NbSi TES
Thin Film Bolometer

* i e L

4. Nb evaporation (50 nm) and photolithography to form
Nb tracks and electrodes.

- Nb leads and electrodes ~ 50 nm thick =

Nb - npsi NP

SiN membrane

2" silicon wafer




Fabrication Process of NbSi TES
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5. Au evaporation and photolithography: a gold layer
(100-150 nm) 1s deposited on the wafer to form the
square contact pads connecting between the Nb leads

extending to the NbSi thin film and the external readout
electronics.

il

: e
SiN membrane =

2" silicon wafer

A 2 e
Nb pie Nb Nb rigpss” Nb —=
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6. Silicon deep etching.

SiN membrane

2" silicon wafer




