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Resistive electrodes for DLC-RPC presented
in RD5 1 collaboration meeting in June 2022
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DLC in MPGD

* Diamond-like carbon is widely used in MPGD

* As resistive material to prevent discharge

Resistive Micromegas

Advantages and requirements
*  Advantages of resistive Micromegas: Mesh GND Crted from M PG D22

+ limitation of the destructive effect of discharges

Resistive layer: DLC

+ stable operation in intense pion beams

Insulating layer —, +Hv
+ better position reconstruction, signal sharing
Read-out pad /I_
I [ il [
*  Objective: profit from the advantages of the resistive L| L' K G nanvo
Micromegas while maintaining good time resolution —
Unverry CLAS12 Luminosity Upgrade: yuRWELL Forward Tracker Jﬁeﬁgon Lab
9: e}IKEINIA ploring the Nature of Matter

Requirements for choosing the resistivity:
MRWELL is the chosen MPGD technology because of:

low enough to: high eng
-> minimise the voltage drop during high rate beam -> ensure stalg .
| % Large area capability
- improve the position reconstruction -> not affect the risin

Low mass & compactness,

TOWARDS ROBUST PICOSEC MICROMEGAS
PRECISE TIMING DETECTORS

MARTA LISOWSKA | MPGD2022 CONFERENCE | 11-16 DECEMBER 2022

« Easy assembly, easy powering

M. Lisowska

% Robustness = intrinsic spark quenching @ high gain — 104

« Excellent spatial resolution — < 100 pm

+» Good time resolution — < 10 ns

G. Bencivenni et al 2019 JINST 14 P05014

< Rate capability for HR version of uRWELL —100 kHz/cm?

The 7th International Conference on Micro Pattern Gaseous Detector 2022 (MPGD2022), WIS, Rehovot, Israel - 12/12/2022 6
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DLC in MPGD

* Diamond-like carbon is widely used in MPGD

* As resistive material to prevent discharge

Timetable
Mon 04/12 | Tue 05/12 = Wed 06/12 Thu07/12 Fri08/12  Alldays Demands fOI" DLC get increasing
&, Print ‘ PDF ‘ Full screen Detailed view Filter
Session legend
. Communications WGL1 - Technological Aspects and x

14:.00 Communicatians: Introduction Eraldo Oliveri, Maxim TIT¢&
40/52-A01 - Salle Anderson, CERN 14:00 - 14:10
The ICFA Instrumentation Award (F. Sauli and |. Giomataris) Dr Maksym Titov et al. @
40/S2-A01 - Salle Anderson, CERN 14:10 - 14:15
Update an the microhulk detectors for the BabylAXO experiment Ana Quintana Garcla é
40/S2-A01 - Salle Anderson, CERN 14:15 - 14:40
HRTube: a new geometry concept for MPGD technologies Riccardo Farinelli &
40/S2-A01 - Salle Anderson, CERN 14:40 - 15:05 l U RTU b e

15:00
Development of thin-gap MPGD technalogies and first results of 2023 FNAL test beam Kondo GNANVO
40/52-A01 - Salle Anderson, CERN 15:05-15:30
Coffee break
40/S2-A01 - Salle Anderson, CERN 15:30 - 16:00

16:00 Status and future perspectives an the R&D an Resistive High granularity Micromegas (small-pad or pixelated MM) @

Mauro lodice 4_ ReSiStive MM

New Proposals for Large Track Detectors for FASER Il Experiments Atsuhiko Ochi &
40/S2-A01 - Salle Anderson, CERN 16:25 - 16:50 ' U RW E |_ |_
Status of DLC-RPC Development for MEG Il Experiments Masato Takahashietal. &

17:00

40/52-A01 - Salle Anderson, CERN 16:50 - 17:15 <+ D L C - R P C
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DLC in MPGD

* Diamond-like carbon is widely used in MPGD

* As resistive material to prevent discharge Supply of DLC starting

Cited from MPGD22 DLC collaboration
Sputtering machine at CERN started working

Title of project: DLC based electrodes for future resistive MPGDs

Contact person: name: Yi Zhou CERN
address: Jinzhai Road No.96, Hefei, Anhui, P.R.China, 23t
telephone number: +86-551-63607940 Factors affect DLC in

e-mail: zhouvi@mail.ustc.edu.cn Detector fabricatiol

RD51 Institutes: 1. State Key Laboratory of Particle Detection and Electron
University of Science and Technology of China,
contact person: Yi Zhou

e-mail: zhouvi@mail.ustc.edu.cn

2. Kobe University,
contact person: Atsuhiko Ochi
e-mail- ochi@kohe 1 acin

LICP

USTC KOBE LNF-INFN

Small DLC + Cu Production of large Long-tern stability
foils production Size DLC + Cu foils and aging test

pictures Theoretical calculation
and simulation

Hem)
Detector Production
_ with DLC foils
\ EUROPEAN
| SPALLATION
25
Lo . . . Drum unloading F
Machine in operation 70cm copper target installation

after processing

R. De Oliveria
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VWhat we know about DLC

* Used in various industries, e.g. coating
 Characteristics should be known in the field of material science
» Few documentation on DLC deposited by physical sputtering method

* Amorphous carbon
* Properties of both sp2 and sp?

* Attached well on polyimide

* Resistivity can be controlled by
« Nitrogen doping for resistivity reduction
 Thickness with an accuracy of 100%
« Thermal annealing with an accuracy of 10%
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VWhat we want to know about DLC

* Used in various industries, e.g. coating
 Characteristics should be known in the field of material science
» Few documentation on DLC deposited by physical sputtering method
= Somehow import knowledge into gaseous detectors in HEP

* Amorphous carbon
* Properties of both sp? and sp?
= What is the fraction between sp? and sp3!

 Attached well on polyimide
= Can DLC be deposited on other substrates!?

* Resistivity can be controlled by
+ Nitrogen doping for resistivity reduction
 Thickness with an accuracy of 100%
« Thermal annealing with an accuracy of 10%
= What is the mechanism of thermal annealing?
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loday's topics

* Found a great review paper
* |.Robertson, Mater. Sci. Eng. R Rep. 2002, 37, 129-28 |
* https://dol.org/10.1016/50927-796X(02)00005-0

* Molecular structure analysis (Raman spectroscopy)
« DLC tried to be sputtered on some substrates
* sp? and sp3 fraction

- 3
 DLC categorisation e— SR~ Diamend-iike

(tetrahedral amorphous Carbon)

ta-C ta-C:H
* Resistivity control by thermal annealing
* Mechanism HC polymers
« Our measurement (amorphous Carbon)N, SR YA o fiims
glassy carbon & &\\\X\ >

graphitic C

sp2 H

Ternary phase diagram
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https://doi.org/10.1016/S0927-796X(02)00005-0

Raman scattering spectroscopy

* Measure molecular structure of DLC by Raman spectrum

* Raman spectrum information * Polyimide is not proper for Raman

* Intensity ratio: material ratio SpECtroscopy

« Raman shift; structure * Consists of C

Molecular structure

SFE vyt

(Molecular vibrational SYVREYK (PUFAR—TR¥) >
= energy) (Raman scattering light) 2 |om Polyethylene
SFIRE & 3
L I*}Iﬁ?— Q 1 1
+2 - R
c 3
Lo
2 . .
A83# (Incident light) U —EL ‘
/\/\/\/\/\/\ Rayleigh scattering light) | ** : f <
- : i
E =hv : g | :
£ B ' " . | s
E: TRIVE— (Energy) ! oL AN U |
h: 7S5 V2OFE# (Planck constan W=V . - r - T T T T T T
- Asid i ath ags

v : IR Bh ¥ (Frequency) SYUBEK (Rb—O2%)

; -1
(Raman scattering light) Raman zhift/ om

Wavenumber shift of Raman scattering light 1/4; = v;/c

https://www.horiba.com/|p/scientific/products-jp/raman-spectroscopy/about-raman/1/

RD5 | Collaboration Meeting



https://www.horiba.com/jp/scientific/products-jp/raman-spectroscopy/about-raman/1/

DLC sputtering onto some materials

* DLC sputtered on polyimide so far

\
Kapton tape p See the situation after removal
(Peeling test)

DLC on glasses

- . DLC on glass epoxy

DLC on 6 types of metal
(Zn, Ni, Pb, Cu, Fe, Al)

/j- a . y | '1‘ =
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Peeling test result

Material Material

Polyimide @) Zinc (Zn) AN

Glass-epoxy (FR4) O Nickel (NI) X

Heat-resistant glass X Lead (Pb) JAN

Tempered glass X Copper (Cu) Used for O
Raman spectrum measurement

Quartz glass X Iron (Fe) X

Aluminium (Al) X

5 Dec. 2023 RD5 | Collaboration Meeting “




Raman spectroscopy setup

* Measurement device
« Thanks to S. Chiashi in Dept. of Mechanical Engineering, UTokyo
* 4 lasers with different excitation wavelengths (488—/85 nm)

* Samples

« DLC sputtered on Cu with and without thermal annealing
* Annealing: 200°C for 30 minutes

o

\

‘ & “ Not the same device for this measurement

o -
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Raman spectrum of non-annealed sample

* Succeeded in measuring Raman spectrum
* Our DLC categorised as sputtered a-C,a-C:H, or ta-C? 1530 e

I

Peak at 1530 cm- J E
diamond :
2z - | :
10000 - , J\
3 graphite
35000 b, G
30000 > uc-graphite
25000 ﬂé - glassy C J\/L
: 5
20000 i2 | | sputtered aA
15000 ;
10000 | | a-CH f
5000 | | - ta-C '
N ! L I I | 1 1 1 1 | I I L | 14 e
500 1000 1500 2000 500

- -1
Raman shift ( cm 1) Wavenumber (cm-')
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Excrtation wavelength dependence

3

<

2100 * Measured with different
g excitation wavelengths
=

e

* Dependence on peak position
observed

o)
—

» Compare with the prior
studies

0 | | | | | | | | | | | | | | | |
500 1000 1500 2000

Raman shift (cm'l)
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Excrtation wavelength dependence

Excitation Energy (eV)

876 5 4 3 2
1700 |'|'|'.| T T T N <
. . [ \ —4—a-C ttered <
Excitation wavelength dependence of 1680} ™* v~ oG Diamond-ike J—
. . . L —A—a-C:H pol i
our DLC is similar to that of a-C:H 1660 |- o taGiH s dep
i ---O-ta-C:H ann. 400°C
1640 - : -4 ta-C:H ann. 500°C
A -~ ta-C:H ann. 600°C
‘.:—\ 1 620 | -+-{--+ ta~-C:H ann. 1000°C
= A
o
~1600——1——— T e --memse- = -1600--
= - - S
N T 1 S S _ g 1580 |
= i
c [~ _ l
,*5 1560__ ............................................................................................................................... ] Q) 1560
g8 g
e e = ] 1540 |-
o B e i
=" L .
T8 LS20 b B ] 1520 F
1500 :_ .................................... ................................... ___E ___________ 1500+--

- , i _ PR S SUN S T 1 A
1480:— ...................................... — . ..... _: 200 300 400 500 600 700 800
1460: ] Excitation Wavelength (nm)

B | 1 1 1 | 1 1 1 | 1 1 1 | 1

200 400 600 800 A. C. Ferrari and |. Robertson, Phys. Rev. B 64, 0/5414

Excitation wavelength (nm)
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https://doi.org/10.1103/PhysRevB.64.075414

Where hydrogen comes from?

* It s known DLC contains hydrogen if hydrocarbon gas flows in
physical sputtering method

* But, we do NOT use any hydrocarbon gas
« Qutgas from polyimide could contain hydrogen?

Substrate
No hydrocarbon Ar* 7 )
gas used OOOo Electric g |
W Rotating drum
\ field o 4.5 m round
C
ede
| I

Carbon target
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Categorisation In phase diagram

* Raman spectroscopy indicates our DLC categorised as a-C:H
* Hydrogen source not fully understood

= Estimate category with large uncertainty
= ook into properties of a-C:H and ta-C

SpP 3 Diamond-like

Estimated phase of our DLC

\i— ta-C:H

HC polymers




Thermal annealing observation

* Thermal annealing reduces resistivity
* Depends on temperature
* NOT depends on time

* Resistivity can be controlled with an accuracy of 0%

* We did NOT know the mechanism

Resistivity reduction by annealing

B
g 10?
=
)
E nnoalad. . at
: mreqaliecu: ' dl
£ 40 100°C
= 30 120°C
wn . \_
Z 20\
R~ \ 140°C
« +160°C
10 \\\\ ]
N X \
N 200°C
s 0% 410°C
1 1 50 1 1 1 \100\ 1 1 \150\ 1 1 \200\

Temperature [degC]

Time dependence

10

———

0 100

200

300

—4—C50n
== C100n
e C200N

—>=Ndope

ag) Annealing Time (minutes)

A.Ochi, Resistive DLC meeting

RD5 | Collaboration Meeting
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Thermal annealing of ta-C

* Thermal annealing of ta-C is well known
« a-CH as well. But,

« “Thermal annealing of a-C:H also reduces the stress, as in ta-C. However, as

the bonding in a-C:H is less stable during annealing, annealing is less useful
in this case.”

 Mechanism described . \
As-deposited

* Thermal annealing converts a small

1
fraction of sp3 (2%) to sp? (@) _.i C%P _8< -

' is di ssive
* Distance between atoms is different :?rf:ge v
between sp? and sp?

* New sp? structure has aligned electron
orbitals Annealed

* The conversion causes exponential

decrease in resistivity (b) ~g< >87 >8_%<

« Compressive stress relieved by new
sp? structure with electron orbitals
aligned

o orbital O 7 oorbital

5 Dec. 2023 RDS5| Collaboration Meeting 19 |




Change by annealing

* Our measurement consistent with previous works

Resistivity reduction by annealing

§ T T T T T T T T T T T T T T T
g 102
=
S
E Annealed at
£ 40 100°C
>
g 3013 s zo0c
2 200\
& \ 140°C
N « 4 160°C
10 N
i 200°C
5 0% 210°C
4
T e
Temperature [degC]
Time dependence
1000
a
a 100 |
= L . N ~ ~ == C50n
10 —m—C100n
== C200n
1 - - ==Ndope
—
0.1
0 100 200 300

A.Ochi, Resistive DLC meeting

Annealing Time (minutes)

2020/3/26
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A. C.Ferrari, et. al, . Appl. Phys. 85, 71917197 (1999)
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Conclusion

« DLC attached well on FR4 and Cu as well as polyimide

* Measure Raman spectroscopy for DLC
« a-C:H indicated
* Hydrogen source not understood
* Our DLC categorised as a-C:H and ta-C phases with large uncertainty

* Discuss thermal annealing

« A small fraction of sp3 converted to sp? with electron orbitals aligned
 Resistivity decrease correlated with compressive stress relief

* This study can help our understanding and fabrication of DLC
* Especially when sputtering in our own sputtering facilities
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Wavelength dependence

? Sputtered a-C
k] 2500
>, 100
=
wn
=
S
= 2000
o
80
)
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2
8
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@ 1000
£
500
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Wavelength dependence

;: 4000 | Diamond-like a-C:H h I_
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=
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Wavelength dependence
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Raman spectra w/(0) annealing

* No clear appearance of D peak by annealing at 200°C
* However, observed a bit

1530 cm-! = 1540 cm! ,;Z

- T T T T T T — : . — T — § 0.6]
=. : i E § 0.4
\20000 —— Non-annealed | """"""""""""""""""""" .': """"""""""" _E 0.2
'@5000 ............. Depeakd L\ E 7 oo
2 — Annealed ] < 16054
»530000 — e s l R e | —; g 1590

25000 , ............................................................................................... _f 1575_.

532 nm ] 1560,

20000

. 275
- 'l_o'\ 250_
15000 ] § 225
] o 200]
1T AT S, 3 s 175
] E 1504
1) _: 125 : . ’ . ' .
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0
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1 | 1 1 | 1 1 | 1
500 1000 1500
. -1 FIG. 9. Variation of G peak position, /(D)/I(G) ratio and G peak position
Raman Sh]ft (Cm ) and G peak FWHM of the visible Raman spectra of Fig. 8, vs annealing

temperature; the lines are guide to the eye.
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