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Introduction of DLC

DLC is a type of amorphous carbon which contains both graphite
structure (sp?) and diamond structure(sp?)

v' Robust and stable, excellent chemical and physical inertness
v' Sub-micrometer thickness, easy to make fine resistive structures;

v'  Surface resistivity can be precisely adjusted by changing the sp?/sp?
ratio or element doping ;

v' Allow to make precise routes by using photolithography
v'  Easily extend to large area;
v

Graphite structure DLC structure Diamond structure



Preparation of DLC by Magnetron Sputtering Method
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Resistive DLC prepared by magnetron sputtering the high purity graphite targets

Resistivity controlled by adjusting target power, deposition time, vacuum degree, 3
and so on.




Passivation in air after sputtering

Data on this page comes from Resistive DLC Collaboration

» To estimate the resistivity change before sputtering

Resistivity vs exposure time The resistivity of the a-C increased about
f 30% in three days, then became stable.
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» DLC resistivity will increase in air after it was take out from the sputtering chamber;

» The test results from Kobe are more or less compatible with USTC results;



Stability in air
Data on this page comes from Resistive DLC Collaboration

» To make sure the DLC has long term stability in air
Resistivity .VS. Pressure Resistivity .VS. Humidity Resistivity .VS. Temperature
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s, Conclusions:

ELT » The DLC resistivity is not sensitive to the pressure and humidity;

» The DLC resistivity will decrease when the temperature increase,
more systematically measurement should be done in future;

» DLC has a very good long term stability in air;
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The aging measurement

Data on this page comes from Resistive DLC Collaboration

» To make sure the DLC is radiation hard
DLC stability under current & X-ray ATV

DLC stability under current drawing =

Similar setup of the previous measurement + X-ray gun irradiating the DLC surface
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Preparation of DLC + Cu

DLC + Cu Sample

[ Sample 1 takmg down } Advantages of “DLC + Cu”
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[ Coollng in } » Simplifying the manufacture process and improving the quality of
Vacuum e 4.
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Pump'”g . . . ., . ..
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Deposmon Cu
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4 opening the way for new MPGD architectures
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Problems found in DLC + Cu and the Solutions

Problems

1. Adhesion between Cr/DLC;

2. Etching of the Cr layer and Cr/Cu co-deposition layer;
3. Cavities inside the copper;

4. Resistivity decreasing after copper coating

Solutions

1. Increasing the roughness of the substrate and add DLC-Cr co-deposition layer;
2. Optimize the thickness of Cr and Cr-Cu co-deposition layer;

3. Extra Cu coating by galvanic method,;

4 Calibrate the decreasing factor by covering the sample with aluminum foil;



2. Applications of resistive DLC in gaseous detectors



The First application of DLC in MPGD

In 1996, high resistivity DLC(R~1014Q/[]) was firstly used in MSGC to remove the charging-up effect
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x The resistivity of this DLC is too large, it can not be used as a resistive electrode;

x This DLC is made by the low pressure plasma assisted CVD(LPCVD), it is very difficult to precisely control
the resistivity by using LPCVD.



The First Application of Resistive DLC in MPGD
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In 2013, Atsuhiko Ochi (collaborated with Be-Sputter) A.Ochi, New Small Wheel MicroMegas Mechanics
successfully made DLC strips with ~1MQ/[] resistivity by using the and layout Workshop, 25-June-013
magnetron sputtering method and lift-off technique. A.Ochi, RD51 mini week, 08-June-2015
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Micromegas Made by MIX (DLC + Screen Printing) Method

PCB |

DLC Gluing
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Large DOCA (2mm)
Maximized evacuation
density points

Needs simple DLC foils

No problem with large size
Ultra high rate detectors
The filling technic is not STD
in PCB world

R. De Oliveira, INSTR2020, 28-02-2020 12



MRWELL with Fast Grounding Lines under the DLC

dead area over oLee
the grid
e o
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v’ Photolithography is applied on the copper on DLC to make 'Wellize' \

precise grounding lines

v Detection efficiency of SG2++ is better than 97% There are alignment problems when
v Gain drop of SG2++ <10% @ ~ 10 MHz/cm? it goes to large area

G. Bencivenni et al., "The micro-RWELL layouts for high particle rate”, submitted to JINST R. De Oliveira, INSTR2020, 28-02-2020

13



HRWELL with GND Patterns on Top Surface

PEDF: Patterning, Etching, Drilling & Filling Different options of high-rate unRWELL
Stepl: Copper & APICAL PEDP: Patterning , Etching, Drilling & Plating (The Best One)
etching, to make a big
Step2: Drill a small hole, Cu A . .
thepcopper of the readoyt MmN | DEP: Drilling , Etching & Plating

Aoi
pad expose to air. I piea .
DLC
]
Step3: Use silver glue to
connect the DLC to
readout pad. ——— Pee DEF: Drilling , Etching & Filling

Stept: Make  HRWELL LA A il A

structure and remove the
copper around silver glue.

Four different types (PEDF , DEF , PDEF , DEP) of
MRWELL PCB have been produced at CERN and
transferred to USTC.

Advantages:

1. No copper-coated DLC needed, better resistivity control;
2. No alignment problems even goes to large area;
3. Larger contact area between DLC and silver glue, improving the connection.
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HRWELL Made by the PEP Technique

PEP cross section PEP top view

70um

N 2 2 2 3 a2 2 a2 =
Pattern top copper

e ——————
Etch kapton

-Amplification Holes

-1mm from hole to hole

Plate with copper

le_mJ 70um holes
[ ] Il B E EEEeE

uRWellize SOCA 0.45mm R R R _

Any pattern can be created to connect the DLC , row of dots but also line.
No a“gnmem. pr'oblem for |ar.ge size. R. De Oliveira, DLC CP Meeting, 24-06-2021
Do not need drilling with Z axis control (simpler than previous structures). 15




URWELL-type FTM

I_;‘;. polyimide So I utlo n
diamond-like
250um ) 140um N carbon
Y E S50pm
50pm L.
ST, polyimide Before Sandblasting After Sandblasting
I 25um polyimide

STEP1

- I Galvanized Cu
STEP3 -_- B Sputtering Cu
I . _ Apical
Chemicals . ‘ . I DI..C.
[ — . @ gccddic . B Original Cu
e — Real
Chemicals
Real — — » Use sandblasting to increase the roughness of APICAL,
STEP3 then increase the adhesion of APICAL and DLC;
» Using galvanized Cu to seal the cavities inside the

_ 16
P. Verwilligen, MPGD2019, 07-05-2019 Sputtering Cu;



HU-PIC with resistive DLC Cathode
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1. Preparing a double-sided polyimide

Drift plane

2. Photo mask and exposure (double side)

3. Developing

T . |
4. Cu plating on surface

—

5. Ni platin! on double side

6. Photo mask and exposure on bottom surface

7. Developing

R

8. Etching for the anode (Cu + PI)

A.Ochi, RD51 mini week, 13-02-2020

9, Etching for pickup strips (Cu + Ni)

Lift-off using metal

10. Ni plating for the anode

11. Laminating the bottom layer

16. Removing DLC on the Cu plating

12. Exposure and developing

chlng the resist from side

Substrate (polyimide)

DLC and resist can be remained
In thick (negative) pattern

Substrate (polyimide)
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Resistive THGEM
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RTGEM production process
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Constant2 719.6 £2.248
Mean_value2 512.9 + 0.1819
Sigma2 50.35 £ 0.1959
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Mean y 1.996
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RMSGC Made by Lift-off Method

This project is still ongoing

Anode strips: 20pum
Cathode strips: 600um
Pitch: 1mm

[ E—
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photoresist
|

DLC electrode

+450V, -250V, 0, 0
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g) g :
a0
= ]
= [ ]
2 100 °
E=)
<
h ) HV input-
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Remove photoresist: acetone, 325 375 425 475 525
DLC strips | Cu strips: 20um width, 80nm thick ultrasound cleaning High voltage of anode strips 1 9

600pum width 50nm thick
~130MQ/sq, ~400MQ.cm




DLC on MgF,—Robust photocathode for Picosec-MM

DLC & B,C/a-C:B photocathode for PICOSEC-MICROMEGAS

Time Resolution (2.5nm DLC)

C or B,C target ' MgF, in the device chamber C or B,C target .
) a C f  Anode=250V @2018 Aug
- — E’SSZ ® Anode:z75V§20l8Aug
Aug. Oct. Y R
2 r
250/-550 45 37 g% a U NN
2 551
75/-525 47 38 E A
50
275/-550 a2Prelim ing34 - L A
45_
300/-500 48 3 - P
401~
300/-525 43 34 E

35

%0 40 50 | 5w S0 &60
Drift Voltage (V)

DLC photocathode QE performance vs. IBF charge Accumulation 8 L
15 g r
: Charged 8.4k g el —& pureB4C_3nm
: . \ c 14k P relin. - £ T —. B4C_10
! Particle S el’ml 5 F pureB4C_10nm
Cherenkov 'g s nary E_ s —&— DLC_3nm
i @ 2 = —¥— DLC_10nm
Hadlanar Electrode & f wo
(3 mm MgF,) % 1.1f C 4=
Photocathode - 4 — Cathode @ 1 ‘\M\‘,,*\H o F
(5 nm Metallic layer - e~ ! e” (G a 3=
+18 nm Csl layer) g ! a‘ 0.9 £ °C
Drift gap : - . .F & r
(200 pum) . | g% B
......... P s — — GND E 0_7: Typlcal value Of Csl: ch/cmz N F
Micromegas | p(128 ) gap 1 - e~ S 0.6/ g 1=
m I =z -
Detector H Anode osb o 1 | . L . [ &
20 40 60 80, 100 z F. .
Accumulated Charge (mC/cm’) 120 130 140 150 160 170 180 190 200

Wavelength (nm) 20



DLC on spherical resin—Resistive ACHINO

3-axis DLC coating for ACHINO DLC coa

The electric field is stronger (7x) with multi
ball compared to a single read-out

More details can be found in presentation
I. Giomataris, RD51 Collaboration Meeting, 22-10-2019 of K. Nikolopoulos on this conference
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The Surface Resistive Plate Counter (sRPC)

gsRPC mf:as_ured ﬂ_ux_ B

» Surface resistivity electrodes manufactured with industrial sputtering T T .
techniques of DLC on flexible supports T

» The technology allows to realize electrodes with a surface resistivity in a E ol

= C I 1
very wide range, 0.01~ 10GQ/[] N ~ 1 kHz/cm?

» High density current evacuation schemes, similar to the ones used for I (MIP ~ 3 times X-ray)
resistive MPGD (LRWELL), can be implemented to increase the rate J By
capability of the detector 10 iHV: 9.90kV

L HV = 9.75kV
. Xy Flux [Hz/cm?]
gsRPC time resolution
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G. Bencivenni, RD51 Collaboration Meeting, 16-11-2021 PN P R R R . .
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1. Introduction of the DLC

2. Applications of resistive DLC in gaseous detectors

3. Summary
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Summary

» DLC has been already introduced in the manufacturing of innovative MPGDs
as resistive electrode, in spite of the possibility to sputter DLC on large area
with good chemical/physical tolerances, there are still some open problems
requiring for a dedicated detailed studies.

» DLC with Copper (DLC + Cu) is an advance material for MPGD manufacture, it
is able to open new possibilities to produce advanced MPGD architectures.
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Resistive Electrode Can Effectively Suppress The Discharges

Non-Resistive Micromegas Resistive Micromegas
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Resistive Materials Based on Carbon Loaded Pastes

Resistive materials based on Carbon loaded pastes have already widely used in MPGDs to
suppress the discharges and reduce the damaging effects on MPGDs

pillars

R-pad
Insulator

Embedded-R

250um pitch

””””” grid pitch

Resistivity sometimes out of control in manufacture;
Unable to make fine structures; New reliable resistive materials
Difficult to make conductive route on it precisely; and preparation methods needed

X X X X

Can not open opportunities for new micro-structures;



RD51 Common Project & Resistive DLC Collaboration

DLC based electrodes for future resistive MPGDs

Title of project: DLC based electrodes for future resistive MPGDs

Contact person: name. Yi Zhou
address: Jinzhai Road No.96, Hefei, Anhui, P.R.China, 230026 CERN
telephone number. +86-551-63607940
e-mail: zhowvi@mail.ustc.edi.cn Factors affect DLC in
Detector fabricatio

RD51 Institutes: 1. State Key Laboratory of Particle Detection and Electronics,
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 LICP USTC KOBE LNF-INFN

e-mail: ochif@kobe-u.ac.jp

Theoretical calculation Small DLC + Cu Production of large Long-tern stability
3. CERN and simulation foils production Size DLC + Cu foils and aging test

contact person: Rui de Oliveira
e-mail: Rui.de.Oliveira@cern.ch

4. Laboratori Nazionali di Frascati dell’ INFN
contact person. Giovanni Bencivenni
e-mail: Giovanni.Bencivenni@Inf.infn.it

CERN

Ext. Collaborators: 1. State Key Laboratory of Solid Lubrication, Detector Production
Lanzhou Institute of Chemical Physics, Chinese Academy of Science with DLC foils
contact person: Lunlin Shang
e-mail: shangil@licp.cas.cn

Goal of this project:
1. Define a stable and well controlled DLC and DLC+Cu processing method for the production of MPGD electrodes
2. Studying the long-term stability under irradiation of DLC and DLC-based detectors.



HRWELL & Micromegas with Resistive DLC

Copper top layer
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Hybrid Physical-Chemical Vapor Deposition (HPCVD)

Pump systeml

—

Cathode—

Power T_

source

Target

o Ar+
® Target atom

Vacuum chamber

> ///’1 B -
e \

Samples Holder

%

-

Reactive gas

ry !

bl |
Substrate bias voltage

_TPower

source

>

Can be Deposited by chemical reaction or
magnetron sputtering (or together)

Low deposition temperature, high bonding
strength, high deposition rate

Pure DLC, Cr, Cu are deposited by magnetron
sputtering

Hydrogen doped DLC (a-C:H) is deposited by
graphite targets sputtering and hydrocarbon gas
dissociating at the same time

A common and flexible method for DLC deposition
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The DOCA measurement

» For better understand of the safety distance

<R

Istituto Nazionale di Fisica Nucleare

Conductive Grid: optimization b/

In order to reduce the dead area, we studied the Distance Of Closest Approach

(DOCA) without discharges between two tips connected to an HV power supply. We recorded
the minimum distance before a discharge on the DLC occurred vs the AV supplied for foils
with different surface resistivity

07
Eos + * AV= 800V
< F

O nsk " AV=1200V
gost

o 4 AV= 1600V

B R T R '15'3’ 300250
\ esistivity (MQ/o)
p>60 MQ/O —> DOCA < 250 pum

M. Poli Lener, MPDG 2019 - La Rochelle, 10/05/2019 28

Conclusions:

» 250um is safe enough for resistivity larger than 60MQ/[];
» More systematically measurements should be done in future;

Data on this page comes from Resistive DLC Collaboration

-DOCA distance varies on the samples
(Distance Of Closest Approach)
-between 1.0-0.1 mm

-DLC 60M

-11 samples per row

Discussion on DOCA

* First surprise : the voltage to reach instabilities (up to 800V in air)
+ We were expecting 650V/670V for a 50um gap
» After 30 sec with a limitation to 30nA we can already observe a
voltage drop
» It stabilize at voltages between 550V to 650V
* An average current of 30nA per hole means 15mA for a 10cm x 10cm detector
+ This current is too high and not realistic.
+ We need to repeat the test with lower currents.

+ We aren't able to define how many "low energy sparks” are created.
* We would like to study the current peaks with a fast oscilloscope

* No real difference from the different DOCA with 60M DLC 31




Increasing the Adhesion by “One-Batch” Method

Flow chart of the DLC + Cu by “One-batch” method

APICAL Vacuum DLC C&Cr Cr Cr&Cu Cu Cooling
Clamping Pumping Deposition Co-deposition Deposition Co-Deposition Deposition taking down

Adhesion Test

H2020-06-28-3

Cut part

» “One-Batch” method shows very
good adhesion, almost the same as

H2020-06-28-3 100 100 100 100 100 Saved part the Cr/APICAL of the raw material;
H2020-06-28-4 100 100 100 100 100

> The 4th sample is not perfect, the
H2020-06-28-4 100 30 30 60 60

possible reason is the surface is not
clean and the PSE process is missing;

25cm x25cm

» This method is “blind” to the DLC
resistivity, maybe it is (only?) suitable
to the very low resistivity application;

32



DLC on glass—High rate MRPC

Using DLC to speed up the charge neutralization in MPRC

Challenges:

1. Large DLC inner stress compared to
the other substrate;

2. Worse adhesion;
3. Difficult to coat on the side edge
' due to super large roughness
4.Can be removed by alcohol when
use high temperature deposition

Possible solutions:

More details can be found in:

https://agenda.infn.it/event/19942/contributions/108461/ > Try to make the edge more smooth; 33

» Try to add some interlayer based on Silicon/Silicon compound;



https://agenda.infn.it/event/19942/contributions/108461/
https://agenda.infn.it/event/19942/contributions/108461/

Resistive GEM

" DLC+M

+ sand blasting

Problem:
Cu B DLC

Sandblasting may cause B G W Kapion
the delamination

Possible Solution: <
Keep the photoresist on -y

Cu during the Sandblasting

process

R. De Oliveira, INSTR2020, 28-02-2020

GEM with Resistive DLC Electrode on Bottom side

1.00E+04 - S
GHSRD o705 WD :TTodlivan ¥ EMRL & o
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_g f ‘ri j’
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1.00E+02 “‘
blue - eff. gain ramp up
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M. Lisowska, RD51 Collaboration Meeting, 23-10-2019 34
A.P.Marques, et al, NIMA 961 (2020) 163673



Micromegas Made by Sequential Build-Up (SBU) Technique

PCB ‘ \

Glue "DLC+" —
drill

Plate
Pattern Cu

Glue "DLC+" = l

Plate
Pattern Cu

» Extra Large DOCA(3mm)

» Adjustable evacuation density VS rate

» No problem with layers registration

» Good energy resolution
EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEERSR >100%compatib|ewithSTDPCBprocesses

e — T > Needs “DLC + Cu”

‘ ‘ R. De Oliveira, INSTR2020, 28-02-2020
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HRWELL Made by Sequential Build-Up (SBU) Technique

SBU type
R/0 Sequential BU%EP
e (T
Pattern Pads
-Extra Large DOCA .
ASOIES -Adjustable evacuation point density VS rate PrOble m:
-100% compatible with STD PCB processes When the detector goes to
o Al b
Plat i
&aETeCh -Needs DLC+ base material Iarge area, the de.forma_tlor.‘ Of
the APICAL foil will be significant
e and cause alignment problems
Ercnirads when drilling holes
& Glue e ———
Drill
Plate
& Etch
‘Wellize'

DOCA : 6mm 36
R. De Oliveira, INSTR2020, 28-02-2020



Remove Charging-up of THGEM by High Resistivity DLC

22 T T I I I
— Normal THGEM 8keV X-ray 1kHz/mm*"2
68GQ DLC-THGEM
2.0 | —— 1TQ DLC-THGEM MMM
| ——2TQ DLC-THGEM
g | 67TQDLC-THGEM
= ot
©
. P16
N
"
" 5 14
= I
1.2
H - L[] 1 T w el
Coating a-C:H DLC on the rim and hole area ;! T TR s
Doping hydrogen by adding isobutane from 7sccm to 9sccm 0 100 200 300 400 500 600 700 800

Time (min)

v’ Easily applied on the current THGEMs;

v’ Charging up effect almost removed;



RWELL Detector Using Separating Readout PCB

X-ra . .
Drift electrode y Design methods:
P ° D|V|de RWELL f0|| IntO 20 SeCtor‘S ¢ _ : - 104
3 * Separate resistive layer from readout PCB L ’ ‘ . 8 i .
Cllyg drift gap e Grounding circuit was designed on the resistive layer : ‘ . i 3
° . " H
Copper electrode * Large readout PCB was composed of 8 pieces i
£ ) ; : E [
& ' —-sedd 8 . * o= seco3
H ] ; ~5- 58096
— 3ec39 | ] S 5ect9
DLC layer ¢ i ‘ ‘ —— seckd —— sect2d
* : R B secl2-6
! sech-9 sec12-9
.E....;...‘|....|....|....i P I ARSI AU SR SRR SRR
870 880 &0 900 910 02 §0 880 8§90 900 910 920
V_RWELL(V) V_RWELL(V)
Maximum Gain :~8000
uniform
Entries 200 g Entries 200
Meanx 9.718 E Mean 5175
Meany 486 si RMS 7255
.. “|RMSx 5857 E
-|RMSy 2821 7;
8
4
s
2 i
;" o 1000 2000 3000 4000 500_0 6000 7000 8000 9000 10000

n

Gain uniformity :~14.0%@ G,= 5175
38
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Painting the glue Seal the platform Pumping and drying Assembling



