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Resistive electrodes for DLC-RPC presented 
in RD51 collaboration meeting in June 2022

Al readout strip (30 nm)

DLC (~100 nm)

Polyimide foil (50 µm)

Spacer (300-400 µm)

+HV

-HV

φ20 cm

+HV

+HV

+HV

-HV

-HV

-HV



Kensuke Yamamoto

DLC in MPGD
• Diamond-like carbon is widely used in MPGD

• As resistive material to prevent discharge
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Cited from MPGD22

low enough to:
→ minimise the voltage drop during high rate beam

→ improve the position reconstruction

Resistive Micromegas
Advantages and requirements

MARTA LISOWSKA | MPGD2022 CONFERENCE | 11-16 DECEMBER 2022 TOWARDS ROBUST PICOSEC MICROMEGAS
PRECISE TIMING DETECTORS 4

• Advantages of resis4ve Micromegas:
+ limita4on of the destruc4ve effect of discharges

+ stable opera4on in intense pion beams

+ be?er posi4on reconstruc4on, signal sharing

• Objec4ve: profit from the advantages of the resis0ve

Micromegas while maintaining good 0me resolu0on

Requirements for choosing the resis1vity:

high enough to:
→ ensure stable opera4on

→ not affect the rising edge of the signal

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

CLAS12 Luminosity Upgrade: µRWELL Forward Tracker

µRWELL is the chosen MPGD technology because of:

❖ Large area capability

❖ Low mass & compactness,

❖ Easy assembly, easy powering

❖ Robustness➔ intrinsic spark quenching @ high gain → 104

❖ Excellent spatial resolution → < 100 μm

❖ Good time resolution → < 10 ns

❖ Rate capability for HR version of µRWELL →100 kHz/cm2

G. Bencivenni et al 2019 JINST 14 P05014

M. Lisowska

K.Gnanvo
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DLC in MPGD
• Diamond-like carbon is widely used in MPGD

• As resistive material to prevent discharge
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µRTube

Resistive MM
µRWELL
DLC-RPC

Demands for DLC get increasing
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DLC in MPGD
• Diamond-like carbon is widely used in MPGD

• As resistive material to prevent discharge
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DLC collaboration 

25

+

Machine in operation 70cm copper target installation 
Drum unloading 
after processing 

pictures 

Cited from MPGD22
Sputtering machine at CERN started working

R. De Oliveria

Supply of DLC starting
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What 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 sp3

• 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%

6RD51 Collaboration Meeting5 Dec. 2023
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What we want to know about DLC
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• 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 sp2 and sp3

➡ What is the fraction between sp2 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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• Found a great review paper
• J. Robertson, Mater. Sci. Eng. R Rep. 2002, 37, 129–281
• https://doi.org/10.1016/S0927-796X(02)00005-0

• Molecular structure analysis (Raman spectroscopy)
• DLC tried to be sputtered on some substrates
• sp2 and sp3 fraction
• DLC categorisation

• Resistivity control by thermal annealing
• Mechanism
• Our measurement

Today’s topics

8RD51 Collaboration Meeting5 Dec. 2023

Ternary phase diagram

(tetrahedral amorphous Carbon)

(amorphous Carbon)

https://doi.org/10.1016/S0927-796X(02)00005-0
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Raman scattering spectroscopy
• Measure molecular structure of DLC by Raman spectrum

• Raman spectrum information
• Intensity ratio: material ratio
• Raman shift: structure
• …

ν0
νi

ν0 + νi

ν0

ν0 − νi

Molecular structure

(Incident light)

(Raman scattering light)

(Raman scattering light)

(Rayleigh scattering light)

In
te

ns
ity

Wavenumber shift of Raman scattering light 1/λi = νi /c

Polyethylene

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

(Molecular vibrational
energy)

• Polyimide is not proper for Raman 
spectroscopy
• Consists of C

(Energy)

(Frequency)

(Planck constant)

https://www.horiba.com/jp/scientific/products-jp/raman-spectroscopy/about-raman/1/
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DLC sputtering onto some materials
• DLC sputtered on polyimide so far

Kapton tape put 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)
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Peeling test result
Material Result Material Result

Polyimide O Zinc (Zn) △

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

Heat-resistant glass X Lead (Pb) △

Tempered glass X Copper (Cu) O

Quartz glass X Iron (Fe) X

Aluminium (Al) X

Used for
Raman spectrum measurement
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Raman spectroscopy setup
• Measurement device

• Thanks to S. Chiashi in Dept. of Mechanical Engineering, UTokyo
• 4 lasers with different excitation wavelengths (488–785 nm)

• Samples
• DLC sputtered on Cu with and without thermal annealing
• Annealing: 200˚C for 30 minutes

Not the same device for this measurement

Cu

DLC
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Raman spectrum of non-annealed sample
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• Succeeded in measuring Raman spectrum
• Our DLC categorised as sputtered a-C, a-C:H, or ta-C?
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Excitation wavelength dependence
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• Measured with different 
excitation wavelengths
• Dependence on peak position 

observed

• Compare with the prior 
studies
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Excitation wavelength dependence
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Excitation wavelength dependence of
our DLC is similar to that of a-C:H

A. C. Ferrari and J. Robertson, Phys. Rev. B 64, 075414

https://doi.org/10.1103/PhysRevB.64.075414
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Where hydrogen comes from?
• It is known DLC contains hydrogen if hydrocarbon gas flows in 

physical sputtering method

• But, we do NOT use any hydrocarbon gas
• Outgas from polyimide could contain hydrogen?

16RD51 Collaboration Meeting5 Dec. 2023

炭素スパッタを用いた

本研究では、電極に高抵抗物質である炭素薄膜を用いた を開発した。前述したように、

は電極の高抵抗性によって放電を抑えることができる。 節のカプトン は電極が厚

いことで性能が低下していると考えられるため、電極を薄くできればよりよい性能をもつ に

なりうると考えた。

スパッタリング技術

本研究で開発した の製作には、スパッタリング技術を用いた。炭素をスパッタリングする技術は、高

抵抗電極を形成するための技術として 年に神戸大学が開発した 。

スパッタリングの原理について説明する。チェンバー内にアルゴンなどの不活性ガスを導入し、成膜材料で

あるプレート状のターゲットに負の電圧を印加してセットする。グロー放電によりガス原子がイオン化され、

そのイオンが電場によって加速されて高速でターゲットに衝突し、ターゲットの粒子が叩き出される。その粒

子たちがターゲットの反対側にセットされた基板やフォイル上に付着して堆積することで薄膜が形成される。

図 にスパッタリングの模式図を示す。スパッタリング法では高融点金属や合金など真空蒸着法では困難な

材料でも成膜が可能であり、様々な素材の薄膜を形成することができる。スパッタリングの長所には以下のこ

とがある。

付着力が大きく、物理的・化学的に安定している

スパッタ時間により膜の厚さを制御でき、それにより抵抗値を制御できる

大面積に対応できる

また短所として作成時間が長いこと、 実験の で使われているスクリーンプリント

技術などと比べてハイコストであることが挙げられる。

図 スパッタリングの模式図

先行研究 から に用いる高抵抗電極の面抵抗値は Ω 程度が適当であると考え、

においても同程度の抵抗値の電極を形成することにした。膜厚を厚くするほど炭素薄膜の面

抵抗値は小さくなっていくが、成分がカーボンのみの薄膜の場合には 程度の膜厚が表面抵抗値

Ω に相当する。カーボンはスパッタの効率が悪く、この膜厚の薄膜を形成するには ～ 時間かかるの

Ar gas

Carbon target

Substrate
DLC

Electric
field

No hydrocarbon
gas used

Polyimide, Glass, Copper
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Categorisation in phase diagram
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• Raman spectroscopy indicates our DLC categorised as a-C:H
• Hydrogen source not fully understood
➡ Estimate category with large uncertainty

➡ Look into properties of a-C:H and ta-C

Estimated phase of our DLC
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Thermal annealing observation
• Thermal annealing reduces resistivity

• Depends on temperature
• NOT depends on time

• Resistivity can be controlled with an accuracy of 10%

• We did NOT know the mechanism

18RD51 Collaboration Meeting5 Dec. 2023

Development of resistive electrodes for ultra-low mass and high-rate capable DLC-RPC in MEG II experiment13 Jun. 2022

Thermal annealing

• DLC resistivity decreases by heating 
• Heating temperature dependence 

• Electrode baked by 150-160̊C in resist attachment process 
• More precise adjustment by thermal annealing than by DLC thickness 
• ~10% accuracy 

• DLC resistivity of 10 MΩ/sq. can be obtained!

18
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Thermal annealing of ta-C
• Thermal annealing of ta-C is well known

• a-C:H 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.”

19RD51 Collaboration Meeting5 Dec. 2023

• Mechanism described
• Thermal annealing converts a small 

fraction of sp3 (2%) to sp2

• Distance between atoms is different 
between sp2 and sp3

• New sp2 structure has aligned electron 
orbitals

• The conversion causes exponential 
decrease in resistivity

• Compressive stress relieved by new 
sp2 structure with electron orbitals 
aligned

 orbitalσ  orbitalπ
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Change by annealing
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• Our measurement consistent with previous works

Development of resistive electrodes for ultra-low mass and high-rate capable DLC-RPC in MEG II experiment13 Jun. 2022

Thermal annealing

• DLC resistivity decreases by heating 
• Heating temperature dependence 

• Electrode baked by 150-160̊C in resist attachment process 
• More precise adjustment by thermal annealing than by DLC thickness 
• ~10% accuracy 

• DLC resistivity of 10 MΩ/sq. can be obtained!
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A. C. Ferrari, et. al., J. Appl. Phys. 85, 7191–7197 (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 sp2 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

21RD51 Collaboration Meeting5 Dec. 2023
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Backup
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Wavelength dependence
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A. C. Ferrari and J. Robertson, Phys. Rev. B 64, 075414

https://doi.org/10.1103/PhysRevB.64.075414
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Wavelength dependence
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Wavelength dependence
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Raman spectra w/(o) annealing
• No clear appearance of D peak by annealing at 200˚C

• However, observed a bit
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cant changes outside the grains in the frequency region with
the amorphous carbon signature.

Figure 10 shows the field emission current density ver-
sus electric field for the as-deposited films and after anneal-
ing to 480, 510, 600, and 670 °C. There is little change in the
overall J–E plots, confirming that the surface properties of
ta-C are also remarkably resilient to annealing. Investiga-
tions of the field emission behavior at higher temperatures in
order to relate the sp2 clustering with the emitting threshold
is in progress and will be reported elsewhere.

IV. DISCUSSION

The optical, EELS, and Raman data clearly indicate that
complete stress relief in ta-C may be achieved by annealing
under vacuum at 600–670 °C after deposition, without major
changes in bonding. This is shown by the constancy of the
optical gap and the Raman spectra. This bond stability has
already been observed by EELS and near edge x-ray absorp-
tion fine structure11,14,15 but it has been confirmed here by the
simple nondestructive method of UV Raman. The substantial
stability of the G wave number and its width in both the UV
and the visible Raman confirm the only very slight changes
in the film structure. In Fig. 9, a change in the visible Raman
parameters and, in particular, an increase of I(D)/I(G) oc-
curs from around 700 °C. The increase in the D peak is an
indication of the state of development of the sp2 phase and
that the sp2 sites are beginning to organize into small gra-
phitic clusters.

Sullivan et al.27,28 noted that while the atomic volume of
sp2 site exceeds that of a sp3 site, its in-plane size is less,
due to its shorter bond length. Thus, the formation of sp2
sites with their s plane aligned in the plane of compression
will relieve a biaxial compressive stress. The changes in
stress and strain in a thin film under biaxial stress are related
by32

Ds5
E
12n

De , ~1!

where s is the stress, E the Young’s Modulus, n the Pois-
sion’s ratio, and e is the strain. We have neglected any varia-
tions in elastic constants and attributed all the stress relief to

FIG. 8. Visible ~514 nm! Raman spectra of as-deposited ta-C and some
samples annealed to the indicated temperatures; the sharp peak at 1555
cm21 in the as-deposited and 800 °C spectra is due to atmospheric O2. It is
not visible for samples annealed at higher temperature due to the higher
intensity of the carbon Raman peaks. The intensity of Si substrate peaks ~not
shown! decreases with annealing T ~Ref. 13!.

FIG. 9. Variation of G peak position, I(D)/I(G) ratio and G peak position
and G peak FWHM of the visible Raman spectra of Fig. 8, vs annealing
temperature; the lines are guide to the eye.

FIG. 10. J–E plots for as-deposited and annealed samples. The threshold
field is defined as the field corresponding to an emission of 1 mA/cm2 ~Ref.
31!. It is between 7.5 and 9.7 V/mm in all the samples.

7195J. Appl. Phys., Vol. 85, No. 10, 15 May 1999 Ferrari et al.
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