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A B S T R A C T   

The influence of spark discharges on the surface morphology and chemical composition of resistive diamond-like 
carbon (DLC) coatings designed to prevent breakdowns in gas electron multipliers (GEMs) has been studied. DLC 
coatings with thicknesses of approximately 200 nm and 66 nm were deposited in an inert argon atmosphere on 
polyimide substrates by high current pulsed magnetron sputtering and on silica (silicon oxide) substrates by 
vacuum arc method. Based on the analysis of images of optical and scanning electron microscopy, it was 
established that, the region of interaction between the gas discharge channel and the coating surface presents an 
accumulation of erosion craters with a characteristic linear size in the range of 20–40 μm. The value of current 
density passing in the region of interaction between the plasma in spark discharges and the sample is estimated to 
be of the order of 105 A/cm2, which is sufficient to ablate the coating and create thermal stresses of magnitude 
~4 GPa at the interface between the coating and the substrate. Thus, pulsed surface erosion, insufficient adhesive 
strength of the coating to the substrate, and poor thermal conductivity should be considered as the key reasons 
for destruction of the DLC coating.   

1. Introduction 

Progress in modern elementary particle physics largely depends on 
the functional characteristics of the detectors used [1,2]. To obtain 
correct data on the detected particles, it is necessary to ensure the stable 
functioning of the detectors throughout the entire period of operation. 
Breakdowns in gas electron multipliers (GEMs) of various types [3] are a 
serious problem due to the graphitization of the holes of the multiplying 
element, which leads to the failure of the detector. 

To limit the discharge current, resistive coatings [4] can be used, 
which, on the one hand, will prevent breakdown and, on the other hand, 
will remove excess charge from the electron avalanche and thereby 
reduce the electron concentration in the gas to values below the critical 
ones. Diamond-like carbon (DLC) coating can be chosen as such a 
resistive material. DLC is characterized by a variable-range hopping 
conduction mechanism at room temperature [5,6], and a high surface 
electrical resistance (2–3 • 108 Ω/□). DLC coatings are usually a 
metastable form of carbon with a varying ratio of sp2 to sp3-hybridized 
bonds between carbon atoms [7]. 

Currently, several investigations are known to assess the possible 
application of various resistive coatings for solid-state detectors of 
charged particles [4]. There is also a study of thick GEM detectors 
(THGEM) [8], which shows that the highest gain is achieved in a de-
tector with a resistive layer on the anode (~1011 Ω/□). 

Protective coatings in detectors can be subject to destruction during 
long-term operation. So far, presently, much attention is paid to the 
study of the erosion of multilayer coatings such as CrN, CrAlN, and 
CrAlN/CrN [9] and thick coatings of DLC [10,11] by the impact of 
micro- and nanosized particles. Also, modification of the surface 
morphology of polyethylene terephthalate and polyurethane polymer 
coatings by atmospheric pressure discharges was considered in [12]. It 
was proven, in particular, that the treatment of a PET surface with a 
dielectric barrier discharge plasma leads to an increase in roughness 
and, as a consequence, adhesive properties [12]. 

At the same time, the effect of spark discharges on the surface 
morphology and chemical composition of the resistive DLC coating, as 
well as the erosion mechanisms, have not been studied. In this regard, 
the aim of this study is to identify the main mechanisms of degradation 
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under the influence of a spark discharge of DLC coatings deposited on 
polyimide (Pi) and silica (Si/SiO2) substrates. 

2. Experimental 

DLC coatings with a thickness of ≈200 nm were deposited on Pi 
substrates by the method of high-current pulsed magnetron sputtering in 
an inert argon atmosphere without substrate heating at an operating 
pressure of 2.7 ⋅ 10− 3 Torr. The thickness of DLC coatings was controlled 
during evaporation with a quartz thickness monitor built into the 
magnetron chamber. Samples of DLC coatings on Si/SiO2 substrates 
were deposited on the PVM-D installation by vacuum arc method with a 
pulsed electric arc evaporator at a pulse repetition frequency of 3 Hz, 
and operating pressure in the chamber of ≈10− 3 Pa. The thickness of the 
samples was controlled by the number of voltage pulses, 1500, corre-
sponding to a thickness of ≈66 nm. The measurement of the surface 
electrical resistance of the samples by the two-probe method showed 
that its values are in the range of 2 to 20 • 106 Ω/□. 

Fig. 1 shows an experimental setup scheme for studying the effect of 
electrical discharges on the morphology of DLC coatings. It includes two 
electrodes (4 and 5) and a source of pulsed electrical voltage 6 with a 

shock capacitance C = 2 A•h (0.07 F), which makes it possible to achieve 
a current in the plasma channel of the spark discharge of the order of 10 
A. A tungsten needle was used as the cathode, and an indium contact on 
the Pi or Si/SiO2 substrate was used as the anode. The experiments were 
carried out in a sealed chamber with continuous circulation of the 
Ar90(CO2)10 gas mixture, which corresponds to the working gas in the 
standard GEM detector. 

Temperature of the samples were measured by thermal scanner Bosh 
GTC 400 C PROFESSIONAL. Integrated optical photographs of the 
afterglow of plasma channels were obtained using a welding screen (12 
DIN dimming) and a wide-angle camera with a resolution of 108 Mp, an 
aperture of f/1.8, frame rate of 960 fps. 

The electron and ion temperatures of the barrier discharge plasma 
were estimated by the Ornstein method. This method uses the relative 
intensities of spectral lines to calculate the temperature [13]. Plasma 
emission spectra were obtained with a fiber-optic two-channel spec-
trometer S150-2-3648 with a matrix of 1024 sensitive elements in two 
wave ranges 200–500 and 500–1000 nm with a spectral resolution of 
0.25 nm. The resulting spectra were recorded without time resolution 
since the duration of the plasma afterglow is two times shorter than the 
minimum spectrum acquisition time. 

Fig. 1. Experimental setup scheme for studying the effect of a pulsed gas barrier discharge on a DLC coating. 
1 and 7 – input and output of gas mixture, 2 – Pi or Si/SiO2, 3 – DLC coating, 4 – cathode, 5 – anode, 6 – pulse voltage source. 
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The current amplitude values during the discharge were recorded 
using an oscilloscope Agilent Keysight 3034 and a low-inductance cur-
rent shunt composed of metal oxide resistors MO-200 with a nominal 
electric resistance of 101 Ω and a power of 2 W. 

The surface morphology of the samples after exposure to the 
discharge was studied by a scanning electron microscope (SEM) LEO- 
1455 VP at an accelerating field of 20 kV equipped with the energy- 
dispersive analyzer Aztec Energy Advanced X–Max 80, allowing for 
the estimation of chemical composition in the regions of erosion craters. 

3. Experimental results and discussion 

3.1. Effect of the spark discharge on the morphology and chemical 
composition of DLC coatings 

The obtained integral photographs of the barrier discharge channel 
afterglows with a duration of the order 3 • 10− 3 s are presented in Fig. 2. 

For DLC samples on a Pi substrate, a sliding discharge is observed 
(Figs. 2a, b), while for samples on a Si/SiO2 substrate – a perforating 
discharge is found (Figs. 2c, d). In order to eliminate the influence of the 
geometrical parameters of the samples on the results obtained, square- 
shaped samples with rib lengths of 20, 30, and 40 mm were used. The 
observed shape and trajectory of the spark discharge plasma channel in 
the afterglow mode were the same for all samples. 

An analysis of the typical emission spectrum in the entire available 
wavelength range, presented in Fig. 3, showed that the main contribu-
tion to the radiation is made by the excited neutral argon atoms Ar I and 
its singly charged Ar II ion; no spectral lines typical for ions of a higher 
ionization order were identified. The ion temperature, estimated by the 
method of relative intensities of spectral lines, is in the range of 
0.14–0.24 eV. The minimum electron temperature equals 1.5 eV and 
was estimated as 10 % of the energy level of a neutrally excited atom 
[14] obtained from the spectrum. The maximum temperature was 2.7 eV 
and was estimated as 10 % of the energy required to produce a doubly 
charged argon ion, Ar III (27.68 eV). 

The propagation of the plasma filaments along the spark channel 
during the sliding discharge led to the erosion of the DLC coating on the 
Pi substrate. In Fig. 4a, oblong-shaped damages can be observed, which 
are projections of plasma channels. Fig. 4b shows the SEM image in the 
secondary electron mode. A comparison of the photographs of the tra-
jectories of the plasma channels in Fig. 2a with the observed damage of 
the coatings in Figs. 4a and b indicates their similarity. 

For a DLC coating with a thickness of 66 nm on a Si/SiO2 substrate, 
damage of the surface differs greatly from that for a Pi substrate. In this 
case, a barrier form of discharge is observed, when the discharge pro-
ceeds only in a gaseous medium and the surface electrical strength of the 
sample is too high for the formation of a discharge channel along the 

surface (sliding discharge). The SEM image in Fig. 5b shows that the 
characteristic linear size of the erosion crater is in the range of 20–40 
μm. Optical images and the distribution of chemical elements (Fig. 6a) 
reveal that the DLC coating was fully removed in some localized areas 
after exposure to discharges. 

The distributions of chemical elements in the area of erosion of the 
DLC coating on both substrates are shown in Fig. 6. Based on this 
analysis, it was found that the oxygen content decreases by an average of 
5 % in the area of round-shaped erosion of the DLC coating on the Si/ 
SiO2 substrate (Fig. 6c) compared to other parts (Fig. 6a). This may 
indicate partial destruction of the native oxide on the DLC surface due to 
heating. The SEM image in Fig. 6b for the DLC sample on the Pi substrate 
shows characteristic elongated damage to the coating, resembling the 
discharge channel projection. Redistribution of elements in the vicinity 
of the discharge channel on the Pi substrate was not detected (Fig. 6d). 

3.2. Estimation of contributions from possible erosion mechanisms of DLC 
coating 

Let us analyze the possible erosion mechanisms of the DLC coating 
under the influence of a spark discharge. One of the mechanisms is 
pulsed erosion or ablation due to overheating of the region of interaction 
between the discharge channel and the coating. Fig. 5b shows 

Fig. 2. Integrated optical photographs of afterglow (a and c) and a schematic representation (b and d) of plasma channels in experiments with samples on Pi (a and b) 
and Si/SiO2 substrates (c and d) 

Fig. 3. The emission spectrum of the discharge plasma in the wavelength λ 
range of 675 … 755 nm, S – intensity without taking into account the spectral 
sensitivity, Ar I and Ar II - neutral atoms and singly charged argon ions. 
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agglomerations of round-shaped erosion craters with an average diam-
eter of approximately 30 μm on the surface of the damaged DLC coating. 
The current density passing through the erosion crater area can reach a 
value of the order of 105 A/cm2 (1 A per square of 30 × 30 μm2), which 
significantly exceeds the energy of ablation of the coating material at its 
pulsed erosion. 

Fig. 7 shows a temperature distribution T over the volume of the DLC 
coating along the scanning line in the area of breakdown measured by a 
thermal scanner for sliding and perforating discharges. It is seen that 
maximal values of Т are 560 K and 385 K for the DLC on Pi (Fig. 7a) and 
on Si/SiO2 (Fig. 7b) substrates, correspondingly. Note that the time 
constant of the thermal scanner is 8 • 10− 3 s, which is much longer than 
the discharge duration. Therefore, the T distributions in Fig. 7 are 
averaged over time so that local temperatures can be much higher and 
lead to local ablation of the DLC coating. 

The second possible erosion mechanism for DLC coatings is its 
delamination from the substrate. It is caused by overheating during 
breakdown due to different thermal expansion coefficients (TECs) of the 
coating and substrate [15]–[18]. Besides, structural features of molec-
ular chains in Pi [15], demonstrating their planar orientation, define the 
strong anisotropy of TEC. The values of TECs for the materials 

constituting the studied samples are summarized in Table 1. 
Stresses in the film are mainly of residual mechanical and thermal 

origin that occur during local overheating. Thermal stresses in the film 
contain two components: shear stress σl (due to the difference in the TEC 
of DLC and substrate) and tensile stress σv (due to the difference in αsv 
values for DLC and substrate). According to [16], they can be estimated 
from the system of Eq. (1): 
⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

σl =
Ef

1 − νf

(
αs l − αf

)(
T − Tdep

)

σv =
Ef

1 − νf

(
αs v − αf

)(
T − Tdep

)

σ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

σv
2 + σl

2
√

(1)  

where Ef and νf are Young’s modulus and Poisson’s coefficient of DLC, 
respectively; αs and αf are TEC of the substrate (s) and DLC coating (f), 
respectively; and Tdep is the temperature of the substrate during depo-
sition (323 K). 

Estimations show that for a DLC on a Pi substrate, the main contri-
bution to the coating deformation comes from the vertical stress σv, 

Fig. 4. Optical (a) and SEM (b) images of damages in the DLC coating on a Pi substrate after a sliding discharge.  

Fig. 5. Optical (a) and SEM (b) images of damages in the DLC coating on a Si/SiO2 substrate after a perforating discharge.  
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which equals 4,1 GPa. Lateral stress σl comprises 0,24 GPa, that is not 
such a high value assuming that the difference between lateral TEC for 
the substrate and DLC coating differs by about 3 times. The resulting 
stress value has a positive sign, therefore, it is the expansion stress. For 
the DLC coating on the Si/SiO2 substrate, compressive stresses are 
observed with a value of − 0.1 GPa. However, the study [19] showed 

that the average normal stress and shear stress leading to flacking of the 
DLC coating were 7.76 KPa and 0.948 KPa, respectively. This is much 
less than the estimated thermal stresses, confirming definitely that their 
values are apparently sufficient for the delamination of the DLC coating 
from the substrate. 

The evaluations also show that the sputtering by plasma filaments 
along the spark channel cannot be the origin of DLC coating erosion due 
to the small value of the ion energy (of the order of 0.25 eV as estimated 
from plasma spectral diagnostics) relative to the sputtering activation 
energy. In addition, the ion velocity is insufficient to reach the DLC 
surface during the discharge. 

Thus, for both substrates, the destruction of the DLC coating is 
caused by both pulsed surface erosions under the action of a spark 
discharge and insufficient adhesion of the coating, which leads to a 

Fig. 6. SEM images (a, b) with distributions of chemical elements along the scanning line (c, d) in the erosion zone after exposure to the plasma channel on DLC 
coatings on Si/SiO2 (a, c) and Pi (b, d) substrates 

Fig. 7. The distribution of temperature T over the volume of the DLC coating along the scanning line, obtained using a thermal scanner with sliding (a) and a 
perforating discharge (b). The insets show 2D-distribution of T. 

Table 1 
Values of thermal expansion coefficients (TECs) for DLC coatings, polyimide 
(Pi), and Si/SiO2 substrates. αsl – lateral TEC, αsv – vertical TEC.  

Material DLC Pi, αsl Pi, αsv Si SiO2 

TEC, 10− 6 K− 1 3 [16] 9 [15] 110 [15] 3 [17] 0.5 [18]  
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delamination of the coating from the substrate. 

4. Conclusion 

The influence of a pulsed gas discharge on DLC coatings of 200 nm on 
Pi substrate and 66 nm thicknesses on Si/SiO2 substrate is studied. To 
perform the experiments, a setup is developed that contains a pulsed 
electrical voltage generator, electrodes, and a sealed chamber for the 
Ar90(CO2)10 inert medium. Two types of spark discharges are observed 
leading to DLC erosion, namely, sliding and perforating discharges for 
DLC on Pi and Si/SiO2 substrates, correspondingly. 

A detailed analysis of the morphology of the samples after exposure 
to spark breakdowns by optical microscopy and SEM reveals a violation 
of the morphology and chemical composition of the DLC surface. 
Complete destruction of the coating area is more likely to be observed 
during perforating discharges of DLC on Si/SiO2 substrate with the 
characteristic damage linear size in the range of 20–40 μm. 

In the case of sliding discharge, the structural integrity of the DLC 
coating on the Pi substrate is partially preserved, and the observed 
damages are space-localized and are projections of the plasma channels. 

It has been established that the main contribution to the erosion of 
the DLC coating is associated with two mechanisms: flaking from the 
substrate due to the low adhesion strength of the coating to the substrate 
and ablation from the region of interaction of the plasma filaments in the 
discharge channel with the DLC coating. To increase the erosion resis-
tance of DLC coatings to the effect of a gas discharge, it is necessary to 
reduce the difference between the TEC of the coating and the substrate, 
improve the coating’s adhesive strength, increase their thermal con-
ductivity due to the phonon contribution, and improve the density of sp3 

hybridized atoms in the coating [20]. 
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