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Effect of the thickness on electrical resistance of thin diamond-like
carbon coatings on silicon substrate
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The relationship between sp*/sp’-hybridizations ratio of atomic bonds in diamond-like carbon (DLC —
Diamond-Like Carbon) and its electrical resistivity for coatings with a thickness in the range 22—70nm prepared
by vacuum arc deposition on silicon substrate of the KDB-8 brand has been established. It is established, that
an increase in the coating thickness from 22 to 70nm is accompanied by a decrease in the specific transverse
electrical resistance of samples from 17 to 2 G2 - m. This effect is explained by an increase in the proportion of
carbon atoms with sp>-hybridization of electronic orbitals from 86 to 91%, which leads to the appearance of an
additional number of 7-bonds. A mathematical model, describing the spatial distribution of current when measuring
transverse I-V characteristic, has been developed. The results obtained will be useful in creating resistive layers
on the electrodes of gas-discharge detectors of charged particle to limit the amount of current in the event of rare
spark discharges inside them caused by the registration of random highly ionizing particles.
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1. Introduction

Improving the functional characteristics of gas-discharge
detectors is an important task for various fields of science
and technology, including in modern experimental particle
physics, the increasing role of which is inextricably linked
with progress in the field of detector technologies [1-2].
In this regard, it seems urgent to increase the stability of gas
electronic multipliers to breakdowns [3], that occur when
registering strongly ionizing particles from for exceeding the
Reter limit (107) [4].

One of the methods of increasing the resistance of gas-
discharge detectors to breakdown is the application of
resistive coatings [5-11] to the electrodes, which prevent
the development of the arc stage of breakdown by locally
reducing the voltage in the gas gain region. As such
coatings, various scientific groups have studied carbon
resistive films [5,7,10], DLC-coatings [6-9,11], coatings CuO
and CrO [12].

According to the research results in [6,12], u-WELL
detectors with a resistive DLC-coating of an anode electrode
with a surface resistance in the range from 10 to 100 M€2/sq
demonstrated an increase in the gain in a stable mode
relative to detectors without the appropriate coating.
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In gas-discharge detectors DLC-coatings are deposited
on polymer substrates (lavsan, kapton), which makes
it impossible to use the Raman spectroscopy to study
the chemical bonds of atoms in coatings (the content
of carbon atoms with sp?>- and sp*- by hybridization of
o-links). Coatings deposited on a silicon substrate (Si)
are optimal for studying the structure of DLC, however,
for such samples, due to the significantly greater electrical
conductivity of the substrate, only the measurement of
the transverse electrical resistance of the DLC-coating,
which determines the most important parameter of resistive
coatings for detectors — will be correct. surface electrical
resistance.

The aim of the work is to determine the specific
transverse electrical resistance and to establish the influence
on it of the ratio of the fractions of atoms located in sp*-
and sp’-hybridized state in the DLC-coatings.

2. Methods of synthesis and research
of samples

Samples of DLC-coatings were deposited on silicon
substrates of the KDB grade-8 (hereinafter DLC//Si) on
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Figure 1. SAM-cross-sectional images for samples DLC//Si obtained using N = 500 and N = 1500 pulse (a); thickness dependences d
on the number of pulses N measured on DLC-coatings by (/) ellipsometry and (2) SAM on cross sections (b).

the PVM-D installation by vacuum arc method [14] with
a pulsed electric arc evaporator at a pulse repetition
frequency of 3 Hz, an operating pressure in the chamber of
~ 1073 Pa and a substrate temperature of about 350 + 17 K.
To improve the adhesive ability of the coating, the surface of
the substrates was cleaned with argon ions with an average
energy of 75eV from undesirable organic compounds with
a duration of 5min. To increase the uniformity of the
DLC-coating in thickness during deposition, the rotation
of the samples relative to the evaporator was used. The
thickness of the samples d was controlled by counting the
number of voltage pulses N on the cathode-arc evaporator;
for the resulting series of samples N it was 500, 750, 1000
and 1500.

To identify the type of chemical bonds of carbon
atoms in the samples, the Raman spectra obtained using
a HORIBA XploRA PLUS confocal Raman microscope
with an exciting laser wavelength of 532nm were ana-
lyzed.

The electrical conductivity properties of the DLC-coatings
were characterized by a differential electrical resistance
R =dE/dj, which was determined from the transverse
volt-ampere characteristics (VAC), where j — the trans-
verse current density, E=U/d — the strength of the
transverse offset field without taking into account the
bending of the zones at the boundary DLC-silicon. The
VAC was recorded using the Agilent 4156 semiconductor
device parameter analyzer using a two-probe direct cur-
rent method. Tungsten needles were used as pressure
contacts.

To obtain the dependence of the d(N) thickness of the
DLC coating on the number of current pulses N in an
electric arc evaporator, cross-sectional images of samples
DLCI/Si obtained on a scanning electron microscope (SEM)
HITACHI §-4800 were analyzed. Additionally, in order
to verify the SEM data, the thickness of the coatings

was estimated using ellipsometry at the LEF-3M-1 instal-
lation.

The system of equations for a mathematical model
describing the distribution of the current density j over
the cross-section of the sample when measuring the VAC
was solved by the finite element method using the module
AC/DC of the software COMSOL 35.6.

3. Experimental procedure

3.1. Determining the coating thickness DLC

In Fig. 1,a, examples of typical SEM images of cross-
sections of the thinnest (obtained at N = 500) and the
thickest (N = 1500) samples are presented. The contrast
distribution on the SEM-images indicates an increase in
the thickness of the DLC-coating with an increase in the
number of pulses N in the range from ~ 22nm to ~ 70 nm
(the curve in Fig. 1,b). Ellipsometry data confirmed the
nature of the change in the dependence d(N), showing
an increase in the thicknesses from 29 to 79nm. Thus,
independent methods of thickness analysis gave close values
d(N), which indicates the correctness of their estimation.
Fig. 1,b, shows the dependences of the thickness of the
DLC-coating, determined from the ellipsometry data (1)
and SEM (2), on the number of pulses N, which can be
with a good degree the accuracy is approximated by a linear
function.

3.2. Raman spectroscopy

When analyzing the proportion of sp?>- and sp’- of
hybridized bonds between carbon atoms in DLC//Si sam-
ples, in accordance with the method described in the
work [15], the position and the ratio of the intensities G
(Graphite-like) and D (Disordered) peaks, which are
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a — Raman and Fourier spectrum-subspectrals for the sample DLC//Si thickness d = 70nm; b — dependences of the

position G of the peak (I) and the percentage of carbon atoms in the sp’-hybridized state (II) of the film thickness.

caused by the presence of stretching vibrations in the carbon
ring with Ep,-symmetry and ,,of respiratory” vibrations with
Aj-symmetry, respectively. A characteristic view of the
Raman spectrum for a sample with N = 1500 pulse is
shown in Figure 2,a. To determine the positions G and
D of the peaks, the initial spectra were deconvoluted by the
Gaussian function:

wy/m/2

where X, and w are the centroid and the full width of the
peak at half height, y¢ and A are the distribution parameters.

It was found that with an increase in the film thickness
from 22 to 70 nm, the position of the G-peak monotonically
shifts from 1546 to 1562cm~!, as shown in Fig. 2,b,
curve . Figure 2,b, curve II, presents an estimate of the
percentage of carbon atoms in the sp*-hybridized state,
made based on the results of the work [16]. It can
be seen from the curve II that an increase in the film
thickness d is accompanied by a decrease in the propor-
tion of carbon atoms in the sp’-hybridized state, which,
accordingly, leads to an increase in the number of zz-bonds,
which can increase the specific electrical conductivity of
coatings.

o]

exp {—2 2

y=Yo+ (1)

3.3. Volt-ampere characteristics of the structure
W//DLC//Si//W at room temperature

Volt-ampere characteristics allow us to investigate the
features of charge carrier transport in materials. As can
be seen from Fig. 3,a, the transverse VAC structures
WI//DLC//Si//W, consisting of samples and tungsten con-
tacts (W), measured at offset voltages in the range from —5
to 5V, are nonlinear and asymmetric. In addition, during
the measurements, a certain offset relative to zero on the
stress scale was observed, not exceeding 0.1 V, which was
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Barrier value ¢p samples DLC//Si for the quantity of pulses N
equal to 500, 750, 1000 and 1500

Sample 22 nm 28 nm 46 nm 70 nm

Barrier value @p | 34.07kT | 33.61 kT | 33.62kT | 33.46 kT

centered for the correctness of the analysis. The nonlinearity
and asymmetry of the VAC can be caused by the formation
of Schottky barriers at the boundaries of the needle-silicon
and needle-DLC: the electron output work for tungsten
is 45eV [17], for boron-doped silicon ~ 4.3eV [17], for
DLC the output work is much smaller and has an order of
magnitude of 1eV [18].

The height of the potential barrier ¢, determines the
density of charge carriers injected from the metal into
the dielectricc.  The field dependence of the current
density j of the direct branch of the VAC is described
by the Richardson—Schottky model (2) and is linearized
to the values of the square root of the electric voltage
EY2 =5.10° (V/m)Y/? for the thinnest sample d = 22nm
and up to 11 - 10* (V/m)!"/2 for a sample with a thickness of
70nm, Fig. 3, b.

) _ E1/2
j =AT? exp (—%) (2)
B = (€'/qmeeod)'/?, (3)

where A — Richardson-Deschmann constant, T — sample
temperature during measurement, € — permittivity equal to
2.2 for DLC, &y — vacuum permittivity, kK — Boltzmann
constant, € — electron charge, d — thickness DLC, a —
coefficient equal to 4 for the Richardson-Schottky model.
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Figure 3. Transverse VAC structures W//DLC//Si//W for samples DLC thickness d in the range from 22 to 70nm at a temperature
T =300K: @ — for the forward and reverse branches; b — for the forward branch in coordinates In(j/A- T?)—EY2 In the insert —
schematic representation of the zone diagram of the structure W//DLC//Si//W is not in scale.
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Figure 4. Transverse VAC structures W//DLC//Si//W for samples DLC with a thickness of d in the range from 22 to 70nm at a
temperature of T = 300 K: @ — the reverse branch of the VAC on a double logarithmic scale; » — linearization of the direct branches of

the VAC for the voltage range from 0 to 0.25 V.

The value of the potential barrier @p for the studied
samples, estimated by the Richardson-Schottky model, has
values of the order 33kT ~ 0.8eV (table). Such values ¢y
are close to the Schottky barrier for contacts W/Si [19].

Rebuilding the reverse branch of the VAC in coordinates
In(j/AT?)—E"2 does not lead to their linearization in the
field area E < 1.1-10*(V/m)'/2. However, the rearrange-
ment of j(E) in double logarithmic coordinates, Fig. 4,a,
leads to two linear sections with different slopes (1 at low E
and 2 at higher E). The latter indicates the possibility of
describing the reverse VAC model of a current limited by a
volumetric charge (the ideal Mott-Gurney model) [20].

4. Numerical determination of the cross
section of the current channel and
the dependence of the resistivity
on the thickness of DL(C-coatings

The electrical resistivity of DLC-coatings was estimated
from the resistance formula of a cylindrical sample

RS
P = q° (4)

where R and d — absolute resistance and thickness DLC- of
the coating, S — cross-sectional area of the current channel.
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Figure 5. Results of a numerical experiment for a single potential difference for a sample DLC//Si: a — potential distribution in the
sample; b — a maximized current density profile in the median section of the sample.
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Figure 6. Dependence of the specific transverse electrical

resistance p on the thickness d DLC- of the coating. In the
insert — the dependence of the electrical resistivity p DLC- of
the coating on the proportion of sp>- of hybridized bonds.

The clamping contacts that are used when recording VAC
have a nominal linear size of the order of 10um, which
allows us to consider the contacts as point sources of electric
potential, then to estimate the area of the current channel S
it is sufficient to know the distribution of currents in the
sample.

The mathematical model (5) describing the current den-
sity distribution ] in the sample consists of the differential
Ohm’s law and the continuity equation for the electric
charge density ¢, with Dirichlet boundary conditions for
the unit and zero potential for the first and second contacts,
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respectively.
j =0cE
E=-Vop , (5)
. aq
V.= r

where ¢ — specific electrical conductivity of (p~!) DLC-
coating, ¢ and E — electrostatic potential and electric field
strength of offset.

The calculated area consists of a substrate with a
thickness of 350 um and a coating DLC with thicknesses d
from 22 to 70 nm. The contact area of the measuring needle
and the sample has a linear size of 10 um. Fig. 5,a shows
a map of the potential distribution in the sample with a
single interelectrode potential difference. The diameter of
the current channel D was estimated as the width at half-
height of the Lorentz contour, which approximated the initial
values of the current density in the median section of the
sample, Fig. 5, b.

Knowing the diameter of the channel D with the cor-
responding area S and the transverse differential electrical
resistance R, it is possible to construct the dependence of
the specific electrical resistance DLC- of the coating p on
the thickness d, which is shown in Fig. 6.

As can be seen, the obtained experimental values of
the electrical resistivity DLC are in the range from 2 to
17G - m. According to the literature data [21] the range
of resistivity values of DLC-coatings is 1-10°...104 Q- m
for different deposition conditions that affect the ratio of sp>-
and sp*-hybridized o-bonds. The tendency of decreasing
resistivity DLC with increasing thickness correlates with its
dependence on the proportion of sp?- of hybridized bonds
between carbon atoms.
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5. Conclusion

There has been confirmed the relationship between
the proportion of sp?- and sp’- of hybridized bonds
between carbon atoms and the value of electrical resistivity
DLC-coatings, obtained by vacuum-arc method on silicon
substrates of the KDB grade-8.

According to ellipsometry and SEM images of cross-
sections of samples DLC//Si, an increase in the thickness
of the film DLC from 22 to 70nm with an increase in the
number of current pulses N from 500 to 1500 in an electric
arc evaporator during deposition was proved.

Analysis of Raman spectra revealed that the content of
chemical bonds between carbon atoms in the sp*-hybridized
state decreases from 14 to 9% with an increase in the
coating thickness from 22 to 70nm, which leads to an
increase in the amount of s7-bonds and, as a consequence,
a decrease in the electrical resistivity from 17 to 2GS - m.

The finite element method obtained the distribution of
the potential and current density in the sample when
measuring the transverse VAC. The results obtained show
that by controlling the thickness of the coating DLC,
which determines the proportion of carbon atoms in the
sp’-hybridized state, it is possible to effectively adjust the
amount of electrical resistance of the coating to quench
breakdowns in gas-discharge charged particle detectors.
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