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Dependence of AC electrical resistivity on the thickness of the DLC layer

in In/DLC//Si/In nanostructure
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As the thickness of the DLC layer increased from 22 to 46 nm, a corresponding rise in number of carbon

atoms with the sp2 hybridization of electron orbitals from 9% to 21% was observed, by analyzing the X-ray

photoelectron spectroscopy (XPS) measurements. Moreover, negligible nitriding and oxidation of the DLC surface

was confirmed via X-ray photoelectron spectroscopy. An equivalent electrical circuit is proposed to describe the

impedance frequency dependences of the DLC coating as well as the potential barrier at the DLC//Si interface. In

the quasistatic limit, the resistivity of the DLC layer decreases from 1000 to 1� ·m as the thickness increases from

22 to 71 nm. It has been demonstrated that the impedance of the In/DLC//Si/In structure can change by a factor

of 20 when the bias voltage varies between −4− +4V relative to the Si substrate.
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1. Introduction

DLC (Diamond-like carbon) is a metastable carbon form,

whose thermophysical [1], optical [2] and electrophysi-

cal [3,4] properties are determined by the ratio of the num-

bers of atoms with sp2- and sp3-hybridization of electron

orbitals. DLC coatings are widely used in various indus-

trial applications: wear-resistant coatings [5], antireflection
optics [6] and biocompatible coatings [7,8]. Their potential

scope of application have been expanded recently — the

study of DLC coating application as resistive layers on

gas-discharge detector electrodes is currently underway at

CERN (European Organization for Nuclear Research) and

JINR (Joint Institute for Nuclear Research) [9]. This study

covers the investigation of radiation resistance [10] and

erosion stability [11] of DLC coatings. In [3], it is shown

that DC resistivity of a DLC coating correlates with the

alteration of structure as the thickness increases.

Resistive coating of a detector’s collecting electrode

serves as a distributed thin-film resistor that limits spark

discharge current. It is expected that efficiency of such

coating will be mainly defined by physical properties such

as DC and AC conductivity and permittivity [12].
Therefore, establishment of a correlation between thick-

ness, structure and DC/AC electrical properties of DLC

coatings is of absolute importance. Solution of this problem

is in combining the methods for investigation of structure

and electrical properties of coatings. However, difficulty

of this approach is in separating the obtained information

about the properties of a substrate and coating itself. For

example, DLC coating deposition onto polymer or glass-

fabric dielectric substrates precludes the use of Raman

scattering spectroscopy (RSS) and infrared spectroscopy for

structure investigation. Utilization of a silicon substrate

can solve this problem, however, this causes substrate-

shunting of the studied DLC coating that has a much

higher specific and absolute electrical resistance. In this

case, it is correct to measure electrical resistance in a

transverse, rather than longitudinal, configuration, which in

turn requires consideration of barrier effects at the DLC//Si

interface that are caused by energy-band bending.

This study investigates the impedance properties of a

In/DLC//Si/In structure and directly of DLC layers. The

objective of this study is to establish a correlation between

the structure and DC/AC resistivity of DLC coatings.

2. Experimental techniques
and equipment

DLC layer samples were deposited onto KDB-8 Si

substrates using a technique described in detail in [3]. DLC
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Figure 1. Panoramic XPS spectra of 22 nm and 46 nm DLC coatings (a) and C1s high-resolution XPS spectra of 22 nm (b) and 46 nm

(c) DLC coatings. Bond energies of spectrum components are shown in the figure and Table 1.

layer thickness was evaluated by means of contrast analysis

of scanning electron microscopy images made using the

HITACHI S-4800 microscope.

Physical and chemical state of the sample surface was

examined by non-destructive X-ray photoelectron spec-

troscopy (XPS) using the SPECS Phoibos 150 electron

energy analyzer of the ESCA module at the NANOFES

ultrahigh-vacuum experimental station of Kurchatov syn-

chrotron, National Research Center
”
Kurchatov Institute“

(Moscow, Russia) [13]. Monochromatized AlKα X-ray tube

radiation (1486.61 eV) was used. Information-bearing layer

depth was from 2 to 3 nm [14] with a resolution of at

least 0.1 eV. A standard approach based on independent

recording of a signal from pure gold foil (Au4f ) was

used for spectral normalization and calibration. Spectral

lines were identified using the known databases, from

which currently existing and most accurate spectra were

chosen [14–16].
Impedance-frequency dependences Z(ν) of the

In/DLC//Si/In structure of the DLC coating samples

with various thicknesses were measured using the LCR

Agilent E4980A system in a probing voltage frequency

range from 20Hz to 2MHz with the probing sine

voltage amplitude not higher than 40mV. Transverse bias

voltage was varied in the range from −4 V to +4V and

applied between the indium contacts on the DLC coating

and silicon substrate, respectively. All measurements were

performed in air at room temperature. Analysis of Z(ν) was
conducted using AfterMath Pine Reseash Instrumentation.

3. Results and discussion

3.1. X-ray photoelectron spectroscopy
of DLC coatings

Figure 1, a shows panoramic XPS spectra of 22 nm

and 46 nm DLC coatings in the bond energy range

from 0 eV to 1200 eV. As the intensity decreases, spectral

lines of carbon C1s (∼ 285 eV), oxygen O1s (∼ 531 eV),
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Table 1. Results of spectral line decomposition considering sp2- and sp3-hybridizations of the electron orbitals of carbon atoms

Thickness, nm 27 46 Literature data

C−C sp2 C−C sp2

284.4± 0.1 [16−18]
284.4 284.4

C−C sp3 C−C sp3

285.2± 0.1 [16−18]
285.3 285.2

Energy of C1s 286.3(sp2 C−N) [13]
component,eV 286.5 286.4 286.4± 0.3 (C−O) [17,18]

285.6−286.9 (C−OH) [16]

287.7 287.6
287.5 (sp3 C−N) [13]

286.5−287.9 (C=O) [16]

289.1 288.9
288.4−289.8 (C−OOH) [16]
288.6−289.0 (O−C=O) [19]

sodium Na1s (∼ 1072 eV) and nitrogen N1s (∼ 398 eV)
and Auger lines of KLL Na (∼ 508 eV), KLL O (∼ 984 eV)
are observed.

Spectral lines of Na and N feature much lower intensity

than that of C and O lines. Na line is probably caused by

residual impurities. Minor oxidation and nitriding of the

DLC coating surface layer may be treated as a cause of the

presence of oxygen and nitrogen lines in the spectrum.

C1s spectral lines for 22 nm and 46 nm DLC coatings

recorded at high resolution are described in the best way

by a set of components shown in Figure 1, b, and 1, c,

that include a signal from carbon atoms with sp2- and sp3-

hybridization of electron orbitals. Possible states of carbon

atoms for the obtained bond energies of the decomposition

components are listed in Table 1. Note that the recorded

view of C1s spectral lines is typical of the samples with

both thicknesses.

Potential electron bond energies (see Table 1) correspond
to C−O, C=O and C−N and support the previous assump-

tion concerning the DLC surface reconstruction. The ob-

tained electron bond energies ≈ 284.4 eV and ≈ 285.3 eV

for sp2- and sp3-hybridizations of the electron orbitals of

carbon atoms, respectively, and energy spacing between

them demonstrate high degree of agreement with the

literature data listed in Table 1.

Figure 2 shows the content of carbon atoms with sp2-

hybridization of electron orbitals n(C s p2) evaluated by

the ratio of C1s line decomposition component areas (see
Figure 1). Note that the dependence of n(C s p2) on

the DLC coating thickness d (see Figure 2) correlates

with the same dependence that was obtained previously

for a set of samples in [3] via the Raman scattering

spectra analysis. The following possible explanation may

be proposed for the increasing trend of the number of

carbon atoms with sp2-hybridization as the DLC coating

thickness grows.

Results of simulation of the DLC coating growth on the

steel and diamond substrate by the molecular dynamics

method are discussed in [20,21]. Results obtained in both
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Figure 2. Dependence n(C s p2) on the DLC coating thickness d.

studies indicate that a ≈ 1.5−2.0 nm layer consisting of a

mixture of substrate and deposited carbon atoms (buffer
layer) is formed. Thus, a pure DLC layer is formed on

a buffer layer, rather than on the initial substrate. As a

consequence, internal stress distribution over the coating

thickness is nonuniform. The buffer layer primarily contains

atoms with sp3-hybridization with prevailing compression

stresses that reach −10GPa. With distance from the

buffer layer, the fraction of carbon atoms with sp2-

hybridization increases, mechanical stresses change sign and

reach 9GPa.

Thus, as the DLC coating grows, contribution of the

potential profile of the Si substrate and SiC buffer layer

directly to the DLC layer formation decreases, which

increases the probability of C localization in the config-

uration corresponding to a less strained structure. Such

minimization of internal stresses in the system might be

attained through the increase in the number of carbon atoms

with sp2-hybridization of electron orbitals.
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Figure 3. Photo (a), schematic diagram (b) and band diagram (c) of the In/DLC//Si/In structure.
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Figure 4. Frequency dependences of the impedance Z(ν) (a) and phase angle ϕ(ν) (b) of the In/DLC//Si/In structure on the basis of

22 nm, 46 nm and 71 nm DLC layers obtained at T = 293K.

3.2. Impedance spectroscopy of the In/DLC//Si/In
structure

Photo and schematic diagram of the studied

In/DLC//Si/In structure are shown in Figures 3, a and 3, b,

respectively. The first layer of the structure is a DLC coating

with the electron type of conductivity [3,4], the second layer

consists of a Si substrate with p-type conduction [22]. Band
gap Eg of DLC coatings varies from 2 eV to 3 eV [18,23],
for p-Si, Eg is equal to 1.1 eV [24]. Taking into account

the difference in the type and concentration of charge

carriers, and vacuum work functions (ϕDLC and ϕSi)
in DLC and Si, occurrence of an energy barrier may be

suggested at the DLC//Si interface due to the alignment of

the Fermi level EF in the system in the equilibrium state

(without external electric field). Schematic energy band

diagram in the structure equilibrium state indicating the

system-specific EF, ϕDLC and ϕSi for DLC and Si is shown

in Figure 3, c.

The full impedance Z(ν) of the structure is defined

by the sum of impedances of the structural compo-

nents (impedance ZDLC(ν) of the DLC layer, impedance

ZBarrier(ν) of the DLC//Si barrier and impedance ZSi+cont(ν)
of the substrate with electrical contacts):

Z(ν) = Z′ + iZ′′ = ZSi+cont(ν) + ZDLC(ν) + ZBarrier(ν),
(1)

where Z′ and Z′′ are real and imaginary components of the

impedance Z, respectively.
Figure 4, a and 4, b shows the frequency depen-

dences of the impedance Z(ν) and phase angle ϕ(ν) of

the In/DLC//Si/In structure consisting of 22 nm, 46 nm

and 71 nm DLC layers. It can be seen that in the low

frequency limit (ν → 0), the scalar impedance tends to a

constant value of R0 and is defined by a sum of active

components ZDLC(ν) and ZBarrier(ν)

Z(ν → 0) = R0 = Re(ZSi+cont) + Re(ZDLC) + Re(ZBarrier).
(2)
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of impedance −Z′′ (a) and equivalent scheme (b) of the

In/DLC//Si/In structure.

At the same time, ϕ(ν → 0) takes on values next to zero,

which in total indicates that there is no contribution of the

capacitive component to the full impedance of the structure.

As the DLC coating thickness increases, frequency νDC, at

which the system response to the probing voltage is similar

to the response to DC, shifts to the high frequency region.

As shown in Figure 4, a, deviation of Z from R0 is observed

at 75Hz for a sample with 22 nm DLC coating and at

νDC = 13 kHz for a sample with d = 71 nm. However, Z(ν)
doesn’t provide any information concerning the electrical

properties of the DLC layer itself.

It follows from Figure 5, a that two resonances

(maxima) are distinguished on −Z′′(ν): low-frequency

(ν
(I)
res from 0.5 kHz to 68 kHz) and high-frequency (ν

(II)
res

from 80 kHz to 480 kHz), that correspond to the barrier and

DLC layer terms in relation (1). The more the DLC layer

thickness the higher values are taken by νDC, ν
(I)
res and ν

(II)
res .

According to the energy band diagram (see Figure 3, c)
and −Z′′(ν) of the In/DLC//Si/In structure, it is expected

that there are two series-connected R/CPE-loops in the

equivalent circuit (EC) (see Figure 5, b). These loops

describe Z′ and Z′′ components of the energy barrier

impedance at the DLC//Si interface and DLC coating itself.

Resistance of the contacts and Si substrate is defined by the

resistance element R0. By determining the ES parameters

(see Figure 5, b), dependence of ZDLC and its resistivity ρ

on thickness d may be obtained.

Constant phase element CPE in the equivalent scheme

makes it possible to account for the effect of DLC//Si

interface morphology on the geometrical capacity [25]. The
goodness-of-fit χ2 for approximation of Z(ν) by the equi-

valent cirquit with CPE element is equal to approx 0.003,

compared with χ2 ≈ 0.683 for the scheme with capacitor

Z(CPE) =
1

ωαC
, (3)

where α = 1 describes a frequency dependence of the

capacitor C, α ∈ 0.8−1.0 corresponds to a so-called
”
fractal

capacitor“ [25].
Figure 6, a–c shows frequency dependences of full

impedance Zfull(ν) of the In/DLC//Si/In structure, barrier

subloop impedance ZBarrier(ν) and DLC layer subloop

ZDLC(ν). At the probing voltage frequencies ν < νDC for

the 22 nm and 46 nm DLC coating samples, ZDLC is much

higher than ZBarrier and only for the sample with d = 71 nm

ZDLC < ZBarrier.

The inset in Figure 6, a shows the impedance hodographs

−Z′′ vs Z′ of the In/DLC//Si/In structure, that represent

a pair of overlapping semicircles, which indicates that the

charge relaxation times of DLC and DLC//Si barrier are

close to each other. The centers of semicircles are in the

low and high frequency region, which, on curve Z(ν) (see

Figure 5, a), corresponds to the first ν
(I)
res and second ν

(II)
res

resonances of R/CPE-loops describing the barrier and

DLC coating.

As shown in Figure 6, d, both the DLC coating

impedance and barrier impedance decrease with the growth

of d . ZBarrier(ν) tends to a constant value. Frequency depen-

dences of Z′′

DLC and Z′

DLC are provided in the appendix.

Table 2 shows the values of the equivalent cirquit com-

ponent parameters for the In/DLC//Si/In structure obtained

according to the hodographs.

The In/DLC//Si/In structure is asymmetric in type and

concentration of charge carriers. This expectedly suggests

Table 2. Equivalent scheme parameters of the In/DLC//Si/In

structure

Parameter
Thickness

22 nm 46 nm 71nm

CPE1, nF 41.2 1.2 6.7

α1 0.94 0.97 0.83

CPE2, nF 0.4 124.0 16.1

α2 0.89 0.88 1

R0, � 9.93 78.23 0.1

R1, � 12 190 472.5 249.8

R2, � 31 750 860.3 166.6
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that its impedance (Zfull) depends on the polarity and

amplitude of the transverse bias voltage Ubias. Let’s

assume the structure to be forward-biased, if Ubias > 0V

is applied to the Si substrate (and Ubias < 0V applied to

the DLC layer, respectively) and to be reverse-biased, when

Ubias < 0V is applied to the Si substrate.

3.3. Dependence of the In/DLC//Si/In parameters
on the bias voltage

Figure 8, a−c shows that the increase in Ubias in the

reverse-biased scheme is followed by the growth of Zfull

with ν < νDC. One resonance gradually disappears on

curves Z(ν), and only one semicircle is distinguished on the

impedance hodographs (see Figure 8, d−f ). It is suggested
that ZBarrier increases and the contribution of ZDLC becomes

insignificant. Increase in Ubias in the forward direction, on

the contrary, leads to barrier suppression and, consequently,

to the decrease in Zfull.
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Table 3. Parameters of approximation by function (4) of curves Z(Ubias) for 22 nm, 46 nm and 71 nm DLC layer samples

d, nm 22 46 71

Zmin,� (Ubias = −4V) 9811 94± 11 410± 6

Zmax,� (Ubias = +4V) 14787 1816± 22 2914± 12

U1, V − 0.075± 0.005 −0.005± 0.004

U2, V − 0.83± 0.16 0.49± 0.04

k1, V − −0.07± 0.01 −0.10± 0.005

k2, V − −0.93± 0.09 −0.82± 0.03

p − 0.67± 0.02 0.59± 0.01
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Figure 9 shows the dependence of Zfull on the amplitude

of Ubias applied to the structure at the probing voltage

frequency ν = 100Hz. Depending on the polarity Ubias,

Zfull is characterized by two limits: Zmin for forward bias

and Zmax for reverse bias, which is generally similar to the

behavior of p−n-transition on the open and closed state.

For the 46 nm and 71 nm DLC samples, curves Z(Ubias)
for the In/DLC//Si/In structure at ν = 100Hz may be

approximated by function (4), the approximation parameters

are listed in Table 3.

Z(Ubias) = Zmin + A

[

p

1 + e(Ubias−U1)/k1
+

1− p

1 + e(Ubias−U2)/k2

]

,

(4)
where Zmin is the impedance limit for the structure in

the
”
open“ state A = Zmax−Zmin is the difference between

the impedance limits of the structure in the
”
forward-biased“

and
”
reverse-biased“ states, p is the contribution of the first

and second subsystems to the full impedance, U1 and U2 are

the bias voltages, at which 0.5A is reached for the first

and second subsystems, respectively, k1 and k2 are the

parameters defining the slope of curve.

For the 22 nm DLC structure, starting from

|Ubias| > 1.5V, Zfull has a decreasing tendency regardless

of the bias voltage polarity. Such behavior that differs

from the 46 nm and 71 nm samples may be interpreted

as a consequence of electron injection from the indium

electrodes or Si substrate.

Dependence of the DLC coating resistivity ρ on d
(contribution of ZBarrier is removed) at the probing voltage

frequencies from 20Hz to 100 kHz (Figure 7) correlates

with that in [3].

As the bias voltage increases in the positive direction

(Ubias > 0 B is applied to Si), the spatial charge region

gets larger near the DLC//Si interface and, consequently,

the ZBarrier component in (1) makes the main contribution

to the full impedance of the structure. Accordingly,

one R/CPE-loop describing the DLC coating impedance

can be excluded from the substitution cirquit because

ZBarrier ≫ ZDLC.

When a negative voltage (Ubias < 0V) is applied to DLC,

full impedance of the structure decreases, on the contrary,

with respect to Z (Ubias = 0V), which is explained by

the barrier suppression and injection of non-equilibrium

charge carriers from the indium electrode or Si substrate

into the DLC layer [3]. With such scheme, ES remains

unchanged.

4. Conclusion

Analysis of the X-ray photoelectron spectroscopy (XPS)
data of nanoscale DLC coatings confirms the increase in

the number of carbon atoms with sp2-hybridization of

electron orbitals from 8% to 21% as the thickness increases

from 22 nm to 46 nm. It was found that DLC surface layer

atoms form chemical bonds C−O, C=O and C−N, which

indicates minor oxidation and nitriding of DLC during

reconstruction after opening the vacuum chamber.

Study of the full impedance, imaginary and real parts

in the In/DLC//Si/In structure in the frequency range

from 20Hz to 2MHz made it possible to form an electrical

equivalent cirquit. The proposed ES consists of two series-

connected R/CPE-loops and a series resistance, and makes

it possible to factor the contributions to the full impedance

of the DLC//Si potential barrier and DLC layer. ES

takes a form of hodographs consisting of two unresolved

semicircles, whose parameters depend on the DLC layer

thickness and bias voltage. Analysis of the equivalent

scheme component parameters that an increase in the DLC

layer thickness from 22 nm to 71 nm leads to a decrease

in resistivity from 1000 to 1� ·m in the quasi static

limit.

Response of the In/DLC//Si/In impedance to the bias

voltage is similar to the behavior of p−n-transition in the

forward-biased and reverse-biased states. This is explained

by the formation of a potential barrier at the DLC//Si

interface due to the difference in the type and concentration

of charge carriers in the DLC layer and Si substrate. As

a consequence, the In/DLC//Si/In impedance may vary by

a factor of 20 depending on the polarity and amplitude of

bias voltage that controls the spatial charge parameters at

the DLC//Si interface.

The obtained results suggest that the DLC layer re-

sistivity in a wide range of electrical field frequencies

is unambiguously defined by the concentration of carbon

atoms with sp2-hybridization of the electron orbitals. By

manipulating the polarity and amplitude of external bias

voltage, the In/DLC//Si/In structure parameters may be

controlled. The results may be useful for creating GEM

detectors with resistive coating of the collecting electrode.

Acknowledgments

The study was partially funded within the national

research program
”
Photonics and Electronics for Innova-

tions“, 2021−2025,
”
Microelectronics and nanoelectron-

ics“) Reg. No. 20212560. X-ray photoelectron spectroscopy

examination was supported by the Ministry of Science and

Higher Education of Russia under Agreement No. 075-15-

2021-1351. The authors are grateful to A.V. Larkin, senior

lecturer of the Department of Physics of Solid Body and

Nanotechnology, for discussion of the findings.

Funding

The work was supported by the Belarusian Republican

Foundation for Fundamental Research (agreement F23M-

099.

Conflict of interest

The authors declare that they have no conflict of interest.

Physics of the Solid State, 2025, Vol. 67, No. 2



252 I.A. Zur, V.Yu. Leonenko, A.K. Fedotov, E.E. Shmanay, A.A. Kharchanka, N.I. Gorbachuk, E.A. Ermakova...

Appendix

0

3

210 310 410 510 610

ν, Hz

a

Z
, 

Ω
4

 
1

0

2

1

Re (Z), Ω
–Im (Z), Ω
Z, Ω

0
210 310 410 510 610

ν, Hz

b

Z
, 

Ω
2

 
1

0

2

Re (Z), Ω
–Im (Z), Ω
Z, Ω

0

148

210 310 410 510 610

ν, Hz

c

Z
, 
Ω

111

74

Re (Z), Ω
–Im (Z), Ω
Z, Ω

5

7

37

Figure A1. Frequency dependence of impedance ZDLC(ν), imaginary Z′′ and real Z′ impedance components for the 22 nm (a),
46 nm (b) and 71nm (c) DLC layers.
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