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Electrophysical properties of multilayer DLC films with different sp’-phase

contents
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The resistivity, dielectric constant and breakdown field of diamond-like carbon multilayer films with different
contents of the sp’-phase obtained in inductively coupled methane plasma have been investigated. The films
resistivity appeared to be strongly dependent on the deposition parameters, while the dielectric constant was almost
the same for all the samples. As a result of measuring electric current versus temperature and voltage, the hopping
type of conductivity was established, and the average hop length and activation energy were determined. When
voltage is higher than 1V, a continuous increase in current up to breakdown takes place due to modification of the

film internal structure.
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Due to the development of diamond microelectronics,
interest in studying films based on diamond-like (DLC)
carbon has recently increased significantly =~ The DLC
chemical composition and properties are similar to those
of diamond; in addition, it is much cheaper in manu-
facturing, and the range of its possible applications is
quite wide: from sensor protective coatings [1] to mem-
ristive memory elements [2] and insulating layers [3]. Of
particular interest are multisystems consisting of several
DLC layers of different compositions. Such compos-
ites are primarily used as tribological wear-resistant and
mechanically strong coatings [4-6] which are in many
respects superior to single-layer DLC films. For instance,
paper [4] shows that four-layer and eight-layer N-DLC/DLC
systems possess higher resistance to polishing than their
constituent monolayers, while resistivity of these multistruc-
tures is 2—2.5 times less than that of an undoped DLC
film.

It is known that properties of diamond-like carbon
(including dielectric characteristics) depend on the com-
position: contents of hydrogen [7,8] and sp-hybridized
carbon [8,9]. An increase in hydrogen concentration
leads to an increase in the film resistivity (p) because
of an increase in the band gap width. The same
effect is provided by an increase in the tetrahedral car-
bon fraction. Therefore, an idea has arisen of using
multilayer DLC films in fabricating high-switching-speed
memristors by creating between the layers a gradient of
H and sp’-C concentrations as in the case of transition
metal oxides [10,11]. However, to this end it is neces-
sary to study at the initial stage general electrophysical
properties of multilayer films with different contents of
the sp® carbon phase and to establish their conduction
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mechanism.
to.

The study was performed by using facilities of the
IPM RAS Common Use Center ,,Physics and technol-
ogy of micro— and nanostructures“. DLC films were
obtained by plasma-chemical deposition on silicon in an
inductively coupled plasma reactor (with the generator
frequency of 13.56 MHz) of the Oxford Plasmalab 80
setup. The chemical source of the plasma was gaseous
methane fed to the chamber through a gas distribution
ring. Substrates made from p-type boron-doped silicon
silicon (0.001—0.005) were preliminary washed from
the oxide layer with hydrofluoric acid. The deposited
samples were multilayer periodic structures consisting
of alternating layers A and B (Table 1) with different
sp’-carbon contents and the number of periods equal to five.
Conditions for depositing individual layers are described
in [12]. Their thicknesses (la and lg), as well as the
total film thickness (d), were determined with a Bruker D8
Discover diffractometer by small-angle X-ray reflectometry
(XRD).

To study electrophysical properties of multilayer DLC
films by photolithography (exposure setup SUSS MIB4)
and electron beam deposition (setup Amod 206), alu-
minum metal contacts were formed on the sample sur-
faces. The ohmic contact to the conductive substrate was
made by burning-in indium. The DLC current-voltage
characteristics (I-V characteristics) were measured with a
Keithley 4200A-SCS parametric analyzer, while to measure
capacitance-voltage characteristics (C-V characteristics) a
precision Agilent E4980A LCR- meter was used. Based
on the C-V characteristics, the dielectric constant (¢) was
determined within the flat capacitor model via formula

This is just what this work is devoted

C = ge5/d, (1)



28

A.l. Okhapkin, S.A. Korolyov, S.A. Kraev, P.A.

Yunin, E.A. Arkhipova

Table 1. Deposition parameters of multilayer DLC films

Layer A Layer B i t d, Ia, Ig,

Sample No. No. A 5 nm nm nm
[12] [12] s s (+0.5) (£0.5) (£0.5)

DLC-1 6 2 50 120 100 8 12

DLC-2 3 2 120 120 95 8 11

DLC-3 Reference 2 90 120 90 6 12

Note. ta and tg are the deposition times of layers A and B, respectively. Hydrogen concentration in the films is 30 £ 10% [12].

Table 2. Electrophysical characteristics of multilayer DLC films

p, 10° Q- cm (£1%) = 1,
Afi 10° V/em ¢ nm Ea, meV
Sample . . ter 0 0
Prior to heating heating (£5%) (£5%) (£20%) (£2%)
DLC-1 0.161 0.217 36 43 12.6 508
DLC-2 2.51 6.04 4.0 4.1 155 553
DLC-3 0.00869 0.00861 30 45 11.8 433

where C is the capacitance, d is the film thickness,
S is the contact area, &y is the electrical constant. The
obtained dielectric constants are averaged values describing
the layered structure as a whole.

Based on I-V curves (the linear region near zero voltage
V), contact resistivity of the films (ocont) Was calculated.
The measurements were performed for contacts of different
diameters (from 50 to 500 um). At the final stage, the
breakdown voltage (Uyr) was measured. The data is listed
in Table 2. The table presents the values of resistivity
and breakdown field (Ey ) derived from pconr and Upy
normalized to the film thickness.

The grown coatings turned out to have similar dielectric
constants. This is due to similar chemical compositions of
the films. At the same time, values of the sample resistivity
are significantly different. The highest was resistivity of
the DLC-2 sample grown entirely in inductively coupled
plasma. The p value of the DLC-1 film obtained under the
conditions of a high methane flow and high pressure was
an order of magnitude lower. The DLC-3 sample had the
lowest resistance (three orders of magnitude lower than that
of DLC-2).

The current-versus-voltage dependences were measured
in the temperature range of 27 to 150°C. Fig. 1 presents the
I-V curves for the contact 50 um in diameter of the DLC-1
sample, as well as C-V curves (for other samples, the I-V
and C-V curves are similar in shape).

After heating and cooling to room temperature, resistivity
of the films increased; the higher was the initial resistivity,
the more significant was the increase. Thus, there was
observed an increase in p by 2.4 times for sample DLC-2
and by 1.3 times for DLC-1; resistivity of the DLC-3
sample remained almost unchanged (Table 2). Since,
as established by secondary ion mass spectrometry [13],
no variations in the DLC film structural composition is

observed at low annealing temperatures; the increase in p
is associated, in the authorsopinion, with internal migration
of hydrogen.

Based on the measured current density (J) dependences
on voltage and temperature, it was established that the
film conductivity is of the hopping nature and proceeds via
charge transfer between graphite clusters through chains of
carbon sp*- bonds [2]. In the case of such a conduction
mechanism, the following formula is valid:

J = gNlvg exp(—qepr/KT) exp(qlV /2dKT), (2)

where V is the voltage, T is the temperature, q is the charge,
N is the space charge density, | is the mean hop length, ¢r is
the barrier height, v is the natural oscillation frequency, d is
the film thickness, k is the Boltzmann constant.

Formula (2) implies that, starting from a certain voltage
value, the current logarithm (1) dependence on V is linear,
as well as the Inl dependence on T~! (Fig. 2).

From relation (2), the hop activation energy (E;) was
determined by approximating the experimental current
dependences on temperature at V = 1V; in its physical
sense, the hop activation energy is the barrier height at
zero voltage. The [ value was also calculated via (2)
by approximating the room-temperature I-V curves. The
average hop length in the samples turned out to range
from 11 to 16nm; these values are comparable to the
layer thicknesses previously determined by SAXS (Table 1).
Probably, in the DLC films under study there takes place a
charge transfer through individual layers, whose calculated
activation energy is about 500 meV. This is almost 5
times higher than E; of a single-layer carbon film given
in [2].

At voltages of 1V and higher, the modification of the
films begins, which leads to irreversible variations in the
I-V characteristic (Fig. 3). This modification is associated
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Figure 1. Current versus voltage at different temperatures (a) and C-V characteristics () for the multilayer DLC film in the range of —1

to1V.

with the graphite clusters rearrangement and concentration,
due to which current increases continuously with increasing
voltage. This behavior of films distinguishes them from
sclassical“ dielectrics SiO, and SiNyk [14], ALO; [15], in
which the current remains low up to the very breakdown.
Thus, the work has shown that the studied multilayer
DLC films are characterized by the hopping conduction
mechanism with the average hop length of about 13 nm and
activation energy of about 500 meV. Charge is transferred
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through individual layers. The film resistivity ranges
from 8.7-10° to 2.5-103Q-cm and depends on the
deposition parameters: methane flow, pressure, presence
of inductively coupled plasma. At the same time, dielectric
constants of the samples differ insignificantly. All the films
exhibit a quite high breakdown field ((3—4) - 10° V/cm);
however, they cannot be used as protective dielectric layers
because their internal modification takes place at voltages
above ~ 1'V.
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Figure 2. Dependences of Inl on T~ at the voltage of 1V for
multilayer DLC films.
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IV curves of the multilayer DLC films at voltages
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