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1. Introduction

The study of the resistive switching (RS) effects in

metal–insulator–metal (MIM) structures is currently of

great interest because of prospects for their use in the

production of multilevel memory elements and memristor

arrays, which emulate synapses in neuromorphic computing

devices for the language recognition, decision making,

and forecasting [1–6]. Over the past ten years, vari-

ous materials showing the RS effect have been found

and classified according to the mechanism of this ef-

fect [1–3].

Effects of RS between the high-resistive state (HRS) and

low-resistive state (LRS) of MIM structures are usually

associated with electromigration of oxygen vacancies in

a dielectric oxide layer (TiOx , TaOx , HfOx , etc.) [1–6]
accompanied by redox reactions, or electromigration of

metal cations such as Cu and Ag in a dielectric (e. g.,
SiO2) from the MIM structure active electrode [7]. At the

same time, RS caused by the electromigration of oxygen

vacancies or metal cations is caused by the formation of

conductive filaments or conductive bridges in an oxide

matrix, respectively. There are also other mechanisms

responsible for the RS, e. g., those associated with spin-

polarized transport [8], electrochemical reactions [9], and

electron drag effects [10]. However, in practice, the greatest

attention is given to MIM structures with RS caused

by the electromigration of oxygen anions and/or metal

cations in the oxide layer [1–7]. Such memristor structures

provide a large number of stable (without degradation)
reversible RS cycles between HRS and LRS. Note that

in the case of anionic (or cationic) transport mechanisms,

the RS has a bipolar character, i. e., switching into LRS

and HRS occurs at different polarities of the voltage

applied to the structure. In this case, the current–voltage
I(V ) characteristics of the MIM structures, as a rule, are

noticeably asymmetric. Meanwhile, in the case of strongly

temperature-dependent redox reactions, it is possible to

implement monopolar RS [2] with the voltage switching

ratio of VLRS/VHRS ≈ 3 [11,12].

In the case of MIM structures based on diamond-like

carbon (DLC), specific RS effects should be expected.

Indeed, the ability of carbon to implement various hybridiza-

tion types of electron shells (planar
”
graphene“ sp2-type,

spatial
”
diamond“ sp3-type, and linear

”
carbonic“ sp-type)

allows the production of materials containing local regions

with different properties (sp3 is a dielectric with high

thermal conductivity, sp2 is a semimetal, etc.). Also

notice that in MIM structures with isolating layers based

on DLC or amorphous hydrogenated carbon (a -C :H),
only RS associated with the electromigration of cations

(Ti, Cu) was observed [13,14]. Nevertheless, the I(V )
characteristics of iron-doped DLC layers [15] exhibit local

sp3 → sp2 transformations in fields > 3 · 105 V/cm, which

can initiate switching of the structure from the HRS to

the LRS. Note also that these and other available data

indicate a composite character of the DLC layers; i. e., they

should be considered as an ensemble of low-resistive sp2

inclusions (nanoclusters) in the dielectric sp3 matrix, the

defectiveness of which depends on the conditions of the

layer synthesis [15,16].

The purpose of present work is to study the properties

and RS effects in Pt|DLC|Pt structures based on non-doped

and Ni-doped DLC layers.
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2. MIM structures based on non-doped
DLC

Thin (20 nm) DLC layers were deposited on a Pt-coated

(100 nm) oxidized Si substrate by high-frequency diode

sputtering of a C target by Ar ions with an increased

energy of 2 keV [17]. The phase ratio of the sp2 and

sp3 hybridization types in the DLC layers was controlled

by the growth conditions [17]. The crystal structure of

the DLC layers was studied by X-ray diffractometry on a

DRON-3 modernized two-crystal X-ray diffractometer in

the Bragg–Brentano geometry (Burevestnik, St.Petersburg,

Russia) at a wavelength of 0.15405 nm. In addition,

the structural features of the layers were studied using

combined scattering spectroscopy on an EnSpectrRam-

MicsM532 spectrometer (EnSpectr, Chernogolovka, Russia)
with a laser wavelength of 532 nm. This study showed that

the layers are strongly amorphized (the size of coherent

scattering regions ≤ 1 nm is commensurate with the size

of the unit cells of carbon materials) and contain regions

with the sp2 and sp3 hybridization type (see [17]). The

increase in the energy of Ar ions caused the increase in the

resistance of the structures (from several ohms to > 10M�)
because of increase in dielectric phase fraction with the sp3

hybridization, in our opinion.

2.1. Non-ohmic conductance of high-resistance
DLC

It was shown in [18] that the effect of an electric field on

the transport of charge carriers by the level of percolation

under fluctuation potential (FP) conditions is reduced to a

decrease in the activation energy, which can be interpreted

as a decrease in the percolation threshold, which does not

depend on the average free path of charge carriers. The

dependence of the current I on voltage in this case is

determined by formula:

I ∝ exp[(CeaV ν
0 )1/(1+ν)/kBT ], (1)

provided that inequality

eEa ≫ kBT (kBT/V0)
ν (2)

is fulfilled. Here, E = V/d is the electric field strength,

d is the thickness of the insulating DLC layer, V0 is the

FP amplitude, a is its characteristic spatial scale, ν is the

critical index of the percolation theory (in the 3D case,

ν ≈ 0.9), C ≈ 0.25 is the numerical coefficient, e is the

electron charge, kB is the Boltzmann constant, and T is

the temperature. Neglecting the difference of index ν from

unity, we obtain from (1) [18]:

I ∝ exp(αE1/2/kBT ), (3)

where α = (CeaV0)
1/2, i. e., we have a law similar to the

Frenkel–Poole law [19] in which quantity α appears instead

of coefficient

β = 2(e3/κ)1/2, (4)

where κ is the dielectric constant of the DLC.
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Figure 1. Typical I(V ) of a Pt|DLC|Pt structure at the voltage

sweep rate of 2 and 4V/s (the graphs coincide) with a current

limitation at the level of 2mA; the inset shows the structure I(V )
in the mode of resistive switching to a low-resistance state that is

obtained with a current limitation of Ic = 20mA.

The I(V ) characteristics and RS effects were studied at

room temperature using a NI PXI-4140 multifunctional

source-meter and a PM5 (Cascade Microtech, Beaverton,

USA) analytical probe station equipped with a PSM-100

(Motic, Beaverton, USA) specialized system with an optical

microscope, which allows micrometric movement of probes

(the size of the probe is 5µm, the movement accuracy

is 3µm) (see details in [20]). The I(V ) were studied

at room temperature in the current limiting mode at

the grounded lower electrode of the structures and the

sweep of bias voltage to a linear step law in sequence

0 → +3V → 0 → −3V → 0 with a step amplitude of

0.02V and its various duration of 5 and 10ms, which

corresponds to the sweep rates of 4 and 2V/s.

Fig. 1 shows typical dependences of the current I on

voltage V for a Pt|DLC|Pt structure that are obtained in the

mode of current limit Ic = 2mA and various sweep rates in

the voltage range of |V | < 2V. The I(V ) are independent of

direction and speed of voltage sweep, which indicates their

stationary nature. An increase in Ic to 20mA and |V | > 2V

leads to the RS of the structure in a low-resistance state (see
the inset to Fig. 1), which can persist for a long time (up
to a day). Below, we will consider a possible mechanism

of charge carrier transport in the high-resistance state of the

structure.

Fig. 2 shows the dependence of structure normalized

conductance G = I/V on voltage V in coordinates of

ln(G/G0) νs V 1/2, which is linear and has a pronounced

threshold character; G0 is the structure conductance in the

weak electron field limit. Observed I(V ) peculiarities agree

with the conclusions of [18].
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Figure 2. Dependence of conductance G of a Pt|DLC|Pt structure
on voltage V . The inset shows the structure I(V ) as the function

of ln(I) on the V 1/2; G0 is the structure conductance in the weak

electron field limit.

Estimate now the characteristic size a of
”
graphite“ sp2

nanoclusters. The discontinuity of the conduction band

of diamond at the boundary with graphite should be

determined by the difference between the graphite work

function of W ≈ 4.7 eV and the electron affinity energies in

diamond, the value of which is sufficiently small (∼ 0.1 eV)
and may even be negative [21]. Since the diamond band gap

of Eg ≈ 5.5 eV [21] slightly exceeds the work function of

graphite, the smallest barriers under these conditions are re-

alized for hole transport. In this case, neglecting the effects

of size quantization, the characteristic depth of potential

wells (FP amplitude) for holes is V0 ≈ (Eg −W ) ≈ 0.8 eV.

By the slope of experimental characteristics shown in Fig. 2,

we obtain a ≈ 4 nm, which seems to be a reasonable

value [17].
Thus, the non-linear behavior of the conductivity of

Pt|DLC|Pt structures in the HRS mode is due to field

effects under conditions of percolation transport of charge

carriers in the fluctuation potential initiated by fluctuations

in the composition of DLC layers in the presence of low-

resistance sp2 nanoclusters in a diamond-like sp3 matrix.

The characteristic size of sp2 nanoclusters estimated within

the framework of the percolation model as ∼ 4 nm agrees

with the results of X-ray diffraction analysis of DLC

films [17].

2.2. Monopolar resistive switching effect

The I(V ) characteristics of the non-doped DLC MIM

structures were studied at room temperature in the
”
verti-

cal“ geometry. Platinum electrodes were chosen because

Pt does not produce mobile ions in the DLC, thus the

studied RS effects should not be associated with the

electromigration of ions. The bias voltage V in a range of

0−30V was applied through a limiting resistor RL on a Pt

probe pressed to the DLC surface. The I(V ) characteristic

was measured at the variation of V with a rate of ∼ 0.1V/s.

Fig. 3 illustrates the dependence of the current I on the

voltage drop V on the structure measured at RL = 100 k�.

Initially, the structures were in the high-resistive state with

the resistance R = V/I ≈ 120 k�. With increasing voltage,

the resistance of the structures drops to ∼ 10 kω, and at

V ≥ 3V, the structures are switched in ∼ 100 s to the LRS

with R ≈ 2−3 k�. The LRS persists with decreasing V and

the structure is switched to the HRS with R ≈ 100 k� at

V ≥ 0.1V in ∼ 300 s. At the negative voltage polarity, the

structure exhibits similar behavior, which is quite clearly

manifested when the inverted I(V ) characteristic obtained

at negative bias is compared to the I(V ) characteristic

measured at V > 0, which is shown in Fig. 4. Fig. 4 shows

that both I(V ) branches for V > 0 and V < 0 coincide
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Figure 3. The I(V ) of the Pt|DLC|Pt structure. The arrows

indicate the measurement sequence.
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Figure 4. Log–log plots of |I| νs |V | for positive (circles) and

negative (squares) voltage polarity.
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within 10%. To the best of our knowledge, such a hysteresis

behavior of the I(V ) characteristics in MIM structures with

ion transport was not observed previously.

It is remarkable that the dependences of log |I| on log |V |
for the HRS in Fig. 4 demonstrate several linear sections

with different exponents n(I ∝ V n): linear Ohm’s law with

n ≈ 1.1 at V ≥ 0.4V, then a power law with n ≈ 1.6 in

a range of 0.5V ≤ V ≤ 2V, and an exponential law with

n ≈ 3.3 at V ≥ 2V. The exponential law with n ≈ 2 is

often associated with the appearance of space-charge limited

currents [22], which in the presence of traps can be replaced

by the region of the sharp current growth (n ≥ 3) under the
conditions of their maximum filling [12,13,23]. Within the

concept of space-charge limited currents, it is possible to

obtain estimates characterizing the structures under study

in this mode.

Taking into account that the transition from the ohmic to

the exponential-law region with n ≈ 2 in the I(V ) charac-

teristic occurs when the density of the charge injected into

the DLC, ni ≈ κV/2πed2 (here, κ ≈ 6 [16], d ≈ 20 nm),
exceeds the equilibrium charge-carrier density [22], from

the voltage of this transition V ≈ 0.3V (Fig. 4), we find

ni ∼ 1018 cm−3. Such a high equilibrium charge-carrier

density at the structure resistance of ∼ 100 k� means

that the electron transfer in the DLC layer in the HRS

occurs most likely through electron hopping between sp2

nanoclusters.

Note that the non-linearity of I(V ) characteristics under

hopping transport conditions may have a different nature.

The transverse hopping conductivity of thin films is sub-

stantially determined by mesoscopic effects such as the

formation of percolation chains formed by centers with the

narrowest center-to-center (in our case, intercluster) poten-

tial barriers [24,25], in which the maximum electric field is

reached. Electron transfer at the percolation conductivity

in the non-ohmic mode was considered in [18], where it

was shown that transition to the exponential dependence

occurs in relatively strong fields eE > kBT (kBT/V0)
ν . At

the same time, the I(V ) characteristic takes a form similar

to the Frenkel–Poole law: I ∝ exp(αE1/2/kBT ), where

α = (CeaV0)
1/2 where C ≈ 0.3 [26], and V0 and a are

the amplitude and characteristic spatial scale of potential

fluctuations, respectively.

In our case, it is natural to associate the fluctuation

potential with the chaotic distribution of the charge localized

on electrically active defects in the DLC matrix. The exper-

imental dependence of log I on V 1/2 (Fig. 5) demonstrates

a linear region in the range of 1V ≤ V ≤ 3V, which slope

gives α(∂E/∂V )1/2/kBT ≈ 2.6V−1/2. Under the assump-

tion that ∂E/∂V ≈ 1/d, the above expressions give the esti-

mation of aV0/d ≈ [∂ ln I/(∂V 1/2)]2(kBT )2/Ce2 ≈ 14meV

and the percolation cluster correlation radius

L0 ≈ a(V0/kBT ) ≈ 12 nm, which implies that L0/d ≈ 1.

Therefore, the systems under study should be considered

mesoscopic, where hopping transfer occurs mainly through

single chains of sp2 nanoclusters, and both the electric field

and the local current density are sharply increased.
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Figure 5. Log–log plots of |I| νs |V |1/2 for positive (circles) and

negative (squares) voltage polarity.

Note that in the LRS case, the current depends linearly

on the voltage (Fig. 4), which contradicts the classical

concepts of space-charge limited currents, within which

I ∝ V 2 [22]. Previously, this behavior was found in

Ti|DLC|Pt structures [13], which implies RS mechanisms

related to the formation of conductive bridges owing to the

electromigration of Ti cations under the conditions of space-

charge limited currents [13].

In our structures, both electrodes are made of inert

metal (Pt); therefore this mechanism is hardly essential. In

addition, under the conditions of cations electromigration,

the I(V ) characteristics are noticeably asymmetric [13],

whereas the situation in our case is opposite (Fig. 5).

It was noted in [15] that the strong fields of

≥ 3 · 105 V/cm stimulate the change in the hybridization

type of the diamond-like sp3 DLC regions, which separate

the conducting sp2 regions (nanoclusters). This process is

accompanied by the growth/overlap of sp2 clusters and the

structure transition from the HRS to the LRS. Meanwhile,

in weak fields, reverse sp2 → sp3 transformations prevail,

causing the reverse RS. Since HRS→LRS switching is

observed in fields of ∼ 106 V/cm, and reverse switching

occurs in zero fields (Fig. 3), we conclude that the noted

mechanism is responsible for the effects of reversible

resistive switching in the studied structures.

Thus, the I(V ) features observed in the HRS are caused

by field effects under the conditions of percolation charge

carrier hopping between low-resistive sp2 nanoclusters

separated by diamond-like sp3 gaps. The change of the

hybridization type in sp3 gaps initiates switching in a strong

electric field (i. e., in the strong non-equilibrium situation),

which is observed as the effect of limiting trap filling. At

the same time, in the equilibrium situation (in a weak field),
the reverse sp2 → sp3 transitions prevail, which transforms

the structure to the HRS.

Physics of the Solid State, 2024, Vol. 66, No. 1
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3. DLC with Ni impurity

The addition of different element atoms changes the DLC

film properties. Impurities of F, N, Cu, Ti, Ta, W, Nb, Ag,

Co, or Si affect the friction factor, hardness, optical proper-

ties, and film conductivity [27–37]. Dielectric properties of

the DLC films with the Ni impurity were studied in [37–
39]. Mechanisms of non-doped DLC film conductance non-

linear behavior we have studied earlier [40–42]. It was noted
that this behavior may be caused by the effects of Frenkel–
Poole [19], Shottky [43], resistive switching due to cation

electro-migration or changing the carbon hybridization

type in a strong electric field [13,14,44], charge carrier

percolation in random Coulomb potential [18,45], etc. In the

case of hopping electron transport, the I(V ) non- linearity

could be also caused by mesoscopic effects, i. e., by the

formation of percolation chains of centers separated by most

narrow potential barriers [24,27], where most strong electric

field occurs.

Thin (40 nm) DLC(Ni) films were synthesized in dis-

charge with hollow Ni cathode in the mixture of argon

and propane at the simultaneous deposition of the DLC

and Ni. The DLC(Ni) films were grown in the plasma-

chemical reactor (PCR) [46]. The electrode system of the

PCR contains the cathode shaped as a hollow cylinder with

a diameter of 18mm, a length of 35mm, and a thickness of

1mm; the vacuum chamber frame was used as the anode.

The 2-mm-thick glass plate covered with Pt film (bottom
electrode) was used as the substrate. The Ni concentration

(of 10, 20, and 40 at.%) was set by variation of the portion

of propane (reactive gas) in the plasma-creative gas (argon)
in the frames of C3H8 : Ar≈ 1 : (1000−7000). The rate of

the DLC(Ni) film deposition and Ni content for different

portions of propane in argon is shown in Fig. 6.

The crystalline structure of the DLC(Ni) films was

studied by the method of [17]. It was shown that the typical

size of the Ni inclusions (nanoclusters) does not exceed

0.5 nm which is in agreement with the results of [39].

3.1. Non-linearity of I(V) characteristics

At I(V ) measurements, the Pt sub-layer was used as

the bottom electrode, and the clipping Pt probe was used

as the top electrode. The voltage with the amplitude of

Va = 5V was set by the generator Tektronix AFG 3252

(Tektronix, Portland, USA), and the current and the voltage

drop on the film were measured by the digital oscillograph

Tektronix TPS 2024. The current value was calculated

by the voltage drop on the standard resistor of 10 k�.

Fig. 7 illustrates typical room temperature I(V ) of the

Pt|DLC(Ni)|Pt structure with the Ni content of 10, 20,

and 40 at.%.

The I(V ) are of the non-linear type which is typical for the

DLC-based structures (see [40–42]). The voltage increase

for |V | > Va leads to the structure switching from the high-

resistive to the low-resistive state, which keeps itself for a

long time.
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Figure 6. The dependence of Ni content and the rate of the

DLC(Ni) film deposition on argon to propane ratio.
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Figure 7. Typical I(V ) of the Pt|DLC(Ni)|Pt structure with

different Ni content: curve 1 — 10, 2 — 20, 3 — 40 at.%.

Because of the small size of the Ni inclusions, we

assume that I(V ) non-linearity could be associated with the

Frenkel–Poole effect, for which the structure conductance G
depends on the electric field E ∝ V as G ∝ ln(AE1/2),
where A = 2(e3/κ)1/2/kBT . Indeed, the dependences of

the G on V could be linearized in the scale of ln(G) νs V 1/2

(see Fig. 8).

As follows from the data of Fig. 8, the structure

conductance increases with the Ni content, while the slope

of the ln(G) νs V 1/2 curves decreases, which contradicts

the Frenkel–Poole effect. Indeed, the coefficient A in this

model does not depend on the Ni content. The reason for

this contradiction could be associated with the increase of

the DLC(Ni) dielectric constant with the Ni concentration

increase (see [39]).

Note that one of the composite system’s main characteris-

tics is the percolation threshold, i. e., the metal concentration
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resistance R on the Ni content.

at which the infinite conducting cluster occurs [45]. Fig. 9

illustrates the dependence of the Pt|DLC(Ni)|Pt structure

resistance R = 1/G on the Ni content. The percolation

threshold corresponds to the Ni concentration of ∼ 20 at.%

in correspondence with the results of [39].

4. Conclusions

A technology has been developed for the synthesis

of non-doped diamond-like carbon (DLC) and metal-

containing carbon nanocomposites based on Ni-doped DLC

for the manufacture of memristive memory elements. The

Pt|DLC|Pt structures are fabricated by high-frequency diode

sputtering of a C target by Ar ions, or in discharge with

hollow Ni cathode in the mixture of argon and propane at

the simultaneous deposition of the DLC and Ni.

As shown, in our case the nonlinear behavior of the

conductivity of Pt|DLC|Pt structures based on non-doped

DLC in the HRS mode is due to (i) field effects under

conditions of percolation transport of charge carriers in

the fluctuation potential initiated by fluctuations in the

composition of DLC layers in the presence of low-resistance

sp2 nanoclusters in a diamond-like sp3 matrix, or (ii) by the

change of the hybridization type in sp3 gaps in a strong

electric field. The characteristic size of sp2 nanoclusters

estimated within the framework of the percolation model of

∼ 4 nm agrees with the results of X-ray diffraction analysis

of DLC films. Non-linear I(V ) of Pt|DLC(Ni)|Pt structures
with the Ni concentration of 10, 20, and 40 at.% are in

agreement with the Frenkel–Poole model. The increase

of the Ni content leads to an increase of the structure

conductance G, while the slope of the ln(G) νs V 1/2 curves

decreases. The reason for this contradiction could be

associated with an increase of the DLC(Ni) dielectric

constant with the Ni concentration increase. The percolation

threshold corresponds to the Ni concentration of ∼ 20 at.%

in correspondence with known results.
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