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The influence of nanocomposites on the memristive properties of

Cu/(Co40Fe40B20)x(SiO2)100−x /LiNbO3/Cr/Cu/Cr capacitor structures
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The paper reveals the results of a study of the memristive properties of the Cu/(Co40Fe40B20)x (SiO2)100−x /

LiNbO3/Cr/Cu/Cr/citall structure. It has been shown that the use of (Co40Fe40B20)x (SiO2)100−x nanocomposites

makes it possible to realize a set of good, practically significant memristive properties. Thus, the switching voltage

from the HRS to the LRS state of the capacitor structure and back is ±4V, the Roff/Ron ratio reaches hundreds

of units, the number of reversible resistive switching cycles is more than 104, and the plasticity of resistive states

are being realized. It has been confirmed that to implement a multifilament resistive switching in a dielectric layer,

the presence of nanocomposite in the concentration range of the metal phase up to the percolation threshold is

necessary as an upper electrode. In this case, the main role is played by the structure of the nanocomposite, and

the elemental composition of the heterogeneous film is not so significant for the implementation of a complex of

technologically significant properties of the memristor.
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Introduction

The intensive development of artificial intelligence in

recent years has put forward certain requirements for

the development of a new electronic component base.

In this regard, one of the promising areas of research

is metal-dielectric-metal (M/D/M) memristive structures,

where the effect of reversible resistive switching (RS) has

been detected. This property can be used both to create

elements of non-volatile multilevel memory and to emulate

synapses in the development of neuromorphic computing

systems that are effective in solving artificial intelligence

tasks: natural language and image recognition, decision

making, generalization, forecasting, etc. [1–8].

Reversible RS can, in most cases, be explained by

two mechanisms of changing the processes of electrical

transfer. In the first case, the electromigration of oxygen

vacancies in a dielectric layer under the action of a high

electric field strength is considered [1,7]. In the second

case, the penetration of metal cations (for example, Cu,

Ag) into a dielectric of electrodes of the appropriate

composition [2,8–13]. As a result of these processes, thin

conductive channels (filaments) are created or destroyed in

the dielectric layer, which determine the resistive character-

istics of the functional layer. Obviously, with a low density

of such channels, their position and the stress of synthesis

and destruction are largely determined by defects in the

memristive structure. This largely random mechanism of

formation of conductive channels causes a wide variation in

characteristics from element to element and a high degree

of degradation of the properties of memristors in case of

cyclic RS [1,2].

We proposed the use of a metal-dielectric nanocomposite

(NC) film as one of the electrodes. The electrotransport is

carried out along a chain of metal nanogranules in NC up

to the percolation threshold. These channels determine the

spatial location and surface concentration of the filaments

in the dielectric layer. The chosen approach was tested in

memristive structures of M/NC/M, where NC was a hetero-

geneous system (Co40Fe40B20)x (LiNbO3)100−x . In this case,

the possibility of implementing bipolar resistive switching

with the ratio of high-resistance (Roff) to low-resistance

(Ron) resistive states Roff/Ron ≈ 100 was shown [14–16].
In addition, for this structure, the endurance (number

of RS cycles) exceeded 106, and the retention time of

resistive states was 104 s [15,16]. Memristive elements also

showed the possibility of a smooth change in the resistive

state in the Roff − Ron window (plasticity), and this made

it possible to emulate important properties of biological

synapses [16–19]. Structural studies of the memristive

element M/(Co40Fe40B20)x (LiNbO3)100−x /M) have shown

that at the initial stage of nanocomposite growth, a dielectric

is formed on the lower metal electrode as a result of the self-

organization process interlayer (LiNbO3) with a thickness

of 10−15 nm [20,21]. In this regard, M/NC/D/M structures

were synthesized, where a LiNbO3 layer with a thickness
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of 10−15 nm is used as the D. The resulting structures had

properties similar to those shown above.

Supposition on formation of multi-filament RS in struc-

tures M/NC/D/M due to conductive channels of NC provide

high degree of variation in properties optimization due

to use of NC with different composition of metallic

and dielectric phases. The most studied nanocomposite

is (Co40Fe40B20)x (SiO2)100−x which, from one hand has

homogeneous nanogranular structure [22], and on the other

hand rather high thermal stability of structural and electrical

properties [23].
Therefore, the main purpose of this study is to identify

the effect of the dielectric phase of the nanocomposite

(Co40Fe40B20)x

1. Specimens and study methods

Memristive structures Cu/(Co40Fe40B20)x (SiO2)100−x /

LiNbO3/Cr-Cu-Cr/polycrystalline glass (Fig. 1) were ob-

tained by ion beam spraying using shadow masks.

At the first stage, the lower electrode of the Cr–Cu–
Cr 100/1000/100 nm structure was deposited, respectively.

The ion purification of the substrate surface was performed

before the deposition of the metal film. The synthesis

was carried out in one technological cycle by sequential

sputtering of Cr and Cu targets at an anode voltage of

2 kV and a plasma current of 100mA at a pressure of Ar

3.9 · 10−4 Torr. The choice of a multilayer configuration of

the metal electrode allows, on the one hand, protecting the

copper film from the impact of the natural oxidation process

in the atmosphere, on the other hand, creating a buffer layer

that prevents the processes of electromigration of Cu ions

into the NC film, forming an electrode with a low electrical

resistivity at the same time.

Subsequent sputtering of films

(Co40Fe40B20)x (SiO2)100−x /LiNbO3

(for brevity, we will denote the composite

(Co40Fe40B20)x (SiO2)100−x in this structure as

(CoFeB)x (SiO2)100−x) was carried out through shadow

masks on four Cr–Cu–Cr/polycrystalline glass substrates

arranged in a row so that the total area of the working

surface was 240× 48mm. The shadow screen covered

the substrates and had holes with a diameter of 8 mm,

arranged in 24 rows of 6 holes per row. LiNbO3 film was

Glass-ceramic substrate

Cu
(Co Fe B ) (SiO )40 40 20 x 2 100 –x

LiNbO3

Cr–Cu–Cr

Figure 1. Topology of the experimental samples M/NC/D/M.

deposited as follows. The target was a plate of single-crystal

lithium niobate with a size of 280 × 80× 2mm, secured

on a water-cooling base. Spraying was carried out in an

Ar atmosphere at a pressure of 3.9 · 10−4 Torr with the

addition of 1.9 · 10−5 Torr O2, which made it possible

to reduce the oxygen deficiency in the synthesized film.

LiNbO3 was deposited onto the substrate in the mode of

its passage in the spray position. The speed of movement

of the substrate was set by the speed of rotation of the

carousel of the substrate holder (one revolution for 5min).
The deposited coating thickness was about 5 nm in one

cycle. There were three such deposition cycles, and the

total thickness of lithium niobate was about 15 nm.

NC was deposited using a similar technology. The com-

posite target was a Co40Fe40B20 alloy plate with a size of

280 × 80× 10mm, on the surface of which 13 subsamples

of a single crystal quartz with a size of 80× 10× 2mm

were attached. The location of the subsamples was uneven

along the length of the target. This made it possible to

smoothly and continuously change the concentration of

the metal phase of the composite on the surface of the

substrates depending on the arrangement of the substrate-

target [24,25]. For more complete oxidation of the dielectric

phase of NC during synthesis, a small amount of oxygen of

the order of 0.9 · 10−5 Torr partial pressure was added to the

inert gas (Ar) at a pressure of 3.9 · 10−4 Torr. The chosen

configuration of the composite target and the number of

attachments made it possible to vary the concentration of

the metal phase of the composite from 18.9 to 42.1 at.%,

depending on the position of the samples during deposition.

Sputtering was carried out for 15 min at an anode voltage of

2 kV and a plasma current of 100 mA on a fixed substrate.

This made it possible to form a film of HC with a thickness

of ≈ 250 nm. As in the case of applying the lower electrode,

ion cleaning of the substrate surface was carried out before

spraying.

The upper copper contact pads were applied through a

metal mask with a hole size of 0.5× 0.2mm for 30min

using the technology described above.

The ion beam vacuum spraying unit has an oil-free

pumping system consisting of spiral and turbomolecular

pumps. A vacuum of no worse than 1.0 · 10−6 Torr was

created before spraying. Extremely pure gases of no worse

than 99.999% were used for the synthesis.

The elemental composition of NCs was determined

using an Oxford INCA Energy 250 energy-dispersive X-ray

attachment on a JEOL JSM-6380 LV scanning election

microscope. The structural analysis was performed by X-ray

method using BRUKER D2 PHASER X-ray diffractometer.

The volt-ampere characteristics (VAC) of

structures Cu/(CoFeB)x(SiO2)100−x /LiNbO3/Cr–Cu–
Cr/polycrystalline glass and their memristive properties

were measured using a multifunctional KEITHLEY 2450

measuring source and an analytical probe station in current

limiting mode. VAC of structures MNC/M were measured

with grounded bottom electrode and bias voltage sweep

U of top electrode as per linear law in sequence from
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0 → +Umax → Umax → 0V with step 0.1 V. The rate of

voltage change was 10V/s.

2. Experimental results

13 cells of a memristive structure were synthesized in

the course of the study, differing in the concentration of

the metal phase in the composite in the range from 18.9 to

42.1 at.%. Figures 2 and 3 show, respectively, diffraction

patterns of films of NC (CoFeB)x(SiO2)100−x and VAC

of memristive elements for intermediate concentrations,

which most clearly demonstrate the dynamics of memristive

properties.

The characterization of the structure of NC

(CoFeB)x (SiO2)100−x and D LiNbO3 was performed

by X-ray method on films of the order of 1µm thick

deposited on the surface of single-crystal Si (100).
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Figure 2. Diffraction patterns of films of NC

(CoFeB)x (SiO2)100−x .
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Figure 3. VAC of the memristive element

Cu/(Co40Fe40B20)x (SiO2)100−x /LiNbO3/Cr/Cu/Cr/polycrystalline

glass at different concentrations of the metallic phase of NC: 1 —
18.9, 2 — 35.5, 3 — 41.9 at.%.
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Figure 4. Diffraction pattern of the LiNbO3 film.

X-ray diffraction did not reveal the crystal structure of

NC in the entire range of concentrations of the metal

phase under consideration (Fig. 2). It is remarkable that

small-angle X-ray diffraction is observed in films of NC

(CoFeB)x (SiO2)100−x . This phenomenon is possible if we

assume that the NC has a fairly well-ordered structure of

the relative arrangement of metal granules. The average

distance between the granules can be estimated from the

position of the maximum. It is on the order of 3 nm and

increases with increasing concentration of the metal phase

(Fig. 2, insert).

X-ray diffraction from the LiNbO3 film (Fig. 4) is most

accurately described when it is modeled by a medium

where niobium oxide nanocrystals are embedded in an

amorphous matrix. The position of the peak suggests

that niobium oxide is closer to the unsaturated form of

Nb2O5. The absence of small-angle diffraction may indicate

the absence of an ordered distribution of niobium oxide

nanoparticles or their large (> 8 nm) size (Fig. 4, box).

Bipolar resistive switching is observed throughout the

studied concentration range as can be seen on the VAC

curves of the structures of Cu/(Co40Fe40B20)x (SiO2)100−x /

LiNbO3/Cr/Cu/Cr/polycrystalline glass shown in Fig. 4. The

switching voltage from the high-resistance to the low-

resistance state (Roff → Ron) and from the low-resistance

to the high-resistance state (Ron → Roff) differ significantly

depending on the concentration of the metal phase in the

NC. Besides, as value x increases, the current through

the specimen, where RS are observed, increases. These

parameters, as well as the ratio Roff/Ron depending on the

concentration of the metallic phase of NC, are shown in

Fig. 5. The range of x can be distinguished, within which

optimal properties of structures are observed. Switching

voltage in the region of ±4V and the ratio of Roff/Ron ≈ 50.

A more detailed analysis of the concentration depen-

dences of the memristive properties for the structure

Cu/(Co40Fe40B20)x (SiO2)100−x /LiNbO3/Cr/Cu/Cr/ polycrys-

talline glass is shown in Fig. 5.
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Figure 5. Concentration dependences of parameters

Roff/Ron, Uset and Ureset for the Cu/(Co40Fe40B20)x (SiO2)100−x /

LiNbO3/Cr/Cu/Cr/polycrystalline glass.

3. Analysis of findings

Taking into account the mechanism of the multifilament

RS in the LiNbO3 dielectric layer, which is determined

by conducting channels in the NC, it is easy to explain

the results obtained. As the concentration of the metal

phase in NC (Co40Fe40B20)x (SiO2)100−x) increases, both

a decrease in channel resistance (Rch) and an increase in

density are observed conducting channels. A decrease in

Rch leads to a redistribution of voltage in the channel-

dielectric chain and, consequently, an increase in voltage

across the LiNbO3 layer, which causes RS. Current through

the specimen is specified by density of induced filaments,

which is proportionate to the density of conducting channels

in NC.

A significant property of memristors is the preservation

of induced resistive states over time. This characteris-

tic tends to relax in the studied memristive structures

(Fig. 6). We observed similar behavior in structures where

(Co40Fe40B20)x (LiNbO3)100−xwas used as the NC [26]. It

was shown in this study that the thermal activation of

electrons from neutral vacancies into the impurity zone and

the hopping transfer of charges in it play an essential role

in the relaxation of the induced resistive state. Since the

identified relaxation processes in LiNbO3 have different τ0
and Eact, a pulse RS algorithm has been developed in which

the processes responsible for relaxation of the induced

resistive state do not have time to be implemented [27].

A measurement of quasi-static VAC was performed to

study the issue of low temporal stability of induced resistive

states. Voltage step was 0.1 V. 10 current resistance values

were measured at the current voltage for 10 s (Fig. 7). These
values were treated by calculation of relative change in

resistance at fixed voltage on sample (Fig. 8).

In the region of positive voltages applied to the upper

electrode, irreversible changes in the resistive state (decrease
in values R) are observed at very low voltages and
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Figure 6. Time dependence of induced resistive

states for memristor structures Cu/(Co40Fe40B20)35.5(SiO2)64.5/
LiNbO3/Cr/Cu/Cr/polycrystalline glass.
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Figure 7. Time dependence of the change in the resistance of the

Cu/(Co40Fe40B20)35.5(SiO2)64.5/LiNbO3/Cr/Cu/Cr/polycrystalline

glass when the applied voltage changes.

continue at an increasing rate up to ∼ 3.5V. It is easy to

imagine this dependence (Ri+1−Ri)/Ri) as a superposition

of two processes of resistance change under the action of

applied voltage, implemented in a different range of applied

potential. No significant voltage changes are observed

during the transition Ron → Roff in the range from 0 to −2V.

The structure is switched to a high-resistance state in the

voltage range from −2 to −4V, which correlates well with

the course of time dependence of induced resistive states

(Fig. 7).

We observe a similar pattern on the family of curves R(t),
which demonstrates the plasticity of induced resistive states

(the ability to realize any resistance value of the structure

between Roff and Ron) (Fig. 9). It can be seen that the

nominal value decreases during the measurement time in
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Cu/(Co40Fe40B20)35.5(SiO2)64.5/LiNbO3/Cr/Cu/Cr/polycrystalline

glass from applied voltage.
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Figure 9. Time dependence of the resistive states of memristor

structures Cu/(Co40Fe40B20)35.5(SiO2)64.5/LiNbO3/Cr/Cu/Cr/ poly-

crystalline glass induced at various limiting currents.

case of relatively large values of R , whereas R(t) increases

at values R close to the minimum. This is consistent with

the curves in Fig. 6. At the same time, the rate of decrease

of R(t) is higher than the increase of R(t).
Nevertheless, the structures of Cu/(Co40Fe40B20)x

(SiO2)100−x /LiNbO3/Cr/Cu/Cr/polycrystalline glass exhibit

significant stability of reversible RS (Fig. 10). The param-

eters of the switching pulses (pulse voltage, pulse current,

and pulse time) are shown in the figure. Degradation of

induced states is not observed after 104 switching cycles.

Conclusion

Studies of the complex of memristic properties of

Cu/(Co40Fe40B20)x (SiO2)100−x /LiNbO3/Cr/Cu/Cr/ polycrys-

talline glass structure have shown that reversible bipolar

switching is observed in the range of concentrations of

the metallic phase of NC from 18 to 43 at.%. The

0 10 000

Number of cycle

R
, 
Ω

5000

510

410

Roff

Ron

U = –6.1 V

I = –0.03 A

U = +4.8 V

I = –0.07 A

∆t = 0.01 s

Figure 10. Switching of resistive states in memristor structures

Cu/(Co40Fe40B20)35.5(SiO2)64.5/LiNbO3/Cr/Cu/Cr/polycrystalline

glass.

magnitude of the switching voltages from Roff to Ron

states and, conversely, decreases with increase of x and

reaches ±4V at x = 37 at.Roff/Ron reaches hundreds of

units. The number of cycles of reversible RS is more

than 104 . Some relaxation of the time dependences of

the induced resistive states has been revealed, which is

related to the electrical properties of the functional layer

LiNbO3, which in its initial state is a complex heterogeneous

structure where nanocrystals NbO2 are embedded in an

amorphous matrix. A comprehensive study has confirmed

that in order to implement a multifilament RS in a dielectric

layer, the presence of NC with a concentration of the

metal phase is necessary before the percolation threshold

between the upper and lower electrodes. In this case, the

main role is played by the NC structure, and the elemental

composition of the heterogeneous film is not so essential

for the implementation of the complex of technologically

significant properties of the memristor.
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