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Formation of (Co40Fe40B20)x(LiNbO3)100−x composite film on a metallic

substrate
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The topological features of the formation of (Co40Fe40B20)15(LiNbO3)85 composite films deposited by ion-beam

method on a metal electrode Cr/Cu/Cr has been investigated. The presence of a dielectric layer between the upper

Cr layer and the CoFe−LiNbO3 film with a thickness of dox ≈ 15 nm has been established. The difference in the

size of granules near the amorphous layer and in the volume of the film has been shown. A model of the formation

of (Co40Fe40B20)x (LiNbO3)100−x nanocomposite film at the initial stage of growth has been proposed. It has been

shown that the formation of α-LiNbO3 layer on the chrome metal film surface is possible with the realization of

island and layer-by-layer growth mechanisms for various phases of the composite.
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Introduction

In recent years intensive studies has been carried out on

nanocomposites from metal granules in an oxide matrix

during the development of memristive elements in terms

of their use as a functional medium [1–3]. Good mem-

ristive properties were found in nanogranular composites

(Co40Fe40B20)x (LiNbO3)100−x : ratio of electrical resistances

in high-resistance and low-resistance states Roff/Ron > 100,

maximum switching cycles number Nmax > 105 [4–6]. The
effect of reversible resistive switching (RS) from one state

(high-resistance) to another (low-resistance) and back under

the action of a switching potential with changing polarity

implies the anisotropic properties of the functional medium

or the material of electrical contacts. In the first case, the

main switching mechanism is the formation of conducting

channels from oxygen vacancies in high-resistivity oxide,

when two layers with different oxidation states are formed

in the composite film [7–11]. In the case when the effect

is associated with the electrical migration of metal atoms

into a dielectric film, the difference in the material of the

electrodes of the upper and lower contacts is critical [12–15].

In the case of nanocomposites

(Co40Fe40B20)x (LiNbO3)100−x the material of the

electrodes does not have a decisive effect on the

presence of memristive properties, and resistive switching

is determined by the high-resistance layer of the composite.

In this case, the degree of oxidation and the gradient

of the degree of oxidation of the composite through the

film thickness have a more significant influence on the

parameters of the observed effect. However, the structural

features and reasons for the formation of the heterogeneous

structure of composites (Co40Fe40B20)x (LiNbO3)100−x ,

which determine the presence of the memristive effect in

these heterogeneous systems, are not identified completely.

Taking into account the above, the purpose of this

work is to reveal the type and physical reasons for the

heterogeneity of the structure of nanocomposite films

(Co40Fe40B20)x (LiNbO3)100−x obtained by ion-beam sput-

tering during their growth on a metal surface as a result of

the self-organization process.

1. Experimental procedure

Films of nanocomposites (Co40Fe40B20)x (LiNbO3)100−x

were obtained by the method of ion-beam sputtering [16,17].
The target consisted of a metal base of the Co40Fe40B20

alloy with a size of 270× 80× 15mm, on the surface

of which 15 plates of monocrystal compound LiNbO3

with the size 80× 10× 2mm were fixed unevenly along

the length of the target. Sitall (glass-ceramic) plates

with a metal film preliminarily deposited on their surface

were chosen as the substrate. The Cr/Cu/Cr system was

chosen as the metal sublayer (electrode). This film was

deposited on the substrate by sequential sputtering of the

corresponding targets in one technological cycle. Four

glass-ceramic substrates were arranged in a row along the

target axis, creating an application area of 240× 48mm.

This arrangement of the mosaic target and substrates made

it possible, in one technological cycle, to obtain samples

with different ratio of the dielectric and metallic phase
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Figure 1. STEM-cross-sectional image of (Co40Fe40B20)15(LiNbO3)85/Cr/Cu composite structure.

depending on the relative position of the target−substrate.

The thickness of the composite film was ∼ 1.5µm.

High-resolution images obtained by transmission electron

microscopy (TEM) and scanning transmission electron

microscopy (STEM), electron diffraction patterns from the

selected area and microanalysis were recorded using a

transmission/scanning electron microscope (T/SEM) Tecnai

Osiris (Thermo Fisher Scientific, USA) at an accelerating

voltage of 200 keV, equipped with an energy-dispersive

X-ray spectrometer (EDS) Super-X (Bruker, USA) and

a large-angle ring dark-field detector (LRDD) (Fischione,
USA).

2. Experimental results

The electrical properties of metal−dielectric nanocom-

posites in the case of electrical transfer perpendicular

to the plane of the film are mainly determined by

the heterogeneity of the formation of the heterogeneous

system structure during synthesis; therefore, the TEM

method was used to study the cross section of the

metal−nanocomposite−metal(M/NC/M) structure (Fig. 1),
which revealed a number of interesting features of the

evolution of NC (Co40Fe40B20)15(LiNbO3)85 growth. Thus,

an amorphous layer with a thickness of dox ≈ 15 nm was

found at the interface between Cr and the NC film.

A more detailed analysis of the structural and phase fea-

tures of this object was presented in the paper [4]. The anal-
ysis of the elements distribution in the geometry transverse

to the interlayer by scanning electron microscopy (SEM)
showed that in the region of the amorphous layer the

concentration of Nb is 25 at.% and of O — 75 at.%. In

this case, the content of Fe and Co is significantly lower

than in the bulk of the nanocomposite layer. Therefore, we

can conclude that the detected interlayer is an amorphous

compound LiNbO3. A relatively sharp interface is observed

between the lower electrode layer of Cr and LiNbO3,

indicating the absence of interdiffusion.

In the same paper it was revealed that the average

size of CoFe granules directly adjacent to the dielectric

layer is ∼ 6 nm, and this is much larger than the metal

particles in the film bulk, whose size is ∼ 3 nm. The

high-resolution TEM image showed that LiNbO3 matrix is

amorphous, while the CoFe nanogranules are crystalline.

Electrons microdiffraction showed that CoFe nanogranules

have a BCC crystal structure with a lattice parameter

ac = 0.29 nm.

Thus, the performed structural studies showed that at the

initial stage of (Co40Fe40B20)x (LiNbO3)100−x nanocompos-

ite film deposition as a result of self-organization processes

the amorphous layer of LiNbO3 is formed on the surface

of the Cr/Cu/Cr metal electrode, and the metal phase

is displaced from NC/M interface into the bulk of the

nanocomposite, which leads to the formation of metal

nanogranules of a larger diameter than the equilibrium one,

which is formed in the film bulk upon further deposition

of the composite. At the same time, the physical nature of

the processes that occur during such film deposition is not

entirely clear.

3. Discussion

The model representation of the nanocomposites for-

mation as a result of self-organization can be described

as follows. Two types of atoms (A and B) come from

the vapor phase to the substrate, they do not form solid

solutions and chemical compounds with each other. As

a result of surface diffusion the nuclei of phase A and

phase B are formed. If the average diffusion distance is

less than the radius of the nanoparticle, then atoms of A type
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Values of surface energy of the phases included in the nanocom-

posites (Co40Fe40B20)x (LiNbO3)100−x

Element Surface energy of the solid phase, J/m2

Cr 2.173 [23]
Fe 2.475 [23]
Co 2.550 [23]
Cu 1.356 [22]

LiNbO3 0.039 [24]
1.1 (012) and 0.65 (010) [25]

accumulate on the particle B surface and vice versa, thereby

limiting the vertical growth of the granules. A homogeneous

two-phase heterogeneous film is formed [18]. However,

this representation does not describe the formation of a

dielectric layer in the composite at the initial stages of

(Co40Fe40B20)x (LiNbO3)100−x film growth.

Let us consider the possibility of forming a LiNbO3

interlayer on the surface of a chromium metal film by

implementing island and layer-by-layer growth mechanisms

for different phases of the composite. By the first

mechanism according to Volmer and Weber (VW), the film

growth begins with the formation of discrete nuclei-islands

on the surface of a solid state (substrate) [19]. As atoms

arrive from the source (for example, an evaporator), the

islands grow, combine, and form a labyrinth and then a solid

coating. According to Frank and Van der Merwe (FM),
film growth begins with the formation of two-dimensional

nuclei and successive growth of monoatomic layers [20,21].
There are simple energy criteria for the implementation of

one or another growth model. Thus, the VW mechanism is

implemented when

E1 < E2 + E12 + Eε(t),

where E1 is the free energy of the substrate surface, E2 —
of the film, E12 — of the interface substrate−film, Eε(t) is

the energy of elastic strain of the growing film.

On condition

E1 ≥ E2 + E12 + Eε(t)

layered film nucleation is more advantageous; i.e., according

to FM mechanism. The Table shows the values of the sur-

face energy of the phases that contained the nanocomposites

(Co40Fe40B20)x (LiNbO3)100−x .

The data given in the Table refer to solid materials. In the

case of nanosized CoFe granules of limited thickness and an

amorphous structure of the dielectric phase of LiNbO3, the

values of the surface energy can be slightly less [26].
Consider the relative energies E12 in the case of the

interface Cr−CoFe, Cr−α−LiNbO3 and α-LiNbO3−CoFe.

Cr and CoFe have BCC crystal lattice with parameters

of 0.2885 and 0.29ṅm, respectively, which ensures the

heteroepitaxial growth of nuclei of the metal phase on the

substrate. This leads to a significant decrease in the inter-

facial energy E12 and a strong interfacial bonding. Cr does

not have chemical compounds with LiNbO3, however, it can

form chemical bonds with lithium oxide (LiCrO2, LiCr3O8

and Li2CrO4) and niobium oxide (CrNbO4, CrNb11O29

and CrNb49O124). When such bonds are formed, the

energy of the interface E12 can decrease. By determining

the possibility of forming the nanocomposite, the phases

included in its composition do not dissolve and do not have

chemical compounds, so the interface α-LiNbO3−CoFe has

a weak interfacial bond.

Nevertheless, the presented data confirm our assumptions

about the possibility of growing LiNbO3 film by the FM

mechanism, and metal granules by VW mechanism on the

surface of the Cr film.

Consider the process of self-organization of

(Co40Fe40B20)x (LiNbO3)100−x composites at the initial

stage of film formation. At the initial moment of time,

the atoms of the metallic phase form nuclei on the Cr

surface. Chromium and CoFe nuclei have BCC lattice

with good lattice cell size matching. Therefore, it can be

assumed that the formation of a two-dimensional metal

particle with heteroepitaxial structure relative to the Cr film

will be energetically favorable. The film of the dielectric

phase forms a monoatomic layer. This situation is shown in

Fig. 2, a.

The ratio of LiNbO3 compound molecules to CoFe in

the sample (Co40Fe40B20)15(LiNbO3)85 shown in Fig. 1 is

≈ 6.7. To form a homogeneous nanocomposite in the bulk

of the film, the adatoms of LiNbO3 molecule must have

a small diffusion length on the substrate surface due to

the amorphous state of LiNbO3 structure and the oxide

molecules accumulation on the surface of granule several

nanometers in size. According to these reasons, the nuclei

of the metallic phase are rapidly covered with the α-LiNbO3

film. The next nuclei of the metallic phase will form on the

surface of the α-LiNbO3 film. An important assumption

of this model is the presence of surface migration of

CoFe islands. Numerous studies confirm that at the initial

stage of crystalline films condensation on the substrate,

the nuclei weakly bound to the deposited material can

relatively quickly move over the surface [27–29]. This

migration can be initiated by collisions with fast flow

particles, temperature, electric and magnetic field gradients,

etc. Note that in the case of the initial stage of composite

formation the characteristic size of the potential surface

relief is incommensurable with the size of CoFe particles,

which is also a factor that allows nuclei to move over the

surface. This situation is shown in Fig. 2, b.

The collision of metal particles migrating over the

surface can lead to their coalescence. However, diffusion

coalescence is limited by time and particles size. A shell

from LiNbO3 compound is formed on large particles. The

contact of such particles does not lead to their merging. This

film growth phase is shown in Fig. 2, c.

When metal granules with α-LiNbO3 shells fill the entire

surface of the substrate, the formation of the dielectric

layer ends. A significant difference in the further process

of nanocomposite formation is the formation of a potential
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Figure 2. Model representations of (Co40Fe40B20)x (LiNbO3)100−x composites growth at the initial stage of film formation (a); at the
initial stage of the dielectric layer formation of the film (b); at the stage of formation of enlarged granules of the metal phase of the

film (c); formation of homogeneous nanosized heterogeneous structure (d).

relief on the surface, commensurate with the size of CoFe

nanogranules. The concept of potential relief here includes

not only the surface relief, but also the distribution of the

magnetic field of CoFe ferromagnetic particles, the distribu-

tion of the magnetostatic fields of the dielectric layer, etc.

This can significantly limit the diffusion mobility of CoFe

metal alloy nuclei. In this case, the formation of a composite

nanostructure proceeds according to the model described

above. An uniform nanosized heterogeneous structure

of (Co40Fe40B20)x (LiNbO3)100−x composite (Fig. 2, d) is

formed.

The considered model concepts can be extended to

numerous metal-dielectric nanocomposites formed on a

metal film. Besides, it is obvious that the thickness of the

dielectric layer will decrease with concentration increasing

of the metal phase. This mechanism may not work in

composites beyond the percolation threshold.

Conclusion

The above studies of the topological features of

(Co40Fe40B20)15(LiNbO3)85 nanocomposite films deposited

on Cr/Cu/Cr metal electrode revealed the presence of a

dielectric layer between the upper Cr layer and the NC film

with a thickness of dox ≈ 15 nm. A model representation

of the formation of a film of (Co40Fe40B20)x (LiNbO3)100−x

nanocomposites at the initial stage of growth was suggested.

It is shown that the formation of the interlayer α-LiNbO3

on the surface of chromium metal film is possible when the

island and layer-by-layer growth mechanisms are realized for

various NC phases. The model results can be extended to

metal−dielectric nanocomposites formed on a metal film.

The thickness of the dielectric layer will decrease with

concentration increasing of the metal phase.
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