Physics of the Solid State, 2025, Vol. 67, No. 5

04,10

Memristive properties of Cu/(Co4Fe4B2)x(SiO2)100—x/ZrO,(Y)/Cr/Cu/Cr

capacitor structures

© V. Babkina', A.V. Sitnikov'-?, Yu.E. Kalinin', A.E. Nikonov', A.V. Ampilogov', A.R. Shakurov'-Y, V.V. Rylkov?

I'Voronezh State Technical University,
Voronezh, Russia

2 National Research Center ,Kurchatov Institute®,
Moscow, Russia

Y E-mail: Aleks.shakurov@mail.ru
Received April 3, 2025

Revised April 30, 2025
Accepted May 1, 2025

The article presents the results of studying the memristive properties of nanocomposite (NC) structures
Cu/NC/ZrO,(Y)/Cr/Cu/Cr/sitall based on NC (CosFes0B2o)x(SiO2)100—x. It is shown that the use of a dielectric
layer of ZrO,(Y) and NC allows achieving practically significant memristive characteristics: resistive switching
voltage (RSV) up to 2.5V, resistance ratio Roy/Ron more than 10. In this case, a multilevel nature of RS is
realized with the temporary stability of induced resistive states of at least 1h. Memristive structures demonstrate
an insignificant spread of RS voltages from cycle to cycle (about 5%). At the same time, there is no need for
a sample forming process to achieve stable RS. The presented results demonstrate the possibility of creating new
memristive structures with a multifilament switching mechanism using NC with a metal phase concentration below

the percolation threshold as one of the electrodes.
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1. Introduction

Recently one of the priority areas for microelectronics
development is the creation of the elements of a nonvolatile
multi-level memory, which may model synapses while
building the neuromorphic computing systems aimed at
solving the objectives of the artificial intelligence: recog-
nition of images and natural language, decision making,
generalization, forecasting etc. The transistor-controlled
crossbar-arrays of memristor elements with a random access
in 1T1R architecture are considered promising. Besides, the
memristor metal-insulator-metal (MIM) structures are cur-
rently one of the best known systems, whose manufacturing
technology may be easily integrated with the technology
for manufacturing of state-of-the-art CMOS microchips that
operate under voltage of < 3V [1-8].

The RS processes of memristors based on MIM struc-
tures are mainly associated with formation (damage) of
filamentous conducting channels (filaments) in the thin
dielectric film formed by oxygen vacancies or cations of
metals (such as Cu™, Ag™), electrically migrated from the
active electrode [1,2,7-13]. Filament formation is to a
great extent random in nature, which is one of the root
causes of memristor degradation in cyclic RS [1,2]. Another
disadvantage of memristive MIM structures is associated
with the fact that their stable operation usually requires
moulding, which consists in applying rather high voltage to
the structure, leading to formation of filaments (channels).

The peculiarity of our approach is using metal/nano-
composite/insulator/metal (M/NC/I/M) structures to create
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memristors [14-16]. In this case the transition to the
conducting state depends on the percolation chains spec-
ified by the spatial position and concentration of metal
nanogranules in NC. Therefore, resistance to RS turns out
to be high, and the RS nature is multi-filament, which
enables formation of multiple states under RS [15]. It
was found that if (CogoFes9B2o)x (LINDO3)190—x is used as
NC, it became possible to implement the bipolar RS with
the ratio of high-resistance (R,g) to low-resistance (Ron)
resistive state R,g/Ron ~ 100 with the number of resistant
RS cycles (durability) > 10° at the retention time of resistive
stages exceeding 10 sec [14-16]. Besides, the high degree
of memristor plasticity (multi-level nature of RS) made
it possible to emulate important properties of biological
synapses [16-19].

In this paper, another NC — (CosoFe40B20)x (SiO2)100—x
was used to develop M/NC/I/M structures, which on the
one hand has homogeneous nanogranular structure [20],
and on the other hand rather high thermal stability
of structural and electrical properties [21]. In particu-
lar, we have recently studied the memristor structures
Cu/(CospFes0B20)x (SiO02) 100—x/LINbO3/Cr/Cu/Cr/sitall, for
which it was shown that they have the bipolar RS with ratio
Rofr/Ron = 60 and stability of cyclic RS above 10*. Besides,
stable multi-level RS of structures are observed after their
thermal treatment to annealing temperature 350 °C [22].

The change in the composite composition enabled us to
substantially improve the thermal resistance of M/NC/I/M
structures without degradation of the main memristive



Memristive properties of Cu/(CouFesBao)x (SiO2)100—x/ZrO»(Y)/Cr/Cu/Cr capacitor structures 783

characteristics. At the same time, however, the timing
stability of induced resistive states of the structure turned
out to be not high enough. Therefore, it was decided to
change the composition of the dielectric layer, having chosen
a ZrO; stabilized with Y instead. Previous research [23-25]
of memristive elements based on ZrO;(Y) demonstrated
their quite acceptable memristive characteristics for neuro-
morphic applications.

Therefore, the primary objective of this paper is to study
the effect of ZrO,, oxide stabilized with Y, at memris-
tive properties of M/(CosgFe40B20)x (SiO2)100-x/ZrO2(Y)/M
structure.

2. Specimens and study methods

M/NC/I/M capacitor structures were obtained by ion
beam sputtering, based on NC (CogoFes0Bao)x (SiO2)100—x
(these composites will be hereinafter referred to as
(CoFeB)x(SiO2)100—x for brevity). To synthesize layers
of ZrOy(Y), a target ZrO;:Y,03 (88/12mass.%), was
used, which was purchased in ,,Girmet LLC*“. The bottom
electrode was three-layer Cr/Cu/Cr films, and the top
electrode — Cu films (Figure 1).

The experimental specimens were synthesized using
shadow masks on an ion-beam sputtering installation in
the three technological processes described in detail in [22].
The thicknesses of the obtained layers were as follows, nm:
1000/250/15/100/1000/100 in accordance with the structure
diagram shown in Figure 1. The composite was deposited
from the composite target including a plate of CoggFes0B2o
alloy with size of 280 x 80 x 10mm? and 13 unevenly
placed quartz subsamples with size of 80 x 10 x 2mm?.
Uneven arrangement of subsamples made it possible to
produce NC films with different ratio of concentrations of
dielectric and metallic phases X within the limits from 19
to 42at.% in a single deposition cycle. The dielectric was
deposited from a ceramic target ZrO»:Y,03 (88/12 mass.%).

The vacuum ion-beam sputtering installation comprises
an oil-free pumping system, which allows to pull vacuum
in the chamber of at least 1- 1076 Torr. Gases with purity
of 99.999 % min were used for deposition.

The elemental composition of NC was determined using
Oxford INCA Energy 250 energy-dispersive X-ray attach-
ment on JEOL JSM-6380 LV scanning electron microscope.
The accuracy of identification of the composition of the
specimens was 6X = *+1at.% and was determined by their
size, discrete location on the substrates. The structural
analysis was performed by X-ray method on diffractometer
BRUKER D2 PHASER.

The current-voltage curve (CVC) of M/NK/D/M struc-
tures and their memristive properties were measured using a
KEITHLEY 2450 multifunctional source-measuring device
and an analytical probe station in current-limited mode.
The CVC of the structures was measured with the bottom
electrode grounded and the bias voltage U of the top
electrode was scanned linearly in the sequence from
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Figure 1. Sketch of experimental specimens M/NC/I/M.

0 — +Upnax — —Umax — 0V in steps of 0.1 V. The rate of
voltage change was 1 V/s.

3. Results and discussion

The structure of the produced layers
(CoFeB)x(SiO2)100—x and ZrO,(Y) was investigated
by X-ray method on the films with thickness of around
1 um, deposited on the surface of single-crystal Si (100).

X-ray diffraction from film ZrO,(Y) (Figure 2) shows
its crystalline structure. Mathematical processing of the
obtained diffraction pattern was carried out by Pawley
method in the environment of Topaz software. The best
match with the experimental data was obtained when a
triclinic crystalline lattice was used as a model lattice cell
with the parameters given in the table on the insert to
Figure 2 (see also the detailed results of the numerical
modeling in paper [26]). Since the parameter of the cubic
lattice ZrO, is 5.14A, the obtained crystalline structure
ZrO,(Y) may be characterized as pseudocubic with a minor
change in the prameter of lattice ZrO, and angles of the
cubic lattice cell of Zr oxide by introduction of Y atoms.

X-ray diffraction of NC (CoFeB)x(SiO2)100—x found no
crystalline structure both in dielectric and metal phases
in the entire studied range of concentrations (Figure 3).
Besides, the observed features in the spectra of low-angle
diffraction of X-ray radiation from NC films (insert to
Figure 3) may be related to the presence of an ordered
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Figure 2. ZrO,(Y) film diffraction pattern.
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structure in the NC in the relative arrangement of the metal
granules. By the position of the maximum you can assess
the average distance between the centers of the granules
(parameter d on insert to Figure 3), which is around
3nm and increases with the increase of the metal phase
concentration.

Figure 4 shows CVC curves of Cu/(CoFeB)x(SiO2)100—x/
Zr0O;(Y)/Cr/Cu/Cr/sitall structures, which in the entire stud-
ied range of NC metal phase concentrations demonstrate
hysteresis. However, only starting from X > 21.4at.%, in
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Figure 3. Diffraction patterns of NC (CoFeB)x(SiO2)100—x films
with various concentration of metal phase: 7 — 14.1at.%, 2 —

289at%, 3 — 389at%, 4 — 42.1at%. The insert presents
diffraction patterns of films obtained by the low-angle scattering
method.
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Figure 4. CVC of memristive element Cu/(CoFeB)x(SiO2)100—x/
ZrO,(Y)/Cr/Cu/Cr/sitall with various concentration of metal phase:
1 — 14.1at%, 2 — 189at%, 3 — 214at%, 4 — 26.4at%,
5 — 414 at%. On inserts: a — Negative branches of structures
CVC in the region of low currents and voltages; b — CVC of
the structure with metal phase concentration 41.4 at.% at various
limitation currents.
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Figure 5. Concentration dependences of parameters
Roit/Ron, Uset and Ureser for structure Cu/(CoFeB)x(SiO2)100—x/
ZrO;(Y)/Cr/Cu/Cr/sitall.

the negative region of CVC, one may observe the effect of
current drop at reverse scanning by voltage (towards positive
values; see insert on Figure 4), which indicates manifesta-
tion of a bipolar RS. The voltages of switching from high-
resistance to low-resistance state (Roy — Ron) and from
low-resistance to high-resistance state (R,, — Ro) differ
substantially depending on the metal phase concentration
in NC. Besides, as value X increases, current through the
specimen, where resistant RS are observed, increases.
More detailed analysis of concentration dependences
of memristive properties for Cu/(CoFeB)x(SiO2)100—x/
Zr0O,(Y)/Cr/Cu/Cr/sitall structure is given in Figure 5.

4. Analysis of memristive properties
of obtained structures

The obtained results are consistently explained within
the framework of the ideas on the multi-filament RS in
the layer of ZrO,(Y) dielectric, the position of which is
specified by conducting channels from granule chains in
NC [15]. As the metal phase concentration increases in
NC (CoFeB)x(SiO2)100—x, the decrease in the resistance
of channels (Ry) and their density increase are observed.
Decrease of R, causes redistribution of voltage in the
channel—dielectric chain. Besides, the voltage increases
on the layer ZrO,(Y), 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. However, in these structures the resistive
heating of NC and dielectric plays a significant role.
As it was shown in paper [27], if the given capacity
exceeds 0.1 W/mm?, the NC film is subjected to noticeable
heating, and its resistance prior to the percolation
threshold decreases.  The resistance of the dielectric
film may behave in a similar way. For this reason, a
symmetrical hysteresis is observed in the CVC of structures
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Figure 6. Timing dependence of resistance of in-

duced resistive ON an OFF states for memristor structures
Cu/(CoFeB)3s5.5(Si03)64.5/ZrO, (Y)/Cr/Cu/Cr/sitall.

Cu/(CoFeB)x(Si03)100—x/ZrO,(Y)/Cr/Cu/Cr/sitall with
X < 21.4at%, related in essence to the heating of the
structures in process of CVC measurement. At higher
concentrations of NC metal phase you start observing the
RS process. Besides, in process of transition Ry — Ry
the heat exposure increases the CVC hysteresis, and on the
contrary, in process of transition from R,, to Ry this effect
decays, causing a decrease in the hysteresis loop in the
region of negative voltages on the structure. Under such
conditions, only at the low absolute values of negative
voltage the specimen shows a process of structure transition
to the high-resistance state (see insert a in Figure 4). You
should also note the repeatability of the structure CVC
parameters from a cycle to a cycle and absence of the
process of memristive structures molding to bring them to
the mode of reversible resistive switching, which manifests
in the absence of the need for noticeable increase of
voltages and operating currents to observe the first RS (see
insert b in Figure 4).

The important property of memristors is
vation of induced resistive states for the period
of time (retention time). Figure 6 shows de-
pendences Roy and R,, on time for the structure
Cu/(CoFeB)3s.5(Si02)e4.5/Zr05(Y)/Cr/Cu/Cr/sitall,  which
show that the high-resistance and low-resistance states are
maintained well for at least an hour.

An unexpected property of the structures was high
plasticity of resistive states, i.e. ability to switch to the
state with actually any value of resistance in the range from
Ron to Rog. Figure 7 demonstrates the opportunity to specify
random values of resistance in this range, besides, the values
are stable in the time interval of 300 s min. Besides, you can
both decrease and increase the resistance values.

Both plasticity and timing stability of induced resistive
states should manifest in quasistatic mode of CVC measure-

preser-
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ment. In this case after RS of the structure to a certain state
with the fixed voltage, its current resistance is measured
for some time. If you then calculate the relative value of
resistance variation at the current voltage value, you may see
qualitatively how the process of transition from state R, to
Rof, and the reverse process of transition from Ryg to Rop,
and the voltage range which has no impact at the change
of the current value of induced resistance. The modes of
conducted measurements: increment of voltage 0.1V, time
of resistance measurement at current voltage 10 sec, number
of measurements 10. The obtained dependence is shown
in Figure 8.

In the region of positive values, the degree of decrease
in the values R is observed at voltages of around 2V, and
it increases as the displacement increases to the moment of
complete switching at 2.5 V. In the region of transition from
state R,y to Ry at negative voltages on the top electrode
there is a region of voltages from —1 to —2.5V, where
the relatively smooth increase in specimen resistance is
observed. The RS regions spread along the voltage scale
describe qualitatively the structure plasticity (see Figure 7),

25
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Figure 7. Timing dependence of resistance of induced re-
sistive states for memristor structures Cu/(CoFeB)sss(SiO2)e4.5/
ZrO>(Y)/Cr/Cu/Cr/ sitall. The arrows show the direction of the

resistance change towards its increase (a) and decrease (b).
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Figure 8. Relative speed of resistance change for structure

Cu/(CoFeB)3s5.5(Si02)64.5/ZrO2 (Y)/Cr/Cu/Cr/sitall vs the applied
voltage.
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Figure 9. Switching of resistive states in memristor structures
Cu/(CoFeB)3s5.5(Si03)64.5/ZrO, (Y)/Cr/Cu/Cr/sitall.

and absence of significant changes of resistance in the
voltage range from —1V to 2V characterize the timing
stability of induced resistive states (Figure 6).

The important parameter of memristive structures
is their ability of multiple cyclic RS between high-
resistance and low-resistance resistive stages (durability).
For the investigated structure Cu/(CoFeB)ss 5(SiO2)ea.s/
ZrOy(Y)/Cr/Cu/Cr/sitall one may observe around 2000
reversible resistive switches (see Figure 9). At higher
quantity of RS, the amplitude degradation is observed —
Ror approaches R,, as the number of switches rises.
The reason for such behavior requires further research.
However, you may assume that the process of degradation is
probably related to the interaction of the oxygen atoms that
participate in the formation of oxygen vacancies, with boron
atoms in NC and on NC interface with the top electrode. It

should be noted that relatively small quantity of RS between
the extreme states — this is a frequent phenomenon for very
plastic memristors [28]. Besides, in process of a smooth
stepwise RS between the extreme states of such nature the
memristors may experience by orders more RS (see Annex
in [28]). Such smooth RS are planned for the future as well.

5. Conclusion

Studies of memristive characteristics of the
Cu/(CoFeB)x(SiO3)100—x/ZrO,(Y)/Cr/Cu/Cr/sitall structure
have shown that in the NC metal phase concentration
range from 21at.% to 43 at.% the specimens demonstrate
reversible bipolar resistive switches with minor variation
of VCV curves from a cycle to a cycle. Besides, the
developed memristors require no molding to achieve the
stable reversible RS. The value of switching voltage from
Ry to Ron states decreases as X increases and reaches
+2.5V at X =37—42at% at the ratio of Rog/Ron ~ 10.
It is shown that the obtained samples store the induced
resistive states for at least one hour and have the multi-level
nature of RS (at least 16 states). Besides, the number of
cycles of the reversible RS in process of switching between
the extreme states is around 2000.

The conducted research shows the possibility to create
new multi-level memristive structures when metal-insulator
nanocomposite is used as one of electrodes with metal
phase concentration below the percolation threshold.
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