Physics of the Solid State, 2024, Vol. 66, No. 12

08

Nanocrystalline zirconia for functional applications obtained
by deposition from low-pressure arc discharge plasma
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The controlled vacuum-arc synthesis of nanoparticles and nanocrystalline layers based on zirconium dioxide
ZrO; is considered, which allows regulating the percentage ratio of the monoclinic and tetragonal phases. The
formation of the tetragonal phase is associated with the formation of a large number of oxygen vacancies formed
due to high-speed quenching of nanoparticles. The samples were characterized using X-ray phase analysis. The
electrical properties of the samples were studied using impedance spectroscopy and measuring the current-voltage
characteristics. The dependence of the permittivity and conductivity in the direct current mode on the phase
composition was established. The coexistence of the m- and t-ZrO, phases provides oxygen deficiency in the
sample volume. This contributes to the formation of two reversible resistance states — the effect of resistive

switching.
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1. Introduction

Zirconium dioxide is considered for use in nonvolatile
memory devices (memory stores), and as a gate dielectric of
transistors on metal oxide semiconductors [1,2]. It has good
technological compatibility with silicon. When zirconium
oxide is formed as thin films or nanoparticles, multiple
oxygen vacancies were noted [3]. This defines its high
dielectric permittivity, conductivity of p-type with the
width of prohibited zone 5—7¢V, and the ability to form
conducting channels (filaments) in the oxide structure,
which provide for the possibility of resistive switching in the
dielectric [4,5]. For potential inclusion of zirconium dioxide
into semiconductor devices, it is important to consider in
detail the mechanisms of production conditions influence at
the changes of the electronic structure that are induced at
the same time.

2. Experimental procedure

Nanoparticles and coatings based on ZrO, were synthe-
sized in a plasma-chemical reactor described in detail in [6—
8]. The reactor was first vacuumized to the basic pressure
of 1073 Pa. The specimens were produced at pressure of 30
and 130 Pa in the vacuum chamber with plasma-generating
gas argon. Oxygen was fed into the reactor at the level
of 20vol% of argon supply in such a way as to form a
homogeneous envelope around the plasma torch.

The specimens were a layer structure of metal-dielectric—
metal. The substrate was standard plates of p-Si (001)

coated with a layer of silicon dioxide SiO; (thickness of
~ 500nm). The lower electrode — layer of Pt (50nm)
and upper electrode — layer of Au (50 nm) were formed by
magnetron sputtering. The dielectric layer — polycrystalline
film of zirconium dioxide (ZrO,) was formed by vacuum-
arc sputtering and was controlled by the time of substrates
exposure to plasma cloud. The thickness of ZrO, layer
was ~ 100 nm.

The data of powder diffraction were obtained at room
temperature with the help of diffractometer Bruker D8
Advance with a linear detector, radiation of Cu-K,
(A = 0.1540 nm) was applied. Increment 26 was 0.01°, the
counting time — 0.2 s per increment. To analyze experimen-
tal X-ray patterns for crystalline structure detection, PDF-4+
data of the International Center of Diffraction Data (ICDD)
were used.

Dielectric characteristics of the specimens were detected
using impedance measurements made with the help of
impedance analyzers Elins 1500 and Agilent E5061B.
Electrophysical studies were carried out according to the
scheme of flat capacitor on the specimens sputtered on
the silicon plate with the conducting layer. A similar plate
served as an upper electrode. The instrument was connected
in a two-pin configuration. The actual (¢/) and alleged
(¢”) components of the complex dielectric permittivity were
calculated using the following formulae: &' = Cd/(Sep),
e"” = ¢’ tan @, where C — capacitance, d — thickness of
the specimen assessed in 100 nm (distance between the flat
capacitor plates), S — area of the cross section, and gy —
dielectric permittivity of vacuum (g9 = 8.85 - 102 F/m).
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Figure 1. X-ray diffractograms of nanoparticles ZrO, produced at gas mix pressure of 130Pa (a) and 30Pa (b).
Main parameters of crystalline structure of studied specimens
Pressure o Group Cell parameters: R-factors
during synthesis, Pa Phase Content, % symmetry a, b, C,A; B, deg.; volume V,A3 Rup, Rp, %
b =5.215(3),
c=5.327(3),
ZrO, 76(1) P2;/c B —98.90(1)
130 V =142.1(2) 6.60, 5.26, 1.26
a=3.616(3),
ZrO, 24(1) P4,/nmc c=5.173 (4),
V =67.6(1)
a=5.153(5),
b=5.198 (5),
ZrO, 42(1) P2;/c c = 5.325(5),
B =99.08(2)
V = 140.8 (2)
30 6.32, 5.00, 1.26
a=3.597(3),
ZrO, 53(1) P4,/nmc c=5.193 (4),
V =67.2(1)
a=5.633(5),
Zr;0 5(1) P6322 c=5.5211(4),
V =143.2(3)

Electrical measurements of direct current were made
using a precision source-meter Keithley 2400 in the range of
0—9V. Electrical forming was performed at 13—15V with
the control of current flowing through the specimen.

3. Results and discussion

Diffraction patterns of specimens ZrO; are shown in Fi-
gure 1. The observed reflexes are related only to monoclinic
and tetragonal phases ZrO; and Zr;O. The obtained data
were processed using the Rietveld method using TOPAS
4.2 [9] and presented in the table.

Rietveld confirmation was used for accurate definition
of the specimen crystallite size. Instrumental widening
of the peak was assessed using Si-standard and was
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further taken into account in the process of crystallite size
assessment. In the specimen produced at pressure of 30 Pa,
the monoclinic phase ZrO, has the average dimensions
of the coherent scattering region (CSR) 13.1(2) nm, the
tetragonal phase ZrO, has the average dimensions of CSR
54(1)nm, and in the specimen obtained at 130 Pa, —
19.0(6) nm and 8.2(2) nm accordingly.

The following features were found at frequency depen-
dences of dielectric permittivity ZrO, (Figure 2). The
actual part &'(w) of dielectric permittivity of the spec-
imen obtained at pressure of 30Pa, at low frequencies
approaches ~ 4 - 10*. The alleged component demonstrates
power behavior below 10° Hz. Besides, a relaxation peak
is observed at frequency of ~ 10 Hz. Besides, the effect of
transition from the state of high resistance to the state of low
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Figure 2. Actual (@) and alleged (b) components of dielectric permittivity of the specimen produced at pressure of 30Pa, and the

specimen produced at pressure of 130 Pa (c).

resistance is observed. One may separate the contribution of
dielectric permittivity in the complex dielectric permittivity
at DC &’ x w™!, as well as the relaxation peak. The
specimens may have negative resistance controlled by
voltage. For the specimen obtained at the pressure of
130 Pa, the dielectric permittivity &¢” reduction is observed.
Besides, a small displacement of the relaxation peak towards
the lower frequencies is visible. No effect of resistive
switching is observed in this specimen.

Figure 3 shows the current-voltage curve of the specimens
produced at 30 and 130Pa. As one can see from the
figure, in the specimen obtained at the pressure of 30 Pa,
the effect of transition from the low-resistance on state to
the high resistance off state) manifests itself at voltage of
around +5V. While for the specimen obtained at pressure
of 130 Pa, the effect of transition is absent in the region of
the instrument sensitivity.

This phenomenon is explained by the stoichiometric
composition of the synthesized coatings from nanoparticles

ZrO; and makes it possible to assume that the process of
charge transport thereinto is related to localized states in
the prohibited area [10]. The model that describes the effect
of resistive switching in the dielectric films that is most
developed at the moment, is a filamentary model based on
oxygen vacancies [11]. Current-voltage curve measurements
confirm that the prevalent mechanism of transport is
hopping conductivity. It is found that as the oxygen-deficit
phase content grows, the DC conductivity increases, and the
frequency of the relaxation peak drops, which may be due
to various processes of charge capturing and release. In one
case the charge carriers may be excited from the Fermi level
to the conduction band with higher energy. Then they are
again captured by traps at Fermi level. More beneficial for
the charge carriers would be the hops between the localized
states in the conduction band (since they are more dense
here), compared to between the traps at Fermi level.

Also a situation may arise, when the maximum of
localized states density is located below Fermi level. Then
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Figure 3. Current-voltage curves of specimens produced at

pressure of 30 and 130 Pa.

the DC conductivity is due to the hops at the Fermi level,
and the relaxation peak occurs due to the emission of the
carriers to Fermi level and subsequent recapturing.

When measuring the current-voltage curve of the spe-
cimens containing the oxygen-deficit phase, the switching
position is noted: they may stay in the on state with high
conductivity and in the off state — with the low one.
Stoichiometric specimens demonstrate no such behavior.
The growth of the oxygen-deficit phase in the specimens
may also lead to higher content of hydroxyl groups in
the nanoparticles. This increases the quantity of electrons
contributing to conductivity. As a result of Fermi level
displacement towards higher energies, the probability of
charge capturing and release reduces, and the frequency of
relaxation peak observation drops. Stoichiometric specimens
contain fewer oxygen vacancies. The conductivity of such
specimens is lower due to lower density of localized
states in the conduction band. It should be noted that
stoichiometry by oxygen results in fewer localized states
in the prohibited area.

4. Conclusion

Specimens of nanoparticles and coatings based on
ZrO, are synthesized with various phase composition and
stoichiometry. The specimen with the highest content of
the tetragonal phase demonstrates the effect of switching
from the high resistance state to the low resistance state.
While in the specimen that mostly contains monoclinic
phase, this effect is not observed. This phenomenon is
explained by the presence or absence of oxygen vacancies.
In the specimen with oxygen-deficit phase, the conductivity
growth is observed in the DC mode, which may be due to
various processes of charge capturing and release. Besides,
tunneling may be observed along the path of the current
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flow or hops with participation of phonons between the
localized states in the prohibited area. In stoichiometric
specimens the conductivity is much lower due to the content
of oxygen vacancies.
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