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Structure and electrical properties of Co,,(C00)¢9_n thin-film composites
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The electrical properties of Con(C00O)100—n composite thin films obtained by ion-beam sputtering of a composite
target in an argon atmosphere and a mixed atmosphere of argon and oxygen (98% Ar + 2% O,) have been studied.
It has been established that if oxygen is introduced into the deposition chamber, the position of the percolation
threshold shifts towards lower concentrations of the metal phase. It is associated with the special morphology
of the films, when small metal Co nanoparticles are located along the boundaries of larger CoO particles, as
well as a decrease in the size of inclusions of the metal phase. Studies of the temperature dependences of the
electrical resistivity of synthesized Con(CoO)190—n films have shown that when the metal phase content is up to
the percolation threshold the dominant mechanism of charge transfer in the temperature range of 80—140K is
the variable range hopping mechanism of conduction through localized states near the Fermi level, replaced by
the nearest neighbors conductivity in the temperature range of 140—300 K. For beyond the percolation threshold
Con(Co00)100—n thin films, the conductivity is determined by a network of metal granules and is characterized by a

positive temperature coefficient of electrical resistance.
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Introduction

Granulated nanocomposites consisting of metallic
nanoparticles embedded in dielectric (SiO,, Al,O3, MgO,
ZrO;) or semiconductor (In;O3, TiO;, C, ZnO, LiNbOs3,
SnO,) matrices are still of interest of researchers both from
the fundamental point of view and in terms of practical
applications [1-3]. Cobalt composites in a dielectric matrix
are of particular interest [4,5]. In particular, nanogranular
Co-ZrO; films due to their soft magnetic properties are
reported to be promising for practical applications such as
dielectric layer to reduce eddy currents in high frequency
converters designed for high currents and low voltages [6].
Most physical and chemical properties of these nanocom-
posites are strongly dependent on the production method,
particle size and concentration, and chemical bond between
atoms at the interface between Co nanoparticles and CoO
matrix [7]. For synthesis of granulated nanomaterials,
chemical methods — sol-gel method, electrochemical de-
position, microemulsion method [8,9], as well as physical
methods: magnetron sputtering, pulsed laser deposition,
ion implantation, etc. are used [5,10,11]. However, the
search for new methods for production of hybrid thin-
film nanocomposites with pre-defined properties is still an
essential task.

Despite the complex structure of nanogranular compos-
ites, production process by composite target sputtering
and vapor-phase deposition methods is sufficiently simple
and thoroughly studied. Such media are obtained using
self-organization of two phases provided that they are
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mutually insoluble, contain no chemicals and have different
surface energies [12]. While production of heterogenous
structure in Co-CoO system from a composite target is
not apparent. Usually, for production of nanocomposites
by metal-dielectric self-organization methods, materials that
do not interact chemically with each other, have limited
solubility in each other or insoluble are used for the matrix
and granules. In the discussed system, none of the criteria
describe above is met.

This study is devoted to the synthesis and identification of
behavior patterns of the electrical properties of nanogranular
ferromagnetic cobalt composites in cobalt oxide matricpro-
duced by the ion-beam composite target sputtering.

1. Samples and research procedures

The test samples were made by the ion-beam sputtering
method using UVN-2M vacuum station, whose design
is described in detail in [12]. Thin films with various
cobalt content were produced using a composite water-
cooled target made of cobalt and weighed quantities of CoO
unevenly arranged on it, thus, samples with different ratio
of Co and CoO were produced in a single process cycle.
Synthesis of thin composite films was carried out both in
argon atmosphere and in mixed argon-oxygen atmosphere
(98% Ar +2%O,). ST-50 ceramic polycrystalline glass,
NaCl, plates were used as substrates. Thickness of the
produced films was measured using MII-4 interferometer
and was equal to ~2um. Content of cobalt metal in
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Figure 1. X-ray diffraction patterns of thin Con(C00O)90—n films produced by sputtering on ST-50 polycrystalline glass substrate in argon
atmosphere (a) and mixed Ar + Oratmosphere (b). Numbers near the curves show the cobalt metal content in at.%.
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Figure 2. Average Co and CoO CSR for thin Con(C0O)igo—n films produced by sputtering in argon atmosphere (a) and mixed

Ar + Oatmosphere (b).

the samples measured by the X-ray phase analysis method
varied from 2 to 24 at.%.

The structure of produced thin Con(C00)igo—n films,
wheren is the content of Co metal in at.%, was examined
by the X-ray diffraction method using Bruker D2 Phaser
(Acuka1 = 1.54,&) diffractometer and DIFFRACEVA 3.0
software with CDD PDF Release 2012 database and by
transmission electron microscopy (TEM) method using
Libra 120 and EMB-100BR electron microscopes. Thin
films sputtered on a NaCl substrate were used in the
composite structure examinations by the TEM method.

Concentration dependences of resistivity at room temper-
ature and temperature dependences within 77—300 K were
measured using a two-probe procedure.

2. Structure of thin Co,(C00);¢_, films

Figure 1 shows X-ray diffraction patterns of thin
Con(Co0)jgp—n films produced by sputtering in argon
atmosphere (Figure 1,4) and mixed Ar+ O, atmosphere
(Po, = 8-107°Torr) (Figure 1,b). Target configuration
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and power values on ion sources remained unchanged. The
diffraction pattern analysis has shown that the produced
films are two-phase and consist of textured cubic CoO
(space group Fm-3m) and cobalt metal (space group
Fm-3m) phases. Semiquantitative analysis of the cobalt
metal phase was carried out using corundum numbers
provided in ICDD PDF Release 2012 database cards
(PDF 01-071-1178 for CoO and PDF 01-071-4651 for Co).
For further analysis, the obtained estimated weight contents
of Co metal were converted into atomic percentages and
were from 2 to 24at.% of Co metal. The presence of
cubic modification of Co phase that is unstable at room
temperature may be due to dimensional phase effect as
well as to the impurity nature of the observed abnormal
phase [13].

The average coherent scattering regions (CSR) estimated
using the Scherer equation [14] and shown in Figure 2
suggest that the CoO grain size decreases and Co grain size
increases with the growth of cobalt metal phase content.
In this case, addition of oxygen during sputtering results
in Co grain size decrease and CoO grain size increase.
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Figure 3. Brlght field ( ) and dark field in TEM image reflection 111 CoO (b) and a fragment of electron diffraction from thin
Co014(C00)ss film (c) condensed on the NaCl substrate in argon atmosphere.

The X-ray diffraction analysis has shown that average CoO
CSR sizes for Cop(Co0);go—n film change within a range
from 15 to 80nm, and for Co — are maximum 20nm
for samples sputtered in argon atmosphere and 5.5nm for
samples sputtered in ....... atmosphere. Ar+ O,.

To study the structure by TEM methods, ~ 60 nm films
were produced. Figure 3 shows the results of TEM examina-
tions of thin Co14(Co0)ge film obtained by sputtering and
deposition in argon atmosphere onto the NaCl substrate.
TEM examinations have proved the conclusions that two
phases are present (Co metal and CoO) (Figure 3).

Dark-field structure analysis in 111 CoO reflection (Fig-
ure 3,b) has shown that the matrix grain size in the film
with such composition varies in a range from 3 to 15nm.
According to the electron diffraction pattern (Figure 3,c¢), a
clearly pronounced texture(111) is observed for the CoO
phase as evidenced by very intensive circular reflection
220. Reflections of the metallic phase are very weak and
highly diffused suggesting a low number and size of these
inclusions.

3. Electric properties of thin
COn(COO)Ioo_n films

3.1. Dependence of resistivity and thermo-emf on
the cobalt metal phase content

Figure 4 shows concentration dependences of resistivity
of Cop(Co0)100—n films measured at room temperature for
the samples produced in inert atmosphere and with oxygen
addition. For films produced in argon atmosphere, the
resistivity decreases non-monotonically approximately by 7
orders of magnitude (curve I in Figure 4) with increasing
metallic phase concentration.

The obtained dependence is typical for many heteroge-
nous metal-dielectric systems [15], and considerable reduc-
tion of composite resistivity with increasing metallic phase

concentration is associated with transition from nonmetallic
to metallic type of conductivity.

To determine the percolation threshold position, anneal-
ing of heterogenous Con(C00O)i09—n systems were carried
out at T = 520K that did not resulted in significant change
of morphology of these heterogenous systems. Figure 4
shows that annealing in low metallic phase concentration
region results in increased resistivity of Con(C0O)100—n
composites, and at high n values the resistivity decreases
relative to the samples in initial state. Supposing that
electrotransport of composites upstream of the percolation
threshold is governed by the dielectric matrix, then it is ap-
parent that decrease of defect concentration in CoO during
heat treatment shall result in increasing resistivity of samples
that is observed during the experiment. On the other
hand, for samples downstream of the percolation threshold,
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Figure 4. Dependences of resistivity on the cobalt metal content n
measured for thin Con(CoO)19o—n films produced by sputtering in
argon atmosphere (/, 2) and mixed Ar + O, atmosphere (3, 4). I,
3 — samples in initial state; 2, 4 — samples after heat treatment
in vacuum Pres = 2.5 - 107 Torr atT = 520K.
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conductivity is provided over a grid of adjoining metallic
granules. Then reduction of defects in the intercrystalline
spaces between metallic nanoparticles during heat treatment
shall result in decreasing resistance of the conducting
metallic phase grid. In this case, the percolation threshold in
Con(Co0)19p—n composites may be estimated by the point
of intersection of resistance-concentration dependences of
the structures in initial and heat treated state. Estimates have
shown that the percolation threshold accounts for 12.2 at.%
of Co metal for the samples produced argon atmosphere
(PT; in Figure 4) and for 8.3at.% of Co metal for films
produced with oxygen addition (PT; in Figure 4).

Analysis of the obtained dependences has identified
several features that are not typical for nanocomposites.
First, low concentration of the metallic phase (~ 12at.%)
corresponding to the percolation threshold compared with
other metal-dielectric nanocomposites [16]. Second, oxygen
addition results in percolation threshold displacement to
the lower metallic phase concentration region and in
reduction of the resistivity of Cop(C00O)100—n composites for
compounds upstream of the percolation threshold. At the
same time, the resistivity in composites downstream of the
percolation threshold produced in the mixed atmosphere
is much higher than in the films synthesized in argon
atmosphere.

To explain the identified resistivity behavior patterns,
we shall return to the morphology of the synthesized
composites. Wide variety of grain sizes in dielectric and
metallic phases suggests uneven grain distribution in the
composite. Thus, fine metallic Co granules shall be mainly
concentrated at CoO grain boundaries. Such structure is
schematically shown in Figure 5.

G
%

Figure 5. Models of structural Con(CoO)igo—n composites
synthesized in argon atmosphere (a) and mixed atmosphere
Ar+0O, (b)
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Figure 6. Dependences of thermo-emf on the cobalt metal

content N measured for thin Con(CoO)igo—n films produced
by sputtering in argon atmosphere (I, 2) and mixed Ar+ O,
atmosphere (3, 4). 1, 3 — samples in initial state; 2, 4 —
samples after heat treatment in vacuum Pres = 2.5 - 107* Torr
atT = 520K.

Oxygen addition into the synthesis of Con(C0O)100—n
results in considerable reduction of Co grain sizes (Fig-
ure 2). It is apparent that the decrease in size of particles
at the CoO grain interfaces results in decreasing average
distance between metallic particles and, thus, increases the
probability of tunnel current between them. In this case,
it may be assumed that electrotransport of the produced
composites is governed only by intergranular regions at
the CoO interfaces, rather than by the whole volume of
the heterogenous structure. Consequently, the conducting
metallic grid is formed in a limited volume, for which
very high metallic phase concentration compared with the
whole sample volume is not required. This explains low
metallic phase concentration ~ 12at.% corresponding to
the percolation threshold. As already mentioned, when
oxygen in added, Co particle sizes decrease. Therefore,
the number of particles increases at the same metallic
phase concentration as for the samples produced in argon
atmosphere resulting in more uniform particle distribution
at the CoO grain boundaries and reduction of tunnel gaps
between them. As a result, lower amount of the metallic
phase is required to form a solid conducting metallic grid,
i.e. with decreasing particle sizes the percolation threshold
will shift towards the lower metallic phase concentration n
in Con(CoO)19o—n. When the conducting grid is being
formed, its resistance will depend on the cobalt metal
particle sizes, uniformity of random particle distribution on
the interface surface, area and quality of contact between
them. Large metallic particles provide a grid with lower
resistivity. This explains lower resistance of Con(C0O)100—n
produced in the inert atmosphere compared with the
samples produced in the mixed atmosphere downstream of
the percolation threshold.
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Figure 7. temperature dependences of resistivity of thin Con(CoO)igo—n films in initial state produced by sputtering in argon

atmosphere (a) and mixed Ar+ O, atmosphere (b).

Figure 6 shows thermo-emf-concentration dependences
for Con(Co0O)190—n. All measured thermo-emf values are
negative and their absolute value is lower than the thermo-
emf of bulk cobalt at the specified temperatures (about
~ 27uV/K [17]). Analysis of the obtained dependences
shows that, for composites sputtered in argon atmosphere,
thermo-emf has its minimum (in absolute value) near the
percolation threshold, and the dependence shapes generally
remain the same when oxygen is injected in the sputtering
atmosphere. The presence of oxygen in the sputtering
atmosphere results in total reduction of thermo-emf in
absolute value and shift of the minimum value towards
lower metallic phase concentrations.

For composites upstream of the percolation threshold,
the thermo-emf is governed, on the one hand, by direct
electron tunneling from one metallic granule to another
and, on the other hand, by hopping electrotransport on
localized states of the CoO matrix [18]. 1In the first
case, reduction of the tunnel gaps between the Co metal
particles shall result in growth of the tunnel thermo-
emf. Then with growth of the metallic phase, thermo-
emf shall increase for Con(C00)190—n samples upstream of
the percolation threshold. Moreover, thermo-emf for the
samples produced in the mixed argon-oxygen atmosphere
shall be higher that for the samples produced in the argon
atmosphere. Figure 6 shows that such dependences are not
observed in our experiment suggesting that the thermo-emf
of Con(Co0)190—n upstream of the percolation threshold is
of the hopping type.

In the composites downstream of the percolation thresh-
old, where thermo-emf is of diffusion type, oxidation of
the cobalt metal granules causes reduction of their contact
surface that may hinder the electron transport and, thus,
result in decreased thermo-emf. Therefore, oxygen injection
into the sputtering atmosphere can increase considerably
the tunnel thermo-emf in the composites upstream of the

percolation threshold and the diffusion thermo-emf in the
composites downstream of the percolation threshold.

Thus, the simultaneous analysis of the resistivity and
thermo-emf dependences of thin films produced by sput-
tering in argon atmosphere and mixed Ar+ O, atmosphere
shows that oxygen injection into the chamber during
sputtering causes mainly the change in electric properties
due to the topological structural changes in Con(CoO)100—n.

3.2. Temperature dependences of resistance of
COn(COO)loo_n

To identify the features of electrotransport of thin
Con(Co0)190—n films, dependences of resistivity on tem-
perature were examined and are shown in Figure 7 for thin
Con(C00)190—n films produced in argon and argon + oxygen
atmosphere.

The investigations have shown that resistance is growing
with temperature for thin Cop(CoO)jgp—n films located
at and downstream of the percolation threshold that is
indicative of metallic conductivity mechanism on the grid
formed by the metallic Co inclusions. To examine the
heat treatment effect on the electric properties of the
produced films, temperature dependences of resistivity were
also investigated for thin Con(Co00O);g9—n films after heat
treatment in vacuum at 520K during 30 min (Figure 8).

For compositions located upstream of the percolation
threshold, the resistance decreases with temperature growth.
Moreover, it has been found that the resistance follows the
,» 1/41aw* (Inp oc T~1/4) within 80—140K (figs. 9, 10) and
the Arrhenius dependence (Inp o< 1/T) within 140—300 K
(Figures 11, 12).

If fulfilment of the ,, 1/4 law®“ is treated as a sign of
hopping conductivity on the localized states in a narrow
energy band near the Fermi level (Mott conductivity), then

Technical Physics, 2023, Vol. 68, No. 11
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Figure 8. Temperature dependences of resistivity of thin Con(CoO)i00—n films produced by sputtering in argon atmosphere (a) and
mixed Ar + O, atmosphere (b) after heat treatment in vacuum at 520 K during 30 min.
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the expression for conductivity is as follows [19]:
B\ 1/4
o—:e2-R2-vph~g-exp(—?) P (1)

where
16

5 T o) ?

e — electron charge, R — hop distance, vp, — interac-
tion phonon spectrum factor, T — absolute temperature,
0(Er) — density of states at the Fermi level, a —
electron wave function localization radius, kg — Boltzmann
constant.

Figures 9 and 10 were used to determine B values for
the examined film compositions. Knowing B and assuming
that the charge carrier transport process is limited by
hops between Co nanograins, localization radiusa ~ 5nm
(average size of Co grains) is assumed to assess the density

Technical Physics, 2023, Vol. 68, No. 11

of localized states. The obtained densities of states at the
Fermi level for different thin film compositions are shown
in Table 1.

We shall also estimate the average hop energy that shall
be as follows for the hops with a variable hop distance:

1 Toy, \ /4
W= T () ®)
Using the following equation
3 _Toy\ /4
Ru=52(F) @

the average charge carrier hop distance was estimated at
~ 120K (Table 1).

The estimates of hopping conductivity with a variable
hop distance listed in Table 1 suggest that increasing
concentration of the metallic Co phase results in the
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Figure 11. Temperature dependences of resistivity presented in coordinates Inp o 1/T of thin n(CoO)190—n films in initial state produced
by sputtering in argon atmosphere (a) and mixed Ar+ O, atmosphere (b).

increased density of localized states near the Fermi level and
reduced average hop distance. Heat treatment in vacuum
at 520K during 30min results in decreasing density of
localized states near the Fermi level and increasing average
hop distance due to lower presence of defects in the
CoO matrix of the examined composites between the Co
metal inclusions. The states mentioned above are probably
formed by the CoO matrix at the Co metal and CoO grain
interface.

As mentioned above, the temperature dependences of
resistivity for the examined thin films within 140—300K
follow the Arrhenius dependence (lnp o 1/T) (Fig-
ures 11,12).

If the designated temperature interval is treated as a
region of hopping conductivity on the nearest neighbors,
then, according to [19], the following equation shall be true

for the conductivity

WNNH)’ (5)

o =0p- exp( kaT

where Wiynw is the hop activation energy set for the hops
on the nearest neighbors by the following equation

3

R (ED) ©

WhNH =

where Ry is the average distance between the nearest
neighbors, g(Er) is the density of states at the Fermi level.
Using equations (5) and (6), estimate the hop activation
energies from Figures 11 and 12. These results are given in
Table 2.
Comparison of data in Tables 1 and 2 shows that the hop
activation energy decreases in switching from the hopping

Technical Physics, 2023, Vol. 68, No. 11
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Table 1. Parameters of thin Con(C0O)i00—n films calculated according to the hopping conductivity model of electrons with a variable

hop length over the localized states within a narrow energy band near the Fermi level

RM > RM
B4 K'/4|B, K| 9(Er), Wy, meV g1/4 gl/4|g k| 9(Er) . Wi, meV
Atmosphere oV lem—? at 120K, (T = 120K) oVl oom 3 during 120K, (T = 120K)
at n, at.% nm nm
sputtering Initial state Heat treatment in vacuum
Pres = 2.5- 10 *Torr T = 520K

41 678 |2113] 9.2-10% 3.8 53 - - - - -

Ar 7.1 435 [357| 5.5-10% 25 34 847 |5147| 3.8-10% 48 6.6

75 379 |206| 9.5-10% 2.1 3.0 - - - - -

33 496 | 606 | 3.2-10* 28 3.9 815 |4412| 4.4-10% 46 6.4

Ar+0, 5 416 299 | 6.5-10% 24 33 586 [1179| 1.7-10* 33 46

8.2 335 | 127| 1.5-10% 19 26 565 [1019| 1.9-10% 32 44

Table 2. Specifications of thin Con(CoO)100—nfilms calculated according to the nearest neighbor hopping conductivity model

. WANH, eV WANH, eV
Sputtering atmosphere (T = 140K) Ry, nm (T = 140K) Ry, nm
n, at.%
Initial stat Heat treatment in vacuum
fittial state Pres = 2.5-10*Torr at T = 520K
41 0.058 2.7 — —
Ar 7.1 0.055 0.3 0.026 0.026
7.5 0.032 0.1 — —
33 0.046 2.5 0.022 8.2
Ar+ O, 5.0 0.029 22 0.012 5.6
8.2 0.010 0.1 0.007 39

Technical Physics, 2023, Vol. 68, No. 11
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conductivity with variable hop distance to the nearest
neighbor hops.

Since the conductivity with variable hop distance on
localized states at the Fermi level that has been found before
and the nearest neighbor conductivity shall take place within
the same narrow energy band, and providing that the density
of localized states is weakly dependent on temperature, then
the data in Table 1 and equation (6) may be used to estimate
the average distance between the nearest neighbors Ry
(Table 2).

Comparison of the data in Tables 1 and 2 suggests the
following;

1. The average hop distance for the hopping conductivity
with variable hop distance agrees with the distance between
the nearest neighbors calculated for the nearest neighbor
hopping conductivity.

2. Hop activation energies decrease in switching from
the hopping conductivity with variable hop distance to the
nearest neighbor hops.

In addition, assuming that for nearest neighbor hopping
the width of localized state band near the Fermi level is
approximately equal to the doubled hop activation energy,
then Table 2 suggests that the width of this band decreases
with increasing Co content.

Thus, the review of the temperature dependences of
resistivity of thin Con(Co0O);gp—n films in initial state and
after heat treatment has shown that there is no quality
change in the electrotransport mechanisms. The heat
treatment effect is limited to quantity changes in typical
parameters of the corresponding mechanisms.

Conclusion

1. The method of ion-beam composite target sputtering in
argon and mixed argon-oxygen atmosphere was used to syn-
thesize heterogenous thin Con(Co0O)199—n films. Analysis of
the concentration dependences of resistivity and thermo-emf
has shown that the obtained system is of percolation type.
It has been shown that oxygen injection into the sputtering
chamber moves the percolation threshold position towards
lower metallic phase concentrations that is associated with
the film morphology when small Co metal nanoparticles are
located at the boundaries of large CoO particles as well as
with reduced size of metallic phase inclusions.

2. Temperature dependences of resistivity of the syn-
thesized thin Cop(CoO)jgp—n films have been examined
experimentally. It has been shown that, when the metallic
phase is upstream of the percolation threshold in the
temperature range of 80—140K, the hopping conductivity
on the localized states near the Fermi level with variable hop
distance, that is replaced by the nearest neighbor hops in the
temperature range of 140—300 K, is the dominating charge
transport mechanism. For thin Cop(C00);g¢—n films located
downstream of the percolation threshold, the conductivity
depends on the metallic granule grid and has a positive
temperature coefficient of resistivity.
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