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ARTICLE INFO ABSTRACT
Keywords: ZnO- and C-based heterostructures were fabricated by the layer-by-layer deposition technique
Zinc oxide using the ion-beam sputtering process. Structure, electrical and magnetic properties of fabricated

Amorphous carbon
Multi-layered structures
Composites

heterostructures are discussed. The two-phase (ZnO and C) films are evolved into a multilayer
structure, consisting of amorphous carbon and crystalline ZnO layers when the bilayer thickness
Hoppi . increases. When carbon is added to ZnO, its electrical resistivity reduces. The conduction
opping conductivity A . .

Weak localization mechanism changes from the variable-range hopping in a narrow energy band to the nearest
Magnetoresistance neighbors hopping in ZnO-C films with a thickness of h < 150 nm. The temperature dependence
of conductivity changes from the Arrhenius-like to logarithmic law, indicating that the strong
charge localization turns into a weak one when the film thickness is about 150 nm. The negative
magnetoresistance of up to 1%was detected at 77 K. The film ferromagnetism at the temperature
of 10 K was not found.

1. Introduction

The diluted magnetic semiconductors (DMS) are great of interest due to a wide range of their applications like spintronics which
base on spin-dependent transport [1,2]. Primarily, DMS are fabricated through the doping of semiconductors by transition metals
(TM). As predicted, ZnO and GaN are the ideal candidates for DMS at room temperatures [1]. Even though that ferromagnetism is
observed in ZnO-based systems, doped by TM and even without doping in dielectric oxides [3], the reported experimental results are
controversial and the origin of ferromagnetism is not clear. Hypothetically, the TM doping produces clusters of the secondary phases,
making properties of DMS worse. Thus, the new alternative doping elements like carbon have been investigated actively. Many re-
searchers reported that ZnO, doped by non-magnetic C, manifests the room-temperature ferromagnetism (RTFM) [4,5]. Nevertheless,
the physical nature of this phenomenon is still discussing.

Nowadays, there are two explanations of RTFM in the ZnO-C system. The first explanation implies that the hole-mediated exchange
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interaction exist in ZnO:C. This interaction occurs between 2p-localized spins of C atoms, residing in O- atomic positions of ZnO (p-p
exchange interaction). This model postulates that ZnO:C is a p-type semiconductor contrary to the theoretical models predicting an n-
type conductivity of C-doped ZnO films, and manifesting the RTFM [6,7]. Besides, the majority of carbon atoms are in the intersite or
Zn positions or forming the graphite-like clusters [5,8]. Thus, the role of carbon in the ferromagnetic ordering of ZnO is still unclear.

The second approach is based on the defect-induced ferromagnetism [1,2]. The ferromagnetic ordering (d° -ferromagnetism) as a
common effect, supporting this model and originated from RTFM, was detected in pure undoped oxides such as TiO3, Iny03, SnOs,
Cuz0 u MgO [9-13]. According to the density functional theory (DFT), ferromagnetism in ZnO does not stem from the non-paired
2p-states of O atoms neighboring the zinc vacancies (Vz;) and causing the spin polarization in the valence band (Vg) [14]. The
strong exchange interaction between 2p orbitals O and high effective masses of carriers near the top of Vy satisfy the Stoner criteria for
the occurrence of spontaneous ferromagnetism. This effect cannot be attained easily by doping with the acceptor impurities residing in
the O sites in ZnO [15,16]. As emphasized in the works [17-19], oxygen vacancies (Vo) or intersite Zn atoms in the ZnO low-dimension
systems like thin films, nanoparticles, and nanowires can trigger the RTFM. Thus, it is still unclear what role the oxygen and zinc
vacancies, as well as surface defects, play in the occurrence of d’-ferromagnetism. Besides, the grain boundaries and interfaces affect
the charge transport in oxide semiconductors greatly [20]. The most prominentlythis effect is observed in thin films where the
film-substrate interface and film surface influence the charge transport. Consequently, the magnetic properties and transport phe-
nomena in the doped ZnO are interdependent.

From this point of view, the nanostructured ZnO with various types of Zn/O interfaces (ordered and disordered) poses an interest in
the study of magnetic ordering and electrical properties of the Zn-O system. It is undoubtedly true that the fabrication technique and
conditions dictate the structure and properties of thin films.

Being an effective deposition technique, an ion-beam sputtering method has not utilized for the fabrication of single- and multi-
layered ZnO-C heterostructures. Taking into account that the film structure and properties depend on the fabrication method
greatly, this paper aims to investigate the structure, charge transport and magnetic properties of ZnO- and C-based multilayer systems,
fabricated by the ion-beam sputtering method.

2. Materials and method

Multilayer ZnO-C thin films were fabricated by layer-by-layer ion-beam sputtering of the ZnO and C ceramic targets in an argon
atmosphere with a purity of 99.998% at a pressure of 7 x 10~* Torr as described in Ref. [21]. The targets were fixed and differently
positioned in a vacuum chamber on the water-cooled 280 x 80 mm? copper bases. The substrates were located offset from the target
erosion zone during the ion-beam sputtering to eliminate the plasma effect on a growing film. A massive aluminum bar served as a
substrate holder getting off heat released under the film growth process. The surface temperature was controlled by five thermocouples
positioned uniformly along the surface. During the deposition lasting for 3 h 12min and 5 h 50min for the (ZnO/C)25 and (ZnO/C)g;
films respectively, the temperature did not deviate from room temperature more than by 2°. To carry out the layer-by-layer deposition
at room temperature, the substrates were moved from one sputtering position to another one, by rotating the substrate holder around a
sputtering chamber axis. The silicon wafers (100)Si and pyroceramics were used to investigate the structure and electrical properties
respectively. A V-shaped screen was installed between the target and the substrate holder to vary the C- interlayer thickness during a
single deposition process. The rotational speed was equal to 0.13 rpm and 0.23 rpm for (ZnO/C)y5 and (ZnO/C)g; films respectively.
The numbers 25 and 81 mean the number of passes through the deposition stages, where ZnO and C were sequentially deposited onto a
substrate. As demonstrated further, the rotation speed is critical to the film structure. In total 150 samples were fabricated.

To estimate the thickness of each layer in a multilayer structure, a preliminary deposition of single-phase ZnO and C films was
performed with the pre-selected process parameters. The thickness of the obtained films was measured using the optical interferometer
(MII-4). Knowing the number of revolutions of a carousel, it is possible to calculate the thickness of a monolayer-film, deposited when
the substrate passes once the area of material deposition. It is worth noting, that the monolayer thickness estimated by this method,
does not account for the possible island growth (i.e. this is the effective thickness provided that this film is continuous).

The number of the substrate holder revolutions determines the number of bilayers in a multilayer heterostructure. According to the
method described above, 25 and 81 equivalent bilayers were deposited for each sample at the rotational speed of 0.13 rpm and 0.23
rpm respectively. The total thickness of the multilayers ranged from 40 to 160 nm.

The study of elemental composition was conducted using scanning electron microscopy (SEM, Oxford INCA Energy 250 with an
energy dispersive X-ray add-on device on a JEOL JSM-6380 L V). The structure was investigated by X-ray diffraction methods (XRD,
Bruker D2 Phaser diffractometer, Acyke1 = 1.54 A) with the DIFFRAC.EVA 3.0 software and the ICDD PDF Release 2012 database. The
transmission electron microscopy (TEM) patterns were obtained by a Hitachi HT7700 microscope with an accelerating voltage of 100
kV (W source). The cross-sections of about 40-50 nm thick were made using a single-beam system (a focused ion beam system FIB,
Hitachi FB2100). The electrical resistivity of the studied films was measured by the two-probe method using a B7-78/1 universal
digital multimeter with errors not exceeding 2%. The thermopower was investigated by the differential method with errors not
exceeding 3%. Silver (99.99% of purity) was used as a material for the cold and hot probes.

The Hall measurements were conducted by the Van der Pauw method (ECOPIA HMS-5500) at room temperature and the magnetic
field of 0.55 T with the measuring current ranged from 0.1 to 2.0 mA.

The field dependence of magnetization was measured using a SQUID magnetometer (Cryogenic S700X) in the range of +5 T at a
temperature of 10 K. The samples were located vertically in the magnetometer, with their long axis oriented to the field.



M.N. Volochaev et al. Superlattices and Microstructures 140 (2020) 106449
3. Results and discussion

The analysis of XRD spectra (Fig. 1a) of thin films deposited onto a rotating substrate revealed that thin carbon films are amorphous
[22], whereas a single-phase ZnO sample has the hexagonal crystal structure with the P63mc space group [23]. The multilayer films
(ZnO/C)g; manifest a texture with the <001>axis perpendicular to the substrate.

The small-angle XRD pattern of the (ZnO/C)g; system (Fig. 2a) does not manifest any diffraction maxima, suggesting that an island
structure, rather than a multilayer film, is formed in each layer. Consequently, it can be assumed that the zinc oxide nanocrystallites
and the amorphous carbon phase are coexisted in (ZnO/C)g; films. Thus, despite the layer-by-layer deposition of ZnO and C, the (ZnO/
C)g; system is a composite with the blurred interlayer interfaces. Therefore, the total film thickness, rather than an equivalent bilayer
thickness, has to be used to describe these samples.

As follows from the XRD patterns (Fig. 1b), the (ZnO/C)2s system contains the ZnO crystalline phase. The small-angle XRD patterns
(Fig. 2b) contain the diffraction peaks, attributed to the formation of a layered structure. The period of the multilayer structure d was
calculated through the Bragg formula:

ni=2d sin 0 (€]

here, 0 is the Bragg angle, n is the diffraction maximum order (in our case n = 1), and 4 is the X-ray wavelength.

The obtained values of d for the (ZnO/C)5 multilayer heterostructures are in good agreement with those obtained through the
optical interferometry.

Fig. 3 shows the TEM micrographs of the studied (ZnO/C)g; and (ZnO/C)y5 films, demonstrating the nanocrystalline structure of
the studied samples. Besides, the electron diffraction patterns (see insets in Fig. 3a and b) reveal the phases of hexagonal crystalline
ZnO. As mentioned above, analyzing the small-angle XRD patterns, the layered structure is formed for all thin (ZnO/C)2s films
(Fig. 3b), whereas the (ZnO/C)g; system is a randomly distributed composite (Fig. 3a).

Fig. 4a shows the electrical resistivity as a function of thickness for the studied ZnO and (ZnO/C)g; samples. As seen from Fig. 4, the
electrical resistivity of thin (ZnO/C)g; films two orders of magnitude lower than that for a pure ZnO. The reason is that (ZnO/C)g; films
have a higher number of interfaces and grain boundaries (being the charge transport channels in wide-gap semiconductors [24])
compared to ZnO. The sign of thermopower (Fig. 4b) indicates that both (ZnO/C)g; and ZnO films are the n-type semiconductors.

The electrical resistivity and thermopower of (ZnO/C)g; layered structure decrease from 1.7.1072Q cm t0 4.9-102 Q c¢m and from
65 pV/K to 47 pV/K when the film thickness rises from 30 nm to 130 nm respectively.

As regards the (ZnO/C)y5 multilayer structure, it demonstrates a threefold decrease in the electrical resistivity with the thickness
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Fig. 1. XRD patterns of C, ZnO, and (ZnO/C)g; thin films with the thickness of h = 110 nm (a) and (ZnO/C),s (b) with the thickness of 132 nm, 137
nm, and 152 nm.
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Fig. 2. Small-angle XRD pattern of (ZnO/C)g; (a) and (ZnO/C)ss (b) thin films.

(see Fig. 5a). The negative sign of thermopower indicates that electrons are the major charge carriers (Fig. 5b). The electrical resistivity
of (ZnO/C)55 increases with the amount of ZnO in it.

The Hall measurements at room temperature also confirm that the addition of carbon in ZnO does not change its conductivity type.
The charge carrier concentration is a weak linear function of the film thickness for (ZnO/C)g; and decreases from 5.10%°t0 810 cm3
when the thickness rises from 30 nm to 130 nm respectively. Fig. 6 demonstrates how the charge mobility 4 depends on the film
thickness. A broad maximum with the magnitude of 2 em?vlsT corresponding to the thickness of ~80 nm, is observed on the u(h)
curve shown in Fig. 6. An increase in the carrier mobility with the thickness d up to 80 nm can be attributed to the classical size effect at
the thin film boundaries. The y declines with h > 80 nm, due to the scattering processes at the ZnO/C interfaces.

For the (ZnO/C)ys films the carrier concentration and mobility decrease from 3.2.10%°° cm ™3 t0 1.6-10%° ¢cm 3 and from 1.4 cm?V
Ls1t0 2.8 cm?V'l:s7! respectively when the film thickness rises from 130 nm to 155 nm. The “apparent” decrease in mobility occurs
due to electronic states existing at the layer interfaces in the (ZnO/C)s5 films and influencing the charge transport. When the thickness
and number of ZnO and C layers increase their structure remains the same. Consequently, the number of carriers taking part in the
charge transport does not change when the amount of material not contributing to the conductivity rises. As a result, the “apparent”
decrease in charge concentration occurs. An increase in mobility of the (ZnO/C)ys films stems from the classical size effect at the
boundaries.

The temperature dependence of electrical resistivity p(T) was studied at the temperatures ranged from 80 to 300 K (Fig. 7), to
determine the charge transport mechanisms in the samples (ZnO/C)g; and (ZnO/C)3s. As seen from Fig. 7, the electrical resistivity
decreases with temperature over the entire temperatures range.

The magnetoresistance (MR) as a function of the magnetic field strength for as-grown layered (ZnO/C)y5 heterostructures are
shown in Fig. 8. The magnitude of MR was determined asMR = (Ry — Ro)/Ro, where Ry and Ry are the resistance, measured in an
external magnetic field and without a magnetic field respectively. It follows from Fig. 8 that the electrical resistance declines with the
magnetic field strength. For the (ZnO/C)g; heterostructures, no change in the electrical resistance was detected under an applied
magnetic field of up to 1 T.

The magnetization measurements (see Fig. 9) did not reveal the ferromagnetic ordering at the temperature of 10 K since no
hysteresis was detected. This fact rules out the presence of the room temperature magnetism in the studied samples.

Let us discuss the obtained data taking into account the growth process of layered thin-film heterostructures on a rotating substrate
with ion-beam sputtering of ZnO and C targets. The (ZnO/C)g; system manifests the island-like structure. The electrical resistivity of
this two-phase ZnO/C system is much lower than that for ZnO due to the interfaces (Fig. 4a). For the (ZnO/C)y5 system with the
thickness of h < 140 nm, the ZnO layers alternate with the carbon island interlayers, decreasing the electrical resistivity (Fig. 5a).
When the islands grow in size in the carbon interlayer, they overlap, increasing the dangling bond concentration at the interfaces, and
reducing the electrical resistivity of the film (Fig. 5a). Besides, randomly distributed charges generate a chaotic potential. Thus, in this
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Fig. 3. TEM micrographs of the cross-section and electron diffraction patterns (shown in the insets) for the studied (ZnO/C)g; (hg; = 1.9 nm) (a) and
(ZnO/C)ys (hp; = 6.7 nm) (b) heterostructures with the total thickness of h = 157 nm and h = 135 nm respectively.

multilayer system, the strong localization conditions take place at the interfaces with the presence of carbon islands [24].

A layered structure, consisting of ZnO and amorphous carbon layers, is formed in the (ZnO/C)2s5 films more than 150 nm thick. The
carbon layers and their interfaces serve as the conductive channels in this type of heterostructures. A transition from the strong to weak
localization [25,26] occurs when the thickness of (ZnO/C)zs films rises. This transition changes the conduction mechanism. A similar
relationship was observed in the multilayer structure (SnO2/Iny03)g9 [27].

To determine the charge transport mechanisms, we investigated the temperature dependence of resistivity in the studied samples.
Figs. 10-12 show the relative resistivity of (ZnO/C)g; and (ZnO/C)ys films as a function of temperature in various coordinates in the
temperature range of 77-170 K.

As seen from Fig. 10, the electrical resistivity is linear in the In(p/pg)-1 /TY? coordinates, which is attributed to the variable range
hopping mechanism over the localized states in a narrow energy band near the Fermi level [28]. In the framework of this mechanism,
the electrical resistivity is described as follows:

p=poexp(B/T"?) 2

where

3 13
B=|—— 3
leksg(EF)} @

here T is the absolute temperature, g(£F) is the density of states at the Fermi level, a is the localization radius, and kg is the Boltzmann
constant.

The B magnitudes in (2), obtained from the slope of In(p/pg)-1/T" linear graphs (see Fig. 10) are given in Table 1. Accepting
a~0.8 A [29] as the ionic radius of Zn, we estimated the density of states g(£r) through equation (3) (see Table 1). The obtained results
show a high density of localized states at the Fermi level.



M.N. Volochaev et al. Superlattices and Microstructures 140 (2020) 106449

4+ (ZnO-C)q,
-O-7n0O

W
(=)

so e (b)
20 40 60 80 100 120 140
h (nm)

Fig. 4. The electrical resistivity (a) and thermopower (b) as a function of the thickness of thin ZnO and (ZnO/C)g; films, measured at room
temperature.
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Fig. 5. The electrical resistivity (a) and thermopower (b) as a function of the thickness of thin (ZnO/C)qs films, measured at room temperature.
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Fig. 6. The carrier mobility as a function of (ZnO/C)g; film thickness.
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Fig. 7. Temperature dependences of resistivity for thin (ZnO/C)g; films (a) and (ZnO/C)4s films (b) for various film thicknesses: 1-35 nm, 2-45 nm,
3-70 nm, 4-98 nm, 5-129 nm, 6-150 nm, 7-157 nm, 8-169 nm.

In the temperature range of 200-300 K, the hopping conductivity to the nearest neighbors takes place for the studied samples.
According to this mechanism, the temperature dependence of resistivity is given by the following expression [28]:

14
p:po.exp< — ]:;fH) 4

here Wyyy is the hoping activation energy.

The Arrhenius-like temperature dependence of resistivity for the studied (ZnO/C)g; films is linear in the In(p/pg)-1/T coordinates in
a total agreement with (4) (see Fig. 11). The activation hopping energy estimated from the slope of In(p/p)-1/T graphs is given in
Table 2.

For the (ZnO/C)s multilayer samples with the thickness of h > 150 nm (when a continuous carbon layer is formed), the tem-
perature dependence of resistivity is linear in the p-InT coordinates (see Fig. 12). This dependence is typical when the weak electron
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MR (%)

Fig. 8. The electrical resistivity as a function of the magnetic field strength for the (ZnO/C)3s and (ZnO/C)g; multilayer structures with different
bilayer thickness measured at T = 77 K (a) and T = 300 K (b). (The thickness of (ZnO/C)g; multilayer structure is h = 131 nm).

Fig. 9. The magnetization as a function of the magnetic field for multilayer (ZnO/C),s structures with various bilayer thickness: 1-132 nm, 2-136
nm, 3-145 nm and measured at T = 10 K.

localization occurs in 2D and 3D systems [26].

The temperature dependence of resistivity for ZnO:Ga films with a thickness of 100-400 nm, fabricated by the radio-frequency
magnetron sputtering process, was studied in the work [30] in the temperature range of 300-80 K. The film resistivity with a
thickness of 200 nm declined, whereas for the films 400 nm thick the temperature dependence of resistivity peaked at 160 K.

The observed temperature dependence was explained by the weak charge localization. Besides, the weak localization effects in
“thick” films (400 nm) were observed for the temperatures below 160 K. This phenomenon was explained by the low lattice distortions
in thick films. Consequently, at the temperature of 160 K, the diffusion length becomes comparable with the free path length within the
relaxation time. Also, it was revealed that in ZnO:Ga films, synthesized by the pulsed laser deposition technique, the interference
effects in the temperature dependence of resistivity occur at the higher temperatures when the Ga concentration rises. This effect was
explained in the work [31] by a defect concentration increase. Taking into account these results the temperature dependence of re-
sistivity observed in our (ZnO/C)5 multilayered structures with a thickness of 150 nm at low temperatures can be associated with the
weak charge localization.
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Fig. 10. Temperature dependence of resistivity in the Inp~ 1/T'® coordinates for thin (Zn0O/C)g; (a) and (ZnO/C),5 (b) films with various
thickness: 1-35 nm, 2-45 nm, 3-70 nm, 4-98 nm, 5-129 nm, 6-150 nm, 7-157 nm, 8-169 nm.

Table 1

The B-parameter and density of states g(Ep) at the Fermi level in egs. (2) and (3)
determined for (ZnO-C)g; thin films.

h (nm) BK"?) §(Er)ap (eV~'em™)
35 2.56 3.2.10Y7
45 2.52 3.4-10"7
70 2.28 4.6-10"7
98 2.75 2.6:10'7
129 3.13 1.8.10"7

7.6 -
33 3.6 39 42 45 48 5.1
1000/T (K™

Fig. 11. Experimental (dots) and theoretically fitted (solid lines) using eq. (4) resistivity as a function of temperature for thin (ZnO/C)g; films (1-35
nm, 2-45 nm, 3-70 nm, 4-98 nm, 5-129 nm).
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Table 2

The hopping activation energy Wynu (see eq.
(4)) for thin (ZnO/C)g; films in the temperature
range of 200-300 K.

h (nm) Wynn (V)
31 0.0068
45 0.0068
70 0.0066
98 0.0076
129 0.0089

3.0F
—o— 150 nm

= 2.5+ —o0— 157 nm
g 2.0} —A— 169 nm
<)
o LD

1.0

0.5

44 4.6 48 50 52 54 56
In(T)

Fig. 12. Temperature dependence of resistivity for multilayer (ZnO/C),s heterostructures in the temperature range of 77-300 K in the p-In(T)
coordinates.

Fig. 9 shows the magnetization of the studied samples of various thicknesses as a function of the magnetic field. As seen in Fig. 9,
ferromagnetism is not observed in the fabricated films at 10 K.

According to the literature [4,7,32], there are two scenarios for the formation of long-range magnetic ordering in ZnO-C films. In
the first scenario, the carbon doping leads to a substitution of oxygen by carbon, with the formation of ZnC complexes, and generating
the hole conductivity. This process initiates the ferromagnetic exchange between ZnC with the magnetic moment of 2.02 uB per C atom
and affects the Curie temperature, exceeding 400 K. This scenario, was observed in Ref. [4] for the films fabricated by the pulsed laser
deposition method. However, we rule out this first scenario, because our Hall and thermopower measurements demonstrate that the
carbon doping does not produce the hole conductivity in the studied samples, which agrees with the work [8]. This scenario is not
possible in our case because of the specific conditions of the layer-by-layer deposition method. It is worth noting, that according to the
structural analysis, the ZnC phase was not detected. The second scenario is associated with the defect-induced magnetism(when the
exchanging magnetic moments are formed on the dangling bonds [8]). Taking into account the electron concentration, contributing
the conductivity, the presence of a large number of interfaces and the island structure produce a high defect concentration in our
multilayer samples. However, we did not detect the ferromagnetism in the studied heterostructures. It does not rule out the possible
formation of the magnetic moments on defects, but it seems that the exchange interaction is weak, making it lower the measurement
equipment sensitivity.

The negative MR is usually considered as a consequence of the ferromagnetic ordering, but in our samples, there is no long-range
magnetic order and it is necessary to conduct some extra investigations of samples with higher thickness. It is possible to explain the
negative MR through quantum interference and non-interference mechanisms. The interference mechanisms are possible both in the
case of variable-range hopping conductivity [33,34] and in the weak localization case (see, for example [35]). The logarithmic
temperature dependence of resistivity attributed to weak localization in 2D systems (see Fig. 12) confirms the interference nature of
negative MC. The charge transport occurs along the interfaces between ZnO and C. It is important to emphasize, that for the (ZnO-C)g;
films (h = 137 nm), having not continuous ZnO and C layers and demonstrating the hopping conductivity, resistivity does not depend
on the magnetic field in the studied range. A specific noninterference mechanism, related to the non-spherical wave functions of
electrons in the quantum wells, was proposed in Ref. [33]. This mechanism is characterized by a large value of MR (estimated to be MR
=15% [36]), a weak temperature dependence, and a linear dependence on the magnetic field. Since the field dependence is nonlinear
at the temperature of 77 K, it is unlikely if the mentioned above mechanism takes place in our case. Besides, the formation of any
well-defined quantum wells in the multilayer system (ZnO/C)2s is highly doubtful. It is worth noting that in the (ZnO/C)g; system,
where the formation of quantum wells is potentially possible due to the island structure, a negative MR was found neither at room
temperature nor at 77 K. Another non-interference mechanism is originated from the partial suppression of electron scattering on the
magnetic moments of defects by an external magnetic field. This effect is similar to the magnetoresistance in the spin glasses or the

10
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paramagnetic ferromagnetic alloys. In our samples, this mechanism is supported by the fact that MR takes place at room temperature.
Besides, the observed field dependence of the negative MR is similar to the field dependence of squared magnetization at low and room
temperature. However, based on this mechanism, the value of MR at room temperature has to be more than one order of magnitude less
than that at 77 K, which is not observed in our samples. Also, the relatively large magnitude of MR makes this mechanism to be scarcely
realized. Thus, the observed negative magnetoresistance in the multilayer (ZnO/C),s5 system can be attributed to weak localization and
2D charge transport along the interfaces between ZnO and C layers. More detailed further studies can clarify the possible mechanisms
associated with this effect.

4. Conclusions

The thin (ZnO/C)g; and (ZnO/C)ys films were fabricated through the layer-by-layer deposition of ZnO and C by the ion-beam
sputtering method at various deposition rates. The results of XRD analysis revealed that the (ZnO/C)g; samples are not multilayers,
rather the zinc oxide nanocrystallites are randomly embedded in an amorphous carbon matrix. Thin (ZnO/C)3s films are multilayered,
consisting of ZnO crystalline and amorphous C layers. It was revealed that (ZnO/C)g; and (ZnO/C)35 thin-film samples manifest the n-
type conductivity, with the electrical resistivity of 1-2 orders of magnitude lower than that in ZnO films without C.

The conduction mechanism changes from the variable-range hopping in a narrow energy band near the Fermi level to the hopping
to the nearest neighbor mechanism in thin (ZnO/C)g; films with an island structure. The transition from an island to a continuous
structure of ZnO layers with the multilayer thickness of about 150 nm is accompanied by the transition from the strong to weak
localization of charge carriers, along with the conduction mechanism changes in the studied temperature range. The fabricated films
do not exhibit ferromagnetism at the temperature range from 10 K to room temperature. In the multilayer (ZnO/C)25 thin-film
structures with various bilayer thicknesses the negative magnetoresistive effect was detected at T = 77 K and at T = 300 K. The
magnitude and temperature dependence of MR cannot be explained in the framework of interference and non-interference mecha-
nisms of negative magnetoresistance. The magnitude and temperature dependence of MR can be explained by weak localization and
2D charge transport along the interfaces between ZnO and C layers.
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