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Abstract

We investigated correlation between structure dectren transport properties of
composite films synthesized by the ion-beam spuatjesf Cu + SiQ target. Photoluminescence
(PL) spectra testify to an oxygen deficiency in silecon dioxide matrix in agreement with the
Raman spectroscopy, which reveals the presence,@f fhase along with elemental copper.
For the nanocomposites with copper atomic fractier0.64, the temperature dependence of
conductivity obeys Inf) ~ T law at low temperatures (electron tunneling betwsiee
distributed copper nanopatrticles) replacing with bhott VVariable Range Hopping (VRH) with
the temperature increase. Electron transport ptiegesf the studied nhanocomposites are
significantly affected by matrix defectiveness, @hhincreases with metallic phase content
according to PL study. The increasing matrix défectess results in decrease of crossover
temperature from tunneling to VRH conductivity veall as growth of matrix permittivity due to

an enhanced contribution of electrons localizediedft:cts.
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1. Introduction

Nanostructured metal-dielectric nanocomposite nasehave attracted a great interest due
to their unusual optical [1-3] and electrophysiédiproperties. In particular, they provide a
possibility to tune optical response and electniealstivity on a broad scale; nonmagnetic
Cw(Si0,)1.x nanocomposites reveal a giant Hall effect [5].IBaanocomposites possess a high
corrosion hardness and stability [6, 7]; high degyEtheir defectiveness and amorphous state of
matrix provide them an excellent radiation hardri8ksPossibility to prepare nanocomposites
with “core-shell” structure (copper core surrountbgdCuO shell) is promising for catalytic
applications [9-13]. Since copper nanoparticlepldisthe localized plasmon resonance in the
visible spectral range, the photocatalytic actiafysuch materials can be improved due to the
well-known phenomenon of local light intensity enbament [14, 15].

Understanding the structure and electron trangpedhanisms in the nanocomposites is a
prerequisite to control their properties. It wasd@strated in our previous work [16] that the
copper is distributed in form of nanopatrticles, amere is an additional GO phase along with
copper and silicon oxide. However, no correlatiebwgen structure of nanocomposites and their
electron transport properties were establishedusavhich predetermined the purpose of the

present work.

2. Experimental section

Nanocomposites were synthesized by the ion-beaittesing of the two-component target
(Cu+SiQ) on a water-cooled glass ceramic substrate (246w&f) resistivity of 18° Q-cm) in

the argon atmosphere with partial pressfe9.6102Pa. Both substrate and target were
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subjected to argon plasma cleaning for 30 min leefi@position process. During synthesis, ion
beam current density and accelerating voltage Weldequal to 0.9 mA/cfrand 3.5 kV,
respectively. The used target represented 270x7daopper plate with thin Sigstrips
(80x10x1 mm) placed on top of it. Irregular placing of Si€trips enabled one to obtain the
deposit with composition varying along the longesalf the substrate. Cutting of the substrate
with deposited film normally to the gradient of Concentratiorx allowed to get a large series
of samples with different compositions and prepaneal single technological cycle.

The synthesis procedure was described in morelsi@igrevious works [16, 17]. According to
the energy-dispersive X-ray analysis and crossesadtscanning electron microscopy, the
atomic fraction of metallic phasan the studied composites varied from 0.39 to Oant, the
film thickness — from 1.2 to 2 m.

X-ray diffraction (XRD) analysis was done usingraBer D8 Advance diffractometer
(Bragg-Brentano geometry, Cu, kemission). Specular reflectance spectra were takéra
MC122 spectrometer (Proscan Special InstrumentayB® with spectral resolution about 3 nm.
Raman and photoluminescence (PL) spectra were meehssing a Nanofinder HE confocal
spectrometer (Lotis TII, Belarus-Japan) with speaesolution about 3 cth(0.1 nm). Solid-
state lasers (emission wavelength of 355, 473 am3) were used as excitation sources; signal
was detected with a cooled CCD-matrix with acqusitime typically equal to 120 s. Spectral
calibration was done using a built-in gas-dischdagep providing accuracy about 3 €m
(0.1 nm). All Raman and PL spectra were measurdti@ireshly polished samples.

For electric measurements, rectangular 2x1G samples provided by the ultrasonically
soldered indium contacts were used. The distanivecka potential probes was determined
using stage micrometer with an accuracy of 0.005anthwas equal to 7+0.1 mm. Temperature
dependences of DC conductivity were studied irréimge from 2 to 300 K with a HFMS system
(Cryogenic Limited, London; accuracy of sample tenagure setting better than 0.05 K). DC

conductivity was measured using four-probe methitd Keithley 6430 source-meter and

3



Keithley 2182 nanovoltmeter. AgilenE4980A and an Agilent E4285 LCR-meters were used
for measurements of AC conductivity (room tempaggtirequency range from 100 Hz to

30 MHz, probe voltage magnitude of 40 mV, standanection procedure). AC conductivity
was measured using two-probe method. Correctidheobpen circuit voltage mode was done
with a clean glass ceramic substrate provided Inyaobs placed in the same geometry as for the

nanocomposite samples.

3. Results and Discussion

3.1. Structural characterization

XRD patterns of the synthesized composites dematestinree characteristic peaks (Fig. 1)
at D = 43.35°, 50.30° and 74.11° corresponding to aifion from the (111), (200) and (220)
planes of elemental copper with face-centered dalttice (JCPDS No. 04-0836). A low-
intensity wide signal in the range of %0 < 25° can be related to amorphous matrix [18]. The
Scherrer equation reveals a gradual increase of ggansize from 5 to 9 nm with increasing
content of metallic phasefrom 0.39 to 0.71.

Specular reflection spectra of the nanocomposiesahstrate a pronounced feature at 1.9—
2.2 eV (Fig. 2a). However, the shape of specttaisirange strongly depends xrSpectra of
the composites with a high content of metallic ghae similar to that for the reference Cu foll
and demonstrate a step related to electron transifromd- to s-band [19, 20]. On the contrary,
for the composites with a relative low content opper, a distinct peak is observed instead the
step. This peak can be related to light scattetingto resonant excitation of surface plasmons in

the copper nanopatrticles [3, 21, 22].



As'is known [19], for a single particle embedde@ inon-conducting medium with
permittivity e, the excitation of surface plasmons corresponasitamum of the frequency
dependent function

f(@) = [&1(@) + en]? + [e2(w)]?, (1)
whereg;(®) ande,(w) are the real and imaginary parts of nanopartdaectric function
g(m)=g1(w)+iex(w). Since the average size of copper nanopartiolése studied nanocomposites
Is much less as compared to mean free patielectrons in bulk copped42 nm, [22]), one
should modify dielectric function of bulk coppertake into account additional electron
scattering at surface. Within the framework of ireibig model [22] ¢(w) can be presented for

nanoparticle as

£(@) = ehuu(@) + 0F (o = — i) + i 2 (LD o) 2)

w2+l w2+I(R)?2 ® \w2+I'(R)2  w2+4I¢
wheree,,,;, (w) is the dielectric function of bulk coppey;, is the plasma frequency in copper
(0p = 1.410'° s, [21]), o = v/l is the electron damping constant in bulk coppeis the Fermi
velocity (v==1.5710° m/s, [22]), and the size-dependent damping cohiatetermined as
F(R) = Iy + =%, 3)
whereR is the size of nanoparticles, aAds the dimensionless parameter, which dependien t
scattering mechanism at the surface. Figure 2keptsf§w) function calculated according to
Egs. (1) — (3) using,,;x (w) function taken from [23]R = 5 nm,A = 1, and with different
values of matrix permittivitg,. One can see that fey,= 3.7 (permittivity of SiQ), function
f(w) has minimum at 2.25 eV, which differs substahtitom position of maxima in the
reflectance spectra, whereas for higher valueg, efgood agreement with experiment takes
place. This fact indicates that copper nanopasiake surrounded by a medium different from
silicon dioxide. The observed slight red shift wsftion of surface plasmon resonance (SPR)

with increased can be related to electrodynamic coupling of diopacked nanoparticles [24].



Room temperature Raman spectra of the nanocompasitereference electrodeposited
CwO film are presented in Fig. 3. One can see peak$® 425, 500, 520 and 642 ¢m
According to [25], the peaks at 215, 425, 500, &2 cm™ correspond to scattering on optical
phonons in CxO indicating formation of this phase in the compessi Intensity of these peaks
increases witlx. Their large spectral width (FWH#&25 cm* for peak at 215 ci) and rather
low intensity point to a high disorder degree ot@yhase correlating with absence of reflexes
corresponding to GO in XRD patterns (Fig. 1). For the composite with highest Cu content
(x = 0.70) signal in the range of Raman shifts fror #8540 crit is clearly split into two peaks
with maxima at 497 and 520 cinThe first one belongs to @D, whereas the second one can be
attributed to elemental Si [26]. Taking into accbarhigh inclination of copper to oxidation, it is
reasonably to presume that copper nanoparticléseistudied composites are surrounded by

oxide shells formed primary by g phase. Note that substitution ofOupermittivity

(€cy,0=7-5[27]) to Eq. (1) gives a good agreement betwedsutzied spectral position of SPR

(2.05 eV, Fig. 2b) and maxima in reflection spe¢kig. 2a). The appearance of peak
corresponding to elemental silicon indicates demedf oxide matrix by oxygen, which
correlates with the revealed oxidation of copper.

Fig. 4 demonstrates a relative broad band (withwidth at half-maximum of appr.
0.3 eV), which may be associated with photolumiease in the studied composites. In the case
of excitation at 473 or 532 nm, this peak is reitigly by a few tens of meV with increasing
content of metallic phase. At the same time, thift disappears, if more short-wave radiation
(355 nm) is used for PL excitation. On the firgrgie, PL shift could be related to presence of
the CyO phase in the nanocomposites because a typieabs2yO particles cannot exceed a
few nanometers and they should reveal the well-knelgctron quantum confinement effect
[19]. However, the spectral position and shapéefdbserved PL band do not correspond to the
known data for C#O [28] indicating that photoluminescence is relatethe copper
nanoparticles. Since their size exceeds substiyritie de Broglie wavelength of electron,
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guantum confinement effect cannot affect the etexcspectrum in copper nanoparticles and,
hence, the size-dependent photoluminescence h#seamoigin. We believe that the observed
PL arises from recombination of electrons excitestband with the holes id-band. Since
spectral position of the observed PL band is clogosition of SPR, there is a wavelength-
dependent absorption of PL radiation by copper partizles, which gives rise to the observed
shift of PL maximum. In the case of a short-wavgtlrexcitation, PL signal is generated in a
thinner near-surface layer (due to an increasedrpbien), and effect of interaction of emitted
light with nanoparticles becomes less pronounced.

Low temperature (2K) PL spectra with UV excitation (355 nm) were meaduor
investigation of defects in the dielectric matrsig. 5).

As seen from Fig. 5, PL spectra can be fitted Welé superposition of six Gauss lines
peaked at 1.9, 2.1, 2.4, 2.6, 2.8, and 3.1 eV. Baradl eV is related to Cu nanopatrticles, as it
was mentioned above. The peak at 1.9 eV is atatbta single-coordinated oxygen atoms [29-
31], and the peak at 3.1 eV — to neutral oxygeaahwcy (silylene center) [29, 32, 33]. The
peaks at 2.4-2.8 eV are originated from the neottglen monovacancies with Si-Si bond [29,
33-35]. Dispersion in the distance between siliatoms in such defects explains the scattering
in energy of electron transitions from 2.4 to 2A8[85]. As is seen, an increase of metallic phase
content leads to growth in relative intensity af-2.8 and 3.1 eV bands (Fig. 5). This fact points
to progressive influence of copper oxidation ongtracture of nanocomposites, which results in
rising oxygen deficiency in the silicon oxide matri

Thus, the real phase composition of the nanocortgsois more complicated as compared
to that of the target, and the used notation,(61D,):-x’ should be considered only as

simplified.

3.2. Electron transport



The mechanisms of electron transport in composétenals are known to be substantially
dependent on the ratio and structural state ofliieeddd dielectric phases, which, in turn, are
determined by the synthesis atmosphere, target @asitign and temperature and other factors.
In particular, when the intergranular distance loees less than the electron localization length
or when the concentration of matrix defeltg; satisfies the Mott criterioNge g ~ 0.25 Os is
the Bohr radius of electron localized at defec®tatrinsulator transition (MIT) takes place due
to formation of conductive net [36]. This resultsseparation of nanocomposites into “dielectric-
like” and “metallic-like”, which manifests itselfdth in different types of their DC conductivity
temperature dependences (Fig. 6) and characterpgfdance (capacitive-like or inductive-like,
Fig. 7).

As seen from Fig. 6, the nanocomposites with atdmation of coppex > 0.68 possess a
positive temperature coefficient of resistanpé&d in the temperature range R< T < 300K.

For the samples with< 0.64, @/dT is negative in the whole temperature range, ne. a
activation-like temperature dependence of resigtadominating (Fig. 6). For the range
0.61 <x < 0.64, a trend to linearization in the- In(T) coordinates is observed, which can be
determined by a tunnel electron transport withglhocalization length near the MIT [37, 38];
some deviation froms ~ In(T) dependence is believed due to agglomerationasfudes in the
composites and formation of prolonged chains widtatic conductivity.

Figure 6 shows that there is a certain ambiguityatermination of the percolation
thresholdx, from o(T) dependences. As it was demonstrated in our puswimrk for the
(FeCoZr)(Al,03);x nanocomposites [39}. can be found from analysis of impedance of the
nanocomposites. Indeed, since each conductor @assas inductivity, impedance of the
composites withx> x. is of inductive-like type due to formation of contous conductive cluster
between two contacts. On the contrary  x., impedance is capacitive-like due to separation

of metallic particles by oxide interlayers [40, 41]



As seen from Fig. 7a, when the atomic fractionapper reaches ~ 0.64, impedance
changes from capacitive-like to inductive-like pgowg to formation of the infinite conductive
cluster. So, the indicated value~ 0.64 can be associated with the metal-insulaémrisition.

DC conductivity for the nanocomposites witke x; reveals activation-like temperature
dependence, at that the activation energy increaslesemperature. These dependences were
analyzed both using linearization in thedph¢ T coordinates (Figs. 8a—c) and the Zabrodski
method [42] based on consideration of reduced aitir energy. Both these approaches have
demonstrated that there is a crossover temperafke 7.(x) < 130K for the Cy(SiO,)1«
nanocomposites witk< x.~ 0.64 (Fig. 8d). In the li®) ~ T " dependences,= 0.5 forT < T,
andn = 0.25 forT > T, (Fig. 8).

The InE) ~ (To/7)>*law is known to be inherent to the Mott variablega hopping [43],
whereas the lis) ~ (Too/7)*°conductivity dependence is usually explained asnsequence of
a Coulomb gap in the energy distribution of thealaed electronic states (the Shklovdkiros
law, [44]). However, the ShklovsiEfros conductivity mechanism can be realized ohlpa
temperatures (as a rule, less tharkL0Since in our case the &)(~ (Too/7)°law is observed at
much higher temperatures (up to 120 K), anothelaggbion is required. Like in our previous
work [39], we have attracted the model proposdd i for description of electron transport at
T < T.. In the framework of this model, conductivity iragular media is realized by thermally
activated electron tunneling between neighborirangles, which have some scattering of their
size. According to the previous studies [46, 47, scattering of granules size can reach 30 % in
the nanocomposites produced by the ion-beam spuftdrhe parametefy,, which

characterizes the activation energy, is determasefd5]:

2 3/2 ~ y 1/3
Ty, = ——. (%) N, 1/2.(1_x_) l (4)

Hereqe is the electron chargkg is the Boltzmann constartjs the matrix permittivityag is the

average size of granulésis the electron localization length, is the volume fraction of metallic



phase in the nanocomposite, andis the volume fraction corresponding to the metalsator
transition.

Eq. (4) enables one to calculate dependence af statrix permittivitye on content of
metallic phase in the nanocomposites (Fig. 9).uincalculations, the parametgrhas been set
as increasing from 5 to 9 nm with increase &fom 0.44 to 0.62 according to XRD daxa; has
been determined from impedance analysis (Fig.ijAa= h/,/2m*U,, has been estimated
using electron effective tunneling mass= 0.41my, [48] and the height of intergranular barrier
Uap = 3.7 eV (difference between Cu work function aiiidon oxide electron affinity). It is seen
that the permittivity increases approximately by @nder of magnitude whetis increasing
from 0.39 to 0.63 and exceeds significantly peimiitt of both SiG and CyO (Fig. 9). High
values of matrix permittivity can be related todefectiveness, which gives rise to significant
contribution of electrons localized on defectsaesning of electric field. Such behavior is
typical for highly-doped semiconductors and waoregg by many authors [49-51].

The increase of permittivity witk correlates well with the PL data discussed above.
Indeed, the increase of copper content (whichacteducer of Si§) gives rise to increase of
oxygen deficient defects in silicon oxide matrixg(F). One can suppose that these defects
contribute to screening of electric field providitige growth of permittivity withx. Progressive
increase in concentration of matrix defects makesenfavorable the Mott variable hopping

conductivity, which results in decrease of crossdemperaturd’, with x.

Conclusions

lon-beam sputtering of two-component Cu+gi@get leads to formation of
nanostructured composites, in which,Oyphase exists along with copper nanoparticlesp€op
oxidation results in oxygen deficiency in silicoxide matrix, which manifests itself in
photoluminescence spectra. For the nanocompositédseadielectric side of metal-insulator
transition, electrical conductivity increases wigmperature according to &)(~ 7" law, where
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n equals to 0.5 and 0.25 at low and high temperstuespectively. The Iaf ~ 77%°law is
attributed to electron tunneling between granubesrig some scattering of size, whereas)iRr(
7°%%*law is related to the Mott variable range hoppingrease of copper content in the
nanocomposites is accompanied by increased coatientof defects in silicon oxide matrix,
which is manifested in increase of its permittivaityd decrease in temperature of crossover from

tunneling to VRH electron transport.
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Figure captions

Fig. 1. XRD patterns of G(5i0,);.x nanocomposites.

Fig. 2. Specular reflection spectra ofy(2i0,);.x nanocomposites and reference Cu fajj (

functionf(e)=[e(®)+em]® + [e2(®)]? (Eq. (1)) calculated for different values of matri

permittivity e, (b).

Fig. 3. Raman spectra of g8i0,)1.« nanocompositesaj and reference GO film (b).

Excitation: 473 nm / 0.6 m\Wa{ and 473 nm / 25W (b).

Fig. 4. PL spectra of G(5i0,)1.x nanocomposites. Excitation: 473 nm /,80).

Fig. 5. PL spectra taken at 23 K under 355 nm W excitation and their fitting by Gauss lines

for Cu(Si0,)1-x nanocomposites with=0.40 @) andx=0.71 ).

Fig. 6. Temperature dependences of conductivitynatized to the room temperatuskssonc for

the Cy(SiO,)1x nanocomposites with different content of metgihase.

Fig. 7. Frequencya)) and concentratiorb] dependences of the phase sBitbetween AC

voltage and current for the (6i0,);.x nanocomposites.

Fig. 8. Temperature dependences of electrical atindlty of the Cuy(SiO,);.x nanocomposites in

different coordinates] - (c); crossover temperatuiie depending ometallic phase fractiordy.

Fig. 9. Matrix permittivitye for Cu(SiO,)1.x nanocomposites calculated using Eq. (4).
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Copper-silicon dioxide nanocomposites: structure and electron transport

Nanostructured composites were prepared by ion-beam sputtering of Cu + SiO, target
Increasing copper content leads to progressive formation of defects in oxide matrix

This allows to control matrix permittivity and electron transport in composites



