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Abstract Nanocomposite thin films made of partially

oxidized Cu nanoparticles embedded into hydrogenated

amorphous carbon, with different thicknesses and Cu/C

ratio, were prepared by means of radio frequency plasma

enhanced chemical vapor deposition and radio frequency

sputtering using acetylene gas and copper target. The sur-

face roughness was investigated using atomic force

microscopy, revealing the fractal geometry of the Cu/car-

bon thin films at the nanoscale with fractal dimensions

around 2.7. In addition, the electrical properties of these

films and their dependence on the application of low

magnetic fields were explored at room temperature. It was

found that when the Cu nanoparticles are separated by

gaps, the electrical conduction is governed by tunneling

effects. In these conditions, the samples exhibit negative

magnetoresistance values, displaying steps in the depen-

dences on the magnetic field. These properties suggest the

potential use of these films as magnetic sensors in

spintronics.

1 Introduction

Metallic thin films and nanostructures have attracted huge

attention due to their new electrical conductivity phe-

nomena. For instance, in Cu thin films, evidences of

electron quantum localization in 2D metallic materials

such as negative magnetoresistance (i.e., the electrical

resistance decreases in presence of a magnetic field) and

an anomalous logarithmic increase of the electrical

resistance in small perpendicular fields at low tempera-

tures have been theoretically predicted [1–4], and exper-

imentally proved [5, 6]. On the other hand, thin films

present obvious technological potential for prospective

electronic devices based on the 2D electronic transport

and the polarization of the electron spin [6–10]. However,

the negative magnetoresistance phenomenon is rarely

observed at room temperature [5, 6].

The physical and physicochemical properties of thin

films strongly depend on the composition, thickness, sur-

face roughness, structure and the presence of impurities

and crystalline defects, which in turn, depend on the

preparation method of samples and the synthetic condi-

tions. In this regard, the sputtering method [11] and the

chemical vapor deposition techniques [12] are especially

versatile routes for the preparation of nanostructured and/or

multilayer thin films, whose combination can yield to the

preparation of thin nanocomposite films with engineered

electrical resistance through the mixture of conductive and

dielectric materials [13–15].

The development of more accurate methodologies for the

characterization of thin films is an essential subject for

understanding the interesting physical phenomena that

exhibit these advanced materials. With this aim in mind,

several works have recently carried out fractal analysis of

the atomic force microscopy (AFM) measurements to

& Ali Arman

ali.arman173@gmail.com

& Azin Ahmadpourian

Azinahmadpourian@gmail.com

1 Vacuum Technology Group, ACECR Sharif Branch, Tehran,

Iran

2 Universidad Autónoma de Nuevo León, Av. Universidad s/n,

66455 San Nicolás de los Garza, Nuevo León, Mexico

3 Institut National de la Recherche Scientifique (INRS), 1650

Boulevard Lionel-Boulet, Varennes, QC J3X 1P7, Canada

4 Department of Physics, Kermanshah Branch, Islamic Azad

University, Kermanshah, Iran

123

J Mater Sci: Mater Electron (2017) 28:4713–4718

DOI 10.1007/s10854-016-6113-x

http://crossmark.crossref.org/dialog/?doi=10.1007/s10854-016-6113-x&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10854-016-6113-x&amp;domain=pdf


precisely characterize the 3D surface roughness of thin

films [16–20].

In the present work, nanocomposite thin films com-

posed by partially oxidized Cu nanoparticles embedded

into hydrogenated amorphous carbon matrix were pre-

pared by means of a combination of RF-plasma enhanced

chemical vapor deposition and RF-sputtering using acet-

ylene gas and copper target at room temperature. The RF

power and the initial acetylene gas pressure were varied

in order to obtain thin films with different thicknesses and

Cu/C ratio for comparison purpose. The surface roughness

of these low dimensional materials was investigated by

atomic force microscopy and fractal analyzes, while the

electrical conductivity of the samples was investigated in

the presence of magnetic fields. Herein, the negative

magnetoresistance phenomenon was observed at room

temperature. These results show that these nano-com-

posites are promising for magnetic sensors and spintronics

applications.

Table 1 Compositions, thickness and preparation conditions of the

three thin nanocomposite films

ID RF sputtering

Thickness

(nm)

Deposition

Time (min)

RF

power (W)

Initial acetylene

gas pressure

(mbar)

#1 113 20 180 0.035

#2 100 20 200 0.045

#3 60 20 180 0.040

Fig. 1 Pressure of the sample chamber as a function of the deposition

time for samples 1, 2 and 3
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2 Experimental details

2.1 Preparation of samples

A radio frequency plasma enhanced chemical vapor

deposition (RF-PECVD) set-up was employed to produce

Cu nanoparticles embedded into hydrogenated amorphous

carbon matrix with different thicknesses and Cu/C ratio. In

this configuration, the acetylene gas was used as reactant

and bombardment gas. In consequence, sputtered target

materials and products of the reactant gas formed the

resulting thin films. Two rotary and diffusion pumps were

used to reach the required vacuum in the steel chamber.

The chamber contained two electrodes with different sur-

face areas. The smaller electrode (7.5 cm in diameter),

with a copper target, was connected to the RF source,

while the other electrode (13 cm in diameter) was groun-

ded through the body of the stainless steel chamber. The

electrodes were positioned at a separation distance of 5 cm.

The deposition was carried out on glass and silicon sub-

strates on the grounded electrode at room temperature

using a RF frequency of 13.56 MHz and power of 200 or

180 W. The initial gas pressure was set at different pres-

sures (0.035, 0.040 and 0.045 mbar) in order to observe

any change in the properties of the resulting films. The final

samples were named 1, 2 and 3, respectively. The synthesis

conditions and some characteristics of these samples are

summarized in Table 1.

2.2 Characterization techniques

The surface morphology properties of the three samples

were studied by AFM using a Nanoscope Multimode

atomic force microscope (Digital Instruments, Santa

Barbara, CA) in non-contact mode, determining the

average nanoparticles size and the Root Mean Square

(RMS) roughness. The 3D complexity of the thin films

was investigated through fractal analysis applied to the

original AFM files using the cube counting method

(derived directly from a definition of box-counting fractal

dimension) with a linear interpolation type [Mountains

Map \circledR 7 Software (Digital Surf, Besançon,

France)]. In this analysis, the fractal dimension, Df, was

estimated, which has a value within the range 2 B Df B 3

[21–23].

The magnetoresistance, which is defined as the per-

centage ratio 100� R Hð Þ � R 0ð Þ½ �=R 0ð Þ being R the

electrical resistance, was measured at room temperature

with a variable magnetic field applied parallel to the film

plane for the three samples.

3 Results and discussion

The growth mechanism of the copper samples was inves-

tigated by analyzing the dependence of the pressure in the

sample chamber on the deposition time (Fig. 1). For the

three samples studied in the present contribution, it was

observed that the pressure initially decreases (until the fifth

minute of deposition for sample 1, and until the thirteenth

minute for samples 2 and 3).According to previous studies

[23–25], the decreasing of the initial pressure during the

first minutes can be related to the high deposition rate of

hydrocarbon ions forming a carbon layer onto the substrate.

In such case, the pressure decreases because the rate of

deposition of carbon is higher than the rate of incoming

hydrocarbon gas to the chamber. Also, a small reactive

sputtering of copper could occur. When the pressure

reaches values around 0.02 mbar, the ions generated from

acetylene have enough energy for sputtering the Cu target,

therefore, with the presence of sputtered Cu and the

hydrocarbon ions, the pressure inside the chamber

bFig. 2 Representative AFM images of samples 1, 2 and 3, respec-

tively, for scanning areas of 1.0 lm 9 1.0 lm. a Particle size

distributions (height distributions) of samples 1, 2 and 3, respectively

Table 2 Basic properties of the

height values distribution

(including its variance,

skewness and kurtosis) of the

surface samples for scanning

square areas of 1.0 lm 9 1.0

lm

The statistical parameters Symbol Sample (#1) Sample (#2) Sample (#3)

Values Values Values

Height parameters

Root mean square height Sq (nm) 1.97 2.21 2.80

Skewness Ssk (-) 0.803 0.603 0.725

Kurtosis Sku (-) 4.60 3.97 4.17

Maximum peak height Sp (nm) 14.8 12.1 17.8

Maximum pit height Sv (nm) 10 7.99 7.63

Maximum height Sz (nm) 24.8 20.1 25.5

Arithmetic mean height Sa (nm) 1.52 1.72 2.19

Inclination h (�) – 0.2 0.2 0.2

Inclination u (�) – 23 15 52.3
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increases. The increase of pressure should continue until

the mean ion energy gets reduced again below the thresh-

old energy needed for sputtering. This point is the cutoff of

physical sputtering of copper target [23]. According to

these considerations, one can deduce from the curves of

Fig. 1 that the copper content of sample 1 is the highest in

comparison with the other samples, while the copper

content in sample 2 is higher than that in sample 3. In other

words, the sample 1 should have the lowest carbon content,

while carbon concentration should increase for sample 2

and 3, respectively.

AFM analysis and topography curves are shown in

Fig. 2. As can be seen in this figure, the average size of

nanoparticles is around 6 nm for sample 1 and sample 2,

and 10 nm for sample 3 (see the particle height distribution

obtained from AFM characterization in Fig. 2a). The

analysis of these images (with the Digital Surf Mountains

Map� Premium software version 7.0) gave roughness

values of 1.97, 2.21 and 2.80 for samples 1, 2 and 3,

respectively. Table 2 depicts the basic properties of the

height values distribution of the surface samples (including

its variance, skew and kurtosis). In addition, to gain more

information about the characteristics of the film surface,

the AFM data were analyzed using the cube counting

method. Figure 3 shows the dependence of the calculated

volume for surfaces on the scale of analyses (size of the

structuring elements) associated with the AFM images. The

fractal dimension was calculated from the slope of the best

fits of regression lines (shown in Fig. 3) [26, 27]. It is

observed that the fractal dimension was rather similar for

the three samples (2.68, 2.73 and 2.73 for samples 1, 2, and

3, respectively).

The electrical resistance of samples was measured as a

function of the applied magnetic field (Fig. 4). The

obtained results show values of the electrical resistance for

samples 3 and 2 around 1700 and 5 MX, respectively,

while the electrical resistance was about 3.3 X for sample

1. This dramatic difference in the electrical resistance

properties is due to differences in the sputtered copper

content in the samples; the electrical conductivity increases

as the copper content is increased and the aggregation of

the Cu nanoparticles is improved. On the other hand, for

samples 2 and 3, the electrical resistance at room temper-

ature decreased with increasing external magnetic field,

leading to negative magnetoresistance (MR) values. Such

behavior is usually observed at low temperatures [5, 6].

This behavior is probably due to the decrease of the spin

disorder with the presence of the exciting magnetic field. In

order to explain the magnetoresistance properties of the

studied nanostructured copper/carbon thin films, three

bFig. 3 Enclosed volume for the three samples as a function of the

scale of analysis
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regions or stages of the samples can be distinguished in

agreement with their electrical behavior as follows: (i) di-

electric stage, in which the particles are separated by gaps,

(ii) transition stage, in which the aggregation of nanopar-

ticles starts to occur, and (iii) metallic stage, in which the

nanoparticles are in contact and they are not arranged as

isolated nanoparticles. Thus, the electrical resistance in

composite systems with insulator and conductive phases is

related to two different mechanisms: tunneling between

conductive particles that are separated by insulator layers,

and percolation in a continuous metallic network of

particles. The insets of Fig. 2 show 2D AFM images of the

samples with high contrast of the sample, where the darkest

regions are related to empty areas of particles. It is obvious

that in sample 3 the nanoparticles are situated in separated

islands. Hence, adjacent particles are not in direct contact

and nanometric distances separate them. Therefore, the

electron transport between neighboring nanoparticles

should occur by tunneling effect. However, more particles

are aggregated as the copper particles content is increased

reaching the transition region (stage ii) and metallic

channels are created at the surface. This is probably the

case of sample 2. In this situation, the conduction occurs

through percolation between metallic clusters composed

from copper nanoparticles. Interestingly, the variation of

the MR with the magnetic field displays a step behavior

that we tentatively ascribe to the presence of copper oxide

phases (that behave as semiconductor) on the nanoparticles

surface of samples 2 and 3, in agreement with Rutherford

Backscattering measurements (data not shown). In sample

1, the magnetoresistance effects were not observed because

the Cu nanoparticles are in contact and the sample is in a

metallic stage.

4 Conclusion

Thin nanocomposite films constituted by partially oxidized

Cu nanoparticles embedded into hydrogenated amorphous

carbon matrix have been obtained using a combination of

RF-PECVD coupled with a RF-sputtering method. The

thickness and the Cu/C atomic content ratio were modulated

with the variation of the RF power and the initial gas pres-

sure. The average size of nanoparticles for the three studied

samples was around 6 or 10 nm. The reduction of the

thickness from 113 to 60 nm yielded to the increment of the

roughness of the films from 1.97 to 2.8, whereas the fractal

dimension for the three samples was around 2.7. In addition,

the electrical resistance increased from 3.3 X to 1700 MX at

room temperature as the nanoparticles were separated

between them by nanometric gaps and the electrical con-

duction occurred by a tunneling phenomenon. In these

conditions, the samples exhibited negative magnetoresis-

tance values, displaying steps in the dependences on the

magnetic field.
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