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1. INTRODUCTION

Progress in the technology of thin films has drawn

significant attention to various modifications of tailoring

deposition techniques.[1-5] Considerable efforts have been

directed toward understanding of key aspects of nonlinear

dynamics of this phenomenon seen in electrical properties of

interconnected micro- and nanostructures, complex geometry

of metallic nanostructures etc.[6-9] The three dimensional (3-

This paper analyses the three-dimensional (3-D) surface texture of
Cu/Co thin films deposited by DC-Magnetron sputtering method
on the silicon substrates. The prepared Cu/Co nanoparticles were
used as research materials. Three groups of samples were deposited
on silicon substrates in the argon atmosphere and gradually cooled
down to room temperature. The crystalline structures and elemental
compositions were analyzed by X-ray diffraction (XRD) spectrum
with conventional Bragg-Brentano geometry. X-ray diffraction
profile indicates that Co and Cu interpenetrating crystalline
structures are formed in these films. The sample surface images
were recorded using atomic force microscopy (AFM) and analyzed
by means of the fractal geometry. Statistical, fractal and functional
surface properties of prepared samples were computed to describe
major characteristics of the spatial surface texture of Cu/Co
nanoparticles. Presented deposition method is a versatile, cost-
effective, and simple method to synthesize nano- and microstructures
of Cu/Co thin films. This type of 3-D morphology allows to
understand the structure/property relationships and to investigate
defect-related properties of Cu/Co nanoparticles. Presented results
confirm the possibility of preparing high-quality Cu/Co nanoparticles
via DC-Magnetron sputtering method on silicon substrates.
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D) surface morphology exerts significant influence on

fundamental properties, and hence applicability, of thin films

that combine electrical and magnetic properties, as well as

the study and understanding of the mutual interactions

between light, electricity, and magnetism at the nanometer

scale.[10-14]

On the other hand, ongoing investigations and the

description of processes occurring between and close to

interacting surfaces that includes detachment and re-

attachment of multiple microscopic contacts between

surfaces of thin films in relative motion lead to concepts and

new models based on the modern theories of multi-scale

modelling.[15-20] The 3-D surface morphology of thin films is

in correlation with the deposition method and can be

classified as: isotropic (either Gaussian or non-Gaussian) or

anisotropic.[21-23] It can be characterized using height images

taken by atomic force microscopy (AFM)[24] in connection

with fractal[1,4,7-9,16,22,23,25] and multifractal[3,5,10,12,13,15] geometry. 

Even though surfaces of thin films are self-similar only in

a restricted range of the spatial scales,[10,22,24] fractal geometry

is useful for understanding the 3-D nanoscale architecture

and phenomena concerning height variability. As such,

fractal analysis might shed some light onto the dynamics of

surface roughness change.[26]

In several past decades, numerous physical and chemical

techniques have been proposed for the preparation of Cu/Co

thin films.[27-31]

This work aims to analyze the Cu/Co nanoparticles

deposited by DC-Magnetron sputtering method on the

silicon substrates, to study their structure using XRD

patterns, to discuss the LSPR peaks position by UV-visible

spectra, and to characterize the 3-D surface texture using

AFM data in connection with the statistical, and fractal

analysis.

2. MATERIALS AND METHODS

2.1 Materials and preparation of thin films

Cu and Cu/Co nanoparticles were prepared using DC-

Magnetron sputtering system on silicon substrates. Silicon

was located on the grounded electrode, and Cu and Co

targets (both 8 cm in radius) were attached to DC source

(See Fig. 1). The chamber was evacuated to the pressure of

10.7 × 10−3 Pa before the deposition. Then, the chamber was

filled with argon atmosphere that raised the pressure up to

2.6 Pa, and simultaneously the DC power was applied. 

Film deposition was carried out at room temperature

(297 ± 1 K) maintaining constant distance between electrodes.

In the first stage that took 15 min with the voltage applied

500 V, substrate was covered with the material sputtered

from Cu target. Then, the target was replaced with Co and

the deposition process went on with the same voltage for

another 7 and 10 min to reach Co/Cu bilayer thin film with

varying Co thickness. Details of a sputtering process are

given in Table 1.

2.2 Characterization of the thin film properties

Obtained samples were characterized by X-ray Diffraction

(XRD) and Atomic Force Microscopy (AFM). X-ray

diffraction data were recorded using CuKα radiation with

the wavelength of 0.154 nm. AFM measurements were

carried out in non-contact mode using Multimode instrument

(Digital Instruments, Santa Barbara, CA) that scanned over

3 μm × 3 μm square areas of the sample surface with the rate

10-20 μm/s to obtain 256 × 256 pixel images. 

The experiments were carried out at room temperature

using cantilevers with the nominal properties for force-

distance curve measurements specified in Ref. [32]. Then,

The surface of Cu and Cu/Co thin films samples were

scanned by Field Emission Scanning Electron Microscopy

(FESEM, ZEISS SIGMA-VP).

2.3 Characterization of the film surface texture

AFM measurements sample surface topography resulting

in data series of discrete height values. Prior to any analysis,

however, it is necessary to get rid of the longest wavelength

components that make the sampled surface non-stationary.

Obtained series z(x, y) is referred to as the residual surface,

which in the following serves as a source of data for

Fig. 1. Schematic diagram of the sputtering system.

Table 1. Sample IDs and details of a preparation procedure.

ID Target

Sputtering parameters
Deposition 

time

 [min]

Basic 

pressure 

[Pa]

Work 

pressure 

[Pa]

Power 

[W]

#1 Cu 10.7 × 10−3 2.6 16 15

#2 Cu/Co 10.7 × 10
−3

2.6 25 15/7

#3 Cu/Co 10.7 × 10
−3

2.6 25 15/10
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calculating normalized Areal Autocorrelation Function

(AACF) R(τx, τy)
[33] (Fig. 2a):

(1)

Which in :  - shows the mean value, the root-mean-

square surface (RMS) roughness (normalizing term) is

shown by Sq, whereas (τx, τy) – vector of a discrete spatial

shift (space lag). Sq roughness is a standard deviation of sur-

face height samples defined as:

(2)

A map of AACF is then used to compute the surface

texture ratio Str defined as the ratio of extreme auto-

correlation decay lengths τ along which the normalized

AACF falls from 1.0 down to 0.2 (see Fig. 2b):

(3)

In the above formula, the axes of the fastest and the

slowest AACF decays are specified by a1 and a2,

respectively.[34] Str > 0.5 claims that the surface is isotropic,

while Str < 0.3 strongly shows an anisotropic surface. 

To determine the grain dimension the plot of the AACF is

used. Finally, the half-widths of the AACF profiles at half

maxima along extreme directions are the grain radii Ra1 and

Ra2, respectively, this sum gives the average grain diameter

(Fig. 2b):

(4)

Because of the stationary state of the residual surface so,

the Structure Function (SF) is computed using:[35]

(5)

By plotting radially-averaged profile of a structure

function on a log-log scale, fractal dimension D and corner

frequency τc can be derived, because SF obeys the scaling

law in the form:[35]

 (6)

where D – is the fractal dimension, and K – pseudo-

topothesy. In the limit of a long wavelength (large spatial

lags τ), however, this behavior breaks down, and the

structure function asymptotically approaches 2Sq
2 value. A

point, at which this transition occurs is referred to as the

corner frequency τc.

Functional parameters can be derived from the Firestone-

Abbott also known as the bearing curve (see Fig. 2c) all

explanations in this regard can be found in our previous

publications.[36,37]

2.4 The Minkowski functionals

In this study, a set of the Minkowski Functionals (MFs)[3,38]

that includes volume V, surface S and Euler-Poincaré

R τx τy,( )
z x y,( ) z〈 〉–( ) z x τx+ y τy+,( ) z〈 〉–( )⋅〈 〉

Sq
2

---------------------------------------------------------------------------------------=

…〈 〉

Sq z x y,( ) z〈 〉–( )
2

〈 〉=

0 Str<
τa1

τa2

------

R 1 0.2→=

1≤=

dAACF Ra1 Ra2+=

S τx τy,( ) 2Sq
2

1 R τx τy,( )–( )=

S τ( ) Kτ
2 2 D–( )

=

Fig. 2. (a) A map of AACF explaining directions of the fastest and
slowest decays, respectively: a1 and a2; (b) Plots explaining decays
lengths τa1 and τa2 along extreme decay directions and the estimation
of grain radii Ra1 and Ra2; (c) The plot of the Firestone-Abbott curve
explaining main functional characteristics of the surface.
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characteristic (or connectivity number χ), are computed and

plotted using the Gwyddion 2.28 software.[39] This set can be

expressed as:[39]

 (7)

where: N - the total number of pixels; Nwhite - the number of

‘white’ pixels, that is pixels above the threshold (pixels

below the threshold are referred to as ‘black’); Nbound - the

number of white-black pixel boundaries; Cwhite and Cblack - the

number of continuous sets of white and black pixels respec-

tively.

2.5 Statistical analysis

Statistical analyses were performed using the GraphPad

InStat version 3.20 computer software package (GraphPad,

San Diego, CA, USA). Analysis of variance (ANOVA),

followed by a post-hoc Tukey’s test, was used to determine

if there was a difference in the average parameters values

between the different examined surface regions. 

The differences in the average parameters values for a

particular surface region were also analyzed using ANOVA

and Tukey’s test. A P value of less than 0.05 denoted the

presence of a statistically significant difference.

3. RESULTS

The X-ray diffraction measurements shown in Fig. 3 were

performed to study the microstructure of prepared samples

of Cu/Co nanoparticles deposited by DC-Magnetron sputtering

method on the silicon substrates, as it is summarized in Table

2. The peak at 67 ° is associated with silicon substrate.

Figure 4 presents representative 3 μm × 3 μm AFM

images of the residual surfaces of Cu/Co nanoparticles

V Nwhite/N;= S Nbound/N; = χ Cwhite Cblack–( )/N=

Fig. 3. XRD patterns of samples of Cu/Co nanoparticles on silicon
substrate. 

Table 2. Details of XRD pattern.

Sample
2θ peak position

(degree)
(hkl)

#1 43 (111) Cu

#2
50

90

(200) Co

(210) Co

#3

36

50

78

(111) CoO

(200) Co

(211) Co

Fig. 4. 3 × 3 μm
2
 AFM images of residual surfaces of Cu/Co nano-

particles: (a) sample #1, (b) sample #2, (c) sample #3.
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deposited by DC-Magnetron sputtering method on silicon

substrates.

Table 3 summarizes grain sizes determined from the

FWHM of the autocorrelation function and using Otsu’s

method. In turn, Table 4 summarizes main statistical and

fractal characteristics of investigated samples.

Radially-averaged plots of the structure function of Cu/Co

nanoparticles are shown in Fig. 5.

Table 5 summarizes main functional parameters derived

from the Firestone-Abbott curve.

Figures 6-8 show the MFs, functions V(z), S(z), and c(z),

Table 3. Estimated grain sizes.

Sample 

ID

Ra1

[nm]

Ra2

[nm]
Ag

dAACF

[nm]

dOtsu

[nm]

#1 49 90 0.54 139 130

#2 59 90 0.66 149 124

#3 54 70 0.76 124 144

Ra1, Ra2 – grain radii equal to half-widths of the AACF profiles

along extreme decay directions, Ag – asymmetry factor, dAACF –

average grain size from the AACF, dOtsu – equivalent grain size estimated

using Otsu’s algorithm 

Table 4. Statistical and fractal parameters of Cu/Co samples.

Sample 

ID

Sq 

[nm]
Kurt Skew Str D

K

[nm]

τc 

[nm]

#1 12.1 0.00 0.32 0.53 2.31 14 84

#2 15.0 1.06 0.75 0.68 2.31 16 95

#3 14.0 -0.06 0.17 0.79 2.33 13 95

Sq – RMS roughness, Kurt – kurtosis, Skew – skewness, Str – surface

anisotropy ratio, D – fractal dimension, K – pseudo-topothesy, τc –

corner frequency. 

Fig. 5. Radially-averaged plots of the structure function of Cu/Co nanoparticles: (a) sample #1, (b) sample #2, (c) sample #3. Inclined parts of the
plot are specific of fractal behavior described by fractal dimension D and pseudo-topothesy K, whereas flat ones saturate at 2Sq

2 value. Transition
point between these two regimes establishes corner frequency τc. 

Table 5. Functional parameters.

Sample 

ID

Sk

[nm]

Spk

[nm]

Svk

[nm]

Mr1

[%]

Mr2

[%]

#1 34.10 20.10 19.29 11.06 92.41

#2 32.22 31.12 32.35 13.61 92.08

#3 39.21 18.49 40.00 11.06 92.80

Sk – kernel roughness depth, Spk – reduced peak height, Svk –

reduced valley depth, Mr1/Mr2 – upper/lower bearing area.
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Fig. 6. Unitless Minkowski volume V(z) for the scanning areas of 3 μm × 3 μm of the sample: (a) #1, (b) #2, and (c) #3.

Fig. 7. Unitless Minkowski surface S(z) for the scanning areas of 3 μm × 3 μm of the sample: (a) #1, (b) #2, and (c) #3.

Fig. 8. Unitless Minkowski connectivity c(z) for the scanning areas of 3 μm × 3 μm of the sample: (a) #1, (b) #2, and (c) #3. 
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plotted for the scanning areas of 3 μm × 3 μm: a) #1, b) #2,

c) and #3, (associated with Fig. 4). These functions are

unitless. 

The typical FESEM images of Cu and Cu/Co nanoparticles,

samples #1 and #2 are shown in Fig. 9(a) and (b),

respectively. The shown images of both samples are in good

agreement with presented AFM images.

4. DISCUSSION

AFM images in Fig. 4 exhibit granular surface structure of

the samples under study composed of a large number of

circular, 150 nm wide particles covering the entire substrate.

High-order alignment can be also seen in Fig. 4, because the

particles form linear chains with 3-4 beads. All the particles

have the same orientation giving rise to strong crystalline

texture. Interestingly, neither the particle size nor their shape

change with elapsed time, which might be astonishing

considering the results of XRD measurements and expectation

that the grain size should generally increase during the

growth process.

However, grain size presented in Table 3 and estimated

using two independent methods agree well with the main

topographical features seen in the AFM images. Regardless

of the method, grain dimensions fall in the range from 120 to

150 nm and remain constant during the process. The

difference is, however, that the AACF method gives insight

into the grain elongation, i.e. their ellipsoidal shape, whereas

the Otsu’s method treats grains as perfect circles. 

The former method allows us to conclude on the

geometrical anisotropy of the particles (Ag parameter), which

is found to increase from 0.54 (moderately anisotropic

particles) to 0.76 (isotropic particles) and is equal to the

anisotropy ratio of the entire surface (Str parameter shown in

Table 4).

RMS surface roughness Sq turns out to be around 14 nm

and constant among the samples (Table 4). On the other

hand, measured height samples appear to follow Gaussian

distribution in terms of kurtosis (except for sample #2), with

a longer tail extending towards higher numbers (positive

skewness). Particles turn from elliptical into more circular

ones during the sputtering process since the surface

anisotropy ratio steadily increases from 0.53 to 0.79. As

mentioned previously, Str remains nearly identical to grain

dimension anisotropy Ag, which is not surprising since both

parameters were derived using different parts of the same

AACF profiles.

On the other hand, fractal analysis reveal monofractal

structure of the samples under study according to specific,

monoclinic shape of the structure function drawn on a log-

log plot in Fig. 5. Fractal dimension D that describes the

scaling exponent of the surface remains constant at about

2.31. The same behavior concerns pre-scaling term, pseudo-

topothesy K, which stays unchanged at around 14 nm.

Corner frequency also varies only slightly at around 90 nm,

which is about 60-70 per cent of the estimated grain

dimension. 

Similar proportion between these two parameters was

demonstrated in our previous studies of Fe nanoparticles[1]

that suggest it might be of universal character relating

topographical features with their autocorrelation characteristics.

According to results from Table 5, kernel roughness depth

Sk remains constant at around 35 nm, that is one-third of

measured surface variation. Reduced peak height Spk
achieves significantly less values, around 20 nm except for

the sample #2. On the other hand, reduced valley depth Svk
doubles during the sputtering process increasing from 20 nm

for sample #1 to 40 nm for sample #3. Remaining parameters,

upper and lower bearing areas, do not vary among samples,

and are equal to, respectively, 11 per cent and 92 per cent

similar to our previous study of Fe nanoparticles.[1]

Topological characteristics proved to be significant for

characterization of the 3-D local topography of the sample

surfaces.[40] The functions V(z), S(z), and c(z) allowed a

reasonable good prediction of the 3-D pattern at a nanoscale

resolution corresponding to the size of the structural units

which are relevant. 

It can be seen that for a scanning area of 3 μm × 3 μm, the

Minkowski volume V(z) curve decreases slowly (from 1.0 to

0.95), then it decreases rapidly to zero for the z profile range:

Fig. 9. Typical FESEM micrographs of samples (a) #1 and (b) #2.
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a) from −0.015 to 0.035; b) from −0.015 to 0.055; c) from

−0.015 to 0.040; and then it remains constant (Fig. 6).

V(z) > 0.

It can be seen that for a scanning area of 3 μm × 3 μm, the

Minkowski surface S(z) curve rapidly increases to a

maximum value of: a) 0.145 (for z = −0.005 μm); b) 0.135

(for z = −0.01 μm); c) 0.17 (for z = −0.01 μm); then rapidly

decreases and tends to zero for z = 0.05 μm (Fig. 7). S(z) > 0.

The Minkowski connectivity describes the connectivity of

spatial patterns that is particularly sensitive to topological

changes of the pattern. Different types of micro-domains

have different values of the local Euler-Poincaré characteristic.

This demonstrates that such a measure can well discriminate

between different morphologies (Fig. 8). 

It can be seen that for a scanning area of 3 μm × 3 μm, the

Minkowski connectivity c(z) curve has an oscillation form

with a minimum value of:

a) −2.7 (for z = −0.015 μm) and a maximum value of 2.0

(for z = 0.09 μm) (Fig. 8, a). 

b) −2.3 (for z = −0.015 μm) and a maximum value of 1.8

(for z = 0.09 μm) (Fig. 8, b). 

c) −2.2 (for z = −0.020 μm) and a maximum value of 1.5

(for z = 0.09 μm) (Fig. 8, c). 

The values for c(z) are positive for the ranges:

a) −0.01 ≤ z ≤ 0.04 (Fig. 8, a); b) -0.01 ≤ z ≤ 0.06 (Fig. 8,

b); −0.01 ≤ z ≤ 0.04 (Fig. 8, c);

A negative value of connectivity number χ indicates a

predominance of valleys, the minimum χ represents the

maximum density of valleys and the maximum value of χ is

equal to the maximum density of peaks. The maximum

densities of peaks and valleys values should be taken into

account in technical applications.

Modeling and quantifying spatial heterogeneity is useful

to systematically investigate the relation of topology and

effective surface properties.

5. CONCLUSIONS

The objective of this study was to study the three-

dimensional (3-D) surface texture of Cu/Co nanoparticles

deposited by DC-Magnetron sputtering method on the

silicon substrates. The characterizations were carried out

using X-ray diffractometer, AFM, and fractal analyses.

Our results also suggest that AFM, statistical, fractal and

functional surface properties of Cu/Co nanoparticles

deposited by DC-Magnetron sputtering method on silicon

substrates can be useful to obtain structural information

from local sampling and to a better understanding of the

effects, spatial scaling, and correct interpretation of surface

topographic features as well as its functional role for the test

surface.

These results can be applied in thermodynamic and kinetic

models of electronic, atomic and vibrational structure of Cu/

Co nanoparticles, as well as in study of surface energy,

surface tension, surface stress, surface diffusion, and structural

forces to elucidate the stability of Cu/Co nanoparticles. Also,

the 3-D surface texture of nanostructures estimated by

specific parameters can be included in accurate and robust

mathematical models to describe bridging the gap between

the nano, micro and macro scales in friction, new approaches

to control and modify frictional properties involved at

nanometer-scale resolution of thin films.

Declaration of interest: The authors report no conflict of
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