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Abstract. Autocorrelation techniques are crucial tools for the study of the micromorphology of surfaces:
They provide the description of anisotropic properties and the identification of repeated patterns on the
surface, facilitating the comparison of samples. In the present investigation, some fundamental concepts of
these techniques including the autocorrelation function and autocorrelation length have been reviewed and
applied in the study of titanium nitride thin films by atomic force microscopy (AFM). The studied samples
were grown on glass substrates by reactive magnetron sputtering at different substrate temperatures (from
25 ◦C to 400 ◦C), and their micromorphology was studied by AFM. The obtained AFM data were analyzed
using MountainsMap Premium software obtaining the correlation function, the structure of isotropy and
the spatial parameters according to ISO 25178 and EUR 15178N. These studies indicated that the substrate
temperature during the deposition process is an important parameter to modify the micromorphology of
sputtered TiN thin films and to find optimized surface properties. For instance, the autocorrelation length
exhibited a maximum value for the sample prepared at a substrate temperature of 300 ◦C, and the sample
obtained at 400 ◦C presented a maximum angle of the direction of the surface structure.

1 Introduction

Physics of thin films is an important branch of solid state physics that has been prominently developed in recent years.
It deals with systems that, although they can exhibit a large variety of physical properties, they have a feature in
common: one of their three dimensions is on the nanoscale.

Due to their mechanical properties, high hardness and high thermal and chemical stability, titanium nitride thin
films are used in the industry as wear-resistant protective coating in car parts, cutting tools and decorative layers [1–8].
Moreover, TiN coatings improve the functionality of materials by hardening them, prevent surface slip and shear, and
make the coated material non-toxic; thus, it is widely used in medical devices inside body (artificial organs) and
implants [9,10].
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Several studies have shown that factors such as preferred orientation, residual stresses, grain accumulation and
grain size affect significantly to the structural, semiconductor, optical and mechanical properties of TiN thin films [11–
15]; therefore, engineered TiN thin films can be grown on surfaces of semiconductors with applications in catalysis,
electronics, sensors like dye-sensitized solar cells and storage of electrochemical energy or hydrogen [16–22].

Titanium nitride films are chemically stable when deposited by sputtering in a wide range of nitrogen gas feed rates,
resulting in stable stoichiometric ratios. However, nitrogen deficiency causes vacancies in the crystal lattice, and the
formation of non-stoichiometrc layers can occur. Among the most common methods for fabricating thin films, which
include the physical vapor deposition (PVD) and chemical vapor deposition (CVD) [22,23], the magnetic sputtering
method stands out for its versatility that allows the production of a wide range of thin film systems with different
characteristics, including metals, alloys, oxides, nitrides and carbides [24–30].

Owing to the diversity that exists in manufacturing of thin films, the determination of the surface morphology
and its dependences on the preparation parameters is crucial to explain their physical properties and exploit them
to improve technological applications. Hence, different methods and techniques have been performed for the study of
morphological properties using microscopic analysis like atomic force microscopy (AFM) that provides key information
about the surface when is combined with various analytical methods such as fractal analysis, autocorrelation and
intercorrelation techniques, etc. [31–35].

In the present investigation six thin layers of titanium nitride (TiN) were prepared by reactive magnetron sputtering
at substrate temperatures of 25, 100, 200, 250, 300 and 400 ◦C [36,37]. These samples display excellent properties
for tribological applications and wear resistance that increases the service life and usefulness of the coated surface.
Consequently, titanium nitride coatings are widely used in medicine for the production of tools and machine parts.
Thus, morphological properties of these films are studied using autocorrelation techniques that enable the identification
of similarities between samples.

1.1 Autocorrelation function

Autocorrelation function (ACF) assess the correlation of a part of an image in relation to the entire image. Autocor-
relation function is defined as [31]

ACF (τx, τy) =

∫∫
z(x, y)z(x − τx, y − τy)dxdy

∫∫
z(x, y)2dxdy

. (1)

The ACF is found by taking a duplicate surface (Z(x − Dx, y − Dy)) of the measured surface (Z(x, y)) and
mathematically multiplying the two surfaces together, with a relative lateral displacement (Dx,Dy) between the
two surfaces. As a result, the autocorrelation function corresponds to the autocovariance of surface integrated and
standardized by the parameter Sq [31]. The autocorrelation function provides values from −1 to +1 for each point on
the surface.

Thus the ACF is a measure of how similar the surface texture is at a given distance from the original location.
If the ACF stays near +1 for a given amount of shift, then the surface texture is similar along that direction. If the
ACF falls rapidly to zero along a given direction, then the surface is different and thus uncorrelated with the original
measurement location [30].

ACF is used to study the periodicity on the surface, that is, when the motif of a structure is repeatedly recreated
at the surface to determine the surface isotropy [31].

1.2 The autocorrelation length, Sal

The auto-correlation length is defined as the horizontal distance ACF (tx, ty), which quickly breaks down to a specific
value s with 0 ≤ s < 1 [31].

The Sal value is calculated from
Sal = min

√
tx2 + ty2. (2)

For all practical applications regarding relatively smooth surfaces, the value of the coefficient s is taken equal to 0.2
according to ISO 25178. For anisotropic surfaces, the Sal direction is perpendicular to the surface contour. High value
of Sal means that the surface structure is dominated by components with low spatial frequency, while a low value
of Sal implies a high spatial frequency. Therefore, Sal is a quantitative measure of the distance along the surface by
which one would find a surface texture that is statistically different from the original location [31].
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Table 1. Deposition parameters of samples.

Sputtring parameters

Sample Substrate temperature Basic pressure Work pressure Power Rate Thickness

[◦C] [mbar] [mbar] [W] [nm/min] [nm]

S1 Room 4.5 × 10−5 2 × 10−3 350 4.7 565

S2 100 4.5 × 10−5 2 × 10−3 350 3.4 405

S3 200 4.5 × 10−5 2 × 10−3 350 5.4 650

S4 250 4.5 × 10−5 2 × 10−3 350 5.4 650

S5 300 4.5 × 10−5 2 × 10−3 350 5.4 650

S6 400 4.5 × 10−5 2 × 10−3 350 4 485

2 Materials and methods

2.1 Research material

TiN thin films were grown on glass substrates by standard reactive magnetron spattering techniques varying the
temperature of the substrate (room temperature, 100, 200, 250, 300 and 400 ◦C) obtaining six samples named S1,
S2, S3, S4, S5 and S6, respectively. More details of the preparation of these samples can be found elsewhere [36,37].
Experimental parameters were fixed as shown in table 1.

2.2 Research method

2.2.1 Atomic force microscope (AFM)

The surface properties of samples were investigated by atomic force microscope that belongs to a group of scanning
probe microscopies (scanning probe microscope —SPM) [31].

2.2.2 Analysis of the AFM data

In order to analyze the obtained AFM images of the samples surface, we used specialized software MountainsMap�
Premium 6.2, created by Digital Surf. This program is designed to analyze images of surfaces and it includes the
necessary functions to analyze the structure of surfaces and the geometry in accordance with standarized norms
(specifically, ISO 25178 and EUR 15178N) [38]. Initially, each test sample was subjected to leveling operations using
Least Squares method by subtraction in order to get rid of a possible gradient of the surface image (fig. 1).

The next step involved the generation of an identification card. The generated identification card shows character-
istic parameters of the sample, such as length, size, spacing and offset in relation to the each of the three dimensions.
Tables 2–7 shows the stereometric parameters of the three-dimensional surface that were generated by the ID card for
the six samples.

Then, for better illustration of the structure of the sample surfaces, three-dimensional views of the AFM were
performed, including the calibration scale in micrometers (μm), the system of XY Z axes, the ratio of the image
layout, block of dimensions and color palette (fig. 2). The differences in height of the surface structure are represented
by a variable false color sequence.

In the next step an operation of shape removal was conducted in order to extract analyzed area and to obtain a
surface image without altered characteristics (fig. 3).

Afterwards, new identification cards were performed to analyze the six surfaces after shapes removal. The results
are shown in the following tables 8–13.

Moreover, the stereometric parameters of a three-dimensional surface of the six samples were generated in agreement
with ISO 25178 and EUR 15178N, respectively. As an illustrative example, we present these data for the sample S1
in tables 14 and 15.
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Fig. 1. Leveled AFM images of the six samples: (a) S-1; (b) S2; (c) S3; (d) S4; (e) S5; (f) S6.
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Table 2. Parameters of the first sample generated from the ID card.

Parameter
Axis

X Y Z

Length [μm] 4.42 4.42 0.029

Spacing [nm] 17.3 17.3 0.0000409

Offset [μm] 0.00 −4.42 –

Min [nm] – – −10.7

Max [nm] – – 18.3

Size
256 256 708963

Points Lines Decimals

Table 3. Parameters of the second sample generated from the ID card.

Parameter
Axis

X Y Z

Length [μm] 4.42 4.42 0.025

Spacing [nm] 17.3 17.3 0.0000416

Offset [μm] 0.00 −4.42 –

Min [nm] – – −6.51

Max [nm] – – 18.5

Size
256 256 601250

Points Lines Decimals

Table 4. Parameters of the third sample generated from the ID card.

Parameter
Axis

X Y Z

Length [μm] 4.42 4.42 0.038

Spacing [nm] 17.3 17.3 0.000135

Offset [μm] 0.00 −4.42 –

Min [nm] – – −10.8

Max [nm] – – 27.2

Size
256 256 282560

Points Lines Decimals

Table 5. Parameters of the fourth sample generated from the ID card.

Parameter
Axis

X Y Z

Length [μm] 4.42 4.42 0.0576

Spacing [nm] 17.3 17.3 0.000234

Offset [μm] 0.00 −4.42 –

Min [nm] – – −15.8

Max [nm] – – 41.7

Size
256 256 245847

Points Lines Decimals
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Table 6. Parameters of the fifth sample generated from the ID card.

Parameter
Axis

X Y Z

Length [μm] 4.42 4.42 0.0277

Spacing [nm] 17.3 17.3 0.0000358

Offset [μm] 0.00 −4.42 –

Min [nm] – – −6.83

Max [nm] – – 20.9

Size
256 256 774315

Points Lines Decimals

Table 7. Parameters of the sixth sample generated from the ID card.

Parameter
Axis

X Y Z

Length [μm] 4.42 4.42 0.0239

Spacing [nm] 17.3 17.3 0.000127

Offset [μm] 0.00 −4.42 –

Min [nm] – – −7.89

Max [nm] – – 16.0

Size
256 256 188285

Points Lines Decimals

Table 16 depicts a comparison between the spatial parameters for the first sample surface from the two standard
norms (ISO 25178 and EUR 15178N). The following parameters were compared:

– Elongation of the structure (Str) is a parameter that describes the anisotropy whose value is in the range 0 < x <
1 [38,39].

– Direction of the surface structure (Std) defines a value of an angle with respect to the maximum angular value of
frequency [39].

– Length autocorrelation surface (Sal) is defined as a horizontal distance ACF (autocorrelation function), which
breaks down quickly to a specific value s with 0 ≤ s ≤ 1 [38,39].

– The horizontal distance of the autocorrelation function (tx, ty) has the fastest dispersion to a defined value s being
0 < s < 1.

Differences between the Std parameter values result from the fact that during the calculations we take into account
the different angle that depends on the standard used.

Further analyses were carried out with the caclulation of the autocorrelation function (ACF) that assess the
correlation of one part of the AFM image in relation to the entire image [39]. Each sample was subjected to an
autocorrelation operation using a threshold of 0.2 (white part is above the threshold). Figures 4(a) and (b) shows
the autocorrelation peak in 2D and 3D representations, respectively, obtained for the sample S1 as a representative
example.

Test samples were also analyzed in terms of the direction of structure (figs. 5(a) and (b) show the results obtained
for the first sample). This study is designed to analyze surfaces along different directions. The structure was analyzed
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Fig. 2. Three-dimensional representations of the AFM images of the six samples: (a) S-1; (b) S2; (c) S3; (d) S4; (e) S5; (f) S6.

by Fourier transforms and angular power spectrum identifying values of the most important directions of the structure,
which were located on the analyzed surface.

Directionality structure can be only examined when the value of the isotropy is below 30%, otherwise the directions
may not be sufficiently important for the analysis of the surface. In the next step, the structure of the isotropy was
analyzed using the autocorrelation function. The test sample was subjected to deletion of the surface shape, then
calculation and optimization of surface autocorrelation was made in order to provide values in the range 0–1 (fig. 5(b)).
The resulting information shows the binary autocorrelation thresholding of a surface with a default threshold of 0.2.
In the case of the first sample, the isotropy is equal to 27.7%. The first direction of analyzed sample has a value of 90◦,
the second direction 45◦, and the third direction 63.5◦. The results were illustrated via the flow diagram (fig. 5(b)).
The first direction has an angle with the largest power spectrum and it corresponds to the preferred direction of the
surface structures. Table 17 summarizes the data obtained for the six samples.

2.3 Analysis of the results

In this research six samples were analyzed with the atomic force microscope. With the help of AFM it was possible
to obtain stereometric representation of the samples and their surfaces that have been subjected to further analysis
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Fig. 3. 3D AFM images of the six samples after shape removal: (a) S-1; (b) S2; (c) S3; (d) S4; (e) S5; (f) S6.

in MountainsMap� Premium. Initially, each sample has been leveled with LS method by subtraction, which resulted
in change of dimension of the sample relative to Z axis (fig. 1). Differences in height among samples are recorded in
table 18.

After leveling, the difference in altitude increased for samples I and IV, while it decreased for the rest of samples
(table 18).

Then, each of the samples received a three-dimensional visualization of surface depicting the height differences of
the structure with the calibration in the scale of micrometers, stereometric tables containing the spatial parameters
characterizing the topographical properties of the analyzed surfaces. Above operations were illustrated with the use
of diagram (fig. 2).

Then, a table was prepared in order to record spatial parameters for the tested surfaces including two standards
(tables 19 and 20).

3 Conclusions

Autocorrelation techniques have been used in the study of the surface micromorphology of TiN thin films prepared
by reactive magnetron sputtering under different substrate temperatures (from 25 ◦C to 400 ◦C).



Eur. Phys. J. Plus (2017) 132: 520 Page 9 of 15

Table 8. Parameters of the first sample generated from the ID card after shapes removal.

Parameter
Axis

X Y Z

Length [μm] 4.42 4.42 0.0292

Spacing [nm] 17.3 17.3 0.0000409

Offset [μm] 0.00 −4.42 –

Min [nm] – – −12.2

Max [nm] – – 17.0

Size
256 256 713540

Points Lines Decimals

Table 9. Parameters of the second sample generated from the ID card after shape removal.

Parameter
Axis

X Y Z

Length [μm] 4.42 4.42 0.025

Spacing [nm] 17.3 17.3 0.0000416

Offset [μm] 0.00 −4.42 –

Min [nm] – – −7.93

Max [nm] – – 17.0

Size
256 256 600566

Points Lines Decimals

Table 10. Parameters of the third sample generated from the ID card after shape removal.

Parameter
Axis

X Y Z

Length [μm] 4.42 4.42 0.0374

Spacing [nm] 17.3 17.3 0.000135

Offset [μm] 0.00 −4.42 –

Min [nm] – – −12.8

Max [nm] – – 24.7

Size
256 256 278241

Points Lines Decimals

Spatial parameter Str takes values in the range 0–1. If the value of the parameter takes values which are close to 1,
then this proves the fact that the surface is isotropic, as well as, that structure is the same in all directions. If the
parameter value is close to 0 —this indicates the anisotropic surface-which is periodically oriented.

Isotropic surfaces, which take values close to 100% show a more rounded flap, while the anisotropic surfaces are
close to 0%. Directionality structure is examined when the value of the isotropy is below 30%, otherwise the directions
may not be sufficiently important for the analysis of the surface. These research is designed to analyze the surface of
the main directions, which are, inter alia, scratches —then the structure is analyzed via the Fourier transform, as well
as the angular power spectrum.
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Table 11. Parameters of the fourth sample generated from the ID card after shape removal.

Parameter
Axis

X Y Z

Length [μm] 4.42 4.42 0.0589

Spacing [nm] 17.3 17.3 0.000234

Offset [μm] 0.00 −4.42 –

Min [nm] – – −21

Max [nm] – – 37.9

Size
256 256 251473

Points Lines Decimals

Table 12. Parameters of the fifth sample generated from the ID card after shapes removal.

Parameter
Axis

X Y Z

Length [μm] 4.42 4.42 0.0277

Spacing [nm] 17.3 17.3 0.0000358

Offset [μm] 0.00 −4.42 –

Min [nm] – – −9.99

Max [nm] – – 17.7

Size
256 256 775241

Points Lines Decimals

Table 13. Parameters of the sixth sample generated from the ID card after shapes removal.

Parameter
Axis

X Y Z

Length [μm] 4.42 4.42 0.0238

Spacing [nm] 17.3 17.3 0.000127

Offset [μm] 0.00 −4.42 –

Min [nm] – – −11.0

Max [nm] – – 12.8

Size
256 256 187494

Points Lines Decimals
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Table 14. Stereometric parameters of the first sample surface with a description for ISO 25178.

ISO 25178

Height parameters

Sq [nm] 3.07 Least-squares height of the surface

Ssk 0.447 Asymmetry of the surface

Sku 4.06 Kurtosis of the surface

Sp [nm] 17.0 The maximum height of surface file

Sv [nm] 12.2 The maximum height of the surface cavity

Sz [nm] 29.2 The maximum height of the surface

Sa [nm] 2.4 The arithmetic mean of the surface height

Function parameters

Smr [%] 100 Field ratio of the surface material

Smc [nm] 3.86 Inverse field ratio of the surface material

Sxp [nm] 4.95 The maximum height of the peak

Spatial parameters

Sal [μm] 0.0391 The length of the autocorrelation of surface

Str 0.277 The elongation of the surface structure

Std [◦] 61.7 Directionality of surface structure

Hybrid parameters

Sdq 0.145 Least-squares gradient of surface

Sdr [%] 1.05 Expanded relationship of the interfacial field of the surface

Function parameters (Volume)

V m [μm3/μm2] 0.000196 The volume of the material of surface

V v [μm3/μm2] 0.00406 The volume of empty space surface

V mp [μm3/μm2] 0.000196 The volume of the file of material of surface

V mc [μm3/μm2] 0.00263 The volume of the core of the material of surface

V vc [μm3/μm2] 0.00378 The volume of the core of empty space surface

V vv [μm3/μm2] 0.000283 The volume of empty space of cavity surface

Features parameters

Spd [1/μm2] 56.1 The density of surface files

Spc [1/μm] 9.79 Arithmetic mean curvature of file of the surface

S10z [nm] 14.3 The height of the ten points of the surface

S5p [nm] 8.67 The height of the five points of the surface

S5v [nm] 5.58 The height of the five cavities of the surface

Sda [μm2] 0.0263 The field of average vale

Sha [μm2] 0.0172 Area of the average beacon
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Table 15. Stereometric parameters of the first sample surface with a description for EUR 15178N.

EUR 15178N

Amplitude parameters

Sa [nm] 2.40 The average arithmetic deviation

Sq [nm] 3.07 The average least-squares deviation

Sz [nm] 27.5 The height of the ten points of the surface

Ssk 0.447 Asymmetry of the surface

Sku 4.06 Kurtosis of the surface

Sp [nm] 17.0 Maximum height of the peak

Sv [nm] 12.2 The maximum depth of the vale

St [nm] 29.2 Total height

Field and volume parameters

Smr [%] 100 Field ratio of the surface material

Sdc [nm] 6.41 Difference in altitude of the area

Spatial parameters

Sal [μm] 0.0391 Length of the fastest dissolution of autocorrelation

Str 0.277 The elongation of the surface structure

Std [◦] 28.3 Direction of surface structure

Hybrid parameters

Sdq 0.145 The least-squares gradient

Sdr [%] 1.05 Developed interfacial field

Sds [1/μm2] 154 The density of vertices

Ssc [1/μm] 9.22 Arithmetic mean curvature of the peak

Sfd 2.80 Fractal dimension of the surface

Function parameters

Sk [nm] – Depth of roughness of the core

Spk [nm] – The reduced height of the peak

Svk [nm] – Reduced depth of the Vale

Sr1 [%] 0.00 The upper carrying surface

Sr2 [%] 0.00 The lower carrying surface

Spq – Least-squares inequation of the plateau

Svq – Least-squares inequation of the vale

Smq – The material ratio at the transition plateau-valley

Table 16. Table comparing the spatial parameters in agreement with ISO 25178 standard and EUR 15178N.

Spatial parameters

Standard Str Std Sal

ISO 25178 0.277 61.7 0.0391

EUR 15178N 0.277 28.3 0.0391
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Fig. 4. Peak of autocorrelation using a threshold of 0.2 for the first sample represented in (a) 2D and (b) 3D.

Fig. 5. Diagrams showing the directionality properties of the structure for the first sample with the default threshold of 0.2.

Table 17. Comparison between the directionality properties of the six samples.

Sample S1 S2 S3 S4 S5 S6

Isotropy (%) 27.7 26.9 42.0 61.6 62.0 53.0

First direction (◦) 90.0 63.6 45.0 90.0 135.0 90.0

Second direction (◦) 45.0 45.0 56.2 0.15 90.0 135.0

Third direction (◦) 63.5 90.0 0.14 45.0 116.0 45.0

Table 18. Height differences for axis Z from each samples.

Parameter Sample I Sample II Sample III Sample IV Sample V Sample VI

Difference in altitude

before leveling [nm] 29.0 25.01 38.0 57.5 27.73 23.89

Difference in altitude

after leveling [nm] 29.2 24.93 37.5 58.9 27.69 23.80
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Table 19. The spatial parameter values according to ISO 25178 for individual measurement data obtained as a result of the
study.

Sample I Sample II Sample III Sample IV Sample V Sample VI

Sal [μm] 0.0391 0.0324 0.0508 0.0953 0.0318 0.0314

Str 0.277 0.269 0.420 0.616 0.620 0.530

Std [◦] 61.7 73.0 54.5 56.3 120 73.2

Table 20. The spatial parameter values according to EUR 15178N for individual measurement data obtained as a result of the
study.

Sample I Sample II Sample III Sample IV Sample V Sample VI

Sal [μm] 0.0391 0.0324 0.0508 0.0953 0.0318 0.0314

Str 0.277 0.269 0.420 0.616 0.620 0.530

Std [◦] 28.3 17.0 35.5 33.7 −29.7 16.8
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20. B. Bogdanović, M. Felderhoff, S. Kaskel, A. Pommerin, K. Schlichte, F. Schüth, Adv. Mater. 15, 1012 (2003).
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30. Ş. Ţălu, S. Stach, A. Méndez, G. Trejo, M. Ţălu, J. Electrochem. Soc. 161, D44 (2014).
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