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The purpose of this work is the study of the correlation between the thickness of tantalum pentoxide thin films and their
three-dimensional (3D) micromorphology. The samples were prepared on silicon substrates by electron beam evaporation. The
differences in surface structure of the processed and reference samples were investigated. Compositional studies were performed
by energy-dispersive X-ray spectroscopy. Stereometric analysis was carried out on the basis of atomic force microscopy (AFM)
data, for tantalum pentoxide samples with 20 nm, 40 nm, 60 nm, 80 nm and 100 nm thicknesses. These methods are frequently
used in describing experimental data of surface nanomorphology of Ta2O5. The results can be used to validate theoretical
models for prediction or correlation of nanotexture surface parameters.
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1. Introduction

Tantalum pentoxide (Ta2O5) finds use in many
electrical and optical applications. In the electrical
field it is often employed as a dielectric insulator
in metal-insulator-metal (MIM) or metal-insulator-
semiconductor (MIS) structures [1]. These devices
are used for example in scaled-down versions of
ultra-large scale integrated devices (ULSI), such as
dynamic random access memory cards for com-
puting, or three-dimensional capacitor structures,
such as the trenched-type capacitor (TTC) [2]. Be-
cause of its properties Ta2O5 is also employed in
integrated sensors for hydrogen ion sensing mem-
branes or protein detection, making it sought af-
ter in the field of biological and biochemical sen-
sors [3]. Tantalum pentoxide, due to its high refrac-
tive index and very low absorption coefficient [4],
is also suitable for the fabrication of thin films
for the purposes of antireflective coatings for solar
cells or CCD devices, and for protection of mate-
rial surfaces against corrosion because of its high
chemical stability [5]. Preparation of Ta2O5 has
been a challenging issue, but there are a number

∗E-mail: kasparp@feec.vutbr.cz

of possible methods to create thin Ta2O5 layers,
with varying degree of success and specific prop-
erties of the prepared layer. Some of the most often
used methods are standard techniques of thin-film
preparation, like chemical vapor deposition (CVD)
or magnetron sputtering, but because of the chem-
ical nature of Ta2O5, a more specialized processes,
like pulse laser ablation or sol-gel method should
be employed [6]. The possible uses of Ta2O5 are
numerous, and the mentioned examples are only
some of the better explored ones. Because of the
wide variety of possible applications, the material
properties of tantalum pentoxide are continuously
explored. This paper investigates the changes of
chemical composition and optical properties and
also presents, so far only briefly explored stere-
ometric analysis of Ta2O5 surfaces with the film
thickness of 20 nm, 40 nm, 60 nm, 80 nm and
100 nm. Imaging by AFM can bring outstanding
results in the field of nanostructured surface re-
search and analysis, especially when thin films are
concerned [7–11]. Interpretation of AFM results
is usually reduced to plain surface description –
roughness and peak-valley ratio, though. A com-
prehensive description of surface morphology of
studied materials is an ongoing challenge necessary
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Fig. 1. 2-D AFM images of the surface microtexture of Ta2O5 of samples, for scanning square areas of 1 µm ×
1 µm. Sample thickness: (a) 20 nm; (b) 40 nm; (c) 60 nm; (d) 80 nm; (e) 100 nm.

Fig. 2. Reflection spectra of Ta2O5 films.

for understanding their properties and their poten-
tial for technological exploitation [12–16]. In the
presented work, the topography of Ta2O5 has been
studied in correlation with film thickness. Struc-
tural and optical properties have been described
using EDX and reflectometry spectra. For the 3D

Fig. 3. EDX spectra of Ta2O5 films with different thick-
nesses.

characterization of sample surface, AFM imaging
has been used and a fractal analysis has been per-
formed on the acquired data.

2. Materials and methods
Ta2O5 films grown by electron beam evapo-

ration, were chosen for the experiment. Atomic
force microscopy (AFM) characterization was
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Fig. 4. Height distribution histogram with the integration curve of the histogram computed for images of Fig. 1.
Sample thickness: (a) 20 nm; (b) 40 nm; (c) 60 nm; (d) 80 nm; (e) 100 nm.

carried out for the quantitative analysis of spe-
cific microstructural features of samples. Images of
scanned square of 1 µm × 1 µm were chosen for
further processing (Fig. 1). The scanning was car-
ried out in tapping mode, at room temperature and
normal humidity. The relevant 3-D AFM images
of the Ta2O5 surface microtexture of samples with
20 nm, 40 nm, 60 nm, 80 nm and 100 nm thickness,
obtained using AFM for a 1 µm × 1 µm square area
are shown in Fig. 1a to Fig. 1e.

Fig. 2 shows reflectance spectra of the films af-
ter calibration on silicon standard. Shifting of max-
ima and minima is the result of the difference in the
films thickness.

The depth of EDX analysis depends on param-
eters of electron beam and includes few microns of
near-surface area. The spectra obtained at 20 keV
electron beam are shown in Fig. 3.

3. Results and discussion
Pure imaging of surface topography in this

case is insufficient and numerical processing is de-
manded for description of differences in the sam-
ples [17–22]. The stereometric analysis was car-
ried out on the basis of AFM data, because it gives
real 3D information about surface texture [23–28].
The surface topography was described in terms
of stereometric analysis using the SPIPTM 6.7.4
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Fig. 5. The Abbott-Firestone curve computed for images of Fig. 1. Sample thickness: (a) 20 nm; (b) 40 nm; (c)
60 nm; (d) 80 nm; (e) 100 nm.

software [29], according to ISO 25178-2:2012 [30]
and ASME B46.1-2009 [31]. The height dis-
tribution histogram with the integration curve
of the histogram computed for images from Fig. 1
is shown in Fig. 4. The height distribution his-
togram offers information about the flatness of sur-
face. The maximum of the high range is typical of
the 100 nm thick film.

Graphical representation of Abbott-Firestone
curve computed for images from Fig. 1 is shown
in Fig. 5. Mathematically, the bearing ratio curve
is a cumulative probability density function of the
surface profile height and can be computed by in-
tegrating the profile trace [29].

Graphical representation of material probability
curve computed for images from Fig. 1 is shown
in Fig. 6. The material probability curve is a rep-
resentation of the material ratio curve, where the
heights are plotted in units of standard deviations
of a normal (Gaussian) distribution with the same
mean and standard deviation as the height data. It
is known that a normal distribution of this type of
plot is represented by a straight line. This chart is
useful in studying how close to a normal distribu-
tion is the distribution of heights for the analyzed
surface [29].

Isotropic area power spectral density (IAPSD)
function computed for images from Fig. 1 is shown
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Fig. 6. Material probability curve computed for images of Fig. 1. Sample thickness: (a) 20 nm; (b) 40 nm; (c)
60 nm; (d) 80 nm; (e) 100 nm.

in Fig. 7. The IAPSD function is the area of
power spectral density (APSD) function integrated
for all angles of given frequencies (inverse wave-
length) [29]. This function is similar for all the
studied samples.

The integrated radial spectrum function com-
puted for images from Fig. 1 is shown in Fig. 8.
According to the calculation, the spectral depths
grows for the surfaces of the films with larger
thickness.

The fractal dimension, D has been com-
puted for various angles by analyzing the Fourier

amplitude spectra for various angles. The ampli-
tude Fourier profile was extracted and the loga-
rithm of frequency and amplitude coordinates were
computed. The fractal dimension, D, for each di-
rection was then computed as D = (6 + s)/2, where
s is the (negative) slope of the log-log curves. The
computed fractal dimension is the average for all
directions [29]. In Table 1, the values for the fractal
dimension, D calculated for the images from Fig. 1
are shown.

In Table 2, statistical parameters of the AFM
images, according with ISO 25178-2: 2012 and
ASME B46.1-2009 are shown. The value D
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Fig. 7. IAPSD function computed for images from Fig. 1. Sample thickness: (a) 20 nm; (b) 40 nm; (c) 60 nm; (d)
80 nm; (e) 100 nm.

Table 1. The fractal dimension, D, for Ta2O5 samples with 20 nm, 40 nm, 60 nm, 80 nm and 100 nm thickness
associated with images from Fig. 1.

The fractal Ta2O5 sample thickness
dimension, D 20 nm 40 nm 60 nm 80 nm 100 nm

Values 2.73±0.01 2.70±0.01 2.68±0.01 2.66±0.01 2.65±0.01
∗Statistically significant difference: P < 0.05.

systematically decreases with the growth of film
thickness. It could be explained by decreasing the
amount of features (hills and depths) on the sur-
face. In spite of increasing the numerical values of
highs and valleys, the growth of the thickness leads
to decreasing of surface irregularity.

The fractal dimension was found to decrease
from Df = 2.73±0.01 to Df = 2.65±0.01 for
the thickness increase of 20 nm to 100 nm. The
qualitative observations through statistical param-
eters of the 3-D surface texture revealed that the
smoothest surface has been obtained for the sample
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Fig. 8. Integrated radial spectrum function computed for images from Fig. 1. Sample thickness: (a) 20 nm; (b)
40 nm; (c) 60 nm; (d) 80 nm; (e) 100 nm.

with 20 nm thickness (Sa, Sq, Sz, S10z, Sv, Sp have
the lower values), while the most irregular topogra-
phy has been found for the same sample with 20 nm
thickness (the fractal dimension D = 2.73±0.01).
1D FFT (fast Fourier transform) line average func-
tions describe Fourier amplitude spectra for each
X line or Y column and the corresponding average
amplitude spectrum. In our cases, these have been
computed for images from Fig. 1 and are shown
in Fig. 9.

4. Conclusions

In this study, the correlation between thick-
nesses of individual Ta2O5 thin films and their 3D
surface characteristics was analyzed using AFM.
We demonstrated that both optical properties and
topography of the films change with their thick-
ness as far as quantitative characteristics of sur-
face nanomorphology are concerned. Fractal ana-
lysis was used for estimation of texture evolution
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Table 2. Statistical parameters according to ISO 25178-2: 2012 and ASME B46.1-2009 for a 1 µm × 1 µm square
area of the Ta2O5 samples with 20 nm, 40 nm, 60 nm, 80 nm and 100 nm thickness, associated with
images from Fig. 1.

Statistical parameters Symbol Ta2O5 samples

20 nm 40 nm 60 nm 80 nm 100 nm

Amplitude parameters
Arithmetic mean height Sa [nm] 0.191 0.208 0.222 0.240 0.2536

Root mean square height Sq [nm] 0.240 0.262 0.279 0.301 0.318

Surface skewness Ssk [–] 0.022 0.030 0.011 0.019 –0.0001

Surface kurtosis Sku [–] 3.034 3.021 3.024 3.005 3.033

Maximum height Sz [nm] 2.276 2.307 2.622 2.694 3.16

Ten point height S10z [nm] 2.164 2.222 2.467 2.609 2.864

Maximum valley depth Sv [nm] 1.116 1.127 1.261 1.311 1.543

Maximum peak height Sp [nm] 1.1 1.180 1.362 1.383 1.617

Hybrid parameters

Mean summit curvature Ssc [1/nm] 0.199 0.199 0.199 0.200 0.203

Root mean square gradient Sdq [–] 0.198 0.198 0.200 0.202 0.206

Area root mean square slope Sdq6 0.159 0.160 0.162 0.165 0.169

Surface area ratio Sdr [%] 1.947 1.955 1.985 2.03 2.118

Projected area S2A [nm2] 1E+06 1E+06 1E+06 1E+06 1E+06

Surface area S3A [nm2] 1E+06 1E+06 1E+06 1E+06 1E+06

Functional parameters

Surface bearing index Sbi 0.3425 0.352 0.310 0.340 0.290

Core fluid retention index Sci 1.578 1.589 1.581 1.575 1.564

Valley fluid retention index Svi 0.1144 0.111 0.115 0.1128 0.1158

Reduced summit height Spk [nm] 0.2611 0.2858 0.3092 0.3266 0.3536

Core roughness depth Sk [nm] 0.6186 0.6731 0.7178 0.7783 0.8184

Reduced valley depth Svk [nm] 0.2226 0.2357 0.2593 0.2725 0.3013

Spatial parameters

Density of summits
Sds

[1/µm2] 3E+04 2.8E+04 2.8E+04 2.6E+04 2.5E+04

Texture direction Std [°] 15.06 58.61 42.98 7.984 140.8

Texture direction index Stdi [–] 0.8663 0.8691 0.8497 0.8586 0.8723

Dominant radial wavelength Srw [nm] 64.19 106.3 144 81.86 181.1

Radial wave index Srwi [-] 0.2571 0.3235 0.2582 0.2433 0.259

Mean half wavelength Shw [nm] 19.23 21.28 22.73 23.81 23.81

Correlation length at 20% Scl20 [nm] 4.942 6.59 6.59 8.237 8.237

Correlation length at 37% Scl37 [nm] 3.295 4.942 4.942 4.942 4.942

Texture-aspect ratio at 20% Str20 [–] 0.75 1 1 1 1

Texture-aspect ratio at 37% Str37 [–] 0.6667 1 1 1 0.75

Cross hatch angle Sch [°] 54.78 106.5 50.54 10.76 9.388

∗Statistically significant difference for all values: P < 0.05.

with the film growth. The application of stereo-
metric analysis enabled characterization of topog-
raphy and evaluation of nanotexture surface param-
eters. These parameters of the nanoscale films are

connected with mechanical stresses caused by lat-
tice mismatch with the substrate. The calculation
approach allows numerical estimation of changes
caused by growth of the films.
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Fig. 9. The average X-Fourier profile, for sample thickness: (a) 20 nm; (b) 40 nm; (c) 60 nm; (d) 80 nm; (e)
100 nm; and the average Y-Fourier profile, for sample thickness: (f) 20 nm; (g) 40 nm; (h) 60 nm; (i)
80 nm; (j) 100 nm.
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