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Abstract

The micromorphology of tantalum pentoxide (Ta,Os) thin films, deposited on glass sub-
strates by electron gun method, has been analyzed using atomic force microscopy (AFM),
UV-Vis-NIR spectrophotometry and multifractal analyses. Two samples were grown at
basic pressure of 7% 107® mbar, work pressures of 1.3 10~* and 2.0x10™* mbar, and
thicknesses of 0.38 pm and 0.39 pm, respectively. Subsequently, these samples were
annealed at 300 °C for 2 h. The physical, structural and optical analyses were investigated
by spectroscopic ellipsometry, spectrophotometry and AFM. The measured transmittance
spectra were studied based on the Swanepoel method, whose results also yielded to the
estimation of the film thickness and the refractive index. Finally, Ta,Os thin films were
characterized by AFM measurements and multifractal analyses for an accurate description
of the 3-D surface microtexture features. The fractal examinations of the samples revealed
that these microstructures exhibit multifractal characteristics. Essential parameters that
characterized the thin films were compared and discussed thoroughly.

Keywords Atomic force microscopy - Electron gun method - Multifractal analysis - Optical
properties - Ta,O5 thin films

1 Introduction

Tantalum pentoxide (Ta,Os) thin films have wide applications in the semiconductor indus-
try, and as such, it has been extensively studied throughout decades (Chaneliere et al.
1998). They have excellent antireflective properties, which make them suitable for opti-
cal and photovoltaic applications. On the other hand, Ta,O5 has a high dielectric constant
and it is highly compatible with microelectronic materials, finding a variety of uses such
as gate dielectrics in capacitors for new generation memory components (Prasanna et al.
2014; Lin et al. 2003).
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These films also have high UV transparency, high transmittance, high ionic conductivity
and high thermal and chemical stability; consequently, they are broadly used as solid elec-
trolytes in five-layer electrochromic cells (Wang et al. 2011). The electrochromic devices
are extensively used in smart windows, smart energy buildings, reflectance and switchable
mirrors, and smart displays (Chen et al. 2018). Due to these novel applications, a lot of
research has been conducted on the deposition and characterization of Ta,O5 thin films.

Several methods have so far been used to prepare these films for various applications,
including chemical vapor deposition (Lin et al. 2003; Siodmiak et al. 2000; Lee et al. 2003;
Kaliwoh et al. 2002; Porporati et al. 2003), sputtering (Prasanna et al. 2014; Wang et al.
2011; Shibata 1996), electron beam vaporization (Porqueras et al. 1999; Prachachet et al.
2017; Tian et al. 2019; Yoon et al. 2005, 2008) and pulsed laser deposition (Han et al.
2015), among others.

The sputtering technique has been used considerably (Wang et al. 2011). Ion-beam dep-
osition is another attractive method for preparing Ta,Os films since it has been proved to
make low scattering films, and the process can be tuned because the process involves the
atom-by-atom transport in low pressure conditions (Mikhelashvili and Eisenstein 1999).
The process has been shown to form thin films with a higher packing density closer to the
bulk materials. It enhances the adhesion of the films onto the substrate (Yoon et al. 2005).

Surface topography of thin films plays a critical role in their performance and function-
ality (Mwema et al. 2019). It influences their electrical, corrosion, wear and optical proper-
ties (Stach et al. 2017; Kaspar et al. 2019).

Surface topography is directly related to the growth mechanism of thin films. Therefore,
acquiring topographic information of thin films is of crucial importance to understand the
growth principles of the deposition method, as well as the functionality of the films (Shikh-
gasan et al. 2015; Naseri et al. 2017; Dallaeva et al. 2014; Dastan et al. 2016).

Topography information is generally obtained through scanning tunneling techniques,
with atomic force microscopy (AFM) being the most preferred over the other methods due
to its versatility and flexibility (Sobola et al. 2017; Konsek et al. 2018; Shakoury et al.
2019). Also, the information obtained from AFM images has been used to determine the
statistical and lateral roughness of the films using the power spectrum density functions
(Stach et al. 2015; Télu 2015).

Surface analyses of the three-dimensional (3-D) surface morphology at nanoscale have
been introduced, such as stereometric (Stach et al. 2017; Mwema et al. 2018), Minkowski
functionals (Korpi et al. 2019), fractal (Zavarian et al. 2017; Arman et al. 2015; Talu et al.
2014), and multifractal (Télu et al. 2014, 2019; Yadav et al. 2015) methods. Despite a lot
of published reports on the deposition and characterization of Ta,Os thin films, there are
very few studies about the multifractal characteristics of such thin films.

In this article, we present a detailed analysis of the 3-D micromorphology of electron
beam evaporation Ta,Oj thin films based on AFM, UV-Vis-NIR spectrophotometry and
multifractal analyses.

2 Experimental section
Ta,O5 thin films were deposited on glass substrates through the electron gun method. The

deposition facility is equipped with two oil-free rotary and diffusion vacuum pumps. A
schematic illustration of the electron gun evaporator is shown in Fig. 1.
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Fig. 1 Schematic diagram of
electron gun deposition setup
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Two samples were deposited at different deposition rates and working pressure to
obtain sample #1 and #2. The details of the experimental parameters and samples are
summarized in Table 1.

A quartz microbalance controlled the deposition rate and film thickness. In the used
setup, argon gas acts as the working gas to maintain the vacuum pressure inside the
deposition chamber, whereas oxygen gas is fed next to the glass substrate for reac-
tive processes to occur effectively. The target consisted of pure tantalum pentoxide
(99.99%) was located at 500 mm from the substrate. The deposition rate was maintained
at 2 nm/s, and the deposition was undertaken at pressure of 7 x 10~ mbar. After deposi-
tion, the films were annealed at 300 °C in a vacuum furnace for 2 h.

The samples were then sliced 10 mm by 10 mm for AFM imaging.

The UV-visible spectra were recorded using a Hitachi 3501 model UV-Visible/NIR
spectrophotometer. The thickness and the refractive index of the Ta,Oj thin films were
estimated from these data using the Swanepoel method (Swanepoel 1983; Sanchez-
Gonzalez et al. 2006; Korpi et al. 2017).

In this manner, the refractive index, n=n(4), was calculated using the following
equation (Sanchez-Gonzalez et al. 2006; Korpi et al. 2017):

n=1Y\N+ VN> —s? ey

where N=N(A) is the refraction number, s is the substrate refractive index, and A is the
wavelength of the electromagnetic radiation.

The refraction number was calculated using the following equation (Korpi et al.
2017):

Table 1 Preparation details of the deposited samples

No. Target Thickness  Rate (nm/s) Basic pres- Work pres- Annealing temperature
(nm) sure (mbar) sure (mbar) (°C)
- Time (h)
#1 Ta,Os 380 2 7%x107° 1.3x10™ 300 °C 2
#2 Ta,Os 390 2 7%x107° 2x107*  300°C 2
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where T,,=T,,(4) and T,=T,,(A) are the transmittance maxima and minima of the interfer-
ence fringes.

The film thickness was determined from the interference fringes observer in the trans-
mittance spectra using the following formula (Sdnchez-Gonzilez et al. 2006):

t = ’11}”2
T 200yn(2y) = Ayn(hy) 3)

where 1, and 4, are the wavelengths corresponding to two adjacent maxima or minima of
the transmittance, respectively.

The direct transition optical band gap energy, E,, of the four samples was calculated
from Tauc’s plot analysis using the equation (Alijjani et al. 2017; Luna et al. 2016; Rezaee
and Ghobadi 2018; Ghobadi and Rezaee 2016):

a-h-v*=Ah-v-E,) 4)

where « is the absorption coefficient, % is the Plank’s constant, v is the frequency of the
photons and A is a parameter independent of the photon energy.

The absorption coefficient exhibits a tail near the band edge describing an exponential
dependence on photon energy (Ilican et al. 2008):

h-v—E,
a = ay exXp E— (5)
U

where o and E, are constants, and E;; is the Urbach energy.

3 Results and discussion

The deposition of Ta,O5 layers and the annealing treatments modify the surface morphol-
ogy of samples grown by electron beam evaporation. AFM images of formed structures
prepared in this work before and after the annealing treatment are shown in Fig. 2.

We represented the surface morphology by the random height function A(x, y) and stud-
ied its properties by fractal geometry methods (Tilu 2015).

In order to avoid the influence of the A(x, y) outliers on the multifractal characteristics,
we selected rectangular areas of 1.66x2.0 pm?® (as shown in Fig. 3) and computed the
multifractal singularity spectrum, f(a), and the generalized fractal dimension, D, (Chhabra
et al. 1989). These functions provide sensitive information about changes in the surface
morphology connected with the surface treatment.

Details of multifractal singularity spectra and Dg dimension are shown in Figs. 4 and 5.

The obtained fla) and D, functions indicate multifractal properties related to changes
in the self-similarity and scaling properties of observed surface features. With increas-
ing of the working pressure in the deposition procedure from 1.3 x 10™* mbar (sample
a) to 2x 10™* mbar (sample c), the f{a) changes very drastically and the fractal structure
significantly decreases as can be seen in Figs. 4a and 3c. This trend is also illustrated by
changes in the D, values in Fig. 5a, ¢, where less steep decreasing trend of the D, val-
ues show lower multifractality. The annealing at 300 °C of the Ta,O5 layers completely
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Fig.2 3-D AFM micrographs of a Ta,O5 before annealing (1.3 X 10™* mbar), b Ta,0O5 annealed at 300 °C
(1.3x 107 mbar), ¢ Ta,O before annealing (2x 10~* mbar), d Ta,O5 annealed at 300 °C (2x 10~* mbar)

(@ I (b) ||
Fig.3 AFM micrographs of selected surface area (1.66x2 um?) for the multifractal analysis: a Ta,04

before annealing (1.3 X 10~* mbar), b Ta,O5 annealed at 300 °C (1.3 X 10~* mbar), ¢ Ta,O5 before annealing
(2% 10~ mbar), d Ta,05 annealed at 300 °C (2 x 10~ mbar)
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Fig. 4 Multifractal spectra 1.05 1
graphs (fla) versus a) of: —a
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Fig.5 Generalized fractal dimen- 1.04
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Table 2 The properties of multifractal singularity spectra f{la) and generalized fractal dimension D,

Sample Omax ~ ¥min Satin) = flotmy) Dy(=8)—=D,8)
(a) Ta,05 before annealing (1.3 X 10~* mbar) 0.129 0.019 0.058
(b) Ta,0O5 annealed at 300 °C (1.3 % 10™* mbar) 0.104 0.102 0.046
(c) Ta,Os before annealing (2 x 10™* mbar) 0.052 0.074 0.022
(d) Ta,0O5 annealed at 300 °C (2 X 10™* mbar) 0.122 0.303 0.053

reverses this trend. In Fig. 4b (annealed sample a) and Fig. 4d (annealed sample b), we
observe increasing values of the multifractal singularity spectra, and in Fig. 5b, d pro-
nounced fractality of annealed Ta,Oj structures (a) and (b). Annealing procedure pro-
duces surface features with increased self-similarity and scaling property.

The width of the fla) curve, Aa=(a,—dmin)> corresponds to the shape variabil-
ity of the morphological objects. The variability of the morphological objects slightly
decreases after annealing of sample a) but significantly increases after annealing of
sample b).

Ta,Oj structures formed under higher working pressure show a substantially increased
variability of morphological objects after the annealing treatment (according to the devel-
opment of f{a) curves in Fig. 4 and A« values in Table 2). Furthermore, the symmetry of

the fla) curves represented by Af=fa,;,) —fla,.,) values, indicate the degree of structural
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non-uniformity. Afis different for all observed structures (as it is observed in Table 2) and
it increases with the sample annealing.

Generalized fractal dimension D, curves are shown in Fig. 4. The decreasing shape of
the D, curves observed for all Ta,Os structures is typical for multifractal systems and is
more marked for structures formed under higher working pressure.

Figure 6 shows the transmittance and absorption spectra of the four studied samples.
It is observed that the oscillations of these spectra are shifted to higher wavelengths in
the annealed samples with respect to the respective untreated samples. On the other hand,
the as-prepared sample obtained with a work pressure of 1.3 x 10™* mbar presents oscilla-
tions slightly shifted to higher wavelengths in comparison with those of the spectrum of
the untreated sample obtained with a work pressure of 2x 10~* mbar. The average trans-
mittance of the samples at wavelengths between 400 and 1000 nm is around 80% for all
samples.

The refractive index and the film thickness were calculated from the transmittance data
following the method proposed by Swanepoel (Swanepoel 1983). For this, the positions of
peak maxima and peak minima of transmittance were interpolated to a parabolic function
to obtain the maximum 7},(4) and minimum 7,,(A) transmittance envelope curves respec-
tively (as shown in Fig. 7), as it is described in reference (Sanchez-Gonzélez et al. 2006).

From these envelope curves, the refraction number is calculated using the Eq. (2), and
with the obtained function N=N(4), the refractive index n(4) is determined as a function
of the radiation wavelength using the expression (1). In Fig. 8 are shown the computed
results.

The film thickness of the four samples was calculated from the refractive index cor-
responding to adjacent transmittance maxima values (or minima values) using the
Eq. (3). The average of the film thickness values obtained and the corresponding standard

100
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°\° |
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<l | — @
s | 3 — ®)
v i
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- | S
20}
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Fig.6 Transmittance and absorbance spectra (inset a) of (a) Ta,O5 before annealing (1.3 % 10™* mbar),
(b) Ta,O5 annealed at 300 °C (1.3x 107 mbar), (c) Ta,O5 before annealing (2x 10~* mbar), (d) Ta, 05
annealed at 300 °C (2 x 10™* mbar)
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Fig.7 Transmittance spectra together the maximum 7,,(1) and minimum 7,,(1) transmittance envelope
curves of samples: a Ta,Os before annealing (1.3 10~ mbar), b Ta,O5 annealed at 300 °C (1.3x107*
mbar), ¢ Ta,O5 before annealing (2 x 10™* mbar), d Ta,O5 annealed at 300 °C (2x 10™* mbar)

Fig. 8 Refractive index obtained 2.30
using Eq. (1) for samples:

(a) Ta,0O5 before annealing 2.25
(1.3x 107 mbar), (b) Ta,Os5
annealed at 300 °C (1.3x107*
mbar), (c) Ta,O5 before anneal-
ing (2x 107* mbar), (d) Ta,Os
annealed at 300 °C 2x 10~
mbar)

2.20

2.15

Refractive index

2.05

2.00
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Wavelength (nm)

deviations are shown in Table 3. Such values are in good agreement with the monitored
thickness during the growth of the samples.

Figure 9 depicts the Tauc”s plot analysis of untreated and annealed samples. These data
show the optical band gap energy of the four samples, which is about 3.9 eV for samples
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Table 3 The average of the
film thickness values with the

standard deviations

Sample

Film thickness (nm)

(a) Ta,Os before annealing (1.3 X 10™* mbar) 369+ 14
(b) Ta,O5 annealed at 300 °C (1.3 % 10~ mbar) 407 +28
(c) Ta,05 before annealing (2x 10~* mbar) 403 +£29
(d) Ta,O5 annealed at 300 °C (2x 10~* mbar) 370+21
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Fig.9 Tauc plot of a Ta,O5 before annealing (1.3 X 107 mbar), b Ta,05 annealed at 300 °C (1.3x 1074
mbar), ¢ Ta,05 before annealing (2 X 10™* mbar), d Ta,O5 annealed at 300 °C (2x 10™* mbar)

Table 4 The band gap and Urbach energies obtained from the UV-Visible spectra

Sample name

Ta,Oj before annealing (1.3 x 10~ mbar)
Ta, 05 annealed at 300 °C (1.3 x 10™* mbar)
Ta,O before annealing (2 X 10~* mbar)
Ta,Oannealedat 300 °C (2 X 10~* mbar)

Band gap (eV) Urbach
energy
(meV)
3.90 163
3.88 190
3.98 160
3.97 175
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Fig. 10 The Urbach plot of a Ta,0s before annealing (1.3x 10~ mbar), b Ta,Os annealed at 300 °C
(1.3 107 mbar), ¢ Ta,05 before annealing (2x 10~* mbar) and d Ta,O5 annealed at 300 °C (2x10~*
mbar). Straight lines are linear fit to the data

prepared at working pressure of 1.3 x 10~* mbar, and around 4 eV for samples prepared at
working pressure of 2 x 10 mbar (Table 4).

In agreement with the Eq. (5), the Urbach energy can be measured as the slope of the
linear dependence of In(«) on the photon energy (Ghobadi and Rezaee 2016). Figure 10
shows these Urbach plots of the samples before and after the annealing treatments. Both
band gap and Urbach energies obtained from the UV-Visible spectra are computed in
Table 4.

4 Conclusions

The 3-D surface micromorphology of the Ta,Os thin films deposited on glass substrates
by electron gun method and their characteristics were determined using a variety of instru-
ments and methodologies. The 3-D surface microtexture of all samples highlighted multi-
fractal properties characterized by the generalized dimension D, and the singularity spec-
trum f{e). It was found that the most irregular topography was found for samples Ta,O;
before annealing (1.3 10™* mbar) (Aa=0.129), while the most regular topography was
found for samples Ta,Os before annealing (2%10™* mbar) (Aa=0.052). Furthermore,
the right arm of f{@) is associated with flat zones, while the left arm of fla) is associated
with strongly irregular areas. Also, for all samples, the right shoulder of the singularity
spectrum f{a) is much longer than the left shoulder. Furthermore, the annealing process
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influences the film thicknesses. The smallest size of thickness was observed for Ta,Os
before annealing (1.3 X 10~* mbar) sample (t=369 + 14 nm), while the highest thickness
was observed for Ta,Os annealed at 300 °C (1.3x 10~* mbar) sample (t=407+28 nm).
The optical analyses combined with the multifractal studies provided a deeper analysis that
can serve as a foundation for the development of novel micro-topography models of Ta,O5
thin films deposited on glass substrates by electron gun method.
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