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Abstract

In this research, Ta doped ZnO thin films have been deposited onto glass and Si substrates
by Thermionic vacuum arc (TVA) thin film deposition system. TVA is an anodic plasma
thin film deposition system and it is used to relatively high-quality thin films deposition.
ZnO thin films have direct optical band gap of 3.37 eV. Tantalum is an efficient higher-
valance element. Ta atom gives the more electrons compared to Zinc atom and their ionic
radius are very close to each other, so substituted element does not bring into additional
stress in crystal network. The deposited thin films were analyzed by field emission scan-
ning electron microscopy, energy dispersive X-ray spectroscopy, atomic force microscopy,
UV-Vis spectrophotometry and interferometer. To change the band gap properties of the
ZnO thin film, Ta doping was used and band gap of Ta doped ZnO thin film was obtained
3.1 eV by Tauc’s method. The wt% ratios for Zn/Ta were calculated as 0.45 and 0.42 for
the films deposited onto glass and Si substrates, respectively. Crystallite sizes of Ta doped
ZnO thin film was decreased by changing substrate material. To the best of our knowledge,
substituted Ta elements connected to the oxygen atom in crystal network and orthorhom-
bic p'-Ta,05 were detected in the all films structure. Their band gaps of the p'-Ta,05 were
measured as 2.70 eV and 2.60 eV for Ta-doped ZnO thin films deposited onto glass and Si
substrates, respectively. Up to day, the band gap of the f’-Ta,O5 was calculated by density
function theory. According to results, p'-Ta,O5 structure was found as embedded from in
the ZnO crystal network.

Keywords Ta doped ZnO - Band gap - Raman spectra - Crystallite size

1 Introduction

Zinc oxide (ZnO) material has appealing tremendous attention in both researchers
and industry groups owing to their transparency, large optical band gap (3.37 eV), the
high exciton binding energy (60 meV) at room temperature as well as piezoelectricity
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properties (Mohammadigharehbagh et al. 2017). This material is a combination of
II-VI group semiconductors that formed mainly as hexagonal wurtzite structure, and
well known as the best n-type semiconductor. The mentioned characteristics cause
to emerging various application fields such as acoustic (resonator and wave) devices,
sensors, solar cells, panel displays, thin film transistors, light-emitting diodes (LEDs)
and detectors (Mohammadigharehbagh et al. 2018a, b). Despite the application fields,
by benefit of their non-toxicity, earth-abundant, high thermal stability, high oxidation
resistance and low electron mobility using in harsh conditions and especially field emis-
sion devices also reported recently. Unfortunately, the main obstacles are poor conduc-
tivity, thermal treatment and stable p-type conductivity that restricted the spreading of
area for application. Enhancing the conductivity of ZnO by different doping elements
can lead to broadening utilizing of the material as the best candidate for the replace-
ment of indium tin oxide (ITO). Indeed, the abundance and low-cost advantages of ZnO
regarding indium result in attention as an alternative material by researchers (Moham-
madigharehbagh et al. 2018c). According to the literature review, doping by Al, Ga
and In (Mohammadigharehbagh et al. 2018a; Pat et al. 2017) enable of reduction in
the resistivity value of the ZnO but undesirably appear lattice deformation as well as of
weakened oxidation resistance of the main material. However, doping with N, P and Sb
(Paradowska et al. 2019) elements already reasoned p-type ZnO that extent exploit it’s
in optoelectronics such as LED and detectors. Furthermore, doping with Fe, Mn and Co
(Sree et al. 2019) elements paved the way for using ZnO in spintronic applications in
light of ferromagnetic features.

The sol-gel, atomic layer deposition, magnetron sputtering, pulsed laser deposition,
electrospraying, spray pyrolysis, molecular beam epitaxy and other methods have been car-
ried out for the formation of ZnO as nanostructures or thin films (Tao et al. 2019; Pérez-
Gonzalez et al. 2019; Adachi et al. 2019). In this research, far from the mentioned methods,
a thermionic vacuum arc technique for coating Ta doped ZnO thin film was used. The glass
and Si wafer were selected as substrate materials. The coating technique has a very high
deposition rate that shortened the duration of coating coincide with a run in high vacuum
conditions, eco-friendly (lack of using buffer or carrier gas inside the chamber during coat-
ing) and very low row material. A literature survey revealed a few research-based on Ta
doping on the ZnO structure that motivates to focus on doping the element and physical
properties introduced by the element in the main ZnO structure despite amazing properties.
Tantalum is a good candidate as a doping element for reaching an n-type semiconductor,
it means, the element includes low-toxicity, chemical stability, high refractive index, cheap
and low dangerous and hazardous advantageous beside of ionic radius value for substituting
by Zn in this structure (Shiri et al. 2019). Ta has known as Ta™ instead of Zn*? that logi-
cally introduces more electrons as carrier concentration to the structure, that is improves
carrier concentration and increment impurity value at this route. It was noticed the amount
of electron introduced by Ta is higher than In**, AI** and Ga**elements which inferred
using as Ta in a small value is fully enough for satisfying necessary carrier concentration
along with a reduction in ion scattering in this structure. That means, enhancing the free
carriers by entering a proper candidate such as Ta may be successfully reduce resistivity
and gaining better optical characteristics for making a new application realm. The element
has been frequently used in medical, electronics due to their high corrosion resistance, duc-
tility, toughness, density, melting point and refractory materials. For instance, Ta thin films
are extensively take a major role in microelectronics as a diffusion barrier between metals
and Si substrates, as well as protect steel and glass-like materials when exposed to wear or
corrosion (Bunting et al. 2016).
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In this research, Ta doped ZnO thin films have deposited onto glass and Si substrates by
thermionic vacuum arc (TVA) technique . The morphological, microstructure, electronic
and optical properties of the thin film were performed using suitable devices. TVA is a
physical vapor deposition technology. Deposited thin films were analyzed by field emission
scanning electron microscopy, atomic force microscopy, Raman spectroscopy, interferome-
ter and UV-Vis spectrophotometer. The surface and detailed optical properties of Ta doped
ZnO thin films were determined. The f'-Ta,O5 crystal properties were determined from the
photoluminescence measurement (PL) and Raman shift spectra. For the crystal properties
f'-Ta,0s, PL and Raman shift spectra are deterministic method. Because, for the thin layer,
X-ray diffraction pattern has very low intensity for interference fringes.

2 Materials and methods

TVA method is a physical vapor deposition technology. Physical vapor deposition tech-
niques work in vacuum conditions. TVAis also plasma source and generates the pure
materials’ or alloys’ plasma. TVA system has two electrodes, these are anode and cathode.
Anode is a tungsten boat and deposited materials (Ta slug and ZnO pellet) were placed
inside of the boat. Cathode is an electron gun and it is constructed from tungsten filament
and Wehnelt cylinder. In TVA, the filament is heated by AC high current. After the heating
of the filament, emitted electrons are accelerated towards to anode boat by DC high volt-
age. For TVA plasma generation, ignition voltage must be determined. The ignition voltage
value relates with vapor pressure and melting point of the materials. Firstly, the materi-
als need energy for the evaporation in the interelectrodic space. Then, using by high DC
voltage, TVA plasma generates in vacuum chamber (Mohammadigharehbagh et al. 2017,
2018a, b, ¢). In Table 1, TVA coating parameters are summarized.

3 Results and discussion

Ta doped ZnO thin films were deposited onto glass and Si substrates. The film thicknesses
of the coated surface for glass and Si substrates are about 100 nm and 60 nm, respectively.
Before the deposition, substrate materials were cleaned by ethanol and deionized water.
Field emission scanning electron microcopy (FESEM) analysis were done by Hitachi
Regulus 8230 scanning electron microscopy. 10.0 kV acceleration voltage and conductive
coating were used to obtain a good image. Obtained surface images for deposited films
onto glass and Si substrates are shown in Fig. 1a, b, respectively. Crystallites for the film
deposited onto Si substrate are bigger than the film deposited onto glass substrate and also
crystallites are seen clearly in Fig. 1a, b.

EDS detector in Hitachi Regulus 8230 device was used for the elemental analysis.
Obtained results are illustrated in Table 2. Zn/Ta ration in wt% for the films deposited onto
substrates were found nearly close to each other. For the glass substrate, oxygen ratio is
higher than the film deposited onto Si substrate.

Atomic force microscopy is a powerful tool to determine the surface properties
of a nanostructured surface. A lot of properties of a surface can easily determine by
AFM tool. An Ambios QScope AFM was used for the determination of the surface mor-
phology. AFM images were obtained at room temperature in 10 um X 10 um scale.
NSC16 cantilever with 160 kHz was used for the surface characterization. Scanning
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Fig. 1 FESEM images of the deposited thin films onto a glass and b Si substrate

Table2 EDX analysis of the

El Z T: Z Total
deposited thin film for glass and Su%r;er::tt e © & a n/Ta ota
Si substrates

Glass (wt%) 31.18 21.34 47.48 0.45 100

Si (wt%) 6.36 27.57 66.07 0.42 100

frequency was adjusted to 5 Hz. Obtained AFM images for Ta doped ZnO thin film
deposited onto glass and Si substrates are illustrated in Fig. 2a, b. Surface homogeneity
and distribution function of crystallites are the key parameters. These parameters can
easily measure by AFM tool. Roughness of the film surface were measured as 20 nm
and 8 nm for the film deposited onto glass and Si substrates, respectively. Although,
the lowest roughness obtained for the film deposited onto Si substrate, the roughness of
the film deposited onto glass substrate is very low compared the literature value, too.
Distribution function of the crystallites height should be similar to Gauss function. It
is show that the films have homogeny crystallite distribution onto surface. The height
distribution function plots are illustrated in Fig. 2c. Compared the results, height of the
crystallites deposited onto glass substrate is slightly bigger than the crystallites for Si
substrate. Mean crystallites heights are approximately same and they were measured as
80 nm and 60 nm, for glass or Si substrate, respectively. Skewness and Kurtosis values
define the shape of the gauss function. Skewness values are 0.795 and 0.312 for the film
deposited onto glass and Si substrates, respectively. Kurtosis values for the film depos-
ited onto glass and Si substrates are 1.109 and 0.067, respectively.

Raman spectroscopy is a non-destructive chemical analysis that portrays the lattice
vibration of the material. Raman shift relates to molecular interactions, crystallinity, phase,
chemical structure, etc. Renishaw in Via Raman Microscope device was used for the analy-
sis of the coated samples. The laser wavelength for Raman analysis is 532 nm. Obtained
results for the films deposited onto glass and Si substrates are seen in Fig. 3a, b. The
analyses were done in the range of 400-4000 cm™~!. The ZnO material has categorized as
Cgv (P6;mc) space group (Tripathi et al. 2011). It is well known the material belongs to a
wurtzite structure that consists of eight different vibrational phonon modes in the Brillouin
zone, it means:

I'= 1A, + 2B, + 1E, +2E, (1
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Fig.2 AFM images of the depoited thin films onto a glass and b Si substrates. ¢ Compatative graphs of the
crystallite sizes of the deposited films
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Fig.3 Raman graphs of Ta doped ZnO thin films for a glass and b Si substrate

in the above equation, the I" point is an indication of the Brillouin zone. Also, the A,
and E; modes comprised of transverse and longitudinal optical which abbreviated as
TO and LO, respectively. The E, mode is divided into the low and high-frequency pho-
non modes that assigned the vibrational modes of the Zn and O atoms in this structure.
The B, is a silent mode again include low and high frequencies modes, respectively. In
our case, for analysis of the film deposited onto the glass substrate, two peaks at 553 and
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Fig.4 a Transmittance and b reflectance spectra of Ta doped ZnO thin films deposited onto glass and Si
substrates

1084 cm™' were detected. The peaks emerged in 553 cm™'assigned as Zn interstitial which
was reported by other researchers (Exarhos et al. 1995; Saw et al. 2007). Besides, the sec-
ond peak is an indication of second-order longitudinal optical E;mode (Jothilakshmi et al.
2009). Furthermore, for the film deposited onto the Si substrate, the six main peaks were
observed at 359, 538, 667, 801, 920 and 1109 cm™". In this substrate, the peaks present at
359, 538 and 667 cm™! are related to Ei”gh - Ell"w, silent Blllighand two phonon processes
of ZnO thin films (Yahia et al. 2008), respectively. The two phonon process peak already
reported by Samanta et al. (2007) and co-workers as indication of the precipitation of a
secondary and highly concentrated Mn-doped ZnO thin films, on the other hand, Cheng
et al. (2004) similarly observed a Ce-rich layer in Ce-doped ZnO thin films, while Wang
and co-workers (Wang et al. 2004) declared the peaks to fine ZnO powder to acoustic over-
tone by A; symmetry. Moreover, the peaks at 801 and 920 cm™'are representations of the
two optical phonon (2LO) mode of amorphous tantalum oxide and asymmetric stretching
of Si and oxygen bonds, respectively (Gritsenko et al. 2018). The final peak at 1109 cm™!
is attributed to the symmetry acoustic combination of A; and E, modes of Raman bands
(Ojha et al. 2014; Mohammadigharehbagh et al. 2020). Indeed, the Raman spectra have
been executed for evaluation of the crystal disorders formation of thin films. In the all
observed peaks on both substrates shifts to the higher wavenumber values were pronounced
that giving rise to nano-crystalline behavior, stress because of Ta dopant and subsequently
good adherence between the substrates and the produced films. According to the peaks that
exist in Ta-doped ZnO thin films on both glass and Si substrates, the hexagonal wurtzite
structure has been corroborated. The Raman spectra illustrated in Fig.3a, b. Figure 3a, b
are similar to the spectra of the crystalline Ta,Osand high temperature annealed coating
samples (Joseph et al. 2012).

Transmittance spectra of Ta doped ZnO thin films deposited onto glass substrate is seen
in Fig. 4a. The reflectance of Ta doped ZnO thin films deposited onto glass and Si sub-
strates are also illustrated in Fig. 4b. Measured spectra were recorded by Unico UV-Vis
4800 spectrophotometer. According to the Fig. 4a, transmittance of the film is very low,
it is not transparent. Reflectance of the sample deposited onto glass substrate is bigger
than the film deposited onto Si substrate. For the film deposited onto Si substrate, reflec-
tance value are nearly same in UV-Vis region at very low value (~ 2%). That is, Ta doped
ZnO deposited onto Si substrate is a very good absorber for the UV—Vis region compared
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Fig.5 a Refractive index and b band gap plot of Ta doped ZnO thin films deposited onto glass and Si sub-
strates

the film deposited onto glass substrate. The reflectance value for Ta doped ZnO thin film
deposited onto glass substrate for 632 nm is approximately %10.

Refractive indices, n values of the samples were measured by Filmetrics F20 thin film
thickness measurement device and refractive index via wavelength (nm) graph is seen in
Fig. 5a. All samples show the normal distribution for refractive index. n values are decreas-
ing with increasing wavelength (nm). Mean n value of the samples were determined as
1.95 at 600 nm for all samples deposited onto glass and Si substrates. 1.95 value is an
intersection point for the n — A (nm) graphs. For the film deposited onto glass substrate, n
value decreasing by increasing wavelength.

The band gap value of Ta doped ZnO thin films for glass and Si substrates were cal-
culated by optical method and photoluminescence tool. ZnO thin films is good candidate
for the determination of the band gap of the material by using optical method. The optical
model had use to amorphous semiconductors, but today’s application field too boarding
and it is used to nearly all semiconductors materials (Viezbicke et al. 2015). In this method,
the optical absorbance values of the samples was measured by UV-Vis spectrophotometer
and then plotted the absorbance coefficient, (ahv)"™ graph with respect to energy (hv). o is
calculated as following Eq. 2,

a=2.303A/t )

where A is absorbance value and t is the thickness of the film. The bad gap calculation
relation for optic model is given below in Eq. 3 (Viezbicke et al. 2015);

(ahv)'/™ = B(ho — E,) (3)

where £ is the Planck’s constant, ho is the incident photon energy, m is the integer coef-
ficient and its related with transition type of the semiconductor, B is a constant and Eg is
the band gap of the semiconductor. A semiconductor has different type electron transition
to conduction band from the valance band. m=1/2, 3/2, 2, 3 corresponds to direct allowed
transitions, direct forbidden transitions, indirect allowed transitions, indirect forbidden
transitions, respectively. For the ZnO, m = 1/2 was determined from the optic model. Ta
doped ZnO films show the similar behavior with un-doped ZnO semiconductor. To evalu-
ate the band gap type, all m values graphics should be plotted and compared the each other
to better fit. Finally, the correct transitions can be determined by the graphs. Figure 5b
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Fig.6 Photoluminescence
spectra of Ta doped ZnO thin
films deposited onto glass and Si
substrates
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gives Ta doped ZnO thin films deposited onto glass substrate. Extrapolation of the (ahv)!/™
— ho graph gave the 3.1 eV for Ta doped ZnO thin film deposited onto glass substrate. The
obtained values are good agreement with the related literature.

Photoluminescence (PL) spectra of Ta doped ZnO thin films deposited onto glass and Si
substrates are given in Fig. 6. Tantalum is an efficient element for the higher valence ele-
ment and substitution of Ta** to Zn>* sites in ZnO crystal network. After the substitution,
TaOx formation should be detected in the crystal network. Most general oxide thallium
phases are TaO, and Ta,Os. Ta,Os is an insulator with 4.3 eV band gap. According to theo-
retical investigations and papers, different phase of Ta,O5 has the lowest bans gap. From
Fig. 6, PL transitions at 2.70 eV and 2.60 eV of Ta doped ZnO thin films deposited onto
glass and Si substrates, respectively. To the best of our knowledge, these band gap transi-
tions are related with orthorhombic f'-Ta,O5 (Hollerweger 2015). The crystal structures of
Ta,O5 are formed in orthorhombic, tetragonal, hexagonal metastable form. The band gap
of the p'-Ta,O5 was calculated by density function theory and results are appropriate our
findings. According to results, p'-Ta,Oj5 structure embedded in the ZnO crystal network. Ta
ions substituted Zn*? ions in crystallite network of Ta doped ZnO semiconductors. So, it
is investigated the surface and optical properties of the '-Ta,05 embedded ZnO thin film.

4 Conclusions

Ta doped ZnO thin films have been deposited onto glass and Si substrates by thermionic
vacuum arc (TVA) technology. Ta doped ZnO is not research very well compared the other
research paper about doped ZnO. Generally, optical properties of the doped ZnO are inter-
ested in research for the semiconductor applications. Un-doped ZnO has indirect band
gap of 3.37 eV. Surface morphology of the deposited thin films were analyzed by field
emission scanning electron microscopy. Crystallites sizes for the thin film deposited onto
Si substrate are bigger than the film deposited onto glass substrate. The weight% of Zn/
Ta for the deposited films were obtained 0.45 and 0.42, respectively. Average crystallite
height for the film deposited onto glass and Si substrates is approximately 80 nm and 60
nm, respectively. Roughness of the film surface were measured as 20 nm and 8 nm for the
film deposited onto glass and Si substrates, respectively. The peaks present at 359, 538 and
667 cm™! are related to E]figh — E!*, silent Bligh and two phonon processes of ZnO thin
films. The deposited film are opac in UV-Vis spectral region. Refractive indices value of
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the samples were determined as 1.95 at 600 nm. According to the optical plot and calcula-
tions, Ta doped ZnO thin film has 3.1 eV and direct allowed transition semiconductor. Ta
ions substituted Zn*? ions in crystallite network of Ta doped ZnO semiconductors. Finally,
TVA is a simple technology to obtain the doping semiconductor material.
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