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A band gap energy, a fundamental concept in electronic devices,
governs both their electrical and optical behaviors. The structural,
optical, and band structure properties of niobium and tantalum
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doped ZnO films deposited on glass substrates were studied for their
potential application in the opto-electronic. The films were prepared
using the pulse laser deposition technique and characterized by
various spectroscopic and microanalytical tools. The samples were

annealed at 400 °C in a controlled oxygen environment to improve
crystalline quality. The X-ray diffraction analysis of doped ZnO thin

Keyword: films confirmed the incorporation of dopants into the ZnO lattice
Transparent without altering its wurtzite structure. The crystallite size of ZnO,
conducting oxides TaZ, and NbZ films was calculated from the Williamson-Hall method
Niobium doping to be 86, 60, and 28 nm, respectivily . The optical bandgap
Tantalum doping energy was also computed as a function of photon energy using the
Band gap Tauc formula, revealing a direct band gap of approximately 2.28,

2.38, and 2.40 eV for ZnO, TaZ, and NbZ films, respectivily . A small

blue shift in the optical band gap, called the Burstein-Moss shift, was
*Corresponding Author: observed in the absorption spectrum, which is often expected in
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semiconductors with doping. The temperature dependence of the

Email: a.kamalianfar@cfu.ac.ir resistivity of the thin films was also investigated. The results showed

that the electrical resistances of the films decrease with an increase
in temperature.
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Introduction

Transparent conducting oxides (TCOs) thin filmsare the fundamental
components that exhibit simultaneously high visible wavelength transparency
and electrical conductivity. They are widely used in semiconductor lasers, low
emissivity windows, photovoltaic cells, and light emitting diodes [1-3].
Semiconducting metal oxides exhibit several attractive features such as high
sensitive electrical resistance, low cost, high dielectric constants, excellent
chemical and thermal stability, and the ability to tune the energy band gaps of
materials [4-6].

Among all oxide materials, zinc oxide (ZnO), being an affordable
semiconducting metal oxide is a unique and important semiconductor due to its
valuable and huge applications in the areas of sensors, optoelectronics, and
energy storage applications [7-9]. However, the limitations of the low electrical
properties of ZnO become more critical with the further applications, requiring
the improvement of its electrical conductivity without affecting its high
transparency.

Band-gap engineering is an effective approach, by which impurities can
introduce energy levels within the band gap of the material for the design of new
semiconductor materials and devices [10-13]. To the best of our knowledge,
there are few reports about doping vanadium group elements, including
vanadium (V), niobium (Nb), tantalum (Ta) and dubnium (Db). For example,
Jingzhen Shao et al. [14 ] synthesized Nb-doped ZnO thin films via PLD method.
They showed that the produced films with 0.46 at.% Nb content had the lowest
resistivity of 8.95 x 10—4 (). cm and high transmittance of about 80% with high c-
axis orientation. ].M.P. Silva al. [15 ] reported that after doping of Nb in ZnO, an
increase in antimicrobial effect and photocatalytic at about 93.8% (MB) and 88%
(CV) was observed. L. Derbali [16] deposited transparent conducting V-doped
zinc oxide thin films on FTO substrates using the spray pyrolysis technique and
indicated that with increasing V amounts, the band gap was decreased from 3.26
eVto 3.17 eV for 4 at.% of V content. Xu Huang et al. [17] sputtered Ta doped ZnO
film on a measuring electrode to form gas sensor and observed that the sample
not only enhanced the response but also decreased the response/recovery time
and improved the selectivity.

In the recent years, many techniques have been used to synthesize tin oxide
films, such as thermal evaporation [18], magnetron sputtering [19], and chemical
vapor deposition [20]. Among various thin film fabrication methods, the pulsed
laser deposition (PLD) technique is a powerful tool for fabricating ZnO films at
the atomic scale.
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In previous work [21] we showed that among other thin film deposition
techniques, PLD is a powerful tool for fabricating ZnO films that utilizes a pulsed
laser beam to ablate a target material, creating a plasma plume that deposits the
material onto a substrate. It has superior advantages including a controllable rate
of film deposition by adjusting the laser parameters, deposition time, target to
substrate distance, deposition time.

In this article, we report the effect of Nb and Ta elements on the structural and
optical, and electrical properties of ZnO thin films deposited on glass substrates
by pulsed laser deposition (PLD). We focus on the band gap of the obtained films,
as a fundamental quantity that directly relates to the usability of materials in
optical, electronic, and energy applications.

Band Theory of Semiconductors

Knowledge of the electronic band structure of a semiconductor provides
information about its electrical and optical properties and often estimates which
transitions occur under illumination. Semiconductors include two main charge
carriers, free electrons and positive holes. Semiconductor materials are classified
as N-type and P-type (see Figure 1a). N-type semiconductors mainly
use electrons as charge carriers, while p-type semiconductors have an excess of
holes where an electron could exist. In solid-state physics, electrons of the same
energy states form bands. The valence band is the highest range of electron
energies with energy Ev, which can be occupied by an electron, and the lowest
unoccupied band is the conduction band with energy Ec. The energy difference
between the top of the valence band and the bottom of the conduction band is
called the band gap.

To describe the relationship between optical absorbance and band gap
energy, optical band gap can be estimated using the following Tauc relation [22]:

(ahv)'/n = A(hv — E,)

where h is Plank’s constant, v is photon frequency, Eg is band gap energy, A is a
constant, n is a factor that depends on the nature of the electronic transition
between the valance band and conduction band, and a is the absorbance
coefficient. The factor n may have values of n = % for direct (allowed) transitions,
n =3/2 for direct (forbidden) transitions, n = 2 for indirect (allowed) transition,
n = 3 for indirect (forbidden) transitions [23 ].

In a direct band gap semiconductor, the minimum of the conduction band
coincides with the maximum of the valence band and the carrier transitions
between them occur without change in momentum of the two states involved. In
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opposite, for an indirect bandgap semiconductor the minimum conduction
band energy and maximum valence band energy occur at different crystal
momentums [24]. Figure 1b illustrates

In conductors, there are no band gaps between the valence and conduction
bands, due to the overlap in the bands. Insulators have a large band gap (up to
7eV) between the valence and conduction bands. The difference between these
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two bands for semiconductors is less than 3 eV.

An intrinsic semiconductor is a pure material with a small band gap and its
Fermi level is in the middle of the band gap, while extrinsic semiconductors have
larger band gaps, and the band gap is controlled by purposefully adding (doping)

small impurities to the material.
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Figure 1. (a) Comparison of P-type and n-type semiconductors, (b) Direct and Indirect band
gaps.

Experimental method
The targets of NaZ and TaZ were prepared by a solid-state reaction method

using ZnO mixed with Nb205 and TaZ205 powers in stoichiometric mass ratios,
which was 1:49 for 2 wt% doping. The mixed powders were combined and
ground for 5 hours. Homogeneous powders were shaped and pressed with a
hydraulic press into pellets (diameter 20 mm and thickness about 5 mm) and
sintered at 900 °C for 5 hour in a heating furnace. The cleaned glass substrates
were held on a sample holder and placed in the chamber. The ablation process
was performed employing a Nd-YAG pulsed laser with a beam wavelength of 532
nm, a pulse width of 6 ns, fluence ~7 ] /cm2, and a 10 Hz repetition rate. To reduce
oxide formation in the deposited films, the chamber was evacuated to a residual
pressure lower than10~*Pa. The deposition time was 10 minutes, and the
distance between the target surface and the glass substrate was 5 cm. To improve
the crystallinity of the thin films, we have done post deposition annealing for 20
min in a vacuum. A schematic diagram of the PLD system is shown in Figure 2.
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Finally, we performed avacuum annealing at 400 °C, in order
to improve the crystallinity of thin film samples with identities ZnO, Nb doped
ZnO (NbZ), and Ta doped ZnO (TaZ).
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Figure 2. The schematic diagram of the PLD.

The crystalline structure of the undoped and doped ZnO films was
characterized by X-ray Diffraction (XRD, PANalytical Philips X'pert Pro, A = 0.154
nm).) using the 20-0 scan with CuKa radiation. The surface morphologies of films
were observed using scanning electron microscopy (SEM, Jeol 6500). An
ultraviolet/visible /near-infrared (UV/VIS/NIR) spectrophotometer (JASCO) was
used to measure the optical bandgap of the films. The resistance measurement
was performed using the standard four-probe method from 60 to 300 K.

Result and discussion

The structural study of the films was examined using XRD and is represented
in Figure 3. All samples show high crystallinity due to their clear and sharp peaks.
The diffraction peaks of (100), (002), (101), (102), and (110) appeared and
matched with the International Centre for Diffraction Data reference code (01-
076-0704). There were no traces of any secondary phase, niobium, or tantalum
in the samples for a doping concentration of 2 w%, indicating that the diffraction
peaks are corresponding to the wurtzite-structure.

The average crystallite size of the samples was calculated usingthe well-
known Scherrer equation [25]:

KA
- Bhkl cosf

(D
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cos® _  k

A DBnw (2)

where S5 is the full-width half maximum, k (=0.94) is the Scherrer

constant, D is the crystallite size, the peak position (8), and A (=1.54 A°) is the
wavelength of X-ray.

In addition, according to Williamson-Hall Method, f5; depends on the both
size of the crystallites and the strain of the lattice [26].
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Figure 3. XRD patterns of of pure and doped ZnO thin films.
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The crystal imperfections and distortion of strain-induced peak broadening can
Bhki
tand
Scherrer equation and the strain [27]:

be obtained from € = , and the following result, which is the addition of the

,Bhkl = %}L + 4¢€ sinf (3)

Thus, the crystallite size and strain are determined from the slope and y-intercept
1

of the plot of cos® against
A hil

Table 1. Crystallite size (D) and band gap of pure and doped ZnO thin films.

Sample (hkl) 20 FWHM Crystallite Crystallite Band gap
size size
(degree) (degree) (eV)
(nm)x1 (nm)x1
Schere W-H
(100) 31.6412 0.0960 95
Zn0 (002) 34.3333 0.1108 81 86 3.28
(101) 36.2170 0.1148 87
(102 47.5154 0.0990 91
(100) 31.7984 0.1574 59
(002) 34.4047 0.1574 61 60 3.38
TaZ (101) 36.2773 0.3149 31
(102) 47.6449 0.1181 99
(100) 31.6412 0.1118 83
(002) 34.3333 0.1233 78 28 3.40
NbZ (101) 36.2170 0.1312 75
(102) 47.5154 0.1305 90

These results indicate that the incorporation of impurity ions into the film Structure results
in shift of the characteristic diffraction peaks to lower or higher 26 angles,
broadening of the FWHM, and variation in the diffraction intensities. For
example, the average crystallite size decreases in the TaZ and NbZ thin films
compared to the pure one. Additionally, the XRD patterns show that Ta doping
resulted in an increase in the intensity of the (002) peak relative to that of the
undoped ZnO nanostructure. The decrease in crystallite size is due to the doping
of Ta and Nb into the ZnO lattice, which prevents crystallite growth, possibly
slows down the formation of grain boundaries, and/or modifies the rate of
nucleation during the sample crystallization.

The morphologies of the ZnO, NbZ and TaZ are explored through the scanning
electron microscope (Figure 4. a-c). The surface of the films shows a porous
structure morphology. Some of particles are agglomerated into nearly spherical
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and platelet structures. Previous research has shown that the multiple-shaped
porous structure, and larger surface-to-volume ratios have the potential to
enhance the functionality of ZnO for applications in light-emitting [28,29].

Figure 4. SEM image of of (a) ZnO, (b) NbZ, (c) TaZ thin films.

Figure 5. shows the EDX spectra of Nb and Ta doped ZnO thin films. The strong
peaks of Zn and O were detected in the EDX spectra, confirming the formation of
ZnO as the final product with Nb and Ta as impurities.
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Figure 5. The EDX spectra of Nb and Ta doped ZnO thin films.

Optical study

UV/Vis absorption of the samples, deposited on a glass substrate was
provided as a function of wavelength (nm) in the spectral range 300 nm to 700
nm as shown in Figure 6. Absorption in the UV region is attributed to band gap
absorption of the thin films. The doped ZnO films exhibited an absorption band
edge that was more similar to the absorption of ZnO. There is not much difference
in absorbance values because as mentioned in the literature, Nb and Ta elements
have very similar properties. However, the absorption edge was found to be blue-
shifted for doped ZnO thin films.
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Figure 7. UV-Vis absorption spectra of pure and doped ZnO thin films.

The optical band gap, Eg, can be calculated using absorption edge values.
According to Tauc’s relation, the direct bandgap value can be extrapolated by
fitting a straight line to the plot of (ahv)” (1/2) versus the photon energy (hv), as
shown in Figure 7. The optical bandgap energies for the Zn0O, TaZ, and NbZ films
are equal to 3.32, 3.38, and 3.40 eV, respectively.
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The band gap of a material is influenced by various factors, including
crystallite size, carrier concentration, and the presence of strain. The expansion
of band gap values can be attributed to the filling of the lowest states in the
conduction band, a phenomenon well explained by the Burstein-Moss effect [30].
In optical studies of doped materials, this effect manifests as an upward shift in
the absorption edge (a blue shift of the band gap towards higher energies)
following doping [31]. Such a shift in the optical band gap underscores the
potential of band gap manipulation in ZnO through doping with elements like Ta
and Nb. Band gap engineering is crucial for fine-tuning energy levels in
optoelectronic devices [32]. The primary mechanism for this adjustment involves
controlling the doping process, which modifies electron transfer properties
through alterations in the crystalline structure of metal oxides. These
modifications may result from changes in lattice parameters or from dopants
serving as electron traps that hinder charge recombination, or possibly through
the introduction of an intermediate energy level between the conduction and
valence bands. Often, shifts in the conduction band edge induced by doping arise
from disturbances to the lattice structure of the base metal oxides caused by the
dopants. Nonetheless, the degree of these changes is contingent upon the level
and distribution of doping.

Electrical study

The temperature dependence of resistivity was measured using the four-
probe method in the temperature range from 60 to 300 K. As shown in Figure 8,
the normalized electrical resistances of the films decrease with increasing in
temperature. The decrease in resistivity was faster for NaZ and TaZ films
compared to the undoped ZnO film. The films exhibit basically a semiconductor-
type conduction behavior as expected, due to the increased occupancy of charge
carriers in the conduction band of semiconductors.
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Figure 8. Temperature dependence of the normalized electrical resistances of pure and
doped ZnO thin films.

A wide optical bandgap (Eg>3.2 eV) and an increase in electrical conductivity
indicate that when the films are used in an optoelectronic device their absorption
losses can be minimized.

Conclusion

This present research work comprised of structural, morphological, electrical
and optical analysis of pure ZnO, 2 % Nb-doped, and Ta-doped ZnO thin films
obtained using the PLD method on a glass substrate.

The XRD patterns revealed that Nb and Ta doping did not change the crystal
structure of ZnO thin films, but the crystallite size of the ZnO film decreased with
Ta and Nb doping. The normalized electrical resistances of the doped films
decreased from 2.4 to about 1 with the increases in temperature. The band gap
of the ZnO films increasing from 2.28 to 3.38 and 3.40 for Ta-doped ZnO and Nb
doped ZnO films, respectivily . This band gap engineering, following a decrease in
resistivity, may find potential applications in the fabrication of various devices
based on optoelectronics.
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