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ABSTRACT

In this paper, we outline the successful preparation of a nanostructured Nbz0s thin film by
utilizing Q-switched Nd:YAG pulsed laser in a vacuum environment. The deposition was
performed with the fundamental wavelength, 350 °C as substrate temperature and laser
energy of 657 mj. The film optical, structural, topographical, and morphological properties
were investigated by the UV-Visible spectrophotometer, photoluminescence, XRD analyses,
AFM, and FE-SEM. The elemental compositions were also tested by EDX analyses. The
estimated indirect band gap value (confirmed by PL) agreed with many reported works and
studies. It was also well suited for various applications. The data extracted from XRD profile
provided well-defined Polycrystalline peaks with the orthorhombic phase (T-Nb20s) as the
predominant plane. Monoclinic (H-Nbz0s), commonly formed at very high route
temperatures, was interestingly formed by PLD technique at a substrate temperature of only
350 2C. The obtained structures were characterized without any post- annealing treatment.
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1. INTRODUCTION

Niobium is a member of 5-transition elements family, provides various states of oxidation that
are formed in Niobium oxides such as NbO, NbO2, Nb203 and Nb20s[1-3]. Nb,Os is the most
attractive niobium- oxide configuration in the field of research due to its unique physiochemical
properties[4, 5]. Nb2Os possesses the features of a wide n-semiconductor band gap, air stability,
water-insolubility, high thermodynamic stability and corrosion resistance that qualify it for
various industrial and medical applications[6-9]. Nb2Os is majorly formed in polymorphs. There
have been 15 reported phases up to now, with pseudohexagonal assigned as (TT-Nb:0Os),
orthorhombic indicated by (T-NbOs) and monoclinic symbolized with (H-Nb;0s) are the most
prominent and have widely been incorporated in a wide range of applications[6, 10]. Since 1940s,
interests have been increased about Nb,0Os behavior, however further studies about Nb;Os thin
films and nanostructures are still required [11-13]. Different routes have been utilized to
synthesize and prepare Nb;Os thin films such as sol-gel technique [14, 15], anodization
method[16, 17], hydrothermal technique[18, 19], RF magnetron sputtering[20, 21], atomic layer
deposition [22, 23], and pulsed laser deposition technique[24, 25]. Preparing Nb,Os by PLD
technique has insufficiently been studied; hence further investigations are required to obtain high
quality films that can be incorporated in current and future applications. Pulsed laser deposition
technique (PLD) provides several advantages as compared with other synthesize routes. The
directed confined plume is produced with the same stoichiometry of the target material is one of
these advantages. When the material is deposited with the same target stoichiometry, a thin film
with high quality can be produced. Other benefits of PLD technique include the low cost and the
deposition process can be performed in a short time. In addition, a wide range of materials can
be deposited by PLD without reactant agents or chemical additives [26-29]. As the particle size
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modification is one of the most significant features in nanotechnology, different particle size can
be easily obtained via PLD technique due to the fact that the deposition parameters are
controllable. These parameters include the selected laser wavelength, the laser fluence, pulse
duration, and the number of laser pulses. Other conditions such as target-substrate distance,
substrate temperature, background compositions and pressure are all controllable and impact on
films growth. In pulsed laser deposition method, no precursors are required as in sol-gel, spray
and pyrolysis techniques. Furthermore, in electrochemical deposition technique, a long time is
required in Nb20s formation process and pollutants can be produced through the electroplating
mechanism [26, 30]. In pulsed laser deposition, no pollutants can be observed due to the
deposition process occurs inside a vacuum chamber or within a mixed background gas.

Decreasing the size of the nano particle is one of the desirable features in nanotechnology. As the
particle size lies within the range of 2 to 10 nm, the particle is called “Quantum dot” that provides
unique features due to its surface-to-volume ratio increased that it exhibits the quantum
confinement phenomena [31, 32]. In pulsed laser deposition technique, quantum dots can be
synthesized by using very short laser pulse duration (in fs range), short wavelengths such as
excimer lasers, and other parameters such as background gas that provides collisions with
plasma plume species and fragmentation process to smaller size can be occurred as the collision
exhibits transferring the kinetic energy [33-38].

In 1999, the electrochemical and electrochromic properties of Niobium Oxide thin films deposited
on ITO glass substrate in oxygen background mixture (03/0,) were investigated by Z. Fu et al.[39]
with the third harmonic wavelength of Nd:YAG laser (A=335 nm) that was employed for the
deposition process. The substrate temperature was (200) °C. The obtained XRD diffraction
pattern revealed that Nb,Os thin film was amorphous and it was polycrystalline when annealed
to 500 °C with pseudohexagonal (TT-Nb;Os) phase structure obtained. In 2011, a vertical
alignment of Nb,Os bundles nanocrystals synthesized by Ghosh et al.[40]. KrF laser (A =248 nm)
with laser pulse energy of (300) m] were selected as the deposition parameters. The deposition
process was performed in oxygen background that was varied to study its effect on the obtained
Nb;0s nanostructures. The background gas and pressure were changed to study their impact on
the produced films’ morphologies and photophysical properties. A high number of laser pulses
used that was also varied to investigate the number of pulses impact. The number of laser shots
were (2,10, 20, 60, and 300) k, respectively. The XRD results demonstrated the orthorhombic (T-
Nb,0s) structure after the prepared films were annealed to 500 °C. The obtained results were
applied as photoanodes and showed an improvement in the performance of the device. Physical
properties of the annealed Nb;Os thin films obtained in a vacuum condition and deposited by Q-
switched Nd:YAG laser were studied by Fakhri et al.[13]. The deposition parameters including
Nd:YAG laser wavelength (A= 1064 nm), 2502C as the substrate temperature, and 250 laser shots
were employed. The deposited Nb,Os thin films were annealed at 400, 500, and 600 °C,
respectively. The results of XRD analyses showed the monoclinic structure (H-Nb,Os) as the
predominant phase.

In this work, we aim to study the structural, optical,topographical, and morphological behavior
of the Niobium pentoxide thin film deposited by Q-switched pulsed Nd:YAG laser with specific
selected parameters. In addition, the elemental compositions of the obtained Nb,Os thin film were
analyzed by EDX spectroscopy. The deposition process was performed in vacuum without any
background gas. The prepared sample was tested as-deposited without any annealing or post-
treatment.
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2. EXPERIMENTAL SET-UP

The tools including the p-type 111 silicon wafers substrates were cleaned and sterilized for
removing any contaminants, fingerprints or other atmospheric impurities including dust
particles. For this purpose, an ultrasonic device filled with a suitable amount of deionized water
mixed with some drops of ethanol (analytical grade C;HsOH) was used. Fifteen minutes later, the
substrates and the other required tools were carefully dried. Nb,Os in the form of powder with a
weight of (3g) was pressed under 12 tons of pressure by hydraulic compressor for (2 minutes)
into a pellet. The hydraulic compressor's mold was rinsed with hydrochloric acid (HCI) and
deionized water then polished by employing MPD dual speed grinder-polisher device producing
a circular disk-like shape target pellet, shown in Figure 1, with a diameter of (2.5 cm) and a height
of (0.5 cm).

Figure 1. Nb20s target used for deposition process.
Q-switched Nd:YAG pulsed laser with the fundamental wavelength was utilized for the deposition
process. The selected parameters, summarized in Table 1, were carefully chosen and totally
different than the previous works to provide a further investigation of Nb;Os thin film behavior.

Table 1. The selected parameters for preparing Nb20s thin film

Laser energy 657 m]
Number of pulses 200
Laser shots frequency 3 Hz
Focal length 12 cm
Target-to-substrate distance 10 cm
Substrate temperature 350 2C
Nb20s Merck (Kenilworth, NJ) with ultra-purity
Target material (99.99%), pressure in a 2.5 cm diameter and 0.5
cm height a disk-like shape.

After the primary conditions including the chamber pressure and the substrate temperature were
fixed at the selected values, the deposition process was accurately performed. The target was
regularly rotated by a raster fixed with PLD system. The obtained film was characterized by the
double beam (Shimadzu, 1800) UV-Visible spectrophotometer to investigate the absorbance and
the optical band gap value. The absorption coefficient as a function of a wavelength range was
calculated by[41-45]:
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where (a) is the absorption coefficient, (A) is the absorbance and (t) is the obtained thin film
thickness. The incident photon energy was calculated by [46-48]:

Byt (eV) ©)

The band gap of the prepared film was estimated by Tauc equation[49-52]:
(ahv) = B(hv — Eg)%® 3)

Where (h) is Planck's constant, (v) is the incident photon frequency, (B) is a constant parameter
of the band tailing, (r) is a constant with different values relying on the estimated material
transitions. Photoluminescence was performed by (Firmware version: 131024 with serial No. FS-
1401004) for further indication of the band gap obtained value. The prepared thin film’s
thickness was measured by Fizeau interference[37] fringes by using the following equation [53-
55]:

_ 3164 Ax

L2 () )

Where (x) represents the bright fringe width and (Ax) is the two adjacent fringes spacing.
Structural analyses were investigated by the (Shimadzu, 6000 cu-ka) XRD scanning device. The
crystallites’ size of the formed crystal planes were calculated by Scherrer’s equation[49, 56-58]:

KA
D_—B*cos(e) (nm) (5)

Where (D) is the crystallite size, (K) is constant value (0.94), A is the X-ray exciting wavelength
(1.54 A), (B) is the full widths at half maxima, and (8) is the half position angle inclined between
the incident and the scattered wavelength. The dislocation densities were measured by [49, 59,
60]:

§ = — (line.m?) (6)

(8) is defined as the dislocation density and (D) is the crystallite size (nm). The microstrain of
were measured by Wilson formula [49, 61, 62]:

_ B
€= Zan(o) (7)

Where (€) is the microstrain, () is the FWHM, (0) is half the diffraction angle position. AFM
(Mountains SPIP expert 8.2.9621) device was also required for the prepared film topographical
studies including surface roughness.

3. RESULTS AND DISCUSSION

The optical properties of the prepared film including the band gaps estimations for both direct
and indirect allowed transitions, absorbance, and PL analyses are illustrated in Figure 2 a-d. The
absorbance of the Nb,Os prepared film peaked at 208 nm referring to the intrinsic semiconductor
band gap, (intrinsic metal oxides thin film absorbance peaked at the UV region of the spectrum).
Despite the high absorbance of the fabricated Nb;Os thin film, the direct optical band gap
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estimated by Tauc’s plot showed a very high value that was close to the insulator range (5.3 eV)
[6]. The indirect band gap estimation provided a more reasonable value that well agreed with
some previous reported works and studies[33, 35]. Photoluminescence peaks were within both
the UV and the visible range of the spectrum. The UV transition may refer to the near band edge
emission due to the oxygen vacancy or another type of defects. The peak at 469 nm (2.6 eV)
estimated for the band gap transition of the prepared film. The other peak (674 nm) may refer to
the distorted octahedral NbOs that is the main responsible for Nb,Os formation. Broadening in
the observed peaks may be related to the phonon interaction that plays an important role in
determinate the band gap value of the indirect allowed transition. This gives a further justification
that the obtained film possessed an indirect transition. Similar indications and very approximate
obtained values are found elsewhere [63-68].
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Figure 2. The obtained film optical properties including (a)direct band gap estimation. (b)indirect band
gap estimation. (c) thin film absorbance. (d) PL analyses.

The XRD profile revealed that Nb,Os was successfully layer-by-layer deposited forming a
polycrystalline nano thin film with well-organized planes as shown in Figure 3. Interestingly,
monoclinic (H-Nb,0Os) phase was obtained by low substrate temperature and limited number of
pulses. This phase is commonly obtained by higher routes temperatures in other methods|[6, 67].
In addition, no other oxidation states such as NbO, or NbO were observed. However,
orthorhombic (T-Nb,0Os) was the predominant phase. According to JCPDS no. (09-0372) and (30-
0873) as standard references, respectively. The planes that forming the crystal were oriented at
(001), (402), (200), (313) and (201) with (200) was preferably oriented.
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Figure 3. XRD profile of Nb20s polycrystalline thin film (T-Nb20s ), (H-Nb20s 4).

Other important calculations including angles’ positions, full widths at half maxima, d-spacing,
dislocations, microstrain, and the obtained phases are summarized in Table 2.

Table 2 Obtained and calculated parameters from the XRD profile

20 d-s;()z;:ing ilr\l/[(iililcirs D (nm) 8 (line.m?) € phase
22.6 3.88 001 31.24 0.00151 0.00029 T-Nb20s
26.1 3.38 402 33.68 0.00088 0.00011 H-Nb20s
28.8 3.10 200 23.66 0.00183 0.00038 T-Nb20s
35.4 2.54 313 41.36 0.00058 0.00026 H-Nb20s
36.9 242 201 17.12 0.00341 0.00066 T-Nb20s

The mostintense peak positioned at 28.8° showed a very well agreement with the standard Nb,Os
planes. That indicates for the importance of choosing the laser wavelength of a specific photon to
interact with the electronic states of the target material. Temperature elevation as a result of
electronic coupling causes the ejection of an amount that forms the plume to be deposited with
the same stoichiometric elements on a substrate within a vacuum environment[68]. A careful
ablation of a regularly rotated target assisted to form a well stacked deposited material on the
substrate. The uniform stacking of the fabricated film layers led to build an organized crystal
planes with desirable features including lower FWHM values, hence lower dislocation densities
(larger crystallites’ size) and well matched d-spacing parameter with JCPDS (09-0372) and (30-
0873) as in Figure 4. Standard values indicating that atomic planes’ formed lattice were perfectly
built by PLD technique. In addition, a lower exposure to microstrains and external strains that
provide unique structural, optical and topographical features for a vast range of applications. This
is due to the fact that the Nb,Os target was regularly rotated during the deposition process. This
is one of the unique features that PLD technique possesses among other techniques. Target
regular rotation assists the layer-by-layer thin film formation, thus well stacked layers with low
mechanical defects such as microstrain, stress, and dislocation densities.
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Figure 4. D-spacing of the obtained planes’ lattice as compared with the standard d-spacing.

The substrate temperature is another important factor for controlling and predicting the
obtained phase. The substrate temperature (350 2C) contributed in the properties of the obtained
film. Suitable substrate temperature induces the adhesion of the ejected material on the
substrate, hence it greatly impacts on the final properties of the resulted thin film.

Topographical investigation of the prepared Nb,Os provided some indications about the impact
of the fundamental Nd:YAG laser wavelength. The thickness of the obtained thin film impacts the
absorption coefficient (as in eq.2), therefore influencing the obtained band gap value. In
nonmetric scale, thickness of 84.14 is reasonable with the selected number of laser shots (200
pulses) that ablated the target material. The degree of the surface roughness is one of the
limitations in most applications including the fabrication of detectors (rough surface is required)
and in other applications. Deposited Nb,Os thin film topographical images and details are shown
in Figure a-c with the related histogram.
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Figure 5. Thin film (a)histogram and Abbott-Firestone particles’ distribution. (b) surface topography. (c)
deposited plane and topographic data.
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Particles’ size obtained by AFM showed lower values than crystallites size calculated by XRD
profile due to that AFM topographical images and analyses provide all the distributed particles
on the surface top view section, while in XRD profile the calculated crystallites’ size are in general
related to the obtained planes of the crystal. Generally, the particle size, hence, the grain size),
impacts the optical band gap value in the following manner[69-71]:

h n?

AE = (Zme* E (8)

The equation parameters are constants including Planck’s constant (h), the reduced electron
mass (me*) except for (AE) and (d). The shifting of nanostructured semiconductor band gap (AE)
with respect to the bulk value (3.4 eV) is inversely proportional with the particle radius.
Therefore, larger particles’ size induces lower microstrain, lower stress, well-matched d-spacing
with the ideal lattice and lower band gap value. The sharpness value exceeded (3) revealed that
height distribution is in a spiked manner. It was indicated that the growth of the grain began at
substrate temperature equals to (20%) of the melting point of the material. It is also impacted by
the utilized deposition technique[72]. That justifies the selected substrate temperature at 350 2C,
among other parameters, was well suited with the obtained results.

The surface morphology and the EDX analyses of the obtained Nb,Os thin film are shown in Figure
6 a-b. FE-SEM image shows Nb;0s nano particles that are small and spherical. In addition, most
of these particles are organized in flower-like structures that are well-distributed and organized.
On the other hand, some large particulates are noticeable that are normally and commonly
formed when synthesizing thin films via pulsed laser technique. These particulates are generally
formed as a result of the interaction of the laser photon and the target material. Physically, pulsed
laser with long pulse duration (ns range) can interact with both vibrational and electronic states
of the target material when it hits the target surface. That interaction can induce a localized
thermal impact that elevates the irradiated volume temperature. Vaporization process is
consequently occurred and the formed plasma contains different species of ions, atoms, and
molecules. The selected laser energy per pulse also influences the ablation mechanism as higher
energy per pulse can lead to a higher localized temperature, hence more material is evaporated
and ejected [72].

Nb:0s observed structure

"z

00

SEM MAG: 290 k= Cmt iInBaam

Leesadesiy] |

WD B4 mem "l 700 200 rem
Vinw Tatd | 104 jon  Datearmidly)| BaTSTe

Figure 6. Nb20s prepared thin film. (a) surface morphology. (b) EDX elemental composition.
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If the target material has a high coefficient of thermal expansion (temperature distribution over
a wide zone) and a high melting point, then the incident photon in a ns range is unable to cause a
rapid ablation. That leads to more induced thermal shockwaves, thus large solid particulates are
exfoliated and observed on the substrate surface when scanned by SEM or FE-SEM.

The EDX analysis provides the elemental compositions and the purity of the formed Nb,Os thin
film. The results show the existence of both elements niobium (Nb) and oxygen (O) without any
other elements which indicates for the high purity of the produced thin film. The elemental
weights are summarized in Table 3.

Table 3 Nb2Os thin film elemental weights analyzed by EDX

Nb wt.% 0 wt.% Nb/O
62.08 38.42 1.61

The high purity of the obtained Nb;Os thin film prepared via pulsed laser deposition (PLD)
method was due to the fact that in PLD technique, a high stoichiometry of the ablated material is
produced. As the deposition process was performed in a vacuum environment and the laser
source was outside the vacuum chamber, the ablated pure Nb,Os target was well-transferred to
the substrate as a result of no atmospheric species or contaminants that may interact with plasma
plume formed by the ablation process. As the substrate was heated to 350 °C, it was sufficient for
adhesion process of the arrived species from the plasma plume.

4. CONCLUSION

Under the framework of the PLD technique, Nb,Os thin film was successfully obtained by Q-
switched fundamental Nd:YAG pulsed laser with moderate energy 657 m], 200 pulses and 2C 350
selected parameters. The indirect band gap estimated by Tauc’s plot was about 3.2 nm,
Polycrystalline structures included Orthorhombic (T-Nb,Os) as well as (H-Nb20s) were formed
with relatively well-defined diffraction peaks. The d-spacing was very well matched with the
standard value of the Nb,Os indicating a high purity of the nano powder pressed in a disk-like
shape target. In addition, IR Nd:YAG pulsed laser was very suitably ablated the target material
and forming a nanostructured Nb;Os as a thin film. The selected moderate substrate temperature
showed a good coverage of nano island like structure with surface roughness suitable for
different applications revealed by AFM topographical analyses.

5. FUTURE OUTLOOK AND SUGGESTIONS

As a future prospective concerned with nanotechnology and thin film fabrication, quantum dot
Nb,0s nanostructures can be obtained by modifying some properties including the control on the
particle size obtained, noble metal decoration and other methods. The obtained results with
moderate conditions that can be performed elsewhere with low cost requirements and the
encouraging observed outcomes lead us to outline few suggestions. For researchers and
academics who are interested in industrial field, the obtained thin film can be utilized in super
capacitors, solar cells, detectors, sensors devices and as a coating surface with a desirable
absorbance depending on the application. For medical and biological field, as Nb,Os is featured
with its corrosion resistance, dental implants and orthopedic made materials can be enhanced by
Nb.0s thin film. These applications and many others of Nb,Oshave been studied and experienced,
however; PLD technique for preparing Niobia thin films and nanostructures have not fully
investigated yet. For selecting the optimal conditions, a range of laser energies, a range of
substrate temperature, and a range of different number of laser shots as well as different
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deposition wavelengths such as the second and third harmonic Q-switched Nd:YAG laser can all
be investigated to produce the best Nb,Os thin films with a high quality by the simple, low cost,
and fast method of the pulsed laser deposition.
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