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Abstract

Polycrystalline structures of T-Nb,O5 and a remarkable H-Nb,Oj; structure were successfully obtained in this work. This
was achieved using a Nd:YAG laser in a pulsed laser deposition system at laser fluence values of 9.3, 13.4, 16.2, 21, and
25.2 J cm~2. Raman bands of the prepared films are shown and discussed. The optical bandgaps were estimated at 4.81 eV,
473 eV, 3.41 eV, 3.29 eV, and 3.21 eV. Photoluminescence (PL) analyses showed agreement with the estimated indirect
bandgaps calculated from Tauc’s plot for each prepared film. The surface average roughness and root-mean-square (RMS)
roughness were also determined and are discussed. The surface morphology as illustrated by field-emission scanning electron
microscopy (FE-SEM) reveals the obvious impact of laser energy density on the prepared films. Energy-dispersive x-ray

(EDX) analyses revealed the highest stoichiometry attributed to a laser fluence of 21 J cm

-2

Keywords PLD - nanostructures - fine structure - optimum fluence

Introduction

Niobium pentoxide (Nb,Os) is an important n-type semi-
conductor, with reported optical bandgap energy of
3.1-5.3 eV.!73 It exists primarily in Brazil, Canada, and
Nigeria.** The physicochemical properties of Nb,Os show
that it is a highly corrosion-resistant material and possesses
the highest thermodynamic stability among Nb oxides.5™
Early applications that incorporated Nb,Osincluded cata-
lysts, sensors, and electrochromic materials.”'? Nb,O5 in
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the form of thin films and nanostructures is popular in solar
cells, batteries, memristors, and other electronics.!''3 In
terms of solid-state capacitors, Nb,Ojs is the best alternative
for tantalum pentoxide (¢'=27).'*! In the field of sensors,
it was reported by Hota et al.'® and Mohammed et al.!” that
Au@Nb,Os can provide good-quality electrodes for both
DNA and protein sensors. Nb,Os can also serve as an alter-
native for biomaterials based on polymers. In the field of
dentistry, niobium pentoxide facilitates enhanced adhesive
resins.'*" Pulsed laser deposition (PLD), first conducted in
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1965, is a simple method with several advantages as com-
pared with other deposition routes.”!** These advantages
include the possibility for controlling the growth rate, main-
taining the stoichiometric transfer, and selecting the required
ablation geometry.”>>* A schematic of the PLD system is
shown in Fig. 1.

For Nb,Os thin films, in 1999, Fu et al.> first investi-
gated the electrochemical and electrochromic properties of
Nb oxide thin films by PLD utilizing the third-harmonic
Nd:YAG laser. In 2011, Ghosh et al. successfully prepared
Nb,O5 nanoforest films as solar cell photoanodes by PLD
using a KrF laser at various background gas pressures.>®
Recently, Fakhri et al.?’ investigated the impact of anneal-
ing temperature on the physical properties of Nb,O; films
synthesized by a Q-switched Nd:YAG laser in 0 bar vac-
uum pressure by changing the substrate temperature in each
deposition run. In this paper, we investigate the impact of
Nd:YAG laser energy density at the fundamental 1064 nm
wavelength. The structural, optical, topographical, and
morphological properties of the deposited Nb,Os films are
investigated. Based on the results, the optimal fluence is
determined, which to the best of our knowledge is reported
herein for the first time.

Experimental Setup

Quartz and Si wafer (p-type 111) substrates were thoroughly
cleaned to remove any existing impurities, fingerprints, dust
particles, or any other contamination. This process was per-
formed for about 15 min using an ultrasonic device with a
mixture of deionized water and ethanol. Ultrapure (99.99%)
Nb,O5 powder from Merck (Kenilworth, NJ, USA) was
pressed under 15 tons, producing a disk-like shape with a
diameter of 2.5 cm and height of 0.5 cm. Thin films were
obtained by PLD under specific conditions. For this purpose,
the fundamental Nd: YAG laser wavelength with 12 cm focal
length was chosen. In order to investigate the laser energy
density impact, the substrate temperature and the number
of pulses were both fixed. The substrate temperature was

Halogen heater

Generated Plasma plume

Fig. 1 Pulsed laser deposition system.

kept at 350°C and the number of laser pulses was fixed at
only 200 pulses per deposition run, which was chosen on
the basis of our previously obtained results described in
detail elsewhere.?®" A fixed frequency of 3 Hz was used
for each deposition. A halogen heater was utilized for heat-
ing the substrate. The distance between the laser and the
deposition chamber was kept at 10 cm. The target—substrate
distance was also fixed at 3 cm. The deposition process was
performed in a vacuum chamber under pressure of about
1073 mbar. A range of five fluence values was selected, at
9.36Jcm™%, 134T cm ™2, 1627 cm ™, 21 Jem™2, and 25.27
cm™2. The PLD system is equipped with a target rotator that
is important for the layer-by-layer deposition. Keeping the
target at a regular rotation contributes to the even distribu-
tion of plume on the substrate, resulting in better thin film
growth. The results were obtained utilizing various analyti-
cal techniques including x-ray diffraction (XRD), Raman
spectroscopy, UV—visible (UV-Vis) and photoluminescence
(PL) spectroscopy, atomic force microscopy (AFM), and
field-emission scanning electron microscopy (FE-SEM). The
thickness of each prepared thin film was obtained by Fizeau
interference fringes*' ™ that required a He-Ne laser source
and a beam expander. Thin film thickness was calculated as>!

t=316.4 Ax/x (nm), (1

where x is the width of the bright fringe and Ax is the spac-
ing between two consecutive fringes resulting from destruc-
tive interference.

The crystallite size of the predominant peaks was calcu-
lated by Scherrer’s equation™*3°:

D = K4/p * cos(f) (nm), 2)

where D is the crystallite size, K is a constant (0.94), 4 is the
exciting x-ray wavelength, f is the full width at half maxi-
mum (FWHM), and @ is the half angle position between the
incident and the scattered wavelength.

The dislocation density values were also calculated by>®’

= 1/D*(line.m™?), 3)

where 6 is the dislocation density and D is the crystallite
size (nm).

The microstrain of the prepared films was calculated by
Wilson's formula®-?:

€ = f/4tand * 10°, )

where ¢ is the microstrain, f is the full width at half maxi-
mum (radians), and @ is half the diffraction angle position
(radians).

From the UV-Vis data, the optical absorption coefficients
as a function of the excitation ratio were calculated by using
the following equation***!:
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a = 2.303At (cm™), )

where a is the absorption coefficient, A is the absorption
percentage, and ¢ is the thin film thickness.

The incident photon energy was calculated by*>*3

Eg (eV) = 1240 (nm.eV)4 (nm). 6)

The optical bandgap values were obtained by Tauc’s
equation*°;

(ahv) = B(hv — Eg)'/r, (7

where 4 is the Planck constant, v is the frequency of the
incident photon, B is a constant that is the band tailing
parameter, and r is a constant with different values based on
the material type transitions.

Results and Discussion

The thickness values of the prepared thin films, shown in
Fig. 2, increased as the laser fluence increased. When the
laser fluence exceeds the ablation threshold of the target, the
absorption of laser energy is higher and more evaporation
occurs, leading to the availability of more species in each
laser pulse,47 and hence more layers obtained. The linear
relationship between film thickness and laser energy flu-
ence provides a basis for a precise and efficient deposition
of numerous film layers. This relationship is instrumental
in improving the material used, improving the device per-
formance, and increasing production processes, making
it an important advantage in the research field and indus-
trial applications. The ability to correlate the thickness of
a thin film linearly with laser fluence (amount of energy
falling per unit area) in thin film deposition processes such
as PLD has several benefits. For example, the potential for
scaling enables accurate control of the thickness through
the use of fluence, and the prediction of thickness via the
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Fig.2 Thin film thickness as a function of laser fluence.
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linear relationship makes the process highly predictable. In
addition, thin films with controlled thickness have consist-
ent optical, electrical, and mechanical properties, which are
important for high-performance devices because they help
in reducing variations between different production runs
and help to ensure similar characteristics among films in
the same batch with adequate reproducibility.

In thin film deposition methods including PLD, the gradi-
ent of the plot of film thickness versus laser fluence refers
to the deposition rate with respect to the unit of laser flu-
ence. It offers essential information on the material deposi-
tion efficiency in converting laser energy into materials on
the substrate. The results show a slope of about 4.8 nm/J
cm?, where the steepness of the slope refers to the thin film
growth, which is affected by the laser. This means that a
slight increase in laser fluence results in a greater increase
in film thickness, implying that the deposition efficiency is
higher. The slope explains how the laser interacts with the
material being targeted, and properties such as absorption,
thermal conductivity, and material evaporation thresholds
determine how well laser energy is utilized. A steeper slope
means that the energy of the laser is absorbed and translated
into the process of deposition, which results in thicker film
per unit increase in fluence.

An x-ray diffractometer (XRD-6000, Shimadzu) with a
Cu-Ka radiation source at a wavelength of 0.15406 nm was
employed to investigate the diffraction patterns of the pre-
pared films. Each sample was scanned in the 26 range from
20° to 60°.

The XRD profile demonstrated the formation of Nb,Os
thin films with increasing laser fluence as shown in Fig. 3.
At 9.3, 13.4, and 16.2 J/cm? laser fluence, the deposited
films showed very weak patterns. This is due to low kinetic
energy, and hence low species velocity, causing the plume
particles to collide randomly and expand away from the
target—substrate normal direction. As a result, a low num-
ber of particles are deposited on the substrate surface. This
phenomenon mainly depends on the target material ioniza-
tion energy and the laser wavelength employed.*® At 21 J
cm™2, T-Nb,Os (orthorhombic) and H-Nb,Os (monoclinic)
structures were formed with well-defined peaks as shown in
Fig. 4. The angle positions (26) of the observed polycrys-
talline peaks were centered at 22.6°, 26.1°, 28.8°, 35.4°,
and 36.9°, with related Miller indices assigned to (0 0 1),
(402),(200), (313),and (2 0 1) planes, respectively.
The obtained diffraction planes and their Miller indices
were based on JCPDS card nos. 00-030-0873 and 00-009-
0372, respectively. The (200) plane was the predominant
plane. The intense sharp peak of this plane was due to the
enhanced crystallization and the better stacking of the film
layers. However, a further increase in the laser fluence
showed a decrease in the peak intensity obtained at the (2 0
0) diffraction plane. Higher energy density per laser pulse
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Fig.3 XRD data of Nb,Os films prepared at different laser fluence.
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Fig.4 (a) T-Nb,Os phase structure. (b) H-Nb,Os phase structure.

induces more thermal shockwaves. These shockwaves cause  ejection of the target surface was clearly observed at 25.2J
a mechanical impact on the target surface, hence influencing ~ ¢cm™2 in comparison with lower fluence. In addition to the
the ablated species. During the deposition process, higher ~ reasons mentioned above, large droplet formation or poorly
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stacked deposited layers due to experimental or physical
conditions may explain the lower intensity observed for the
film deposited at 25.2 J cm=2.484

Important calculations for the obtained planes including
FWHM, grain size, dislocation density, and microstrain are
provided in Table I. The FWHM values for the Nb,O; film
deposited at 21 J cm ™2 and 25.2 J cm™2 are influenced by the
laser energy, which generally causes a considerable change
in the ejected flux.*” It is also impacted by thermal stress that
arises from anisotropic lattice expansion as well as micro-
strain or other defects.’!+>

Other parameters including the d-spacing, lattice con-
stants, and related phases are listed in Table II.

Based on Scherrer’s equation, the grain size is inversely
proportional to the FWHM. The widest peak is associated
with the smallest crystallite size. It can be observed that the
crystallite size of the (2 0 0) plane obtained by 21 J cm™>
is higher than the crystallite size obtained by 25.2 J cm™2.
In addition, the higher crystallite size for 21 J cm™~2 caused
lower dislocation density at the predominant (2 0 0) plane
as compared with 25.2 J cm™2. In addition to the XRD pro-
file, Raman spectroscopy is an important nondestructive
technique for characterizing the film structure. The Raman
spectra of the sample identify the film structure by interact-
ing with the vibrational modes of the film molecules and
depend primarily on the polarizability.

The prepared thin films were tested using Raman spec-
troscopy (Sunshine V2-86 spectrometer). As shown in
Fig. 5, the intense peaks observed below 400.6 cm™! are

Table | XRD calculations for the predominant films at 21 J cm™ and

252 cm™2

Fluence(d 20(°) FWHM(®) D@mm) &%10°  &*10°

-2

cm™?)

21 22.6 0.2952 27.56 1.31 0.40
26.1 0.1961 41.07 0.59 0.50
28.8 0.2460 71.76 0.93 0.39
354 0.2514 31.45 1.01 0.55
36.9 0.3804 20.70 2.33 0.29

252 28.7 0.3936 20.43 2.39 0.43

attributed to the bending modes of NbOg octahedra, while
those around 600 cm™' are related to stretching modes; a
similar range was obtained by Joya et al.>®> The bands that
exceeded 1000 cm™! were attributed to edge-shared octa-
hedra. The band located at 642.3 cm™! was obtained from
T-Nb,Ojs for the film prepared at 21 J cm™!, and an approxi-
mate indication was found by Guan et al.>* For the thin film
prepared at 25.2 J cm™!, the T-Nb,Os band was assigned
at 611 cm™'. At 990.2 cm™', an intense H-Nb,O5 broad-
ened band was observed.”~>’ Other weak bands emerged at
approximately 460.1 cm, ™! indicating the framework vibra-
tion of oxygen. A very approximate indication was found by
Palatnikov et al.’® Molecular bands observed for thin films
prepared at laser fluence of less than 21 J cm™~2 showed val-
ues shifted to lower frequencies, indicating the octahedral
distortion of the weak patterns.

The broadening in Raman spectra can be attributed to
the phonon line width modes as a function of temperature,
along with other parameters including thermal expansion
and strain induced by lattice mismatch. Observations of
broadening were also reported by Wang et al.>® It can be
observed that bands below 400.6 cm™' showed higher inten-
sity with increasing laser fluence. This may be an indication
of the compression of the material that exhibits disorders.
This kind of compression leads to increased intensity and a
slight decrease in the line width. This behavior was similarly
found by Joya et al.>* and Fakhri et al.®” The values obtained
were shifted to longer or lower wavenumbers in compari-
son with those reported by Palatnikov et al.,”® Wang et al.,>’
and Khashan et al.,®! due to different preparation methods
and the compression or decompression of the material mol-
ecules. In order to optimize Raman line width to improve
the material properties, the line width must be reduced,
which includes improving the resolution and sensitivity
of Raman spectroscopic measurements. Lower line widths
mean good-quality and well-crystallized materials, result-
ing in finer details in vibrational modes in these materials.
There are different methods to obtain this such as the use
of high-purity starting raw materials to minimize impuri-
ties and defects, which aids in broadening the Raman line
width. In addition, defects can be reduced and crystal quality
enhanced by post-synthesis thermal annealing, leading to

Table Il d-Spacing, Miller

Lo Fluence J 26 (°) d-spacing (10\) Miller indi- Lattice constants (10\) Structural phase
indices, and structural phases -2
- " cm™?) ces (hkl)
obtained at 21 and 25 J cm
21 22.6 3.88 001 a=6.17,b=29.17,¢c=3.93 T-Nb,04
26.1 3.38 402 a=21.34,b=3.81,c=19.47 H-Nb,Os
28.8 3.10 200 a=6.17,b=29.17,c=3.93 T-Nb,04
354 2.54 313 a=21.34,b=3.81,c=19.47 H-Nb,Os
36.9 242 201 a=6.17,b=29.17,¢c=3.93 T-Nb,05
25.2 28.7 3.12 200 a=6.17,b=29.17,¢c=3.93 T-Nb,05
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Fig. 5 Raman spectra of prepared Nb,Os thin films.

narrower Raman peaks. The optimum temperature and time
for annealing must suit each individual material.

A double-beam UV-Vis spectrophotometer (Shimadzu
UV-1800) was used to obtain the transmission and absorp-
tion of each prepared film. It can be observed in Fig. 6 that
the transmission decreased with increasing laser fluence.
The decreased transmission may indicate the deposition of
larger particles as the laser energy density increased. It may

also indicate the organized and well-formed layers that were
achieved during the deposition process. The absorbance of
all films, as shown in Fig. 7, was in the UV region of the
spectrum, attributed to the intrinsic semiconductor crystals.
In this study, indirect bandgaps were estimated. The indi-
rect bandgap energy values were calculated by Tauc’s plot,
shown in Fig. 7, resulting in more approximate bandgap val-
ues with PL analyses.

100 -
90 P —
0 9.20J
\s E— .cm-2
°'_ 70 13.4 J.cm-2
8 60 16.2 J.cm-2
5 21.0 J.cm-2
§ 50 252 J.cm-2
i
g 40
= 30
20
10
0 A T L L)

800 1000

wavelength (nm)

Fig.6 Transmission spectra of synthesized Nb,Ojs thin films as a function of wavelength range at different fluence values.
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Fig.7 Tauc plot estimations of the bandgaps of the films prepared at (a) 9.3 J cm™2, (b) 13.4 J cm™2, (c) 16.2 T cm™2, (d) 21 J cm™2, and (e)
25.2Jcm™.
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The energy gap is the most important parameter, since it
indicates the thin film behavior and potential for use in appli-
cations such as solar cells or detectors. Estimated bandgap
energy values of 4.81 eV, 4.73 eV, 3.41 eV, 3.29 eV, and
3.21 eV, respectively, were determined for the thin films. As
the laser energy density increased, the absorbance of the pre-
pared films also increased. This increase led to higher excita-
tion from the valence band to the conduction band, which
affected the obtained bandgap values showing a reduction
trend. Increasing laser fluence might lead to the formation
of tiny nanoparticles due to the efficient ablation process.
In the case of materials where quantum confinement effects
are considerable, smaller nanoparticles typically show larger
bandgaps. If the increased laser fluence leads to larger or
aggregated particles due to the elevated temperatures and
long growth times, the bandgap may decrease. In addition,
increased laser power can improve the surface states of
nanoparticles, which can interact with the bulk states and
effectively reduce the bandgap. Therefore, proper tuning of
laser fluence through a detailed characterization enhances
the properties and desired electronic characteristics of thin
films or nanomaterials for the specific application.

The PL spectra indicated that emission began at 351 nm,
with 330 nm as an excitation wavelength. In Fig. §, UV
emission and other peaks in the given spectra can be
observed. The emission peak at 367 nm (3.37 eV) was due
to the near-band-edge (NBE) emission that occurs from the
conduction band minimum to the valence band maximum.
Higher and lower peaks were shifted to longer wavelengths

at 373 nm and 401 nm, respectively. The peak observed
at 401 nm related to the bandgap of about 3.09 eV, while
the estimated bandgap of 2.6 eV was related to 474 nm.
The observed peaks at 538 nm and 560 nm were related to
2.3 eV and 2.21 eV, respectively. Other observations were
at 560 nm, 624 nm, and 651 nm due to the inner optical gap
transitions resulting from defects or oxygen vacancies, or
even associated with NbOg octahedral distortion.
Emissions at 367 nm and 560 nm were reported by Fakhri
et al. and Xu,% respectively. However, other values were in
approximate agreement with the same emission range found
by Ismail et al.% and Boruah et al.,% with some higher or
lower values due to different deposition routes. The broad-
ened peaks may indicate that the phonons add momentum
in the indirect transition process. The obtained PL bandgaps
are in agreement with the bandgaps estimated by Tauc’s plot,
with slightly higher or lower values that are normal in PL
analyses.®®%” When analyzing the emission spectrum, PL
results give a clear view of defects present inside material
samples. The type of defects present, their concentrations,
and the optical properties of the material can be distin-
guished by observing the emission peak placement or width
as well as how much they stand out from others (intensity)
on their own. This may be important in some uses such as
optoelectronics because we require particular properties
of diodes and photocatalysts that have been perfectly tai-
lored with respect to their defects. Potential material defects
include vacancies, interstitials, antisites, dislocations, or
impurities (dopants). These defects cause separate energy

S
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B - ! = - 676
=2 : 538
b= }.‘401| : ;-)/_
2 v\ s
e ' / -
’ e, e ' "
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Fig.8 PL spectra at different laser fluence values.
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levels to form within the bandwidth area, some of which
may serve as emission or radiation centers while others may
quench only to give off heat. Recombination involving elec-
tron—hole pairing across the forbidden band gives rise to
peaks around the position of the band edge in PL spectra.

The presence of defects is shown by peaks at energy lev-
els that are lower than the band edge. Emissions which are
caused by levels of defects undergoing transition result in
peaks. There are often problems such as voids and intersti-
tials associated with deep defects which correspond to deep-
level emissions that are emitted at wavelengths far below the
conduction band edge. Differences in peripheral locations
may be an indicator of alterations in either the amount or
kind of defects.

Thin film roughness and topographic measurements were
investigated by AFM. As the laser fluence increased, the
surface average and root-mean-square (RMS) roughness val-
ues also increased. The correlation between the laser energy
density and the surface roughness is clarified in Table III.
Prepared film topographies are shown in Fig. 9. Obviously,
the laser energy density impacted the surface roughness that
was comparable with thickness. However, the smoothest
surface belonged to the film prepared at 21 J cm™2. At this
energy density, as shown in the XRD profile, well-defined
planes were observed and the deposited particles were some-
what merged within the surface.

FE-SEM results provided the surface morphology of each
prepared film as shown in Fig. 10a—e.

One drawback of the PLD technique is the droplet for-
mation on the target’s surface due to the mechanical force
exposure. Increasing laser energy density causes an increase
in the observed particle size.®*® The obtained films showed
a relative reduction in droplet formation as the laser energy
density increased. The film deposited at 21 J cm™> showed
the smallest droplets, the most homogeneous structure, and
a morphological enhancement. At the lowest selected laser
fluence, 9.3 J cm™2, the prepared film morphology showed
very small particles with spherical clusters that were ran-
domly distributed. With an increase in the laser energy den-
sity to 13.4 J cm™2 (Fig. 10b), cauliflower-like structures
were observed. Higher laser fluence (Fig. 10c—e) revealed

Table Il Root-mean-square and average roughness for each prepared
film at different laser fluence values

Fluence (J cm™2) RMS roughness (nm) Average
roughness
(nm)

9.3 0.95 0.72

13.4 3.32 2.17

16.2 4.06 2.97

21 1.57 1.26

25.2 4.27 2.81

@ Springer

the formation of films with different particle sizes and some
droplets. Energy-dispersive x-ray analysis (EDX), shown in
Fig. 11a—e, provides the elemental composition and allows
us to estimate the stoichiometric values of the prepared
Nb,Oj; films.

As the laser energy density increased, the prepared
films showed a higher niobium-to-oxygen ratio, indicating
enhanced crystallization.””’! The data obtained from the
EDX analyses are listed in Table IV.

The thin film prepared at 21 J cm ™ provided the highest
Nb and O content percentages as well as the highest stoichi-
ometry. These results were confirmed by the XRD profile.

Conclusion

The results of this study showed that the prepared thin films
became thicker as the laser beam increased. As film thick-
ness varies directly with the amount of laser power, precise
and cost-effective material deposition can be achieved. In
particular, the deposition rate and growth of the thin films
depended on the steepness of the slope of their thickness
plotted against laser fluence. The Nb,O5 thin films were
formed as revealed by XRD analysis. However, when the
laser fluence was varied, changes in their crystal structure
were observed. Consequently, it was necessary to calculate
parameters relating to each order of diffraction peak for pre-
cise numbers regarding the grain size, dislocation density,
and microstrain of these films via XRD data. Furthermore,
information concerning their structure and the presence
of different vibrational modes was obtained from Raman
spectroscopy measurements. The findings showed that as the
laser fluence increased, absorbance increased while trans-
mission decreased according to UV-Vis spectroscopy. The
indirect bandgap values of the films were estimated using
Tauc’s plot. Different emission wavelengths were observed
in the PL spectra, indicating some defects within these films.
AFM revealed an increase in the surface roughness on many
of the films as laser fluence was increased, and EDX analysis
confirmed that the films retained the same ratio of precursor
elements.
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Table IV EDX analysis of Nb and O for different laser fluence values

Fluence @  Nb wt.% O wt.% Nb (o) 0O (o) Nb/O Si atomic % Nb atomic % O atomic % C atomic %
cm™?)

9.3 - - - - - 52.3 34.6 11.7 1.4

134 13.5 44 1.2 0.3 3.1 41.8 44.5 12.6 1.1

16.2 25.1 5.6 1.5 0.4 4.5 35.4 49.7 14.1 0.8

21 66.1 8.8 1.2 0.5 7.5 29.6 53.8 159 0.7

25.2 457 8.1 2.5 0.4 5.6 40.5 46.2 124 0.9
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