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Abstract
This work aims to explain the effect of substrate position and deposition angle on the structural, optical, and morphological 
properties of niobium pentoxide (Nb2O5) thin films prepared by hydrothermal technique. Three different surface morpholo-
gies, namely flake-, rod-, and spring-like nanostructures, were obtained using three sample holders with different geometries. 
X-ray diffraction results confirm the formation of polycrystalline rod-like Nb2O5 highly oriented in the direction of (-402) 
plane. The direct optical energy gaps at the different deposition geometries varied from 2.9 to 3.4 eV.
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1  Introduction

Niobium oxides can exhibit different properties, which make 
them a versatile material [1–3]. Nb2O5 films have remark-
able optical and structural properties such as high refractive 
index, low optical absorption in the visible and near-infrared 
regions, corrosion resistance, superior thermal stability, and 
excellent chemical stability [4–6]. Their physical proper-
ties (optical, electrical, and structural properties) strongly 
depend on their stoichiometry, crystal structure, and surface 
roughness [7–10]. Nb2O5 can be synthesized using several 
techniques, such as hydrothermal [11, 12], anodization [13, 
14], electrodeposition [15, 16], sol–gel spin-coating [17, 18], 
sputtering [19, 20], and pulsed laser deposition [21, 22]. In 
particular, the hydrothermal method is a simple, cost-effec-
tive, and low-temperature process of growing single-crys-
talline oxide nanostructures [23–28]. Nb2O5 nanostructures 
exhibit various morphologies, such as nanowires, nanobelts, 
nanorods, nanotubes, opal nanostructure, mesoporous, and 
hollow nanospheres [5, 29–39]. However, the hydrothermal-
based Nb2O5 nanostructure is not extensively investigated, 
and its structure variations are also limited [40]. In addition, 

the hydrothermal method is the most popular preparation 
technique for nanohybrid materials and nanocomposites. 
Hydrothermal expression has originated from simple geo-
logical ancestry and was first used by Sir Roderick Mur-
chison [41] to explain the effect of high temperature, water, 
and pressure on the earth’s crust and on the formation of 
different minerals and rocks. The hydrothermal method is 
also defined as a chemical reaction that occurs in different 
solvents at elevated temperatures and pressure above 1 atm 
in a closed autoclave [41, 42]. In nanotechnology field, this 
technique has an advantage over others, because it is ideal 
for preparing specifically design molecules, i.e., high quality, 
high purity, and improved crystalline, with desirable chemi-
cal and physical properties and great industrial application 
[43].

In this process, dissolved metal ions are heated at a con-
stant temperature for a specific time. For Nb2O5 preparation, 
the Nb5+ ion solution is obtained either through the action of 
the mineral acid of niobium metal or the dissolution of nio-
bium salt-like NbCl5 [34, 35]. This method involves several 
steps such as nucleation and growth of naturally crystalline 
Nb2O5 under specific temperature and pressure to allow the 
relatively insoluble crystalline materials to dissolve under 
ordinary conditions. Good control of the preparation condi-
tions is an advantage of hydrothermal method over the pyro-
chemical method. Adjusting the temperature, time, pressure, 
caustic soda concentration, solid–liquid ratio, and additives 
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may control the properties, particle size, and morphology 
of the products [38].

Different nanostructure materials have been prepared 
under various conditions using hydrothermal method. For 
example, Bai et al. deposited CdS nanofilms on Al2O3 sub-
strates using hydrothermal method and obtained a hexago-
nal morphology with improved optical properties [44, 45]. 
ZnO nanofilms with macroporous morphology were pre-
pared using the same process for electrochemical hydrogen 
storage and possible industrial production [46, 47]. Volanti 
et al. used the hydrothermal method in a microwave oven to 
prepare CuO nanoflower and employed FE–SEM and TEM 
to estimate the diameter of the sphere and monitor the thorn 
of the flower-nanostructures, respectively [48]. Bavykin 
et al. studied the effect of hydrothermal preparation on TiO2 
nanotube morphology by preparing the nonmaterial at low 
temperature and examining nitrogen absorption during the 
process. Their results revealed that the diameter of the aver-
age nanotube depends on temperature and TiO2 weight in the 
sodium hydroxide solution [49]. Wang et al. prepared lead 
chalcogenides through the hydrothermal reaction of lead 
acetate with tellurium and selenium in sodium hydroxide 
solution and found that different nanocrystals morphologies 
could be obtained under specific conditions [50]. Skrodczky 
et al. found a strong relationship between the type of strong 
acid sites and the specifically obtained Nb2O5 nanostructure 
and presented a synthesis approach for Nb2O5 nanostructures 
that have different structures and can be used as efficient 
catalysts [51].

An additional essential factor that affects surface mor-
phology and film properties is the use of an oblique angle 
during deposition to obtain highly porous thin films [52, 
53]. In the last 20 years, oblique deposition has been used in 
manufacturing many devices for magnetism, photovoltaic, 
sensors, and optical application [54, 55].

To the best of our knowledge, the combination of hydro-
thermal and oblique deposition has never been applied to 
obtain different structures and morphologies for various 
applications in the future.

Therefore, the present study focused on the effect of 
deposition angle on the characteristics of nanostructured 
Nb2O5 film to improve its growth quality using hydrothermal 
method. Nb2O5thin films were synthesized via hydrothermal 
method.

2 � Experimental

In brief, 0.1 g of commercial metal Nb powder was dis-
persed into 40 mL of distilled water and stirred for 30 min. 
The prepared solution was transferred into a sealed Teflon-
lined stainless steel autoclave of 50 mL capacity. Hydrother-
mal growth was facilitated at 160 °C for 72 h. The following 
three different geometries were used to deposit the film: the 
quartz substrates were immersed in the precursor solutions 
in the positions of flat at 0° angle, 45° with zero height, and 
45° with 3 cm height as shown in Fig. 1. After the reaction, 
the autoclave was cooled down naturally to room tempera-
ture. UV–vis spectrophotometer (model T60) and X-ray dif-
fractometer (Shimadzu 6000) were employed to determine 
the optical and structural properties of the deposited films, 
respectively. Scanning electron microscope (AA-3000) type 
was used to examine the morphological and grain size of 
the films.

Fig. 1   schematic diagram of the 
substrate holder used inside the 
sealed Teflon-lined autoclave
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3 � Results and discussion

The XRD patterns of the Nb2O5 thin film are shown in 
Fig. 2a–c. The prepared samples were hydrothermally 
synthesized, and the substrate was placed at three differ-
ent positions inside the sealed Teflon-lined autoclave. The 
crystal structure in Fig. 2a represents the first position of 
the Nb2O5 thin film when the substrate was placed at an 
oblique angle. Peak spectra confirmed the polycrystalline 
nature of the nanostructures. The results displayed three 
intense peaks related to the formation of Nb2O5 nanostruc-
ture. One strong peak indicates the high crystalline nature 
of the sample, thus coinciding with the X-ray diffraction 
peaks of the standard card (00-030-0872) of Nb2O5 at 
2θ = 38.3° related to the diffraction planes at (-402). The 
other two diffraction peak coincided with the standard 
card (00-030-0872) of Nb2O5 at 2θ = (46.0° and 55.3°) 
related to the diffraction planes (002) and (202) belong-
ing to Nb2O5 thin films. The existence of non-oxidized Nb 
(JCPDS 00-034-0370) was confirmed by the diffraction 
peak at 69.6°. In this work, Nb and H2O2 were used as 
the mineralizing agent and oxidant in the hydrothermal 

environment. The following chemical reactions are 
expected to occur during the hydrothermal process [56]:

At the beginning of the hydrothermal reaction, Nb ions 
are released and then indirectly oxidized by H2O2. Figure 1b 
illustrates the second position of the Nb2O5 thin film when 
the substrate was placed at 0° angle. All positions of the 
diffraction peaks had reduced intensity, which is similar to 
those of the sample in the first position. This finding may be 
related to the inner stress that was expected to occur when 
the metal Nb was converted into Nb2O5 in situ due to the 
different lattice parameters and the appearance of another 
diffraction peak at approximately 21.0° (100) belonging 
to the Nb metal. Figure 2c represents the third position of 
the Nb2O5 thin film at 45° with height of 3.6 cm inside the 
Teflon-lined autoclave. Two diffraction peaks belonging to 
Nb2O5and another Nb metal were observed. Although the 
purity of Nb2O5 thin film in the final product can still be 
improved, the proposed synthesis route is simple and does 
not require any templates or catalysts introduced into the 
reaction system. However, its reaction time is longer than 
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Fig. 2   XRD patterns of Nb2O5 thin films deposited at three different positions a substrate at 45° and 1 cm high, b substrate at angle 45° and 
3 cm height and c substrate at 0° angle
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that of the normal hydrothermal process. This phenomenon 
occurred, because the hydrothermal reaction is accelerated 
in the presence of templates or catalysts [57].

The estimated crystalline size, stress, and strain values 
at different deposition conditions and for the moderate dif-
fraction plane (-402) are displayed in Table 1. The crystal-
line size slightly increased under the oblique deposition with 
different heights and significantly increased for the substrate 
holder at flat 0° angle. The slight increase may be related to 
the shadow effect at glancing angle deposition. The strain 
and stress values also show a comparable value for oblique 
deposition while a slight difference could be noticed for 0° 
angle deposition. The optical absorbance spectra within 
300–900 nm wavelengths of Nb2O5 thin films for the three 
samples prepared on a quartz substrate at different angles 
in Teflon-lined autoclave are presented in Fig. 3. Different 
absorption values were obtained for the three prepared films. 
The maximum absorbance appear in the wavelength range 
of 300–380 nm for three sample prepared due to its wide 
energy gap. This finding has good agreement with [58–62]. 
The high absorption of the films shows many potential appli-
cations in the UV–vis range. The sharp band edge in the UV 
spectral region ensures the formation of direct bandgaps for 
all prepared thin films. Their values were obtained using the 
following mathematical expression [63]:

α is the absorption coefficient, hν is the incident photon 
energy, and A is the constant. The obtained energy gap val-
ues in Fig. 2 were approximately 2.9, 3.15, and 3.4 eV for 
the three samples prepared at different angles. These results 
indicate that the sample at oblique angle has lower energy 
band gap than the excited UV light source, making it a suit-
able candidate for UV sensor [64–67].

Surface engineering is one of the most important 
aspects that highly affect the scientific and industrial appli-
cations of any material. Technologies that require highly 
structured and porous films have reinforced the develop-
ment of thin films with improved morphological proper-
ties. The influence of deposition angle and height on the 
surface morphology of Nb2O5 thin films was studied using 

(2)�hv = A(hv − Eg)1∕2.

SEM. Figure 4a–c shows different morphologies for the 
films with substrate deposited at different angles in Teflon-
lined autoclave at 160 °C for 72 h. Nb2O5 highly uniform 
smooth and clear nanoflake-like nanostructure was formed 
(Fig. 4a) when the substrate was positioned at oblique 
angle of 45° with 1 cm height in an autoclave. At the 
same angle with different height of approximately 3.5 cm, 
a horizontally aligned rod-like nanostructure with com-
pletely different morphology was obtained and is shown 
in Fig. 4b. Numerous helical spring-like structures were 
obtained in the sample prepared using 0° angle holder 
as shown in Fig.  4c. These Nb2O5 nanorods appeared 
close to each other with a smooth surface. The structure 
is further highlighted in Fig. 4c with high magnification 
revealing a peculiar helical spring-like nanostructure. The 
Nb2O5 helical spring nanorods appeared as many layers 
that are adjacent to other. In the case of oblique deposi-
tion when the deposited particles arrived at a glancing 
angle to the substrate surface, additional factors affected 
the growth process and consequently the microstructure 
film properties. This factor is called “shadowing effect”, 
which prevents particle deposition in the regions behind 
the first formed nuclei. Different morphologies could be 
obtained depending on this shadowing effect [54]. In the 
case of helical spring morphology obtained at 0° angle 
deposition, the substrate rotated around the azimuthally 
axis (ϕ), and the remaining zenithal angle (α) constant 
provided a single degree of freedom to control the film 
nanostructure. This phenomenon is sometimes referred to 
as “dynamic” oblique film deposition. In this way, singular 
shapes such as spirals or helixes could be obtained [68, 
69]. The oblique deposition affects the area responsible 
for the surface shadowing of vapor species, thus explain-
ing the different relations between the incident angle of 
the deposition flux and the tilt angle of the growing col-
umns [70]. The stoichiometry of the prepared thin film was 
estimated according to the mass percentage of Nb and O 
extracted from EDS results as shown in Fig. 5a–c, and the 
values are shown in Table 2. The [Nb]/[O] mass ratio is 
a function of sample height and glazing angle. The mass 
ratio of the oblique samples with different heights was in 
the range of 2.04–5.92. An optimum percentage value was 
obtained for film deposited at 0°angles and reflected the 
stoichiometry of approximately 99%.

Table 1   Estimated crystalline 
size, stress and strain for (− 402) 
diffraction plane at different 
deposition condition

Position angle Peaks hkl Bsize Crystalline 
size D (nm)

δ × 10−3 
lines/m2

Strain ε

45 and 1 cm height 38.34  − 402 0.24 43.98 5.16 0.29
45 and height 3 cm 38.3  − 402 0.22 44 5.1 0.28
Zero angle flat substrate holder 38.38  − 402 0.20 48.2 4.2 0.26
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4 � Conclusions

Nb2O5 nanostructured films were deposited by using a fac-
ile and cost-effective hydrothermal method with metal Nb 
powder and water as the precursors. Films were obtained 
with different surface morphologies and structural 

properties depending on the substrate position and depo-
sition angle. Optical data revealed that optical energy gap 
of the film increased with the height and angle of the sub-
strate. A high-quality spring- and flake-like nanostructure 

Fig. 3   Variation of (αE)2 with 
photon energy of Nb2O5 film a 
substrate at 45° and 1 cm high, 
b substrate at angle 45° and 
3 cm height, c  substrate at 0° 
angle
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could be obtained with 87%–99% material stoichiometry 
using different sample holder designs inside the closed 
autoclave.

Fig. 4   (Left) SEM images of 
Nb2O5 thin films prepared at 
three different positions a sub-
strate at 45° and 1 cm high, b 
substrate at angle 45° and 3 cm 
height, c substrate at 0° angle 
(right) magnified SEM images
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