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Nb2O5 thin film was coated onto SLG substrate by sol-gel spin-coated technique and sintered at 120 ˚C, and was named as 
as-deposited film. Then, pieces of the sample were annealed at different temperatures (200-600 ˚C) to investigate the effect 
of annealing temperature on surface roughness and certain optical characteristics of the films. The structural and 
morphological properties of the as-deposited and annealed films were investigated by XRD and AFM measurements and 
were associated with optical results. The optical properties of the films were further examined by using UV-Vis spectra and 
calculating optical constants and parameters. The annealing temperature affected on absorption coefficient (α), extinction 
coefficient (k), refractive index (n) and dielectrics (εr, εi) of the films. It was observed that the surface roughness and particle 
size of the films as well as the optical constants increased with the annealing temperature. In addition, the optical band gap 
energy (Eg) of the films red-shifted with increasing annealing temperature, while Urbach energy (EU) and electron-phonon 
interaction (Ee-p) increased. The most important outcome of this work is that annealing temperature can be used to tune the 
mentioned optical characteristics of the Nb2O5 films. Furthermore, the results obtained indicated that Eg of the films can be 
increased up to 4.58 eV by controlling disorders in the band gap region for several optical applications.   
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1. Introduction 
 

Among the optical materials for scientific and technical 

applications, Niobium pentoxide (Nb2O5) is one of the most 

promising materials used in components of modern systems 

because of low optical absorption in the UV–Vis–NIR 

region, wide band gap and high refractive index [1-3]. Thin 

film form of Nb2O5 has been commonly used in optical 

interference filters, anti-reflective coatings, waveguide-

based optical circuits, electrochromic devices, capacitors, 

biosensors and gas sensors [4-6]. Recently, good quality 

thin films of Nb2O5 have been obtained by several methods 

such as electron beam evaporation [7], magnetron 

sputtering [8], chemical vapor deposition [9], spray 

pyrolysis [10], sol–gel process [11]. Among these 

techniques, the sol–gel offers many advantages such as easy 

composition control, low cost and low processing 

temperature, better homogeneity, reproducibility and 

possibility of coating on large area substrates. Either metal 

salt (NbCl5) [12] or metal alkoxides (Nb ethoxide) [13, 14] 

precursors have been used for coating of Nb2O5 thin films 

with sol-gel spin-coating techniques. NbCl5 is preferred due 

to its inexpensive and weaker sensitivity to humidity [15].  

Examination or modification of the optical properties 

of the Nb2O5 thin films is important for optoelectronics and 

optical devices where they can be used as active materials. 

It is possible to determine optical constants and parameters, 

such as absorption coefficient (), band tail width (Urbach 

energy, EU), refractive index (n) and dielectric constants 

(𝜀𝑟 , 𝜀𝑖) by analyzing their transmittance and reflectance 

spectrum. These parameters of Nb2O5 films are affected by 

changing some deposition/coating parameters such as 

substrate temperature [16], RF sputtering power [17], 

annealing temperature[18], film thickness and sol aging 

[19] etc. In particular, the thermal annealing process is a 

crucial parameter that considerably leads to the 

enhancement of the optical properties of Nb2O5 thin film-

based semiconductors. As it can be noticed from the 

literature survey, studies exploring in detail the effect of 

annealing temperature on the morphological, optical 

properties, and also, relation between surface roughness and 

some optical constants of sol-gel spin-coated Nb2O5 films 

are limited: Abood et al. [16] confirmed the estimated 

optical band gap energy and optical constants dependency 

of Nb2O5 thin films on the annealing temperature. Babeva 

et al. [20] reported the controlled tunability of optical 

properties for sol-gel coated Nb2O5 films with appropriate 

annealing temperature. Therefore, it is clear that more 

detailed optical studies would be of great benefit to electro-

optic applications of the Nb2O5 thin film-based optical 

devices.   

The present work focused on determining the optical 

constants and parameters, as well as surface morphology of 

Nb2O5 thin films as a function of the annealing temperature. 

This work also revealed a cost-effective and easily 

fabricated method that has been used to coat Nb2O5 thin 

https://www.sciencedirect.com/science/article/pii/S0030402618306612
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films on SLG substrates. In addition, the potential uses of 

the produced Nb2O5 thin films were demonstrated and 

discussed.  

 

 
2. Experimental details 
 

Niobium pentoxide (Nb2O5) thin film was coated onto 

soda lime glass (SLG) substrate using sol–gel technique and 

by adopting the spin-coating method. SLG substrate was 

cleaned using methanol and acetone before coating the film. 

To obtain the sol, 0.174 M precursor NbCl5 (99.995%, 

Sigma Aldrich) was dissolved into 33.2 ml ethanol (98%, 

Sigma-Aldrich) and 0.68 ml distilled water at room 

temperature. After stirring for 24 h, a clear, transparent, 

stable and homogeneous solution was obtained. Nb2O5 film 

was coated by dripping 0.4 ml of the solution onto SLG 

substrate and was then allowed to spin for 30 s with a 

spinning rate of 3500 rpm. The as-deposited film was 

sintered for 30 min on hot plate at 120 ˚C in order to 

evaporate the solvent.  

 

 
 

Fig. 1. Production steps of the Nb2O5 thin films (color online) 

 

In order to investigate the effect of annealing 

temperature on the optical constants and parameters of 

Nb2O5 films, the sample pieces were annealed by the 

conventional thermal annealing (CTA) system for 1 hour at 

200, 400 and 600 ˚C, respectively. The production process 

of the as-deposited and annealed Nb2O5 thin films were 

shown in Fig. 1. 

The structural properties of the as-deposited and 

annealed Nb2O5 thin films were investigated by using X-ray 

diffractometer (XRD), and the diffraction patterns were 

recorded on a Bruker D8 Advance with CuKα radiation 

(λ=1.5405 Å) in a θ-2θ configuration. The surface 

morphologies of the films were characterized by high 

performance atomic force microscope (AFM) 

(NanoMagnetics Instruments Ltd., Oxford, UK) by using 

dynamic mode scanning. The scan was performed with the 

area set at 10×10 μm2, and the scan speed was 2 μm/s scan 

speed at the 10×10 μm2 area. The transmittance and 

reflectance spectra of the films were measured by using a 

lambda 2S Perkin Elmer UV–Vis spectrometer in the range 

of 200–1100 nm. All experiments were carried out at RT.  

 
 
3. Results and discussions 
 
3. 1. Structural and morphological properties  

 

The XRD method is one of the premier methods which 

is used to determine crystallinity and preferred crystal 

orientation of films due to its non-destructive, surface-
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sensitive and phase selective features. Therefore, in this 

work, crystal structure of the as-deposited and annealed 

Nb2O5 thin films was analyzed by the XRD method and 

their patterns were presented in Fig. 2. As is shown in the 

figure, the as-deposited film and the films annealed at 200 

and 400 ˚C have amorphous structures. This is to be 

expected at low temperatures (below 500 ˚C) because the 

phase transformations of Nb2O5 thin films strongly depend 

on high temperature [21]. For the film annealed at 600 ˚C, 

the peaks observed at around 22.8˚, 28˚ and 36.8˚ (JCPDS 

card numbers, 0-030-0873), which come from (001), (200) 

and (201) reflection planes, respectively, confirmed that the 

film has the polycrystalline nature of orthorhombic 

structure [22].   
 

 

 

 
 

Fig. 2. XRD patterns of the Nb2O5 thin films (color online) 

 

It is important for advanced optoelectronic and optical 

devices to have uniform surfaces for their high-performance 

characteristics. In addition, the annealing temperature 

influences the grain size, which plays a critical role for the 

surface morphology and surface roughness of thin films 

[23]. Therefore, various methods have been utilized to 

analyze the surface structure of the films. One of these 

methods, AFM, is used to assess the surfac and estimate 

grain size and surface roughness under various growth 

conditions [24]. In this work, the surface morphology and 

roughness of the Nb2O5 thin films were investigated with 

AFM measurements. The two-dimensional (2D) and three-

dimensional (3D) AFM images with 10×10 μm2 scan area 

of the as-deposited and annealed Nb2O5 thin films were 

presented in Fig. 3.  

It was seen that the as-deposited film has a uniform and 

homogeneous surface without any defects such as cracks 

and hillocks. However, small holes appeared on the surface 

of the film annealed at 200 ˚C. The width of the holes on the 

surface ranges from 25 to 150 nm and the depths are about 

5 nm, and these values increase at 600 ˚C. These holes may 

come from the spinning proses of coating. 
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Fig. 3. 2D and 3D AFM images of the Nb2O5 thin films (color online)  

 
In addition, the grain size and root mean square (RMS) 

value of the surface roughness of the films were determined 

from AFM images and listed in Table 1. In AFM 

measurement, coalesced grains give the particle size. The 

surface morphology of the coalesced grains is evaluated by 

the grain size [25]. Thus, it is known that the grain size 

obtained from AFM contains all small size crystals of 

different orientations. Furthermore, the annealed films have 

higher RMS surface roughness than the as-deposited film 

due to the thermal effect. This is concerned with the 

recrystallization or reorientation of the smallest grains to 

form bigger ones through crystal growth.  
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Table 1. Grain size and RMS surface roughness of the films 

 

Films RMS (nm) Grain Size (nm) 

As-deposited 1.17 122 

200 ˚C 1.23 125 

400 ˚C 1.24 130 

600 ˚C 2.47 180 

 

3. 2. Optical constants  

 

In some circumstances, UV-vis spectrometer is one of 

the most helpful analysis techniques for the analysis of band 

structure and optical band gap energy of materials [26]. 

Using the UV-Vis spectrometer is simple, practical, 

inexpensive, and this analysis is also the basis of many 

optical techniques. In this work, the transmittance and 

reflectance spectra of bare SLG substrate, as-deposited and 

annealed Nb2O5 thin films were measured using the 

mentioned system and given in Fig. 4.  

Besides, the inset graph in Fig. 4 represented the optical 

transmittance of the films which are separated from the bare 

SLG substrate in the 315-400 nm wavelength range. The 

transparency of the Nb2O5 films is below than of the bare 

SLG substrate, as expected, and the films have a very sharp 

transmission edge at around 320 nm. All films exhibit 

opacity at wavelengths lower than this intrinsic edge. The 

as-deposited film, which has an average transmittance (Tave) 

of 77.83% in the visible region (400-800 nm), is highly 

transparent and can be used as an anti-reflection layer for 

some electro-optical devices due to this high average 

transmittance. This result aligns with the value of 74.42% 

obtained by the reactive magnetron sputtering technique at 

room temperature for Nb2O5 thin films [27]. In addition, the 

transmittance of the films is found to gradually decrease 

with increasing annealing temperature. The decrease in the 

transmittance may be attributed to the light scattering loss 

on the rougher surface of the films with annealing 

temperature. From the reflectance plots in Fig. 4, it is 

understood that the reflectance of the Nb2O5 thin films has 

exhibited opposite behavior with transmittance. The optical 

reflectance of the films gradually increased with increasing 

annealing temperature. This behavior can be explained by 

the increase of the density of the films with increasing 

annealing temperature [28]. It can be assumed that the 

coating becomes denser with increasing the annealing 

temperature.  

Optical constants (absorption coefficient (α), extinction 

coefficient (k), refractive index (n), and the real (𝜀𝑟) and 

imaginary (𝜀𝑖) parts of the dielectrics) related to the 

absorption of the photon by Nb2O5 thin films were not 

sufficiently investigated in previous studies in the literature. 

However, the determination of optical absorption gives 

useful information to understand the behavior of the coated 

films under the incident photons. Absorption coefficient () 

of as-deposited and annealed Nb2O5 thin films was 

calculated by using the relation below [29]:  

 

                      =
1

𝑡
ln {

(1−𝑅)2

2𝑇
+ [

(1−𝑅)4

4𝑇2 + 𝑅]
1/2

}               (1)  

 

where, R is reflectance T is transmittance and t is thickness 

of the films. The dependence of the absorption coefficient 

() of the films on the wavelength was presented in Fig. 5.  

All films have high absorption coefficients () of 106 cm-1. 

 

 
 

 

Fig. 4. Transmittance and reflectance spectra of the films (color online)
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Fig. 5. Absorption coefficient () of the films. Inset and areas with dot lines represent main absorption mechanism of the films  

(color online) 

 
Extinction coefficient (k), as depends on absorption 

coefficient () and wavelength of the incident photon (λ), 

of as-deposited and annealed Nb2O5 thin films was 

calculated using the equation [30]: 

 

                                            𝑘 =
𝛼𝜆

4𝜋
                                          (2) 

 

The dependence of the extinction coefficient (k) of the 

films on the wavelength was presented in Fig. 6. The 

extinction coefficient (k) for the films has the highest value 

at the energies greater than the band gap energy because the 

incoming photon energy is completely absorbed. It 

dramatically decreased after this high absorption region and 

it has reached a nearly constant value (almost zero) after 

400 nm for all the films. The fact that Nb2O5 thin films have 

such a high absorption coefficient () and low extinction 

coefficient (k) allows their use in optoelectronic and optical 

devices and is especially interesting for application in 

photovoltaic devices. 

 

 

 
 

Fig. 6. Extinction coefficient (k) of the Nb2O5 thin films (color online) 
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Extinction coefficient (k) and refractive index (n) can 

be related with experimentally measured reflectance (R), as 

suggested by Kramers–Kronig relation [31,32]: 

 

                 𝑛 = (
1 + 𝑅

1 − 𝑅
) + [

4𝑅

(1 − 𝑅)2
− 𝑘2]

1/2

                 (3) 

 

The dependence of the refractive index (n) of the films 

on the wavelength was presented in Fig. 7. The refractive 

index (n) of the as-deposited film was calculated as 2.58, 

2.04, 1.97 and 1.95 at the wavelength of 400, 550, 600 and 

633 nm, respectively. The values did not change 

substantially but increased minimally with increasing 

annealing temperature. For instance, the refractive index (n) 

of the film annealed at 600 ˚C was calculated as 2.36 at the 

wavelength of 600 nm. This expected situation can be 

explained with the fact that the annealing temperature 

increases the mobility of the atoms of the films increases 

and therefore this results in a high refractive index (n) 

because of increased packing density. In addition, the 

obtained refractive index (n) values align with the findings 

in the literature. For instance, Coşkun et al. [33] reported 

that the refractive index (n) of the Nb2O5 thin films 

deposited on glass substrates as 2.09 at 550 nm wavelength. 

In addition, Lazarova et al. [19] showed that in the 

temperature range from 60 to 650 ̊ C the refractive index (n) 

of the Nb2O5 thin films varies in the range from 1.818 to 

2.169 at the wavelength of 600 nm. 

 

 

 

Fig. 7. Refractive index (n) of the Nb2O5 thin films (color online) 

 

The real (𝜀𝑟) and imaginary (𝜀𝑖) parts of the dielectric 

constant (ε) of the films can be connected to the refractive 

index (n) and extinction coefficient (k). Dielectrics were 

calculated as [34]: 

 

         𝜀 = 𝜀𝑟 + 𝜀𝑖,    𝜀𝑟 = 𝑛2 − 𝑘2  and    𝜀𝑖 = 2𝑛𝑘         (4) 

 
The real (𝜀𝑟) and imaginary (𝜀𝑖) values of the dielectric 

constant (ε) of the films were given in Table 2. Both of the 

dielectric constants were affected by the annealing 

temperature. These values increased in the ultraviolet 

region with increasing annealing temperature which is in 

line with the variation of the refractive index (n) and the 

extinction coefficient (k). In addition, the (𝜀𝑟) values are 

higher than the (𝜀𝑖) values. 
 

 

 

 

Table 2. Tave and Rave values (in 400-800 nm) and optical 

constants (at 400 nm) of the Nb2O5 thin films 

 

Films Tave 

(%) 

Rave 

(%) 

n k εr εi 

As-

deposited 

77.83 12.16 2.58 0.14 6.68 0.76 

200 ˚C 69.13 20.86 3.57 0.22 12.75 1.61 

400 ˚C 66.96 23.33 3.76 0.23 14.14 1.77 

600 ˚C 66.78 23.21 4.06 0.24 16.48 2.03 

 

The dependence of the real (𝜀𝑟) and imaginary (𝜀𝑖) 

values of the dielectric constant (ε) of the as-deposited film 

on the wavelength was presented in Fig. 8. There is a peak 

on the plots of the dielectric constants, which is related to 

direct optical transitions between filled and unfilled bands 

in a material [35]. This was observed at about 3.7 eV 

corresponding to the optical band gap energy (Eg) of the as-

deposited film.   
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Fig. 8. Real (𝜀𝑟) and imaginary (𝜀𝑖) values of the dielectric 

constant (ε) of the as-deposited film (color online) 

 

3.3. Optical parameters 

 

The optical band gap energies (Eg) of the as-deposited 

and annealed Nb2O5 thin films were determined from the 

Tauc’s equation describing optical absorption of direct 

transitions in crystalline materials [36]:  

  
                            (ℎ)2 = 𝐴(ℎ − 𝐸𝑔)                                (5)                                                              
 

where  is the absorption coefficient, h is photon energy, 

A is a constant and Eg is optical direct band gap. A plot of 

(αhν)2 versus hν for as-deposited and annealed Nb2O5 thin 

films was illustrated in Fig. 9. The strong UV-A absorption 

was observed for the films. Eg of the as-deposited film was 

3.73 eV and this red-shifted in the amount of 70, 120 and 

160 meV with annealing temperature of 200, 400 and 600 

˚C, respectively. Changes in morphology, grain size and 

atomic distance with effects of thermal treatment may cause 

a slight decrease in band gap energy. This result aligns with 

XRD and AFM results, and a similar trend of decreasing Eg 

with increasing annealing temperature is observed on the 

films prepared with sol-gel spin-coating technique [37-40]. 

The red-shifted in band gap energy can also be associated 

with non-bridged oxygen (NBO) ions that concentration 

can be increased by thermal effect. NBO ions having more 

energy from bridged one are contributed to the valence band 

maximum (VBM). Therefore, VBM shifts to higher 

energies, and the band gap of the film narrows with the 

increasing of annealing temperatures [41].  

 

 
 

 

Fig. 9. Tauc plots of the Nb2O5 thin films derived from the 

transmittance data (color online) 

 
In the optical band gap, the excitation of an electron 

from the valence band to the conductivity band occurs by 
absorbing a photon. Although this absorption mechanism 
was the main optical absorption of the developed films, the 
photons can be absorbed in localized tail states [42]. The 
presence of optical transitions between the occupied levels 
in the valence band tail and the non-occupied levels at the 
edge of the conductivity band is well-known. These 
transitions as seen in the inset graph of Fig. 5, according to 
Urbach rule, can be described as exponential relation 
between the absorption coefficient (𝛼) near the band edge 
and the incident photon energy (ℎ𝑣) [43]: 

 

                                         𝛼 = 𝛼0𝑒
ℎ𝑣
𝐸𝑈                                        (6) 

                                                            

                                        𝐸𝑈 = [
𝑑𝑙𝑛𝛼

𝑑ℎ𝑣
]

−1

                                (7) 

 
where, 𝛼0 is a constant and 𝐸𝑈 is Urbach energy which is 
described as the band tail width of localized states in the 
energy band gap. 𝐸𝑈 is calculated from the inverse of the 
slope of the ln[𝛼(𝜆)], which is plotted versus photon energy 
(hν), near the absorption edge, as shown in Fig. 10.   
 

 
 

Fig. 10. Behavior of ln[𝛼(𝜆)] versus incident energy in near the 

absorption edge (color online) 
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EU of the films increased from 302 to 356 meV with 

increasing annealing temperature, while the Eg decreased 

from 3.73 to 3.57 eV, as seen in Fig 11. Three physical 

mechanisms can be considered to explain the increase of the 

band-edge energy width and the decrease of the band gap 

energy with annealing [44]: (i) Despite the grain size 

increase with annealing temperature, crystal disordering in 

the structure may develop. (ii) During the deposition and 

annealing some trap states like impurities as well as 

dangling bonds can occur. (iii) The other mechanism can be 

attributed to electron-phonon interactions.   

 

 
 

Fig. 11. Dependence of EU and Eg of the films upon annealing temperature. Inset graph represents the variation of EU  

with respect to Eg (dot line corresponds to linear fitting on the curve) (color online) 

 

A linear relationship can be defined between the EU and 

Eg, as seen inset graph in Fig. 11, as: 

 

                         𝐸𝑔 = −2.8634𝐸𝑈 + 4.5796                      (8)   

 

In the absence of the tails of the localized states or no 

disorder in thin film microstructure, EU=0, Eg can be reach 

maximum value as 4.58 eV. In addition, the electron-

phonon interaction (Ee-p) can also cause a broadening of the 

absorption edge. This effect is characterized by the 

steepness factor (𝜎) which can be calculated from Urbach 

suggestion for direct transition material [45]: 

 

                                        𝜎 =
𝑘𝐵𝑇

𝐸𝑈

                                           (9) 

 

where kB and T are the Boltzman constant and the absolute 

temperature, respectively. The calculated steepness factor 

(𝜎) and electron-phonon interaction (Ee-p = 2/3σ) values of 

the films as a function of the annealing temperature were 

presented in Fig. 12. The steepness factor (𝜎) decreased 

with increasing annealing temperature, while electron-

phonon interaction (Ee-p) increased. This result shows that 

the Ee-p is more dominant in increasing the localized energy 

band tail width (EU). In contrast, for films where the 

steepness factor (𝜎) is high, it can be said that other physical 

factors such as structural disordering and impurities in the 

structures reduce EU energy. In addition, a decrease in 

electron-phonon interaction at low annealing temperatures 

led to an increase in band gap energy due to less broadening 

of the absorption edge. 

 

 
Fig. 12. Dependence of 𝜎 and Ee-p of the films upon annealing 

temperature (color online) 
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The obtained optical parameters (Eg, EU,  𝜎 and Ee-p) of 

the as-deposited and annealed Nb2O5 thin films were 

summarized in Table 3. Depending on the annealing 

temperature, a similar relation between the optical band gap 

energy (Eg) and the Urbach tail (EU), as well as the steepness 

factor (𝜎) and electron-phonon interaction (Ee-p), was found 

for other semiconductors [46,47], but it was reported for the 

first time for Nb2O5 in this work.  
 

Table 3. Optical parameters of the Nb2O5 thin films 

 

Films Eg (eV) EU (meV) 𝛔 Ee-p 

As-deposited 3.73 302 0.32 2.10 

200 ˚C 3.66 315 0.30 2.24 

400 ˚C 3.61 336 0.28 2.41 

600 ˚C 3.57 356 0.26 2.59 

 
 
4. Conclusion  
 

In this study, the effect of annealing temperature on the 

structural and certain optical constants and parameters of 

Nb2O5 thin films produced by sol-gel spin-coating 

technique was presented. It was determined from XRD 

analysis that annealing at 600 ˚C changed the structure of 

the film from amorphous to polycrystalline orthorhombic 

structure. The number of crystallites and grain size, as well 

as surface roughness, increased with the annealing 

temperature. Since the annealing temperature caused the 

film to become denser, it was observed that the optical 

transmittance decreased and the refractive index (n) 

increased with the annealing temperature. In addition, 

increasing the concentration of localized states in the band 

structure with the temperature led to an increase in the 

energy width (Eu) of the localized states, and thus reduced 

the Eg. In other words, controlling the variation of the 

disorder in the film with the annealing temperature can also 

allow fine-tuning of the Eg. For example, the Eg of the 

Nb2O5 thin films can be increased up to 4.8 eV by 

eliminating the disorders (Eu=0). As a result, optimization 

of the optical constants and parameters of the Nb2O5 thin 

films with annealing temperature can be beneficial for the 

development of optical devices. 
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