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Abstract

Nb2O5 (niobia) coatings were prepared by spin coating of niobium sol, synthesized using
niobium chloride as the precursor and ethanol and water as solvents, followed by high-
temperature annealing. Doping of the films was achieved by incorporating commercially
available SiO2 (Ludox) and noble metal nanoparticles (NPs) into the sol prior to its de-
position. Various sizes of Pt (5 and 30 nm), Ag (10, 20, and 40 nm), and Au (5, 10, and
20 nm) NPs were used to enhance sensing behavior of coatings. After annealing, films
were subjected to chemical etching to remove the silica phase. This process generated
porosity within the films, which in turn enabled the tailoring of both their optical and
sensing properties. It was demonstrated that both the type and size of the incorporated
nanoparticles significantly influenced the sensing behavior. The most effective enhance-
ment was observed with the addition of 10 nm AuNPs. Optical characterization indicated
that 10 nm AuNPs had a minimal effect on the optical properties. In contrast, doping with
20 nm AuNPs led to a reduction in the refractive index and an increase in Urbach energy.
No significant alteration in the optical band gap due to doping was observed.

Keywords: Nb2O5; porous niobia; doping with gold nanoparticles; optical sensing

1. Introduction
Niobium pentoxide (Nb2O5, or niobia) is an n-type semiconductor with an optical

band gap typically ranging from 3.2 eV to 4.0 eV. It is both thermally and chemically stable,
exhibiting strong resistance to corrosion in acidic and alkaline environments [1], which
makes it suitable for a wide range of applications in advanced technology fields. Owing to
its relatively large band gap, niobia is transparent in the visible and near-infrared (NIR)
spectral ranges, which in combination with its high refractive index (greater than 2.2 in the
visible range) makes Nb2O5 an attractive material for optical applications such as optical
waveguides [2], interference filters [3], and electrochromic devices [4]. Additionally, its high
refractive index allows for tailoring of optical properties, further expanding its potential
application areas. Niobia was also used as a filler within a niobium oxide matrix in order
to increase the corrosion resistance, contact angle, and mechanical strength [5].
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Similar to many other metal oxides, Nb2O5 is a promising material for gas-sensing
applications [6–8]. The adsorption of gas molecules on the surface of the sensing material
can induce measurable changes in its electrical conductivity. It is well established that the
sensitivity of a sensing medium is strongly influenced by the synthesis method employed.
Among various approaches, the sol–gel method stands out as a simple, cost-effective, and
low-temperature deposition technique that can be conducted under ambient conditions.
In the sol–gel process, the material is synthesized from small precursor molecules in
solution (sol), building an integrated network (gel) guided by two key reactions: hydrolysis
and condensation. In the former process, reactive Nb–OH groups are formed, while the
condensation step results in the creation of bridging oxygen bonds within the niobia matrix.
The sol–gel route is also suitable for preparation of mixed metal oxides, which can enhance
the surface acidity and redox properties of the resulting composite, thereby improving its
catalytic and sensing performance [9–11]. Furthermore, sol–gel synthesis has the flexibility
to produce porous Nb2O5 materials using both soft and hard templating strategies [12–14].
Nowadays it is well understood that porosity plays a paramount role in gas sensing, as it
increases the specific surface area of the material and facilitates gas diffusion, yielding an
increased interaction between the gas molecules and the sites of the sensing medium, thus
enhancing the sensor’s overall performance.

An effective strategy for further increasing the number of active sites in Nb2O5 is
doping with nanoparticles (NPs). Studies have shown that NPs can generate a large number
of oxygen vacancies, thereby enhancing both the catalytic activity for oxidation reactions
and the electrochemical properties of the material [15–19]. Since gas sensing relies on
interactions between gas molecules and active sites located on the surface and within the
bulk of the sensing material, it is reasonable to expect that NP doping will also lead to
improved sensitivity.

In our previous studies, we demonstrated that high-quality dense and porous Nb2O5

films can be successfully prepared using sol–gel synthesis combined with the spin-coating
technique [12–14]. To induce porosity, we employed commercially available block copoly-
mers (Pluronic®) and silica nanoparticles (Ludox®) as sacrificial templates. These tem-
plates were removed from the niobia matrix either by thermal annealing (in the case of
Pluronic®) [12,13] or by selective etching following preliminary annealing (in the case of
Ludox®) [14].

In this study, we prepared sol–gel-derived Nb2O5 coatings co-doped with SiO2 (silica)
and noble metal nanoparticles. Silica doping was accomplished by means of Ludox®, a
commercially available colloidal solution of silica nanospheres with an average diameter
of 13 ± 2 nm [14]. Noble metal doping was achieved using colloids of gold (Au), silver
(Ag), and platinum (Pt), with particle sizes ranging from 5 to 40 nm. For all samples, the
sol-to-Ludox ratio was fixed at 20:1, based on prior results indicating this ratio as optimal
for gas-sensing performance [14]. The Ludox-to-nanoparticle ratio was varied (1:1, 1:3,
and 1:4) to control the concentration of noble metal NPs within the films. The films were
deposited using the spin-coating technique and subsequently annealed at 320 ◦C for 30 min.
Silica was then selectively removed by etching in a very dilute aqueous solution of nitric
and hydrofluoric acids, creating porosity within the films by leaving voids in the silica
bed. The optical and gas-sensing properties of the films were investigated to reveal their
dependences on the type and size of the incorporated nanoparticles. These effects are
systematically presented and discussed in the following sections.
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2. Materials and Methods
2.1. Preparation of Doped Nb2O5 Thin Films

The combination of sol–gel and spin-coating methods was implemented for deposition
of Nb2O5 thin films on silicon wafer substrates. NbCl5 (99%, Sigma-Aldrich, Saint Louis,
MO, USA) was used as a precursor. In the first step of sol preparation, 0.400 g NbCl5 and
0.6 mL ethanol (96%, Chempur, Piekary Śląskie, Poland) were sonicated for 30 min. For
proper dissolution, the temperature in the ultrasound bath should not exceed 25–30 ◦C. To
meet this requirement, we kept the sol in refrigerated water and periodically added ice
to the bath. Next, 3 mL of ethanol and 0.17 mL of distilled water were added to the sol,
after which the mixture was subjected to sonication for 30 min. Subsequently, 2.7 mL of
ethanol was introduced, and the resulting dispersion was filtered through a membrane
with a pore size of 450 nm. Finally, an additional 2 mL of ethanol was added to the filtrate.
The solution was aged for 24 h at ambient conditions prior to thin film deposition. We have
already demonstrated that Nb2O5 films prepared from a 24 h aged Nb sol exhibit a higher
refractive index compared to films derived from either a non-aged sol or a sol aged for a
longer period [20].

For silica doping, the commercially available product Ludox® (LUDOX® AS-30 col-
loidal silica, Grace, Worms, Germany) was used. This is a stabilized colloidal solution
containing SiO2 spheres with a weight concentration of 30 wt% and a particle diameter
of approximately 13 nm. For noble metal nanoparticle doping, stabilized aqueous col-
loids were employed, including gold nanoparticles (AuNPs) with diameters of 5, 10, and
20 nm; silver nanoparticles (AgNPs) with diameters of 10, 20, and 40 nm; and platinum
nanoparticles (PtNPs) with diameters of 5 and 30 nm.

To prepare both undoped and doped coatings, Ludox was mixed with distilled water
or metal NP dispersions at ratios of 1:1, 1:3, and 1:4, respectively. Proper amounts of these
mixtures were then added to the pre-prepared niobium sol, keeping the volume ratio of Nb
sol-to-Ludox at 20-to-1. The specific recipes for the preparation of coatings are detailed in
Table 1.

Table 1. Description of the samples used in this study and the exact recipes for their preparation.

Sample Nb Sol (µL) Ludox (µL) NPs (µL) NPs Type NPs Size (nm) H2O (µL) NbCl5 (g):Ludox (g):NPs (g)

NbSi1 909 45.5 0 - - 45.5 4.27 × 10−2:1.37 × 10−2:0
NbSi2 833.3 41.7 0 - - 125 3.90 × 10−2:1.25 × 10−2:0
NbSi3 800 40 0 - - 160 3.74 × 10−2:1.20 × 10−2:0
Au1a 909 45.5 45.5 Au 5 0 4.27 × 10−2:1.37 × 10−2:9.1 × 10−7

Au1b 909 45.5 45.5 Au 10 0 4.27 × 10−2:1.37 × 10−2:9.1 × 10−7

Au1c 909 45.5 45.5 Au 20 0 4.27 × 10−2:1.37 × 10−2:9.1 × 10−7

Au2b 833.3 41.7 125 Au 10 0 3.90 × 10−2:1.25 ×10−2:2.5 × 10−6

Au2c 833.3 41.7 125 Au 20 0 3.90 × 10−2:1.25 × 10−2:2.5 × 10−6

Au3b 800 40 160 Au 10 0 3.74 × 10−2:1.20 × 10−2:3.2 × 10−6

Au3c 800 40 160 Au 20 0 3.74 × 10−2:1.20 × 10−2:3.2 × 10−6

Ag1a 909 45.5 45.5 Ag 10 0 4.27 × 10−2:1.37 × 10−2:9.1 × 10−7

Ag1b 909 45.5 45.5 Ag 20 0 4.27 × 10−2:1.37 × 10−2:9.1 × 10−7

Ag1c 909 45.5 45.5 Ag 40 0 4.27 × 10−2:1.37 × 10−2:9.1 × 10−7

Pt1a 909 45.5 45.5 Pt 5 0 4.27 × 10−2:1.37 × 10−2:4.6 × 10−8

Pt1b 909 45.5 45.5 Pt 30 0 4.27 × 10−2:1.37 × 10−2:4.6 × 10−8

Thin films were prepared by the method of spin coating (Laurell WS-650MZ-23NPPB
spin coater, North Wales, PA, USA) at rotation and acceleration rates of 4000 rpm and
1500 rpm/s, respectively. A short initial step (1.5 s) at a low spin rate (500 rpm) was
included before reaching the targeted spinning rate to enhance the uniform spreading of
the liquid across the substrate. After deposition, the samples were annealed for 30 min at a
temperature of 320 ◦C in order to create the niobia matrix.
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To enable potential application of the films in sensing, porosity was introduced by
immersing them for 100 s in a solution consisting of 0.3 mL nitric acid (Chempur, Poland),
0.5 mL hydrofluoric acid (Chempur, Poland), and 109.2 mL distilled water. This step
selectively removed the SiO2 nanoparticles, thereby creating free volume within the films.

2.2. Characterization of Films

Transmission electron microscopy (TEM) (JEOL JEM 2100, JEOL Ltd., Tokyo, Japan)
and selected area electron diffraction (SAED) were used to study the morphology and
structure of the films, respectively, while high-resolution transmission electron microscopy
was applied for nanoparticle examination. Two different sample preparation techniques
were applied in the course of the TEM investigation. In the first, the films were deposited
onto sodium chloride (NaCl) substrates, annealed, and then immersed in distilled water.
As the NaCl substrate dissolved, the film detached and floated on the water’s surface. It
was then carefully retrieved and transferred onto a copper microscope grid. In the second
preparation technique, films deposited onto Si substrates were detached from them by
gentle scratching and transferred onto a carbon-covered microscope grid.

The optical constants—refractive index (n), extinction coefficient (k), and film thickness
(d)—were determined by nonlinear curve fitting of reflectance spectra measured in the
320–900 nm spectral range, where film absorption is negligible. To calculate the optical
band gap of the films, the absorption coefficient (α) was measured ellipsometrically in the
200–400 nm spectral range, where absorption is significant. These measurements were
performed using a phase-modulated ellipsometer UVISEL 2 (Horiba Jobin Yvon, Horiba
France SAS—Lyon, France).

The potential application of coatings in vapor sensing was demonstrated by measur-
ing their reflectance spectra using a UV-VIS-NIR spectrophotometer (Cary 05E, Varian,
Australia) under different ambient conditions: air, argon, and acetone vapors delivered by
a home-made system [21]. To eliminate the influence of varying ambient conditions, we
purged the sample chamber with dry argon gas prior to the acetone vapor test, continuing
until the signal stabilized. The refractive index change, due to absorption and condensation
of the analyte (acetone vapors) within the pores, was then calculated using the previously
developed iso-line method [22].

3. Results and Discussion
In this study, we prepared Nb2O5 films doped with both noble metal nanoparticles

(NPs) and SiO2 NPs, the latter sourced from the commercially available product Ludox.
Gold (Au), silver (Ag), and platinum (Pt) nanoparticles of various sizes (ranging from 5 to
40 nm; see Table 1) were used. For all samples, the Nb sol-to-Ludox ratio was fixed at 20:1,
as our previous investigations [14] have shown that this ratio yields the highest sensitivity
to acetone vapors. As shown in Table 1, the type, the size, and the concentration of nanopar-
ticles were systematically varied. As the concentration of NPs increased, the volume of Nb
sol and Ludox was reduced, maintaining a total volume (Nb sol + Ludox + NPs + H2O) of
1000 µL in all cases. To study the influence of metal NP doping on the sensing behavior
of Nb2O5–SiO2 films, we also prepared a series of control films without metal nanoparti-
cles (designated NbSi1, NbSi2, and NbSi3), maintaining the same 20:1 Nb sol-to-Ludox
ratio. The only difference among these control samples was the amount of added water,
adjusted to match the amount of NP dispersion in the doped samples. In such a way, it
was ensured that the thickness difference between doped and undoped films remained
negligible, allowing for a reliable comparison of their sensing performance. The last column
of Table 1 displays the masses of NbCl5, Ludox, and NPs in 1 mL of prepared solution used
for deposition of each coating.
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3.1. Introducing Porosity in Niobia Thin Films

As previously mentioned, after annealing, the films undergo selective dissolution
of the SiO2 nanoparticles to introduce porosity. Following each etching step, the film’s
reflectance spectrum is measured, and its refractive index and thickness are determined.
The films are considered as an effective medium comprising three phases—Nb2O5, SiO2

and free space (air). Employing Bruggeman effective medium approximation relating
the volume fractions and dielectric constants of these phases, we calculated the temporal
dependences of the volume fractions of each phase [14]. The results are presented in
Figure 1a.
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Figure 1. Volume fractions of Nb2O5, SiO2 and free volume (air) in the undoped film (NbSi1) as a
function of etching time (a) and thickness of the film as a function of etching time (b).

It can be observed that during the first 30 s of etching, the film composition remains
unchanged. Beyond this point, the volume fraction of SiO2 begins to decrease, while the
free volume (air) increases, indicating the onset of silica dissolution. After 120 s, SiO2 is
completely removed from the film; however, the free volume continues to grow. A slight
decrease in the niobia volume fraction suggests minor dissolution of Nb2O5 as well.

Figure 1b shows the film thickness as a function of etching time. It is seen that the
film thickness remains nearly constant up to 210 s of etching, indicating structural stability.
After 240 s, however, the film thickness decreases from 158 nm to 124 nm, indicating the
beginning of matrix destruction. Etching beyond this point leads to a drastic decrease in
the film thickness and complete damage to the film.

Although Figure 1a presents the temporal evaluation of volume fractions of phases in
the particular sample NbSi1, the same behavior is expected for NbSi2 and NbSi3 samples.
This is because the dissolution process is primarily governed by the Nb sol-to-Ludox
ratio and is largely independent of the film thickness. Furthermore, a similar behavior is
anticipated in the metal NP-doped films, as their only difference from the NbSi series is
the presence of a small amount of noble metal nanoparticles, which do not influence the
etching process.

3.2. Selection of Nanoparticle Type and Size

To optimize the type and size of metal nanoparticles, we prepared films doped with
Au (5, 10, and 20 nm), Ag (10, 20, and 40 nm), and Pt (5 and 30 nm) nanoparticles, as listed
in Table 1. Two identical films were deposited from each type. The volume ratio between
Nb sol and Ludox is 20-to-1, while that between Ludox and NPs is 1-to-1. After annealing
for 30 min at 320 ◦C, the films are immersed for 100 s in an etching solution composed of
a very diluted aqueous mixture of nitric and hydrofluoric acids to selectively remove the
silica phase. The concentration of etching solution is the same as that used for the films in
Figure 1. This process generates porosity within the films. The sensing properties of these
films were investigated by measuring their reflectance spectra in different environments:
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air, argon, and acetone vapors. When the ambient environment changes from argon to
acetone, acetone vapors penetrate the film’s porous structure and condense within. This
results in an increase in the film’s refractive index, which in turn alters the reflectance
spectrum. By measuring the change in reflectance (∆R), we can estimate the corresponding
change in refractive index (∆n). The latter is preferable for comparing different samples,
as it is independent of film thickness, allowing for a more reliable evaluation of sensing
performance. However, determining ∆n from ∆R is not straightforward, as there is no
analytical expression for ∆n-vs.-∆R dependence. To overcome this, we developed an
original method based on calculating iso-lines of theoretical reflectance change (∆Rth) in
the n-d plane for various values of refractive index change (∆nth). The actual ∆n is then
determined as the value of ∆nth that yields the measured ∆R at the point defined by the
film’s refractive index (n) and thickness (d). A major advantage of the iso-line method
is that it overcomes the significant difficulties associated with numerical differentiation
(∂R/∂n) near the peaks of the reflection spectra when ∆n is calculated from ∆R. In these
regions, the first derivative (∂R/∂n) approaches zero, causing ∆n to increase rapidly and
resulting in large uncertainties in its determination. The iso-line method has no inherent
limitations in its application. Its uncertainty is comparable to that of other numerical
methods and primarily depends on the accuracy of the input parameters (n, k, and d) as
well as the experimental precision of the reflectance (R) measurements. Further details
about this method can be found elsewhere [22].

The calculated values of ∆n for all studied samples using the iso-line approach are
presented in Figure 2 along with the error bars calculated as the standard deviation from
the average value of two samples.

NbSi1 Pt1a Pt1b Ag1a Ag1b Ag1c Au1a Au1b Au1c
0.00

0.01

0.02

0.03

0.04

0.05

Δn

Figure 2. Calculated values of refractive index change (∆n) due to exposure to acetone vapors of the
denoted samples described in detail in Table 1. The error bars are calculated as a standard deviation
from the average value of two samples.

Figure 2 shows that the refractive index change (∆n) is nearly the same for the un-
doped films and those doped with Pt (5 and 30 nm), Ag (10, 20, and 40 nm), and Au
(5 nm) nanoparticles. However, a significant increase in sensitivity is observed when Au
nanoparticles with sizes of 10 and 20 nm are used. Therefore we decided to continue the
study by optimizing the AuNP doping concentration.

3.3. Doping with Au Nanoparticles (10 and 20 Nm) with Different Concentrations

The next step of our investigation focuses on films doped with previously selected gold
nanoparticles (AuNPs) with sizes of 10 and 20 nm, incorporated at different concentrations.
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The volume ratio between Nb sol and Ludox remains fixed at 20:1, while the ratio between
Ludox and AuNPs varies from 1:1 to 1:3 and 1:4 (see Table 1).

3.3.1. TEM Investigation

A TEM picture of AuNPs with an average diameter of 10 nm is presented in Figure 3a,
where a high-resolution picture of AuNPs is presented as an inset as well. Both pictures
confirm the average diameter of 10 nm and show spherical shapes. NPs are well separated
and there is no aggregation. The film’s morphology (sample Au1b in Table 1) is illustrated
with a TEM picture in Figure 3b. It is seen that the Ludox particles are uniformly distributed
across the surface of the films. Since the pores are formed at the locations of these particles
after etching, this suggests a uniform pore distribution as well. Because of the low NP
concentration in the film, only two nanoparticles are seen at this magnification (40k) on the
film’s surface. From our previous studies of Nb2O5 films doped with SiO2 NPs, we know
that the films are amorphous [14]. The SAED (selected area electron diffraction) picture
presented in Figure 3b as an inset confirms the amorphous status of AuNP-doped samples.

Figure 3. (a) Transmission electron microscopy (TEM), and high-resolution TEM pictures as an
inset, of gold nanoparticles (AuNPs) with an average diameter of 10 nm; (b) TEM picture, and
SAED (selected area electron diffraction) as an inset, of a thin Nb2O5 film doped with both SiO2

nanoparticles (Ludox) and 10 nm AuNPs (see Table 1, sample Au1b).

3.3.2. Refractive Index and Optical Band Gap

Figure 4 presents the dispersion curves of the refractive index (n), i.e., wavelength
dependence of n, for Nb2O5/Ludox films doped with AuNPs of 10 and 20 nm at Ludox-to-
AuNP ratios of 1:3 (Figure 4a) and 1:4 (Figure 4b). For comparison, the dispersion curves of
undoped samples are also included. The error bars in Figure 4 are calculated as a standard
deviation from the average value of two samples deposited at identical experimental
conditions. The refractive index values at a wavelength of 600 nm are presented in Table 2.
The results for both doped and undoped samples with a 1:1 ratio of Ludox to AuNPs are
similar and therefore are not shown in Figure 4.

Table 2. Refractive index values at a wavelength of 600 nm with errors calculated as a standard
deviation from the average value of two samples for undoped Nb2O5/Ludox films and films doped
with Au nanoparticles (AuNPs) of size 10 nm and 20 nm at Ludox-to-AuNP ratios of 1:1, 1:3, and 1:4.

Sample No AuNPs AuNPs 10 nm AuNPs 20 nm

1:1 1.600 ± 0.008 1.600 ± 0.008 1.600 ± 0.004
1:3 1.602 ± 0.003 1.601 ± 0.006 1.571 ± 0.001
1:4 1.605 ± 0.003 1.601 ± 0.005 1.577 ± 0.005

When the films are doped with 10 nm AuNPs, no significant change in the refractive
index is observed compared to undoped samples, and this behavior is consistent across all
three Ludox-to-AuNP ratios. In contrast, incorporation of 20 nm AuNPs results in a slight
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decrease in refractive index for the 1:3 and 1:4 ratios. However, the refractive index values
for these two samples are similar within the margin of experimental error, indicating that
there is no clear evidence of refractive index dependence on AuNP concentration.
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Figure 4. Dispersion curves of the refractive index for Nb2O5/Ludox thin films (NbSi2 and NbSi3
from Table 1) and Nb2O5/Ludox films doped with Au nanoparticles (AuNPs) of 10 nm (Au2b and
Au3b) and 20 nm (Au2c and Au3c) at Ludox-to-AuNP ratios of 1:3 (a) and 1:4 (b). The error bars are
calculated as a standard deviation from the average value of two samples.

Two possible reasons can explain the observed decrease in refractive index. The
first relates to the optical properties of gold: in the visible spectral range, particularly at
wavelengths above 550 nm, the real part of gold’s complex refractive index is very low
(n < 0.5) [23]. As a result, incorporating Au nanoparticles into the films can lower their
effective refractive index. The second possible reason is an increase in the film porosity
upon incorporation of larger AuNPs (20 nm). These larger particles may introduce voids
and nano-cracks during film formation, leading to a reduction in the overall density and
thus the refractive index of the doped films.

The next step of optical characterization concerns the determination of the absorption
coefficient, optical band gap and Urbach energy. Figure 5 shows absorption coefficient as
a function of wavelength for undoped Nb2O5/Ludox films and films doped with 20 nm
AuNPs. It is seen from Figure 5a that doping leads to an overall enhancement in the optical
absorption of the films, which is expected due to the strong light absorption properties of
gold nanoparticles embedded within the Nb2O5 matrix.

Figure 5. Dispersion curves of absorption coefficient (a) and Tauc plot (b) for Nb2O5/Ludox thin
films (sample NbSi3 from Table 1) and films doped with 20 nm Au nanoparticles (AuNPs) (sample
Au3c) at a Ludox-to-AuNP ratios of 1:4.
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Two spectral ranges can be distinguished where the absorption coefficient exhibits
different behavior. In the high-energy range, it is described by the power function
(Equation (1)):

α =
(E − Eg)m

E
, (1)

where Eg is the optical band gap, E is the photon energy and m is a parameter related
to the type of the transition between valence and conduction bands. For Nb2O5, m = 2,
indicating indirect allowed transitions [24]. Figure 5b shows the so-called Tauc plot where
the squared product of alfa and E is plotted versus E. The optical band gap is determined
from the linear part of the curve at (αE)1/2 = 0. The calculated band gap values are 3.55 eV
for the undoped film and 3.58 eV for the film doped with 20 nm AuNPs, indicating minimal
change in the fundamental absorption edge upon doping. To assess whether 0.03 eV is
a significant difference, we calculated the errors in Eg arising from uncertainties in the
calculated extinction and absorption coefficients. The results show that a 10% error in k
leads to a shift of 0.02 eV in Eg. This shift increases to 0.03 eV when a 30% error in k is
assumed. Therefore, the observed 0.03 eV change in Eg due to doping is comparable to the
potential experimental uncertainty.

In the low-energy region, the absorption coefficient exhibits an exponential depen-
dence on photon energy (Equation (2)), allowing for the estimation of the Urbach energy
(EU) from the slope of the linear part of the curve ln (α/α0) versus E:

α = α0exp
E

EU
(2)

The calculated EU values are 38 meV for the undoped film and 58 meV for the AuNP-
doped sample. Similarly to the case of Eg, we calculated the errors in EU due to experimental
errors in k and α. However, in contrast to the Eg case, a 30% error in k has a negligible effect
on the Urbach energy, causing only a 0.4 meV shift in EU. The increase in Urbach energy
suggests higher structural disorder in the doped film, likely due to the incorporation of
gold nanoparticles. Localized surface plasmon resonance (LSPR) can contribute to the
increased disorder at the nanoparticle–matrix interface by enhancing local electromagnetic
fields [25,26]. Additionally, LSPR may induce local heating or bond rearrangement, further
increasing structural disorder, which can manifest as a higher Urbach energy. Scattering
from nanoparticles extends the optical path length within the sample, thereby enhancing
light absorption and amplifying the absorption tail [27]. Since the latter is related to the
Urbach energy, it is reasonable to expect that scattering may contribute to its increase
as well.

3.3.3. Sensing

The sensing methodology is described in detail in Section 3.2. Briefly, niobia coatings
doped with SiO2 and Au nanoparticles are placed in a quartz cell inside a spectropho-
tometer, and their reflectance spectra (R) are measured both before and during exposure
to acetone vapors. The change in reflectance (∆R) is then used to calculate the refractive
index change (∆n) resulting from analyte absorption, using a previously developed iso-line
method [22]. It is noteworthy to emphasize that, when comparing the sensing perfor-
mance of different materials, ∆n is a more reliable parameter than ∆R due to the fact that
reflectance (R) is a periodic function of the film thickness (d) and can vary significantly with
small changes in d. In contrast, the refractive index (n) is an intrinsic material property and
is generally independent of the film’s thickness.

Figure 6 presents the calculated changes in refractive index (∆n) resulting from the
exposure of the films to acetone vapor. The error bars in Figure 6 are calculated as a standard
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deviation from the average value of two samples deposited at identical experimental
conditions. All samples show enhanced sensitivity after doping with 10 nm compared to
the undoped films. The highest response is observed for Ludox-to-NP ratios of 1:1 and 1:3.
Surprisingly, when bigger nanoparticles (20 nm AuNPs) are used, an improvement over
the undoped sample is evident only at the 1:1 ratio. At higher nanoparticle loadings, the
sensor response decreases, indicating a diminishing effect with increasing concentrations
of larger nanoparticles.

 

1:1 1:3 1:4
0.00

0.01

0.02

0.03

0.04

0.05

 

Δn

 Undoped;   AuNPs (10nm);   AuNPs (20 nm)

Figure 6. Calculated values of refractive index change (∆n) due to exposure to acetone vapors of thin
niobia coatings doped with SiO2 nanoparticles (Ludox) (series NbSix, x = 1, 2, 3 in Table 1) denoted
as undoped and coatings doped with both SiO2 and gold nanoparticles (AuNPs) with sizes of 10 and
20 nm (series Auxb and Auxc, x = 1, 2, 3, Table 1). The x-axis values present the volume ratios of
Ludox to water and Ludox to NPs in undoped and AuNP-doped coatings, respectively. The error
bars are calculated as a standard deviation from the average value of two samples.

The size-dependent enhancement of the sensing properties can be attributed to the
higher surface area provided by 10 nm AuNPs compared to 20 nm AuNPs. This increased
surface area offers more active sites for interaction with acetone molecules, both on the
surface and within the volume of the Nb2O5 coating, leading to a higher overall response.
Based on this logic, 5 nm AuNPs should theoretically provide even more active sites than
10 nm AuNPs due to their greater surface-to-volume ratio. However, as shown in Figure 2,
the response of films doped with 5 nm AuNPs is similar to that of undoped films, indicating
insignificant improvement in sensing performance. Two possible explanations for this
behavior can be proposed: (i) Due to their small size, 5 nm AuNPs may agglomerate during
annealing, thereby reducing their effective surface area. (ii) The size of the 5 nm AuNPs is
comparable to the pore size of the Nb2O5 coating, which may allow them to penetrate into
the pores and partially block gas diffusion pathways, ultimately decreasing the number of
accessible active sites and reducing the overall sensing response.

4. Conclusions
Transparent niobium pentoxide (Nb2O5) films were successfully fabricated using the

sol–gel technique in conjunction with spin coating. To introduce varying porosity into
the films, silica nanoparticles were incorporated, and controlled etching durations were
applied. The incorporation of metal nanoparticles (NPs) into the Nb2O5 matrix revealed a
strong dependence of sensing performance on NP type and size. A significant increase in
sensitivity was observed with the addition of gold nanoparticles (AuNPs) of 10 and 20 nm.
In contrast, platinum (Pt) NPs (5 and 30 nm), silver (Ag) NPs (10, 20, and 40 nm), and
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smaller AuNPs (5 nm) did not yield any notable improvement in sensing characteristics.
Doping the Nb2O5 films with 20 nm AuNPs resulted in a reduction in the refractive index
from 1.60 to 1.57. This decrease was attributed to two factors: (i) the low real part of the
refractive index of gold, which lowers the effective refractive index of the doped films,
and (ii) an increase in film porosity due to the incorporation of the larger 20 nm AuNPs.
Additionally, the Urbach energy increased from 38 meV in the undoped film to 58 meV in
the doped sample, indicating enhanced structural disorder or a higher density of defect
states due to scattering or local surface plasmon resonance effects. No significant alteration
in the optical band gap was detected, indicating that fundamental electronic transitions
remain largely unaffected.
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