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ABSTRACT

In the present work, single-layer and multi-layer Nb2O5 thin films were

obtained by using sol–gel spin-coating technique and applying annealing tem-

perature. The formation of hydroxyl on the Nb2O5 surface was determined by

the FTIR technique. It is seen the structure turns into pure Nb2O5 form above

350 �C. Thickness effects on the structural and morphological properties of the

annealed films were investigated by SIMS, XRD, XPS and AFM measurements.

The thicknesses of the 1, 2 and 3-layered films are 65, 108 and 178 nm, respec-

tively, and Nb2O5 films have amorphous structures even at an annealing tem-

perature of 350 �C. RMS surface roughness of the films increased with

increasing the film thickness increasing the stacked layers, while the 2-layered

film has the highest surface area. After the characterizations have been defined,

Ag interdigital electrodes were fabricated on the developed films with the

Aerosol Jet Printing technique to produce H2 gas sensors whose active material

is single-layer and multi-layer Nb2O5 thin films. The sensing performances of

the sensors were examined with respect to film thickness under H2 concentra-

tions ranging from 90 to 1200 ppm at operating temperature of 25 �C. Based on

the 2-layered film, the sensor shows better hydrogen sensitivity, which can be at

least partially caused by the higher surface area of the films and also associate

with thickness of 108 nm. In addition, all fabricated sensors have good selec-

tivity to H2 gas compared to the other gases such as CO, O2 and C3H8, as well as

long-term stability over 90 days.
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1 Introduction

Transition metal oxide materials are an important

class of semiconductor materials because of their

technological application fields such as catalysts,

light-emitting diodes, solar cells, optical smart win-

dows, batteries, electrochromic devices, memristive

and gas sensors [1–3]. Niobium oxide, one of the

transition metal oxides is a strategic high-technology

group V–B oxide material [4]. It is mainly found in

the combination of niobium with oxygen as stoi-

chiometric oxides such as NbO, NbO2, and Nb2O5,

the last one is the thermodynamically stable form

with the lowest free energy of formation. Nb2O5 has

different crystal structures: Nb2O5.n-H2O (amor-

phous), TT-Nb2O5 (pseudohexagonal), T-Nb2O5

(orthorhombic), and H-Nb2O5 (monoclinic) [5]. The

different phases are formed depending on the pro-

duction method of the compound, temperature, and

oxygen spaces. While the amorphous phase is gen-

erally observed at temperatures below 500 �C, the

orthorhombic phase is formed at temperatures

between 500 and 900 �C and the crystal structure

determined for heat treatments above 1000 �C is the

monoclinic phase which is the most thermodynami-

cally stable [6]. Nb2O5 is an n-type direct semicon-

ductor with a wide band gap (3.4 eV), so appropriate

to use as a photocatalyst under UV light. They can

also use it as cathodic electrochromic material with

stability and reversibility and it changes its color

when reduced. Besides, either optical or electrical gas

sensors can develop using Nb2O5 electrochromic

materials. Electrical conductivity of the Nb2O5-based

electrical gas sensors changes when exposed to gases

such as oxygen (O2), dissolved O2, carbon monoxide

(CO), ammonia (NH3), hydrogen (H2) and several

hydrocarbons (HCs) gases.

A lot of researchers have focused on the thin film

form of Nb2O5 because of its excellent physical,

optical, and chemical properties, such as high

refractive index, low extinction coefficient, excellent

thermodynamic and chemical stability, and high

transparency in the UV–vis–NIR region of the elec-

tromagnetic spectrum [7]. Nb2O5 thin films can be

prepared by a variety of methods such as electron

beam evaporation [8], chemical spray pyrolysis [9],

atomic layer deposition [10], sputtering techniques

[11], and sol–gel method [12]. From these processes,

the sol–gel coating has attracted great attention due

to its low crystallization temperature and

homogeneity at the molecular level. It is also a very

useful method for obtaining both inorganic and

organic polymers. This system has some advantages,

such as control of chemical composition, high

homogeneity, ease of formation of multi-layer coat-

ings, and energy-saving [13]. Even more remarkable

is that the sol–gel spin-coating technique is also

beneficial in lowering the production cost of multi-

layer Nb2O5 thin films. The properties of the sol–gel

spin-coated multi-layer Nb2O5 thin films can be

easily and quickly investigated by changing the

number, thickness chemical composition, etc., for

each layer.

Based on the literature survey, there are many both

single-layer and multi-layer thin film coatings works

achieved with sol–gel coating technique, which is an

economical and fast coating technique, up to now.

Increasing the thickness of these films can be

achieved by controlling some sol–gel parameters or

by dropping the sol–gel solution droplets on the

substrate according to the number of layers. For

example, by changing the number of TiO2 and ZnO

spinning cycles some observed that the materials

have shown electrical, optical, and structural changes

[14, 15]. When the number of TiO2 layers increased, a

decrease was determined in its electrical resistance,

or with increasing the number of ZnO layers, the

optical band gap energy decreased. However, to the

best of our knowledge, there is no study involving

the coating of Nb2O5 material on the substrate with a

sol–gel spin-coating system by increasing the number

of layers, i.e. increasing the cycles. This is the first

work which is to examine of influence the number of

layers on the characteristics of the Nb2O5 films, as

well as present comparisons among the stacked lay-

ers. In addition, it is worth remarking that the

material properties of the Nb2O5 films can be con-

trolled with film thickness which in turn will affect

the gas sensor properties because sensing perfor-

mances of the sensors are strongly influenced by the

morphology, porosity and large surface-to-volume

ratio of the films.

Up to now, Nb2O5 thin films have not been suffi-

ciently studied in the field of gas sensors, so very

little information is available in the literature about

them. Hyodo et al. [16] fabricated the H2 gas sensors

based on anodically oxidized Nb2O5 film coupling

with noble metal electrodes and reported the sensi-

tivity of the sensors at 100 �C. Rani et al. [17] inves-
tigated the behaviors and sensing performances of
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the H2 sensors based on nanoporous Nb2O5 films at

different concentrations, and temperatures from RT

to 100 �C. So, it is clearly seen that the results of

sensitive, stable and selective H2 sensor production

based on sol–gel spin-coated Nb2O5 thin films have

been brought to the literature for the first time with

our study.

Hence, first, it was discussed the results according

to changes in the film thickness of sol–gel spin-coated

Nb2O5 thin films, and then, coming to the curious

part where it was reported the H2 gas sensing prop-

erties of the single-layer and multi-layer films. In

order to determine the selectivity, the obtained sen-

sors were also investigated under carbon-monoxide

(CO), oxygen (O2) and propane (C3H8) gases. In

addition, the stability performances of the sensors

were also investigated.

2 Experimental details

2.1 Preparation and characterization
of Nb2O5 thin films

The sol–gel spin coating technique was used to

develop single-layer and multi-layer niobium pen-

toxide (Nb2O5) thin films on silicon (Si) substrates. To

get the viscous solution, 1.6 g NbCl5 was dissolved in

33.2 ml ethanol and 0.68 ml distilled water. The

mixture was stirred at room temperature (RT) with

the help of a magnetic stirrer for 24 h at 500 rpm to

get a homogeneous, transparent, and stable solution.

First, a drop of this solution was dropped onto Si

substrates, and coated in a spin coating system hav-

ing a speed of 3500 rotation/s for 30 s. After coating,

obtained single-layer film was sintered to dry on the

heater at 120 �C for 30 min. The above procedure was

repeated 2 and 3 times to make thin films with multi-

layer. The schematic illustration of the steps involved

in the coated process of the films is given in Fig. 1. In

addition, hydrated niobium pentoxide (Nb2O5•nH2-

O) films may occur as a result of preparation in an

aqueous environment. In order to avoid this, the

prepared films were annealed at 200 and 350 �C,
finally. Fourier transform infrared (FTIR, Bruker

Vertex-80) absorbance spectroscopy was applied to

identify the molecular structure of the films (both

sintered and annealed). FTIR spectrum was obtained

between 400 and 4000 cm-1 with a resolution of

4 cm-1 at room temperature. Secondary ion mass

spectrometry (SIMS, Hiden Analytical) depth profile

analyses were carried out to determine the thickness,

interfaces, and atomic distribution of the annealed

films. During the SIMS experiments, the base pres-

sure of the chamber was kept at 10-10 mbar.

The sputter parameter of O2 ion gun was set to

5 keV energy, 400 nA beam current. SIMS crater

thicknesses were measured with a stylus-type pro-

filometer (Veeco, Dektak-150). X-ray diffraction

(XRD, APD 2000 PRO XRD) measurements were

performed using CuKa1 X-ray source (k = 1.54052 Å)

to identify the crystalline phase of the annealed films.

X-ray Photoelectron Spectroscopy (XPS, Omicron)

analysis was carried out with monochromatic MgKa
(hm = 1253.6 eV) irradiation to characterize the

chemical bonding structure of the annealed films. The

main parameters of XPS were: 25 W beam power;

10 mm beam size; and 45� emission angle. The pass

energy of the X-ray beam was 20 eV and the step size

was 0.1 eV. The pressure in the analytical chamber

during spectral acquisition was about 10-9 mbar. XPS

data was calibrated against C 1s core level peak

(binding energy, 285.0 eV). The surface morphology

and the RMS surface roughness were estimated by a

high-performance atomic force microscope (hp-AFM,

Nano Magnetics Instruments) using dynamic scan-

ning mode. The AFM scan area was 3 9 3 lm, and

the scan speed was 2 lm s-1. All analyses were car-

ried out at room temperature.

2.2 Sensor fabrication and measurement
set-up

The sensors are composed of two parts, namely:

interdigital electrodes (IDE) and the active material

(single-layer and multi-layer Nb2O5 thin films pre-

pared at 200 and 350 �C). Both patterns of the IDE

and active area of the H2 gas sensor design were first

drawn on AutoCAD and were fed to the 3D printer.

Then, Optomec Aerosol Jet 5X System was used to

print them on the surface of the Nb2O5 thin films a

schematic diagram of the printing process is illus-

trated in Fig. 2, and one of the fabricated sensors is

also presented inset in this figure. A commercially

available silver (Ag) ink (novacentrix JS-A102A AP,

40% solid weight) was used for printing and it was

aerosolized using an ultrasonic atomizer. The diam-

eter of the aerosolized droplets is about 1–5 lm,

while the diameter of the Nozzle is 200 lm. The
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droplets flowed to the print head where they were

surrounded by secondary gas, known as the sheath

gas, and directed towards the substrate with the

nozzle. Then, they reached the Nb2O5 thin films

passing through the nozzle. N2 gas was used for both

the carrier and sheath flows. The process parameters

used during printed of Ag ink in this work are given

in Table 1.

Fig. 1 Production steps of the

Nb2O5 thin films

Fig. 2 A schematic diagram

of the Aerosol Jet Printing

(AJP) process with an

ultrasonic atomizer, and a

fabricated sensor image

Table 1 Printing parameters of the AJP system

Parameter Ag

Nozzle Diameter (lm) 200

Atomizer Flow Rate (sccm) 20

Sheath Gas Flow Rate (sccm) 57

Platen Temperature (�C) 60

Process Speed (mm/s) 10
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After that, the printed Ag interdigital electrodes

were sintered at 200 �C for 60 min to reach the

required conductivity of the electrodes. The electrode

lines are about 65 lm wide and about 7 lm thick. For

convenience, sensors produced from the Nb2O5 thin

films with 1, 2 and 3 layers at a temperature of

200 �C; were named Sensor1-200, Sensor2-200, and

Sensor3-200, respectively. Likewise, sensors pro-

duced at 350 �C were named Sensor1-350, Sensor2-

350, and Sensor3-350, respectively. The H2 gas sens-

ing properties of the developed sensors based on the

Nb2O5 thin films were performed through a home-

made gas sensor testing system. The sensors were

sequentially placed onto a chamber in a 25 L.

Meanwhile, the gas flow to the chamber was con-

trolled by using mass flow controllers. The sensor

electrodes were externally connected to a digital

multimeter and the sensor signal was periodically

monitored in terms of resistance in dry air and in H2

gas by a Fluke View Forms Version 3.6.

3 Results and discussion

3.1 Structural and morphological
properties of Nb2O5 thin films

FTIR spectroscopy is an ideal technique for identify-

ing functional groups that may occur in any material.

So, in order to evaluate the dehydration and deter-

mine the moleküler structure of the sol–gel spin-

coated Nb2O5 thin films both sintered at 120 �C and

annealed at 200 and 350 �C, FTIR absorption spectra

was carried out in the range of 400–4000 cm-1, as

shown in Fig. 3. In the IR region of the FTIR spectra,

the observed peaks in the bands at 600–950 cm-1 can

be attributed to characteristic peaks for niobium-ox-

ide bonds. The peak in this band located at around

621 cm-1 is attributed to the symmetric stretching of

Nb–Nb–O bonds [18, 19]. The other peak band lies

between 800 and 950 cm-1 and corresponds to stret-

ches of the Nb–O [20]. However, only differently, the

peak located at around 612 cm-1 corresponds Si–Si

stretching [21]. The observed peak at around

1100 cm-1 can be attributed to the Si–O vibration

mode due to the oxidation of the Si substrate [22, 23].

In addition, a broad absorption band centered at

3000 cm-1 was observed for Nb2O5 thin film sintered

at 120 �C. This band is attributed to Nb–OH vibration

and O–H stretching vibration of water molecules

comes from the solution [20, 24]. This low intensity of

absorption band shows that the dehydration of the

structure starts at 120 �C. The above-mentioned

hydroxyl band was extremely reduced annealed at

200 �C, and completely disappeared in the annealed

at 350 �C. Thus, it can be said that the structure turns

into pure Nb2O5 form [20, 25]. As a result of FTIR

analysis, considering the application of 200 �C sin-

tering temperature during the fabrication of the

electrodes in the sensor part, structural and surface

analysis experiments of the films, were carried out

without considering the film sintered at 120 �C.

SIMS depth profile analyses with a detection limit

in the order of 1 ppm were carried out to determi-

nation of the Nb2O5 thin film thickness, as well the

film/substrate interfaces and the atomic distribution

of that Nb element in the layer of the films. In SIMS

analyses, the films were bombarded with an oxygen

ion beam with 5 keV energy, so, the profiles of

Fig. 3 FTIR spectra of both sintered and annealed Nb2O5 thin films
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niobium (Nb) and silicon (Si) elements could be

observed, but the oxygen (O) element could not be

followed naturally during the experiment. Figure 4

shows SIMS depth profiles of the single-layer and

multi-layer Nb2O5 thin films on Si substrates

annealed at 200 and 350 �C. Nb distributions within

the whole thickness of all films are very uniform and

have good homogeneity and Nb/Si interface has a

sharp border. In addition, the thicknesses of the 1, 2

and 3-layered films are 65, 108 and 178 nm, respec-

tively. It is an expected result that the thickness of the

films will increase by increasing the number of

Nb2O5 spinning cycles.

Nb2O5 thin films were annealed at low tempera-

tures in this work. So, it was expected to obtain an

amorphous structure while avoiding cost-increasing

or number-increasing processes. It is easily thought

that the amorphous structure of the Nb2O5 films will

have a positive effect on the sensitivity of a gas sensor

to be developed based on these films. The amorphous

structure is more disordered than that of crystal

structure (no having big grains), so having a lot of

oxygen vacancies and defects or interstitial positions

which provides many more local donor energy levels.

These donor energy levels increase conductivity,

thanks to the concentration of the charge carrier, so

the sensitivity of the gas sensor increases according to

the crystal structure. Zhang et al. [26] in their work,

point out that gas sensing materials with amorphous

structures are important in the development of sen-

sors with high selectivity and excellent performance.

Considering the importance of this, XRD analyses

were performed for the confirmation of the crystal

structure of the Nb2O5 thin films. Figure 5 shows

XRD patterns of the single-layer and multi-layer

Nb2O5 thin films on Si substrates annealed at 350 �C.
As clear from the figure, obtained Nb2O5 films have

amorphous structures. This is to be expected given

the comparatively low temperature (below 500 �C)
because the phase transformations of Nb2O5 strongly

depend on the high temperature [27, 28]. It is known

from the literature that it is necessary to apply an

annealing temperature above 500 �C in order for

Nb2O5 to show a certain crystal phase [25, 29]. That is,

it is an expected result that there is no any Nb2O5

Fig. 4 SIMS depth profiles of annealed Nb2O5 thin films

922 Page 6 of 14 J Mater Sci: Mater Electron (2023) 34:922



phase peak on the Fig. 1 (TT- Nb2O5 (pseudohexag-

onal, JCPDS 07-0061), T- Nb2O5 (orthorhombic,

JCPDS 27-1003), and H- Nb2O5 (monoclinic, JCPDS

72-1297). In addition, the peak observed at around

2h = 69� are consistent with that of pure Si (400)

phase (JCPDS 01-0787) which is attributed to the

substrate.

XPS is a very powerful technique used to elucidate

the elemental analysis and bonding nature of the

constituent species on the top surface layers of the

films. In this work, XPS analysis was performed in

order to confirm the presence of the phase of Nb2O5

thin films coated on Si substrate. Figure 6 shows the

XPS spectrum consisting of Nb 3d and O 1s core

levels for Nb2O5 thin films prepared at different film

thicknesses annealed at 200 and 350 �C. The binding

energy of around 206, 209 and 530 eV for Nb5?3d5/2,

Nb5?3d3/2 and O1s, respectively, verify the phase

formation of Nb2O5 [30, 31]. In addition, as reported

in the literature [25], the Nb 3d major peak appears to

shift to lower binding energy with increasing

annealing temperature. Similarly, the O 1s binding

energy decreased slightly with temperature. This can

be attributed to the decrease in the amount of oxygen

on the surface by the dehydration process at 350 �C
[25].

The morphology, porosity and surface area of the

Nb2O5 thin films are directly related to the gas sen-

sitivity of the sensors to be developed based on these

films. Because gas diffusion and transport are affec-

ted by the surface of the films. Gas detection of the

sensor becomes easier and faster when there are more

absorption sites for the target gas at the surface. For

this reason, the surface properties of Nb2O5 thin films

were investigated by AFM measurements and in the

next part of the article, the relationship between the

film surface and sensor sensitivity was also dis-

cussed. Figure 7 shows two-dimensional (2D) and

three-dimensional (3D) AFM images of single-layer

and multi-layer Nb2O5 thin films on Si substrates

annealed at different temperatures, in the 3 lm 9

3 lm scan area. The surfaces of the films are homo-

geneous and consist of many sphere-like grains as the

film thickness increases. The root mean square (RMS)

values of the surface roughness are 7.19, 7.38 and

10.92 nm for the 1, 2 and 3-layered films annealed at

200 �C, respectively and these values increased by

about 3% as the annealing temperature increased

from 200 to 350 �C. That is, the film roughness

Fig. 5 XRD patterns of the single-layer and multi-layer Nb2O5

thin films annealed at 350 oC

Fig. 6 XPS spectra of the Nb2O5 thin films annealed at 200 and 350 �C, (a) Nb 3d and (b) O 1s
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increased with increasing film thickness and anneal-

ing temperature, it is probably connected with the

agglomeration of the grains. It corresponds to an

increase in the surface area of the film, which may be

a useful property for gas diffusion and transport, and

it contributes significantly to the enhancement of H2

gas sensing performances of the sensors based on the

Nb2O5 thin films.

4 2 H2 gas sensing performance
of the sensors based on the Nb2O5 thin
films

The hydrogen gas detection ability of the sensors

based on the Nb2O5 thin films can be explained by

consideration of the surface mechanism of Nb2O5 in

the air and hydrogen atmosphere. When the oxygen

is adsorbed on the Nb2O5 surface in the air atmo-

sphere, charge transfer occurs between the Nb2O5

and the oxygen molecule. As a result of this charge

transfer, the oxygen molecule decomposes into

negatively charged oxygen species [O2–, O-, and O2
–]

by capturing the electrons in the conduction band of

Nb2O5. That is the transfer of electrons provides the

formation of a depletion layer in the near-surface

region and this layer increases the working function

of the grains, which means the formation of Schottky

barriers at the grain boundaries. Thus, a decrease in

the amount of electron concentration in the air causes

an increase in the resistance of n-type Nb2O5 while

decreasing the resistance of p-type Nb2O5. When the

Nb2O5 surface is exposed to H2 gas, the H2 gas

molecules interact with the adsorbed oxygen,

releasing the captured electrons back to the conduc-

tion band of the Nb2O5. Thus, it increases the density

of the charge carriers, causing a decrease in the

resistance of n-type Nb2O5 while increasing the

resistance of p-type Nb2O5. A schematic of the rele-

vant processes for n-type Nb2O5 is shown in Fig. 8.

It is clear that the performance of the sensors based

on the Nb2O5 thin films will be affected by the

structural and morphological properties of the film.

That is, by changing various deposition/coating

1-layered film 3-layered film2-layered film
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Fig. 7 2D and 3D AFM images of the single-layer and multi-layer Nb2O5 thin films (3 9 3 lm) annealed at 200 and 350 �C
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parameters, a film with better properties can be

obtained and thus a more sensitive sensor can be

achieved. For example, changing the film thickness is

a parameter, and the role of the film thickness of

some metal oxides in gas detection properties has

been investigated by various groups [32–36]. Korot-

cenkov and Cho [32] reported that they observed

ambiguity in results when thin film thickness was

\ 50 nm, and gas sensing characteristics for films

with thickness[ 350 nm were significantly worse

than those of films of smaller thickness. Chang et al.

[33] investigated the sensing properties of the sensors

based on the ZnO: Al films for CO gas by changing

the film thickness from 65 to 390 nm and they

observed that the thinnest film was the most sensi-

tive. Therefore, it can be said that Nb2O5 films with

thicknesses in the range of 60–180 nm are expected to

have sensitivity as a result of interaction with the

target gas. In this work, five physical parameters

including gas sensitivity (response value), response

time (tres), recovery time (trec), stability and selectivity

were defined to investigate the performances of the

obtained sensors. Firstly, the sensitivity of the sensors

based on the single-layer and multi-layer Nb2O5 thin

films prepared at 200 �C, named Sensor1-200, Sen-

sor2-200 and Sensor3-200, respectively, against

hydrogen (H2) gas were defined as a function of

different H2 concentrations ranging from 90 to 1200

ppm at an operating temperature of 25 �C. Based on

the shift of resistance, the response of n-type Nb2O5

film when exposed to H2 gas is defined as Ra/Rg, or

(Ra– Rg)/Rg, where Ra and Rg are the measured

resistances of the sensor exposed to air and target gas,

respectively [37]. The obtained sensors exhibited

sensing to H2 gas, including low concentration, as

seen in Fig. 9a, and the sensitivity increases linearly

as y = 0.11x with the increase in gas concentration, as

seen in Fig. 9b. In addition, the sensitivity of the

Sensor2-200 is better than other sensors. For example,

as seen in Fig. 9a, the sensitivity of Sensor2-200 at 90,

180, 370, 560, 750 and 1200 ppm hydrogen gas con-

centrations was around 42%, 59%, 65%, 78%, 87% and

117%, respectively. The reason for its high sensitivity

is thought to be related to the critical thickness and

surface area of the films. Similar to our results, it has

been also indicated in some reports that the sensor

response will reach a maximum or minimum at a

certain thickness [32, 38]. The thickness effect on the

sensor performance may be explained as follows: In

the deposition process of the film, i.e. when the sol–

gel spin coating cycle increases, unsaturated bonds

may occur due to the point defects caused by the

inability of the relevant atom to introduce into the

lattice. The resulting defects cause localized states in

the band gap of the film. As the width of the localized

states increases depending on the thickness, in other

words, the defect levels increase, the sensitivity of

sensors produced from thick films will decrease since

these levels will act as a trap center for the electrons

produced when gas is exposed to the sensor. It has

Fig. 8 Schematic illustration of the n-type Nb2O5 gas-sensing mechanism
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been reported in the literature that the absorption

edge is observed to be red-shifted when the thickness

of the films increases [39].

Response time (tres) and recovery time (trec) are

important parameters for the gas sensors and tres is

shorter than trec for the H2 sensor structures because

the adsorption kinetics are faster than desorption

kinetics, which leads to a quicker response rate [40].

For instance, for Sensor2-200, response times were

13.9, 15.4, 13.3, 13.4, 13.8 and 15.2 s, while recovery

times were 15.4, 16.1, 14.8, 15.4, 15.8 and 17.1 s, at 90,

180, 370, 560, 750 and 1200 ppm hydrogen gas con-

centrations, respectively. Since the sensitivities of

Sensor1-200, Sensor2-200 and Sensor3-200 to 50 ppm

H2 gas are around 4%, 5% and 7%, respectively, and

the resistance change is observed as noise for values

below this concentration, 50 ppm of H2 can be con-

sidered as the initial gas concentration for the sensi-

tivity of the sensors. Parameters of the Sensor2-350

whose active area consists of a 2-layered Nb2O5 thin

film and prepared at 350 �C are also very close to

these values as seen in Fig. 9b. This is an expected

result because it was seen from the FTIR results that

the dehydration process of the film was almost

completed at 200 �C. On the other hand, according to

the AFM results, the surface properties of the

annealed films at both temperatures are very close to

each other. The lowest tres and trec trec values were

obtained when kept at a hydrogen gas concentration

of 370 ppm and which is shown in Fig. 9c. In addi-

tion, the response and recovery times of the obtained

sensor based on the Nb2O5 thin films have better

values than that of the other type Nb2O5 gas sensors

reported by various groups, as seen in Table 2.

The fact that the obtained sensor performance in

our study is better than its counterparts in the liter-

ature can be explained as follows: In addition to the

defect structure and morphology of the detector film,

the electrode material, electrode geometry and the

Fig. 9 Some sensor parameters when detecting H2; (a) sensitivity at 90–1200 ppm, (b) linear sensing performance, (c) best tres and trec and

(d) stability over 90 days
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metallization process have important effects on the

detection mechanisms of the metal oxide gas sensors

[46]. For example, choosing Ag electrodes with

higher conductivity than platinum (Pt) or pal-

ladFFium (Pd) electrodes is a factor. From the

geometry point of view, although the wide-spaced

electrode geometry provides an increase in the active

area, this leads to an increase in the transport dis-

tance of the electrons, which leads to a decrease in

sensing due to the loss of charge carriers. Therefore,

in our study, it is evaluated that the electrodes having

interdigital geometry formed by determining the

distance between the fingers of 65 lm finger width as

500 lm minimizes the loss of charge carrier during

the gas detection process. In addition, the contact

series resistance can be reduced by preventing the

formation of the Schottky barrier in the Ag electrode/

Nb2O5 sensing layer, thanks to the optimization of

metallization at 7 lm thickness with the aerosol

printing and sintering temperature process. Besides,

an important approach is using the circular sub-

strates for the first time in these structures, which is

our own idea; because on the surface of the circular

substrates, the Nb2O5 solution is homogeneously

dispersed by the effect of centrifugal force, thus

avoiding the corner effects.

As a final step, the stability and reliability-selec-

tivity of the gas sensors should also be evaluated.

Among them, considering the stability, which is the

ability of the sensor to keep its properties constant

when operated for a long time, it was seen that good

results were obtained for the produced sensors. For

example, Fig. 9d shows the resistance change after 3

months for Sensor2-200, which has the best sensor

performance when kept at a hydrogen gas

concentration of 370 ppm. It is a rather significant

result that the loss of sensitivity remained almost

unchanged at *1.92% after 3 months. In addition,

reliability-selectivity is described as the ability of the

sensor to selectively detect a single analyte gas or a

group of analyte gases. In order to determine the

reliability-selectivity behavior of sensors based on

Nb2O5, by looking at the sensitivity of the produced

sensors to H2(hydrogen), CO(carbon monoxide), O2(oxygen)

and C3H8 (propane) gases at RT were compared. In this

measurement, the concentration of each gas was

around 400 ppm. It was seen that the responsiveness

to CO, C3H8 and O2 gases was very low, as seen in

Fig. 10. That is, in the presence of oxygen, for exam-

ple, air, the cross-sensitivity of the sensor to oxygen is

important in many applications. In order to under-

stand whether the presence of more than normal

oxygen content in the environment suppresses the

hydrogen sensitivity of the sensor, different amounts

Table 2 tres and trec comparison of the hydrogen sensors based on the Nb2O5

No Active Material Method Concentration Operating Temp. (�) Best Sensing

Performance

References

(ppm) (vol%) tres (s) trec (s)

1 Nb2O5 films Anodic oxidation 10-8000 – 28–100 420 – [16]

2 Nanoporous Nb2O5 films Anodization – 0.06–1 22–100 90 491 [17]

3 Pristine Nb2O5 Hydrothermal – 0.05–2 25 83.36 310.34 [41]

4 Nb2O5 nanowires Thermal oxidation 100–2000 – 25 100.2 529.8 [42]

5 Pristine Nb2O5 Thermal oxidation 100-10000 – 300 23 32 [43]

6 Nb2O5 nanorods Hydrothermal 1000–6000 – 25 28 510 [44]

7 Nb2O5 nanorods Hydrothermal 600-10000 – 25 100 125 [45]

8 Nb2O5 thin films Sol–gel spin-coated 90-1200 – 25 13.3 14.8 Present work

Fig. 10 Selectivity pattern of the Ag/Nb2O5 thin film sensors at

RT
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of pure oxygen were included in the test environment

and the sensitivity of the sensor to oxygen was

examined. The results show that the developed sen-

sors have a very low sensitivity to oxygen [47, 48].

Besides, it is necessary to determine the cross-sensi-

tivity of a hydrogen sensor to oxygen in environ-

ments with oxygen such as air, or in a vacuum

chamber with very low oxygen content. This result is

a remarkable indication that the produced sensors

have high selectivity towards H2 gas. It should be

noted that the resistance change, i.e. sensitivity, of the

sensors to CO, C3H8 and O2 gases below 400 ppm

was at the noise level. For example, Sensor1-200 and

Sensor3-200’s sensitivity to CO, and C3H8 and O2

gases at 350 ppm were at the 1% levels, and Sensor2-

200 at 2%, and quite noisy. In light of this evaluation,

the initial value of the sensitivity of the sensors for

these gases can be accepted as 400 ppm.

5 Conclusion

In summary, Nb2O5 thin films with different thick-

nesses have been successfully coated on the Si sub-

strates with an easy, simple and cost-effective sol–gel

spin coating system and annealed at low tempera-

tures. Interdigital Ag electrodes were printed on the

surface of the films to form gas sensors. Afterward,

the gas-sensing properties of the produced sensors

were comprehensively studied by means of 5

parameters; sensitivity, response time, recovery time,

stability and selectivity. Despite being operated at

room temperature, the sensors demonstrated high

sensitivity and short response/recovery times, better

than the best known. In addition, the film thickness

range of[ 60 nm and\ 180 nm was evaluated to be

the critical thickness for the performance of Ag/

Nb2O5 thin film sensors. Specifically, the sensor

based on a 2-layered film (108 nm thick) showed a

highly linear sensing performance with the increase

in gas concentration. The sensitivity of the Sensor2-

200 at 90, 180, 370, 560, 750 and 1200 ppm hydrogen

gas concentrations was around 42%, 59%, 65%, 78%,

87% and 117%, respectively. Thus, especially sensors

with an active area of 108 nm Nb2O5 thin films are

more suitable for detecting H2 gas with concentra-

tions as low as a few ppm and are able to use in

hydrogen-based energy systems.
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