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Abstract

This study focuses on synthesizing Niobium pentoxide (Nb,Os) thin films
on silicon wafers and quartz substrates using DC reactive magnetron sputtering for
NO, gas sensors. The films undergo annealing in ambient air at 800 °C for 1 hr.
Various characterization techniques, including X-ray diffraction (XRD), atomic
force microscopy (AFM), energy-dispersive X-ray spectroscopy (EDS), Hall effect
measurements, and sensitivity measurements, are employed to evaluate the
structural, morphological, electrical, and sensing properties of the Nb,Os thin
films. XRD analysis confirms the polycrystalline nature and hexagonal crystal
structure of Nb,Os. The optical band gap values of the Nb,Os thin films
demonstrate a decrease from 4.74 to 3.73 eV as the sputtering power is increased
from 25 to 75 W. AFM images illustrate a progressive increase in particle size
ranging from (41.86) to (45.56) nm, with varying sputtering power between 25 and
75 W. Additionally, EDS analysis validates the rise in Nb content, increasing from
12.2 at. % to 20.1 at. %, corresponding to the increase in sputtering power. Hall
effect measurements show that all films exhibit n-type charge carriers, and
increasing sputtering power leads to decreased carrier concentration and enhanced
mobility. The gas sensor's sensitivity, response, and recovery time were evaluated
at various operating temperatures. The NO, sensor exhibited an optimal sensitivity
of 28.6% at 200 °C when the sputtering power was set to 50 W.
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Nb,Os stands for niobium pentoxide, a chemical compound composed of two

niobium (Nb) atoms and five oxygen (O) atoms. It is an oxide of niobium and exists in a
solid state as a white or light-yellow powder. Nb,Os is a metal oxide with various
applications in areas such as gas sensors and catalysis [1-3]. Nb,Os films exhibit
exceptional optical and structural characteristics that make them highly desirable in
various applications [4, 5]. These properties include a high refractive index, low optical
absorption, corrosion resistance, thermal stability, and chemical stability [6, 7]. The
films find applications in optical waveguides, coatings, filters, electrochromic devices,
biosensors, solar cells, and more [8, 9]. In particular, there is growing interest in Nb,Os
films for their electrochromic properties, which are influenced by their crystal structure.
Factors such as stoichiometry, crystal structure, and surface roughness play a significant
role in determining the optical and structural properties of the films. Understanding and
controlling these parameters are essential for optimizing the performance of Nb,Os
films in electrochromic devices and other applications [10].

NO; is a volatile and hazardous gas with a strong odor, posing significant risks to
human health and the environment. It is produced by various sources, such as vehicle
exhaust, fossil fuel combustion, and industrial emissions [11, 12]. NO, can undergo
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photochemical reactions, leading to the formation of ozone and acid rain. It can cause
discomfort, coughing, eye irritation, fatigue, and nausea, even at low concentrations.
Furthermore, it can adversely affect the respiratory system, potentially causing
pulmonary diseases without noticeable symptoms. Detecting NO, has become crucial
due to its harmful impact on human health and the environment [13]. The initial Nb,Os
gas sensors for O, were introduced by Kondo et al. in 1983 [14]. Subsequently, in 1999,
Chambon et al. [15] presented a gas sensor incorporating the nanostructured form of
Nb,Os. Since then, Nb,Os has been extensively investigated for gas-sensing
applications, including O,, H,, CO, NHj3, and various hydrocarbons (HCs) [16].

Various methods have been employed to deposit Nb,Os thin films, encompassing
techniques such as DC/RF plasma magnetron sputtering, ion beam sputtering (IBS),
electron beam evaporation, thermal oxidation, photochemical vapor deposition, plasma-
enhanced chemical vapor deposition (PECVD), spray pyrolysis, sol-gel techniques, and
pulsed laser deposition (PLD) [17-22]. Sputtering is recognized for its capability to
achieve rapid deposition rates, uniform film distribution, consistent composition, high
density, purity, and strong adhesion properties. It provides reliable results and allows for
the consistent deposition of thin films with even thickness on large substrates.
Furthermore, commercially available sputtering systems make it easy to deposit thin
films that demonstrate both exceptional transparency and conductivity [23-25]. DC
sputtering at low pressure is a fundamental and cost-effective method for Physical
Vapor Deposition (PVD) of metal and electrically conductive target coating materials
[26]. The DC process offers two notable advantages for coating applications: easy
controllability and affordability, though its material selection is limited to metals only
[27, 28]. This technique demonstrates the selective production of nanomaterials with
high-quality output. Moreover, it yields impurity-free, clean, and homogeneous thin
films, providing uniformity over a large substrate area [29-31]. This paper aims to
synthesize Nb,Os thin films by DC magnetron sputtering to make NO; gas sensors from
Nb,Os/Si. Extensive investigations have explored the impact of sputtering power on the
structure, morphology, optical characteristics, and sensing properties.

2. Experimental Work

Niobium oxide thin films were deposited on silicon wafers and quartz substrates
using a DC reactive magnetron sputtering technique using various sputtering powers,
specifically 25 W, 50 W, and 75 W. The primary aim was to investigate how the
sputtering power affects the niobium oxide thin films' structural characteristics and
surface morphology. The schematic representation of the experimental setup for the DC
sputtering system is depicted in Fig. 1. The system comprises a glass vacuum chamber
with dimensions of 30 cm in diameter and 25 c¢cm in height. Within the chamber is a
cathode in the form of a niobium target provided by Aldrich company, possessing a
high purity level of 99.99%. The target has a diameter of 5 cm and a thickness of 3 mm,
securely positioned at a distance of 5 cm from the anode. The target is electrically
connected to a variable high-voltage DC power supply. Before deposition, the quartz
substrates were thoroughly cleaned in an ultrasonic bath using isopropanol and
deionized water, followed by drying with nitrogen gas. During the sputtering process,
pure argon (99.99%) was utilized as the sputtering gas, while oxygen served as the
reactive gas. The vacuum chamber was evacuated to a base pressure of 4.2 x 10 bar
using a diffusion pump before sputtering. A mass flow controller was employed to
introduce the reactive oxygen gas and argon sputtering gas into the vacuum chamber.
The flow rate of the argon sputtering gas remained constant at 50 standard cubic
centimeters per minute (sccm), while the oxygen flow rate was set to 5 sccm. The
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deposition process lasted for 120 min. to fabricate the thin films. Subsequently, the thin
films were annealed in ambient air at 800°C for 1 hr.

The gas sensor testing system is a custom-designed setup comprising a cylindrical
stainless steel test chamber with specific dimensions. The chamber includes an inlet for
introducing the tested gas and an air admittance valve to facilitate atmospheric airflow.
Electrical connections for the heater, K-type thermocouple, and sensor electrodes are
established through a multi-pin feedthrough at the base of the chamber. A heater,
consisting of a hot plate and a K-type thermocouple, is employed to regulate and control
the sensor's operating temperature. Sensing measurements are performed using a PC-
interfaced digital multimeter (UNI-T 61E+) and a Laptop PC to record changes in
sensor resistance when exposed to various gas mixing ratios, such as air-NO, gas. Gas
flow is controlled using needle valves, enabling testing at different volumetric
concentrations, particularly at a 3% gas-to-air ratio. A bias voltage of 6 volts is also
applied across the two sides of the sensor's electrodes. The experimental investigation
encompassed a temperature range spanning from 30 to 250 °C.
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Figure 1: llustrates a schematic representation of a DC sputtering system.

2.1 Characterization and Measurements

The crystalline structure of the produced sample was examined using "Shimadzu™
XRD-6000 X-ray diffractometers, operating with CuK,, radiation (wavelength = 0.154
nm), within the 26 range from 10° to 90°. Statistical and image analyses were
performed using Image J and Origin LAB software, while quantitative analysis of
elements was conducted using EDS (energy-dispersive X-ray spectroscopy). The UV-
VIS spectrophotometer (Shimadzu UV-1650 PC) was used to take the readings of the
optical absorption spectrum and the gap in optical energy of the deposited thin films in
the wavelength range of 300-1100 nanometers. Hall effect measurements were carried
out using the Van der Pauw method, utilizing the Ecopia HMS-3000 Hall Measurement
Systems. The films' surface roughness and grain size distribution were analyzed using a
high-resolution atomic force microscope (AFM) of the Angstrom Advanced Inc
scanning probe microscope (model AA3000). Sensing measurements were conducted
using a custom-built system.

3. Results and Discussion
3.1 X-Ray Diffraction Analysis
XRD analysis, as depicted in Fig. 2, was employed to investigate the structure and
crystallinity of Nb,Os films deposited on quartz substrates at various energies ranging
from 25 W to 75 W with a step increment of 25 W. The XRD patterns revealed that all
the films exhibited polycrystalline structures. Notably, diffraction peaks were observed
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at 20 angles of 22.431°, 28.819°, 36.805°, and 46.095°, corresponding to the (001),
(100), (101), and (002) planes of hexagonal Nb,Os, in accordance with the JCPDS card
number 00-028-0317 [32]. Additionally, the films displayed a significantly preferred
orientation along the (001) diffraction peak, observed at a 20 angle of 22.431°. The
intensity of this preferred orientation steadily increased with the rise in DC sputtering
power from 25 W to 75 W, particularly for the (001) and (100) planes, indicating an
enhancement in the crystallinity of the Nb,Os films. As the DC power was increased,
the sample's crystalline quality exhibited enhancement, leading to the appearance of
three diffraction lines associated with specific lattice planes: (110), (102), and (004),
observed at diffraction angles of 50.674°, 55.187°, and 58.971°, respectively. Moreover,
the broadening of the peaks in the diffraction lines indicated crystallite size increases
directly with the DC power, which was evaluated by the Scherrer formula using the
(001) diffraction line. The dimensions of the crystallite increase from 21.3 to 24.9 nm,
with the DC power increasing from 25 to 75 W [33]. The crystallite sizes (D) associated
with the most prominent peaks were measured and presented in Table 1. Additionally,
Table 1 contains information on the peak positions and Miller indices for the diffraction
planes, along with the corresponding full-width-at-half-maximum (FWHM) values. The
obtained results align with previous investigations in the field [34].
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Figure 2: Nb,Os thin film XRD patterns prepared at RT using different DC powers.

Table 1: XRD parameters of Nb,Os thin film prepared at RT using different DC powers.

Power 20 FWHM Relative (o 0 D dhw hkl

(Deg.) (Deg.) Int. Exp.(A) (nm) Std.(A)
22.4046 0.3800 100.0 3.9650 21.3 3.9300 (001)

o5 28.7933 0.5324 6.7 3.0981 154 3.1200 (100)
36.5927 0.6921 8.7 2.4537 12.1 2.4460 (101)
46.1224 0.5058 8.1 19665 | 17.1 | 1.9620 | (002)
22.4312 0.3727 100.0 3.9604 21.7 3.9300 (001)

50 28.8199 0.4259 10.6 3.0953 19.3 3.1200 (100)
36.8057 0.6758 5.6 2.4400 12.4 2.4460 (101)
46.0958 0.4259 11.3 1.9676 20.3 1.9620 (002)
22.4046 0.3250 100.0 3.9650 24.9 3.9300 (001)

75 28.7933 0.3461 9.0 3.0981 23.7 3.1200 (100)
36.7524 0.6655 6.6 2.4434 12.6 2.4460 (101)
45,9894 0.3992 13.9 1.9719 21.6 1.9620 (002)
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3.2 Optical Properties
By employing Eqg. (1), it becomes possible to calculate the absorption coefficient
directly for the specific frequency linked to the high absorption region. This calculation
entails utilizing the values of absorption (A) and thickness (t) to determine the
coefficient [35]

a =2303% (1)

The distinct characteristic of crystalline and amorphous materials is evident in
their fundamental absorption edges. To ascertain the material's band gap, it is essential
to comprehend the transition from the valence band to the conduction band. The
calculation of the energy band gap (E,) is performed according to Eq.(2) [36, 37].

ahv = B(hv — E,)" )

In the given equation, the constant B is determined by the specific structural
characteristics of the material. The variable h corresponds to the Planck constant,
whereas v denotes the frequency of the incident photons. Additionally, the equation
incorporates the optical energy gap, represented by Eg, and the index r, which
characterizes the particular optical absorption process involved. The value of r can be
1/2, 3/2, 2, or 3, depending on the type of electronic transition responsible for the
absorption phenomenon [38, 39]. UV-Visible spectra determined the absorption
coefficient for different wavelengths of electromagnetic radiation. For the calculation, a
value of 0.5 was selected for the r-coefficient, representing allowed direct optical
transitions. In Fig. 3, the optical absorbance properties of Nb,Os thin films are depicted
as they are deposited at room temperature (RT) using different DC powers within the
200-800 nm wavelength range. The thin films exhibit high absorbance in the UV range
but demonstrate low absorbance in the visible wavelength region. With an increase in
the DC power, there is a corresponding rise in the absorbance attributed to the increased
thickness of the thin films and enhanced sputtering yield, indicating a reduction in
lattice defects and the elimination of tail states near the band edges [40].
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Figure. 3: UV-VIS optical absorbance for the Nb,Os thin films prepared at the RT by

different DC powers.

Fig. 4 illustrates the relationship between (ahv)? and photon energy (hv) for
Nb,Os thin films prepared at RT with different DC powers. The band gap value was
obtained by extrapolating the tangential linear curve to the x-axis. An interesting
observation was made regarding decreased direct optical energy gap as the DC power
increased. This decrease can be attributed to the enlarged size of the crystallites, as
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validated by the X-ray diffraction analysis. The increase in crystallite size reduces the
quantum confinement effect, which becomes more prominent at the nano-scale.
Previous studies have also reported this trend of decreasing the optical energy gap with
increasing DC power. The band gap values obtained in this research align with those
reported in the referenced literature [41, 42].
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Fig 4: (ahv)? versus (hv) for Nb,Os thin films prepared at the RT by different DC powers.

3.3 Atomic Force Microscopy

The three-dimensional (3D) AFM images and the cumulative histogram illustrate
the particle size distribution on the surface of Nb,Os thin films deposited on quartz
substrates at RT using different sputtering powers (25, 50, and 75 W) as shown in Fig.
5. The AFM images prove that a consistent and uniform surface texture characterizes
the Nb,Os films deposited using DC sputtering. Furthermore, the particle size increases
from (35.81) to (45.56) nm with increasing the DC power from 25 to 75 W, while at a
DC power of 50 W, the particle size measures (41.86) nm. Surface roughness plays a
significant role in determining the gas-sensing performance of the samples. The samples
prepared at RT using 75 W of DC power exhibited the highest surface roughness among
all the tested conditions. These findings are consistent with a previously reported study,
further supporting the importance of surface roughness in gas-sensing applications [42,
43].

3.4 EDX Analysis

Energy-dispersive X-ray spectroscopy (EDX) was utilized to perform a
quantitative analysis of the elements. The operating principle of EDX is based on the
unique electromagnetic emission spectra exhibited by each element following X-ray
excitation. Fig. 6 illustrates the atomic percentages of Nb and O in Nb,Os thin films
deposited at different powers. As depicted in Fig. 6, raising the DC sputtering power led
to a greater sputtering yield, consequently causing an escalation in the Nb content from
12.2 at.% to 20.1 at.% [44]. This increase in power leads to the ejection of a more
significant number of Nb atoms from the target material (Nb,Os), consequently raising
the Nb content in the deposited thin films. Conversely, the lower O weight percentage is
attributed to a relatively smaller proportion of oxygen atoms being incorporated into the
films compared to the increasing Nb atoms. The noted changes in weight ratios offer a
significant understanding regarding the impact of deposition power on the oxygen-to-
metal content.
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Figure 5: Three-dimensional atomic force microscopy (3D AFM) and size distributions for
Nb,Os thin films at different sputtering DC powers: (a) 25 W, (b) 50 W, and (c) 75W.

3.5 Hall Effect Measurements
Hall measurements were utilized to analyze the charge carriers, concentration
(ny), and Hall mobility (uy) of Nb,Os thin films deposited at various power levels. The
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results indicated that all samples exhibited n-type behavior, as indicated by the negative
sign of Ry. The mobility of charge carriers in these films is influenced by grain
boundaries, which are abundant and contain defects due to the disorganized
arrangement of atoms. These defects act as barriers hindering the movement of charge
carriers between grains, with the barrier height dependent on the grain size [45].
Increasing the sputtering power from 25 to 75 W resulted in higher carrier mobility,
which can be attributed to the larger grain size. This observation is consistent with
previous findings in the literature [46]. Conversely, the decrease in concentration (ny) is
attributed to the inverse relationship between py and ny, as shown in Table 2.
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Figure 6: EDS results for Nb,Os thin films prepared at RT by different DC powers: (a) 25 W,
(b) 50 W, and (c) 75 W.
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Table 2: Hall effect measurements for Nb,Os thin films prepared at RT by different DC

powers.

Power (W) nx10" (cm™) py (cm°/v.sec) oxr (Q'.cm™) Type
25 1711 33.97 9.30E-05 n-type

50 7.68 237.40 2.92E-04 n-type

75 2.91 682.10 3.18E-04 n-type

3.6 Gas Sensing Measurement
The sensor's sensitivity was evaluated using Eqg. (3) and the calculation approach
outlined in reference [47].

x 100%, 3)

S — | (Rg_Ra)
Rq

where S represents the sensitivity, R, and Ry represent the electrical resistance of the
film when measured in the air and the presence of gas, respectively [48]. The
experiment used a constant concentration of NO, target gas, kept explicitly at 3% in
atmospheric air throughout the study.

3.7 Gas Sensing Mechanism of Nb,Os Thin Films

The changes in resistance over time were studied by exposing the samples to NO,
gases using an on/off gas valve. The samples in question comprised Nb,Os thin films
deposited on silicon wafers using DC reactive magnetron sputtering. The sputtering
powers employed during the deposition process ranged from 25 to 75 W, while the
experiment covered a range of operating temperatures from 30 to 250 °C. Oxygen
molecules get adsorbed from the surrounding atmosphere on the sensor's active surface.
These molecules then become ionized by losing electrons from the conduction band of
the sample surface. This process results in the formation of a surface depletion layer and
different types of oxygen ions [49]. The depth of the depletion layer depends on the
quantity of adsorbed gases, creating potential barriers that hinder the movement of
charge carriers through the channels between adjacent nanoparticles. When oxidizing
gases come into contact with the surface of the sample, they have the tendency to
extract electrons, leading to a reduction in the charge carrier concentration and mobility.
This interaction causes a change in the depth of the surface depletion layers.
Consequently, the resistance of the sample increases when exposed to oxidizing gases
[50]. Fig. 7 shows the variation of resistance as a function of time with an on/off gas
valve. The resistance increases when the gas valve is on. However, the resistance
decreases rapidly when the gas is off because NO; is an oxidizing gas.

3.8 Determination of the Operating Temperature for the Sensor

Fig. 8 illustrates the gas sensitivity of different Nb,Os thin film samples fabricated
using DC sputtering. The sensitivity, measured in relation to the presence of NO; gas, is
plotted against the operating temperature. The observed variations in sensitivity at
different temperatures can be attributed to the diverse types and amounts of oxygen
species that are adsorbed on the surface of the samples. These oxygen species play a
critical role in the gas sensitivity mechanisms [30]. The maximum sensitivity appeared
at 200°C against the NO, gas for the sample prepared at a power of 50 W. The
deposition conditions have a substantial influence on the gas sensitivity of thin films,
which is consistent with previous research findings. This can be attributed to factors like
the roughness of the sample surfaces and the connection among the grains. Furthermore,
the presence of oxygen vacancies is a critical factor in determining the sensitivity of the
samples.

49



Iragi Journal of Physics, 2023 Yahya R. Hathal, et al.

9.05 -
=l o2 : 100=c
ﬁ9.01:} a!.l
8.95 | 9.0
i‘ ‘E‘a.g
8.90 8.8
3 e LR
.80 4 &8s
o 20 40 16_0 S0 100 130 140 o 20 40 60 S0 100 120 130
ime{sec Ti
3.4 L 200-c 170 Lrmeees —
c Csos
i‘*‘m‘ %:96
294
5 3.76 &~
292
3 iz
3.72 =88 ‘T‘
o 2o 40 60 S0 100 130 140 L] Zo 40 €0 S0 100 120 140
Time(sec) Tim e{sec)
Z5- 8
2o L 7 =
g- -N gﬁ L
T1s -~ TS
- B4 T
=10 S 4
g 85
= 54 ﬁ;

° - , e
409 20 40 60 S0 100 120 140, .0 20 40 60 S0 100 120 140
3'.‘ Time( sec) - Time(sec)

- 2.5

gsol b g r—
%2_5 ?2.0 T
& 2.0 - 1.5
B 1S k-
6 10 © 1.0
*os = 0.5
o _____N R
il 20 40 60 SO 100 120 140 1] 20 40 S0 SO0 100 120 140
Time(sec) Time(sec)

. R

2 _f\ s] < 100°C
=] =7
S sl T~
=1 &
£151 Esl T
£ 10 g3
= &

s

1
L] o
o 20 40 60 S0 100 120 140 _0 20 40 60 S0 100 120 140
89 Time(s ec) - = Time(sec) -
-
6] ~- | -
=57 =3 <
5, £,
z g
B 2 =] 1
1
o r . v , ' v . o . v . : .
1] 20 40 60 SO0 100 120 140 ] >0 40 &0 80 100 120 140
Time(s ec) Time(sec)

Fig. 7: Resistance as a function of time for different temperatures (RT,100,200, and 250°C)
for Nb,Os thin films prepared at RT by different DC powers: 25, 50, and 75 W.
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3.9 Response Time and Recovery Time

The response time of a gas sensor refers to the duration needed for the sensor's
conductance to reach 90% of its maximum or minimum value when introducing a
reducing or oxidizing gas, respectively. This is expressed in Eq. (4). Similarly, the
recovery time signifies the time it takes for the sensor's conductance to return to within
10% of the initial baseline level after the gas flow is stopped, as indicated in Eg. (5)
[51].

response time = |tga5(on) — tgas(off)| x 0.9 4)

recovery time = |tgas(off) - tgas(recovery)| x 0.9 (5)

Fig. 9 presents the relationship between the response time and recovery time of
Nb,Os thin films at different operating temperatures. The deposition process involved
using a 3% NO.: air mixing ratio on a p-type Si wafer (100). The graph demonstrates a
rapid response time of 10 seconds and a recovery time of 40 seconds. This indicates that
the NO, gas sensor exhibits a prompt response when a sufficient quantity of gas is
present for the desired reaction to occur. The longer recovery time compared to the
response time in gas sensors is primarily attributed to the desorption process. Upon
detecting a target gas and initiating a response, the gas molecules become adsorbed on
the sensor's surface, leading to changes in its electrical properties. However, once the
gas is no longer present, the sensor requires time to release or desorb the gas molecules
from its surface and return to its initial state [52, 53]. Table 3 shows the response,
recovery times, and sensitivity % for NO, gas at four operator temperatures (RT, 100,
200, and 250) °C for Nb,Os thin films at various sputtering powers.
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Figure 9: The relationship between the response time, recovery time, and operating
temperature for Nb,Os thin films at various sputtering powers: (a) 25 W, (b) 50 W,
and (c) 75 W.
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Table 3: Response, recovery times, and sensitivity % for Nb,Os thin films at various
sputtering powers.

P(ovv\\;()er Temp. (°C) | NO,Sensitivity% | Res. Time (s) | Rec. Time (s)
RT 12.2 23.0 78.0
25 100 107 210 100
200 226 290 210
250 12.7 18.0 59.0
RT 143 10.0 720
50 100 15.7 18.0 48.0
200 28.6 19.0 47.0
250 25.9 25.0 51.0
RT 6.5 12.0 610
75 100 9.1 15.0 58.0
200 21.0 22.0 720
250 12.1 21.0 60.0

4. Conclusions

This research study successfully utilized the widely adopted sputtering technique
to produce high-quality Nb,Os thin films. XRD analysis confirmed the polycrystalline
structure of the films, exhibiting a hexagonal phase. Notably, increasing the DC power
during deposition resulted in a decrease in the direct optical energy gap. Furthermore,
the average diameter of the films increased with higher sputtering power. The NO, gas
sensor, fabricated with a power of 50 W, exhibited an impressive sensitivity of 28.6% at
RT. Additionally, this sensor demonstrated a rapid response time of 10 seconds under
the same power setting. The fastest recovery time of 40 seconds was observed for the
sample prepared with a power of 25 W.
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