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Abstract: Notwithstanding the success of SnO2 as a fundamental material for gas sensing, it
has often been criticized for its cross-sensitivity and high operational temperatures. There-
fore, in this study, RF-sputtered SnO2 thin films were subjected to a modification process
through doping with a rare earth element, dysprosium (Dy), and subsequently deposited
onto two different types of substrates: alumina and glass substrates. All thin films under-
went a comprehensive series of characterizations aimed at ensuring their suitability as NO2

sensors. The dysprosium doping levels ranged from 1 to 7 wt.% in increments of 2% (wt.%).
X-ray patterns showed that all deposited films exhibited the tetragonal rutile structure
of SnO2. The optical band gap energy (Eg) increased with Dy doping, while the Urbach
energy decreased with Dy doping. Field emission scanning electron microscopy (FESEM)
revealed highly compacted grainy surfaces with high roughness for alumina substrate thin
films, which also exhibited higher resistivity that increased with the levels of Dy doping.
Energy-dispersive X-ray spectroscopy (EDX) analyses confirmed the stoichiometry of both
types of thin films. Gas sensing tests were conducted at different operating temperatures,
where the highest response to nitrogen dioxide, over 42%, was recorded for the higher
dopant level at 250 ◦C. Moreover, the sensor’s selectivity toward nitrogen dioxide traces
was evaluated by introducing interfering gases at higher concentrations. However, the
sensors showed also significant responses when operated at room temperature. Also, we
have demonstrated that higher stability is related to the temperature of the sensors and Dy
ratio. Hence, a detailed discussion of the gas-sensing mechanisms was undertaken to gain
a deeper insight into the NO2 sensitivity exhibited by the Dy-doped SnO2 layer.

Keywords: SnO2; Dy; sputtering; optical and morphological properties; NO2; gas sensing

1. Introduction
In an era marked by remarkable technological strides, where innovation and progress

intertwine seamlessly, there is one sobering reality: relentless air pollution. Air rather
disgustingly filled up with the well-designed webs of pollutants poses a serious threat not
only to health but also to entire ecosystems and even the so-called tissue of the environment,
for all the unprecedented technology that society possesses. This paradox translates into an
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urgent need to address the persistent challenges of air quality monitoring, recognizing that
the solutions to this environmental menace must be as advanced and interconnected as the
technologies that, paradoxically, contribute to the ongoing struggle against pollution.

Actually, no one can deny that anthropogenic air pollutants have a detrimental impact
on human health, such as chronic obstructive pulmonary disease, heart disease, chronic
bronchitis, asthma, and lung cancer that leads probably to death. This is supported by the
studies implemented by the World Health Organization, which indicate that approximately
4.2 million people worldwide die prematurely per year due to environmental pollution [1].
Notably, nitrogen oxides (NOxs), particularly NO2, rank among the top five pollutants
responsible for degrading ambient air quality. NOxs are generated from combustion pro-
cesses, such as motor vehicle exhausts, power stations, off-road equipment and industrial
processes [2]. The effect of NO2 is always very deleterious on the environment, where
it directly contributes to the formation of ground-level ozone, acid rain, and inorganic
ambient particulate matter [3].

The annual standard for NO2 set by the U.S. Environmental Protection Agency is 53 parts
per billion (ppb), averaged over a year [4], as exposure above this concentration can be ex-
tremely dangerous to our health. Additionally, keeping it in acceptable concentrations remains
an important challenge. Therefore, the monitoring of NO2 at trace levels in the environment
is crucial for implementing life-saving measures and the conservation of our environment.

Extensive research endeavors have led to the continuous evolution of methods aimed
at detecting and mitigating toxic gases. The inception of gas detectors dates back to the
utilization of chemical reactions, wherein certain materials interacted with toxic gases,
triggering discernible changes [5]. Gas detection technology has evolved significantly
over time. Initially, gas detectors relied on chemical reactions to indicate the presence of
specific gases. These early devices utilized chemical reagents that changed color upon
exposure to certain gases. However, in the mid-20th century, electronic chemoresistors and
electrochemical cells emerged, replacing these initial prototypes.

In the contemporary era, the latest advancements in gas detection involve the fusion
of sensors with wireless communications and data processing capabilities. These intelligent
gas detection systems offer real-time monitoring of gas levels, remote access to data, and
predictive analytics for early hazard detection [6]. Achieving such high-tech functionality
necessitates the development of new materials with heightened sensitivity. These materials
must align with the evolving capabilities of detectors to ensure reliability, accuracy, and
cost-effectiveness, particularly in detecting and monitoring low concentrations of gases like
NO2 in real-time.

Nitrogen dioxide (NO2) is a major air pollutant that is primarily produced from
combustion processes, industrial activities, and vehicular emissions. Its presence in the
atmosphere contributes to environmental issues such as acid rain, photochemical smog,
and the formation of fine particulate matter, which have severe implications for air quality
and human health. Due to these concerns, the detection and monitoring of NO2 have
gained significant attention, particularly in environmental applications. Beyond environ-
mental monitoring, NO2 detection is also critical in biomedical applications, such as breath
analysis. Exhaled NO2 levels serve as a potential biomarker for respiratory conditions,
including asthma and chronic obstructive pulmonary disease (COPD) [7]. Monitoring NO2

at trace concentrations is essential for real-world applications, as its threshold limits vary
depending on the context. For instance, the World Health Organization (WHO) recom-
mends a maximum exposure of 200 ppb for 1 h in ambient air, while in medical diagnostics,
NO2 concentrations as low as 10–50 ppb can indicate respiratory inflammation. However,
at elevated concentrations, NO2 becomes hazardous to human health. Short-term exposure
at levels under 20 ppm can cause mild respiratory irritation, while exposure approaching
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100 ppm may lead to severe lung inflammation and pulmonary edema. At concentrations
above 100 ppm, NO2 is considered immediately dangerous to life and health (IDLH) due to
its potential to cause fatal lung damage. Long-term exposure to even low levels (≥1 ppm)
increases the risk of chronic lung diseases and susceptibility to respiratory infections [8]. To
regulate exposure, occupational and environmental safety agencies have established strict
limits. The Occupational Safety and Health Administration (OSHA) sets a permissible
exposure limit (PEL) of 5 ppm as a ceiling value, meaning that it should not be exceeded
at any time [9]. The National Institute for Occupational Safety and Health (NIOSH) rec-
ommends a lower exposure limit of 1 ppm for short-term exposure (15 min) [10]. These
regulatory limits emphasize the need for highly sensitive NO2 sensors to ensure workplace
safety, air quality monitoring, and medical diagnostics. Therefore, the development of
advanced sensing materials with excellent selectivity, stability, and low detection limits is
important for both environmental and biomedical applications.

Over the past few decades, there has been extensive exploration into semiconductive
metal oxide materials for their potential applications as gas detectors [11]. Notable examples
include TiO2 [12], ZnO [13], WO3 [14], and CdO [15], among others. Among these metal
oxides, SnO2 stands out as a venerable material that continues to garner research attention.
This enduring interest is attributed to its remarkable properties, including affordability, ver-
satility in growing various nanostructures, and the capacity for property manipulation with
high 3S-factors, namely, sensitivity, selectivity, and stability. SnO2 boasts a notably elevated
melting point and exhibits minimal reactivity toward oxygen and water vapor [16,17]. Con-
sequently, it holds significant promise for the development of advanced gas sensors, as well
as for the construction of high-performance optical and electrical devices [12].

Typically, the sensing capabilities of semiconductive metal oxides are influenced by
various factors, including the contact surface quality, porosity, morphology, structural
characteristics, presence of defects, deposition techniques, and temperature conditions
during fabrication. A thorough understanding and investigation of these factors can be
leveraged to effectively enhance the properties of detectors.

Nevertheless, the inherent sensitivity of pure SnO2 to NO2 falls short of meeting the
required standard, necessitating an intervention to address this limitation. One effective
approach involves implementing proven methods to enhance sensitivity or to reduce the
optimum operating temperature while ensuring long-term stability.

In recent times, rare earth (RE) metals have garnered attention as additives owing to
their distinctive electron configurations [18]. This characteristic allows them to demonstrate
exceptional sensing capabilities, rendering them highly suitable for gas detection purposes.
Moreover, the structural alterations induced by the sizable ionic radii of rare earth elements
lead to enhanced sensitivity of SnO2 materials [19]. For instance, S. Maheswari et al. have
used yttrium to enhance the NH3-sensing properties of SnO2 thin films, proving that the
response time and recovery are getting shorter with SnO2:Y (5 wt.%) [20].

Dysprosium (Dy), among the spectrum of rare earth elements, has been very seldom
studied for enhancing the sensing capabilities of metal oxides. S. Bahtia et al. examined the
impact of Dy doping on ZnO, uncovering heightened sensing capabilities with increasing
Dy concentrations in comparison to pure ZnO samples [21]. Moreover, G. Singh has proven
the positive effect of Dy doping in SnO2 thick films on detecting NO2 [22]. Additionally,
F.I. Shaikh et al. succeeded in incorporating Dy in the SnO2 lattice to improve the sensing
response to ethanol vapors [23]. Dysprosium (Dy), one of the most plentiful rare earth
elements, demonstrates notable surface reactivity, assisting in the absorption and release of
gas molecules onto TCO surfaces, and can heighten the interaction between the sensing
material and the intended gas, potentially resulting in swifter response and recovery times,
along with an enhanced dynamic range and stability [24].
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This paper seeks to enhance the understanding of the impact of dysprosium on various
properties of SnO2 thin films, with the aim of developing them into gas detectors. Thin
films of Dy-doped SnO2 were fabricated using RF sputtering and deposited onto two
different substrates. A comprehensive comparative analysis was conducted to explore the
effects of dysprosium doping across all characterization aspects.

This initiative is inspired by the extensive research efforts dedicated to the application
of rare earth elements in enhancing the functionality of semiconductor materials. To the best
of our knowledge, few studies have delved into the characterization of Dy:SnO2 thin films.
Therefore, it is paramount to thoroughly examine the optical, structural, and gas-sensing
properties of Dy-doped SnO2.

Our goal is to optimize the sensors to detect concentrations of an oxidizing species
at trace levels (i.e., at ppb levels), knowing that the results achieved so far for SnO2:Dy
materials report the detection of reducing species at hundreds of ppm only. Achieving
this would enable the sensors to respond more rapidly and provide timely alerts, which
are critical priorities for effective gas sensing technology. Furthermore, our investigation
encompasses an exploration of how the morphology and varying Dy doping rates influence
the gas sensing capabilities of Dy:SnO2 thin films.

2. Materials and Methods
Undoped and dysprosium-doped SnO2 thin films were directly deposited onto glass

and alumina substrates featuring screen-printed, interdigitated platinum electrodes on one
side and a platinum resistor heater on the opposite side, as illustrated in Figure 1. The
deposition process was conducted at room temperature using the RF magnetron sputtering
method. Preceding the deposition, the glass substrates underwent ultrasonic cleaning with
a soap solution, followed by degreasing with acetone. Subsequently, they were thoroughly
rinsed with deionized water and dried in an oven at a temperature of 120 ◦C.
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The focus of this study is to investigate the impact of doping SnO2 with the rare earth
metal dysprosium (Dy). To achieve this, SnO2 and Dy2O3 powders were meticulously
mixed, with Dy concentrations in the range of 0, 1, 3, 5, and 7% by weight. Following a
5 min mixing process in a crusher to ensure uniform compositions, the powder was gently
compacted on a backing plate to attain a consistent thickness. The target–substrate distance
was set at 65 mm, and the substrates were rotated at 15 rpm. An argon (Ar) flow of 13 sccm
(0.6 Pa) was kept constant throughout the process. The RF power in the sputter chamber
was adjusted to 200 W, and the chamber was evacuated to a base pressure of 10−4 Pa to
prevent contamination of the layers. The deposition time, a crucial parameter, was fixed
at 3 h.

2.1. Material Characterization Techniques

The thin films underwent structural characterization through X-ray diffraction (XRD)
using a Bruker D8-DISCOVER (Billerica, MA, USA) diffractometer, covering an angular 2θ
diffraction range of 20 to 70 degrees. Optical properties were examined using a Shimadzu-
UV1800 (Kyoto, Japan) spectrophotometer. Surface morphology was studied using field
emission scanning electron microscopy (FESEM) with Hitachi 2000 (Tokyo, Japan) and
FEI Helios Nanolab 650 (Hillsboro, OR, USA), and the cross-section FESEM analysis was
facilitated by depositing a thin layer of platinum onto the targeted thin film, ensuring the
film’s safety during the cutting operation. The surface roughness, indicated by the root
mean square (RMS), was analyzed via atomic force microscopy (AFM) Agilent 5500 (Santa
Clara, CA, USA). Data analysis for AFM was performed using Gwiddyon (version 2.2.64 of
Develop software).

The compositional investigation was carried out using energy-dispersive X-ray spec-
troscopy (EDS). Electrical properties were determined through a Hall effect analysis using
an HMS-50003 (Phoenix, AZ, USA) type device for electrical measurements with a current
of 10 µA, providing a magnetic field 0.55 T. Two electrodes were applied by painting them
on the thin film’s extremities with conductive silver paste. Hall effect measurements were
conducted at various temperatures, with the wired samples placed inside a furnace.

2.2. Gas Sensing Tests

With the objective of investigating and comparing the gas sensing characteristics of
undoped and dysprosium-doped SnO2 thin films, we deposited the sensitive films onto
commercial alumina substrates (0.4 × 2.25 cm in size). The sensing devices consisted of
0.25 × 0.73 cm screen-printed interdigitated platinum electrodes on the front side and
a heating resistor (6 Ω) positioned on the reverse side. The resultant gas sensors were
enclosed in an airtight Teflon chamber and subjected to varying concentrations of the
NO2 target gas at different operating temperatures (from 50 to 250 ◦C in steps of 50 ◦C).
The electrical resistance was gauged using an Agilent-34972A (Santa Clara, CA, USA)
multimeter, while the operating temperature was regulated by an external power supply.
NO2 gas concentrations within the ppb range were measured. The gas sensing properties
were assessed based on the response percentage, detection limit, and repeatability. The
sensor response (Res) is defined as the percentage change in the baseline resistance of the
sensor when exposed to an analyte gas. This can be calculated using the Formula (1), as
follows [25]:

Res (%) =
Rgas − Rair

Rair
× 100 (1)

In this context, Rair and Rgas represent the sensor resistance before and after exposure
to the gas, respectively.

In the beginning, the sensor was kept for a stabilization period in a stream of dry
synthetic air (Air Premier, purity: 99.995%) at a flow rate of 100 mL/min, lasting for 4 h
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to establish its baseline resistance. The exposure to analyte gases was fixed at a duration
of 10 min. Following this exposure, the chamber was flushed with dry air for 180 min to
facilitate the recovery of the sensor’s baseline resistance.

Figure 2 illustrates the setup for the gas sensing measurement system, which op-
erates by injecting target gases, sourced from calibrated gas cylinders and balanced in
dry synthetic air, into a Teflon chamber containing the sensors. The chamber volume is
200 cm3, ensuring a uniform gas distribution. This testing chamber is connected to a fully
automated, continuous gas flow measurement system capable of supplying diluted gas
mixtures through mass flow controllers (MFCs). The Pt heater meander was assessed to de-
termine the operating temperature of the sensor, which was regulated by an external power
supply (Agilent, model 3492A). Throughout the gas sensing characterization experiments,
dry air served as the carrier and balance gases.
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3. Results and Discussion
3.1. Structural Properties: XRD Analysis

The X-ray diffraction (XRD) patterns illustrating both undoped and Dy-doped SnO2

thin films (at concentrations of 1%, 3%, 5%, and 7%) are depicted in Figure 3. Analyzing
XRD patterns, we can see that these lattice structures validated the body-centered tetragonal
arrangement (rutile phase) of SnO2 thin films, consistent with the JCPDS card No. 00-041-
1445 for both types of substrates, with a preferential direction along the (110) plane, with
well-identified peaks at 2θ angles of 26◦, 34◦, 38◦, and 53◦, corresponding to the (hkl) planes
(110), (101), (200), and (211), respectively. For the thin films deposited on the glass substrate,
it is evident that no peaks corresponding to glass elements are detected. However, it is
noteworthy that peaks attributed to the alumina substrate, Al2O3, are observed. This
occurrence can be attributed to the significantly larger volume of Al2O3 cells compared to
SnO2 [26], which will be clearly elucidated by the FESEM (field emission scanning electron
microscope) analysis later. Furthermore, the XRD analysis did not reveal the presence of
any peaks associated with SnO2 impurities.

From the arrangement of the 2θ angle corresponding to the (101) peak for both alumina
and glass substrates, a noticeable blue shift of the predominant peaks toward lower angles
is observed with increasing dopant concentration, which is attributed to the integration
of Dy ions into the SnO2 crystal structure [27]. While most peaks remain consistent, thin
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layers of SnO2:Dy 7% exhibit the disappearance of peaks at positions 2θ = (101), possibly
due to the large presence of Dy3+ ions, initiating lattice structure disruptions in SnO2.
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An analysis of lattice parameters reveals a slight increase with rising Dy dopant
concentrations. Importantly, the absence of additional Dy peaks, such as Dy2O3, in any
pattern confirms successful dopant particle incorporation into the SnO2 matrix.

The influence of doping was distinctly observable, as evidenced by the decreased peak
intensity of the SnO2 film along the 101 plane. This reduction can likely be attributed to
the incorporation of Dy3+ ions into the lattice structure of SnO2 even more, where their
presence is likely inhibiting the crystal grain growth [28]. It is widely recognized that the
ionic radius of Dy3+ is greater than that of Sn4+; consequently, Dy atoms predominantly
occupy substitutional positions within the SnO2 lattice structure, leading to variations
in the lattice parameters of SnO2 films as the Dy content is modified. Consequently,
this integration led to lattice distortion and disruption, thereby impacting the average
crystallite size. The decrease in XRD peak intensity could be attributed to the altered phase
formation of Dy or the generation of localized defects within the lattice. Ausama I. Khudiar
et al. achieved a similar behavior by doping SnO2 thin films with aluminum, leading to a
distortion in SnO2 lattice, which was concluded by the XRD pattern analyses [29].

The lattice parameters a and c for the tetragonal structure have been identified using
the following equation [30]:

1
d2 =

(
h2 + k2

a2

)
+

l2

c2 (2)

where d is the inter-planar spacing and (h, k and l) are the Miller indices.
Structural parameters, including inter-lattice distances (dhkl) and lattice parameters

(hkl), are calculated in Table 1. Scherrer’s equation [29] is employed to ascertain the
crystalline sizes (D) of both the pure and Dy-doped SnO2 thin films:

D =
0.9λ
β cos θ

(3)

where λ, β and 2θ are the wavelength of the X-ray diffraction, the full width at half
maximum (FWHM) of peaks, and the maximum peak position, respectively.
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Table 1. Lattice constants, crystallite size (D), dislocation density (δ), and strain (ε) of SnO2:Dy thin
films deposited on alumina substrates.

SnO2:Dy Thin Films Deposited on Alumina Substrates

Samples (hkl) 2θ (◦) dhkl (A◦) a (A◦) c (A◦) D
(nm)

δ·10−3

(nm−2)
ε·(10−3)

(rad) Tc(101)

SnO2:Dy 0% (110) 26.68 3.34 4.72 2.64 5.55 3.24 6.24 0.54
SnO2:Dy 1% (110) 26.68 3.34 4.72 2.66 5.10 3.84 6.79 0.68
SnO2:Dy 3% (110) 26.62 3.34 4.73 2.65 4.98 4.04 6.96 0.60
SnO2:Dy 5% (110) 26.62 3.34 4.73 2.65 5.01 3.99 6.92 0.75
SnO2:Dy 7% (110) 26.54 3.36 4.74 2.65 4.08 6.00 8.49 0.57

The crystallinity of the samples is slightly reduced, noting that those on alumina
substrates are much bigger than thin films deposited on glass substrates, which suggests
an enhanced crystalline quality.

Dislocation density (δ) and strain (ε) [31], calculated via Equations (4) and (5), are
indicative of film quality and increases with increasing dopant concentrations. A similar
result was observed for glass substrate samples (see Table 2); this indicates an increase in
stress on the lattice due an increase in impurities by Dy doping. Besides the difference in
size between the dopant atoms and the host lattice that generates localized stress zones,
which leads to the formation of dislocations as the material adjusts to alleviate this stress of
the substrate, we did have a good growth of the doped SnO2 thin films.

δ =
1

D2 (4)

ε =
β cos θ

4
(5)

Table 2. Lattice constants, crystallite size (D), dislocation density (δ), and strain (ε) of SnO2:Dy thin
films deposited on glass substrates.

SnO2:Dy Thin Films Deposited on Glass Substrates

Samples (hkl) 2θ (◦) dhkl (A◦) a (A◦) c (A◦) D
(nm)

δ·10−3

(nm−2)
ε·(10−3)

(rad) Tc(101)

SnO2:Dy 0% (110) 26.68 3.34 4.72 2.64 5.55 6.24 0.54 2.85
SnO2:Dy 1% (110) 26.68 3.34 4.72 2.66 5.10 6.79 0.68 2.54
SnO2:Dy 3% (110) 26.68 3.34 4.73 2.65 4.98 6.96 0.60 2.93
SnO2:Dy 5% (110) 26.68 3.34 4.73 2.65 5.01 6.92 0.75 1.89
SnO2:Dy 7% (110) 26.68 3.36 4.74 2.65 4.08 8.49 0.57 2.05

The introduction of Dy ions into the SnO2 matrix will cause the grain size to decrease,
which is correlated to the inhibition of the nucleation growth mechanism (bad crystallinity),
leading to lattice distortion [32]. SnO2 doping with Dy leads to a degradation of crystallinity,
which is connected to an increase in the density of dislocation (δ). This means that there is
a tensile microstrain embedded in the SnO2 lattice.

The formula for determining the texture coefficient (Tchkl), which assesses the relative
level of preferential orientation of a plane (hkl), is as follows:

Tchkl =
Ihkl
I0hkl

(
1
n ∑i=n

i=1
Ihkl
I0hkl

)−1
(6)
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When considering the number of diffraction peaks as n, I0 represents the standard
plane intensity (hkl) from JCPDS data, and I represents the observed plane intensity (hkl)
in XRD diffractograms.

When Tc equals one, the crystallites exhibit random orientation, whereas Tc greater than
one indicates an abundance of crystallites aligned along a specific plane. Conversely, when
Tc falls between zero and one, it suggests a lack of crystallite orientation in that direction.

The texture coefficient for both the pristine and Dy-doped SnO2 deposited on glass
substrates layers is less than one for the preferential direction; meanwhile, it registers values
higher than one for the (101) plane direction, indicating a random orientation of crystals
in all layers (see Table 2). While for the films deposited on alumina, we can note from the
obtained values that we have a change of orientation as the Dy concentration increases.

3.2. Optical Properties

The spectra depicted in Figure 4 are the optical transmittance and reflectance spectra of
both undoped and Dy-doped SnO2 thin films spanning the spectral range of 300–1800 nm.
The observed fringes, arising from interference effects, serve as evidence of the optical
uniformity and excellent surface quality of the deposited films. Across the visible range,
all prepared films exhibit notable transparency, exceeding 80% and peaking at 88% for the
SnO2:Dy 7% film. Furthermore, a distinct fundamental absorption edge emerges around
360 nm, indicating the suitability of these materials for use as transparent electrodes.
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Figure 4. (a) Transmission, reflection, and (b) absorption coefficient spectra of SnO2:Dy [0, 1, 3, 5, and
7% wt.] thin films.

Ordinarily, the average transmittance of thin films is affected by factors such as the film
thickness, surface roughness, crystal defects, and grain size [33]. So, it can be influenced by
factors such as the film thickness, surface roughness, grain size, and crystal defects [34].
In this research, the reduction in the transmittance of Dy-doped SnO2 thin films could
potentially be linked to heightened structural disorder, particularly crystal imperfections.
This is supported by the observed rise in dislocation density (δ) values, as presented
in Table 1, upon Dy doping into the SnO2 lattice. Consequently, an increase in crystal
imperfections and a decrease in crystallite size likely lead to amplified photon scattering.

The appearance of clearly defined interference fringe patterns within the optical
transmittance spectra signifies the development of high-quality SnO2 thin films and their
highly homogeneous surface. The thickness of thin films is a crucial factor that significantly
affects their properties and performance. The thickness of the SnO2:Dy thin films can be
determined utilizing a conventional method used in a previous work based on the positions
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of the interference reflectance minima and maxima [32]. The thickness of the thin films was
determined by analyzing the interference fringes observed in the transmittance spectra,
exploiting the periodic variations in light intensity caused by multiple reflections within the
film. This method is based on the Heavens model, where the optical interference fringes in
the transparent region enables a precise thickness estimation. This model is mainly applied
in the study of materials with low absorption. To determine the thickness of the thin film, it
is essential to first calculate the refractive index nc. The value of nc for a weakly absorbent
thin layer deposited on a transparent substrate is derived from the UV-Vis reflectance
spectrum measured in the region where the film exhibits minimal absorption [35]:

nc =

√
ns × (1 +

√
Rmax)

(1 −
√

Rmax)
(7)

Here, ns represents the refractive index of the substrate, and Rmax corresponds to the
maximum average reflectance of the layer. The thickness d of the thin film can then be
determined using the following equation:

d =
m × λ1

4 × nc
(8)

where m is the order of interference

m =
λ2

λ1 − λ2
(9)

λ2 is the wavelength of the maximum reflectance that succeeds that of λ1 by sweeping
the wavelengths in the decreasing direction.

The spectral lines illustrated in Figure 4b display the absorption coefficient values of
the synthesized thin films in relation to the photon energy. Introducing dysprosium doping
led to a noticeable enhancement in optical absorption across all layers to attend values in
the order of 105 in the UV region.

The thickness variation of the SnO2:Dy films is provided in Figure 5, revealing that the
incorporation of Dy resulted a decrease in the thin film thickness. This effect is totally related
to the technique of deposition, which is a physical technique, and the opposite variation
is obtained in a previous work using the chemical technique “spray pyrolysis” [32]. It is
evident from the data that the introduction of Dy doping brings about a notable alteration
in the thickness of these thin layers. This observation emphasizes the interdependency
between the thin film thickness and the incorporation of Dy, indicating a clear correlation
between doping and the resulting film thickness. Understanding and managing this
correlation is essential for fine-tuning the thin film’s characteristics to meet specific demands
across various applications.

As depicted in Figure 6a, the existence of a linear segment within the band gap
versus photon energy (hν) confirms the consistent behavior of our material as a direct gap
semiconductor. The increase in band gap energy from 3.67 eV to 3.93 eV, observed with the
increase in Dy doping percentage up to 7%, is primarily attributed to the integration of Dy
ions into the SnO2 crystal structure.
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Figure 6. (a) Plot of (ahν)2 versus (hν) for the undoped and Dy-doped SnO2 thin films, and (b) plots
of the variations in Eg and Eu versus the variation in the doping rates of Dy.

By graphing (αhν)2 against (hν) and applying the Tauc model [36] outlined in Equation (7),
we could readily determine the gap energy by extending the linear section of the plots of
(αhν)2 versus hν to hν = 0. The Tauc model, as elucidated by the subsequent equations,
guided this interpretation:

(αhν) = B(hν − Eg)n (10)

α =
1
d

ln(
(1 − R)2

T
) (11)

where ν represents the frequency of the incident photon, hν denotes the photon energy, B
stands for a constant, α represents the absorption coefficient, and d signifies the thickness of
the considered layers. Eg denotes the optical band gap energy, representing the minimum
energy required to excite an electron from the valence band to the conduction band, while
n denotes a fraction whose values are contingent upon the nature of the transition (1/2,
2, 3/2, and 3). In our scenario, n assumes a value of 1/2, aligning with directly allowed
transitions [37].

The upward trend in optical gap energy observed with the rising Dy composition, as
depicted in Figure 6a, is primarily ascribed to the Burstein–Moss effect [38]. This effect
stems from the escalation of the Fermi level, a consequence of the augmented presence
of free carriers within degenerate semiconductors. The Dy composition increases with
the doping level, which was already proven by the EDX analyses, leading to a higher
concentration of free carriers and consequently pushing the Fermi level upward. This
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phenomenon significantly impacts the band structure, resulting in a discernible increase in
the optical gap energy. Understanding the interplay between the composition and optical
properties is pivotal for tailoring materials to meet specific requirements in optoelectronic
devices and other technological applications, where precise control over the band gap
energy is crucial for optimal performance.

In semiconductive materials, structural disorder induces localized states, termed band
tails, proximate to the forbidden bands. These band tails are characterized by the Urbach
energy, also referred to as the Urbach tail, which manifests as an exponentially rising
absorption edge in proximity to the fundamental band gap [39]. These defect states within
the optical band region are quantified by the Urbach energy, representing localized defect
states within the band gap. These states give rise to absorption tails in the absorption
spectra, identified as Urbach tails, with their associated energy termed Urbach energy.
The extraction of Urbach energy from absorption spectra is achievable through specified
relations, facilitating its quantitative determination:

α = α0exp (
hν

Eu
) (12)

where alpha is the absorption coefficient; α0 is a constant; E is the incident photon energy,
which is equal to hν; and Eu is the Urbach energy. Eu is estimated from the ln alpha versus
energy photon plot. The reciprocal of the slope obtained by fitting the linear part of the
curves gives the value of the Urbach energy Eu.

It can be seen from Figure 6b that Eu values increase with an increase in the Dy
concentration. It is proposed that the alteration of the EU values is attributed to the
introduction of structural disorder through doping [40], which is proven by the increase in
the intensity of the XRD peaks.

The decrease in Urbach energy values as the Dy doping concentration increases implies
that the band gap structure of the thin films doped with Dy exhibits a higher level of defects
compared to earlier levels.

3.3. Morphological Properties
3.3.1. AFM Characterization

The surface morphology and roughness are critical factors influencing the optical and
electrical characteristics of transparent conducting oxide thin films. Figure 7 illustrates
AFM micrographs of pure SnO2 and Dy-doped (1, 3, 5, and 7 wt.%) SnO2 thin films across
a scanning area of 3 µm × 3 µm. It is evident that the Dy concentration significantly
influences the microstructure of the films. The grains in the pure SnO2 film, as seen in
Figure 7a, appear less dense. However, in Dy-doped SnO2 films, the grains, as depicted
in Figure 7b–d, are more and densely packed. All deposited films exhibit nearly small
spherical grain shapes, with the grain size decreasing with increasing Dy doping in SnO2,
consistent with the XRD results. Table 3 presents the measured roughness values for all
films. The addition of Dy effectively hinders the excessive growth of SnO2 grains [39]. The
average surface roughness (RMS) is crucial in the fabrication of optoelectronic devices.
The RMS is determined from AFM scans over a film area of 3 µm × 3 µm for the glass
substrates and 60 µm × 60 µm for the alumina substrates.
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Table 3. RMS values of undoped and Dy-doped SnO2 thin films deposited on alumina and glass
substrates.

RMS (nm)

Substrate Type Glass Alumina

pure SnO2 5.88 449.1
1% Dy 1.69 552.2
3% Dy 1.14 412.8
5% Dy 1.14 431.8
7% Dy 0.94 308.9

Figure 7 presents the AFM images of SnO2:Dy thin films deposited on two types of
substrates (alumina and glass) with a uniform surface roughness.
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Notably, it is found that the average surface roughness (RMS) decreased slightly with
an increasing Dy content for both alumina and glass substrates, with significantly higher
values of roughness for the thin films deposited on alumina that is normally attributed to the
huge size of the alumina grains; the calculated values are listed in Table 3. Furthermore, no
cracks were observed in any of the films, indicating that all the films were homogeneously
grown on glass and alumina substrates using the sputtering technique.

3.3.2. FESEM Characterization

Knowing that the sensing layer surface morphology significantly impacts the perfor-
mance of the sensor, FESEM was used to analyze the surface morphology of pure and
Dy-doped SnO2 thin films deposited on alumina and glass substrates. The morphological
modifications in the SnO2 thin film samples at various doping rates (0, 1, 3, 5, and 7% wt.)
deposited on alumina and glass substrates are shown in Figure 8. These figures suggest
that for SnO2 films on the glass substrate, the grains seemed to be tightly packed. Numer-
ous microscopic grains multiplied and collected to create a grainy surface without any
voids. However, for the films deposited on the alumina substrate, the surface of the films
was covered with numerous microaggregates that together created a granular and dense
surface covering the big alumina particles. In addition, small grains occurred between the
aggregates to fill in the voids and condense the surface of the thin layer, indicating that the
layer was well homogenized, which was also supported by the AFM data. The FESEM mi-
crographs show that the aggregation of these particles was evenly distributed for all layers.
As a result, charge carrier dispersion was reduced, increasing the electrical conductivity of
films. Furthermore, the optical and structural results confirmed this enhancement.
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Figure 8. FESEM, Cross-section images of (a) pure SnO2, (b) SnO2:Dy 1%, (c) SnO2:Dy 3%,
(d) SnO2:Dy 5%, and (e) SnO2:Dy 7% thin film samples deposited on glass and (a’) pure SnO2,
(b’) SnO2:Dy 1%, (c’) SnO2:Dy 3%, (d’) SnO2:Dy 5%, and (e’) SnO2:Dy 7% thin films deposited on the
alumina substrate.

In addition, doped films were less closely-packed compared to the pure films. This
indicated that the Sn4+ substitution did not cause significant lattice dislocation.

The thin film thickness is determined by measuring the width of the side surface in the
cross-sectional view of a scanning electron microscopy (FESEM) image. Figure 6 presents
the FESEM cross-section images for pure and doped SnO2 thin films for samples deposited
on glass samples. Using this technique, we determined that the average thicknesses of the
different SnO2 layers were 620, 579, 470, 442, 378, and 299 nm for the 0, 1, 3, 5, and 7%
Dy-doped thin films, respectively. In addition, the images allowed us to clearly see the
effect of Dy, as the thickness value decreased as the doping percentage increased. These
results confirm those calculated by means of the interference fringes.

3.4. Elemental Characterization

Energy-dispersive X-ray spectroscopy (EDS) was used to determine the chemical com-
position of the pure and Dy-doped SnO2 thin films. EDXS measurements were employed
to explore the elemental compositions of the Dy-doped SnO2 thin films, each containing
varying amounts of Dy. The EDXS spectrum in Figure 9 illustrates three distinct peaks
corresponding to Sn and O in the undoped film.
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Dy. (a) SnO2:Dy (0 wt.%), (b) SnO2:Dy (1 wt.%), (c) SnO2:Dy (3 wt.%), (d) SnO2:Dy (5 wt.%), and
(e) SnO2:Dy (7 wt.%) on the alumina substrate. (a’) SnO2:Dy (0 wt.%), (b’) SnO2:Dy (1 wt.%),
(c’) SnO2:Dy (3 wt.%), (d’) SnO2:Dy (5 wt.%), and (e’) SnO2:Dy (7 wt.%) on the glass substrate, Atomic
percentages of the different elements present in each sample are shown.

Conversely, the spectra of doped samples exhibit additional peaks attributable to Dy,
indicating its incorporation into the SnO2 lattice. Particularly noteworthy is the increasing
intensity of the Dy peak with higher Dy concentrations in the SnO2:Dy system.

An analysis of these data indicates the presence of the Dy, Sn, and O elements, aligning
with the atomic ratios derived from the initial precursors for their respective samples.
Additionally, silicon (Si) and aluminum (Al) are detected in both thin films deposited on
glass and alumina substrates, respectively.

The quantitative analysis of atomic weight percentages, as provided in accompanying
tables, reveals values closely aligned with the nominal stoichiometry, falling within the
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experimental error range. This consistency suggests the successful integration of Dy ions
into the SnO2 lattice, effectively replacing Sn ions. Moreover, it is evident that the quantities
of Dy and O increase with higher Dy doping, while the Sn content decreases, further
confirming the substitution of Sn by Dy3+ ions.

It is been noted that the oxygen percentage is higher in the alumina substrate, since
alumina (Al2O3) is an oxide and has a high affinity for oxygen; it creates a favorable
chemical environment that encourages further incorporation of oxygen into deposited
films. Glass, on the other hand, especially silicon, has a lower reactivity with oxygen, which
means that films on glass incorporate less oxygen. Moreover, the increased surface energy
of alumina facilitates oxygen atom adsorption during deposition, raising the film’s oxygen
content. Alumina is subject to the influence of substrate-induced effects, whereby higher
initial adhesion and bonding sites promote greater oxygen incorporation. Additionally, if
the deposited material aligns well with the lattice of alumina, it may result in increased
epitaxial growth, which in turn affects oxygen incorporation.

The tables in the EDS panel analysis reveal that the Sn/O ratio decreases as the Dy
content increases, indicating that dysprosium incorporation alters the stoichiometry of
SnO2, possibly by substituting Sn or affecting oxygen interactions. Simultaneously, the
Dy/Sn and Dy/O ratios show a clear increasing trend, confirming the successful doping of
Dy into the structure. This suggests that higher Dy concentrations influence the elemental
distribution, potentially impacting the material’s structural and electronic properties.

3.5. Electrical Properties

Table 4 summarizes the details of the electrical properties for the different films studied.
The Hall effect studies were performed for the thin films on glass and alumina substrates.
From Table 4, we can conclude that an increase in the Dy concentration increases the
resistivity values from 2.1 × 10−2 to 2.8 × 101 Ω cm for the samples deposited on glass and
from 2.4 × 10−3 to 1.81 × 10−1 Ω cm for the samples on the alumina substrate.

Table 4. Electrical properties of SnO2:Dy thin films deposited on glass and alumina substrates.

Glass Substrates

Thin Film Sheet Resistance Resistivity (Ohms cm) Conductivity
Ohms cm−1

Pure SnO2 4.21 × 102 2.10 × 10−2 4.75 × 101

SnO2:Dy 1% 8.52 × 102 4.26 × 10−2 2.35 × 101

SnO2:Dy 3% 2.26 × 103 1.13 × 10−1 8.85
SnO2:Dy 5% 4.24 × 103 2.12 × 10−1 4.714
SnO2:Dy 7% 5.73 × 105 2.87 × 101 3.49 × 10−2

Alumina Substrates

Thin Film Sheet Resistance Resistivity (Ohms cm) Conductivity
Ohms cm−1

Pure SnO2 40.1 2.40 × 10−3 4.17 × 102

SnO2:Dy 1% 1.2 × 102 5.6 × 10−3 1.79 × 102

SnO2:Dy 3% 3.21 × 102 1.44 × 10−2 6.94 × 101

SnO2:Dy 5% 4.05 × 103 1.41 × 10−1 7.09
SnO2:Dy 7% 6.06 × 103 1.81 × 10−1 5.53

The resistivity of the SnO2 thin films increases with higher dysprosium loading, which
is consistent with the observed trend in the measurements. While oxygen vacancies intro-
duced by doping can act as donors, increasing the number of free carriers and potentially
enhancing conductivity, the dominant effects of rare earth metal inclusion must also be
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considered. Dysprosium doping disturbs the crystal lattice of SnO2, leading to increased
scattering of charge carriers, such as electrons or holes. This scattering reduces the mobility
of charge carriers, thereby increasing the resistivity of the films. Additionally, the rare earth
elements may influence the band structure of SnO2, further influencing its conductivity.
This is proven by the optical results obtained, confirming the increase in the band gap with
the increase in Dy doping levels. Although certain mechanisms, such as the generation of
donor defects, could increase the resistivity, the dominant influences of carrier scattering
and reduced mobility result in the overall increase in resistivity observed in the doped
films [41,42].

4. Gas Sensing Measurements
4.1. NO2 Gas Detection: Analysis and Responses

For the gas sensing tests, only the samples on alumina substrates were used due to
their structures, which are adapted toward the measurement of the film resistance and
possibility to set their operating temperature. Figure 10 summarizes the structure of such
sensing devices.
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Figure 10. Schematic drawing of the R.F.-sputtered SnO2:Dy thin film sensor structure deposited on
alumina substrates.

Gas sensing experiments were carried out across a range of operating temperatures
(from room temperature, i.e., 25 ◦C, to 250 ◦C in 50 ◦C steps to identify the most effective
operational temperature for sensors. This investigation encompassed various concentration
levels for each target gas. In every instance of measurement, a 10 min injection of NO2

gas was followed by a 60 min purging phase with dry airflow. This process facilitated the
restoration of the sensors’ initial baseline resistance. For NO2, very low concentrations of
250, 500, 750, and 1000 ppb were tested. Dry air served as the carrier gas throughout the
gas sensing assessments. With rising operating temperature, there was a corresponding
increase in the carrier count, leading to the decreased resistances observed for both pure
SnO2 and SnO2:Dy thin films. This behavior aligns with semiconductive metal oxide
characteristics. Although gas tests carried out at ambient temperature (see Figure 11)
showed significant responses, these were far less stable than those recorded at higher
operating temperatures (e.g., 250 ◦C).
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Figure 11. The responses of the sensors: (a) undoped thin film and (b) doped 7% wt. thin film
operated at room temperature.

The sensing performance of semiconductive metal oxide thin films might be negatively
affected at low operating temperatures. The major factor here is the reduced charge carrier
mobility in the material. With a drop in temperature, the energy available for these carriers
decreases, which in turn hinders their movement and hence reduces the sensitivity of the
sensor. At the same time, the adsorption, reaction, and desorption of gas molecules from
the surface of the metal oxides are thermally activated processes, which can also decrease
at low operating temperatures, resulting in lower sensitivity [43]. All these factors together
make semiconductive metal oxide thin films have lower sensing performance under low
operating temperature conditions. Anupriya et al. [44] have demonstrated that the optimum
temperature to achieve the maximum response is ~300 ◦C for sensing various gases. In
addition, we remark that the peak height gradually decreases over time for the same NO2

concentration, indicating a progressive instability of the sensors. This phenomenon is
commonly observed in transparent conductive oxide (TCO)-based gas sensors operating at
ambient temperature and can be attributed to several factors. Prolonged gas exposure may
lead to surface modifications, affecting the adsorption–desorption equilibrium.

Having specified the optimum temperature for a certain number of cycles, the NO2

concentrations were set to be 250, 500, 750, and finally 1000 ppb. All sensors demonstrated
good sensitivity, stability, and repeatability, which can be seen in Figure 12a,b for SnO2 and
SnO2:Dy samples, respectively. On the other hand, from Figure 13a, it can be observed that
the response of the SnO2:Dy 7% sample was higher by about a factor of two compared to
bare SnO2.

Moreover, we remarked that at extremely low concentrations of NO2, an initial nega-
tive response may appear in metal oxide semiconductor sensors due to the inversion layer
effect. This phenomenon occurs because, at such low gas levels, the adsorption of NO2

molecules can momentarily lead to an increase in the majority charge carriers instead of
causing their depletion. Under standard gas sensing conditions, NO2 acts as an oxidizing
agent that extracts electrons from the conduction band of n-type SnO2, thereby increasing
the material’s electrical resistance. However, when the concentration is exceptionally low,
surface interactions can induce a temporary local band bending effect. This results in a brief
increase in the electron density before the expected depletion process takes over, leading to
the conventional resistance increase. Consequently, this transient behavior manifests as an
initial negative sensor response. Furthermore, this effect can make NO2 appear to exhibit
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reducing properties under specific conditions. At minimal surface coverage, the adsorption
of NO2 molecules may alter surface states and modify ionosorption mechanisms differently
than at higher concentrations, where its oxidizing nature prevails. Similar inversion be-
haviors have been documented in SnO2 and other metal oxide-based sensors, particularly
when exposed to low gas concentrations [45].
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Figure 13. Response of the sensors: (a) undoped thin film and (b) doped 7% wt. thin film as a func-

tion of the NO2 concentration for different operating temperatures. 
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Figure 12. Repeated response and recovery cycles for the sensors: (a) undoped thin film and (b) doped
7% wt. thin film as a function of the NO2 concentration. The operating temperature was set to 250 ◦C.
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Figure 13. Response of the sensors: (a) undoped thin film and (b) doped 7% wt. thin film as a function
of the NO2 concentration for different operating temperatures.

Figure 14 summarizes the dynamic responses toward NO2, dosed from 250 to 1000 ppb,
for sensors comprising different doping levels of Dy and operated at 250 ◦C. These results
clearly show that responses increase by increasing the Dy doping level. For the tested 250
to 1000 ppb concentration range, the response rises from 7.2% to 42.24% for the SnO2:Dy
7% sensor.

In general, replacing Sn ions with Dy atoms generates additional active sites for gas
interaction, likely boosting the sensor responsiveness compared to undoped SnO2 [46].
Furthermore, as Dy typically exists in an X3+ oxidation state, its integration into the
SnO2 lattice leads to an increase in free electrons, where the increased concentration of
free electrons likely contributes to the effective interaction with electron-withdrawing
gases like NO2 [47]. This is in agreement with the results reported by Gurpreet Singh
et al., in which they obtained an enhanced response by doping SnO2 with 5% Dy [22].
Dysprosium doping favors the adsorption–desorption processes and associated change
transfer linked to the sensor surface–gas interaction [44]. It is worth noting that the
response intensity decreased for low Dy doping levels. The observed trend, where low Dy
concentrations (3% and 5%) result in a weaker NO2 sensing response compared to pure
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SnO2 while a higher Dy concentration (7%) significantly improves the response, can be
explained by several factors related to defect chemistry, electronic structure, and surface
reactions. One key factor is the effect of Dy on oxygen vacancies. Dy3+ substitution in
SnO2 influences the concentration of these vacancies, which are crucial for gas sensing. At
low Dy concentrations, Dy incorporation may stabilize the crystal lattice, reducing oxygen
vacancies and consequently decreasing the number of active sites for NO2 adsorption. In
contrast, at higher Dy concentrations, excess Dy can act as a defect promoter, increasing the
oxygen vacancy density and enhancing NO2 adsorption and charge transfer. Additionally,
the influence of Dy on the charge carrier density plays an important role. Since SnO2 is an
n-type semiconductor and NO2 is an electron-withdrawing gas, NO2 adsorption depletes
free electrons, increasing the sensor’s resistance. At low Dy doping levels, Dy3+ introduces
additional charge carriers, but this can lead to partial charge compensation, weakening the
depletion region and reducing the sensor response. However, at higher Dy doping levels,
Dy3+ modifies the band structure, leading to a stronger depletion layer, which enhances
the resistance change upon NO2 adsorption and improves sensor performance.
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This behavior is consistent with findings in similar studies where low dopant concen-
trations do not significantly enhance sensor performance, while higher concentrations lead
to improvements, underscoring the importance of optimizing dopant levels in SnO2-based
sensors. For instance, research by Feng et al. on Sb-doped SnO2 demonstrated that low Sb
concentrations had little effect on sensor performance, whereas higher Sb levels improved
NO2 sensitivity due to increased oxygen vacancies and modified electronic properties [48].
Furthermore, a study on Co-doped SnO2 films deposited by spray pyrolysis revealed that
doping concentrations below 2–4% improved gas sensor parameters, whereas concentra-
tions exceeding this range led to degradation of sensor operation characteristics [49]. This
suggests that an optimal doping concentration exists for maximizing sensor performance
and that exceeding this threshold, whether too low or too high, can lead to reduced sensi-
tivity. These findings highlight the intricate role of the dopant concentration in SnO2-based
sensors, emphasizing that while higher doping levels can enhance performance, surpassing
an optimal limit may introduce defects or structural distortions that negatively impact gas
sensing efficiency. The increasing intensity of resistance peaks over time in Dy-doped SnO2

gas sensors operated at 250 ◦C for the same gas concentration could be attributed to several
interrelated factors. One key aspect is surface activation and aging effects, where the sen-
sor’s active sites become more receptive to gas adsorption over repeated exposures. Initially,
some adsorption sites may be inactive, but prolonged interaction with NO2 molecules can
modify the surface, increasing the density of reactive sites and enhancing sensitivity [50].
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Another contributing factor is gas trapping and residual adsorption, where incomplete
desorption between cycles leads to a cumulative effect, progressively strengthening the
sensor’s response [51]. Lastly, temperature-related effects, such as prolonged exposure
at 250 ◦C, can influence the oxygen adsorption–desorption equilibrium, further amplify-
ing the sensor’s response with each cycle [52]. These combined mechanisms explain the
observed trend of increasing peak intensities in gas detection measurements.

Table 5 shows the response time (Rt) and recovery time (Rc) for pure and Dy-doped
SnO2 sensors at ambient and 250 ◦C room temperatures. These results highlight the
limitations of undoped SnO2 sensors, particularly at room temperature, where the response
time (Rt) is relatively long (9.25 min) and the recovery time (Rc) is significantly high
(116 min). This sluggish response indicates slow adsorption–desorption kinetics, restricting
their applicability for rapid gas detection. Increasing the temperature to 250 ◦C enhances
sensor performance, reducing Rc to 1 min, demonstrating that thermal activation facilitates
faster gas desorption. The Dy-doped sensor (7% Dy) exhibits a slightly improved response
time at room temperature (9 min) and a shorter recovery time (101 min), suggesting
enhanced surface interactions. At 250 ◦C, while Rt remains nearly unchanged (9 min),
Rc is significantly longer (5.55 min), indicating a stronger gas adsorption effect. These
findings emphasize the necessity of thermal activation for optimizing response dynamics
and highlight the influence of Dy doping on adsorption–desorption behaviors.

Table 5. Response and recovery times and theoretical limits of detection of SnO2:Dy sensors at
different temperatures.

Room Temperature Ambient Temperature 250 ◦C

Response
Time (Rt) (min)

Recovery Time
(Rc) (min)

LOD
(ppb)

Response
Time (Rt) (min)

Recovery Time
(Rc) (min)

LOD
(ppb)

SnO2:Dy 0% 9.25 116 198.77 8.5 1 109.46

SnO2:Dy 7% 9 101 172.26 9 5.55 122.7

To further evaluate sensor performance, we calculated the theoretical limit of detection
(LOD) using the standard method [53]:

LOD = 3.3 × σ

Res
(13)

where σ represents the standard deviation of the baseline signal and Res is the sensor
response sensitivity. Based on our experimental data, the estimated LOD for the undoped
SnO2 sensor was found to be 198.77 ppb at ambient temperature, decreasing to 109.46 ppb at
250 ◦C. For the 7% Dy-doped SnO2 sensor, the LOD values were slightly lower, measuring
172.26 ppb at ambient temperature and 122.7 ppb at 250 ◦C.

These findings are consistent with results reported in the literature. For instance, Xu
et al. developed sulfur-doped SnO2 sensors that exhibited ultra-high sensitivity to NO2,
with a detection limit as low as 50 ppb and negligible cross-responses to other gases [54].

When comparing these values with the theoretical gas sensing limit of SnO2 for
NO2 from recent studies, which is reported to be on the order of 500 ppb, and lower than
250 ppb for doped SnO2, both the undoped and Dy-doped SnO2 sensors in our study exhibit
significantly lower LODs, indicating their enhanced detection capability. The reduction
in the LOD with Dy doping suggests that the introduction of dysprosium enhances the
sensor’s performance.

Furthermore, operating the sensor at an elevated temperature (250 ◦C) led to a decrease
in the LOD for the undoped SnO2 sensor, indicating enhanced gas adsorption–desorption
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dynamics at higher temperatures. However, for the 7% Dy-doped SnO2 sensor, the LOD
increased slightly at 250 ◦C compared to ambient conditions, suggesting that temper-
ature effects on doped materials might introduce competing mechanisms affecting gas
interaction dynamics.

These findings reinforce the potential of Dy doping in improving gas sensor selec-
tivity and sensitivity while maintaining competitive detection limits compared to the
literature values.

Table 6 compares the results achieved in this paper to the ones reported by earlier
research, offering a perspective.

Table 6. Comparison of the sensing properties of resistive gas sensors based on different dopant
materials for SnO2 thin films.

Structure Target
Gas

Studied
Concentration

(ppm)

Working
Temperature

(◦C)

Response
Intensity Rt (s) Rc (s) LOD

(ppb) References

Graphene-decorated
SnO2 nanoparticles NO2 10 RT 1.25 20 41 --- [55]

SnO2/rGO aerogel NO2 50 RT 1.76 8 13 <1 [56]
Ni-doped SnO2
nanoparticles NO2 100 200 40% 6 115 --- [57]

SnO2:MCs NO2 4.5 230 25.7% 1 59 --- [58]
SnO2:Dy Ethanol 2000 300 92% 16 30 --- [24]
SnO2:Dy Ethanol 100 200 120% --- --- --- [23]
SnO2:Dy LPG 500 350 100% 7 --- --- [59]

SnO2:rGO NO2 80 RT 2.9 5.6 14.1 209 [60]

SnO2:Dy NO2 0.25 to 1 250 7.2% to
42.47% 9 min 1 min to

5.5 min
109.46

to 122.7 This work

The responses of the optimized sensor to different gaseous species at an operating
temperature of 250 ◦C were studied. These results are presented in Figure 15. The sen-
sor exhibits relatively low responses to ethanol, carbon monoxide (CO), and hydrogen
(H2), with values ranging between 10% and 13%. In the presence of toluene, a slightly
higher response of approximately 25% is observed. In contrast, the sensor demonstrates
a significantly higher response to NO2 at lower concentrations (1 ppm). This indicates
that the Dy-doped SnO2 possesses good sensitivity to NO2 and to aromatic VOCs. Specifi-
cally, when Dy-doped SnO2 is employed for NO2 detection, it can lead to more dynamic
adsorption–desorption cycles and notable changes in resistance. This behavior is primarily
due to the low binding energy and the significant charge transfer associated with the
interaction between the material and NO2. The choice of CO, H2, toluene, and ethanol as
test gases was based on their relevance in environments where NO2 detection is essential,
such as air pollution monitoring and industrial safety applications. CO and H2 are known
reducing gases that can interact with the sensing material, potentially affecting NO2 de-
tection. Toluene and ethanol, commonly found in both indoor and outdoor air, can also
adsorb on the sensor’s surface, leading to possible cross-sensitivity effects. Investigating
the response of SnO2:Dy to these gases provides insights into its selectivity and real-world
applicability for NO2 sensing.
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Figure 15. (a) Radar plot with the responses of the SnO2:Dy 7% sensor to different concentrations of
gaseous species: NO2 (1 ppm), ethanol (10 ppm), CO (50 ppm), toluene (5 ppm), and H2 (100 ppm).
Repeated response and recovery cycles toward (b) ethanol at 10 ppm, (c) CO at 50 ppm, (d) toluene
at 5 ppm, and (e) H2 at 100 ppm. The operating temperature of the sensor was kept at 250 ◦C.

In this study, we conducted reproducibility tests on dysprosium-doped SnO2 (SnO2:Dy
7%) thin films fabricated via sputtering on alumina substrates (Figure 16). After a storage
period of one year, we observed a significant increase in the sensitivity of these films, as
represented in Figure 16, with the resistance response increasing from 42.3% to 63.6%.
This improvement can be attributed to several factors associated with the aging process.
One possible explanation is the progressive oxidation of the films over time, which may
have altered their surface properties and enhanced their interaction with target gases.
This phenomenon has been observed in similar studies, where aging in humid air led to
increased oxygen adsorption on SnO2 surfaces, thereby improving the sensor response [61].
Additionally, changes in the distribution of surface defects, such as oxygen vacancies, can
increase the number of active sites available for gas adsorption, leading to improved sensor
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performance. Research has shown that aging can influence the electrical and structural
characteristics of SnO2-based sensors, affecting their sensitivity [62]. Furthermore, we
observed an increase in the resistivity range, suggesting modifications in the electrical
characteristics of the material during aging. This could be related to changes in potential
barriers at grain boundaries, as the thickness and microstructure of SnO2 films have
been shown to significantly affect their gas sensing properties [63]. Similar results have
been found by N Kaur et al. who reported excellent sensor performance after prolonged
storage. In their study, NiO nanowire-based NO2 sensors exhibited improved response
characteristics after 200 days of storage under ambient conditions, making them highly
suitable for long-term gas detection applications [64].
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trations (250, 500, 750, and 1000 ppb). 
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4.2. Gas Sensing Mechanism

The sensing mechanism can be presented through two models: the Surface Adsorption
Oxygen Control Model for an n-type semiconductor and the Surface Depletion Model,
which is more pertinent in our case involving a semiconductive metal oxide doped with
Dy [65]. When the surface of SnO2:Dy is exposed to air, it naturally comes into contact
with oxygen molecules that are typically ionosorbed, thereby capturing electrons from
the conductive band of the thin film. This results in the absorption of oxygen ions (O2

−,
O−, and O2−), depending on the operating temperature. O2

− represents a negatively
charged oxygen molecule adsorbed on the surface after capturing an electron, while O−

and O2− are singly and doubly charged oxygen ions, respectively, formed through further
electron capture. Notably, NO2 is a potent oxidizing gas that readily gets absorbed at
oxygen vacancy sites on the surface of SnO2:Dy. Singly ionized oxygen vacancies V•

O ,
which are defects in the SnO2 lattice caused by a missing oxygen atom, leaving a site with
a positive charge, are created as a result of Dy3+ doping, which introduces more in-plane
oxygen vacancies V••

O to balance the charge. NO2 dissociates into NO and O−, with the 7%
Dy-doped SnO2 yielding heightened responses due to the increased number of in-plane
doubly ionized oxygen vacancies V••

O created from Dy3+ doping [66].
These V••

O defects are sites with two positive charges result from oxygen atom removal,
facilitating enhanced adsorption and charge transfer.
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The reactions governing these processes are as follows:

O2 (gas) → O2 (adsorbed) (14)

O2 (adsorbed) + e− → O−
2 (adsorbed) (10) (15)

O−
2 (adsorbed) + e−(from SnO2) → 2O−(adsorbed) (16)

Conversely, when the sensor encounters gases like NO2, molecules interact with the
metal oxide surface, capturing electrons from the surface atoms and creating a depleted
region near the surface. The NO2 molecules readily undergo oxidation on the sensing
surface at oxygen vacancy sites V•

O, facilitated by the energy provided by these defect
sites, allowing electrons to surpass the potential barrier. Consequently, there is a charge
transfer between the surface and the adsorbed gas, leading to the expansion of the depleted
region. This response is immediately translated into an increase in the sensor resistance, as
depicted in Figure 17.

NO2 (gas) + V•
O →

(
V•

O − O−(adsorbed)
)
+ NO (gas) (17)

NO2 (gas) + O−
2 (adsorbed) + 2e−(surface) → NO−

2 (adsorbed) + 2O−(adsorbed) (18)
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Figure 17. The sensing mechanism of Dy-doped SnO2 thin films film in the presence of NO2 gas.

In this context, V•
O − O− (adsorbed)) represents an intermediate species where an

oxygen vacancy traps an adsorbed oxygen ion, stabilizing the reaction process.
In contrast, when exposed to air, the defective SnO2 thin film surface becomes coated

with oxygen molecules through physisorption or chemisorption at room temperature.
The gas sensing efficiency is improved by doping SnO2 with dysprosium (Dy), which

raises the concentration of oxygen vacancies. When Sn atoms are substituted with Dy,
the lattice distortions caused by its larger ionic radius result in defects such as oxygen
vacancies. For gas detection, these vacancies serve as active sites for the adsorption and
ionization of oxygen species. When interacting with target gases, the improved adsorption
enhances charge transfer processes, boosting response and sensitivity. As a result, Dy
doping enhances charge transfer and oxygen vacancy formation, greatly enhancing the
sensing capabilities of SnO2.

The mechanism is illustrated in Figure 17.
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During this study, we explored the detection of NO2 gas using SnO2 film sensors.
Figure 13 shows response patterns of the sensor, highlighting a difference between undoped
and Dy-doped thin films. Furthermore, we noticed that SnO2 films displayed greater
sensitivity and faster response times when exposed to Dy doping at a 7% level. This
improved performance could be linked to the surface characteristics of Dy-doped SnO2

films, which had an increased surface area that helped in moving molecules more easily
and enhancing their chemical sensing abilities.

Numerous authors have proven a connection between the density of surface states gen-
erated and size-dependent gas sensing properties. The oxygen species that is chemisorbed
results in a reduced Fermi level setting. As a result, the Fermi level pinning is reduced, sug-
gesting a greater variance in the sensor’s sensitivity and surface barriers. This contributes
to the enhanced sensitivity of SnO2 sensing instruments produced using monocrystalline
thin film technology. One of the key elements influencing gas sensors performance is a
depleted stratum. The thick space-charge layer raises the potential barrier. The extent of this
possible impediment to electrical conduction strongly varies according to the proportion of
crystallite size (D) to the thickness of the space-charge layer (depletion zone) (L). Numerous
investigators have made clear the relation between D and depletion [67,68].

5. Conclusions
This study aims to enhance SnO2 thin films by doping them with dysprosium for

NO2 gas sensing. To achieve this, SnO2:Dy films were successfully deposited on alumina
and glass substrates using the RF sputtering technique. XRD patterns of the elaborated
films present the tetragonal rutile structure with an oriented direction. Morphological
characterization underscores the high uniformity of these thin layers. The analysis of
the optical characteristics showed high transmittance levels exceeding 80%, along with
a variation in the band gap, where its values increased with a higher Dy doping ratio.
Introducing dysprosium doping into SnO2 enhances sensing responses and mitigates
issues encountered by sensors at ambient temperatures. Notably, the highest responses
are achieved with a higher doping ratio, particularly at a room temperature of 250 ◦C. By
optimizing different conditions, we have succeeded in achieving highly sensitive and stable
sensors that show remarkable responses to low concentrations of NO2, even if operated
at room temperature. This approach yields new results in elucidating the gas sensing
mechanism in rare earth metal-doped transparent conducting oxides (TCOs) compared
to previous studies. As a perspective, testing under humid conditions is important for
evaluating gas-sensing materials, as humidity can impact sensor sensitivity and response
time. Water vapor, typically ranging from 30% to 90%, can affect gas molecule adsorption,
altering sensor performance. As a future direction, this work will include tests conducted
with varying humidity levels to better simulate real-world conditions and ensure the
reliability of gas sensors in humid environments.
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