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Abstract: In the modern world, gas sensors play a crucial role in sectors such as high-tech
industries, medicine, and environmental monitoring. Among these fields, oxygen sensors
are the most important. There are several types of oxygen sensors, including optical,
magnetic, Schottky diode, and resistive (or chemoresistive) ones. Currently, most oxygen-
resistive sensors (ORSs) described in the literature are fabricated as thick layers, typically
deposited via screen printing, and they operate at high temperatures, often exceeding
700 ◦C. This work presents a novel approach utilizing atomic layer deposition (ALD) to
create very thin layers. Combined with appropriate doping, this method aims to reduce
the energy consumption of the sensors by lowering both the mass requiring heating and
the operating temperature. The device fabricated using the proposed process demonstrates
a response of 88.21 at a relatively low temperature of 450 ◦C, highlighting its potential in
ORS applications based on doped ALD thin films.

Keywords: gas sensor; doped zinc oxide; atomic layer deposition

1. Introduction
The applications of oxygen include a wide range of industries including medicine [1],

environmental monitoring [2] and industrial processes [3]. This is because of the ability
of such sensors to accurately measure oxygen concentration under various conditions [4].
Measuring oxygen concentration is crucial for ensuring the efficiency and safety of pro-
cesses, such as controlling combustion efficiency in engines [5]. In inert gas storage facilities,
the presence of oxygen can lead to adverse chemical reactions, which highlights the impor-
tance of accurate and reliable sensors in such systems. The application of oxygen sensors
also extends beyond traditional sectors—they are becoming an essential part of advanced
technologies in aviation, aerospace [6] and modern energy systems [7]. Developments in
sensor technology, combined with increasing demands for precision and durability, are
constantly driving intensive investigations in this area.

Oxygen sensors can be divided into paramagnetic, electrochemical, optical and resis-
tance types depending on the operation mechanism [8]. Each of these types demonstrates
both benefits and limitations, which makes them adequate for various applications. Para-
magnetic sensors due to their magnetic properties are particularly useful in applications
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requiring high accuracy in chemical laboratories [9], while electrochemical ones are com-
pact and show high precision, but their operation can be limited in harsh environments [10].
This type of oxygen sensors is widely used, for example, in medicine [11]. In turn, optical
sensors are gaining popularity due to their non-invasiveness, stability and resistance to
environmental disturbances [12–14]. Resistive sensors, on the other hand, are ideal for
industrial applications, such as monitoring flue gases or combustion processes in smelter
furnaces, due to their simple design and ability to operate at high temperatures [15]. Among
the aforementioned oxygen sensor types, resistive oxygen sensors constitute a promising
solution for applications requiring operation in extreme conditions, such as high temper-
atures or the presence of corrosive gases. Their operation is based on the change in the
electrical resistance of an active material in response to the adsorption and desorption of
oxygen molecules on its surface [8,15]. The materials most commonly used in such sensors
are semiconducting metal oxides such as ZnO, SnO2 or TiO2. Their electronic properties
allow them to respond sensitively to changes in ambient oxygen concentration, and the
crystal structure of these materials allows for the modification of their properties by doping
or forming nanostructures. As a result, resistive sensors can be customized for a variety
of applications, from monitoring industrial combustion processes to air quality control
systems [16–18].

Challenges faced by resistive sensors can limit their effectiveness. The literature also
points to the degradation of the active material at high temperatures, which can result in a
decrease in sensor sensitivity and durability. Another challenge for resistive sensors is their
long-term stability under harsh environmental conditions. Operating at high temperatures
can lead to sintering of the active material, which reduces its active surface area and affects
the repeatability of measurement results. For example, temperature cycling can cause the
growth of crystalline grains in metal oxides, which negatively affects their ability to adsorb
oxygen. In addition, if the material is not properly matched to the operating conditions,
corrosion processes can accelerate sensor degradation [19–21].

Today’s challenges in gas detection, associated with the growing demand for pre-
cise, durable and energy-efficient sensors, are driving the search for new materials and
technologies. Of particular importance are solutions that combine high selectivity and
sensitivity with the ability to integrate into modern electronic systems. Technological chal-
lenges include not only improving selectivity and sensitivity but also long-term stability
and the ability to operate in varying environmental conditions [22,23]. In recent years,
particular attention has been given to the development of sensors resistant to interferences
caused by water vapor and other gases present in the measurement environment, which
can affect the accuracy of oxygen measurements; hence, this aspect remains one of the
primary challenges in designing these devices. The reliability of oxygen sensors under
dynamic conditions, such as fluctuating temperatures and humidity levels, has become
a critical focus of research. Interferences arising from the presence of water vapor or
carbon dioxide can significantly limit the effectiveness of sensors [24,25]. Studies have
shown that metal oxides exhibit the competitive adsorption of oxygen and water in humid
environments, leading to the falsification of results. In addition, their response time and sen-
sitivity can vary significantly depending on operating conditions such as temperature and
pressure [26–28]. In response to these challenges, some strategies have been developed so
far. These strategies involve two main approaches, i.e., the pre-treatment of analyzed mix-
tures aimed at reducing the water content and the modification of sensors so as to disfavor
water adsorption or promote the adsorption of other compounds [29–31]. The modification
of sensors includes doping using various elements like transition metals, noble metals or
lanthanide ones [32,33]. Another strategy that can be applied is the integration of sensors
with a hydrophobic membrane based on, among others, polymers [34,35], molecular sieves
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or mesoporous nanoboxes [36]. However, these approaches often involve additional costs
or technological limitations, such as complex fabrication processes or limited scalability
for mass production. Addressing these limitations requires the integration of novel materi-
als and precise fabrication techniques to enhance sensor performance while maintaining
cost-efficiency.

Recent advancements in the field of oxygen sensors have focused on improving sen-
sitivity, selectivity and long-term stability through the development of nanostructured
materials and hybrid composites. A significant breakthrough has been the application
of ZnO-based nanostructures, such as nanowires [37,38], nanotubes [39], and nano-thin
films [40,41], which significantly enhance the surface-to-volume ratio, facilitating more
efficient gas adsorption. The incorporation of dopants and the creation of heterostructures,
such as ZnO combined with reduced graphene oxide [42] or other two-dimensional materi-
als [43], have further demonstrated breakthroughs in reducing interference from competing
gases. Thin-film deposition techniques, particularly atomic layer deposition (ALD), have
played a pivotal role in advancing these technologies by enabling the precise control of
chemical composition and layer thickness, which improves sensor operational parameters.
ALD stands out for its ability to deposit ultrathin layers with atomic-level precision, en-
suring uniform structure, enhanced material properties, and better performance in harsh
environmental conditions. Moreover, ALD enables the integration of advanced doping
strategies, offering unparalleled opportunities to fine-tune material properties for specific
sensing requirements while ensuring scalability for industrial applications [44–47].

A key factor in the advancement of oxygen sensor technologies is the choice of fab-
rication method, as each technique offers distinct advantages and limitations. Thick-film
technologies, such as screen printing, are widely used due to their simplicity, low cost,
and compatibility with a range of substrates. However, these methods often result in films
with poor uniformity, limited control over thickness, and the presence of structural de-
fects, which can negatively impact sensor performance [48–50]. Physical vapor deposition
(PVD), including techniques like sputtering and evaporation, provides higher precision
and better control over thin-film thickness compared to thick-film methods, but it may
struggle with uniformity over large areas and requires higher vacuum conditions, increas-
ing operational costs [51,52]. Chemical vapor deposition (CVD) offers improved scalability
and the ability to coat complex geometries, yet it can be hindered by high material usage,
potential contamination, and limited control at the atomic level [53,54]. In contrast, ALD
surpasses these methods by offering atomic-level precision and unparalleled control over
the thickness, composition, and uniformity of thin films. Unlike thick-film methods, ALD
produces defect-free and highly uniform layers, ensuring consistent sensor performance
across the substrate. Compared to PVD and CVD, ALD operates at lower temperatures
and allows for conformal coatings on intricate surfaces, making it particularly suitable for
advanced sensor designs. Additionally, ALD’s layer-by-layer growth process minimizes
material waste and enables the precise incorporation of dopants, which is essential for
tailoring the electronic and surface properties of the active layer. The scalability of ALD,
combined with its ability to produce high-quality films at industrial scales, positions it
as a transformative technology, addressing the limitations of traditional methods while
enhancing sensor sensitivity, selectivity, and long-term stability.

Oxygen sensors based on ZnO thin films find broad applications in various fields,
including environmental monitoring, the automotive industry, industrial production, and
medicine. Their ability to precisely detect changes in oxygen concentration enables the
optimization of technological processes, control of exhaust emissions, and ensuring safety
in industrial conditions. ZnO layers for gas sensing applications can be synthesized using
various methods, such as chemical vapor deposition (CVD) [55], physical vapor deposition
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(PVD) [56], hydrothermal synthesis [57], microwave-assisted hydrothermal synthesis [37],
sol–gel processing [58], successive ion layer adsorption and reaction [59], magnetron
sputtering [60], or sputtering followed by thermal oxidation in dry air [61]. However, while
magnetron sputtering is cost-effective, it is also limited by batch size, has difficulty with
coating complex surfaces, and has less precise doping. In turn, CVD generates harmful
by-products and lacks full conformal coating. ALD, as an advanced variation in CVD,
addresses these limitations by offering full conformality on complex surfaces, precise
doping control, and significantly less harmful waste production. A schematic comparison
of magnetron sputtering, CVD and ALD is illustrated below in Figure 1.
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ZnO (zinc oxide) layers deposited by the ALD method seem particularly promising.
ZnO layers are characterized by the possibility of fine-tuning their electrical and structural
properties through changes in composition, thickness and deposition techniques [62–64].
The ALD technology allows for the controlled atom-by-atom deposition of materials, which
ensures homogeneity and stability of the resulting layers, even at nanometer thicknesses.
Such materials are distinguished by their wide energy gap, good chemical stability and
piezoelectric properties, making them suitable for oxygen-sensing applications that require
reliability under varying environmental conditions [65–67]. However, there are challenges
associated with the limitations of ZnO itself, such as instability over longer lifetimes and
susceptibility to degradation under harsh environmental conditions. Hence, there are
strategies that can mitigate these issues, such as doping active materials with elements
that enhance sensor stability and selectivity. For example, doping with tin, germanium,
zirconium or niobium can improve the adsorption properties of metal oxides and their
resistance to sintering. Doping with these elements can also improve the sensitivity of
sensors by increasing the number of active centers on the surface of the material [22,68,69].

To address the challenges outlined above, this study focuses on leveraging atomic
layer deposition and molecular doping techniques to design ZnO-based oxygen sensors
with enhanced sensitivity, selectivity, and stability under real-world conditions. The aim
of this study is to investigate the impact of molecular doping of ZnO thin films on their
sensor properties for oxygen detection. The research involves the use of the ALD technique,
a detailed physicochemical analysis and testing under conditions close to real-world ap-
plications. By employing advanced characterization techniques, this work explores the
interplay between doping levels, film thickness and environmental factors in determining
sensor performance. This work aims to fill the gap in the literature concerning the effective
design of sensors resistant to environmental interferences, thereby contributing to the ad-
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vancement of modern gas detection technologies. This study introduces a novel approach
to enhancing ZnO-based oxygen sensors by integrating molecular layer doping with ALD.
The precision offered by ALD enables the creation of ultrathin, uniform ZnO films, while
molecular layer doping allows for atomic-level tailoring of electronic and surface properties
through controlled doping with elements such as germanium, niobium, tin and zirconium.
This dual-strategy fabrication method improves sensitivity and selectivity by creating
optimized active sites for oxygen adsorption and reducing interference from competing
gases like water vapor and carbon dioxide. Additionally, the tailored electronic structure
enhances charge carrier mobility, resulting in faster response times and greater stability
under real-world conditions. This approach addresses critical limitations of traditional
doping techniques and provides a scalable, industrially applicable solution for the devel-
opment of high-performance gas sensors. As part of the ongoing work, undoped ZnO
layers and doped ones using elements such as tin, germanium, zirconium and niobium
have been obtained. The fabricated materials were subsequently subjected to detailed
physicochemical characterization, using techniques such as UV-Vis spectroscopy to deter-
mine the energy gap and XPS analysis to examine the chemical composition and bonding
states of the dopants within the ZnO layers. Additionally, work function analysis and
the Hall effect measurements provided information on the electrical properties, including
carrier concentration and mobility. Finally, the sensory properties of obtained layers were
evaluated to check their application potential in oxygen sensing.

2. Materials and Methods
2.1. Fabrication of the Thin Films
2.1.1. Atomic Layer Deposition (ALD)

In this study, ALD was employed for preparing ZnO and doped ZnO layers, which
was performed using an ALD reactor (Beneq P400A ALD system, Espoo, Finland). Deposi-
tions were conducted at a temperature of 200 ◦C and a chamber pressure of approximately
1 mbar with constant nitrogen flow of 2.5 slm (99.999% purity, PSA Nitrogen Gas Gen-
erator, Parker). Diethylzinc (DEZ) (99%, Lanxess Organometallics GmbH, Bergkamen,
Germany) was used as the zinc precursor for ALD. Tetramethoxygermanium (98%, Gelest,
Inc., Morrisville, NC, USA), tetrakis(dimethylamino)tin(IV) (98%, abcr GmbH, Karlsruhe,
Germany), tetrakis(dimethylamino)zirconium(IV) (98%, abcr GmbH) and niobium ethox-
ide(V) (99.95%, Merck, Darmstadt, Germany) were used for doping with germanium, tin,
zirconium and niobium, respectively. High-purity deionized (DI) water was used as the
oxygen precursor to form oxides.

The ALD consists of repeating cycles of alternating pulses of metal–organic and oxygen
precursors. For each cycle, one pulse of zinc precursor (DEZ) is followed by two pulses of
water. To acquire 5% doping level in 1 of every 20 cycles, DEZ is replaced by the precursor
of the additive element (PAE). The precursor pulse time was fixed at 0.3 s for DEZ and
additive precursors, and 0.5 s for water, wherein after each precursor, a 5 s pulse of purge
step (N2) was delivered. To obtain 100 nm layers, the super cycle (19 cycles of ZnO and
1 doping cycle) was repeated 63 times (Figure 2).

The depositions were conducted on 180 µm thick ultra-flat single-side polished sili-
con wafers <100> (Alpha Nanotech Inc., Vancouver, BC, Canada) for thickness and XPS
measurements and on 2 mm thick high-transparent quartz substrates (Helma, Müllheim,
Germany) for optical and electrical measurements. Quartz glass was chosen as the substrate
for the sensor device because of its non-conductive properties.



Electronics 2025, 14, 595 6 of 21
Electronics 2025, 14, x FOR PEER REVIEW 6 of 22 
 

 

 

Figure 2. ALD process of doped ZnO layers. 

The depositions were conducted on 180 µm thick ultra-flat single-side polished sili-
con wafers <100> (Alpha Nanotech Inc., Vancouver, BC, Canada) for thickness and XPS 
measurements and on 2 mm thick high-transparent quartz substrates (Helma, Müllheim, 
Germany) for optical and electrical measurements. Quartz glass was chosen as the sub-
strate for the sensor device because of its non-conductive properties. 

Before loading to the ALD chamber, substrates were cleaned; the cleaning procedure 
applied is described in our previous paper [70]. Firstly, silicon wafers were rinsed with 
isopropanol. After cleaning, substrates were also activated by argon plasma with the fol-
lowing parameters: RF, 120 W, and 2 min (Diener tetra 30, Ebhaussen, Germany). 

After deposition, samples were annealed at 500 °C for 3 h (in air) in order to fill the 
oxygen vacancies and prepare obtained devices for oxygen sensing in high temperatures 
(Figure 3). 

0 50 100 150 200 250 300 350
0

100

200

300

400

500

Te
m

pe
ra

tu
re

 [o C
]

Time [min]

Annealing 3 h 500 oC

Cooling 
  to RT

Dehydratation 

Heating to 
    500 oC

 

Figure 3. Annealing procedure of prepared samples. 

2.1.2. Physical Vapor Deposition (PVD) 

Physical vapor deposition was used for the deposition of gold electrodes to provide 
good electrical contact to fabricated sensor devices. The thickness of deposited electrodes 
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Figure 2. ALD process of doped ZnO layers.

Before loading to the ALD chamber, substrates were cleaned; the cleaning procedure
applied is described in our previous paper [70]. Firstly, silicon wafers were rinsed with
isopropanol. After cleaning, substrates were also activated by argon plasma with the
following parameters: RF, 120 W, and 2 min (Diener tetra 30, Ebhaussen, Germany).

After deposition, samples were annealed at 500 ◦C for 3 h (in air) in order to fill the
oxygen vacancies and prepare obtained devices for oxygen sensing in high temperatures
(Figure 3).
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2.1.2. Physical Vapor Deposition (PVD)

Physical vapor deposition was used for the deposition of gold electrodes to provide
good electrical contact to fabricated sensor devices. The thickness of deposited electrodes
was approximately 50 nm.

2.2. Film Characterization
2.2.1. Ellipsometry

The nominal thickness of obtained layers was measured using Sentech SE400adv PV
Multi-Angle Laser Ellipsometer. The analyses were conducted at an incident angle of 70◦
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with class 1 (632.8 nm wavelength) HeNe laser (diameter of laser beam 1 mm). For optical
measurements, the model Air/ZnO/Si (<100>) stack was used.

2.2.2. X-Ray Photoelectron Spectroscopy (XPS)

The X-ray photoelectron spectra (XPS) were acquired using hemispherical analyzer
EA 15 (PREVAC) equipped with X-ray source RS 40B1 (PREVAC). The measurements were
performed using Al Kα (1486.6 eV) radiation and an analyzer pass energy of 100 eV. The
spectra ware recorded in normal emission geometry with an energy resolution of 0.9 eV.
The spectrometer was calibrated with the Ag, Au and Cu foil according to ISO 15472:2010
standard [71]. The ultra-high vacuum (UHV) conditions of 1 × 10−9 mbar were maintained
during the measurements. The area of analysis was approximately 3 mm2 and depth of
analysis was about 8 nm. The spectra were analyzed with the use of CasaXPS 2.3.24PR
software. The electron binding energy (BE) scale was calibrated for the maximum intensity
of C 1s peak at 285.0 eV. The Shirley-type spectrum background was used. The highly
resolved spectra were deconvoluted with Voigt function (Gauss to Lorentz profile ratio
of 70:30).

2.2.3. Optical Properties

The band gaps were calculated from transmittance and reflectance of doped ZnO films
using Tauc plots. In order to obtain transmittance and reflectance of prepared samples,
Shimadzu UV-2600i UV-Vis spectrometer was used in a range of 220–1400 nm.

2.2.4. Electrical Properties

The electrical properties of obtained doped ZnO layers were measured using Hall effect
measurement system ECOPIA HMS-5500 (Anyang, Republic of Korea). Measurements
were performed at room temperature.

2.2.5. Kelvin Probe Force Microscopy (KPFM)

The work function of the doped ZnO films was measured with Kelvin Probe with
golden mech probe at height of 0.2 mm. First, the measurements of the contact potential
difference (CPD) between the measuring tip and the surface of the film were carried out.
Then, the work function φ of the film was calculated as follows:

CPD =

(
φ − φAuRE

)
e

(1)

where e is the elementary charge, 1.6 × 10−19 C. The φAu value was obtained by calibration
of the probe with HOPG (highly oriented pyrolytic graphite). After calibration, a value of
φ = 4.815 eV was adopted for the gold probe.

2.2.6. Sensing Properties

The sensing abilities of fabricated devices were measured by the constructed setup
presented in Figure 4.

The setup was composed of a hot plate (IKA C-MAG HS 7) as a heat source, tabletop
multimeter (Keithley 2700) for resistance measurement and a measurement chamber with
high gas flow (7.5 slm). Gas flow, its pressure and composition were regulated by rotameter
and electro valve. All of the system components were controlled by a computer program.
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3. Results and Discussion
The thickness of the deposited layers measured using ellipsometry is shown in Table 1.

To designate proper a refractive index (RI), a multi-angle mode was used (40, 50, 60, 70◦

angles). For GZO and NZO, the RI was almost the same with that of ZnO, wherein tin
doping caused the biggest change in RI, i.e., its value was 2.2140 for SZO layers. The
differences in the RI change between the used dopants could be related to different effective
doping levels or the way in which the additives are located in the crystal lattice.

Table 1. Thickness and refractive index of obtained layer.

Sample Name Doping * Thickness Refractive index **

ZnO - 104.6 nm 1.9888

GZO 5% Ge 106.4 nm 1.9886

SZO 5% Sn 90.6 nm 2.2140

ZZO 5% Zr 101.8 nm 1.9476

NZO 5% Nb 96.4 nm 1.9874
* Percent of ALD doping cycles. ** Refractive index at 632.8 nm.

Based on the performed studies, it turned out that doping does not have a significant
influence on the layer thickness; again, only SZO stands out with a 90.6 nm thick layer,
which is 14 nm thinner than the pristine ZnO layer.

The introduction of dopants into the ZnO lattice significantly impacts the refractive
index (RI) through mechanisms such as lattice distortion, modifications to the electronic
structure and defect formation [72–74]. Ions with radii differing significantly from those
of the host ion (Zn2+) can induce lattice strain, which alters the material’s structural and
electronic properties [75]. This strain can lead to the formation of secondary phases or
agglomerates with distinct dielectric properties, contributing to changes in the dielectric
constant (εr) [76,77] and, consequently, the RI. The dielectric constant, a measure of a
material’s ability to polarize in response to an electric field [78], is further influenced by
changes in the electronic structure and interactions between dopants and the lattice. Lattice
defects introduced by dopants, as well as variations in carrier concentration, can also
enhance the material’s polarizability [79], amplifying these effects, and further modifying
the dielectric constant and RI.
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The electronic structure also changes, as observed in germanium (Ge)-doped ZnO,
where the Burstein–Moss effect shifts the Fermi level, increasing the bandgap [70,80] and
RI. Furthermore, dopants like niobium (Nb) introduce localized defect states [81], subtly
impacting the RI by enhancing lattice polarizability.

Thanks to the specificity of the ALD technique, molecular doping in a form of a single
atomic layer is feasible. Molecular doping in combination with a very uniform distribution
of additive elements along whole surfaces results in very efficient doping possibilities,
where every doped atom actively interacts with the matrix. In the case of ALD, a low
percent doping level is usually enough to obtain good results. In this article, a 5% percent
doping level executed by the deposition cycle control (1 cycle of PAE + water for each
19 cycle of DEZ + water) was chosen. The choice was made based on the doping level
of popular ZnO-doped layer AZO (Al-doped ZnO), which is usually 5% based on our
previous experiences [70,82].

To determine the efficiency of doping and the dopant content in each tested variant,
XPS measurements were conducted. The results of this study are presented in Figure 5.
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The atomic concentration was calculated for the thickness of the surface layer of 5.5
and 8.4 nm, respectively, for ZnO and C. The calculations were performed with QUASES-
IMFP-TPP2M Ver 2.2 software according to S. Tanuma, C.J. Powell, D.R. Penn, Surf. Interf.
Anal. 21 (1993) 165. The calculations take into account 95% of the photoelectrons emitted
from the surface. The accuracy of the calculation is ±3%. The number and components’
contributions are dependent on the deconvolution procedure. The procedure takes into
account the following: the lowest number of components, FWHM related to physically
possible values for the given elements, analyzer resolution, and the chemical composition
of the samples. The chemical states are assigned to certain peaks according to the databases
in [83,84].

The results of the XPS measurement showed that expected doping levels did not
match with real concentrations of additives in the tested samples. As shown in Table 2, the
doping levels varied at 0.9, 6.7, 0.1 and 0.2 At%, respectively, for germanium, tin, zirconium
and niobium doping. The high doping level of the SZO layer could be the reason for the
significant changes in refractive index and layer thickness.

Table 2. Atomic composition of deposited layers calculated from XPS spectra.

Spectrum
Component ZnO GZO SZO ZZO NZO

C 1s 24.2 At% 24.4 At% 11.8 At% 9.3 At% 17.6 At%
O 1s 41.9 At% 41.3 At% 43.1 At% 44.7 At% 44.9 At%

Zn 2p 33.9 At% 33.4 At% 38.3 At% 46.0 At% 37.3 At%
Ge 3d - 0.9 At% - - -
Sn 3p - - 6.7 At% - -
Zr 3d - - - 0.1 At% -
Nb 3d - - - - 0.2 At%

In all samples, a high carbon content (C 1s) is observed at the surface. In the ZnO
layer, the carbon share is 25.2 At%, which suggests that zinc precursor (DEZ) does not react
completely during the ALD process, and some organic adsorbate is present at the deposited
layer. In doped layers (except for GZO), a carbon content is lower than in the pure ZnO
layer, which suggests that dopant pulses react with undecomposed organic residues from
ZnO pulses, lowering overall carbon content. This mechanism could consist of one of two
phenomena: first, a reaction between the not completely decomposed zinc precursor with
the metal doping precursor, resulting in the formation of Zn-doping metal bounding, or
second, a reaction of a not completely decomposed zinc precursor with excess water from
the doping pulse, leading to the formation of ZnO.

Deconvoluted spectra of doping elements (shown in Figure 6) deliver more informa-
tion about the differences between the tested layers. Germanium in GZO is present in the
form of GeOx with an oxidation state lower than +4, which implicates that some part of
the Ge precursor might not decompose completely, which could explain the higher carbon
content than other doped layers. Tin in SZO occurs in a +4 oxidation state in the form
close to SnO2. Zirconium, similar to germanium, occurs in an oxidation state below +4
in the form of ZrOx, but with oxygen vacancies and not as in case of GZO with organic
parts, which might explain the much lower carbon content in the SZO layer. Niobium in
the NZO layer exhibits +5 oxygen state and occurs in a form very close to stoichiometric
oxide Nb2O5.
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To investigate the electrical properties of doped films, Hall effect measurements were
conducted. Results of performed measurements are presented below in Table 3.

Table 3. Electrical properties of deposited layers obtained from the Hall measurement system.

Sample Name
Sheet Carrier
Concentration

[cm−2]

Sheet Resistance
[Ω/□]

Resistivity
[Ωcm]

Conductivity
[1/Ωcm]

Mobility
[cm2/Vs]

ZnO 6.3 × 1013 (n) 2.0 × 104 2.0 × 10−1 5.0 × 100 4.922
GZO 2.8 × 1015 (n) 2.4 × 102 2.4 × 10−3 4.2 × 102 9.559
SZO 1.8 × 1014 (n) 3.1 × 105 3.1 × 100 3.3 × 10−1 0.122
ZZO 1.8 × 1015 (n) 2.6 × 102 2.6 × 10−3 3.8 × 102 12.962
NZO 4.7 × 1014 (n) 5.1 × 102 5.1 × 10−3 2.0 × 102 26.156

All of the tested samples, including undoped zinc oxide, were found to be n-type
semiconductors. For all doped samples, the carrier concentration increases compared
to pristine ZnO. Besides their high doping level, SZO layers have the smallest carrier
concentration among the tested doping variants. Taking into account the rise in the sheet
resistance as well compared to undoped ZnO, it can be suggested that tin doping in a
ZnO layer is not completely distributed into the crystal lattice, but instead forms SnO2

agglomerates, which is consistent with the results from XPS measurements. The formation
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of SnO2 structures in the SZO film would explain the lower-than-expected carrier density
and hindered carrier transport (which results in the higher resistance). The highest carrier
concentration at 2.8 × 1015 was obtained for the germanium-doped sample, which is due
to the highly effective doping level. The second highest carrier concentration, besides
having the smallest effective doping level, was observed for ZZO samples. High influence
of zirconium doping on carrier concentration in ZZO layers might be due to the very
successful incorporation of Zr atoms into ZnO lattice (creating oxygen vacancies). The
proper incorporation of zirconium into a zinc oxide layer is also demonstrated by the small
carbon content in the XPS spectrum of ZZO. The influence of niobium doping on ZnO
appears similar to that of tin, but because of the small doping level and higher oxidation
stage, even if some part of Nb doping forms Nb2O5 clusters, their impact is not sufficient
to completely hinder the effects of Nb atoms incorporated into the lattice.

The electron mobility of deposited layers corresponds to their conductivity, in line
with the following equation:

σ = q · n · µ (2)

where σ—electrical conductivity [1/Ωcm]; q—charge of an electron (1.6 · 10−19 C); n—
carrier concentration [cm−3]; and µ—carrier mobility [cm2/Vs].

The highest mobility was observed for niobium-doped samples 26.156 cm2/Vs and
the lowest mobility was observed for SZO layer 0.122 cm2/Vs. Besides having a similar
doping level, for both samples, the difference in carrier mobility is huge; this may be caused
by the presence of carrier traps or uneven carrier distribution along the layer in tin-doped
samples. In ZZO layers, mobility is less than half of NZO mobility with a conduction value
close to that of niobium, which, according to Equation (2), is related to a higher carrier
doping level [85,86]. In the case of the GZO and pure ZnO layer, besides having lower and
higher carrier concentrations (and conductivity), both samples have lower mobility than
zirconium-doped variants. This may be caused by the high carbon content in this layer,
derived from traces of organic precursors, which could suppress the free movement of the
carrier inside the layer.

To further investigate doping influence on ZnO properties, band gap calculations
using the Tauc plot method were conducted (Figure 7). For all tested variants, the band gap
(bg) energy increases, wherein the highest change is observed for GZO at 3.50 eV (Table 4).
There are visible correlations between sheet carrier concentrations from the Hall effect
measurement and the obtained band gap energies. This phenomena could be caused by
the Burstein–Moss effect (BM). The increased carrier concentration caused by metal doping
in n-type semiconductors shifts the Fermi level towards the conduction band. With the
electrons from doped atoms filling the band, free states in the conduction band move to
higher energy levels, resulting in a band gap energy increase [87,88]. The same effect was
observed in the work of Sahayaraj with increasing germanium doping content (0, 5, 10, 20
and 30%). In ZnO thin layers, blue shifts were observed, ranging from 3.26 eV for undoped
ZnO to 3.82 eV for a 30% doping level. After plotting the band gap energy against carrier
density, a nearly linear correlation was observed [70]. Besides BM, the size of the change in
band gap could also have been influenced by effective doping levels. The highest change
in band gap was observed for GZO, which had a high effective doping content of 0.9%.
The niobium doping level was very low, which resulted in a small increase in band gap
energy. Zirconium doping was very effective at influencing ZnO layers, whereby even
a low concentration of 0.2% results in high carrier concentration (1.8 × 1015 cm−2). SZO
samples, despite having the highest doping level of 6.7%, had a band gap energy closest to
pristine ZnO; this may have been related to the agglomeration of tin doping, which, instead
of incorporation into ZnO lattice crate as SnO2 clusters, these clusters were not visible on
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the UV-Vis spectrum of the sample because of the wider band gap of 3.6 eV [89] than ZnO
3.23 eV (this work).
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Table 4. Band gap energy and work function of deposited layers.

Sample Name ZnO SZO NZO ZZO GZO

Band gap energy [eV] 3.23 3.25 3.26 3.45 3.50
Work function [eV] 4.37 4.50 4.51 4.61 4.65

Work function (WF) calculated from Kelvin probe measurements shares the same
trends as the band gap. For all tested samples, the WF increases with carrier concentration
ranging from 4.37 for undoped ZnO to 4.65 for the germanium-doped layer (Table 4).
Considering close connection between WF and the fermi level, this result could prove the
earlier assumption of the influence of the Burstein–Moss effect on the energy gap.

Work function is mostly associated with an electron energy level on the surface of a
measured sample. In semiconductors, the electron energy level, besides electron affinity,
is mostly dependent on the carrier concentration (doping level). In case of doped oxides,
electron doping at their surfaces is caused by the surface oxygen vacancies; thus, in case of
oxide semiconductors layers, a rise in their work function will be related to the increase
in oxygen vacancies at the surface (and probably also in bulk material). The quantity of
oxygen vacancies will determine the amount of oxygen species which, in turn, will be able
to adsorb to the surface or migrate into the material filing oxygen vacancies. This may
result in the rise in the layer resistance (sensor response) [90].

Before sensor testing, deposited layers were annealed and gold contacts were de-
posited (exact descriptions are mentioned in Section 2). The contacts were deposited in
such a way that the distance between them was 2.5 ± 0.1 mm. In the initial tests of devel-
oped sensors, following the oxygen introduction step, an increase in the sensor resistance
was observed in a nitrogen atmosphere, even after a prolonged period. This suggests that
the deposited layers were not stable under the testing conditions and required additional
treatment. To stabilize the sensors, the annealing process in an oxygen atmosphere was
additionally introduced. During this process, deeper oxygen vacancies are filled, and all
organic residues within the tested layers that did not decompose during the deposition
process are removed. An annealing temperature of 500 ◦C was selected to exceed the
temperatures applied during the sensor testing procedure. The process time was exper-
imentally set at 3 h, as the resistance increase phenomenon persisted after 1 and 2 h of
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annealing. After annealing, only SZO and GZO devices were suitable for sensor testing,
and the rest of the samples became too resistive for a used sensor testing system, probably
due to the filling of oxygen vacancies responsible for conduction in ZnO films (maximum
resistance measured by the sensor testing system < 60 MΩ).

Sensor testing was conducted using the constructed system presented in Figure 4.
In order to deliver thermal energy for chemisorption and diffusion of oxygen specimen
into the sensor’s active layer, the devices were heated and tested at varied temperatures,
including 250 ◦C, 300 ◦C, 350 ◦C, 400 ◦C and 450 ◦C; the temperature range was chosen
based on system capabilities and previous experience. The procedure consisted of heating
the sample in nitrogen flow (N2 obtained from nitrogen generator 99.999% purity, PSA
Nitrogen Gas Generator, Parker) after establishing a constant resistance value (N2 sensor
resistance); 90% purity dry oxygen was introduced into the chamber to replace nitrogen,
and after establishing a constant resistance value, the O2 sensor resistance was obtained.
This procedure was executed for all chosen temperatures; after collecting data, the responses
of the sensors were calculated using Equation (3):

Response =
RO2

RN2

(3)

where RO2 is the sensor resistance with oxygen flow through the testing chamber, and RN2

is the sensor resistance with nitrogen flow through the testing chamber.
The results of sensor testing are shown in Figure 8. It can be observed that both of the

tested devices exhibit sensor properties. The device based on the SZO layer responded with
a range from 1.19 to 3.14, which increases with the temperature increase. For GZO-based
sensor, the minimal working temperature is 350 ◦C; below this temperature, the sensor
response is below 1.10, which is not enough for a reliable sensor performance. At 350 ◦C,
the response of the device reaches 1.75, which is acceptable (Table 5). The GZO sensor
works the best at temperatures exceeding 350 ◦C; after this point, the response of the
sensor grows quickly, achieving 12.32 and 88.21 responses at 400 and 450 ◦C, respectively.
Among the tested sensors, SZO devices work better at low temperature, whereas at high
temperatures, the GZO sensor significantly outperforms the SZO sensor.

Electronics 2025, 14, x FOR PEER REVIEW 14 of 22 
 

 

after 1 and 2 h of annealing. After annealing, only SZO and GZO devices were suitable for 
sensor testing, and the rest of the samples became too resistive for a used sensor testing 
system, probably due to the filling of oxygen vacancies responsible for conduction in ZnO 
films (maximum resistance measured by the sensor testing system < 60 MΩ). 

Sensor testing was conducted using the constructed system presented in Figure 4. In 
order to deliver thermal energy for chemisorption and diffusion of oxygen specimen into 
the sensor’s active layer, the devices were heated and tested at varied temperatures, in-
cluding 250 °C, 300 °C, 350 °C, 400 °C and 450 °C; the temperature range was chosen based 
on system capabilities and previous experience. The procedure consisted of heating the 
sample in nitrogen flow (N2 obtained from nitrogen generator 99.999% purity, PSA Nitro-
gen Gas Generator, Parker) after establishing a constant resistance value (N2 sensor re-
sistance); 90% purity dry oxygen was introduced into the chamber to replace nitrogen, 
and after establishing a constant resistance value, the O2 sensor resistance was obtained. 
This procedure was executed for all chosen temperatures; after collecting data, the re-
sponses of the sensors were calculated using Equation (3): 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 = 𝑅𝑅𝑂𝑂2
𝑅𝑅𝑁𝑁2

  (3) 

where RO2 is the sensor resistance with oxygen flow through the testing chamber, and RN2 

is the sensor resistance with nitrogen flow through the testing chamber. 
The results of sensor testing are shown in Figure 8. It can be observed that both of the 

tested devices exhibit sensor properties. The device based on the SZO layer responded 
with a range from 1.19 to 3.14, which increases with the temperature increase. For GZO-
based sensor, the minimal working temperature is 350 °C; below this temperature, the 
sensor response is below 1.10, which is not enough for a reliable sensor performance. At 
350 °C, the response of the device reaches 1.75, which is acceptable (Table 5). The GZO 
sensor works the best at temperatures exceeding 350 °C; after this point, the response of 
the sensor grows quickly, achieving 12.32 and 88.21 responses at 400 and 450 °C, respec-
tively. Among the tested sensors, SZO devices work better at low temperature, whereas 
at high temperatures, the GZO sensor significantly outperforms the SZO sensor. 

250 °C 300 °C 350 °C 400 °C 450 °C
0

2

4

6

8

10

12

88

90

Re
sp

on
se

 SZO
 GZO

 

Figure 8. Response of tested sensors in different temperatures. 

A major drawback of fabricated devices is their long sensing and recovery times, of-
ten longer than 180 s. This issue may stem from the thickness of the tested layers. A thinner 
sensor would probably fill (or empty) all oxygen vacancies faster and reach constant re-
sistance. 

Figure 8. Response of tested sensors in different temperatures.



Electronics 2025, 14, 595 15 of 21

Table 5. Response of fabricated sensor devices in variable temperature.

250 ◦C 300 ◦C 350 ◦C 400 ◦C 450 ◦C

GZO 1.00 1.10 1.75 12.32 88.21
SZO 1.19 1.65 2.03 2.98 3.14

A major drawback of fabricated devices is their long sensing and recovery times,
often longer than 180 s. This issue may stem from the thickness of the tested layers.
A thinner sensor would probably fill (or empty) all oxygen vacancies faster and reach
constant resistance.

The differences between the behavior of presented SZO and GZO devices may result
from the stability constant Kf of applied dopants. In the case of germanium, the formation
of two oxides is allowed, i.e., GeO2 and GeO, while data obtained from XPS deconvolution
spectra demonstrate that in GZO layers, germanium oxide is in the oxidation state lower
than +4, which may suggest that some of the germanium precursor is left in the layer
or that some of germanium oxide occurs in the form of GeO. The presence of these two
oxides in GZO devices could explain the increased response at high temperatures. At low
temperatures, GeO, with a lower stability constant (Kf = 8 × 1021, given for 450 ◦C for
clarity) is responsible for the interaction with oxygen species. However, due to its low
content, the response remains very weak. At higher temperatures, the second oxide GeO2

(with a significantly higher stability constant Kf = 5 × 1031) becomes active and, due to
its much higher concentration, results in a much stronger response. In the case of SZO
devices, tin oxide exists predominantly in an oxidation state close to +4, resembling SnO2.
The absence of a second oxide form could explain the linear increase in response (R2 = 0.96).
The better performance of SZO devices at lower temperatures might be attributed to the
lower stability constant of SnO2 (Kf = 6 × 1030) compared to GeO2 and the higher overall
content of GeO (stability constant of oxides were calculated by FactSage© 8.2 software
using the built-in database and another material database from [91]). The differences in
response at higher temperatures could be related to variations in dopant incorporation into
the ZnO crystal lattice. Smaller changes in the optical band gap and work function suggest
that tin doping leads to the formation of agglomerates (likely due to the high doping level)
in the deposited layers, which results in a limited number of defects. Hall measurements
confirm this effect, as they show a low carrier density and high resistance.

The obtained results are several times bigger than those reported for other sensors
found in the literature (Table 6), the majority of oxygen sensor devices based on doped
ZnO do not exceed the sensor response at a level of 2. Another advantage of the solution
shown is the relatively low working temperature compared to other oxygen sensors in the
literature [8]. Rajput, J.K. et al. reported the fabrication of a device that exhibited a response
exceeding 100 at a relatively low temperature of 150 ◦C. This high response was attributed
to the incorporation of water (60% humidity) into pure oxygen, which likely reacted with
the sensor surface. This interaction, combined with oxygen, significantly increased the
sensor’s response [92]. Layers deposited via ALD replicate the surface morphology of the
substrate. In the case of ultra-flat substrates, such as quartz glass or silicon wafers, this
results in a very low active surface area for the device fabricated using this method. In
contrast, methods commonly reported in the literature, such as wet chemical techniques
or magnetron sputtering, are independent of the substrate’s surface morphology and can
produce highly developed surfaces, enhancing the sensor response. In the future, the
development of ALD oxygen sensors should focus on substrate modification to increase
surface roughness, thereby improving the active surface area and enhancing the overall
sensor performance. As shown, ZnO-doped layers fabricated by the ALD technique have
great potential to be the future of resistive oxygen sensors.
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Table 6. Comparison between response and working temperatures from the literature.

Sensor Working
Temperature

Oxygen
Concentration Response Ref.

Zn0.9Cu0.1O 400 ◦C 33% 1.60 [93]
Zn0.9Al0.1O 600 ◦C 33% 1.20 [93]

Zn0.75Cd0.25O 32 ◦C 100% 60% RH 0.96 [92]
Zn0.25Cd0.75O 150 ◦C 100% 60% RH 102.97 [92]
Zn0.9Al0.01O 300 ◦C 21% 1.30 [94]

GZO 450 ◦C 90% 88.21 This work
SZO 450 ◦C 90% 3.14 This work

Despite the very high response and low operating temperature compared to other
ROS devices described in the literature, the developed sensors exhibit a significantly
long response time, ranging from several hundred seconds. In contrast, the literature
reports indicate response times typically ranging from a few seconds to a few dozen
seconds [95–98]. Resistive sensors described in the literature operate across a wide range
of oxygen concentrations, from a few ppm to 100% [99,100]. In this study, a 90% oxygen
concentration was used to evaluate sensor performance. However, given the very high
response of the GZO sensor, it can be assumed that it would also function effectively at
lower oxygen concentrations.

4. Conclusions
This study investigated the impact of four distinct dopants on ZnO layers fabricated

via atomic layer deposition (ALD). Comprehensive analyses of chemical composition and
electrical properties revealed that germanium doping had the most pronounced effect
on ZnO layer characteristics among all tested variants. Despite employing an identical
deposition process, variations in effective doping levels were observed across the samples.

Notably, only the germanium-doped ZnO (GZO) and tin-doped ZnO (SZO) devices
were suitable for sensor testing. Both sensors demonstrated exceptional oxygen detection
capabilities, surpassing other sensors reported in the literature. The proposed devices with
response values of 3.14 and 88.21 for SZO and GZO sensors, respectively, outperform other
ZnO-based sensors in the literature [92–94] or even other types like the popular cerium
oxide, whose response level often reaches about 1.5 or lower [95,101]. It should be noted
that the presented ALD layers are almost completely flat, which results in much lower
active surface then commonly used sensors with very rough, complex surfaces, providing
many more surface oxygen vacancies and allowing us to reach higher responses. Even
with this disadvantage, they still outperformed other sensors. Furthermore, they operated
efficiently at relatively low temperatures, addressing a common challenge associated with
this type of sensor.

These findings confirm that ZnO layers doped via ALD hold significant potential
as future resistive oxygen sensors. Future research may focus on optimizing the doping
process and elucidating the mechanisms responsible for enhanced sensitivity and selectivity
in these sensors. It is noteworthy that previous studies on doping ZnO with various
elements, such as aluminum, have shown significant improvements in the optical and
electrical properties of ZnO layers. For instance, aluminum doping (AZO) has been found
to enhance the conductivity and transparency of ZnO layers, which is advantageous for
applications in electronics and optoelectronics. Similarly, research on the influence of
aluminum doping on the morphology, structure and sensor properties of ZnO layers
has indicated that appropriate dopant concentrations can lead to improved gas sensor
sensitivity. These observations suggest that selecting suitable dopants and controlling
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their concentrations in ZnO layers are crucial for the development and optimization of
ZnO-based oxygen sensors.
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