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Abstract

This Ph.D. thesis reports on the research and development of new materials to be used for thin
films-based hydrogen gas sensors and on subsequent investigation of their hydrogen gas
sensing properties. For this purpose, the tungsten oxide-based thin films were combined with
other materials in order to improve the sensing properties of the tungsten oxide thin films. This
thesis contains a general introduction that describes the basic sensing principles of tungsten
oxide-based sensors. Then an overview of the possible strategies for improvement is given.
Several of these strategies are used and described in detail in the following chapters. One
chapter is also dedicated to an overview of the techniques used to synthesize the materials,
which are various sputtering deposition techniques. Also, the method of testing the sensing
behavior that was developed as a part of my Ph.D. thesis is described in detail.

The first presented approach deals with the topic of nanostructuralization of the sensor surface.
High-purity CuO nanoparticles were deposited using a gas aggregation-based cluster source
(GAS) and added on top of the surface of tungsten oxide films. The sensing response was
changing with the varying density of the CuO nanoclusters. The sensing response was
significantly enhanced with the increasing density of the nanoclusters on the WO;3 film due to
the formation of nano-sized PN junctions at the CuO/WOs interface.

In the second applied strategy, the formation of CuWO4 nanoislands on the top of sub-
stoichiometric tungsten oxide (WOs3-x) films was studied using a two-step deposition process.
The WOs3 .« deposited by reactive DC magnetron sputtering was followed by CuO deposition
by RF sputtering deposition. This resulted in the formation of CuWO4 nanoislands over the
WOs3... The CuWO4/WOs system was studied for hydrogen gas detection. The sensing
response of the combined films was much higher than that of the individual CuO and WO3_.
films. The sensing mechanism based on the formation of the NN junction between CuWO4 and
WO3._ is described.

Following the second strategy, the order of the CuO and WOs.x deposition processes was
reversed. The synthesized CuWO4/CuO system was studied for hydrogen gas detection. The
trend for the sensing response was similar to the CuWO4/WOs system in dry air. The sensing
response specifically for CuWO4/CuO system was studied in dry and humid air, and it was
found that the response was reduced dramatically in the humid air. To overcome or reduce the
influence of humidity, the CuWO4/CuO bilayers were overlayered by Pd thin films, deposited
by RF sputtering. During the after-deposition treatment at 200°C, Pd was transformed into a
form of Pd nanoparticles and PdO nano-sized islands. The value of the sensing response for
the Pd/CuWO4/CuO multi-layer was then equalized in dry and humid environments and at the
same time, the sensors responded at lower temperatures. The formation of multiple junctions,
i.e., the NN junction at the PdO / CuWO4 and the PN junction at the CuWO4 / CuO interfaces,
remarkably improved the response and reduced the influence of humidity.

In the last described strategy, the structure and composition of the WOs;.x films were tuned by
varying the deposition parameters of the HiPIMS (High-Power Impulse Magnetron Sputtering)
technique. These were the oxygen partial pressure, voltage pulse length, and average power
density. In addition to the experiments, the reactive HIPIMS model combined with the plasma
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discharge model was used successfully to understand the effect of the discharge parameters on
the structure and stoichiometry of the WOs« films. Owing to this model, WOs_, could be
synthesized with various stoichiometries and structures using HiPIMS with varying voltage
pulse lengths. The varied stoichiometry, i.e., various concentrations of oxygen vacancies, has
a significant impact on the sensing response towards hydrogen. In addition, the sensing
response for hydrogen gas for the monoclinic phase was found to be superior to those of the
other crystalline phases.
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Resumé

Tato disertacni prace se zabyvd vyzkumem a vyvojem novych materidli pro
pifipravu a nasledné testovani tenkovrstvych senzorti vodiku. Tenké vrstvy na bazi oxidu
wolframu byly kombinovany s dal$imi materidly za Gcelem zlepSeni senzorického chovani
materidlu. Prace obsahuje obecny uvod popisujici zdkladni principy senzorti na bazi oxidu
wolframu. Déle je uveden piehled strategii, kterymi je mozné vylepSovat zakladni senzorické
vlastnosti oxidického materidlu. Nékolik z téchto strategii bylo pouzito a je podrobné popsano
v jednotlivych kapitolach. Samostatna kapitola je rovnéz vénovana piehledu depozicnich
technik, které byly pouzity pro pfipravu zkoumanych materidli. Zaroven je v této kapitole
popsana metodika testovani pripravenych senzord, ktera byla béhem feSeni prace dale
zdokonalena.

Prvni uplatnénou strategii pro zlepSeni senzorického chovani vrstev oxidu wolframu je
kombinace vrstev s nanostrukturami oxidu méd’natého. Konkrétné se jedna o nanoc¢astice CuO
deponované pomoci zdroje klastrii zalozeného na agregaci plynii (GAS). Tyto nanocastice byly
deponovany na povrch wolframoxidové (WO3) vrstvy a nésledné byl zkoumén vliv rizného
mnozstvi nanocéstic CuO na senzorické vlastnosti. S rostouci hustotou nanoklastrti na povrchu
vrstvy WO3 se vyrazné zvysila senzoricka odezva, coz je vysvétleno vznikem nano-PN
ptechodii na rozhrani CuO/WOs.

V ramci druhé strategie byla studovéana tvorba nanoostriivkit CuWWO4 na souvislé vrstvé oxidu
wolframu pomoci dvoustupniového procesu depozice. Substechiometricky oxid wolframu
(WOsx) byl deponovan reaktivnim DC magnetronovym napraSovanim a nasledné byla
nanesena vrstva CuO pomoci RF napraSovani. Tento postup vedl k vytvoreni strukturovaného
CuWOs. Nasledné byla testovana citlivost systému CuWO4/WOs.. na plynny vodik.
Senzorickd odezva této kombinace byla mnohem vy3$8i nez u samostatnych vrstev CuO
¢1 WOs... V tomto ptipadé stoji za zlepSenim odezvy vznik NN heteropfechodt mezi CuWO4
a WOs._,.

V navazujici kapitole jsou popsany vysledky studie, kdy bylo zaménéno potadi depozi¢nich
procest pro vrstvy CuO a WOs3_, a je zde zkouman vysledny systém CuWO4/CuO. Z vysledku
vyplyva, ze trend odezvy na plynny vodik je podobny jako u systému CuWO4/WOs_, nicméné
zde byla odezva navic studovana v syntetickém vzduchu s proménnou vlhkosti. Bylo
potvrzeno, Ze ve vlhkém vzduchu se odezva dramaticky snizuje. Pro korekci vlivu vlhkosti
byly dvojvrstvy CuWO4/CuO doplnény tenkymi vrstvami paladia nanesenymi pomoci RF
naprasovani. Pfi nasledné stabilizaci pfi teploté 200 °C se deponované paladium pieméni
jednak na nanocastice a jednak na ostrivky oxidu paladia. Diky této komplexni struktufe je
senzorickd odezva u vicevrstev PAO/CuWO4/CuO vyrovnand v suchém i vlhkém vzduchu,
navic systém pracuje pii nizsi teploté.

V posledni popsané a uplatnéné strategii byla struktura a slozeni vrstev WO3-, zkoumany
v zavislosti na zmén¢ depozi¢nich parametri metodou reaktivniho HiPIMS (vysokovykonova
pulzni magnetronova depozice). Byl zkouman vliv zmény parcialniho tlaku kysliku, délky
napétového pulsu a primérné hustoty vykonu. Experimenty byly doplnény o model
plazmového vyboje, ktery umoznil lepsi pochopeni vlivu parametrii vyboje na strukturu
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a slozeni (stechiometrii) WOs_, vrstev. Rlzna stechiometrie, tedy mnozstvi kyslikovych
vakanci, se ukazala jako vyznamny parametr ovliviiujici senzorickou odezvu, pifiCemz
mnozstvi vakanci bylo mozné tidit zménou délky napétového pulsu. Nadto bylo prokazano, ze
krystalicka struktura ovliviiuyje citlivost vrstev. Konkrétné u monoklinické faze je odezva lepsi
nez u ostatnich pripravenych krystalickych fazi.
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1 Introduction

Rapid growth of energy consumption of human society due to both economic and population
growth demands more accessible and efficient energy resources. Moreover, an exponential
reduction in fossil fuel reserves due to the overutilization of coal and petroleum products and
environmental consequences made it necessary to develop clean and green sources of energy.
Hydrogen is a prominent candidate which fits best into such requirements due to its efficient
and renewable essence. Hydrogen is an inspiring and motivating candidate in itself for the
research because of its unique properties as a clean and green source of energy. It can be
obtained from water and, at the same time, produces water as a by-product after combustion.
H; is widely used as fuel in chemical industries, fuel cells, space crafts, and rockets. Although,
H; is extremely dangerous because it has a wide explosive concentration, low ignition energy,
and large propagation velocity. In addition, its tasteless, odorless, and colorless essence make
it impossible to detect by the human senses. Taking the extreme importance of hydrogen and
its undetectable and explosive nature into account, it has become necessary to develop
materials for hydrogen gas detection for the purpose of safety. The materials developed for
hydrogen detection are discussed in this chapter along with a brief introduction to relevant
concepts and some fundamental information of gas sensors and their types, importance of
hydrogen, and the materials, mainly metal oxides (WO3, CuO, CuWO4, and PdO).
Furthermore, the most common techniques implemented to synthesize metal oxide
semiconductors are explained in the thesis, followed by challenges and strategies to improve
the performance of gas sensors. Subsequently, the objective and structure of the thesis are
presented.

1.1 Structure of the Thesis

The thesis deals with the preparation of conductometric gas sensors based on nanostructured
thin films of tungsten oxide modified with several other materials. The results are presented in
the form of manuscripts describing the combination of CuO, CuWOy, and Pd/PdO with WO3
films.

The motivation for choosing tungsten oxide (WO3) and the other materials, as well as the choice
of sputtering deposition technique, is described in individual sections later. Since the work was
closely connected to the construction and enhancing of the testing experimental setup and
workflow, there is an individual Chapter 2 dedicated to methodology. The thesis is organized
as follows:

Chapter 1 introduces the fundamental knowledge of the sensors, types of sensors, the
importance of hydrogen gas detection, and sensing mechanism for WO3 towards hydrogen gas,
which is similar to that of any N-type metal oxide semiconductor for any reducing gas. Several
strategies have been discussed extensively to improve the performance of sensors and various
influencing parameters. This key discussion can be found in Section 1.6 on page 6.



Chapter 2 describes the synthesis of the nanostructured materials. The sputtering systems used
to prepare WO3 and CuO thin films, and CuO nanoclusters are described in detail. The
characterization techniques are also described briefly in this chapter. It also illustrates the
design and development of a custom-built sensitivity measurement system. The principle of
operation and utilization of various techniques are discussed in detail.

Chapter 3 presents the objective of the thesis. The main tasks that are the backbone of this
research for the motivation of the thesis are presented.

Chapter 4 reports the results in the form of published articles. Various approaches have been
implemented to enhance the sensing performance of WO3-based sensors towards hydrogen gas.
The chapter is organized into five sections as A, B, C, D, and E on the basis of different
strategies which are discussed in chapter 1. The mechanism behind the improvement of sensor
performance is discussed in individual sections in this introductory chapter 1 as well as in
individual manuscripts.

Chapter 5 presents the summary and conclusion of the work carried out during the Ph.D. study.
This chapter also describes the fulfillment of the objective of the thesis. A brief comparison of
the results obtained from the various approaches is also summarized.

1.2 Gas Sensors

The gas sensors, as the name suggests, provide information about any change in their intrinsic
properties such as optical band gap, electric resistance, carrier concentration, etc. on interacting
with any external analyte (CO, Hz, SOz, NO. As the name suggests, the gas sensors provide
information about any change in their intrinsic properties such as optical band gap, electric
resistance, carrier concentration, etc. on interacting with any external analyte (CO, H2, SO2,
NO; ethanol, etc. and explosive gases during the production, manufacturing, and transportation
process of the products in industries. They are widely used in chemical and petrochemical
industries, hospitals, medical institutions, food and drinks processing, environmental,
scientific, and engineering research organizations, and many more industrial applications [1]—
[3]. The gas sensors have an important role not only in industry and but also in agriculture and
domestic uses to maintain air quality, fragrance, and humidity control. Gas sensors can be used
to monitor harmful gases both indoors and outdoors. In environmental aspects, these sensors
are used to control air pollution from automobile exhaust gases [4].

There are various types of Gas sensing technologies characterized according to their
operational mechanism. Some of them are considered most suitable and intuitive and used to
detect harmful gases, which are: Electrochemical gas sensors, Optical gas sensors, Electrical
gas sensors, Catalytic Bead sensors, Infrared gas sensors, Acoustic-based sensors, etc. [5].
Description of the most common types follows.

Electrochemical gas sensors are mainly resistive types such as conductometric and
potentiometric, which work on the mechanism of charge transfer within the electrodes on the
interaction with electroactive species, which include the chemical recognition processes. They
specifically measure the concentration by either reducing or oxidizing the target gas on the
electrodes. They mainly detect the change in current flow, voltage, and capacitance of the
materials due to the interaction of the target gas with the sensing material [1], [6]—[8].



Optical gas sensors operate on optical phenomena which include changes in absorption,
reflectance and luminescence spectra, refractive index, optothermal effect, and light scattering.
Most of the optical gas sensors detect changes in visible light during the interaction with the
chemicals. Optical absorption, chemiluminescence, and fluorescence are quite common
techniques employed for optical gas sensors. For example, the absorption characteristics of the
target molecule can provide information of the target gas concentration by detecting the
intensity of photon radiation that arrives to the sensor [9]—[12].

Electrical type gas sensors work on the mechanism of surface interaction with the target gas.
They cover a large group of gas sensors such as polymer, semiconductor, metal, metal oxides
conductometric sensors, capacitance sensors, Schottky-barrier, MOS, and FET-based sensors.
They mainly measure the resistivity (conductivity) of the sensing material changes by the
reaction that takes place between the target gas and the surface material layer [13]-[17].

Gas sensors are developed to provide information on any chemical composition of their
surrounding environment. Therefore, an ideal gas sensor should work continuously, and it
should be selected for any specific gas, it should be economic, and must have a quick response
and recovery time. Portability, low power requirements, explosion-proof housing, and
quantitative reliability are also useful requirements for the best gas sensor. However, it is
challenging to fabricate a gas sensor with all these characteristics. Researchers are still trying
to fabricate such gas sensors for the power production industries.

1.3 Importance of H; Detection

Among the demand and importance of the detection of toxic, polluted, and flammable gases,
hydrogen detection is also important to consider as hydrogen is a clean, renewable, efficient,
and reliable source of energy for the future. It is the best candidate source for replacing fossil
fuels because it can reduce carbon dioxide emissions by 20% in the industry. The byproduct is
just water rather than any other harmful gas produced by industries and automobiles. Apart
from being a source of energy, Hydrogen has vast applications. Liquid hydrogen is used as fuel
for aircraft and rockets. Moreover, because of its reducing properties, it is also used in metal
smelting, glassmaking, steel industries, semiconductor processing, petroleum extraction, and
the daily chemical industry. Additionally, it can be applied in environmental protection,
biomedical applications, an indication of certain bacterial infections, etc. Being such a
prominent source of energy, it is difficult to control and store hydrogen due to its explosive
nature. For the sake of safety, it becomes more important to develop the H» gas sensor to detect
the low concentration of H» during storage, transport, and domestic uses [ 18]—[20]. The rapidly
growing hydrogen industry requires the development of new hydrogen gas sensors for the
purpose of safety during the process of production, storage, transportation, and domestic use
of hydrogen-based fuel cells. Hydrogen is a clean, green, and reliable source of energy and has
some unusual properties, such as low boiling point (20.39 K), highly diffusive (diffusion
coefficient is 0.61 cm?/s), low ignition energy (0.02 mJ), high combustion heat (142 kJ/g H>),
wide inflammable range (4-75%) and high combustion velocity. Hydrogen is colorless,
odorless, and tasteless, making it almost impossible to detect by ordinary human senses [18],
[20], [21].



The aforementioned characteristics of hydrogen gas require special precautions in certain
applications. Rapid and precise H> gas concentration measurement is necessary to detect during
the production, storage, and use of hydrogen to alert about the leakage and prevent the risk of
formation of explosive mixture with air. However, hydrogen sensors have been studied for
many decades but there is a continued need for faster, selective, and more accurate detection
of hydrogen gas in various industrial fields for monitoring and controlling hydrogen
concentration. For example, monitoring of hydrogen concentration is essential in the synthesis
of ammonia, nuclear reactor safety, hydration of hydrocarbons, desulphurization of
petrochemical products, welding, and galvanic plating.

There are various methods to detect hydrogen, which employ instruments like mass
spectrometers, chromatography, or/and specific ionization gas pressure. Each of them has a
different sensing mechanism for the detection of a target gas. These traditional hydrogen
sensors are limited by their large size, slow response and recovery time, high cost of fabrication,
and high-power requirements. Whereas, the sensors need to have a small size, fast response
and recovery time, low operating temperatures, low cost, and selectivity too. To fulfill the
requirements of modern industrial technologies, researchers need to develop materials for an
efficient gas sensor.

14 Materials for Hydrogen Sensors

Numerous materials have been studied and are still being studied to design hydrogen gas
sensors. Hydrogen gas sensors based on metals, metal-oxide semiconductors, covalent
semiconductors, solid electrolytes, organic semiconductors, polymers, graphene, MXenes, and
other 2D materials have been studied [22]-[24]. Recently, these materials might be used as
semiconductor, electrochemical, thermoelectrical, metallic, optical, and acoustic sensors.
Among all of them, semiconductor-based sensors are highly sensitive, stable, and exhibit a fast
response time. In recent works, several nanostructures, and types of semiconductors have been
studied to design suitable hydrogen sensors such as metal-oxide semiconductors (MOS),
organic semiconductors, and covalent semiconductors.

Metal-oxide semiconductors, mainly binary and ternary oxides, with a wide range of bandgaps,
have been used to design hydrogen gas sensors. Medium bandgap materials such as SnO»,
CeO2, Taz0s, ZnO, and In,O3, materials with narrow bandgap like CuO, ZnWO4 CuWO4,
Cr203, and V705, and wide bandgap materials, such as HfO; and ZrO; have been studied for
gas detection. Among these MOS, WOj3 is a promising candidate for gas sensing applications.
Apart from sensing application WO3 has a wide range of applications in electrochromic
materials [25], photochromic materials [26], photocatalysis [27], battery electrodes [28],
thermoelectric devices [29], solar cells electrodes [30], superconductors [31], and
electrochemical cell [32] because of its unique physical and chemical properties.

WO3 exhibits different forms of crystal structures at different temperatures. The phase stability
of WO3 is as follows: monoclinic (e-WO3) below —43 °C, triclinic (6-WO3) in range of —43 °C
to 330 °C, orthorhombic (B-WO3) from 330 °C to 740 °C and tetragonal (a-WO3) above
740 °C. The bandgap in WO3 varies in the range of 2.6 eV to 3.3 eV from crystalline to
amorphous form [33], respectively which is suitable for the application of gas sensing. It is an
N-type semiconductor in which free electrons are generated due to oxygen vacancies [34]. The



morphology, stoichiometry, and structure of WOs3; can easily be controlled by various
preparation techniques. Sensitivity can be improved by changing the baseline resistance of the
WO:s films by controlling the microstructures and stoichiometry [35]—[37]. WO3 possesses high
sensitivity and selectivity for a wide variety of gases, both oxidizing and reducing [38], [39].
WOs is considered a potential candidate because interaction with hydrogen leads to a change
in its electrical resistance by several orders of magnitude [40].

1.5 Sensing Mechanism

The fundamental mechanisms known for the detection of the reducing gases are applied to
hydrogen gas as well. When WO3 is exposed to air, oxygen molecules chemisorb on the surface
of WO3 and create an electron depletion channel by drawing electrons from the conduction
band. Furthermore, the evolution of reactive oxygen species such as 0~, and 0*~, 05 takes
place on the surface at certain temperatures. Many researchers have studied the stability and
contribution of different oxygen species in the sensing mechanisms at different temperatures
[41]. The stability temperature of the various oxygen species is shown in Table 1. The surface
adsorbed oxygen species then react with the target gas (H2) and donate the trapped electrons
back to the sensing layer, which narrowed the space charge region and leads to a change in
resistance as illustrated in Figure 1.1. A couple of additional small physical effects can be
introduced to the fundamental mechanism to enhance the sensing response by tempering the
pure WO3 film with other phenomena discussed in the following section. There are several
definitions used for the WOj3 sensor response S, but the most common is

S =22 (1)

to reduce gas. R. denotes the value of electric resistance in synthetic air and Rg represents the
resistance value in the presence of the target gas. Sometimes, the sensing response is also
defined as:

Ra Rg
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Figure 1.1. Fundamental sensing mechanism of the WQOs film towards hydrogen gas.



Table 1 Dominant adsorbed oxygen species on the surface of WQO3

Oxygen Species | Stability Temperature (°C)
0~ 300450
0%~ >350
03 RT-150
0, 50-100

1.6 Challenges and Strategies

It is quite challenging to fabricate an ideal gas sensor. On the basis of the research done so far,
there are some important parameters that are quite challenging to achieve. A gas sensor should
exhibit

1. high sensitivity
ii.  fast response and recovery time
iii.  Selective towards a particular gas
iv.  low working temperature (nearly room temperature)
v.  stability
vi.  zero or very low influence of humidity or other relevant accompanying gases for the
application.

To deal with these challenges, various strategies and approaches have been developed during
the last couple of decades [18], [20], [42]. Some of them are briefly discussed in this thesis.
The strategies which have been adopted to develop the metal-oxide semiconductor are as
follows.

a) Materials Selection

A large number of MOS have been investigated in the past century. Several N-type binary and
ternary oxides with the band gap in the range of 2 to 4 eV such as SnO;, TiO2, ZnO, Taz0s,
Gaz03, WO3, CuWOy, etc. are studied [43], [44]. In P-type MOS, CuO, NiO, Co304, and PdO
are widely investigated [45]. Perovskite oxides such as BaTiOs3, SrTiO3, and LaFeO3, which
also exhibit P-type behavior, are also studied to develop better gas sensors [42]. Graphene and
other 2D materials such as h-BN, GaAs, MoS>, MXenes, etc. are emerging and trending
materials for gas detection along with their wide range of applications [46]—[49]. In this work,
we particularly focused on WO3 due to its unique properties and suitable band gap as described
in the previous section. WO3 is combined with various metals or MOS such as Pd, CuO,
CuWOyg4, and PdO to improve the sensing response of WO3 towards hydrogen gas.

b) Doping

Most of the MOS-based sensors work on the phenomenon of adsorption and desorption of the
target gas at the surface of the material. These sensors can be activated at higher temperatures
which consume more power [50]. To overcome the issue, many efforts have been put into
reducing the operating temperature. Amongst all the efforts, metal doping is a common way to
modify the electronic structure due to impurity levels in the bandgap of the metal oxide to



improve the performance towards various applications including gas sensing [51], [52].
Investigation of transition-metal-doped ZnO in order to improve the sensitivity is quite
common [53], [54]. Several researchers doped WO3 with other metals such as In, Fe, Pd, and
Ag to improve sensor performance and lower working temperature [55]-[57].

¢) Porous Films

Porous MOS films are very attractive from the point of view of the sensors due to their unique
crystalline structure, which provides a large surface for the enhancement of the effects of
adsorbate and high activity in chemical reactions at the surface [58], [59]. A desirable change
can be seen in electrical and optical characteristics of the porous MOS upon adsorption of
molecules by filling the pores at the surface. In this case, the ‘capillary condensation effect’
also contributes along with the surface adsorption effect to improve sensor performance [60],
[61]. Several porous MOS have been studied to enhance sensitivity and reduce the influence
of humidity [62]-[64]. Porous WOj3 films are found very promising to enhance sensitivity,
selectivity toward NO gas [65], [66].

d) Nanostructures

The nanostructures exhibit mechanical, optical, electrical, and magnetic properties different
from those of the bulk state. An enormous variation in the electric properties of an oxide artifact
can be noticed by moving towards nano dimensions. This does limit the conductivity trapped
to the surface because at least one dimension is lesser than the depletion depth [42].
Nanostructures have a high surface over volume ratio. High surface area is desirable credit for
the MOS sensors. Recently, the production of nanostructured MOS by adapting various
preparation techniques for conductometric sensors is quite popular. MOS can be produced as
nanoparticles (0D), nanowires, nanorods and nanotubes (1D), and nanosheets (2D) with high
surface area [67]—[71]. The strategy has been pursued in the research work and the results are
shown in Chapters 4 Sections A, B, and E.

e) Noble Metal Decoration

Introducing additive material (oxide or metallic form) on the surface of the sensing materials
significantly enhances the sensitivity, lowers the operating temperature, and fastens the
response and recovery time. The selective metals with high work functions (Pd, Pt, Au, Rh,
etc.) are used to cover some portion of the surface of the sensing materials. Their high work
function leads to the formation of the Schottky barrier at the metal/oxide interface, which
increases the baseline resistance of the sensing material. The aforementioned precious metals
exhibit catalytic characteristics which shift the working temperature to the lower values as
reported in the literature [42], [72]-[74]. Furthermore, the most important contribution of the
additive metal is to reduce the interference of relative humidity in the sensing mechanism. This
approach has been successfully implemented in this thesis to improve the performance of the
sensors and results are presented in Chapter 4 Sections C and E of the thesis.



f) PN-type Heterojunction

In this approach, N-type, and P-type MOS are placed in contact with each other for gas sensing.
There might be two configurations depending on the selection of the backbone material and
the functionalized material. If a P-type backbone material will provide a dominant conduction
path functionalized by N-type MOS it would be called P-N junction and N-P junction when N-
type MOS is selected as backbone material and P-type as functionalized material [71]. Charge
carriers transfer from the functionalized material to the backbone materials at the junction,
which results in thickening of the depletion layer which changes the resistance of the backbone
material. Several studies successfully investigated these effects in a combination with materials
such as ZnO/CuO, PdO/WOs3, SnO,/Cu0O, Pyrrole/WOs3, etc. [75]-[77]. This approach is
presented in Chapter 4 Section A.

g) NN-type Heterojunction

The depletion region of an N-type MOS can also be modified by combining with another N-
type MOS. In this case, electrons then transfer from a higher energy conduction band to the
lower energy conduction band and form an ‘accumulation layer’ at the interface rather than a
depletion layer in the cases of PN-type heterojunction. Oxygen adsorption during the sensing
process can deplete the accumulation layer and change the resistance of the backbone material
to enhance sensitivity. Such strategies have been successfully employed to improve sensor
performance by combining Sn02/Zn0O, SnO2/WO3, ZnO/WO3, WO3/MoO3, etc. [78]-[81]. We
used this approach in Chapter Section B.

h) Oxygen Vacancies

Recently, it has been observed that oxygen vacancies play an important role in the mechanism
of gas sensing for MOS-based sensors. Varying the oxygen vacancies is an alternative approach
to improve the sensor’s performance. Oxygen vacancies directly affect oxygen absorption on
the surface of the material and facilitate ionosorption to improve performance and lower
operating temperature [82]. As the sensing mechanism states, the target gas needs adsorbed
oxygen species at the surface for the interactions. The adsorption and activation of the target
gas can be affected by the oxygen vacancies, mainly vacancies that might donate electrons to
form more chemisorbed oxygen species [83]. It has been reported that sub-stoichiometric WO3.
x provided a successful scope of improving the gas sensing by varying oxygen vacancies; see
Chapter 4 Section E. However, it is challenging to have control over oxygen vacancies, but
there are possible ways to prepare sub-stoichiometric metal oxide materials [82]—[86]. The
oxygen defects can change the coordination number of the neighboring atoms, which tune the
active species of reactive sites, consequently, the sensing [87].

1.7 Material Synthesis

There are a vast number of methods and techniques for preparing the material either in the form
of bulk, thick films, thin films, or nanostructures. There are thousands of ways to prepare the
MOS material from the PVD, CVD, Thermal oxidation, wet chemical techniques, etc. and each
has its own features, and every method has its limitations as well, for example, it is still
challenging to control chemical composition, surface morphology, reproducibility, and
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crystalline phase of the nanostructure’s synthesis using thin-film technology methods. The
most common wet techniques, such as sol-gel, hydrothermal, and precipitation synthesis, are
used to provide films with high surface area, porosity, and fixed stoichiometry. The problems
of these techniques are worse integrability with microcircuit fabrication, tuning of
stoichiometry, and a limited range of accessible compositions.

These challenges are possible to address with PVD techniques such as Sputtering, Pulsed Laser
Deposition, Thermal Evaporation, Molecular beam Epitaxy, and many more allow precise
control of the stoichiometry, crystallite size, structure, and crystalline phases. All of the above-
mentioned techniques have been used to synthesize thin films, porous thick films, and
nanocomposites such as nanowires, nanorods, nanoflowers, etc. for the gas-sensing
application. Multiple synthesis methods are investigated to tune the morphology, structure, and
stoichiometry of the MOS to improve the sensing performance [1], [71], [88]-[90].

Sputtering deposition is a favored technique because it can be used to deposit a large variety
of materials. The prominent feature of sputtering is that it can be used to deposit metals,
insulators, semiconductors, etc. The palette of materials is wide; multiple elements can be
easily combined including tuning of the stoichiometry of oxides. Importantly, it is compatible
with microcircuit fabrication processes. Last but not least, it is a scalable technique, being used
for large area coatings.

Sputtering is a plasma-based physical process in which the atoms or molecules are released
from the surface of the target as a result of the bombardment of gas ions on the target, and these
atoms/molecules then deposit on the substrate. It is a process of collision between the target
and incident ions. In the case of magnetron sputtering, efficiency is enlarged by the
employment of a magnetic field which bounds the secondary electrons to a specific target
surface area and promotes ionization efficiency. This leads to an increment of the ion density
and therefore sputtering rate. Magnetron sputtering is a useful technique for growing high-
purity films at low temperatures and low cost.

Sputtering can be utilized in various power modes such as DC, RF, HiPIMS, Pulsed DC, etc.
Each works on a slightly different principle. Oxide and nitride films can easily be deposited by
reactive sputtering using oxygen or nitrogen as a reactive gas [91]-[93]. Various researchers
have been investigated the properties of MOS films prepared by magnetron sputtering [94]—
[98]. The structure of metal oxide films can be easily controlled by the sputtering technique.
The structure can be tuned from amorphous through nanocrystalline to well-crystalline by
varying the deposition parameters such as target power density, duty cycle, voltage pulse
length, etc. [99][100]. Control over deposition rate provides a controlled thickness and uniform
film by various modes of the sputtering technique [98], [101]

In this work, we employed the DC reactive magnetron sputtering and HiPIMS to deposit WO3-«
from a tungsten metal target which is described in Chapter 4 Sections A—E, and RF reactive
sputtering for the deposition of CuO, and Pd by Cu and Pd metallic target, respectively, as
described in Chapter Sections B, and C. DC magnetron sputtering is employed to deposit Cu
nanoclusters which are naturally oxidized (Chapter 4 Section A).
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2 Methodology

In this chapter, a detailed overview of experimental and characterization techniques used to
prepare and characterize the WOs is presented. Since the experimental setup has taken a great
deal of the scientific work being discussed in this thesis, in this chapter, the synthesis specifics
and testing routines, which cannot be covered in individual manuscripts, are described.

Mainly, two types of sputtering systems have been used to deposit materials such as WO3.y,
CuO, CuWOy4, Cu2WO4, and Pd/PdO. The thin films of WO3x were deposited by a reactive
magnetron sputtering system in DC and HiPIMS mode, while the CuO and Pd/PdO films were
deposited by the reactive sputtering system in RF mode. The RF mode sputters the CuO/Pd
target uniformly without any racetrack. The thicknesses of CuO and Pd films are less than 20
nm and 1 nm, respectively which can easily be deposited and controlled in RF mode. The CuO
nanoclusters were deposited using a magnetron-based gas aggregation cluster source (GAS).

2.1 Synthesis of Nanostructured Materials

The individual manuscripts contain information about the synthesis parameters. Here, only
general remarks are given.

a) Preparation of the Substrates

The Si wafer with plane orientation (001) was thermally oxidized by using a long-term
annealing system that can be heated to 1800° C with a heating rate in the range of 0.1 to 50
°C/min in the presence of oxygen or argon. The thermal oxidation leads to a growth of a 2-um-
thick SiO> layer over the Si wafer. The Si wafer is then cut into pieces of dimension 9 x 9 mm?
or 10 x 10 mm?. In the next step, the substrates were cleaned using an ultrasonicator for 10
minutes in isopropyl alcohol and 10 minutes in DI water and dried by blowing nitrogen.

b) Deposition of Thin Film and Nanoclusters

A Leybold-Heraeus sputtering deposition system (LH Z400) has been used for the preparation
of the thin films of MOS. The sputtering system is mounted with a horizontal cylindrical
chamber of a total volume of 25 liters and

a diameter of 42 cm. Three
grounded/biased substrate holders with a Q

heating plate underneath are placed at the Cu _.\_N_.
bottom, and a carousel with four different
target holders is facing it from the top side Subsrtate holder

shown in Figure 2.1. This allows the
deposition of various materials from
different targets (Error! Reference source n
ot found.). The rotation of the target

Figure 2.1 Schematic of target holder inside the
vacuum chamber.
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carousel can be controlled from outside the vacuum chamber.

Targets can be connected with various modes of power supply, such as DC, RF, and HiPIMS.
A regular flow of water circulates across the target and the chamber to control heat damage.
The chamber was connected to a turbomolecular pump (TMP) of a pumping speed up to 690
1/s (for nitrogen gas) which is backed by a scroll pump. The chamber can be pumped down to
abase pressure of 1.0 x 107> Pa. There are three gas inlets into the chamber where argon is used
for plasma generation, oxygen as a reactive gas, and nitrogen is used to vent the chamber. The
partial pressure of the gases is controlled by the flow controllers to optimize the stoichiometry,
quality, and crystallinity of the films. The base pressure can be lowered (not measurable in the

Power Supply
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("]
o |
©
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Figure 2.2 Schematic of Leybold-Heraeus LH Z 4000

current setup) by the use of a cold trap cooled by approx. 300 ml of liquid nitrogen. This is
advantageous for very pure films, especially when oxidation of the deposited metal is not
desired.
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All WO3 and CuO (also Pd) films investigated in the thesis were deposited by the above-
mentioned sputtering system using DC and RF modes, respectively. In order to prepare WO3
films, a tungsten metallic target connected with a planar magnetron was sputtered in Ar and O>
environment. The flow rates of Ar and O and substrate temperature were varied to achieve
crystalline films. Moreover, the Cu target was used to deposit various phases of copper oxide
films in RF mode. Basically, three phases of copper oxide, CuO, Cu;0, and Cu4O3, were
obtained at the various partial pressures of Ar:O; ratios, of which we continued with the CuO
phase for further studies. The individual values of the deposition parameters for WO3 and CuO
films are described in Chapter 4 Sections A, B, and C.

High-pressure
magnetron source

Aggregation
chamber

Exit nozzle

Quartz crystal

/',:—-"’"’—deposition monitor
/ h ‘
So Substrate / '-.“6
E = e [ — T
= } S
—
Y
A .y . < Ar gas
inlet
100
Pa
=
£ <« 150 = « 200 =
. mm mm
Aggregation
Cu Target Zone Exit Nozzle Substrate

Figure 2.3 Schematic diagram of gas-aggregation based magnetron
sputtering system b) Gas aggregation source.

In order to prepare sub-stoichiometric WOs3., films, a unipolar high pulsed power supply was
connected to the magnetron of the Leybold sputtering system (LH Z 400). HIPIMS was used
to deposit crystalline WO3., films at lower deposition temperature and other deposition
parameters were varied to achieve sub-stoichiometry and crystallinity in WO3.x films. The thick
films up to 1.5 pum were deposited to study the effect of the HIPIMS discharge parameters on
the properties of the film, described in Chapter 4 Section D. The selected parameters were then
used to prepare thin films (~100 nm) to study there to hydrogen gas detection. Further
parameters will be provided in Chapters 4 Sections D and E specifically.
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Gas aggregation sputtering system was used to prepare the nanoclusters. This customized gas
aggregation source (GAS) consists of a movable cylindrical magnetron which is equipped with
a Cu metallic target of diameter 5 cm and a cylindrical aggregation chamber. This GAS has a
conical ending where the exit orifices with 1.5—4 mm of diameter range. This gas-aggregation
source is connected at an angle of 30° to another vacuum chamber which is pumped by TMP
with a speed up to 1250 I/s backed by a scroll pump. The base pressure in the main vacuum
chamber and aggregation chamber before each deposition was 8 x 10 Pa and 2 x 107 Pa,
respectively. The schematic is shown in Figure 2.3. The vacuum chamber has a rotating
substrate holder to deposit the cluster uniformly on the substrates.

2.2  Characterization Techniques

This section briefly describes the characterization techniques used to study the properties of
the as-prepared nanostructured materials. Also, the sensitivity measurement system is
discussed in detail.

¢) Characterization of Materials

In order to study the crystalline phases of the as-deposited films, XRD patterns are carried out
using an X’Pert Pro PANalytical diffractometer system with Cu K, radiation source in the
Bragg-Brentano configuration. In the case of thin films, the w-offset can be set according to
the requirements to eliminate the reflection of the plane of the substrate, which is Si (001) in
our case. Because the films thicknesses of the combined materials are too low, it is difficult to
differentiate the phases by XRD because of the overlapping of the peaks. Raman spectroscopy
(Horiba Jovin Yvon LABRAM HR Evolution) using a 532 nm laser and 100x magnification is
carried out to overcome the issue of the crystalline phases in the as-deposited films.

The cross-sectional and top-view of the films are measured by using a Hitachi SU-70 scanning
electron microscope consists of a vacuum chamber pumped by a scroll pump. The microscope
is equipped with backscattered electron (BSE), secondary electrons (SE), transmission
electrons (TE) detectors., Inside the chamber of the microscope energy dispersive X-rays
spectroscopy (EDS), and wavelength dispersive X-rays spectroscopy (WDS) can be measured.
The primary energy of the electron beam was in the range of 5 kV to 20 kV. In order to measure
the thickness of the as-deposited film, a cross-sectional view is measured from SEM. To carry
out the cross-sectional view the specimens are simply broken through a pre-scratch on
substrates with deposited films. A thin film of chromium is deposited by a tabletop magnetron
sputtering system (XXXX) on the specimens before taking the SEM measurements. Specific
parameters used to image surface morphology and cross-sectional views are shown in Chapter
4
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d) Sensitivity Measurement System
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Figure 2.4 Schematic of custom-built sensitivity measurement system.

The sensing response of the sensors manufactured by the various combinations of the films
was measured using a custom-built system as shown in Figure 2.4. A cylindrical brass chamber
with a volume of 1 cm® consists of a gas inlet and outlet, mounted on a heating plate that is
controlled by a temperature controller (QuietChuck). The flows of N2 and O2 can be precisely
controlled by the Alicat Scientific mass flow controllers (FC, red boxes in Figure 2.4) with a
range of 200 and 100 sccm, respectively, to adjust the required gas flow of carrying synthetic
gas. Into the flow of the synthetic gas (usually 100 sccm total) a portion of hydrogen is inserted
using flow controllers with ranges 10 and 1 sccm (depending on the concentration level a
proper one is selected). To measure the conductometric response of the sensor to the hydrogen
gas, the Four-Point Probe (4PP) technique is deployed by using four 1.5 cm long gold-plated
spring-loaded pins with 2-mm pitch, which are pressed to the surface of the specimen placed
inside the reaction chamber. In addition, a thermocouple (T.C.) is also placed along with the
pins to record the temperature at the surface of the specimen during the measurements. The
electrical parameters are governed by a DC source (Keithley 6220) and two electrometers
(Keithley 6514). A LabVIEW-based software is utilized to control the whole setup and it
precisely measures the change in the resistance values in presence of the various concentrations
of hydrogen gas in synthetic air at various temperatures.

The above-described setup has been developed, and recently a further upgrade was done by
introducing a water bubbler that produces water vapors to create a humid environment inside
the chamber. The amount of relative humidity (RH) is controlled by mixing humid and dry air
by varying their flows using two electrically driven valves. In order to study the influence of
humidity on hydrogen gas detection (see Chapter 4 Section C), the percentage of RH volume
can be varied from 0 to 90% in the gas mixture.

In order to examine rigorously the sensing response, the sample placed in the brass chamber is
heated to various temperatures for a long time to reach a stabilization point of resistance value.
The optimum temperature is determined by increasing the temperature in steps from room
temperature to approximately 350 °C. The hydrogen cycle is continuously repeated at each
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temperature for a couple of hours to observe the detectable but stable response. Furthermore,
the specimens were heated at the optimum temperature for a long time to stabilize the structure
and oxidation of the surface materials. The duration of stabilization is completely dependent
on the specimen surface properties and temperature values. For example, CuWO4/WO3-
stabilizes after 3—4 hours, on the other hand, it takes Pd-WOs-, takes 6—7 hours to stabilize.
Some samples were necessary to stabilize for more than 14 hours.

The sensing characteristics are recorded after stabilization by varying hydrogen concentrations
at a constant applied electric current. The curves are shown in Figure 2.5a. The figure shows a
red curve for the H> concentration which varies in the steps of 0, 200, 500, 7500, and 10000
ppm in synthetic air, and the other curve (black curve) is the resistance change at different
values of H» concentration. Since hydrogen is reducing gas the resistance value decreases for
N-type semiconductors such as CuWOs, WOs, and PdO and increases for P-type
semiconductors such as CuO in this research work.

Figure 2.5b shows the long-term stability measurement by varying hydrogen concentration in
the range 0—1 vol% in synthetic air. Sensitivity is measured using the maximum and minimum
values of resistance in the absence and presence of hydrogen gas, respectively, as described
with equation 1 in Chapter 1. The values of resistance are obtained by fitting the data by the
sum of two exponential decays [39]. The equation is as follows:

R(t) = RO + Al' e_t/Tl + Az. e_t/TZ

Where Ro denotes the saturation values of resistivity, A1z and T2 are the amplitudes and time
constants of exponential fit.
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Figure 2.5 a) Sensing response at various concentrations of H2. b) Response for a long cycle of 0-1Vol% of
H: gas.

23



3 Research Objectives

This Ph.D. thesis reports on the preparation and characterization of nanostructured thin films
of metal-oxide semiconductors deposited by sputtering techniques in order to find and explain
relations between process parameters, properties, and sensing characteristics of prepared
materials. The main focus is given to the enhancement of the sensing response of the materials
toward hydrogen gas by combining the various metal-oxide semiconductors.

The main objectives of the thesis are as follows.

1)

2)

3)

4)

5)

6)

The purpose of this work was to design and develop a sensitivity measurement
system and process routines to detect hydrogen gas in dry and humid environments
at various temperatures and various concentrations of hydrogen gas.

To deposit crystalline WOs thin films by reactive magnetron sputtering with
controlled deposition parameters at low deposition temperature (less than 400 °C).

Propose the reactive HiIPIMS method to tune the crystalline structure and
stoichiometry of the WOs., films to improve the sensing performance of as-
deposited films.

Investigate the effect of various architectures and combinations of WO3 with other
noble metals (Pd) and MOS (CuO, CuWOg4, and PdO) on the sensing response to
the H» gas.

To lower the operating temperature of the WO3 based gas sensor toward hydrogen
gas.

Reduce the influence of humidity on hydrogen gas sensing.
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4 Results

This chapter represents the results of various detailed investigations of the sensing response of
the combinations of CuO, CuWOg4, Pd, and PdO with WO3.x towards the H» gas. The results
are divided into 5 sections (A—E). Sections A, B, D, E are shown in the form of the research
article published in peer-reviewed international journals. Section C is a manuscript currently
in the process of publication. The most important results obtained during my Ph.D. are
published in these articles. Every section of this chapter is based on the improvement of the
sensing performance by adopting the strategies discussed in Chapter 1, Section 1.6 Challenges
and Strategies.

In Section A, the thin films of WO3 are decorated with various densities of CuO nanoclusters.
The article presents the preparation and characterization of this architecture, study structure,
morphology, and sensing response toward hydrogen gas of the prepared material system. In
addition, the I-V characteristics of this combination by a modified geometry are studied to
investigate the formation of heterojunction at the interface of CuO nanoclusters and WO3 film.

The in-situ formation of CuWO4 in situ by depositing CuO film on the WOs3 film is described
in Section B. It also describes the formation and variation of CuWO4 nano-islands by varying
the thickness of RF-sputtered CuO. The formation of heterojunction at the CuWO4/WO3
interface enhances the sensing response. A similar structure by depositing the CuO and WO;
films in reverse order gives the formation of CuWO4 over CuO films are shown in Section C.
Here, the bilayers are further improved by adding Pd/PdO nanoparticles and nanoislands over
the CuWO4/CuO bilayers for the purpose of further enhancement of the sensing response and
reduction of the influence of relative humidity. Interestingly, all the structures are deposited
using the conventional sputtering system in DC and RF regimes.

In order to reduce the deposition temperature, HIPIMS produced crystalline WO3.x films, and
the results are shown in Sections D and E. The reactive HiIPIMS model and the discharge
plasma model for the ionization region are combined for a deeper understanding of the
influence of discharge parameters such as the voltage pulse length, the oxygen partial pressure,
and the pulse-averaged target power density on the deposition rate and oxygen concentration
in the WO3_ films (Section D). The voltage pulse length is varied to tune the structure and
Stoichiometry of WOs; . thin films (Section E) and study the effect of oxygen vacancies on
sensing response.

25



A
Hydrogen Gas Sensing Properties of WO3 Sputter-Deposited
Thin Films Enhanced by On-top Deposited CuO Nanoclusters

S. Haviar, J. Capek, S. Batkov4, N. Kumar, F. Dvorak, T. Duchon, M. Fialova, P. Zeman

International Journal of Hydrogen Energy 43 (2018) 22756-22764

26



INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 43 (2018) 22756—22764

journal homepage: www.elsevier.com/locate/he

Available online at www.sciencedirect.com

ScienceDirect

International Journal of

Hydrogen gas sensing properties of WO3 sputter- m

Check for

deposited thin films enhanced by on-top
deposited CuO nanoclusters

Stanislav Haviar *", Jifi Capek °, Sarka Batkova ¢, Nirmal Kumar °,
Filip Dvotdk °, Tomas Duchon *, Markéta Fialovd °, Petr Zeman *

& Department of Physics and NTIS-European Centre of Excellence, University of West Bohemia, Univerzitni 8, 30614,

Plzen, Czech Republic

® Department of Surface and Plasma Science, Faculty of Mathematics and Physics, Charles University, V
Holesovickach 2, 18000 Prague 8, Czech Republic
¢ Forschungszentrum Jiilich GmbH, Peter Griinberg Institut 6, 52425, Jiilich, Germany

ARTICLE INFO

Article history:

Received 15 August 2018

Received in revised form

12 October 2018

Accepted 15 October 2018
Available online 13 November 2018

Keywords:

Nanocomposites

Gas aggregation cluster source
Tungsten oxide

Cupric oxide

Hydrogen gas sensor
Magnetron sputtering

ABSTRACT

Magnetron-based gas aggregation cluster source (GAS) was used to prepare high-purity
CuO (cupric oxide) nanoclusters on top of sputter-deposited thin film of tungsten
trioxide (WOs3). The material was assembled as a conductometric hydrogen gas sensor and
its response was tested and evaluated. It is demonstrated that addition of CuO clusters
noticeably enhances the sensitivity of the pure WO; thin film. With an increasing amount
of CuO clusters the sensitivity of CuO/WOj3 system rises further. When CuO clusters form a
sufficiently thick and compact layer, the resistance response is reversed. Based on the
sensorial behavior, conventional and near-ambient pressure X-Ray photoemission spec-
troscopies, and resistivity measurements, we propose that the sensing mechanism is
based on the formation of nano-sized p-n junctions in between p-type CuO and n-type WOs;.
The advantages of the GAS technique for preparing sensorial and/or catalytically active
materials are emphasized.

© 2018 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

durability of the sensors [4]. Less attention has been paid to a
development of new preparation methods that are compatible
with thin-film microcircuit technology and also allowing

The hydrogen (H,) energy market is rapidly growing and there
is a strong interest in development of fast, stable and sensitive
hydrogen gas sensors [1]. One of the most often explored ap-
proaches are chemiresistors based on metal-oxide semi-
conductors (MOSs) [2—4]. The main effort has been put into an
improvement of the sensitivity, selectivity, stability and

* Corresponding author.
E-mail address: haviar@ntis.zcu.cz (S. Haviar).
https://doi.org/10.1016/j.ijjhydene.2018.10.127

large-scale production of the sensors. This is, however, a vital
requirement for full integration of nanostructured sensorial
materials into modern devices [5], such as on-chip fuel-cells.
Last but not least, there is an effort to employ economically
and environmentally reasonable materials for sensor
production.

0360-3199/© 2018 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
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Cupric oxide (CuO) has been getting more interest recently
as one of the sensorial materials. The nanostructured CuO is
used as a sensing material solely [6—10] or in combination
with various n-type MOSs (SnO; [11,12], TiO, [13], WO5 [14], ...)
most often to detect H,S or NO, but rarely to detect H,.
Tungsten trioxide (WOs) has been examined for its sensitivity
to hydrogen [15,16] solely or in combination with other com-
pounds (ZnO [17,18], SiC [19], PO [20], ...). The mentioned
references employ various methods of preparation such as
sol-gel or thermal. Most of the used recipes for preparation of
nano-shaped materials require high-temperature sintering
and/or complex post-treatment. These steps bring difficulties
when considering scaling-up of the procedure or combining
the techniques with thin-film microcircuit technology.

Magnetron sputtering is a versatile and scalable technique
offering a possibility to prepare a wide range of MOSs in the
form of a thin film with a tunable composition and micro-
structure. In the last decade, there has been an extensive
development in the modification of the magnetron sputtering
source into a magnetron-based gas aggregation cluster source
(GAS) for production of nanoparticles. Such a source enables
deposition of clusters with tunable diameter in the range
10°-10? nm. As opposed to commonly used wet- or powder-
based techniques, this sputtering-based approach produces
high-purity microstructured materials in a wide range of both
metallic and oxidic materials [21—24].

In this work, we present a novel advantageous approach
utilizing GAS for preparation of a nanostructured hydrogen
gas sensing material based on two high-purity MOSs. Tung-
sten trioxide (WO3) in the form of a thin film and cupric oxide
(CuO) clusters were selected as model materials due to the
possibilities to finely control the stoichiometry and micro-
structure of WO; films and flux and size distribution of CuO
clusters.

To our knowledge, we used the GAS for preparing a
conductometric hydrogen gas sensor for the first time. The
sensing response was enhanced (in comparison with the
standalone materials) and moreover no noble metal was used
for this.

At the end of the paper, the reaction sensing mechanism is
discussed and an explanation based on the description of a
formation of nano-sized heterojunctions [25] between n-type
WOj5 and p-type CuO is proposed.

Material and methods
Material synthesis

All specimens were prepared on 10 x 10 mm? Si(111) sub-
strates (625 pm thickness) with thermally grown SiO,
(thickness > 350 nm). Before deposition the substrates were
cleaned by sonication for 5 min in isopropylalcohol and
demineralized water, subsequently.

The tungsten oxide films were deposited using a reactive dc
magnetron sputtering from a tungsten target with a diameter
of 72 mm in a stainless steel vacuum chamber (Leybold-Her-
aeus LH Z400) pumped by a turbomolecular pump (backed up
with a scroll pump) and a cold trap (cooled by liquid nitrogen).
The base pressure before each deposition was below
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1 x 1072 Pa. The substrate-to-target distance was 70 mm. The
working gas was a mixture of argon and oxygen gases at flow
rates of 14.0 sccm and 10.3 sccm, respectively. The working
pressure was 635 mPa. The applied discharge target power of
60 W resulted in the deposition rate of 28.3 nm/min (deposited
in oxide mode).

The nanoclusters were deposited using a magnetron-based
gas aggregation cluster source (HVM Plasma Ltd.) attached to a
second vacuum chamber. The chamber scheme is depicted in
Fig. 1. It consists of a high-pressure magnetron source equip-
ped with a circular Cu target 50 mm in diameter and a cylin-
drical water-cooled aggregation chamber. The cluster source
is fitted onto a cylindrical stainless steel vacuum chamber at
an angle of 30°from the vertical axis. The aggregation chamber
was pumped together with the main chamber by a turbomo-
lecular pump (HiPace 1200, Pfeiffer Vacuum) to a base pressure
of 5 x 107° Pa. Argon (99.9999% purity) was introduced into the
aggregation chamber at a flow rate of 140 sccm, resulting in a
pressure of 76 Pa. The aggregation length (target-to-exit-
nozzle distance) was set to 150 mm. The magnetron was
driven by a dc power supply (TDK-Lambda Genesys) at a con-
stant discharge target power of 100 W. The deposition rate of
the cluster beam was monitored using a retractable quartz
crystal microbalance. The rotating substrate holder was at a
distance of 400 mm from the exit nozzle and the center of the
cluster beam was directed at the center of the substrate
holder. A dispersion of the cluster beam resultsin a gradient of
density of clusters on the substrate holder. This was exploited
for deposition of various amounts of clusters in a single
deposition cycle just by placing the substrates at various dis-
tances from the center of the cluster beam.

Analyses

The scanning electron microscope (SEM) (Hitachi SU-70) was
used for imaging of the specimens using a primary energy of

High-pressure
magnetron source

Cu target Aggregation

chamber

Exit nozzle

Quartz crystal
| deposition monitor

pump

-
Load-lock

Turbomol.

-~

Fig. 1 — Scheme of the vacuum chamber with an attached
gas aggregation cluster source. Key dimensions can be
found in the text.
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20 keV for top-view micrographs and 5 keV for cross-sectional
views. The cross-sections of the specimens were produced by
simply breaking the pre-scratched silicon substrates with the
deposited films. Film thicknesses were determined from the
cross-sectional views using image binarization; the RMS
parameter is reported as an error of thickness.

X-ray diffraction (XRD) measurements of the structure of
the as-deposited films were carried out using a diffractometer
(X'Pert PRO, PANalytical) with Cu K, radiation working in a
slightly asymmetrical Bragg-Brentano geometry with an w-
offset of 1.5°and in the standard Bragg-Brentano geometry.
The w-offset was used to eliminate a strong reflection of the
single-crystalline Si(100) substrate at 26 angle of 69.17°. The
data were collected using an ultrafast detector X'Celerator in
the 26 range of 15°—60°.

X-ray photoelectron spectroscopy (XPS) was performed
with an Al K, X-ray source (hv = 1486.6 eV, total energy res-
olution E = 1 eV) and the SPECS Phoibos MDC 9 energy
analyzer. XPS measurement was performed in an ultrahigh
vacuum (UHV) experimental chamber operating at a base
pressure < 10 x 1078 Pa.

Near-ambient pressure XPS (NAP) was performed in a
laboratory UHV system with a monochromatized Al K, X-ray
source (hv = 1486.6 eV, total energy resolution E = 0.6 €V) and
with SPECS Phoibos 150 1D DLD electron energy analyzer. The
specimen was kept in an in-situ near-ambient pressure cell
(maximum pressure 2 kPa) for XPS measurement in the
reactive atmosphere. XPS data were acquired under condi-
tions, which get close to working conditions of the sensor. The
specimen was heated to 300 °C under 300 Pa of O, and then
exposed to additional 30 Pa and 60 Pa partial pressure of H,.

The gas response was analysed using a reaction chamber
with a total volume of 9 cm® Three mass-flow controllers
(Alicat Scientific, various flow ranges) were used to regulate
the portions of N, O, and H, gases in the testing atmosphere,
which was introduced into the chamber in the continuous-
flow regime. The electrical contact was realized by a pair of
gold-plated spring-loaded tips, which were pressed to the
surface of the specimen; the spacing of the tips was 6 mm.
Further details of the measurement chamber can be found in
Ref. [15]. The sensitivity is defined as Ra/Rg or Rg/R, for ma-
terials decreasing or increasing its resistivity in hydrogen,
respectively. The R, and Rg denote resistance in clean syn-
thetic air and mixture of synthetic air with specified amount
of hydrogen, respectively. The steady values were always
obtained by fitting time dependence of resistance at changing
hydrogen concentration. The fitting procedure is described
also in Ref. [15].

The four-point resistance measurement of the macro het-
erojunction WO5/CuO described in Section 3.3 was done using
four-point technique with contacts attached to the surface
using silver conductive paste.

Results and discussion

In order to investigate the sensorial behavior of WO; com-
bined with CuO nanoclusters, WOj3 solid films with increasing
amount of CuO clusters were deposited. These films are
denoted as ‘pure WO sparse, low, medium, high’
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correspondingly to the increasing amount of CuO clusters
deposited on-top of the WO; film.

Morphology and composition of films

In Fig. 2 there are XRD patterns of (a) as-deposited WO; thin
film, (b) film with no clusters tested at 300 °C and (c) film with
25 nm thick cluster film tested at the same temperature. The
films exhibit an orthorhombic crystalline structure with a
preferred (002) orientation. There is no change in the structure
after deposition of CuO nanoclusters. The film microstructure
is stable at working temperature of 300 °C. The thickness of
the film was measured as (85+4) nm.

In Fig. 3 there are top-view SEM micrographs of specimens
with various amount of deposited clusters. From the ‘sparse’
specimen depicted in Fig. 3a one can see that the deposited
clusters are approximately spherical within the resolution
limit of the microscope. In order to quantify the amount of the
CuO clusters we can calculate the surface coverage of the
‘sparse’ specimen to be 0.30+0.05. Other specimens show
coverage greater than one. Therefore, they are characterized
by the thickness of the nanocluster film. The thickness and
morphology of the nanoclusters are visible in Fig. 4, where
cross-sectional SEM micrograph of a ‘low’ specimen is depic-
ted. For ‘low’, ‘medium’ and ‘high’ the determined thick-
nesses are 18, 25 and 27 nm, respectively. The overview of the
film dimensions is given in Table 1.

The size of the clusters is characterized by a radius distri-
bution histogram in Fig. 5. The statistics was acquired by
image analysis of an SEM micrograph capturing an area of size
of 1.1 ym? The density of clusters is similar to the density on
‘sparse’ specimen (see Fig. 3a). The size distribution does not
change noticeably with the amount of deposited clusters, so
we assume that the cluster size distribution remains the same
for all specimens. There are two pronounced maxima visible
in the distribution. The presence of two size families is in good

N
o
S

Intensity [arb.u.]
(024)(313)
(240)(124)

20 30 40 50
20[deg.]

Fig. 2 — XRD patterns of (a) as-deposited WO; thin film, (b)
film with no clusters after the test at 300 °C and (c) film with
25 nm thick cluster film tested at the same temperature.
The structure is identified as orthorhombic crystalline
structure with a preferred (002) orientation. All three
patterns are almost identical. The film is stable at the used
working temperature and deposition of cluster does not
affect the microstructure.
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Fig. 3 — SEM micrographs of CuO/WO; specimens showing a varying concentration of CuO clusters on top of a WO; surface.
The increasing surface concentration is denoted as ‘sparse’, ‘low’ and ‘medium’. (The specimen ‘high’ is not shown since its

top-view appearance does not differ from the ‘medium’.)

agreement with Ref. [26]. According to this work, the histo-
gram can be fitted by a sum of two log-normal distributions
(the fitting function can be found in the figure caption). The
dominant family is formed by clusters with a mean radius of
2.3 nm, the second family contains clusters with a mean
radius of 4.9 nm (Based on our experience with the compari-
son of TEM and SEM measurements, we estimate the
maximum error of clusters' radius to be [+0.1 nm; —0.6 nm)].)

The composition of the prepared films was examined by
means of XPS. The stoichiometry of the WO; film was
confirmed by measurement of W 4f spectra as shown in Fig. 6.
The only detected component is W®* at a position of 35.6 eV
[27,28]. This confirms that the film is a fully stoichiometric
tungsten trioxide.

Fig. 4 — Example of cross-sectional SEM micrograph of
CuO/WO; specimen. The thickness of the nanocluster layer
for ‘low’ specimen was determined as (18+4) nm. The
overview of film dimensions and of film properties is given
in Table 1.

The chemical state of the nanoclusters was determined by
means of XPS to be cupric oxide. An example of the typical
specimens’ Cu 2p spectrum is in Fig. 7. The chemical state of
CuO is clearly confirmed by the presence of Cu>" spectrum
components [29]. Since the formation of the clusters takes
place in a clean Ar atmosphere, the formation of the oxide
takes place during the exposure to the ambient atmosphere
[30]. The complete oxidation is eased by the porous structure
of the film and the small dimensions of the clusters.

Sensorial behavior

The sensorial response of the prepared specimens is charac-
terized by the dependence of electrical resistance on the
concentration of hydrogen in synthetic air in Fig. 8. The
hydrogen fraction was varied with a time period of 180 s and
the concentration varied from 0% to 1% by volume. The sensor
was assembled without the use of any noble metal catalyst, so
the optimal working temperature was relatively high (300 °C)
in comparison to optimized hydrogen sensors [31,32], but
sufficiently low to keep the used oxides stable.

The specimens varied in initial resistivity (R,) in steady
state in synthetic air. Therefore the relative resistivity R/R, is

Table 1 — Parameters of the examined specimens. R,
denotes the resistance in the synthetic air, R; resistance
at H, concentration of 1 vol%. The sensitivity is defined as

Ra/Rg for the ‘pure—medium’ specimens and reversely as
Rg /R, for the ‘high’ specimen. See Fig. A.1 for sensitivity
plots.

specimen CuO WO3 film Ra Sensitivity 790

amount
[nm]  thickness [Q] [1] [s]
[nm]

pure = 2.98 x 10° 1.16 64
sparse 0.30 + 0.05% 4.48 x 10° 1.31 56
low 18+4 85+4 5.54 x 10° 2.32 51
medium  25+4 3.04 x 10° 2.36 61
high 27 +6 2.20 x 10° 1.30 28
& Coverage.
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Fig. 5 — Histogram of clusters' equivalent radius r (clusters
are considered to have spherical shape). The distribution
was fitted with a sum of two log-normal distributions:

In r/Ry)? (In r/Ry)?

are two dominant families of nanoclusters, with central
radii gained from fit R; =2.3+0.2 and R, = 4.9+0.1. The
ratio of families' amplitudes is A; /A, = 5.2.

. There

Intensity [arb.u.]

W 5p3/2

42 40

38 36 34 32
Binding Energy [eV]

Fig. 6 — Fitting of W 4f photoelectron spectrum. The curve

fitting of doublet W 4f;,, and W 4fs,, was performed with a

fixed energy separation of 2.15 eV and a resulting peak

ratio is 0.78. Accordingly, the only visible component W®+

is at an energy position of 35.6 eV [27,28].

plotted in Fig. 8 which enables a direct comparison of the
specimens' response. The response of the pure WO3 film is
minute. With an increasing amount of CuO nanoclusters, the
response is enhanced. The sensitivity values R,/Rg; for
hydrogen concentration of 1.0 vol% are 1.2, 1.3, 2.3 and 2.4 for
‘pure, sparse, low and medium’ films, respectively.

The sensing characteristic is reversed when the amount of
nanoclusters is increased even further. It is more sensible to
calculate the sensitivity for ‘high’ specimen as Rg/R, = 1.3 in
this case.

The response and recovery time was obtained by fitting of
the acquired data. The values of time constant 7y are
approximately the same for all specimens; the average is
57 s. The only exception is the reversely reacting specimen
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Cu 2p3)2

Cu2+
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Cu 2p1p2
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Intensity [arb.u.]

T T T
950 940 930
Binding Energy [eV]

T
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Fig. 7 — Cu 2p photoelectron spectrum typical for all
specimens with CuO films. The Cu®* state is clearly
detectable by the presence of a strong satellite component
located 8 eV toward higher binding energies in with
respect to the Cu 2ps/, peak at energy position of 934.6 eV.

with ‘high’ amount of nanoclusters, which exhibits the value
T90 = 28 s.

The test was run four times for each specimen. The long-
term stability was not tested.

All values are summarized in Table 1. In comparison with
other approaches, the tested system worked at a similar
temperature as radio frequency sputter-deposited Pd-loaded
WO;s films reported in Ref. [33]. Typically the reported working
temperature is lower. This is typically achieved by addition of
a noble metal ([34] — 150 °C), by light stimulation ([20] — room
temperature) or by decorating with nanoparticles ([35] —
150 °C [36], — room temperature). The detection limit is lower
in these cases in comparison with the bilayers presented in
this paper. The response times are of the same order (tens of
seconds), but a direct comparison is misleading since the
working temperatures differ.

Discussion of the sensing mechanism

In order to explain the behavior of the CuO/WOs clusters the
chemical state of the clusters in the presence of hydrogen was
studied using near-ambient pressure XPS. The ‘medium’
specimen was held at the same working temperature of 300 °C
as for sensorial measurements, and exposed to pure oxygen at
a pressure of 300 Pa and the spectrum was acquired. Subse-
quently 30, 60 and 0 Pa of H, was added and the corresponding
spectra were acquired. The Cu 2p spectra shown in Fig. 9
remain unchanged for all conditions and the presence of the
Cu*" satellite evidently proves that the clusters remain in the
form of cupric oxide. In case of photoemission measurements
the concentration of hydrogen is much higher than in the case
of real sensor testing. Thanks to this, despite the fact that the
pressure differs, we can assume that oxide clusters are not
reduced (as in Ref. [37]) to metallic ones and the mechanism
cannot be explained by the possibility that copper would act
as a noble metal catalyst facilitating the dissociation of
hydrogen [38]. Since the sensitivity of the sensor rises gradu-
ally with increasing amount of CuO clusters it is improbable
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Fig. 8 — Resistive gas characterization of specimens with various amount of CuO nanoclusters. The concentration of
hydrogen was modulated from 0.2 vol% up to 1.0 vol%. The response at 300 °C of pure WO; is poor. With an increasing
amount of CuO the response increases. With the largest amount of CuO (‘high’) the response characteristic switches from n-
type behavior to p-type behavior and so the resistivity is higher in the presence of hydrogen. See Fig. A.1 for corresponding

sensitivity plots.

that the sensing mechanism differs from one specimen to the
other. So, the results obtained for ‘medium’ specimen can be
related for the other specimens as well.

Since the clusters remain MOS also in the working condi-
tions, we propose the explanation of the sensing mechanism

300Pa O at 300°C
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£
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Fig. 9 — Waterfall plot of Cu 2p NAP spectra for the film
topped by CuO clusters. The specimen was held at 300 °C
and the spectra were measured at in a mixture of 300 Pa of
0, with subsequently added H, at partial pressures 0, 30,
60 and 0 Pa representing 0, 9 and 17 vol%, respectively.
There is no evidence of for reduction of CuO since the
intensity of Cu?* satellite is not changing.
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by the formation of a heterojunctions between the n-type
semiconductor WO; and the p-type CuO.

According to Ref. [5], the sensing mechanism on the pure
WO; is described as follows (Fig. 10). The surface layer of the
oxide loses electrons to the pre-adsorbed oxygen species
originating from the air atmosphere. This forms a space
charge region with a higher resistivity influencing the overall
film resistance. During adsorption of hydrogen, thermal
dissociation occurs and the atomic hydrogen reacts with the
pre-adsorbed oxygen to form water molecules and the elec-
tron is returned to the material resulting in an increased
conductivity. Contrary to commonly used sensors, our films
are not equipped with a noble metal catalyst, therefore even at
300 °C the dissociation rate is poor and so is the response.

When the CuO is added on top of the WO; film in the form
of nanoclusters, the heterojunction is formed near to the
surface. The formation of the depletion region around the
individual contacts of CuO with WOj; results in a reduction of
the conduction channel in the film and therefore inincrease of
the initial resistance (See initial resistance values R, for
specimens ‘sparse’—‘medium’ in Table 1).

Furthermore, the reaction of hydrogen with the pre-
adsorbed oxygen species takes place in a similar way as on
pure WOs; however, the injection of electrons during the
forming of water molecules causes a larger change in the
conduction channel size and therefore a larger resistive
response. This description is in a good agreement with
Ref. [20].

Another effect to be considered is surely the enlargement
of the reaction surface when we presume that hydrogen can
dissociate on a larger area provided by a porous CuO cluster
film. Unfortunately, currently we are not able to quantitatively
compare the particular contributions of the described effects.
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We showed that the more CuO nanoclusters are added, the
larger the resistive response for specimens ‘sparse’ to ‘me-
dium’. In case of further increase of the CuO clusters amount
(the ‘high’ specimen) the main conductive channel is formed
in the CuO cluster film itself and the heterojunction loses
importance. The reaction of hydrogen with oxygen causes
injection of an electron into the p-semiconductor leading to
the a decrease of the number of the free charge carriers and
therefore an increase of the resistance.

Further indication of forming of the network of hetero-
junctions can be seen in Table 1, where the initial resistances
of each bi-layer are listed. With increasing amount of the CuO

Current [mA]

O - mmmmmmmm e :
t

0
Voltage [V]

Fig. 11 — I-V characteristic of the structure depicted in the
inset: CuO nanocluster film overlapping the WO; film in
the central area (approx. 2 mm) of the specimen. The
characteristic shows the diode behavior of the sputter-
deposited bilayer. The electrical contacts on the

16 x 16 mm? specimen were placed with a spacing of

4 mm.
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clusters (from ‘sparse’ to ‘medium’) the initial resistancerises,
which indicates the forming of more heterojunctions result-
ingin higher overall volume of the depletion zones. This limits
the resistance of the bi-layer.

The formation of the heterojunction is also indicated by
the results of the I-V measurements shown in Fig. 11. The
dedicated structure depicted in the inset of the figure was
formed by partially overlapping a WOj; thin film and a CuO
nanocluster film. The thicknesses of the films were (38+2) nm
and (72+3) nm, respectively. The [-V curve clearly shows the
diode behavior. It proves that using our deposition technique,
a p-n junction is formed on as-deposited materials, with no
need for post-treatment.

Conclusions

We used the gas aggregation cluster source technique for
preparing a complex sensing material consisting of WOj3 thin
film modified by on-top deposited CuO nanoclusters. The
sensitivity rises with an increasing amount of clusters added
to the surface of the WO; thin film. We believe that the
mechanism is based on hydrogen-adsorption-stimulated
change of volume of the nano p-n junctions formed at the
contact of the WO; surface and the CuO nanoclusters. The
formation of the depletion zone at the surface layer of the film
changes the overall resistance and the variation due to the
adsorption of hydrogen causes the response. When a contin-
uous layer of the CuO nanoclusters is formed, the resistivity
response is reversed and the interface between CuO and WO;
does not play a role.

The final optimization of the sensitivity was not the goal of
this research. On our model system CuO/WO; we demon-
strated the advantages of the use of the gas aggregation
cluster source technique, which can produce high-purity
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particles which can be incorporated directly into functional
materials.

The particles deposited by the cluster source were used
“as-deposited” without the need of any post-treatment (sin-
tering, drying, etc.). The used approach is compatible with
microcircuit industry processes. This is a big advantage in
contrary to commonly used wet techniques. Our approach can
be therefore used for miniaturized portable devices using
portable hydrogen-based devices.

In our case, the improvement of the response was achieved
with no use of noble metal catalyst. In the future, the pre-
sented technique can be used for further straightforward
optimization of the cluster size and/or composition. This will
lead to more sensitive and applicable sensing materials.
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Introduction

Rapidly growing hydrogen industry has stimulated research
of new materials for sensing of the hydrogen gas. Mostly,
metal oxide semiconductors (MOS) have been investigated as
suitable sensing materials in the last decades. This is mainly
due to a large variety of composition and band gap properties
and, the possibility of forming nanostructured active sur-
faces [1]. The research has been mainly focused on binary
oxides, either n-type (SnO,, ZnO, TiO,, WOs3, In,03, ...) or p-
type semiconductors (CuO, NiO, ...) [2]. However, rapidly
developing hydrogen technologies demand new advanced
materials exhibiting enhanced response characteristics, i.e.,
sensitivity, selectivity, fast response and recovery time, good
temperature and chemical stability, and low working tem-
perature. This requires the application of new approaches
and methods. Novel materials based on ternary oxides (e.g.,
Bi,WOg, ZNWOy,, Zr'W,0g, NiWO,, and CuWOy,) or even their
combination with other oxides (this work) are promising
research directions in this field. Aforementioned tungstate
materials are candidates of interest due to their suitable
band gap (2.3 eV), and adequate thermal stability [3]. CUWO,
is highly chemically stable due to the presence of hybrid Cu-
3d and O-2p orbitals and it has a low cost of preparation and
limited toxicity [4].

Tungsten trioxide (WOs), as a prominent sensorial material
that has attracted much attention [5—10] in last decades.
Further improvement of its sensorial characteristics can be
done by combining with other binary oxides [11] or by
combining with ternary oxides, e.g., copper tungstate CUWO,.

The CuWO4,/WO; material system has been investigated in
several works [3,12,13]. However, this system has been pre-
pared by wet techniques with a relatively high level of impu-
rities and limited control of the elemental composition,
structure, and properties of the prepared materials. The used
techniques also frequently produce bulk heterojunctions be-
tween CuWO, and WO3; nanocrystalline particles rather than
more suitable nano-sized heterojunctions. Besides, none of
these studies has been investigated these materials for
hydrogen sensing.

Reactive magnetron sputtering is versatile and environ-
mentally friendly (no harmful chemicals and gases are used)
technique suitable for the preparation of high-purity thin-film
materials with a possibility to control their elemental
composition and structures in a wide range. This technique is
suitable for an integration of the prepared materials into
micro-circuits.

In this work, we demonstrate the use of reactive magne-
tron sputtering for preparing nanostructured CuWO,/ WOz,
bilayer films, where the top discontinuous layer of copper
tungstate partially covers the slightly sub-stoichiometric
tungsten oxide (x~0.05). We investigated the sensorial
behavior of as-prepared films with a changing structure and
we explain the enhancement of the sensorial response of
CuWO4/WOs5_ system based on detailed SEM imaging, X-ray
diffraction analysis, and Raman spectroscopy. To our knowl-
edge, this is the first work focused on hydrogen sensorial
properties of the CuWO,/WO;_, system.
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Experimental details
Film preparation

To synthesize CuWO,/WO;., nanostructured bilayers, the
tungsten oxide and cupric oxide thin films were deposited
sequentially on 9 x 9 mm? thermally oxidized Si(100) sub-
strates by reactive sputtering. For depositions of both films,
the substrate temperature, working gas composition and
applied power were optimized in order to achieve the desired
crystalline structure.

The substrates were cleaned by sonification for 10 min in
isopropyl alcohol and 5 min in deionized water and dried by
nitrogen blow. A cylindrical sputtering chamber, parallel to
the ground, with a volume of 25 1 and diameter of 42 cm
(Leybold-Heraeus LH Z400) was pumped by a turbomolecular
pump (690 V/s for N,) backed with a scroll pump. The base
pressure before each deposition was lower than 2 x 10~ Pa.
As a working gas, the mixture of argon and oxygen was used.
The pressure of 0.7 Pa of argon gas was set prior to the adding
of the reactive gas for both depositions. For WO3; and CuO thin
film depositions, the ratio of O,:Ar was set 1:3 and 1:4
respectively. The substrates were placed at a distance of
70 mm from the targets and the substrates were heated to
400 °C for both films.

Tungsten oxide was deposited using a 75-mm metallic
target using a magnetron operated in dc mode at 60 W. CuO
deposition was carried out using cathode sputtering (no
magnets) in rf mode at 228 W (dc potential of 2.2 kV). The
deposition rates of WO3., and CuO layers were 35 and 25 nm/
min, respectively.

From now onwards, we denote the prepared films as the
bilayer films with the thickness of individual layers indicated
by the upper index. For example, the film formed by depos-
iting of 10 nm of CuO on the top of 20 nm of WO, is labeled as
10Cu—0/°W-0. Also, for the sake of clarity, where it is
possible, we describe the reactive deposition of copper as the
deposition of CuO, even if it would be more precise to distin-
guish the material added by reactive deposition (Cu—O) and
formed solid film CuO.

Film characterization

The film thicknesses (and the corresponding deposition rate)
were precisely determined by atomic force microscope (AFM)
imaging on a steep step formed due to a partially covered
substrate with a varnish during the deposition (available in
Fig. Al in Appendix).

X-ray diffraction (XRD) measurements of the films were
carried out using a diffractometer (X’Pert PRO PANanalytical)
with Cu K, source of radiation in the Bragg-Brentano config-
uration. In addition to the XRD measurements, the phase
composition was confirmed by Raman spectroscopy (Horiba
Jobin Yvon LABRAM HR Evolution) using a 532 nm laser.

The top-view morphologies and the cross-sections of the
films were studied using Scanning Electron Microscope (SEM,
Horiba SU-70, secondary electron image at 5 kV). The cross-
sections of the films were prepared by the simple breaking
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Fig. 1 — Schematic of the custom-built system for the measurement of gas response.

of the pre-scratched Si substrate with the deposited films.
This allows to observe the structure of the films through the
individual layers as well as to confirm the thickness of the
deposited films measured by AFM.

The gas response was measured by a custom-built system
utilizing the four-point probe technique for the measurement
of the film resistivity in a defined gas mixture (H, + synthetic
air) and at a precisely controlled temperature (as shown in
Fig. 1). The measurements were carried out in a cylindrical
reaction chamber (a total volume of 1 cm®) in a flow-mode. Four
gold-plated spring-loaded pins with 1-mm spacing were
pressed to the specimen surface resulting in stable electrical
contacts. The heating source under the chamber was used to
measure the sensorial response at elevated temperatures. The
temperature of the specimen surface was measured by an in-
dependent 0.3 mm thin thermocouple pressed to the top sur-
face. Three mass flow controllers (Alicat Scientific) with ranges
of 10, 100 and 200 sccm were used to mix Hy, O,, and N, gases,
respectively. The resulting gas mixture was introduced into the
chamber in a flow mode at a total flow rate of 100 sccm. The
electrical measurement was governed by a DC source (KEITH-
LEY 6220) and two electrometers (KEITHLEY 6514). The whole
system was fully driven by a LabVIEW based control software
which enables precise recording of the film resistance at
various temperatures and H, concentrations.

In this text, we define the sensitivity S at a specified con-
centration ¢ and temperature T as:

AR
S(c, T)= R

i

1)

%)

Where R, and R are the resistance in the presence of synthetic
air and H, gas mixed with air, respectively. R; corresponds to
R, or Rg for n-type materials or p-type material, respectively
[1]. The values of R, and R are obtained by fitting the data

AR=|R, —Ry|
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which fitted by a sum of two exponential decays in respect of
Eq. (2) in Ref. [14].

Results and discussion

In this part, we first investigate the structure (Sec. Structure of
films) and morphology (Sec. Morphology of films) of the pre-
pared films. Subsequently, we discuss the growth process of
CuWO4,/WOs_ films based on the presented findings (Sec.
Growth process of CuWO,/WOs5., films). Finally, we investi-
gate (Sec. Sensorial behavior — measurement) and discuss
(Sec. Sensorial behavior — discussion) the sensorial behavior
of the prepared films.

Structure of films

XRD patterns of the WO;, and CuO layers alone (Fig. 2a)
indicate that a tetragonal WO, g5 (PDF Card No. 04-013-0875)
and monoclinic (PDF Card No. 04-007-1375) phases are formed
during the one-step deposition process, respectively.

In the case of the two-step deposition, the situation is more
complex. During the second deposition, the added materials
(Cu atoms and oxygen species) react with the pre-deposited
WOs., layer that leads to a formation of a triclinic copper
tungstate CuWO, phase (PDF Card. No 01-073-1823). As the
amount of the added Cu—0 increases the signal corresponding
to the CuWO, phase rises, while the signal from the WOs.,
phase diminishes. Finally, for an appropriate ratio of both
materials (*?Cu—0/?®W—0), the WOs_, phases completely re-
form into the CuWO, phase. Further addition of the deposited
Cu—O0 leads to the formation of the CuO phase on the top of
the CuWO, phase (not presented here).

In Fig. 2c we demonstrate two important facts. First, the
phase composition is very similar for the >Cu—0/*°W—0 and
2Cu—0/8°W-0 films prepared with the same Cu—O/W—0
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Fig. 2 — XRD pattems of W—O and Cu—O layers alone (a)
and prepared bilayer films (c) used for sensorial behavior
investigation, of the as-deposited and annealed
20Cu—0/2°W-0 films used for morphology investigation (b)
and used XRD standards.

ratio, but with a significantly different total film thickness
(25 nm vs. 100 nm, respectively). Second, the phase structure
of the film is stable at the working temperature of the sensor
(tens of hours at 350 °C) as can be seen by comparing the as-
deposited and tested, i.e. heated, films.

The grain size of the #W-0 layer was calculated as 27 nm
(pattern not shown) using the Debye-Scherrer formula and the
grain size increases with adding of the CuO layer up to 37 nm
for °Cu—0/®°W-0. In the case of thinner films (*Cu-
O/QOW—O), the grain sizes of CuWO, were 46, 48 and 39 nm
(FWHM = 0.183, 0.175 and 0.216°) for 5, 10 and 20 nm of Cu—O
on 20 nm W-O, respectively. The changes in grain size are
discussed later.

The evolution of the phase composition revealed by XRD
analysis is in good agreement with the Raman spectroscopy
measurements. In Fig. 3 the evolution of the spectra on pre-
pared films is visible. The tungsten oxide monoclinic phase is
indicated by a peak at 804 cm™* attributed to the W—0 mode
[15]. The peak at 900 cm ' corresponds to the symmetric
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Fig. 3 — Raman spectra of prepared films and clean
substrate. The main broad feature is attributed to the Si/
SiO, substrate, see text for further comments.

stretching of W—0O mode for regular octahedron (WOg) con-
firming the CuWO, phase according to Refs. [4,15]. The other
referenced exclusive peak of this phase (973 cm ™) is difficult
to observe due to the overlap with the broad intense spectral
feature of the substrate. Other peaks visible in Fig. 3 (615, 666
and 819 cm™?) are to be attributed to SiO,. It is necessary to
mention that no peaks are indicating the copper oxide on
Cu—O/W-O0 films.

Morphology of films

The morphology of the prepared films is documented by SEM
micrographs in Fig. 4. In the first row of micrographs (Fig. 4a),
one can see an evolution of the topography and cross-section
of 20 nm thick W03 layers covered by gradually increased
thickness of the Cu—O layers. The addition of Cu—O to the
surface in the case of the *Cu—0/?°W—O0 film leads to a for-
mation of clearly visible islands. These islands are branched-
shaped with a typical width and length of individual branches
of approximately 100 nm and several hundreds of nanome-
ters, respectively. A further increase in the amount of the
added material (*°Cu—0/*°W-0 film) leads to more narrow
gaps in between the islands. Finally, the surface is almost
completely over-covered by the islands in the case of the
*°Cu—0/**W-0 film.

Interestingly, similar behavior is observed for 80 nm WO5;_
layers (see Fig. 4b). The cross-sectional views indicate a sub-
stantial gradual increase in the surface roughness due to the
formation of the islands.

One can also notice that all the WO5_, layers are charac-
terized by visible grain boundaries and that the grain size of
these layers increases with the addition of the Cu—O layer.
This phenomenon can be attributed to the elevated
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a)

b)

8ow.0 5Cu-0/%'W-0

1°Cu-0/8°W-0 20Ccy-0/f°w-0

Fig. 4 — SEM top-view micrographs of prepared films with 20 nm (a) and 80 nm (b) of WO5_, layers with an increasing (from
left to the right) thickness of the Cu—O layer deposited on top. The cross-sectional views in the insets of micrographs were

prepared by the simple breaking of the substrate.

temperature of 400 °C during the deposition of Cu—0 layers.
During this process, the WO5_« layer is annealed under oxygen
plasma and therefore the presumably crystalline grains grow
in size. This rise in grain size was also confirmed by the
analysis of the corresponding XRD patterns. However, a
quantitative comparison of these two techniques is not
possible since the XRD and the SEM techniques determine the

.
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sio, _ <«
[\
W-O Deposition
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1
Formation of Tungsate

N

Fig. 5 — A sketch of the growth process of nanostructured
CuWO,/WOs., bilayers. Description in the text.

vertical and horizontal dimensions of the grains, respectively.
The cross-sectional SEM views, unfortunately, provide poor
contrast and more importantly insufficient statistics for an
evaluation of the grain size.

Growth process of CWWO,/WO5_y films

A simple description of the growth process can be formulated
based on the results from the XRD and the SEM analyses.
Sputtering of a W target in an Ar + O, working gas mixture
leads to the deposition of a dense and smooth WOs3., layer.
Subsequently, the top-most part of this film reacts with the
arriving adatoms during the sputtering of a Cu target in a
similar gas mixture leading to the formation of the CuWO,
islands. The sketch of the process is in Fig. 5.

The detailed SEM cross-sectional views in Fig. 6 clearly
demonstrate the main features of the formed CuWO,/WO;_
film. Here, the CuWO, phase forms wide (in planar plane)
islands that overly the WO5_, grains.

A simple estimation of an optimum CuO film thickness
allowing the complete transformation of the WO, into
CuWO, follows. We can estimate that the amount of delivered
Cu atoms during the reactive sputtering of Cu target on top of
the WO5_, layer is the same as while depositing the CuO layer
onto a bare substrate. Then, we can consider the density of Cu
and W atoms in CuO and WO;. layers to be 0.023 mol/cm? and
0.040 mol/cm?, respectively. Since there is a 1:1 ratio of
metallic cations in CuWO,, the complete reformed layer of
CuWO, would be formed by depositing a film with the
appropriate ratio of corresponding layer thicknesses of 0.6.
Such a bilayer would be denoted as **Cu—0/>°W—0. The XRD
plots in Fig. 2a confirm that the film °Cu—0/°W-0 is not
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Fig. 6 — SEM cross-sectional micrographs of the a) *°Cu—0/2°W—0 film and b) >Cu—0/>*°W—0. The morphology of the top
CuWO, phase clearly does not follow the structure of the bottom tungsten oxide layer which helps to identify the other

phase.

1.4+

1.2

Relative Response (Ry/Rg)

1 vol% H2
in syn. air

0.2+

0.0

T
1000

T
2000

T
3000

Time [s]

Fig. 7 — Relative response of the prepared films as a function of time for the concentration of hydrogen in the synthetic air
modulated from 0.2 vol% up to 1.0 vol%. The temperature of the films was 350 °C.

completely reformed into CuWO,. At the same time, the
20Cu—0/°W—0 film does not exhibit any signal from the
WO, s phase. Since the ratio of the layer thicknesses is larger
than the appropriate one, a small amount of the CuO phase
can also be found in this case (a peak at 38.8°). These as-
sumptions can be applied also to the thicker version of the

42

bilayers on ®W—0. The cross-sectional views in Fig. 4and XRD
results indicate that the deposition temperature of 400 °C
helps to reform considerable portion material even though the
bottom layer is of a thickness of 80 nm. It must be kept in
mind, that these assumptions are based only on the crystal-
line part of the material. We assume that the XRD amorphous
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Fig. 8 — Sensitivity plot of selected films for various
concentrations of H, at a working temperature of 350 °C.

portion of the material is negligible at the deposition tem-
perature used. Therefore, the value of x can be assumed to be
approximately 0.05 in WOs;_y.

Sensorial behavior — measurement

The deposited films were assembled as conductometric gas
sensors in order to characterize the sensorial response. As-
prepared bilayers were exposed to the hydrogen gas at
various temperatures in the presence of synthetic air. Then,
the concentration was varied from 0 to 1 vol%.

Since the resistivity differs by orders of magnitude for
various bilayers (available in Table Al in the Appendix), the
relative response versus time (i.e., R(t)/R,) is plotted in Fig. 7. In
this plot, the responses of films **Cu0/*°W—O (i.e., the bilayers
with 20 nm of WO;., and various thicknesses of CuO) are
shown. These are the films imaged in Fig. 4a. Showed re-
sponses were acquired at 350 °C.

For WO3_, alone film the response is poor. When a little of
CuO is added, the response is enhanced dramatically. Further
adding of CuO leads to diminishing the enhancing effect and
finally the sample °Cu—0O/*W—-0O exhibits the lowest
response.

In Fig. 7, there is also shown the response of pure cupric
oxide film (**Cu—0). Since CuO is a p-type semiconductor, the
observed response in the opposite manner to WO5_, film.

The numerical evaluation of the sensitivity quantity ac-
cording to Eq. (1) is plotted for the described films in Fig. 8. Itis
clearly visible that the enhancement of the sensitivity from
pure tungsten oxide film (*®W—0) to the most responsive film
(*Cu—0/**W—0) from 0.3 to 2.5 (for 1 vol% of H, in the syn-
theticair). Itshould be noted that these sensitivity values were
measured on as-deposited films after short heat-up to the
working temperature. After 10-h stabilizing, the sensitivity of
*Cu—0/**W—0 raised and settled to a value of 5.0 for the
working temperature of 350 °C (shown Fig. A3 in Appendix).

The sensitivity values plot for various temperatures and
concentrations for >°Cu—0/?*°W—0 is in Fig. A2.
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Sensorial behavior — discussion

The general sensing mechanism of hydrogen with MOSs is
well described in the literature [1,16—18]. Mainly, the resis-
tance changes due to pre-adsorption of oxygen and subse-
quent reaction of target gas molecules at the surface. In the
case of hydrogen, it reacts with the pre-adsorbed oxygen
species such as O~, 0%7, 0; and 02~ producing water. In the
case of n-type, the interaction with hydrogen results in
increasing the conductivity since the electron from the oxy-
gen species is returned back to the material. Electrons are
returned back to the semiconductor, the depletion zone is
reduced and the conductivity is increased [1,11,19].

However, when the WO, layer is overlayered by islands of
CuWO,, the mechanism becomes more complicated due to
the formation of CuWO4—WOs;_, n-n heterojunctions [3]. In this
case, an electron depletion layer at the interface is formed
[18,20]. This results in higher resistance of the film as
compared to the WO, alone as also observed in this work
(CuWO04/WO;., has a higher resistance than the WO3_, and the
CuWO, layers alone, see Table Al). When the CUWO4,/WO5_,
film is exposed to H,, the gas reacts with the pre-adsorbed
oxygen species (as described above), which leads to a change
in the volume of the depletion zone. It is not important that
the CuWO, films are discontinuous because the reduction of
the conductive channel is present at the interface of the
tungsten oxide and copper tungstate. The effective conductive
channelis thoughreduced initially and changes stimulated by
adsorption of hydrogen are then more profound. In fact, the
non-percolating structure of copper tungstate is important,
since the compact film of tungstate would form another par-
allel conductive channel and disable the sensorial reaction.
This explanation is in good agreement with similar system
[21] forming n-n heterojunctions (WOs/ZnO) but tested to-
wards oxidizing NO,.

A quantitative comparison of the sensorial behavior of the
prepared films with other related works is difficult due to
frequently significantly dissimilar conditions during material
testing. Therefore, an overview of similar architectures and
combinations of MOS materials including their performances
with respect to the hydrogen gas is presented in Table 1. The
performance of the material presented in this paperisalsolisted.

Conclusions

In this paper, we demonstrated the possibility to prepare the
nanostructured bilayer films composed of W05, and CuWO,
(on top) layers and we investigated the properties of these
films with respect to hydrogen sensing.

The films were prepared by successive deposition of WO3.
and CuO layers using a reactive sputtering technique. During
the sputtering of the Cu target, Cu atoms from the deposition
flux together with the reactive species (O, and O) reacted with
the WO;_, layer. This phenomenon led to a formation of the
CuWO, phase on the top of the W05 _y layer. A transition from
Cu—O/W—-0 to CuWO,/WO5_4 occurred due to the heating at
400 °C during the second deposition of Cu—O. In addition, an
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appropriate amount of deposited Cu atoms allowed the for-
mation of CuWO, islands with a typical size of about 100 nm.

The prepared films were further investigated as materials
for the conductometric sensing of hydrogen. It was found that
sensitivity of the WO;_, film was significantly (more than eight
times) enhanced by adding the nanostructured CuWO, ma-
terial on the top. This improvement was attributed to the
formation of n-n heterojunctions between the two materials
and higher surface to volume ratio. In such a case, increment
in the adsorption sites is occurred and enhanced the gas
sensitivity.

For a better understanding of the sensing mechanism and
the sensorial potential of examined materials, it is planned to
perform cross-sensitivity measurements for other reducing
gases, such as methane, CO,, CO, acetone, methanol or
ethanol. Without the information about the selectivity, one
should consider the presented sensitivity to hydrogen as a
demonstration of an ability of the CuWO,/WO3 system to
sense reducing gases, yet we believe the system could be se-
lective to hydrogen gas at certain temperatures or, typically,
with use of a proper catalyst (Pd).

In this work, we focused on the synthesis of nano-
structured CuWO,. In our future work, we will focus also on
further investigation of the sputtering deposition-specific
possibilities of modifying the nanostructured MOSs with
heterostructures. Currently, experiments in preparing other
material combinations and various multilayer architectures
using the described method are conducted.
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Fig. A1 — AFM scan over a step made in the deposited film
in order to measure the thickness. Example of a 2°W-0
sample.
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Table A1 — Summary of properties of the investigated films measured at working temperature of 350 °C. Resistance R, was
measured in pure synthetic air, film sensitivity was evaluated for 1 vol% H, in synthetic air, response time of the films was

obtained by fitting the reaction curve by a sum of two exponential decays. The resistivity p is calculated assuming a
homogeneous thin film. Yet this is not true for presented films these approximate values can be used for further
comparison of the specimens.

Film Ra [ x 10° Q] p [ x 10* Qm] Sensitivity (S = AR/Ry) Response time [s]
20w—0 1.17 1.62 0.30 354
2cu—0 0.0136 0.0188 0.34 224
20cu—0/2°W-0 1.22 3.38 0.20 586
10Cu—0/2°w-0 6.24 12.97 1.2 120
*Cu—0/°w-0 11.0 17.57 2.5 122
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Abstract: The growing hydrogen industry stimulates an ongoing search for new materials not only
for hydrogen production or storage but also for hydrogen sensing. These materials have to be sen-
sitive to hydrogen, but also their synthesis should be compatible with microcircuit industry to ena-
ble seamless integration into various devices. In addition, the interference of air humidity remains
an issue for hydrogen sensing materials. We approach these challenges using conventional reactive
sputter deposition. Using three consequential processes we synthesized multilayer structures.
Abasic two-layer system composed of a base layer of cupric oxide (CuO) overlayered with
a nanostructured copper tungstate (CuWOs) exhibits higher sensitivity than individual materials.
This is explained by formation of microscopic heterojunctions. The addition of a third layer of pal-
ladium oxide (PdO) in forms of thin film and particles resulted in a reduction of humidity interfer-
ence. As a result, a sensing three-layer system working at 150°C with an equalized response in
dry/humid air was developed.

Keywords: conductometric hydrogen sensor; copper tungstate; CuWWO4; reactive sputtering; nano-
heterojunction

1. Introduction

As a prominent clean source of energy, hydrogen plays an important role in power
generation. The vast abundance, non-toxic nature, and high combustion efficiency make
it a promising source of energy in the future. The highly flammability, wide explosive
concentration, the blandness, the odorless and colorless character of hydrogen demand to
develop sensors and detectors. Among many approaches, one of the most common are
chemiresistors based on metal oxide semiconductors (MOS) [1-4].

Mostly binary oxides such as WOs, TiO2, SnOz, CuO, NiO, etc. have been investigated
as chemiresistors. Along with the demands for better performance, novel approaches
have been employed such as the formation of heterojunctions by combining more than
one MOS [5-7], the addition of catalytic metal particles onto MOS (Pt, Pd, Rh, etc.) [8-11],
MOS nanostructuring [12—-15], MOS doping or formation of ternary MOS [16,17].

Ternary oxides such as Zn:SnO4[18], ZnWO4 [16,19] NiWOs4 [20], and CuWOs4 [21,22]
are attractive candidates for the research in this field. Copper tungstate (CuWOs) is
a promising chemiresistor due to chemical and thermal stability and the presence of metal
cations Cu?* and W¢* providing adsorption sites [23-25]. Only a few research works have
been done on the combination of CuWOs with other materials. For example, CuWWO4/CuO
heterojunctions were prepared using wet-based techniques [26-28]. However, these tech-
niques limit the control of the purity and the composition of the final material. In our
recent work [21], we have investigated the combination of CuWO4/WOQOs-x layers prepared
by reactive sputtering, which is a deposition technique compatible with thin-film industry
and does not require high temperature for the synthesis.

Nanomaterials 2021, 11, x. https://doi.org/10.3390/xxxxx
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In this work, we explore the possibility of synthesizing and using of a MOS thin-film
system based on CuWO.4/CuO. This material system outperforms single-constituent ma-
terials in the hydrogen sensing. Moreover, to address the issue of the humidity influence,
we added another layer formed by Pd particles and a nanostructured film of PdO. We
show that this complex three-layer system can be operated at lower temperature and its
response at various values of relative humidity is equalized. To the best of our knowledge,
this is the first work dealing with the humidity influence on the CuWOs-based system.

2. Materials and Methods
2.1 Material Synthesis

The investigated thin-film materials were prepared in a form of a layered structure
by consecutive sputter depositions from metallic targets onto oxidized Si wafers (with
several micrometers thick thermally grown 5iO2) with dimensions of 8.5x8.5x0.6 mm?3.

First, Cu-O layers were deposited in an Ar+O: mixture by RF sputtering using a Cu
target (target diameter of 72 mm, target power of 228 W, Ar/O: flow ratio of 2:1, substrate
temperature of 400 °C, working pressure of 0.75 Pa at Ar flow of 10 sccm). The consecutive
deposition of W-O layers was done in an Ar+Oz mixture by DC magnetron sputtering
using a W target and (target diameter of 72 mm, target power of 60 W, Ar/Oz ratio of 4:1,
substrate temperature of 400 °C, working pressure of 0.60 Pa at Ar flow of 15 sccm). The
depositions” conditions were preoptimized to prepare crystalline Cu-O and W-O layers.
Finally, the selected bilayers were then decorated with a small amount of palladium. Pd
was deposited in an Ar gas by RF sputtering using a Pd target (target diameter of 50 mm,
target power of 37.5 W, no external heating, working pressure of 0.50 Pa at Ar flow of 10
scem).

All depositions were carried out in a multitarget stainless steel vacuum chamber
(Leybold-Heraeus LH Z400) pumped by a turbomolecular pump backed with a scroll
pump and a cold trap (cooled by liquid nitrogen). The target-to-substrate distance was
70 mm. The base pressure was always lower than 5 mPa.

As will be shown later, the materials are not synthesized in the form of distinct layers.
Anyway, we find it appropriate to denote them by individual layers separated by a slash
(/). The superscripts then indicate the thicknesses of the layers as they would be deposited
as single layers. For example, the film prepared by depositing 5 nm of tungsten oxide on
the top of 20 nm copper oxide and finally decorated with 0.8 nm of Pd is labeled °$Pd/SW—
O/2Cu-O. The dash (-) indicates that there could be more oxide phases present (even in
the single layers).

2.2 Material Analyses and Sensing Measurements

To study the structural properties of the as-deposited films, X-Ray diffraction (XRD)
analysis was performed using a diffractometer (X'Pert PRO PANanalytical) with Cu Ka
source of radiation in the Bragg-Brentano configuration. Further understanding of the
crystalline phases was achieved by employing Raman spectroscopy (Horiba Jobin Yvon
LABRAM HR Evolution) using a 532-nm laser.

Morphological analysis of the specimens was carried out in scanning electron micro-
scope (SEM) (Horiba SU70).

The gas response was measured using a four-point probe measurement technique in
flow mode using a custom-built heated brass reaction chamber (total volume 9 cm?) with
gas inlet and outlet slots. Synthetic air was mixed from clean gases (N2, O2) in a 79:21 ratio
using two flow controllers (Alicat Scientific). The tunable portion of the synthetic air can
be humidified by bubbling through a warm water bath and then mixed again with the dry
portion of the air. The resulting relative humidity is measured in the tube using a sensor
(Sensirion, SHT 85). Close to the measuring chamber, hydrogen is introduced into the flow
using another flow controller enabling to tune its final concentration. The total flow is
maintained at 100 sccm. More details about the system can be found in our previous works
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in [11,21]. The samples were stabilized directly under the measurement conditions. The
electrical resistance, as well as the response, were stabilized after a few hours. Such stabi-
lized material is denoted as ‘measured’ in the following text.

For the purpose of this paper, we define the sensitivity for the n-type material as:

= R )

where Ra and Rg are the resistances in the presence of synthetic air and Hz gas mixed with
air, respectively. For the p-type, the reciprocal relation is used according to [29].

3. Results and Discussion

In this section, we describe the composition, structure, and surface morphology of
the synthesized thin-film materials. Further, we move on to the description of the sensing
behavior and differences between the prepared films. In the end, we discuss the influence
of the structural differences on the sensing performance.

We prepared numerous combinations of layers, but in this paper we present only
those that are interesting from the point of view of the structure and/or sensing perfor-
mance. Therefore, all films presented here are based on a 20 nm thick layer of Cu-O which
is then overlayered with 5, 10 or 20 nm thick layer of W-O. After stabilization at 300 °C
and the measurement of the sensing performance, the films were finally decorated with
Pd and stabilized at 200 °C. Let us note that for particular analyses only key results are
presented.

3.1. Structure

The structure of the films was studied by XRD and Raman spectroscopy. Fig. 1a dis-
plays XRD patterns and Fig. 1b Raman spectra of both as-deposited (grey traces) and
measured films (color traces).
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Fig. 1 XRD spectrograms (a) and Raman spectra (b) of the measured specimen. The gray traces are Pd-free films while the color traces
are of measured (for gas sensitivity) films decorated with °$Pd.

As seen in Fig. 1a, the single layers of 2Cu—O and 2W-O exhibit the monoclinic CuO
(PDF card No. 04-007-1375) and orthorhombic WOs (PDF card No. 04-007-2425) phases,
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respectively. A broad peak in the range of 18-24° corresponds to an amorphous silica
phase of the thermally oxidized Si.

Deposition of W-O species onto the CuO layer does not result in the formation of a
distinct bilayer structure of CuO and WOs;, but rather leads to their intermixing and the
formation of copper tungstates. The triclinic CuWOs (PDF Card No. 04-009-6293) and
Cu2WOs (PDF Card No. 04-041-0948) phases can be observed in the as-deposited
W-0/2Cu-O films. The more W-O species are deposited, the more clearly the tungstate
phases are identified in the structure of the as-deposited films, compare XRD patterns for
the SW-O/2Cu-O and ®W-0O/?Cu-O films. The intermixing of the pre-deposited CuO
with the arriving W-O species occurs thanks to an energetic flux of the incoming species,
which is also promoted by an elevated deposition temperature of 400 °C. Besides tung-
states, CuO and WO:s are also detectable in the structure of the as-deposited films but as
minor phases, especially for the 2W-0O/2Cu-O film.

Because we observed that the decoration of the films with a small amount of Pd has
no effect on the XRD patterns, we present directly measured films with a 0.8 nm addition
of Pd in Fig. 3 (colored traces). As can be seen in Fig. 1a, the sensing measurement per-
formed at an elevated temperature leads to a further intermixing of the materials. This is
accompanied by disappearing of diffraction peaks from Cu2WO: and lowering intensities
of diffraction peaks from CuO and WO:s. The dominant phase after the sensing measure-
ment is then CuWO.u.

The state of Pd is hard to identify on the basis of XRD because of a negligible signal
from really thin Pd-containing layers. However, we found that this can be overcome by
using Raman spectroscopy when we analyzed a *Pd-decorated film that was synthesized
with the aim of increasing the signal of the Pd-containing layer. In Fig. 1b, a Raman spec-
trum of this ‘Pd/*W-0O/?*Cu-O film is shown. Peaks at the positions of 418 and 643 cm™!
[30,31] can be well associated with the occurrence of PdO that forms islands on the surface
as will be shown later.

Furthermore, Raman spectroscopy corroborates the results of XRD. Raman peaks ob-
served in the as-deposited and measured multilayer films were identified by comparing
them with literature data and spectra of the single 2Cu-O and ®W-O films, and of the
thermally oxidized Si substrate. Peaks at 295 and 334 cm™ are attributed to CuO [26,32]
and can be found in the spectra of all multilayer films. However, when the amount of
W-0 is increased from SW-O to 2W-0O, the signal from CuO is reduced while the peak
corresponding to CuWO:s at the position of 899 cm [33,34] gains distinctly in its intensity.
This confirms a nearly complete intermixing of W-O with Cu—O. The other phase of tung-
state (Cu2WOs) was also observed at the position of 773 cm-! [34,35] but with a much lower
peak intensity. Other distinguishable peaks at the positions of 300, 428, 513, 615, 664,
821 cm™ and a broad feature at 936-974 cm are attributed to the SiO/Si substrate.

3.2 Surface Morphology

The SEM micrographs in Fig. 2 illustrate the evolution of the surface morphology
with the overlayering of 2Cu-O by W-O in the as-deposited state and after the sensing
measurements (stabilization) at 300 °C in both the dry and humid air. The surface mor-
phology of a single 2Cu-O layer in the as-deposited state in Fig. 2a is of uniform contrast
and the surface consists of irregular fine features typical for sputtered films. The overlay-
ering of this layer by SW-O results only in an increase in the size of the surface features
(Fig. 2b). The sensing measurement at 300°C, however, causes changes in the surface mor-
phology. The surface is then characterized by zones of different contrasts (Fig. 2c). This
effect is more pronounced for the 2W-0O/2Cu-O film (Fig. 2d). In agreement with our
previously published work [21], where an inverse material combination (*"Cu-O/*W-0)
was synthesized, we may attribute the brighter zones to the formation of copper tungstate.
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as-deposited as-deposited measured measured
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Fig. 2 SEM micrographs of the as-deposited (a,b) and measured films (c,d) (at 300°C in both dry and humid synthetic air.) The
brighter zones, possibly formed by tungstate, are visible in (c,d).
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Fig. 3 SEM micrographs of measured films decorated with palladium. The Pd forms oxidized small particles (well visible in (b))
and bright zones on-top of base bilayer (b-d).

The evolution of the zones of a different contrast is demonstrated by SEM micro-
graphs in Fig. 3. Here, films after the decoration with °8Pd and the subsequent sensing
measurements (and the stabilization) at 200°C in both the dry and humid air are depicted.
As shown in Fig. 3a, the addition of Pd covers the single 2Cu-O layer uniformly and the
sensing measurement does not initiate any pronounced changes in the surface morphol-
ogy. However, a different situation is observed after the sensing measurements of the
08Pd/W-0O/?*Cu-O Fig. 3b—d). The surface of all these films is characterized by two differ-
ent zones. The darker one is like that observed on the single 2Cu-O film (Fig. 3a) while
the brighter one is represented by islands that occupy more area with increasing amount
of added W-O (Fig. 3b—d). Furthermore, the surface of the islands is raised above the dark
zone level as observed by AFM and shown in Fig. 4 for the °¢Pd/*W-0/2*Cu-O film. We
suppose that since the films are subjected to further sensing measurement, i.e., annealed
at 200 °C for several hours in humid air, the process of intermixing W-O with Cu-O con-
tinues, resulting in the formation of the islands of CuWOu that grow in size and height.
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For the film with the highest amount of W-O (°8Pd/*W-0/*Cu-0), the surface is nearly
all covered with CuWO..
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Fig. 4 AFM image and cross-section of measured **Pd/SW-0O/2Cu-O film. The height of features covered with PdO is approximately

from 20 to 30 nm.

As proven by Raman spectroscopy, Pd oxidizes during the sensing measurement.
While on the Cu-O surface it forms nanometer-sized particles (small white dots visible in
Fig. 3), the CuWOs surface favors the formation of PdO [36] as a continuous layer. It is
worth noting that an approximately 30 nm height of the islands (Fig. 4) excludes that these
islands are formed by PdO only because there is simply not enough material for it. Inter-
estingly, the appearance of the Pd particles in the dark zone is similar to that observed on
2Pd/1W-O films synthesized at similar parameters (published in our previous work [17]).

In summary, the consecutive deposition of the Cu-O and W-O layers does not lead
to the formation of a distinct bilayer structure of binary oxides, but leads to the formation
of a bilayer of copper tungstate and cupric oxide, or copper tungstate alone (depending
on the amount of Cu-O). The decoration with Pd and the subsequent sensing measure-
ment results in the formation of the CuWOsu islands covered with the PdO film and nano-
particles of PdO on the Cu-O surface. According to the other works [37,38], it is reasonable
to presume that the Pd particles are of a core-shell nature (a Pd core covered by PdO), yet
XRD or Raman spectroscopy are not capable confirming it.

3.3. Sensing Response

The synthesized films were stabilized in the measuring chamber at elevated temper-
atures under the measuring conditions (300°C for the Pd-free films and 200°C for the Pd-
decorated films). After several hours of the stabilization, the response curves were rec-
orded, the films were exposed to various concentrations of H: in synthetic air. First, we
demonstrate how the bilayer W-O/*Cu-O system outperforms the response of the single-
layer 2CuO film. Then, we explain how the humidity in the air negatively affects the re-
sponse and how this unwanted effect can be reduced by decorating the films with Pd and
by tuning the working temperature.
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Fig. 5 (a) Response of synthesized films without decoration with Pd. The combination of layers enhances the response to the hy-
drogen. (b) The response of the films drops in humid air (90% RH) — dashed lines.

Response curves (measured in dry air at 300 °C) of the Pd-free films are illustrated in
Fig. 5a where the response R¢/Ra vs time is plotted. The yellow curve shows the behavior
of the single-layer 2CuO film. The response of this film is enhanced nearly twice if W-O
is deposited on the top (*W-O/*Cu-O). However, a further addition of W-O
(PYW-0O/*Cu-O) results in a decrease in the magnitude of the response, although: it is still
better than for 22CuO alone. The enhancement for the SW-0/2Cu-O film can be explained
by the formation of CuWOs over the CuO layer leading to the development of n-p hetero-
junctions. A depletion layer is formed between n-type CuWOs and p-type CuO. The situ-
ation is depicted in Fig. 6a,b. Due to this, the conductive channel is reduced for the film
and so the surface reactions with hydrogen cause a bigger change in the resistance. This
is also in agreement with the shift of the resistance baseline from 300 kQ to 550 kQ for
2Cu-O to SW-O/2Cu-O, respectively. The trend and explanation are found to be similar
to the previously studied structures, where CuWOs was grown on the top of a W-O layer

forming n-n junctions [21] and is documented also in other works for similar materials
[37,38].
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Fig. 6 Scheme of synthesized structures with indicated reactions on the surface. Detailed explanation in text.

The numerically calculated values of the sensitivity according to Eq. (1) for the de-
scribed bilayers are plotted in Fig. 5b. The sensitivity values for various concentrations of
H: in dry air are represented by solid lines while the dashed lines correspond to the sens-
ing measurements in humid air.
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The sensitivity decreases in the humid environment. The effect of reduced sensitivity
in humid air is described in the literature [39,40]. The interference of humidity negatively
affects the gas-sensing behavior of materials, mainly, for reducing gases such as Hz and
Hb2S. A discussion of this effect follows.

In the dry condition, the sensing mechanism can be described by the following equa-
tions [41-43] (green arrows in Fig. 6):

1 L
0 +2e” > 035 )

HZ ads + Oi&s - HZO + 2e” (3)

However, when the bilayers are exposed to gas in a humid environment, the water
molecules react with adsorbed oxygen species on the surface, leading to an increase in the
baseline resistance of the bilayer and a decrease in its sensitivity. At the same time, hydro-
gen cannot find the oxygen species to react with and the interchange of electrons, and thus
the response is reduced [40,44] (red arrows in Fig. 6).
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Fig. 7 Sensing response for Pd-decorated film (*$Pd/*W-0O/*Cu-O) (b, ¢) and Pd-free film (a). The
response at lower temperatures switches to n-type semiconductor. The solid lines represent re-
sponse in dry air, dashed ones in humid air (96% RH)

The adsorption of water can be described by one of the two following mechanisms as
H,0+ M+ 0g » (M*-OH™) + (OH)§ + e~ 4)
or
H,0 + 2M + 0g —» 2(M*-0H™) + VZ* + 2e". (5)
Both involve the formation of OH- groups on the surface that is bonded to the metal ion
M. According to the first mechanism, Eq. (4), the other hydrogen from the water molecule
forms a rooted hydroxyl group (OH)§ with the lattice oxygen Og. In the other proposed

mechanism, Eq. (5), the lattice oxygen forms another adsorbed OH- bonded to M* while
leaving an oxygen vacancy VZ*.
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To address the issue in the reduction of the response, the films were decorated with
0.8 nm of Pd. According to Raman spectroscopy, XRD, and other published works on the
similar systems [38,45], Pd particles/objects are covered with PdO on their surfaces. Pd
and PdO play several important roles in the reaction, see also Fig. 6c:

(i) Pd promotes the selectivity towards hydrogen and, at the same time, reduces
the response temperature by facilitating the dissociation of Hz [37] (blue ar-
row in Fig. 6¢).

(if) PdO favors the adsorption of oxygen over the hydroxyl groups [45].

(iif) PAO forms another heterojunction (p—n) with the topmost layer of copper
tungstate.

Furthermore, the presence of Pd allowed us to reduce the response temperature and
stabilize the films at only 200 °C. After stabilization, the response of the films was meas-
ured at various lower temperatures. The response curve in Fig. 7a is of the Pd-free film
(*W-0O/*Cu-O) measured at a temperature of 300°C where the sensitivity was the highest.
In Fig. 7b, the response of the Pd-decorated film (*$Pd/*W-O/2Cu-O) measured at 80 °C
only is shown. At this temperature, the sensitivity was the highest (~8.2). On the other
hand, the effect of humidity is enormous and the responses in humid and dry conditions
differ greatly; compare solid lines (dry air) and dashed lines (humid air, 90% RH). When
the operating temperature was adjusted, we were able to equalize the response to hydro-
gen in dry and humid air. At 150 °C, the sensitivity is partially reduced (~3.4), but the
response is the same regardless of humidity (Fig. 7c). This can be explained by the fact
that the OH groups on the surface desorb at higher temperatures, which can partly elim-
inate the humidity effect [45,46].
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Fig. 8 Sensitivities of Pd-decorated films at low temperature. The film with more pronounced mul-
tilayer structure (*8Pd—"W-0O/?*Cu-0O) exhibit more equalized response to hydrogen under various
relative humidity levels.

It is important to note that the character of the response changes with going to the
lower temperatures. The film responds as n-type (the resistance decreases with hydrogen)
at lower temperatures (80°C and 150°C), while it behaves as p-type at 300°C. This can be
explained by the layered architecture of the film. As the different types of semiconductors
are synthesized on the top of each other, they can be imagined as parallelly connected
resistors. At higher temperatures, the reaction on p-type CuO dominates. At lower tem-
peratures, CuO does not respond at all, or its contribution is minor, and the resistance
change in n-type CuWWOs dominates.

Finally, let us explain why it is important to employ both the films and not only use
a single-phase film decorated with Pd. The plot in Fig. 8 shows the response of the two
08Pd/SW-0O/2Cu-O and %8Pd/2W-O/*Cu-O films to 1 vol.%. of Hz at various levels of
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humidity. According to the previous section, the architecture of the first one is copper
tungstate on the top of CuO. The other one is mainly formed by a copper tungstate (with
only a negligible remaining layer of CuO). The response trend is found to be similar for
both films, but for the %8Pd/*W-0/*Cu-O film it is more stable over the humidity scale.
Humidity shifts the baseline of the resistance of the materials. The $Pd/>W-0O/*Cu-O
film exhibits more humidity-independent sensitivity because even if CuO does not con-
tribute notably to the response to Hy, it compensates for the effect of humidity in the other
direction. We believe, this is mainly because of the narrowed conduction channel formed
by the n-p heterojunctions in between CuWOs and CuO. Thanks to that, the response at
various levels of humidity is equalized.

4. Conclusions

We demonstrated a synthesis of a thin-film material consisting of three types of lay-
ers: cupric oxide, copper tungstate, and palladium oxide particles/film. The synthesis pro-
cess consists of three consecutive steps: reactive sputtering from the copper target, reac-
tive magnetron sputtering from the tungstate target, and sputtering of palladium. The
stabilization of the films during the sensing measurements in dry and/or humid air is also
crucial for the formation of individual phases. The structure and the surface morphology
of the films were then described in detail.

The measurement of the conductometric response to hydrogen showed that the re-
sponse of cupric oxide alone can be enhanced by depositing tungsten oxide on the top,
which leads to an intermixing of both phases. As a result, a layer of copper tungstate is
formed along with n-p heterojunctions in between the top n-type CuWOus layer and the
bottom p-type CuO layer. These bilayers suffer from enormous interference of the relative
humidity when detecting the hydrogen gas. This issue was resolved by adding Pd. After
stabilization at 200 °C, a third layer consisting of a PdO film and nano-sized oxidized Pd
particles is formed. Consequently, the response in dry and humid air is equalized at only
150 °C. This could be explained by a mutual compensation of the changes in humid envi-
ronment by the n-p heterojunctions in between CuWO4 and CuO.

This complex material is a good candidate for use in conductometric sensors. The
relatively simple synthesis is compatible with thin-film technology and does not require
high temperatures.
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Reactive high-power impulse magnetron sputtering of tungsten oxide films using metallic
tungsten target (72 mm in diameter) in argon-oxygen atmosphere (total pressure of 0.75 Pa) was
carried out. The effect of various discharge parameters on the deposition rate and film oxygen
concentration was investigated. Moreover, a model combining a reactive high-power impulse
magnetron sputtering model and a discharge plasma model for the ionization region was
successfully used for deeper insight into the effect of particular discharge parameters such as
voltage pulse length (from 100 —800 us), oxygen partial pressure (from 0.25-0.50 Pa) or the
value of pulse-averaged target power density (from 2.5-500 W cm™2). The results of the
presented model, most notably trends in the target- and substrate oxide fraction, composition of
particle fluxes onto the substrate, degree of W atom ionization or degree of O, molecule
dissociation are discussed and put into context with experimentally measured quantities.

Keywords: reactive HIPIMS model, deposition rate, tungsten oxide

(Some figures may appear in colour only in the online journal)

1. Introduction

In the field of thin-film research and development, react-
ive high-power impulse magnetron sputtering (r-HiPIMS) has
become the centre of attention in recent years. This is thanks to
the ability of this technique to produce densified, high-quality
defect-free oxide, nitride and oxynitride coatings [1-6]. The
maximization of the deposition rate during r-HiPIMS has also
been studied intensively and many approaches allow one to
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produce thin films at high deposition rates without sacrificing
film quality [7, 8]. Much attention is also devoted to the invest-
igation of processes connected with the presence of reactive
gas (RG, typically oxygen and/or nitrogen) in the gas mixture
and its interaction with the target and substrate surface. There
are a few theoretical models describing the complex beha-
viour of r-HiPIMS plasma discharge that have been developed.
In order to be applicable to high-power impulse magnetron
sputtering (HiPIMS) discharge conditions, the models of con-
ventional reactive sputtering (e.g. [9-14]) were extended to
account (especially) for the ionization and return of sputtered
metal atoms onto the target [ 15—19] and the dissociation of RG
in the discharge plasma [15, 16, 19]. Some of those models
simulated mainly the composition of the reactive surfaces and
the balance of RG in the discharge chamber and the hysteresis
effect [17, 20], while another focused on the simulation of the

© 2021 The Author(s). Published by IOP Publishing Ltd  Printed in the UK
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discharge plasma during the pulse for a fixed composition of
the reactive surfaces [19].

However, there are a lack of publications focused on the
deeper understanding of the effects responsible for differ-
ent film stoichiometry under different discharge conditions
(namely voltage pulse length, pulse-averaged target power
density, RG partial pressure,etc). In this publication, we cla-
rify the relation between the abovementioned discharge para-
meters and WOy properties, namely the deposition rate and
oxygen content in the film. We have chosen the W-O system
since WOs3 is a material that is in demand due to its many
potential applications such as the active layer of hydrogen gas
sensors [21, 22] and as part of electrochromic [23, 24] or gaso-
chromic [25] devices. Moreover, tungsten oxide is a conveni-
ent choice thanks to its relatively high electrical conductivity
that provides fair discharge stability. A new model of the react-
ive sputtering process was used to calculate the oxide cover-
age of the target and substrate, the deposition rate of films and
other discharge parameters based on the experimental current—
voltage waveforms. For the first time, this model combines an
r-HiPIMS model [15] and a discharge plasma model for the
ionization region (IR) in front of the sputtered target [26]. By
comparing the simulated and experimental results and by eval-
uating the discharge parameters that cannot be easily meas-
ured, we explain the observed experimental trends.

2. Methodology

2.1. Film preparation

The tungsten oxide films were deposited using HiPIMS sput-
tering from a tungsten target with a diameter of 72 mm in a
stainless-steel vacuum chamber (Leybold-Heraeus LH Z400)
pumped by a turbomolecular pump (backed with a scroll
pump) and a cold trap (cooled by liquid nitrogen). The mag-
netron was powered by a unipolar HiPIMS power supply
(SIPP2000_USB, Melec GmbH). The base pressure before
each deposition was below 1 mPa. The substrate-to-target dis-
tance was 70 mm. The depositions were carried out in a mix-
ture of argon and oxygen. The working pressure was set to a
constant value of 0.75 Pa. The average target power density
was kept constant for all experiments (2.35 W cm™2). During
the experiments, the values of the oxygen partial pressure, pox,
voltage pulse length, #,,, and/or pulse-averaged target power
density, Sq,, were varied.

All specimens were prepared on 10 x 10 mm? Si (100) sub-
strates (625 pm thick). Before the deposition, the substrates
were cleaned by sonication for 5 min in demineralized water
and then isopropyl alcohol. The thickness of the films was
within the range of 800-1000 nm.

2.2. Film characterization

The elemental composition of WOy films was measured by
wavelength-dispersive spectroscopy (WDS, Magnaray Ther-
moScientific) conducted in the chamber of a scanning elec-
tron microscope (SEM, Horiba, SU-70). The used primary
electron energy was 10 keV, the standards of pure tungsten
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metal (99.95% purity) and hematite (Fe,O3, 99.97 purity)
(Astimex Standards) were used for the quantification of W and
O, respectively. For comparison with the model, it is important
that the precision of the WDS method can be considered below
1 at.% for both W and O content. The trueness of our measure-
ment, though, can be accurately estimated to be about 3 at.%,
but this does not affect the observed trends. The deposition
rate was calculated as the film thickness to deposition time
ratio. The thickness was evaluated from SEM cross-sectional
images.

2.3. The r-HiPIMS model

An r-HiPIMS model was used to simulate the HiPIMS depos-
ition processes to gain more insight into the process paramet-
ers that are difficult to measure experimentally and to explain
the measured dependencies. The model has two parts: (a) a
model describing the time evolution of RG partial pressure
and the composition of relevant surfaces (target, substrate and
chamber walls), and (b) an IR model describing the time evol-
ution of relevant plasma species densities in the region in front
of the magnetron (IR) where the electrons are trapped by the
magnetic field of the magnetron. Thus, this region is most rel-
evant for capturing the ionization and RG dissociation pro-
cesses in the discharge plasma. A schematic representation of
the model is shown in figure 1.

The composition of the target, substrate and chamber walls
is described using compound fraction ©, which is the frac-
tion of surface covered by stoichiometric compound (© = 0
for pure metal while © = 1 for stoichiometric compound) as
in the well-known Berg model [9]. The compound fraction is
calculated from balance equations of the form:

de
nohxe - = ZFJ-, 1)
J

where ng is the atomic density of the target material (pure
metal), & is the layer thickness for which its composition is
simulated (~one monolayer), x. is the stoichiometry of the
compound, i.e. the number of oxygen atoms for each metal
atom in the compound, © is the compound fraction in the
layer and I is the flux of oxygen atoms to or from the layer.
The right-hand side accounts for all the processes changing the
compound fraction, such as sputtering, chemisorption and ion
implantation for the target, and deposition of sputtered atoms
and chemisorption on the substrate and chamber walls. The
ionization of the sputtered atoms and subsequent return and
implantation into the target is also included. This was con-
firmed to be critical in -HiPIMS where the probability of ion-
ization of sputtered atoms is high [27]. This part of the model is
based on our previous work [15, 16] where you can find more
details about the model description of the balance equations.
In this work, the model was extended by (a) adding the bal-
ance equation for the RG partial pressure in the vacuum cham-
ber and (b) including several equidistant target layers allowing
us to improve the accuracy of modelling the ion implantation.
The former accounts for all gains and losses of RG molecules
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Figure 1. Scheme of the r-HiPIMS model. The model calculates (a)
the fraction of reactive compound in several target layers (shown in
red) and on the surface of the substrate (blue) and the chamber walls
(green), (b) densities of plasma species (neutrals and ions) in the IR
and (c) the partial pressure of RG in the vacuum chamber. The
model also evaluates the fluxes of plasma species to and from the
target and onto the substrate (indicated by arrows). Symbols are
defined in the text.

in the vacuum chamber and allows us to calculate the RG par-
tial pressure for a varying RG flow rate. The latter allows us
to calculate a depth-resolved composition of the target. Strict
mass conservation is enforced for the target layers that are
coupled by the transport of material between them. As the
target material is sputtered away from the target surface, the
oxygen in the target is moved across the layers towards the tar-
get surface. On the other hand, when target material ions are
implanted into the target, the oxygen in the target layers below
the depth of implantation is moved deeper into the target.

The IR model calculates the plasma species densities in the
IR during a period of the HiPIMS pulse. This is a volume-
averaged model assuming constant densities in the IR, similar
to our previous work [26]. The species include Ar, M, R», R,
Rs, Art, M™, Ry™ and R™, where M stands for the sputtered
metal atom, R, for the RG molecule, R for the RG atom and R
for the (fast) RG atom sputtered from the target. The IR model
equations have the form:

dnk k)
VIRE = ; F£ Ap+ ViR Z nn K, (Te), 2

where the left-hand side is the number change of species k
in the IR, the first term on the right-hand side accounts for
changes due to the transport of particles from the IR and the
second term accounts for the change of particle density due
to reactions (mainly, but not exclusively, those involving elec-
trons). A necessary parameter of the IR model is the fraction
of ions created in the IR that return onto the target. This return
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Table 1. Parameters related to the target material (W) used by the
reactive model. E is the energy of ions incident on the target, © is
target oxide fraction.

Parameter Value Unit
W density 19.24 gem™?
WOs3 density 7.16 gem™?
O, sticking coefficient 0.03
on W
O sticking coefficient 1.0
on W
1.01
W sputtering yield %
from W, Yum, by Art 23+(5i-1)
y 1.3
W sputtering yield %
from W, ¥um, by W R
E 1.05
W sputtering yield %
from W, ¥mm, by O 13:9+(5%-1)
W sputtering yield as Yo (1 — O+ %)
function of ©¢
O sputtering yield as Yim Ot
function of ©;
Ion return probability 0.6
Gas temperature 300 K

probability, 3, is assumed to be constant and equal for all spe-
cies. As the rate of ionization of neutral species depends on
the electron temperature, 7, and the ion density determines
the ion current onto the target, the model uses a known (user
input) target current waveform to calculate T, () assuming
a known (constant) secondary electron emission yield. This
T. (¢) then determines all the electron reaction constants in the
particle balance equations. The two parts of the simulation are
coupled together as follows. The RG partial pressure and the
compound fractions on the target, substrate and chamber walls
calculated for a given time by the reacting surface model enter
the IR model. They are assumed to be constant during a single
HiPIMS pulse period, see [15, 28]. The IR model then provides
the densities of species in the IR and the corresponding total
fluxes of species onto the target, substrate and chamber walls,
which are used in the model for the reactive surfaces. Thus,
the two parts of the model are solved repeatedly with mutual
exchange of data to integrate in time. It should be noted that
due to the significantly different characteristic time scales of
the two models (typically ps for the IR model compared to ms
or longer for the reactive surface model), it is not reasonable
to solve the coupled equations of both models simultaneously.

In the present paper, the model is used to simulate depos-
itions of WO3. The geometrical parameters of the model, such
as the chamber volume, target diameter and target—substrate
distance were set according to the experiments. The oxygen
partial pressure is set constant as in the experiments, with the
total pressure always 0.75 Pa. The necessary material paramet-
ers of the model were set according to table 1. The sputtering
yield of W from a W target, ¥ ;,m, and the implantation depth
profiles for W and O atoms into a W target (not included in the
table) were calculated by SDTrimSP [29] as a function of ion
energy. Due to the lack of reliable data for sputtering yields
from the compound targets, we assumed that the sputtering
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Table 2. Summary of reactions implemented in the discharge
plasma model for the IR.

Rate constant

Reaction (m’3 s~ l) Reference
e+ Ar—2e+ Art 234 x [34]
10— 147059 ,— %
e
e+W—=2e+WH 561x Calculated from the

9.82

107147938~ 7 cross-section from

[35]

e+ 0, —2e+ 0,7 234 x [36]
lO—lSTeI.O3e*%

et 0, 5et+20  686x10° 5% [34]

e+ 0,7 20 22x 10714770 [37]

e+ 0, — 1.88 x [36]
2¢+0+0" 1078 e R

e+0—=2+0" 9.0x [38]
10715797~ 0

yield of W from WO3, Y. = Yimm/7, and the sputtering yield
of O from WO3;, Y. = 7 Yy, to take into account preferen-
tial sputtering of O from WOj3 [30]. These fixed values were
estimated based on a comparison of experimental and simu-
lated deposition rates of WO3; and W. The sputtering yield at
arbitrary compound fraction ©y, is calculated by linear inter-
polation between the sputtering yields from W and WOs3. The
ion return probability is an unknown parameter for the simu-
lated discharge setup. We tested a broad range of values from
0.3-0.9 based on the paper [31] where possible values of the
ion return probability span this range depending on the tar-
get voltage. The value of 0.6 was used for the final series of
calculations in the hope that this is a reasonable mean value
suitable for all analyzed regimes, although [32, 33] suggest
values closer to our upper limit of 0.9. As will be shown in the
results, the particular value of the ion return probability has a
weak effect on the modelling results.

The reactions in the discharge plasma and the correspond-
ing reaction rate constants are summarized in table 2. The
model is calculated from initial conditions until a steady state
is reached that corresponds to the deposition-averaged condi-
tions obtained in the experiments.

To summarize, the model uses experimental geometry, cur-
rent and voltage waveforms, Ar and oxygen flow rate or partial
pressure, ion return probability and other material paramet-
ers (densities, sticking coefficients, sputtering yields, implant-
ation profiles) as input. It solves balance equations for several
plasma species in the IR of the discharge plasma and balance
equations for oxygen in the target, substrate, chamber walls
and chamber volume. Most notably, the model takes into
account (a) the ionization of sputtered atoms and the disso-
ciation of oxygen in the discharge plasma and calculates those
based on the electron density and temperature, (b) the disso-
ciation of oxygen in the discharge and different sticking coef-
ficients for oxygen atoms and molecules, (c) chemisorption
as well as implantation of oxygen into the target and (d) the
return of ionized sputtered atoms onto the target and their
implantation into subsurface layers of the target. The model is
used to calculate the composition of the target and substrate,
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deposition rate of films and densities of species in the dis-
charge plasma.

Finally, we mention the limitations of the current model.
The model is based on the volume-averaged approach
(assumes homogeneous density in the IR and homogeneous
oxide fraction in the studied surfaces). Thus, it does not resolve
spatial inhomogeneities of the calculated quantities and is
inherently less accurate than any spatially resolved simulation.
Therefore, negative ions are not included now, although their
role in r-HiPIMS has been studied [39]. Some of the mater-
ial parameters such as sputtering yields and sticking coeffi-
cients are not well known and can vary significantly based on
fine details of the experimental system. Therefore, the abso-
lute values of the calculated quantities should be taken with
a pinch of salt. Instead, we focus on observing the trends and
make conclusions based on the comparison of model results
among different regimes. The oxide fraction © is inherently
limited to values © < 1, and for oxygen-rich conditions, ©
slowly approaches unity. Therefore, in contrast to reality, the
model cannot give over-stoichiometric composition of a sur-
face, and, for compositions close to the stoichiometric oxide,
the corresponding © is likely to be underestimated. The depos-
ition rate of films was calculated from the flux of W atoms onto
the substrate assuming a fixed density of the film equal to the
density of the stoichiometric oxide, while in reality the density
of films is expected to vary with the exact film composition.
These limitations of the model will be considered in the ongo-
ing discussion.

3. Results and discussion

In the following, we present the experimentally measured
and calculated deposition rate and oxygen content in the film
obtained under different deposition conditions. Phenomena
determining the observed trends are explained using different
model output quantities, such as target- and substrate oxide
fraction, degree of O, dissociation, degree of W atom ioniz-
ation, composition of particle flux onto the substrate or time
evolution of particle densities in front of the target. First, we
discuss the different behaviour of the reactive DC and HiPIMS
processes. Next, we report on the effect of pulse-averaged tar-
get power density on the abovementioned quantities. In the last
section, we discuss the effect of the voltage pulse length at a
constant pulse-averaged target power density.

3.1 Comparison of DC and HiPIMS discharge regimes

In figure 2, a comparison of the deposition rate (a) and oxy-
gen content in the film (b) as a function of p,x is shown. In
the case of DC, the deposition rate decreases with increasing
Pox» Which is the expected behaviour observed for many tar-
get materials. This is explained by the fact that the oxide cov-
erage of the target surface increases with the increasing oxy-
gen partial pressure and, consequently, the sputtering rate of
the metal atoms decreases [30, 40]. This is confirmed by the
model (not shown), which implements a pre-set dependence
of the sputtering yield on the target oxide coverage, ©,. This
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Figure 2. Deposition rate (a), and oxygen content in the film (b) as a function of oxygen partial pressure for three different discharge

regimes (fon = 800 us in the case of r-HiPIMS deposition).

is also qualitatively in agreement with the increasing oxygen
content in the film, Cyy, 75.4 at.% at pox = 0.25 Pato 78.6 at.%
at pox = 0.35 Pa, which is correlated with O calculated by the
model.

In the case of r-HiPIMS, the situation is more complic-
ated. Higher Sg, = 250 W cm~2 (‘high-power regime’) leads
to a gradual increase of Cox from 68.1 at.% to 75.1 at.%
with increasing pox (similar to the DC regime), whereas,
Cox is almost constant (~75.2 at.%) for the low value of
Sda = 25 W cm~2 (‘low-power regime’). This is not observed
in the model results where ©; monotonously increases with
the oxygen partial pressure for both Sg, = 25 W cm~2 and
250 W cm 2. In contrast to the DC case, there is no decrease
in deposition rate for both the low- and high-power regime.
Moreover, for pox of 0.30 and 0.35 Pa, the deposition rate in
the HiPIMS case is higher than in the DC case. This potentially
surprising result is not entirely unusual. It was also reported
by Hemberg er al for tungsten oxide [41] and Hala er al for
niobium oxide [42]. This is primarily caused by a lower oxide
fraction on the target (see figure 3). The model results indicate
that the oxide coverage of the target decreases with increas-
ing target power density (in a pulse in the case of HiPIMS).
Moreover, in figure 3, one of the r-HiPIMS benefits is clearly
seen; the O©4/O, ratio (at given poy) increases with increasing
Sda- This means for higher Sy, the discharge is close to the
desired regime; production of stoichiometric films, while the
target is as metallic as possible.

There are several processes that affect ©, and they all
change simultaneously when the pulse-averaged target power
density in a pulse is changed. Figure 4 shows the effect of
the ion return probability on the oxide coverage for the DC
and high-power regime. It should be noted that realistic val-
ues of the ion return probability probably lie in the range of
0.5-0.9 [31, 32]. Overall, for the given conditions, the effect
of pre-selected ion return probability is weak and does not
change the trends observed, especially the fundamental differ-
ence between the DC and HiPIMS case. More specifically, the
calculated oxide fraction changes by a few percentage points
and the calculated deposition rate (not shown) decreases by
5% in the DC case and 15% for the HiPIMS high-power case
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Figure 3. Top panel: calculated oxide fraction on the substrate
(half-up symbols) and the target (half-down symbols) as a function
of oxygen partial pressure for three different discharge regimes.
Bottom panel: calculated ratio of the substrate and target oxide
fraction as a function of oxygen partial pressure for three different
discharge regimes (fon = 800 us in the case of r-HiPIMS).

when the ion return probability increases from 0.6 to 0.9. In
the DC case, O slightly increases and Oy slightly decreases
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In addition, simulation results for the high-power regime with no O,
dissociation are shown by purple symbols.

with an increasing ion return probability. As the sputtering
rate of W and its ionization are low in this case, this trend
can be explained by the increased attraction of O, ions and
their implantation into the target. On the other hand, in the
HiPIMS case, ©; decreases and O, increases with the increas-
ing ion return probability, see the blue curves. In this case, the
degree of ionization of W in the discharge is high (~70% for
Sda = 250 W cm ™2 resulted from the model, not shown) and
W ions reimplanted into the target effectively decrease the
oxide coverage of the target.

If oxygen dissociation was neglected (see the violet curve),
the decrease of O, would be even more pronounced. How-
ever, O, dissociation increases the reactivity of O atoms gen-
erated in the high-density plasma during the pulse and, thus,
increases O, and partly compensates the effect of target metal-
lization by W™ ion implantation (see again the blue curve,
which includes both W+ implantation and O, dissociation).
Overall, the return of W ions onto the target is a significant
factor causing the decrease in ©, in r-HiPIMS discharges in
agreement with recent studies [27].

As mentioned, a fraction of the sputtered metal atoms
returns onto the target as ions. However, there is considerable
increased flux left on the substrate, which is not complemented
by a sufficiently high flux of O atoms. This leads to a slightly
lower ©; when compared to the DC case. Figure 5 shows
that the ratio of O/W fluxes onto the substrate decreases when
the discharge regime is changed from DC to HiPIMS. Here,
the difference between the low- and high-power regime is
negligible.

As can be observed in figure 6, the current waveform for the
high-power regime has a typical shape indicating gas rarefac-
tion [43, 44] in front of the target. Note that this effect is diffi-
cult to calculate accurately with a volume-averaged model of
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case of r-HiPIMS deposition).

the discharge plasma [45] and it cannot be adequately imple-
mented in the present model. In the case of reactive sputter-
ing, not only argon but also RG (oxygen in our case) particles
(molecules, atoms and ions) are pushed away from the volume
between the target and the substrate and, thus, a lower amount
of oxygen particles reacts with the arriving W species on the
substrate surface. Therefore, itis suggested that gas rarefaction
in r-HiPIMS (especially in the high-power regime) also con-
tributes to the lower oxygen concentration in the films, which
is in agreement with the measured film elemental composition,
see figure 2(b).

3.2. Pulse-averaged target power density effect

In this section, the effects of pulse-averaged target power dens-
ity (ranged from 100-500 W cm™? at constant f,, = 100 ps)
on oxygen content in the film and deposition rate will be dis-
cussed. Depositions and model calculations were carried out
under two different oxygen partial pressures: 0.25 Pa (‘low-
oxygen regime’) and 0.50 Pa (‘high-oxygen regime’).
Experimentally determined oxygen content in the film, C,
and model calculations for oxide fraction formed on the sub-
strate and target surface are presented in figure 7. As can
be expected, Cox is significantly higher for the high-oxygen
regime compared to the low-oxygen regime. With increas-
ing Sda, Cox slightly decreases for both low- and high-oxygen
regimes, i.e. the film becomes more metallic. In accordance
with that, the target surface is also more metallic with increas-
ing S4a, as confirmed by the calculated oxide fraction on the
target surface (Oy), see top panel of figure 7. As expected,
the calculated © is also systematically higher for the high-
oxygen regime. On the other hand, the trend for Coy is not
fully confirmed by the model; ©q is practically constant for
the high-oxygen regime, but it slightly increases for the low-
oxygen regime. This indicates that the model overestimates
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Figure 6. Magnetron current and voltage waveforms for low- and
high-power regimes at constant pox = 0.35 Pa.

the flux of oxygen with respect to the flux of W particles
towards the substrate. The bottom panel in figure 7 depicts
trends in deposition rate and also shows qualitative compliance
between experimentally measured and calculated deposition
rates. For the low-oxygen regime, the deposition rate decreases
with increasing S4,, which is mainly caused by increased ion
return onto the target, while the sputtering rate of metals from
the target is constant (indicated by the model results, not
shown). For the high-oxygen regime, the experimental depos-
ition rate slightly increases with increasing Sq,, while the cal-
culated deposition rate remains practically constant. This can
be explained by the decrease in ©,, see figure 7 (top panel),
which results in a slight increase in the sputtering rate of metals
from the target. At the same time, the change in ion return flux
is less pronounced in the presented range of Sy, values (indic-
ated by the model results, not shown). Figure 8 shows the cal-
culated flux of W and O particles (atoms and ions) onto the
substrate. For the high-oxygen regime, the flux of O decreases
with increasing Sg,, while the flux of W remains practically
constant. Thus, the O/W flux ratio decreases and, therefore, ©
decreases with increasing Sg,. On the other hand, for the low-
oxygen regime, both O and W fluxes decrease and the O/W
flux ratio slightly increases leading to the observed increase
in O.

Figure 9 shows the degree of O, dissociation and W ion-
ization in front of the target as calculated by the IR model.
As expected, we observe an increase in both quantities as Sg,
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Figure 7. Top panel: calculated oxide fraction (dashed lines) on the
substrate (half-up symbols) and the target (half-down symbols) and
experimentally measured oxygen content in the film (solid lines) as
a function of Sy, for two values of pox (0.25 and 0.50 Pa). Bottom
panel: calculated (dashed lines) and experimentally measured (solid
lines) deposition rate as a function of Sg, for two values of pox (0.25
and 0.50 Pa).

increases. It is interesting to note that for the high-oxygen
regime, the W ionization degree between 200-500 W cm ™2
does not increase as fast as for the low-oxygen regime. It
could be explained by the fact that for the high-oxygen
regime, the high fraction of O, in the discharge is dissociated
(Egiss = 5.15 eV) and/or ionized, which consumes part of the
energy delivered during the pulse, which cannot be used for
W ionization (E;, = 7.86 eV). Thus, the lower amount of W
atoms in the high-oxygen regime (because fewer W atoms are
sputtered from the target, see higher O, in figure 7) and the not
so high ionization of W leads to lower losses of sputtered W by
the ion return effect, resulting in the non-decreasing depend-
ence of the flux of W onto the substrate on Sy, (figure 8).

The experimentally measured deposition rate decreases
from 44 to 26 nm min~—', while it slightly increases from 12 to
19 nm min~—! with increasing Sg, for the low- and high-oxygen
regime, respectively. These trends are in very good agree-
ment with the model calculations. The decrease in deposition
rate for the low-oxygen regime is well known in non-reactive
HiPIMS [46]. Here, it can be mainly attributed to the return of
ionized metal atoms onto the target as the degree of ionization
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Figure 9. Calculated degree of oxygen molecule dissociation
(dashed lines) and tungsten atom ionization (solid lines) as a
function of Sy, for two values of pox (0.25 and 0.50 Pa).

of metal atoms increases with increasing target power density,
see figure 9. The model estimates the degree of W ionization
in the discharge plasma during the pulse to increase from 50%
to 80% when Sy, increases from 100 to S00 W cm™2.

Although this ion return effect is also present in r-HiPIMS,
the situation is more complicated. First, the film density
depends on the film composition and, thus, the deposition rate
of metal atoms does not exactly correspond to the deposition
rate of films measured in nm/min. Second, the sputtering rate
of metal atoms from the target is affected by its oxide cover-
age which can, in principle, be either increasing or decreasing
with the increase in Sg,, depending on the complex balance
between metal sputtering and oxygen implantation.

Itis interesting that both the deposition rate and film oxygen
concentration decrease with increasing Sy, simultaneously. In
other words, despite the fact that films (as well as the target,
according to the model — see target oxide fraction in figure 7)
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Figure 10. Top panel: calculated oxide fraction (dashed lines) on
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calculated (dashed line) and experimentally measured (solid line)
deposition rate as a function of 7, at constant pox = 0.25 Pa.

are more metallic for higher Sq,, the deposition rate is lower
compared with lower Sq,. This is in contrast to the situation
in conventional DC, RF or mid-frequency reactive magnetron
sputtering where the decrease in oxygen content in the film
is always connected with an increase in deposition rate [47].
Again, this is a consequence of the increased return of W ions
onto the target, which effectively lowers the flux of W atoms
onto the substrate.

As mentioned above, the deposition rate in the case of
the high-oxygen regime slightly increases with increasing Sqa,
which is the opposite behaviour to that observed in the low-
oxygen regime. The calculated deposition rate remains prac-
tically constant with increased Sg,, in general. This is also
related to the above-discussed fact that the flux of W onto the
substrate is practically constant for the increasing Sg,. How-
ever, there is a momentary increase in the calculated depos-
ition rate for Sy, increasing from 200 to 300 W cm~2, which is
also observed in the experimental results. For the target power
density of 300 W cm ™2, the model shows a slight increase in
the W flux onto the substrate, which leads to a decrease in
the oxide fraction on the substrate and a small increase in the
deposition rate.
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3.3. Voltage pulse length effect

Finally, we report on the effect of voltage pulse length, 7,, (at
constant pox = 0.25 Pa, constant Sg, ~ 250 W cm~2 and con-
stant period-averaged target power density of 2.35 W cm™?).
Thus, we have varied the repetition frequency to keep both
pulse- and period-averaged target power densities constant.
This complements the previous section where Sq, was varied
at constant f.,. The main results are presented in figure 10.
The deposition rate slightly increases from 35 to 40 nm min~!
when t,, increases from 100 to 200 us. The same trends were
presented, for example, by [48, 49] in r-HiPIMS depositions
of HfO, and WO; when f,, increases from 80 to 200 us. This
is also in very good agreement with the deposition rate calcu-
lated by the model. This could be caused by the lower total
amount of W and W™ particles produced during the pulse
for ton = 100 us (see values of mean particle densities in
figure 11). There is always a time delay between the start of
the voltage pulse and the production of sputtered/ionized tar-
get particles. In our case, this delay is approximately 20 us for
all voltage pulse lengths, so there is practically no sputtering
up to 20 ps into the pulse, i.e. up to 20% of the pulse-on time is
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Figure 12. Top panel: calculated degree of W atom ionization
(dashed line) and O, dissociation (solid line) as a function of 7., at
Pox = 0.25 Pa. Bottom panel: calculated ratio of oxygen and
tungsten particle fluxes (atoms and ions) onto the substrate as a
function of fon at pox = 0.25 Pa.

‘wasted’ for #,, = 100 ps, while it is only 10% for 7, = 200 us
and it further decreases for longer pulse lengths. The slight
decrease in deposition rate from 40 to 38 nm min~! when #,,
is increased from 200 to 800 us (also visible in the calculated
trend, see figure 10 bottom panel) is caused mostly by a higher
degree of ionization of sputtered W atoms (see figure 12 top
panel) and thus more pronounced ion return of W onto the
target.

A monotonous decrease in C,y from 74.0 at.% to 68.1 at.%
is observed (figure 10) with increasing #,, from 100 to 800 us.
Presumably, this increases the film mass density, which might
also explain the abovementioned decrease in the deposition
rate for voltage pulse length increasing up to 800 us.

For the increasing voltage pulse length, the simulations pre-
dict a slightly decreasing oxide fraction (figure 10 top panel)
on the target and substrate, i.e. the films tend to be more
metallic. This is in qualitative agreement with the experiment,
although the decrease in oxide fraction in the substrate is not
nearly as pronounced as the experimental oxygen content in
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the film. We suggest that (reactive) gas rarefaction in front of
the target due to the sputtering wind effect can cause this more
pronounced decrease in film stoichiometry. This effect is not
included in the simulation due to its spatial complexity.

The pulse-averaged degree of W ionization and O disso-
ciation, as calculated by the model, are shown in figure 12
(top panel). The increase in W ionization facilitates increased
metallization of the target as a result of more ions returning to
the target. The bottom panel of the figure shows that the ratio of
O/W atoms arriving onto the substrate decreases with increas-
ing ton, which results in the observed decrease of O content in
the films.

4. Conclusion

The presented results show the successful application of a
model combining an r-HiPIMS model with a discharge plasma
model for the IR. It was used in conjunction with experi-
mental results obtained for r-HiPIMS of WO, films. The main
results could be summarized as follows. It was found that
there is a fundamental difference between reactive DC and
HiPIMS of WOy films. In the case of DC, the deposition rate
decreases with oxygen partial pressure (as expected) whereas
it is almost constant for HiIPIMS deposition. A higher value
of pulse-averaged target power density (at constant voltage
pulse length) leads to a decrease in oxygen content in the
film for both low- and high-oxygen regime. The deposition
rate slightly decreases for the low-oxygen regime whereas it
slightly increases for the high-oxygen regime (confirmed by
the model quantitatively), mostly due to the lower amount of
W™ and thus lower losses caused by the ion return effect.
Finally, it was found that longer voltage pulses lead to lower
oxygen content in the film, probably due to more effective oxy-
gen rarefaction caused by the sputtering wind. For short pulse
(<100 wus), the deposition rate is lowered due to a significant
role of ‘wasted’ time (~20 us; time delay between creation of
the plasma discharge and release of a significant amount of W
atoms from the target). For longer pulses (>200 us), there is
a higher degree of W atom ionization and thus the deposition
rate is lowered due to a more pronounced ion return effect.
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Abstract: By tuning the deposition parameters of reactive high-power impulse magnetron sputtering,
specifically the pulse length, we were able to prepare WOs;_, films with various stoichiometry
and structure. Subsequently, the films were annealed in air at moderate temperature (350 °C).
We demonstrate that the stoichiometry of the as-deposited films influences considerably the type
of crystalline phase formed in the annealed films. The appropriate sub-stoichiometry of the films
(approx. WO, 76) enabled crystallization of the monoclinic phase during the annealing. This phase
is favorable for hydrogen sensing applications. To characterize the sensory behavior of the films,
the tungsten oxide films were decorated by Pd nanoparticles before annealing and were assembled as
a conductometric gas sensor. The sensory response of the films that crystallized in the monoclinic
structure was proven to be superior to that of the films containing other phases.

Keywords: tungsten oxide; WO3; hydrogen sensing; conductometric gas sensor; HiPIMS; stoichiometry

1. Introduction

Hydrogen is a reliable and prospective source of energy because of its clean and renewable essence.
The growing hydrogen industry puts pressure to develop new hydrogen sensors associated mainly
with hydrogen mobility and energy storage. Cheap, reliable, and greenway syntheses are desired
as well as well-performing materials which include applications not only to hydrogen storage and
production but also to hydrogen sensing for security and/or performance monitoring.

Metal oxide semiconductors (MOSs) are the most used class of sensing materials due to their
diverse composition, tunable bandgap properties, possible nanostructuring, and high chemical stability.
They have been widely studied for being used as conductometric sensors, where the change of
resistivity upon hydrogen presence was monitored [1,2]. Among MOSs, tungsten oxide (WOs3) has
attracted attention for the last few decades because of its interesting electrical, structural, and chemical
properties [3,4]. Pure WOj3 can easily detect oxidizing gases such as NO,, SO,, O3, etc. [5-10], but more
challenging is an enhancement of its sensitivity towards reducing gases (H,, CO, NHs, etc.). This can
be done by the loading of WO3; material by noble catalysts such as Au, Pt, and Pd [1,3,11-13].

Magnetron sputtering is a deposition technique that enables the microstructure to be controlled
and the physical properties of the films to be tuned [14]. Reactive magnetron sputtering is popular
because it is capable of producing compound films (including MOSs) with various stoichiometries and
structures [15-17]. Among a wide variety of magnetron sputtering techniques, reactive high-power
impulse magnetron sputtering (HiPIMS) is a prominent technique for the preparation of high-quality
compound films. During the process, a reactive gas (e.g., O,) is dissociated, which improves its
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reactivity [18,19] and allows for the tuning of the stoichiometry and structure to be easier. Using HiPIMS,
it is possible to alter the optical and electrical properties of thin films by varying the target power
density [20]. At the same time, crystalline films can be synthesized at lower deposition temperatures
compared to traditional sputtering techniques. Concerning the demands of applications to sensors,
there are also a few disadvantages of HiPIMS, mainly the fact that most of the prepared films are dense
and smooth.

Despite the aforementioned advantages, the preparation of tungsten oxide films by HiPIMS has
rarely been reported [21,22]. In this work, we demonstrate a low-temperature (200 °C) synthesis of
sub-stoichiometric WO3_, films with a diverse structure by controlling the deposition parameters during
reactive HiPIMS. We decorate the deposited films with Pd nanoparticles, which is a common way to
increase the selectivity towards hydrogen; the catalytic behavior of Pd lowers the activation energy and
thus the operating temperature range, as explained in the sensing mechanism [1,23,24]. We investigate
and discuss the influence of the stoichiometry and structure on the hydrogen sensing performance
of the prepared films in detail. The films are not subjected to high-temperature post-annealing and
are annealed and stabilized only at the measurement temperature (below 350 °C) of the response of
the sensor.

2. Experimental Section

2.1. Material Synthesis

Pd-WOs_, films were prepared by a two-step deposition process onto 9 X 9 mm? thermally
oxidized Si substrates cleaned in an ultrasound bath in acetone, isopropyl alcohol, and deionized water
for 10, 10, and 5 minutes, respectively.

The depositions were carried out in a cylindrical stainless-steel chamber (Z400, Leybold-Heraeus
LH, Cologne, Germany, with a volume of 25 L and diameter of 42 cm, target-to-substrate distance of
70 mm) pumped by a turbomolecular pump (690 L/s for N,) supported by a scroll pump. The base
pressure for all depositions was below 4 x 1072 Pa.

In the first step, WO3_ films were deposited using a metallic W target (99.95% purity) with
a diameter of 72 mm connected to a high-power pulsed DC power supply (SIPP2000 USB, Melec,
Baden-Baden, Germany) run at a fixed average power of 100 W with a pulse length in the range of
50-800 ps. The waveforms of the target voltage and current were recorded by a digital oscilloscope
(TBS 2104, Tektronix Inc., Beaverton, OR, USA). A deposition temperature of 200 °C was kept constant
for all depositions. Before the deposition, the pumping speed was adjusted (by a throttle valve) to
achieve a pressure of 0.5 Pa at Ar flow rate of 15 sccm. Then, the oxygen gas was introduced as a
reactive gas and its flow was automatically controlled to maintain a total pressure of 0.75 Pa.

One of the presented films was also deposited in the DC regime at the same average target
power (100 W) but slightly changed the gas composition (i.e., O:Ar was 1:2 for HiPIMS and 1:4 for
DC). These are optimized conditions from the point of view of achieving a good crystallinity via DC
sputtering at a substrate temperature of 200 °C.

The deposition rate was measured ex situ for each set of parameters by scanning a profile of a
partially covered substrate by a profilometer. Then, the deposition time was adjusted to prepare films
of a fixed thickness of 100 nm.

In the second step, the Pd deposition was carried out by using diode sputtering in RF mode at a
power of 294 W (DC potential of 2.4 kV). The deposition time was 2 s, and the substrates were kept at
room temperature.

2.2. Film Characterization

The morphology and topography of the films were examined by scanning electron microscopy
(SEM; SU-70, Horiba Ltd., Kyoto, Japan) acquiring secondary electron image at 5 kV. The cross-sectional
views of as-deposited films were used to verify the thickness of the films. For such imaging,
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the prescratched specimens were broken at ambient temperature. The aforementioned SEM system
was used to investigate the elemental composition (stoichiometry) of the films by means of wavelength
dispersive spectroscopy (WDS; Magnaray, Thermofisher Scientific, Waltham, MA, USA) done using
standard reference samples of pure W and Fe,O3 (hematite) (Astimex Scientific Ltd.). Since it is difficult
to precisely quantify the composition of thin films by employing WDS, thick films (thicker than 600 nm)
were deposited deliberately to measure the composition of tungsten oxide films. These thicker films
were deposited immediately after the deposition of the 100 nm thin films, while keeping the same
deposition parameters.

The structure of the as-deposited films was analyzed by X-ray diffraction (XRD) using a
diffractometer (X'Pert PRO, PANanalytical, Malvern, UK) with Cu K, source of radiation in the
Bragg—Brentano configuration with an w-offset of 1.5°. The w-offset was used to eliminate a strong
reflection of the single-crystalline Si(100) substrate at 20 angle of 69.17°. The Raman spectroscopy
(LABRAM HR Evolution, Horiba Jobin Yvon, Palaiseau, France), using a 532 nm laser, was also
employed to confirm the phase composition.

A custom-built system was used to measure the gas response employing the four-point probe
technique to calculate the change in the film electrical resistance in a time-varying gas mixture
(H; + synthetic air) and at a controlled temperature. For stable electrical contacts, four gold-plated
spring-loaded pins with a 1 mm separation were pressed to the specimen surface placed in a cylindrical
brass chamber (total volume of 3 cm?) heated by a hot plate. An independent thin thermocouple
(0.3 mm thick) was pressed to the top surface to measure the temperature at the surface of the specimen.
The flow of the gases was controlled by three separate mass flow controllers (Alicat Scientific Ltd.,
Tucson, AZ, USA). The resulting gas mixture was let to flow into the chamber with a total flow rate of
100 sccm. A DC source (KEITHLEY 6220, Keithley, Solon, OH, USA) and two electrometers (KEITHLEY
6514) were used for the electrical measurement. More details can be found in Ref. [25].

In this work, the sensitivity (S) at a specified concentration of H; gas (c) and temperature (T) is
defined as:

S(, T)=— 1)

where R, and Ry are the steady electrical resistances in the presence of synthetic air and H, gas mixed
with air, respectively. The values of R; and Rg are obtained by fitting the resistance R(t) data by a sum
of two exponential decays (in time t) with respect to Equation (2) in Reference [26].

3. Results and Discussion

To study the influence of the stoichiometry and structure of WO3_, on the sensory response of
Pd-WO;3_, films, a series of these films was prepared and studied. The presented results come from
a set of specimens, where the average target power in a period during the deposition of tungsten
oxide was kept constant and equal to 100 W, but the pulse length (Ton) was varied from 50 to 800 ps.
The duty cycle was also kept constant (1%), and therefore the average pulse target power density
was 245.6 W/cm? for all specimens. In addition to the discussion on the influence of the HiPIMS
method, we also included one tungsten oxide film deposited in the DC regime. In this case, the average
target power density was 2.46 W/cm?. From this point on, the films are referred to with respect to Ton,
e.g., “200 ps” film or “DC” film.

After the deposition of all WOj3_, films in this series, a thin film (equivalent thickness lower
than 1 nm) of Pd was deposited as a second deposition step. The coalescence of palladium on the
surface occurs and Pd forms spherical nanoparticles. The appearance of the particles after stabilization
of the films is shown in SEM micrographs in Figure 1. Despite the surface morphology of various
films differing, we observed a comparable size of Pd particles formed by coalescence on all WO3_y.
A discussion of the influence of the size of the Pd particles on the sensitivity of the films is out of
the scope of this work. For further discussion, it is important only that the number of Pd particles
varies in a range of approx. 60%, but the particles are similar in shape and size. See Supplementary
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Material containing an image analysis (Figure S1) and particle statistics (Figure S2) for the micrographs
presented in Figure 1c,d. The changes are most probably connected to a different time of stabilization
of different specimens. However, the same total amount of Pd material is guaranteed by its deposition
onto all WO;3_, films at one run.

a)

Figure 1. SEM micrographs of as-deposited (a,b) and Pd decorated tungsten oxide films after
stabilization (c,d) for 100 us and 800 ps films, respectively. It is clearly visible in (c¢,d) that the Pd
particles in different films exhibit similar nature (shape and size).

In the following sections, we describe the influence of the deposition parameters on the
stoichiometry of the as-deposited films. Then, we compare the structure of the films in the as-deposited
state with those which were stabilized during the sensory measurements at an elevated temperature
(350 °C) by means of XRD and Raman spectroscopy. Finally, the hydrogen sensory response is presented
and completed with a general discussion.

3.1. Deposition Parameters and Composition

Target current density and voltage waveforms for different values of Ty, are shown in Figure 2.
The shape of the current density waveforms is typical for reactive HiPIMS under these discharge
conditions: a current density peak in the beginning of the pulse and a gradual decrease of the current
density towards the end of the pulse due to the rarefaction of the sputtering gas [27]. The peak
values of the current density values are 0.55, 0.43, 0.32, 0.31, and 0.49 AJ/em™2 at a 800, 500, 200,
100, and 50 us pulse length, respectively. The unexpected high value and different shape of the
current density for Ton = 50 ps can be explained by two effects. Mainly, the pulse ends after 50 us,
where other pulses achieve their maxima. Secondly, the deposition was carried out lastly after
numerous experiments, and the target was more eroded, resulting in a stronger magnetic field and
thus increasing plasma conductivity.
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Figure 2. Voltage and current waveforms from deposition of high-power impulse magnetron sputtering
(HiPIMS) films.

The effect of the HiPIMS parameters on the elemental composition of the deposited films is
demonstrated in Figure 3, where WDS results are shown. The stoichiometry of the films calculated as a
ratio of the atomic concentration of oxygen and tungsten is displayed in the tags in Figure 3 as well.
A decrease in the oxygen concentration with increasing T, from 50 to 800 us was observed. In reactive
HiPIMS, there is target poisoning that is crucial at a shorter Ty,. It means that the reactive gas (O;)
easily produces a compound layer on the target surface and the sputtering yield decreases. This affects
the amount of oxygen in the deposited material, which results in changes in the stoichiometry of the
films. However, the target poisoning is moderate at higher pulse lengths, which reduces the thickness
of the compound layer and produces an excessive amount of metal ions [28,29].
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Figure 3. Elemental composition of films and stoichiometry. The stoichiometry ([W]/[O] ratio) decreases
with an increasing voltage pulse length; the DC film is slightly sub-stoichiometric.

3.2. Structure

A comparison of XRD patterns of as-deposited films and annealed films (stabilized during the
sensory measurements at 350 °C) is shown in Figure 4. As for the deposited films (grey traces), 500 us
and 800 ps films are found to be amorphous, while 50 ps, 100 ps, 200 ps, and DC films are crystalline or
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nanocrystalline. Due to the overlapping of relatively broad diffraction peaks, it is, however, unfavorable
to unambiguously determine a dominant phase in each film. Only the pattern of DC film corresponds
well to that of the tetragonal WO3 phase (PDF Card No. 04-007-0954). In the case of 50 pus and 100 us
films, it seems that the major phase is tetragonal, but the presence of triclinic/anorthic (PDF Card No.
01-073-6498) and monoclinic (PDF Card No. 01-083-0950) phases cannot be unambiguously excluded
(see the powder diffraction standards in the figure).
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Figure 4. XRD patterns of as-deposited films (light grey) and annealed/stabilized films (color traces)
after sensory measurements at 350 °C.

During measuring the sensory response to hydrogen (mixed with ambient air) at 350 °C,
the crystalline/nanocrystalline structure of some films is changed (color patterns in Figure 4).
The structure of the 50 ps and 100 us films does not change significantly (very small changes in
the pattern for the 50 us film can imply the occurrence of the monoclinic phase). The relatively high
stability of their structure can be attributed to their stoichiometry close to 3.0, i.e., no significant reaction
with ambient oxygen occurs. Similar situation is also observed for the 200 s film, where no pronounced
changes in the structure are detected, and only a few crystallites of triclinic and/or monoclinic phase
are formed. The situation is completely different in the case of the 500 ps and 800 ps films with the
amorphous structure and low stoichiometry in the as-deposited state. These films in the as-deposited
state exhibit the stoichiometry of 2.76 and 2.14, respectively. A possible reaction with ambient oxygen
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results in a crystallization and stabilization of their structure with a dominant monoclinic WO3 phase
in the case of 500 ps film and a triclinic one in the case of 800 ps film. The patterns are very close
to each other and the presence of both phases in each film cannot also be ruled out only based on
XRD. In the case of the DC film, new diffraction peaks corresponding to the monoclinic phase appear,
and this phase thus coexists with the tetragonal one after stabilization. It should be noted that no
phases corresponding to the presence of Pd particles on the surface were detected.

The findings of XRD are supported by the results of Raman spectroscopy. The spectra of the
as-deposited and annealed films are shown in Figure 5. Raman peaks at 263, 322, and 368 cm~! are
attributed to the deformation vibrations of W-O bonds, while the bands at 685, 704, and 797-803 cm ™!
are the characteristics of stretching modes of O-W-O bonds [30-32]. Other features visible in the
spectra are to be attributed to silicon substrate (mainly Si-Si peaks at 301, 616, 670 cm™! and a broad
feature at 935-975 cm™!; Si~O peaks at 428 and 950 cm™?).

a) b) 797/803
# 263 685/705
Boo ‘US/\\\’J
500 us M
800 us_” |
2 2
B k7
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2 2
E E
5 500 ps
003 200 s
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K 100 s
50 ps 50 us
T " T ¥ T ¥ T T T T T T T
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Wavenumber (cm") Wavenumber (cm'1)

Figure 5. Raman spectra of (a) as-deposited films and (b) annealed films after sensory measurements
at 350 °C.

The peaks appearing at approx. 685 and 797 cm™! can imply several phases such as triclinic,
tetragonal, or orthorhombic and therefore cannot be used to distinguish among them. However,
the peak observed at 704 cm™~! in annealed 200 ps, 500 us, and DC films corresponds exclusively to the
monoclinic phase [32-34]. The monoclinic phase is also indicated by the shift of the peak at 797 cm™!
towards 803 cm ™!, which can also be observed for the 200 ps and 500 us films. The spectrum of the
annealed 500 ps film also shows peaks at 322 and 368 cm ™! which can be attributed to lower stretching
modes of the triclinic phase [31,35]. These two peaks are also visible in the spectrum of the 800 ps film.

3.3. Sensory Response and Discussion

To characterize the sensory characteristics of the prepared films, the specimens were assembled as
conductometric gas sensors and exposed to various concentrations of hydrogen gas in synthetic air at
various temperatures. Firstly, the films were kept and measured at the highest examined temperature
(350 °C) until the response was stable. This was demonstrated for the 500 ps film in Figure 6a where the
response is stabilized after approx. 5 h (reaching 99% of the steady value) of the cycling of clean air and
1% of hydrogen. After the stabilization, the lower working temperatures were tested. The dependency
of the sensitivity of selected films on working temperature is plotted in Figure 6b. The highest stable
response was achieved at around 190 °C for all films. For the temperature at 350 °C, there is a visible
increase of sensitivity for all films, which can be attributed to the onset of the thermal dissociation of
hydrogen. The optimal temperatures (with the highest response) for particular specimens vary slightly
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but do not differ much from 190 °C. Therefore, it is possible to compare the response of the investigated
films at 190 °C, where the response approaches the maximum values for all investigated films.
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Figure 6. (a) Stabilization of the 500 ps film at 350 °C. The hydrogen in the concentration of 1% was
cycled with a period of 5 min until the response was stable after approx. 5 h. (b) Sensitivity to 1% of Hp
for selected films at various temperatures.

A time dependence of the relative response (R;/Rg) to a sequence of various hydrogen
concentrations at a temperature of 190 °C is displayed in Figure 7. Here, one can compare the
response of all films to the same amount of hydrogen. The highest response is plotted for 500 s, 50 ps,
and DC films; 100 us and 200 ps films exhibit lower responses, and 800 us film does not respond to
hydrogen at all.
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Figure 7. Relative response of all investigated films to the sequence of various hydrogen concentrations.

The presented data in Figure 7 corresponding to expositions to 1% of hydrogen were fitted with
a sum of two exponential decays [26], and the sensitivity was calculated according to Equation (1).
The obtained numerical values are summed up in Table 1.

Table 1. Important properties of the prepared films sorted by the acquired sensitivity to 1% of hydrogen.
The stoichiometry of as-deposited films [O]/[W] is to be considered with an absolute error of 0.09 (based
on the estimated errors of EDS analysis). The sheet resistance was measured at 190 °C in synthetic air.

. Sensitivit Crystallinity after . Sheet Resist. As-Deposited Response
Film Ra/Rg Y 1‘yAnnealiflg Crystalline Phases (Q/sq) Stoichfometry TinI:e (s)
500 ps 60 moderate monoclinic (triclinic) 34x108 2.76 10
50 ps 17 moderate tetragonal + monoclinic 7.3 x 10° 3.01 38

DC 10 moderate tetragonal + monoclinic 1.2 x 10° 2.94 70
100 ps 338 low tetragonal + triclinic 1.7 x 10° 3.07 113
200 ps 2.0 low triclinic (monoclinic) 2.0 x10° 292 106
800 pus - high triclinic (monoclinic) 6.3 x 102 2.15 -
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The largest sensitivity is found for the 500 ps film, which exhibits almost pure monoclinic structure.
The other two well-performing films (50 ps and DC) also show an evidence of the presence of the
monoclinic phase, but the major phase remains tetragonal. One can identify a trend that the more
crystalline is the film (and the more monoclinic), the higher sensitivity is achieved. This trend is
also corroborated by poorly responding 100 us and 200 ps films, whose crystallinity is low. Finally,
the 800 ps film is well crystalline but of a very high conductivity. A possible explanation is that only the
upper part of the material (most probably the very surface) oxidizes into crystalline trioxide. The rest
of the material remains sub-stoichiometric and so with a high conductivity. Since the material is
measured as a thin film, the total resistance is low, and the trioxide portion of the material does not
affect the resistance and so the sensitivity of the film considerably.

The findings concerning crystalline phases are in good agreement with the works in
References [36,37], where different crystalline structures of tungsten trioxide lead to considerably
different responses. Here, the advantage is that the films were prepared just by a small variation of the
power supply settings, which ends up in a possibility to control the stoichiometry.

One may also correlate the sensory response with the electrical resistance of the films. In Table 1,
it is seen that the best-performing films are those with the highest resistance. A variation of resistance
in oxides such as WOj is strongly connected with the concentration of oxygen vacancies. It has been
shown that the oxygen vacancies play an important role in enhancing the performance of tungsten
oxide material based sensors [38,39]. Nevertheless, the amount of oxygen vacancies must not prevent
the proper crystallization, which is also important for the sensory response.

In our case, it was impossible to prepare the monoclinic phase directly in the as-deposited state.
However, the prepared stoichiometry ([O]/[W] = 2.76 + 0.09) of the 500 ps film was shown to be
appropriate for providing a possibility to evolve the monoclinic structure during the stabilization
and oxidization of the film at 350 °C in air and thus to form a film with a high resistance. In contrast,
the 800 us film was too sub-stoichiometric (2.15 + 0.09) to reform completely into a trioxide crystalline
film. The over-stoichiometry (3.07 £+ 0.09) of the 100 us film prevented it from transforming the
crystalline structure at a relatively low annealing temperature. The stoichiometry (3.01 + 0.09) of
the 50 ps film and the light sub-stoichiometry (2.94 + 0.09) of DC film provided a possibility for the
formation of the monoclinic phase, but still the major phase remained tetragonal (see Figure 4). In the
case of the 200 ps film, there is probably only a small portion of the material that can be reformed to
the monoclinic phase, so the material responds to hydrogen, but not ideally.

Since the amount of the Pd particles and their shape are similar for all films, we deliberately
exclude it from the discussion on the differences in the sensory behavior of individual films. However,
it is indisputable and should not be forgotten that the catalytic effect of palladium is crucial for the
sensory response of the films (Pd-free films do not sense, not shown), and Pd is fully responsible for
lowering of the working temperature.

The focus of this work was to present a possibility of preparing hydrogen sensing films using
the benefits of an environmentally friendly magnetron sputtering technique such as HiPIMS at low
temperature. To conclude the discussion, we append Table 2 including similar architectures combining
tungsten trioxide and noble metals (Pd or Pt) published in the literature. Most of the works have similar
values of sensitivity but, for a few times, a lower hydrogen concentration. However, the sensitivity
cannot be evaluated as a single parameter, and the table is presented to show that the response of
our films is in a similar order. It should be noted that all of these materials were prepared mostly by
wet processes such as sol-gel [40], screen-printing [3], etc. As one can see, the sensitivity of our best
films is comparable to those that were usually prepared at higher temperatures. In our case, it was
not necessary to sinter and/or anneal the material at higher temperatures and the best results were
achieved when the specimens were deposited at 200 °C and stabilized at 350 °C. These conditions are
closer to the application of hydrogen sensing films on temperature-sensitive substrates such as plastics.
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Table 2. Comparison table of published materials combining tungsten trioxide with palladium or
platinum. The appropriate definitions of sensitivity are noted for individual works.

Sensitivity Temperature, Concentration,

Material Response Definition °C ppm References
WOj; thin film 5 S =Ra/Rg 150 250 [40]
Pd-WO; nanocomposites 19 S =(Ra — Rg)/Rg 200 200 [41]
Pt-WOj thin film ~5 S =(Ra — Rg)/Rg 400 500 [42]
Pd-Graphene QDs on WOj3 thin film 1.12 S =(Ra — Rg)/Rg 150 3600 [4]
Pt-WOj3; nanowires 20 S =Ra/Rg 200 100 [43]
Pd-WOj3; nanolamellae 69 S =(Ra - Rg)/Rg 180 200 [3]

Pd-WO; 12 S =Ra/Rg 190 2000 This work

Pd-WO3 60 S =Ra/Rg 190 10,000 This work

4. Conclusions

In this work, we demonstrated the suitability of a low-temperature (200 °C) synthesis of WO3_y
films by using the reactive high-power impulse magnetron sputtering technique. By changing the pulse
length only, we were able to prepare the films with various stoichiometry and structure. Subsequently,
the WO3_ films were decorated by Pd particles and stabilized at 350 °C in air.

We showed that the stoichiometry affects not only the as-deposited structure but plays an important
role in the structure of the stabilized films. While the crystalline or nanocrystalline films with the
stoichiometry close to 3.0 are relatively thermally stable without significant changes in the structure
during the stabilization, the amorphous films with the higher level of the sub-stoichiometry further
oxidize and form well crystalline structures during the stabilization. The type of WO3 phase is then
a key factor determining the performance of the sensor to hydrogen. Particularly, the film with a
stoichiometry of 2.76 + 0.09 deposited under proper conditions by reactive HiPIMS crystallizes into
the monoclinic structure during the stabilization at 350 °C in air and exhibits enhanced sensory ability
to hydrogen than other crystalline phases (higher sensitivity).

A further development of this synthesis approach would lead to the application of tungsten
trioxide based thin films on various substrates (such as plastics), which cannot withstand common
techniques of synthesis at high temperatures. A further improvement of a direct deposition of the
sensing film with the monoclinic WO3 phase is desirable.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1944/13/22/5101/s1,
Figure S1: Binarized SEM micrograph. The Pd particles were masked by Otsu’s method. Figure S2: Histogram of
equivalent radius of Pd particles gained from SEM image analysis.
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5 Conclusions

The main objective of this thesis was to propose and systematically investigate the materials
suitable for gas sensing applications and to find strategies to improve their properties. Along
with the development of WO3 thin film-based gas sensor and enhancing the sensing response
by combining various structures of CuO, Pd/PdO, and CuWO4 materials, the development of
the gas sensitivity testing apparatus was also an important part of this work. The main
achievements which can confirm the fulfillment of all the objectives of this work can be
summarized as follows:

1.

The sensitivity measurement setup described in Section 2.2d) on page 22 has been
successfully developed. The setup is designed by employing the four-point probe
technique, and the routine process to collect the data for hydrogen detection is programmed
at various parameters. A LabVIEW-driven program allows to control the inset values of
temperature with time and also control the concentration of the hydrogen volume percent
in synthetic air. The relative humidity in the gas transport can also be varied by controlling
the flows of dry and humid portions of the air.

The crystallinity in WO3 and CuO is achieved at 400 °C in an Ar:O> ratio 1:4 and 1:2,
respectively. The WO3 and CuO films were deposited by reactive sputtering technique in
the DC and RF regime, respectively, in a two-step deposition process to synthesize CuWO4
on the WO;3; or CuO backbone layer (Chapter 4 Sections B and C). Furthermore, the
deposition temperature for crystalline WO3 films is reduced to 200 °C by employing
HiPIMS (Chapter 4 Section E). The important result is that WO3 can be easily deposited
by HiPIMS on substrates that cannot stand higher deposition temperatures.

The results presented in Chapter 4 Section D demonstrate the successful implementation of
a combined model for the ionization region of plasma discharge and model for the reactive
HiPIMS. The change in the average power density varies the deposition rate and the oxygen
content in the WOs.x films. The long length of the voltage pulse results in lower oxygen
content, while the short pulse gives a higher oxygen content in the WO3.x films probably
due to the rarefaction of oxygen due to the sputtering wind. The change in the voltage pulse
length results in various crystalline structures with different stoichiometries (Chapter 4
Section E). The crystalline phases and structure evolve further after stabilizing the films at
350 °C 1n air. The amorphous sub-stoichiometric films with a higher metal content further
oxidize during stabilization and form a well-crystalline structure.

Various combinations of MOS such as CuO nanoclusters with WO3, CaWO4 with WO3—,
Pd, CuWO4, with CuO, and Pd nanoparticles with WOj3 are studied to improve the sensing
response towards H> gas. The WO3 films were decorated with various densities of CuO
nanoclusters and the sensing response to Hz detection is significantly improved (Chapter 4
Section A). P-type CuO nanoclusters and N-type WOs3 films formed a nano-sized PN
junction at the interface which tuned the conductive channel of the WO; film. The
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sequential deposition of CuO on WO3-, at 400 °C leads to the formation of CuWO4
nanoislands on WOs-, film. The sensing response improved due to the formation of an NN-
type heterojunction at the CuWO4/WO3-, interface (Chapter 4 Section B). Similarly, in the
case of CuWO4/CuO in Chapter 4 Section C, the sensing response is better than pure CuO
and WOs3 and is further enhanced by deposition of Pd nanoparticles and PdO nanoislands
on CuWO4/CuO bilayers.

The operating temperature of the gas sensor is lowered significantly (Chapter 4 Sections C
and E). The optimal temperature for the best sensing response is reduced to 150 ° C by
loading the films with Pd nanoparticles that work as a catalyst on the surface of the WO3y
films (Chapter 4 Section E) and CuWO4/CuO films (Chapter 4 Section C). Some of the
samples respond even at 50 °C but the response is comparably low.

The influence of humidity is reduced by adding Pd on CuWO4/CuO bilayers (Chapter 4
Section C). The response decreased after adding Pd but the humidity does not affect the
sensing response, i.e., the response to Hy is equalized in dry and humid environments at a
lower temperature. This combination of materials fulfilled the fifth objective of the thesis.
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