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Abstract: Thin films of copper oxide (CuxO), titanium oxide (TiOx), and several mixtures of copper
and titanium oxides ((CuTi)Ox) were deposited using magnetron sputtering. X-ray diffraction anal-
ysis of the as-deposited TiOx thin film revealed the presence of TiO crystallites, while in the case of
(CuTi)Ox with the lowest amount of copper, metallic Cu crystallites were found. In the case of
(Cuo.77Ti0.23)Ox and CuxO thin films, characteristic peaks for metallic copper and copper oxides were
observed in their diffractograms. It was found that post-process annealing at 473 K considerably
affects the microstructure of (CuTi)Ox thin films. After annealing, anatase phase was observed in
(Cuo.23Ti0.77)Ox and (Cuo.41Ti0.59)Ox thin films. In turn, the (Cuo.77Ti0.23)Ox and CuxO films were
formed only in the copper oxide phase. The (Cuo.77Ti0.23)Ox film annealed at 473 K showed the best
opto-electronic performance, as it had the highest transmission and the lowest resistivity. However,
the greatest advantage of this thin film was the p-type semiconducting behavior, which was the
strongest of all of the thin films in this work, as indicated by the measurement of the Seebeck coef-
ficient. All deposited thin films were sensitive to hydrogen exposure, while the best sensor response
of 10.9 was observed for the (Cuo.77Tio.23) Ox thin film annealed at 473 K.

Keywords: thin film; transparent oxide semiconductor; copper-titanium mixed oxides; magnetron
sputtering; p-type semiconductors; optical and electrical properties; gas sensor

1. Introduction

Over the decades, there has been a steadily growing interest in metal oxides as ma-
terials for gas sensors, transparent electronics, lithium-ion batteries, solar cells, and self-
cleaning or electrochromic coatings [1-6]. The reasons for such a high interest include the
relatively low cost of metal oxides, the ability to create an extensive surface area with
respect to the volume of the material, and the catalytic efficiency. In addition, the deposi-
tion technologies of such oxides in the form of thin films are compatible with production
technology such as MOS [7], which makes it possible to easily integrate various oxide-
based active devices, such as sensors, with electronics circuits in a single device. Copper
and titanium oxides are nontoxic compounds commonly found in the Earth’s crust. They
exhibit many interesting optical, electrical, and chemical properties that can be custom-
ized due to their different application areas, e.g., high optical transmittance, semiconduct-
ing properties, and photocatalytic properties [8,9].

There are two stable forms of copper oxide: cuprous oxide (Cu20) and cupric oxide
(CuO) [10]. The former has a cubic crystal structure and the latter crystallizes in the mon-
oclinic phase. The band gap of copper oxides (CuxO)—depending on the oxide form—is
in the range of 1.2-2.1eV and 2.1-2.6 eV for CuO and Cu:0, respectively [10]. Such narrow
band gaps make them promising materials for solar energy conversion [11]. Moreover,
CuxO can be an interesting material for gas sensing applications [8,12] or for transparent
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electronic devices [3,13] since both copper oxides are well-known p-type oxide semicon-
ductors. Their hole-type conduction is due to the presence of negatively charged Cu va-
cancies. The great advantage of Cu20 is one of the highest reported hole mobility (exceed-
ing 100 cm?/Vs), which is caused by its unique band structure. Unlike other metal oxides,
the valence band of the cupric oxide is formed of hybridized Cu 3d and O 2p orbitals that
leads to the creation of a less localized hole transport pathway [14-16].

One of the simplest methods to obtain CuxO thin films is thermal oxidation of metal-
lic copper foil. Annealing at 473 K initiates partial oxidation of Cu20, a further increase in
temperature to 573 K results in the formation of a mixed phase of Cu20 and CuO, and
finally above 623 K, a single cupric oxide is formed [8].

On the other hand, titanium dioxide (TiO2) is a well-known photocatalyst [4,17]. It
may crystallize in two stable tetragonal forms, anatase and rutile. A moderately wide
band gap of 3.0-3.4 eV contributes to excellent transparency in the visible wavelength
range. However, in the case of optoelectronic applications, an improvement of electrical
parameters is necessary [3] as stoichiometric titanium dioxide at room temperature is an
insulator [18]. The deposition of non-stoichiometric oxide with oxygen vacancies that
cause intrinsic n-type semiconducting behavior could be one of the methods for modifi-
cation of electronic properties. Therefore, the combination of good optical properties of
titanium oxide with p-type conduction of copper oxides could result in formation of an
attractive material for optoelectronic application.

For the production of technologically advanced transparent electronic devices or for
the practical realization of such a sensor device as an electronic nose, it is necessary to
combine p-type and n-type oxides. Recently, n-type metal oxides such as SnO: or In20s
have been successfully applied in commercial electronic devices, but their p-type counter-
parts still lack performance. Therefore, the development of p-type semiconducting metal
oxides is still a strategic issue. The (CuTi)Ox thin films appear to be one of the most at-
tractive systems. For example, Mor et al. [15] successfully manufactured the (CuTi)Ox(p)-
TiOz(n) junction and showed that (CuTi)Ox, depending on the copper concentration, it
can possess n-type properties for the lowest copper concentration [15] and p-type proper-
ties when the amount of copper increases [3,19]. Likewise, the optical properties of mixed
copper and titanium oxide depend on the concentration of copper oxides [20]. However,
it is possible to produce transparent [3] or semitransparent [13,20] semiconducting
(CuTi)Ox thin films called transparent oxide semiconductors (TOS). Furthermore, the
aforementioned p-type composite system exhibits gas sensing properties to NO2, Os, Clz,
H>, CH3COH, and Clz at moderate working temperatures [21-23] and the interactions be-
tween the sensor surface and the gas can be advantageously altered by doping with Li
[22] or Au [23]. Barreca et al. [23] reported that the addition of titanium oxide can improve
the performance of copper oxide as an electrode for lithium-ion batteries. Incorporation
of CuxO into the TiO: matrix improved photocatalytic activity in the case of pollution de-
composition [24-27] including CO: reduction [28] and hydrogen generation in the pho-
toinduced water splitting process [15,29-32]. Antimicrobacterial studies show that copper
addition to TiO: has a positive effect in reducing bacterial (e.g., E. coli) viability [2,33]. In
turn, the fabrication of coatings with gradient elemental distribution resulted in the for-
mation of copper-reach regions of (CuTi)Ox, which acted as a semiconducting material,
and copper-poor regions, which acted as an insulating material. This structure exhibited
memristive properties without the necessity of depositing multilayer structures [19,34,35].

Mixed copper and titanium oxides have recently been prepared by microwave-as-
sisted synthesis [24], ion beam sputtering [21,36], anodization of Cu-Ti films deposited by
magnetron sputtering [15], low pressure CVD [23,37], or sol-gel [30,38]. In our previous
works [3,19,34,35], preparation of (CuTi)Ox thin films using magnetron sputtering has
also been described. In this paper, we propose a two-step preparation route: (1) deposition
of not fully oxidized thin films using magnetron sputtering method and (2) additional
post-process annealing at 473 K for tailoring of the thin film properties. To our knowledge,
the composite material of mixed copper and titanium oxides with such a variety of copper
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concentrations (23-77 at.%) has never been thoroughly analyzed. The aim of the work was
to obtain material with good optoelectronic properties, which is not an obvious task, since
enhancing the electrical properties usually results in deterioration of the material’s trans-
parency. The idea was to obtain a composite material in which one component possesses
excellent transparency and the other is a desirable p-type oxide semiconductor, in order
to enhance the dominance of the hole conduction type in the material, lowering its resis-
tivity, while obtaining moderate transparency. Furthermore, results of investigations of
the prepared sensor response to hydrogen have been demonstrated at a low operating
temperature of 473 K.

2. Materials and Methods

The copper and titanium (CuTi)Ox mixed oxides thin films were deposited by the
magnetron co-sputtering method using two circular titanium targets (99.999%) and one
copper target (99.999%), each with a diameter of 28.5 mm and a thickness of 3 mm. A
constant flow of argon and oxygen was provided during the deposition process, acting as
the working and reactive gases, respectively. The amount of oxygen in the Ar — Oz gas
mixture was equal to 15%. The base pressure was on the order of 10~ mbar, while the
pressure in the vacuum chamber during the sputtering was kept at approximately 1.25 x
102 mbar. The magnetrons were powered using an MSS2 2 kW pulsed DC power supply
unit (DORA Power System, Wilczyce, Poland). The power applied to each magnetron was
a decisive factor in obtaining thin films with various material compositions, i.e., the cop-
per-titanium ratio. The most crucial deposition parameters are summarized in Table 1.

Table 1. Summary of the main process parameters for magnetron co-sputtering deposition of copper
oxide (CuxO), titanium oxide (TiOx), and mixed copper and titanium oxides (CuTi)Ox

Deposition Power Applied to Targets (W) Distance between Magne- Pressure of Ar+ O:zin

Thin film Rate Ti Cu Ti trons and Substrate Holder the Vacuum Chamber Trlﬁf:rlzflsl;(ziil)e
(A/s) (cm) (102 mbar)

TiOx 45 590 - 465 540
(Cuo.23Ti0.77)Ox 5.7 560 70 520 620
(Cuo.41Ti0.59)Ox 6.3 525 140 580 10 1.95 570
(Cuo.56T10.44)Ox 8.1 505 140 550 580
(Cuo.77Ti0.23)Ox 4.8 250 250 260 430

CuxO 29 - 255 - 430

No additional heating or electrical biasing of the substrate was used during the dep-
osition. However, after the deposition process, (CuTi)Ox samples were additionally an-
nealed in an air ambient at 473 K for 4 h. Thin films deposited on fused silica (5iOz) were
used for structural and optical investigations, while scanning electron microscopy and
energy-dispersive X-ray spectroscopy were performed for thin films deposited on n-type
silicon substrates. For electrical measurements, ceramic substrates with interdigitated
platinum-gold electrodes were used. The thickness of the thin films was measured using
the Taylor Hobson optical profilometer (Talysurf CCI Lite, Leicester, UK) and was in the
range of 430 to 620 nm.

The structure of the thin films was investigated by X-ray diffraction in the grazing
incidence mode (GIXRD) using an Empyrean X-ray diffractometer (PANalytical, Malvern
UK) with a PIXel3D detector. The diffraction pattern was collected in the 20 range of 20
to 80° using Cu Ka radiation (A = 1.5406 A). By comparing the obtained pattern with PDF
cards (Cu #04-0836 [39], Cu20 #65-3288 [40], CuO #65-2309 [41], TiO #65-2900 [42], anatase
#21-1272 [43]) a phase structure was determined. With the aid of MDI JADE 5.0 software,
the average crystallite size was calculated using Scherrer’s equation [44].

The morphology and elemental composition were investigated using the SEM/Ga-
FIB FEI Helios NanoLab 600i scanning electron microscope (FEI, Hillsboro, OR, USA)
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equipped with the energy dispersive X-ray spectrometer (EDS). Surface SEM imaging was
expanded to cross-sectional profile studies.

The optical measurement workstation consisted of Ocean Optics QE 65000 and NIR
256-2.1 spectrophotometers (Ocean Optics, Largo, FL, USA) and a coupled deuterium—
halogen light source. The transmission coefficient was determined from transmittance
spectra measured in the wavelength range of 250 + 2000 nm. The average transmission
was evaluated by calculating the integral in visible wavelength range of 380 to 760 nm
and in near infrared wavelength range of 760 to 2000 nm, while the position of the funda-
mental absorption edge was designated by fitting the descending to zero linear part of the
transmission characteristic.

For electrical characterization, a M100 Cascade Microtech probe station (Cascade Mi-
crotech, Beaverton, OR, USA) and a Keithley SCS4200 system were used. Current—voltage
characteristics were measured in a shielded Faraday cage at room temperature. Measure-
ments were performed for temperature changing from 303 K to 353 K that allowed us to
determine the activation energy. Thermoelectric characteristics were obtained using the
FLUKE 8846A voltmeter (Fluke, Everett, WA, USA) and the Instek mK1000 temperature
controller (GW Instek, Taipei, Taiwan). For the determination of the Seebeck coefficient
[45] a temperature gradient (AT) between ‘hot” and “cold’ electrical contacts was applied
in the range from 0 to 50 K, as the ‘cold” contact was kept at room temperature. The See-
beck coefficient (Sc) was calculated according to Equation (1) and the conduction type was
evaluated based on the sign of the obtained values:

5. Jim, 57 o
where S. is the Seebeck coefficient, AU is the difference in thermoelectric voltage, and AT
is the temperature gradient.

Furthermore, the gas sensing properties of annealed (CuTi)Ox thin films were inves-
tigated for 3.5% of H: diluted in Ar. Measurements were performed in a self-assembled
system equipped with an Agilent 34,901A data acquisition system; Instec mK1000 tem-
perature controller; and a mass flow controller. Before injection of Hz, the thin films were
heated on a heating table to an operating temperature equal to 473 K and stabilized in an

air environment for an hour.

3. Results
3.1. Microstructure and Morphology

Figure 1 presents results of X-ray microanalysis investigations for as-deposited thin
oxide films of copper (CuxO), titanium (TiOx) and of four oxide mixtures with various
concentrations of copper and titanium ((CuTi)Ox). As one can see, in the energy range of
4 to 10 keV only TiKa, TiKp peaks were recognized in the spectrum attributed to the TiOx
thin film and only CuKa and CuKg peaks were found in the CuxO spectrum. Furthermore,
as the copper concentration increased, the ratio of CuKa to TiK« increased simultaneously.
The atomic content of copper in the thin films of oxide mixtures was estimated to be 23
at.%, 41 at.%, 56 at.%, and 77 at.%. The distribution maps of Cu, Ti, and O presented in
Figure 1b show a homogeneous dispersion of each element in the thin films. A decisive
factor in obtaining various elemental compositions in the deposited thin films was a
proper regulation of the sputtering power supplying of each magnetron. Figure 2 presents
the copper concentration in the thin film as a function of the ratio of the sputtering power
at the Cu target (Pcu) to the total power at the three targets (Pcu + Pri). As expected, the
increase in the Pcu/(Pcu + Pri) ratio resulted in a higher amount of copper in the thin film.
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Figure 1. Results of X-ray microanalysis investigations for as-deposited copper and titanium oxide
thin films: (a) EDS spectra and (b) maps of elemental distribution of mixed oxides.
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Figure 2. Dependence of copper content in as-deposited thin films on the power ratio Pcu/(Pcu + Pri)
applied to magnetrons with Cu and Ti targets.

The morphology of the deposited thin films was investigated using scanning electron
microscopy. The elemental composition strongly affects the morphology of the thin films,
as can be deduced from the SEM images presented in Figure 3. The surface of the as-de-
posited TiOx thin film was relatively smooth with some visible voids. The cross-sectional
image revealed that it was composed of densely packed columnar grains. In contrast, the
morphology of oxide mixtures with the 23, 41, and 56 at.% of copper differs significantly
from TiOx, as the columnar character changed to elongated and coarse grains. The surfaces
were relatively flat and crack-free. Furthermore, single nanowires were formed at the top
of (Cuo.23Tio.77)Ox. It is worth mentioning that when the copper content increased to 77
at.%, the morphology of oxides changed considerably. The grains were bulb-shaped,
smaller at the bottom, and widen upward. Each bulb-shaped grain had a granular surface
that resembles cauliflower. Such a grain shape resulted in the largest active surface of all
of the as-deposited thin films, which is highly desirable in the case of photocatalytic ac-
tivity or gas-sensing properties [23]. Compared to other thin films, (Cto.77Ti0.23)Ox had the
largest grains of ca. 250-300 nm and intergrain spaces (voids). The surface of copper oxide
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thin film was more homogeneous, the grains were still clearly visible, but the voids be-
tween them were smaller. Furthermore, the shape of the grains was also different—that
is, they were elongated, granular, and more densely packed as compared to the oxide
mixture with 77 at.% Cu.

TiOx _ (Co.zsﬂu.ﬂ)“:'x _ fc“o..ulo,ss)

P

BE Jypmi. g

-

b um. g

Figure 3. Scanning electron microscopy images of the surface and cross-section of as-deposited and
annealed at 473 K TiOx, (CuTi)Ox, and CuxO thin films.

After annealing at 473 K, no significant changes occurred on the surface of the TiO«x
thin film, but thermal oxidation considerably influenced the morphology of the oxide mix-
tures. It can be clearly seen from the cross-sectional images of the annealed thin films con-
taining 23, 41, and 56 at.%, that at the bottom the elongated grains grow perpendicularly
to the substrate surface, while close to the surface, they became grainy and rough. In
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addition, the grainy, sponge-shaped structure was thicker as the amount of copper in the
thin film increased. The thin films were made up of grains smaller than 100 nm. The
(Cuo.77Tio.23)0Ox was spongy in nature throughout its thickness. There were apparent inter-
layer voids of various shapes and sizes. For annealed CuxO thin films, the structure re-
mains porous. However, the vertical orientation of the grains was favorable. Furthermore,
the voids were smaller and uniformly distributed.

XRD analysis was performed to determine the structural properties of the prepared
thin films (Figure 4a). In the diffraction pattern of the TiOx thin film, three characteristic
peaks attributed to the (111), (200), and (220) planes of the TiO phase were observed, while
no characteristic peaks of TiO:z anatase or rutile were found. The size of the crystallites of
the TiO phase was in the range from 4.9 to 11.8 nm, as calculated according to Scherrer’s
formula (Equation (2)):

kA
b= B cos6 @)
where k = 0.89 is the shape factor, A is the CuK« X-ray radiation wavelength (1.5406 A), B

is the full width at half maximum intensity of the peak (FWHM), and 0 is a diffraction
angle.
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Figure 4. X-ray diffraction patterns of (a) as-deposited and (b) annealed at 473 K (CuTi)Ox thin films.

In each diffractogram of the copper and titanium oxide mixtures, a peak occurring at
20 =42.7° is associated with the metallic copper (111) lattice plane. As the amount of cop-
per in the thin film increased, the character of this peak changed significantly from very
wide and poorly defined to sharp and intense. The crystallite size of the Cu (111) phase
varied from ca. 3.0 to 13.4 nm. For (Cuo.77Ti0.23)Ox thin film, in addition to the most domi-
nant Cu (111) peak, reflections from Cu (200), (220), Cu20 (111), and CuO (111) were de-
tected. The Cu20-cubic phase was characterized by the smallest crystallite size, which was
equal to 5.1 nm, since the peak was broad, while metallic copper crystallites were equal to
13.4 nm. The copper oxide thin film consisted of the same metallic Cu peaks, but they are
less intense, and the crystallite size was considerably smaller. In addition to the most in-
tense peak of Cu20 (111), there are also weaker reflections of Cu20 (110) and Cu20 (220)
observed at 20 =29.88° and 61.86°, respectively. Furthermore, a peak centered at 33.1° was
attributed to the crystalline phase of CuO (110). However, as the titanium concentration
in the thin films of oxide mixtures was decreasing, the copper was more oxidized.

Post-process annealing at 473 K did not significantly affect the TiOx thin film micro-
structure. The sample was still mostly amorphous in nature, but a TiO crystalline phase
was observed. The most intense peak was attributed to the (200) crystal plane. Moreover,
the crystallite size remained similar (ca. 5 nm) to that before annealing. Thermal oxidation
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of the thin films of oxide mixtures with a Ti content greater than 50% resulted in crystal-
lization of the anatase. A strong peak of the anatase crystal plane (101) was found at 20 =
25.2°, but when the amount of copper exceeded that of titanium, no anatase phase was
observed. Similarly to the as-deposited thin films, the metallic copper reflections from the
(111) plane was found in the diffractogram of the annealed thin films containing 23 at.%,
41 at.%, and 56 at.% of Cu; however, the intensity of the peaks decreased. Furthermore,
characteristic Cu2O peaks were found in addition to metallic copper, suggesting that an-
nealing at 473 K causes oxidation of the metallic Cu to Cuz20. It should be emphasised that
in the (Cuo.77Ti0.23)Ox thin film, the phase transition was completed, as no Cu peaks were
observed. The (111) crystal plane was the most preferable orientation for Cu20 and was
observed at 20 = 29.63° and its intensity increased with increasing amount of copper in
the thin film. The diffraction pattern of the thin films with the highest copper concentra-
tion additionally consisted of Cu20 peaks corresponding to the (110), (200), (220), (311),
and (222) planes. All cuprous oxide crystallites were smaller than 13 nm. Moreover, a mi-
nor phase of CuO was also detected. The results of the X-ray investigations are summa-
rized in Table 2.

Both copper and titanium strongly affect the crystal structure and the oxidation state
in the oxide mixtures, as in as-deposited and annealed thin films. With decreasing amount
of titanium, the phase transformation process from Cu to Cu20 and finally to CuO is more
advanced. This can be explained by the fact that Ti exhibits high affinity to oxygen and,
consequently, a high Ti concentration limits the oxidation of copper [46-48]. In turn, after
post-process treatment, the peaks from the anatase phase were observed only in the oxide
mixtures with the lowest copper concentration (23 at.% and 41 at.%), confirming that the
high concentration of copper hinders the crystallization of anatase or rutile [13,20,33,49].

Table 2. Summary x-ray diffraction structure analysis of as-deposited and annealed (CuTi)Ox thin
films

Thin Film As-Deposited Annealed at 473 K

Phase hkl D (nm) Phase hkl D (nm)

. noo 18 TiO 200 54

TiOx TiO 200 5.3 TiO 220 45

TiO 220 4.9

TiO2—anatase 101 19.1

(Cuo0.23Ti0.77)Ox Cu 111 3.1 Cu20 111 54

Cu 111 4.8

TiO2—anatase 101 26.5

(Cuo.41Ti0.59)Ox Cu 111 2.9 Cu20 111 8.4

Cu 111 5.8

Cu20 111 10.7

(Cuo.56Ti0.44)Ox Cu 111 3.1 Cu0 200 9.5

Cu 111 214

Cu20 111 5.1 Cu0 110 12.2

CuO 111 20.0 Cu0 111 8.2

. Cu 111 134 CuO 111 17.3

(Cuo7Tioz)Ox Cu 200 12.8 Cw0 200 7.2

Cu 220 13.6 Cu0 220 7.7

Cu0 311 6.3

Cu20 110 8.5 Cu20 110 12.1

CuO 110 9.0 Cu0 111 11.1

Cu20 111 6.1 CuO 111 13.4

CuO Cu 111 4.6 Cu0 200 8.8

Cu 200 5.3 Cu0 220 8.8

Cu0 220 4.7 Cu0 311 8.5

Cu 220 5.0 Cu20 222 10.8
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(a)

3.2. Electrical and Optical Properties

The type of electrical conduction was determined by observation of the sign of the
Seebeck coefficient (Sc) calculated from the thermoelectrical power measurements (Figure
5). A positive sign of the Sc indicates the hole type of conduction, while the negative value
testifies about electron type of electrical conduction. The TiOx thin film exhibited the
strongest n-type properties of all as-deposited thin films and the Seebeck coefficient was
equal to -25 uV/K. The S. value gradually increased as the amount of copper in the thin
film increased and the change in the type of conduction was observed when the copper
concentration exceeded 56 at.%. The thin films with the highest copper content were char-
acterized by weak p-type conduction. For the CuxO thin film, the Seebeck coefficient was
equal to +6.1 uV/K. Post-process annealing significantly influenced the conduction type
of thin films consisting of crystalline copper and copper oxides, as samples were charac-
terized by a hole type of electrical conduction (Figure 5c). Furthermore, it should be noted
that the studies of copper and titanium oxide mixtures annealed at 473 K have shown that
the Seebeck coefficient of the (Cuo.56Ti0.44)Ox and (Cuo.77Ti0.23)Ox thin films was signifi-
cantly higher compared to CuxO thin film for which the S. coefficient was +245.1 pV/K.
Copper oxides are well-known semiconductors with strong p-type properties [10], while
TiO:z is reported to be an n-type semiconductor [18]. When it comes to mixed copper-tita-
nium oxides phase, Mor [15] et al. showed for Cu-Ti-O nanotubes fabricated by anodiza-
tion of Cu-Ti films that the conduction type depends on the copper concentration. The
sample with a Cu:Ti ratio equal to 24:76 was characterized by n-type conduction, while
for ratios of 60:40 and 74:26, the samples were p-type semiconductors.

(b)
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Figure 5. Thermoelectric characteristics of: (a) as-deposited, (b) annealed at 473 K (CuTi)Ox thin
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Investigations of electrical properties were extended with measurements of the cur-
rent-voltage characteristics, performed at room temperature and at elevated temperature
(from 303 to 353 K). For all samples, the characteristics were linear and high repeatability
was observed. Based on the Arrhenius formula (Equation (3)) and the slope of the fit of
log (p) = £(1000/T) plot, the activation energy was calculated from

p = po€xp (i—;) 3)

where k is the Boltzmann constant and T is the temperature.

The obtained electrical parameters are presented in Table 3. With the increase in the
copper concentration in the thin film, the resistivity of the (CuTi)Ox gradually decreased
and for thin films with 56 and 77 at.% of Cu was equal to 2.5-102 and 3.0-10 Q cm, re-
spectively (Figure 6). Annealing at 473 K caused an increase in the resistivity by ca. three
orders of magnitude for all thin films except (Cuo.77Ti0.23)Ox for which the resistivity in-
creased almost four orders of magnitude. The resistivity of the TiOx sample after thermal
treatment was 3.8 x 10° QO cm. Titanium monoxide is generally perceived as an excellent
conductor with a resistivity value in the range of 10-10-° Q cm [50-53]. However, there
are also reports showing that the resistivity value of nanocrystalline TiO can be as high as
105 QO cm [54]. Therefore, the resistivity value obtained in this work falls within the wide
range reported in the literature, while its quite high value may be explained by a large
amount of the amorphous phase present in the thin film, as evidenced by the low intensity
of the peaks visible in the XRD (Figure 4). The CuxO and (Cuo.23Tio.77)Ox thin films after
annealing had a resistivity equal to ca. 7 x 102 Q) cm. The addition of 41 at.% of Cu caused
a decrease in p by an order of magnitude compared to the TiOx sample. A further increase
in the Cu content resulted in a gradual decrease in resistivity, which was equal to 41.5 Q
cm and 28.1 Q ecm for (Cuo.s6Ti0.44)Ox and (Cuo.77Ti0.23)Ox.

10*

10% 5 \

/
/
|
N\

-
o
|

S
2
|

o

Resistivity (Qcm)
a

=
e
!

1072 5 \
—0O— as-deposited

—O—annealed at 473 K
T T T T T
0 23 41 56 77 100
Cu concentration (at. %)

Figure 6. Resistivity changes depending on elemental composition and annealing temperature.

Table 3. Electrical parameters of as-deposited and annealed at 473 K (CuTi)Ox thin films

Seebeck Coefficient (uV/K) Resistivity (Qcm) Ea (eV/K)
Thin Films As-Deposited Am;;;llid at As-Deposited Anz;;lle(d at As-Deposited Annealle<d at 473
TiOx —24.8 - 4.3 3.8-10° 0.12 0.26
(Cuo.23Ti0.77)Ox -19.1 +3.3 3.1-10! 7.4-10% 0.10 0.32
(Cuo.41Ti0.59)Ox -8.6 +146.9 1.1-10! 3.5-102 0.04 0.26
(Cuo.56Ti0.44)Ox -1.6 +262.3 25107 4.2-10 0.00 0.26
(Cuo.77Ti0.23)Ox +2.4 +282.9 3.0-10°3 2.8-10! 0.00 0.29
CuO +6.1 +249.1 6.0-10! 7.1-10% 0.01 0.35
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(a)

Figure 7 presents the dependence of the resistivity vs. the temperature in the range
from 303 K to 353 K. For the thin films with the lowest copper concentration, the resistivity
gradually decreased with increasing temperature, while remaining constant when the Cu
concentration in the film exceeded 50%. Almost no change in resistivity as a function of
temperature indicated the very low activation energy of electrical conduction processes
that might be connected with the presence of metallic Cu species in those thin films.

(b)

W Tiog TiOy
10°4 10°
— S ———V—Vv—V—V | Cu,0 (Cug 23Tip 77)0x
Cu0
c Cug 53T 77)0: c )
£ ClomTorOx ¢ (CgrTig )0
S (ClourTiosOx &
21074 z
z S 10%9
k7 k71
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102 (Cug 77Tig 23)0x
10" 4
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28 3.1 32 33 28 2.9 3.0 3.1 3.2 33
1000/T (K" 1000/T (K"

Figure 7. Temperature dependent resistivity of (a) as-deposited and (b) annealed at 473 K thin
films.

In each case of annealed thin films, the resistivity was found to decrease with increas-
ing temperature. The activation energy was in the range from 0.26 to 0.35 eV/K indicating
the semiconducting nature of the (CuTi)Ox thin films after thermal oxidation.

The optical properties of the (CuTi)Ox thin films were determined on the basis of the
transmission measurements of light in the wavelength range from 250 nm to 2000 nm. All
as-deposited thin films were opaque, which could be the consequence of the low oxygen
concentration during the sputtering process [55], resulting in the presence of metallic cop-
per crystallites in the CuxO and in (CuTi)Ox thin films. In the visible wavelength range,
the transmission of the as-deposited thin films was less than 2%. As can be seen in Figure
8, the post-process thermal treatment strongly influenced the optical properties of the
TiOy (Cuo.77Tio.23)Ox and CuxO thin films as they oxidized and became transparent,
mainly in the infrared region. Moreover, interference fringes began to appear. However,
the samples with 23, 41, and 56 at.% of Cu remained opaque. The absorption edge of the
TiOx thin film was positioned at the cut-off wavelength (Acutotf) equal to 339 nm, while a
redshift to ca. 490 nm was observed for the (Cuo.77Ti0.23)Ox and pure copper oxide films.
This observation is consistent with the data reported for Acut-oft for non-stoichiometric TiOx
and CuxO thin films [56,57]. The average transmittance of TiOx in the visible wavelength
range was equal to 11%, while for the (Cuo.77Ti0.23)Ox and CuxO thin films it was equal to
22% and 27%, respectively. In turn, in the near infrared wavelength range the average
transmittance increased slightly for the TiOx and was equal to 21%, but for the
(Cuo.77Ti0.23)Ox and CuxO thin films it was even ca. 70%.
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Figure 8. Transmission characteristic of thin films annealed at 473 K.

3.3. Hydrogen Gas Sensing

Figure 9 presents the dynamic sensor response of the annealed titanium oxide, oxide
mixtures, and copper oxide thin films exposed to 3.5% hydrogen diluted in argon at an
operating temperature of 473 K. Titanium oxide showed the electron conduction type as
its resistance decreased in the presence of the reducing gas (Hz). The opposite effect was
observed for the (CuTi)Ox and CuxO, indicating that holes were the dominant electrical
charge carriers. Therefore, the conduction type designated on the basis of the gas sensing
characteristics was consistent with the thermoelectric measurements. The sensing mecha-
nism in metal oxide semiconductors is a complex issue as it depends not only on the ma-
terial composition and conduction type, but also on their morphology, grain size, gas con-
centration, operating temperature, and humidity condition [58]. In general, in the case of
metal oxide structures, the dominant role is in adsorption and desorption processes on
the surface of the thin film. In air, oxygen molecules are adsorbed at the surface of sensing
material in the form of Oz, O-, or O depending on working temperature. Temperatures
above 423 K dominate the adsorption of O or O* species [59]. The oxygen adsorption
might follow as in Equations (6) and (7):

Oz (gas) + e« Oz~ 6)

Oz (gas) +2e” <> 20- (7)

Chemisorbed oxygen extracts electrons from the surface, forming an electron deple-
tion layer. For n-type semiconductors, the resistance of the depleted layer is higher than
that of the bulk material, causing the current to follow through the bulk grain. However,
for p-type materials, the opposite phenomenon is observed: the hole accumulation area is
less resistive [6]. The introduction of hydrogen (a reducing gas) causes a reaction with
chemisorbed oxygen according to the equation [60]

Hz (gas) + O~ <> H2O(gas) + e~ (8)

As a result of the interaction of hydrogen with metal oxide, electrons are donated
back to the conduction band, which occurs as an increase in the resistance for p-type ma-
terials and a decrease in the resistance for n-type materials.
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Figure 9. Resistance changes of: (a) TiOx, (b—e) (CuTi)Ox, and (f) CuxO thin films annealed at 473 K
upon exposure to 3.5% Ho.

The sensor response (SR) was calculated as the ratio of the resistance of the thin film
in the air (Rar) to the resistance in the presence of hydrogen (Rm2) for the TiOx thin film
[61] and as the ratio of Rez to Rair for the other thin films. Furthermore, the response and
recovery times defined as the time required to reach 90% of the difference between Rair
and R were determined and summarised in Table 4.

The SR value for TiOx and CuxO was similar and equal to 2.2 and 2.4, respectively.
As shown in Figure 9a, the titanium oxide response began to saturate after ca. 30 min of
hydrogen flow and after ca. 5 min of air flow. The consequence of this was the short re-
sponse and recovery time compared to those of CuxO, whose signal was far from satura-
tion. Metal oxides that exhibit the p-type of electrical conduction typically respond worse
than their n-type counterparts [6,62], however, the slightly better CuxO response may be
caused by a considerable difference in the morphology and structure of the two thin films.
As shown in the SEM images, titanium oxide annealed at 473 K had a dense and flat sur-
face morphology, while copper oxide after the same thermal treatment was porous, re-
sulting in a larger active surface area. In addition, the copper oxide crystallites were well-
defined, whereas the titanium oxide thin film was mostly amorphous.

Table 4. Summary of sensing parameters of TiOx, CuxO, and (CuTi)Ox thin films annealed at 473
K

Thin Film

Operating Concentration of

tIESPOIlSE trecovery
SR

Temperature Target Gas (min) (s)

TiO«

(Cuo.23T10.77)Ox

(Cuo.41Ti0.59) Ox

(Cuo.56Ti0.44) Ox

(Cuo.77Ti0.23) Ox

CuxO

473 K

22+0.1 36 +1 322 +31
1.3+£0.1 56 +1 -
3.8+1.1 56 +2 187 + 146
21+04 - -
109+15 56 +1 67 +14
24+0.2 55+1 1444 +79

3.5% Ho
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As can be concluded, the preparation of a composite of metal oxides can noticeably
improve sensing capabilities—e.g., sensitivity and selectivity [58] —compared to a sensing
material consisting of one of the components. In the case of heterostructures, the sensing
response is determined by changes in the width of the charge depletion layer that is
formed when the Fermi levels of the two metal oxides equilibrate and charge transfer oc-
curs [63]. The undoubted advantage of oxide mixture thin films over double-layer struc-
tures is the better interaction of the reducing/oxidizing gas with p—n areas, since both the
p-type and the n-type oxides are present at the surface simultaneously. This leads to a
stronger manipulation of the p—n junction performance. It should be noted that in mixed
composite structures not only the elemental composition of the thin film but also the dis-
persion state of the component are important [58].

In this work, a significant improvement in the gas detection response was observed
for the (Cuo.77Ti0.23)Ox and (Cuo.41Ti0.59)Ox thin films compared to TiOx and CuxO. Sensor
response of the thin film containing 77 at.% of Cu was more than 4.5 times higher than
that of CuxO. The thin film with 23 at.% of Cu showed the worst Hz detection abilities,
while in the case of (Cuo.56Ti0.44)Ox, the unique behavior was observed. As shown in Figure
9d under exposure to 3.5% Ho>, the resistance of the (Cuo.56Ti0.44)Ox thin film initially in-
creased, but after a specific time decreased. Kosc et al. [64] reported a similar inversion of
the response type in TiO2 modified with NiO structures in the presence of hydrogen. In-
version was observed when the hydrogen concentration exceeded a specific critical point.
This unique behavior was explained by the fact that, when the amount of electrons from
broken bonds of adsorbed oxygen exceeds the amount of holes in the Debaye length, the
conduction type of heterostructure changes. In the ambient air atmosphere, the oxygen is
re-adsorbed on the film surface causing the resistance to increase and reach the initial base
value [58,64].

The resistance of the (CuTi)Ox thin films was constantly increasing throughout the
hydrogen flow, and no signal plateau was observed, resulting in the response time ex-
ceeding 55 min. However, recovery times were relatively short. The best sensing perfor-
mance to 3.5% Hz showed a thin film with 77 at.% of Cu as the sensor response was equal
to 10.9 and the recovery time was the shortest of all measured thin films-

Comparing the sensing parameters of the (Cuo.77Ti0.23)Ox thin films to hydrogen with
previously published works presented in Table 5, it can be seen that the sensor response
is the highest among all the works reported so far. Similarly to this work, Park et al. [48]
reported that the response time was shortened when TiO2 was added to the CuO nano-
rods. Furthermore, the recovery time increased after titanium dioxide modification and
was in the range from 300 to 400 s. In turn, Alev et al. [63] reported that the response of
TiO2 nanotubes covered with a CuO layer to 1000 ppm of H: saturates in 15 min and the
recovery time was equal to 10 min. The operating temperature applied in all the measure-
ments of the response of copper and titanium oxide composites to hydrogen was in the
range of 473 K to 673 K. Park et al. [48] and Alev [63] et al. presented findings that the
optimal working temperature for their structures was 473 K, while for other structures
higher temperatures were more desirable. In all articles summarized in Table 5, cupric
oxide was the dominant phase of copper oxides. Our aim was to show that oxide mixtures
of Cu20 and TiO:2 can exhibit a good response to Hz, while higher working temperature
could cause oxidation to CuQ, thereby hindering the SR value.

Table 5. Gas sensing performance of copper oxide and titanium oxide composites toward hydrogen

H: Concentration Working Temperature

Structur Preparation Method SR Ref.
cture ep e (ppm) K) e
CuO-TiO2 nanocomposites Chemical vapor deposition 1000 473-673 2-0.4 [23]
Th 1 oxidati Ivother-
TiOz decorated CuO nanorods ermal oxidation and solvother 0.1-5 573 1.94-857 [48]

mal method

CuO/TiO2-y heterostructure

MF magnetron sputtering 10-320 573-673 1.0-1.5 [61]
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Electrochemical anodization,

CuO thin film/TiOz nanotubes 100-1000 373473 2.0 [63]

thermal evaporation, oxidation

Spray pyrolysis, magnetron sput-

TiO2/CuxO . . 100 523-623 0.2-0.6  [65]
tering, annealing
Li-doped CuO-TiOz heterostructure Ion beam sputtering, annealing 1000 573 116 [22]
TiO2-CuO (50%-50% and (25%—75%) Ion beam sputtering, annealing 100 573 0.98 [21]
mixed (CuTi)Ox Magnetron sputtering 35,000 473 1.3-10.9 v:::(

4. Summary

The purpose of this study was to investigate the selected properties of thin films of
copper and titanium oxide mixtures. In this regard, the (CuTi)Ox thin films with various
Cu concentrations were prepared using magnetron co-sputtering. In addition, post-pro-
cess annealing at 473 K was applied to additionally oxidize deposited thin films. The as-
deposited thin films had dense and well-packed structures. The copper concentration was
equal to 23, 41, 56, and 77 at.%. XRD studies showed that the as-deposited oxide mixtures
consisted of metallic copper and copper oxides crystallites. Post-process annealing re-
sulted in a change in morphology to partially porous structures and caused crystallization
of anatase and partial oxidation of copper to Cu20 or CuO. All annealed (CuTi)Ox thin
films exhibited strong p-type semiconducting properties. Moreover, stronger hole-type
conductivity was obtained in the (CuTi)Ox composite material than in the CuxO thin film.
The (Cuo.77Ti0.23)Ox annealed at 473 K exhibited the best optoelectronic properties, as it
was semitransparent in the visible radiation range, exhibited the strongest p-type conduc-
tivity and had the lowest resistivity of all deposited samples. Moreover, all the thin films
responded to 3.5% hydrogen. These responses were characterized by long response times
and very short recovery times. Again, the (Cuo.77Ti0.23)Ox sample exhibited the highest
response (10.9 times).

As has been shown in this work, the hydrogen sensing properties of (CuTi)Ox thin
films are promising, nevertheless, there is much to be done in the future works, e.g., fur-
ther investigation of gas sensing properties to hydrogen of concentrations smaller than
1000 ppm and determination of chemical state of the surface are planned. The authors’
aim is to establish the mechanism responsible for the change in resistance under the influ-
ence of hydrogen. For that purpose, in-situ XPS measurements without and under the
influence of hydrogen are scheduled to determine changes in oxidation states on the sur-
face.
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