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The titanium iron oxide (TixFe3xO4) and the tungsten iron oxide (WxFesxO4) structures were grown by the
RF-DC magnetron co-sputtering technique. When examining the atomic percentages of the films grown under the
same conditions the EDX measurements, different ratios are observed in the WxFez.xO4 structure (O: 71.05 %, Fe:
4.22 %, W: 24.74 %). The RF power supply seems to be causing more tungsten metal to be sputtered. This is the
opposite in the structure of TixFe3 x4 (O; 58.16 %, Fe; 41.68 %, Ti; 0.17 %). It is possible to say that the power
source has an effect here, but also plasma thermodynamics and activation energies of metals play a significant role.
The difference in the amount of oxygen in the structures is quite evident. The band gap energy of the as grown and
annealing TixFesxOs structures were determined to be 2.19 eV and 2.14 eV respectevily from absorption datas.
Same way, as grown and annealing WxFes-xOa structures were determined to be 3.09 eV and 3.15 eV respectevily.
When examining the XRD results of the WxFes-xO4 crystal monoclinic structure and TixFes-xO4 polycrystal both
orthorhombic and cubic structures are observed. The response of WxFes«Oastructure to hydrogen gas was measured
at flow values of 1000 ppm, at 300 degrees, under white light and dark for 300, 180, 120 seconds, and it has been
seen that the examined thin films are suitable for gas sensor application under white light. The WxFez.xOa4 structure
exhibits light sensitivity, despite having a relatively wide band gap. However, there is no evidence to suggest that
this sensitivity is caused by hydrogen gas; but, it can be sait it is sensitive to light. Also, the response of TixFesxOs
structure was measured for 600 seconds, and it has been seen that the examined thin films are not suitable for gas

sensor application under white light.
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Introduction

Semi-metallic materials, in which charge carriers
exhibit 100 % spin polarization, are highly valuable for
promising spintronic device applications. Recent
scientific studies aim to develop the structural, magnetic,
and transport properties of Fe3O4 thin films through
doping. In the reverse spinel structure of Fez04
composition, it was observed that ions such as Mn?* and
Zn? occupied the A sites, while Ti%*, Ni?*, and Co?* ions
were found to occupy the octahedral B sites [1-3]._In the
past decades, there have been studies on the magnetic
properties of the Fe;TixOa structure, particularly in thin

498

film [4-7], nanoparticle [8], and sand-like [9] studies.
Non-magnetic Ti-doped Fe3Os (Fe?*1.xFe¥*,axTi**\Oy,
also known as titanomagnetite) is a significant material
formed through the substitution of two Fe** cations with
Fe?* and Ti*. Until now, there has been a lot of
uncertainty regarding the ordering of cations in the A and
B sites. Some scientific studies show that Ti** tends to
prefer to occupy B sites, resulting in a decrease in
magnetic moment with an increase in Ti atomic amount
[10-13].

Tungsten oxide (WOs), which is very useful, is a
transition metal oxide known as one of the semiconductors
with versatile use, thanks to its polymorphic structure, n-
type carrier concentration, band gap energy (~3 eV), light
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sensitivity at various wavelengths. It also has good
electron mobility and moderate hole diffusion length
(~150 nm) [14-17]. From the application point of view,
WO3 has distinctive features such as high chemical
stability, corrosion resistance, non-toxic, environmentally
friendly, abundant in nature, and relatively low cost [14,
16-19]. WO3 is a highly useful material that is widely
preferred in various fields, including smart chromogenic
windows, photoelectrochemical (PEC) water separation,
gas sensing, and photocatalysis [14, 15, 18, 20]. However,
it must be modified to meet the needs of the application
areas, provide optimal performance, and offer additional
features. The primary approach to achieving this goal is to
focus on exogenous doping. Doping offers possibilities
such as changing the optoelectronic properties of a
semiconductor or improving electrical conductivity, and
the defect formation and electronic structure modification
can be effectively tuned with the help of band gap
engineering [14, 15, 17, 21]. It seems quite appropriate to
use iron (Fe) metal as an additive to impart suitable
optical, electrical, or magnetic properties to tungsten
trioxide (WOz). The most important reason for this
compatibility is that Fe and W have similar ionic radii
(0.64 A for Fe* and 0.62 A for W), This compatibility
made Fe metal the most effective additive [16, 22, 23].
Thus, Fe can settle in the regions inside the WO3 crystal
[9]. In addition, Fe metal can form oxygen vacancies,
which can help lower the electrical resistance and reduce
the band gap. Both of these effects are positive and
beneficial for gas-sensing applications [23, 24].

Starting with the advancements in the industry,
various forms of pollution such as air pollution, water
pollution, soil pollution, and environmental pollution have
had a negative impact on human life. All subsequent
developments also brought about some problems. Harmful
gas emissions occur directly or indirectly in various
sectors, including technology, health, industry, mineral
exploration, space exploration, food production,
transportation, and communication. Of course, this
situation negatively affects human health and living
standards, and it also disrupts the balance that exists in
nature. First of all, it is crucial to reduce gas emissions.
But there is another situation of equal importance:
detecting a flammable, explosive, poisonous, odorless, or
tasteless gas accurately and harmlessly within a confined
space.

I. Materials and Methods

The changes in many properties such as structural,
optical and morphological properties of thin films grown
by RF-DC magnetron co-sputter technique after annealing
at 550 °C were investigated. The response of the thin films
obtained to hydrogen gas was measured at a concentration
of 1000 ppm (in air+H; gas) at a temperature of 300 °C.

The TixFes;«O4 structure and WyFes.<O4 structure were
grown using the RF-DC magnetron co-sputtering
technique. After the films had been grown, X-ray
diffraction (XRD), scanning electron microscopy (SEM),
and absorption measurements were taken. Subsequently,
after annealing hab been performed, and the same
measurements were taken again.
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First, the substrates were cleaned and placed in the
substrate holder. Then, the inside of the sputter chamber
was vacuumed to a pressure of 3-10 Torr (base pressure).
For the TixFes«xO4 structure, a 2-inch iron target was
attached to the DC gun part, while a titanium metal target
was attached to the RF gun part. First, plasma was created
at 20 mTorr with a flow rate of 100 cubic centimeters per
minute (sccm) of argon gas. Then, the substrate
temperature was adjusted to 450 °C and the rotation speed
was set to 3 rotate per minute (rpm). Argon gas was
flowing at a rate of 45 sccm, while oxygen gas was
flowing at a rate of 5 sccm, resulting in a gassing process
that achieved a pressure of 8.4 millitorr inside. After
adjusting the power to 50 W for the RF gun and 150 W for
the DC gun, growth was carried out for 40 minutes.

Likewise, the entire growth process for TixFesxOswas
applied to the WyFes«Oa. So, for the WxFes O structure,
a 2-inch iron target was attached to the DC gun part, while
a tungsten metal target was attached to the RF gun part.
First, plasma was created at 20 mTorr with a flow rate of
100 sccm of argon gas. Then, the substrate temperature
was adjusted to 450 °C and the rotation speed was set to
3 rpm. Argon gas was flowing at a rate of 45 sccm, while
oxygen gas was flowing at a rate of 5 sccm, resulting in a
gassing process that achieved a pressure of 8.4 millitorr
inside. After adjusting the power to 50 W for the RF gun
and 150 W for the DC gun, growth was carried out for
40 minutes.

Gas sensor response measurements were tried to be
taken with the sensor system that can detect gases and
works according to the electrical resistance change
mechanism. TixFes.xOsand WxFesxO4, Hz sensor response
tests were carried out with the detection system made with
a personal design. The gas sensor test system consists of a
device with an IV (ampere-volt) measuring probe, a
temperature adjustment unit and a precision gas flow
meter. For hydrogen sensing application, TixFesxO4 and
WyFes.xO4 temperature was set to 300 °C. Two mass flow
controllers are available to achieve dry air and different H,
ppm levels. All electrical characterization of the sensor
was measured with Keithley 487 picoammeter/voltage
source under different hydrogen levels and all devices
were controlled by electronic command system. In order
to take the current-voltage measurement, each sensor
measurement cycle was started in a dry air environment.
Then 1000 ppm H. gas was sent to the gas sensor test
chamber, and electric current was measured with a voltage
source at a constant voltage of 2 V In this different gas
environment.

At higher temperatures, especially when the
thermodynamic effect is high, the oxygen ions bound to
the surface are more sensitive to the incoming hydrogen
gas. Oxygen ions on the surface form H,O with hydrogen
gas above 250 °C and leave free electrons at the band gap
edge (O (ads) + 2H—H,0 + e-), which causes different
electrical responses depending on the type of carrier
concentration. While these electrons increase the
conductivity in n-type material, they decrease the
conductivity in a p-type material (h*+ e-—null) [28, 29].
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Fig. 1. XRD patterns of a) as grown WxFes.xO4 and annealed WyFe;xO4 at 550°C, b) annealed WxFe3.xOa
at 550°C with XRD reference code.
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Fig. 2. XRD patterns of a) as grown TixFeszxOsand annealed TixFes;xOs at 550°C, b) annealed TixFesxO4
at 550°C with XRD reference code.

I1. Result and Discussion

In this study, although TixFesxOs and WyFesxOa
compounds were grown under the same conditions, the
growth rates of titanium-tungsten metals and the
formation of the compounds occurred at different rates.
Tungsten metal has a higher growth rate. As evident from
the disparities, the thermodynamics of the gas within the
growth chamber is intricate and leads to the observation of
various amplifications. Parameters such as plasma
thermodynamics, metal activation energies, ion radii,
crystal lattice substrate compatibility, and substrate
temperature seem to influence the dynamics of thin film
growth [31, 32].

Another significant finding is that annealing the
structure at 550 °C for one hour leads to substantial
changes in the XRD, SEM, and absorption results. First of
all, while the structures before annealing appear to be in a
state close to amaorphous, as observed in the XRD results,
the characteristic peaks of the structure after annealing are
clearly visible. As can be seen from the SEM results, an
increase in crystal grain size is observed. While the peaks
observed in XRD provide insights into the structural
enhancement, the SEM results clearly demonstrate
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significant improvement. In the absorption results, it is
observed that the defects at the edge of the band gap are
repaired, and absorption starts at shorter wavelengths.
This suggests that the band gap width has increased for
WyFesxO4 thin film and also width decreased for
TixFes3xOa thin film.

When examining the XRD results of the TixFes.xOa
crystal structure (Fig. 1,a,b), both orthorhombic
(Reference code: 00-047-0465) and cubic (Reference
code: 01-084-1595) structures are observed. After
undergoing a complex process of crystal formation, the
emergence of polycrystalline phases is observed.

When examining the XRD results of the annealed
W,FesxOs at 550°C (Fig. 2,a, b) crystal structure
monoclinic (Reference code: 00-005-0392) structures are
observed. After undergoing a complex process of crystal
formation, the emergence of monoclinic phases is
observed.

In the calculation made using the data obtained from
the absorption measurements (Fig. 3a,3b and Fig. 4a,4b),
the band gap energy of the TixFesxOs structure was
determined to be 2.19 eV and 2.14 eV after the annealing
process. The band gap energy range of the WxFesxOs
structure was calculated to be 3.09 eV before annealing
and 3.15eV after annealing. Fig.2,b shows the
corresponding Tauc plot of the absorption spectra. The



Assessment of Titanium - Tungsten Iron Oxide and Their Gas Sensor Application

a) ——550°C Fe, W, O, 10x10: .
Lt b) —— 550 °C Fe W, O, Eg=3.15 eV
4 ——As Grown Fe
32 x 8x 74 . ——As Grown Fe W, O, Eg=3.09 eV
8.0x10

a0
] “Z 6.0x10°
%2.5 3
k] %
8701 = 400108
5 z
815 =
=~ 2.0x10°

1.0

0.5 0.0

T T
600 900

Wavelenght(nm)

20 25 3.0 3.5

Energy(eV)
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direct optical band gap of thin films has been calculated
using the Tauc equation.

We can conclude that the calculations of the band gap
energy for the TixFesxOs structure and the WyFes;xOs
structure highlight the disparity in the incorporation of
titanium and tungsten metals within the iron oxide
structure. The reactions of the various formations to the
annealing process vary significantly from one another.
This is due to the difference in the settlement of foreign
metals within the structure. Furthermore, the presence of
a dominant tungsten oxide structure is observed, even
when a lower sputter gun power is used during the growth
process. The width of the band gap band of the WyFe3xO4
structure indicates the presence of a transparent metal
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ages of the as grown WxFe3;.«O4 and 550 °C annealed WyFesxO4 structure.

oxide structure.

It was observed that the annealing process led to an
increase in crystal grain size, as evident from the SEM
images (Fig. 5, 6). Additionally, the XRD results
indicated a transition from the amorphous structure to the
crystal structure. When examining the atomic percentages
of the films grown under identical conditions in the EDX
measurements (Fig. 5, 6), different ratios are observed in
the FexWsxOs structure (O:71.05%, Fe:4.22%,
W: 24.74 %). The RF power supply seems to be causing
more tungsten metal to be sputtered. This is the opposite
in the structure of TixFes;.xO4 (O; 58.16 %, Fe; 41.68 %,
Ti; 0.17 %). It is observed that the 150 W DC power
supply transports a significant amount of iron metal, while
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Fig. 7. R sensors response of a) WyFes.«Os under white light and dark b) 550 °C annealed TixFes.«O4 structure for
1000 ppm at 300 °C.

the 50 W RF power supply transports comparatively less
tungsten metal. It is possible to say that the power source
has an effect here, but plasma thermodynamics and
activation energies of metals play a significant role. The
difference in the amount of oxygen in the structures is
quite evident.

By giving 99.99 percent pure oxygen gas to the
system, it was aimed to clean all gas contamination except
the oxygen inside for two hours at 300 °C by giving high
flow oxygen (500 sscm). In addition, the humidity inside
was tried to be removed by temperature and oxygen gas
flow.

The system is a homemade system and does not have
a vacuuming feature, maximum effort is made to provide
the most suitable conditions in the measurement system.
To obtain different H, and dry air ppm level in systems
gas, two Alicat Mass Flow Controllers, which are
controlling in different flow levels 0-0.5 sccm and
0 — 500 sccm, were used and the total flow was fixed to
500 sccm. For the gas sensor measurements, comb-shape
interdigitate electrodes (IDT) were fabricated with Ag
metal sputtering. The IDT contact distance between
electrodes is 500 pum and the total area of the device is 1cm
x1cm. The sensor metal, Ag, was sputtered on top of the
sample.

The gas sensor measurement was made at 300 degrees
at a concentration of 1000 ppm (Fig. 7,a, b) during the
same measurement at time intervals such as 600 s, 300 s,
180s, 120s.

During gas sensor detection, measurements were re-
measured in the dark and under light. In addition, the

502

results were compared with the other gas sensor measure
(Fig. 7,b) in order to understand how the Ti, W elements
affect the gas sensor detection. According to the electrical
resistance change mechanism, the gas sensor response was
made according to the equation [%R = (lo-I\lo)-100].
Here, R is sensors response. lo is first current, and | is
finally current.

As it can be understood from the gas sensor
measurements (in Fig. 7,a), it can be said that the 550 °C
annealed WyFes.xOq structure is a semiconductor with a p-
type carrier concentration. When the hydrogen gas
introduced during the gas sensor measurement connects
the oxygens to itself, the electrons remaining in the crystal
structure combine in the halls and the conductivity
decreases, that is, the measured current decreases [30]. So,
the bending of the conduction and valence bands caused
by gas molecules is responsible for the change in
conductivity.

For unannealed WyFesxO4 thin film, the carrier
concentration decreases because electrons lost as a result
of the reaction 2H; + O (ads)—2H,0 + e— combine with
the holes. Thus, the current decreases [34].

Also as it can be understood from the gas sensor
measurements (in Fig. 7,b), it can be said that the 550 °C
annealed TixFes;xO4thin film is a semiconductor with a n-
type carrier concentration. When the hydrogen gas
introduced during the gas sensor measurement connects
the oxygens to itself, the electrons remaining in the crystal
structure and the film conductivity in creases, that is, the
measured current increases [30]. For unannealed WyFes.
xO4thin film, the carrier concentration decreases because
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electrons lost as a result of the reaction

2H, + 02 (ads)—2H,0 + e— and carrier concentration
increases with the electrons. Thus, the current increases
[33, 35].

The sensor responses achieved are R = 1100 %, 73 %
for the TixFes.xOs, WxFesxO4 respectly (Fig. 7,a, b). The
response times of the sensor are 598 s, 168 s and the
recovery times are 155 s,172 s. for the TixFes;xOa,
WyFesxOs respectly (Fig. 7,a,b). It is seen that the
recovery time of TixFes«xO4 is shortened, and it also
showed the highest response to a relative gas
concentration of 1000 ppm. It is seen that the surface is
sensitive to oxygen, the substrate positively affects the
structure and shows that it can be developed as a suitable
material for the gas sensor.

Conclusion

Finally, in the EDX measurements, different ratios are
observed in the WyFesxO4 structure (O: 71.05 %,
Fe: 4.22 %, W: 24.74 %). The RF power supply seems to
be causing more tungsten metal to be sputtered. This is the
opposite in the structure of TixFes«Os (O; 58.16 %,
Fe; 41.68 %, Ti; 0.17 %). It is observed that the 150 W
DC power supply transports a significant amount of iron
metal, while the 50 W RF power supply transport
comparatively less tungsten metal. It is possible to say that
the power source has an effect here, but plasma
thermodynamics and activation energies of metals play a
significant role. The difference in the amount of oxygen in
the structures is quite evident.

The response of WyFes.«O4structure grown by RF-DC
co-sputtering to hydrogen gas was measured at flow
values of 1000 ppm, at 300 degrees and under white light
in the same cycle for 300, 180, 120 seconds, and it has
been seen that the examined thin films are suitable for gas
sensor application under white light. The WyFes;.xO4

structure exhibits light sensitivity, despite having a
relatively wide band gap. However, there is no evidence
to suggest that this sensitivity is caused by hydrogen gas;
but, it can bu said it is sensitive to light.

The response of TixFesxOs structure grown by
RF-DC co-sputtering to hydrogen gas was measured at
flow values of 1000 ppm, at 300 °C and under white light
in the same cycle for 600 seconds, and it has been seen
that the examined thin films are not suitable for gas sensor
application under light. Also, no change was observed in
the sensor response of the structure in the dark so it is not
sensitive to light.
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Otpumano ctpykrypu TixFes O, ta W, Fe;O,. TIpu 3MiHI aTOMHOTO BifICOTKA IUTIBOK, BUPOIICHHUX 33 THX
caMHX YMOB, 3a pesyiabratamu EDX amnamizy, crocrepiratoThCsl pi3HI CHIBBIIHONICHHS B iX CTPYKTypi:
W, Fe; x04(0: 71,05 %, Fe: 4,22 %, W: 24,74 %) ta TisFe; 0, (O; 58,16 %, Fe; 41,68 %, Ti; 0,17 %). Mosxua
CKa3aTH, IO TYT € BHECOK JDKepesia )KUBJIECHHS, ajie iICTOTHY POJib BiAIrparOTh TaKOK TEPMOJMHAMIKA TUIA3MH Ta
SHepris akTUBaIlii MeTasiB. Pi3HUI B KiJIbKOCTI KUCHIO y IINX CTPYKTYpax € odeBuaHa. EHepris 3a0opoHeHoi 30H1
BHPOIICHOI Ta BiamaneHoi ctpykryp TixFe;xO, Oyna Bu3HaueHa 3 naHuX moriauHaHHA sk 2,19 eB ta 2,14 eB,
BignoBigHO. OTpUTMAaHO, IO i Yac BUPOIIyBaHHS Ta Bianary cTpyktypH s WyFe; O, 11l 3HaueHHS CTaHOBJIATH
3,09 eB i 3,15 eB, Bixnosinuo. [Ipu mocmimkenHi pesynbrariB XRD MoHOKTiHHOT CTpyKTYpH KprcTana W, Fe; O,
i momikpucrana TiFe;xO, ciocrepiratoThest ik poMOGiuHi, Tak i KyOiuHi cTpykTypu. Bianosige crpykrypu Wi Fes.
«Os Ha Ta30MoniOHMI BOJIEHh BUMIPIOBAIM MpU 3HadeHHIX moToky 1000 ppm, mpu 300 rpamycax, mim Oimum
cBiTIOM i TeMpsBoto npotsirom 300, 180, 120 cexynn, i Oys0 BUIHO, IO PO3MIISIHYTI TOHKI IUTIBKY IPUAATHI IS
rasy 3acTOCyBaHHs AaTuuka min 6inum ceitiaom. Ctpykrypa W, Fe; O, nposiBiisie CBITI0UY TIINBICTh, HE3BAKAIOUH
Ha BITHOCHO IINPOKY 3a00poHeHy 30Hy. OjHaK HeMa€ J0Ka3iB TOTO, IO IS Yy TJINBICTh CIIPUYMHEHA Ia301101I0HIM
BOJIHEM; ajlé MOKHA TBEPJMTH PO UYyTIHMBICTH N0 OcBiTieHHs. Kpim Toro, BiamoBias ctpykTypu TiFe;<O,
puMiproBan npotsroM 600 cexyHa, i Oyno BHIHO, IO AOCHiKYBaHI TOHKI IUNBKH HE MiAXOISTH IS
3aCTOCYBaHHs y SIKOCTi Ta30BOTO JAaTYMKA IiJT JAi€k0 OiJI0ro CBiTIA.

Karouosi ciosa: TixFe3xOs, WyFe3.x04, 1aTunk rady, MarHeTpOHHE HAIUJICHHS.
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