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Abstract

In this study, changes in the crystal structure and gas sensor response will be investigated by doping iron to tungsten oxide
structure and then annealing at 550°C. As a result of absorption - wavelength measurements, it was seen that the calculated
band gap of the structure was between 3,08-3,15 eV. The direct optical band-gap energy (Eg) of thin films have been
calculated by using the Tauc equation. It showed an increase of 0.7 eV as a result of the change in electronic configuration
in the band gap. As a result of the heat treatment of the thin film, the absorption amount and the absorption wavelength have
changed. Thus, an widening occurs in the optical band gap of the semiconductor. X-ray diffraction pattern of WOs3:Fe films
grown by sputter technique shows that the structure is amorphous, but after annealing at 550 °C in air, it is seen that a quality
polycrystalline structure is formed, which supports this result in SEM images. All pronounced peaks of XRD patterns of
WOs: Fe can be indexed to the cubic structure of tungsten oxide which present seven pronounced peaks (24°, 34°, 42°,
37.38°,49°,55°,61°). Subsequently, the structural, optical and topographic properties of iron doped tungsten oxide (WOs:Fe)
structures grown by RF-DC co-sputter technique were investigated by scanning electron microscopy (SEM), atomic force
microscopy (AFM), X-ray diffraction (XRD), and UV-VIS photospectroscopy techniques.The response of iron-doped
tungsten oxide (WOs:Fe) metal oxide structure grown by RF-DC co-sputtering to hydrogen gas was measured at flow values
of 1000 ppm, at 300 °C temperature under white light and dark. All measurements were taken in the same cycle for 300 s,
180 s, and 120 s. and it has been seen that the examined thin films are suitable for gas sensor application under dark, are not
suitable under white light.
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Tavlama Sicakhiginin Demir Katkihh Tungsten Oksit Yapisina ve Isia Duyarh Gaz

Sensorii Uygulamalarina Etkisi
Oz

Bu calismada, demirin tungsten oksit yapisina katkilanmasi ve ardindan 550 °C'de tavlanmast ile kristal yap1 ve gaz sensor
tepkisindeki degisimler incelenecektir. Absorpsiyon-dalga boyu dl¢limleri sonucunda yapinin hesaplanan bant araliginin
3,08-3,15 eV arasinda oldugu gériildii. Ince filmlerin dogrudan optik bant aralig1 enerjisi (E,), Tauc denklemi kullamlarak
hesaplanmistir. Bant araligindaki elektronik konfigiirasyondaki degisiklik sonucunda 0,7 eV'lik bir artig gosterdi. Ince filmin
1s1l islemi sonucunda absorpsiyon miktar1 ve absorpsiyon dalga boyu degismistir. Bdylece yari iletkenin optik bant
araliginda bir genisleme meydana gelir. Piiskiirtme teknigi ile biiytitiilen WOs:Fe filmlerin X-151n1 kirmim deseni yapinin
amorf oldugunu gostermektedir ancak havada 550 derecede tavlama sonrasinda kaliteli bir polikristal yap:1 olustugu
goriilmektedir ki bu da SEM goriintiilerinde bu sonucu desteklemektedir. WO3: Fe'nin XRD modellerinin tiim belirgin tepe
noktalari, yedi belirgin tepe noktas1 (24°, 34°, 42°, 37.38°, 49°, 55°, 61°) sunan tungsten oksitin kiibik yapisina
endekslenebilir. Daha sonra, RF-DC co-sputter teknigi ile biiyiitiilen demir katkili tungsten oksit (WO3:Fe) yapilarinin
yapisal, optik ve topografik 6zellikleri taramali elektron mikroskobu (SEM), atomik kuvvet mikroskobu (AFM), X- 1s1n
kirmnimi (XRD) ve UV-VIS foto spektroskopi teknikleri. RF-DC co-sputtering ile biiyiitiilen demir katkili tungsten oksit
(WOs:Fe) metal oksit yapisinin hidrojen gazina tepkisi 1000 ppm akis degerlerinde, 300 °C sicaklikta beyaz 1g1k ve
karanlikta Slgiilmiistiir. Tiim 6lciimler aym dongiide 300 s, 180 s ve 120 s olarak alind1. Incelenen ince filmlerin karanlikta
gaz sensoril uygulamasina uygun oldugu, beyaz 1sik altinda ise uygun olmadig1 goriilmiistiir.

Anahtar Kelimeler: WOs:Fe, Gaz sensori, [s18a duyarlilik, Tavlama
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1. Introduction

Due to its electrochromic properties, tungsten oxide compound is a semiconductor material
with an n-type carrier concentration, which is widely used in some application areas, especially
due to its optical character. Metal oxide structures, whose optical properties are dominant, have
recently attracted a lot of attention due to their applications in various technological fields and
their properties. Its morphological structure, chemical composition, crystalline structure, and
electrical, magnetic, and optical properties have made this material more useful in some
technological applications and have been a source of inspiration for future studies [1,2]. Metal
oxides, such as Fe>O3 [3 JWOs3 [4,5] and NiO [6], which are widely used and widely used, have
attracted great attention due to their morphological, optical and electronic properties that may
be suitable for optoelectronic and electrochromic devices, and this interest will continue for a
long time. it seems. In fact, the crystal structure, chemical properties and particle sizes of WO3
thin films play a critical role in gas sensors [8,7] and in the photoanode for hydrogen production
[9], while materials of tetragonal structure or amorphous oxides are used from electrochromic
devices [10].

Especially harmful to the environment; Various techniques have been used to deposit metal
oxide thin films for toxic, flammable and explosive gas detection applications [11-16]. Thin
film deposition processes always have advantages and disadvantages such as cost, vacuum
requirement, high temperature, quality substrate. The toxic, flammable and explosive gas
detection properties of metal oxides are determined by their crystal properties and crystal size,
but can also be improved by adding various proportions of impurities, reducing particle size,
and changing the surface morphology and particle size of the films. The gas sensing ability of
thin films is limited to the surface layer and cannot penetrate deeper regions, whereas thicker
films are generally porous and thus can interact with any gas layer. The gas sensing properties
of thin films can be significantly improved in a variety of ways, including speed, response rate,
and turnaround time [17].

In some experimental studies, it has been observed that film thickness, grain size, chemical
structure and crystal structure can have a significant effect on improving sensor selectivity and
sensitivity. Gas detection sensitivity also depends on the film surface, as sensors are greatly
affected by moisture on the surface and the presence of oxidizing or reducing gases. The quality
of the sensors can be improved by adding various proportions of impurities to the surface of the
films and adding a certain amount of defective active species. The incorporation of different
additive metals into oxide films has been shown to increase the sensitivity to certain gases
[18].In this study, changes in the crystal structure and gas sensor response will be investigated
by doping iron to the tungsten oxide structure and then annealing at 550 °C.

2. Material and Methods

The sputtering technique is the growth of ions, atoms, and molecules broken from the metal
target on the heated substrate cleaned by chemical processes as a thin film with the help of inert
gas. In order to break the material to be grown from the metal target, argon is turned into an
inert gas carrier plasma with the help of an RF or DC power source and the plasma performs
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the detachment process by beating the surface of the target metal. The tungsten sputtering target
has 2 inches (dia) x 0.125 inches (thickness) and the iron metal target has 2 inches (dia) x 0.125
inches (thickness). An iron target was placed in the DC power gun and a tungsten target was
placed in the RF gun source.

In this experimental study, an iron target was attached to the DC power supply and a tungsten
target was attached to the RF power supply part. While the DC power supply is 100 watts, the
RF power supply is set to 50 watts. The glass substrates placed for the vacuum chamber up to
4*107 torr pressure (base pressure) were heated up to 450 degrees. Then 100 cubic centimeters
per minute (sscm) of inert argon gas was sent in and plasma was formed. Then, 42 sscm of
argon and 3 sscm of oxygen gas were given to grown pressure of 8.5%107 torr and growth was
made for 45 minutes. Subsequently, the structural, optical and topographic properties of iron
doped tungsten oxide (WOs: Fe) structures grown by RF-DC co-sputter technique were
investigated by SEM, AFM, XRD, and UV-VIS photospectroscopy techniques.

XPS measurements were carefully made with the FlexMod Specs XPS system, which can
measure very precisely. An Al anode operating at 15 kV, 400 W was used as an X-ray source,
which is one of the important technical information of the system where the measurements were
taken (Excitation energy: 1486.71 eV, Binding energy: 1387 eV, Transition energy: 75 eV, Bias
voltage: 65 V, Detector voltage: 1580V, Scan mode: Fixed Analyzer Transmission). The no-
load corrected Cls signal generally ranged from 284.5 eV to 285 eV, based on measurements
made with a large number of important conductive samples and a routinely continuously
calibrated instrument. The sample was spray etched with a 0.5 keV Ar+ ion beam incident at
an angle of 70° from the surface normal.

WOs:Fe structure, human-made detection system that can detect various flammable, explosive
and toxic gases, and H» sensor detection tests have been carried out. The gas sensor test system
consists of a device with a characterization probe capable of taking IV (ampere-volt)
measurement, a low and high temperature control unit and a highly sensitive gas flow meter.
Two mass flow controller units are available to achieve dry air and different (dry air + H2) H»
ppm levels. All electrical measurement of the sensor under different hydrogen levels was
measured with Keithley 487 pico ammeter/voltage source and all devices were controlled by
software that can evaluate very precise measurements. H, gas with various standard sccm was
mixed with 500 sccm of dry air to achieve desired H> parts per million (ppm) levels of 1000
ppm at 300 °C set prior to gas detection measurements. In order to take measurements correctly,
each sensor measurement cycle was started in a dry air environment of certain purity, then 1000
ppm H> gas was sent to the test room where the measurement was taken, accompanied by dry
air, and a 2 V constant voltage electricity was supplied with a suitable voltage source in the
different gas environment where this measurement is desired. current was measured against
time. By giving 99.99 percent pure oxygen gas to the system, it was aimed to clean all gaseous
pollution that could adversely affect the measurements other than oxygen for two hours at 300
°C. By giving high purity and high flow oxygen (500 sscm) gas to the system, the substrate was
heated up to 300 °C and all gas contamination, surface impurities and moisture inside were tried
to be cleaned for two hours. To obtain different H> and dry air ppm level in systems gas, two
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Alicat Mass Flow Controllers, which are controlling in different flow levels 0—-0.5 sccm and 0—
500 scem, were used and total flow fixed to 500 sccm by this system .

The response of iron doped tungsten oxide (WOs:Fe) structure grown by RF-DC co-sputtering
to hydrogen gas was measured at flow values of 1000 ppm, at 300 °C temperature under white
light and dark. All measurements were taken in the same cycle for 300 s, 180 s, and 120 s.

3. Results and Disscussion

Firstly, the as-grown WOs:Fe structure was annealed in a two-stage furnace at 550 °C. With the
annealing process showed a serious change in the crystal structure of the thin film, and it showed
a serious change in its optical properties. The thickness of the thin films was measured as 400
nm with the "Kla Tencor Stylus Profiler P7" device.

As a result of optical measurements, it was seen that the band gap of the structure was between
3,08-3,15 eV. The direct optical band-gap energy (Eg) of thin films have been calculated by
using the Tauc equation. It showed an increase of 0.7 eV as a result of the change in electronic
configuration in the band gap. As seen in Figure 1a, as a result of the heat treatment of the thin
film, the absorption amount and the absorption wavelength have changed. Thus, an widening
occurs in the optical band gap of the semiconductor (Fig.1b).
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Figure 1. a) Absorption graph of as grown WOs: Fe and 550°C annealed WO;: Fe b) Band gab graph of as
grown WOs: Fe and 550°C annealed WOs: Fe

All pronounced peaks of XRD patterns of WOs: Fe showed in Figure 2(a) can be indexed to
the cubic structure of tungsten oxide which presents seven pronounced peaks (24°, 34°, 42°,
37.38°,49° 55° 61°) (Reference code: 00-041-0905). The peaks seen in the XRD graph were
found to be consistent with the literature [17]. X-ray diffraction pattern of WO3: Fe films
grown by sputter technique shows that the structure is amorphous, but after annealing at 550
degrees in air, it is seen that a quality polycrystalline structure is formed, which supports this
result in SEM images. The XRD patterns of the film grown on glass substrate have been shown
in figure. As seen in figure WO3:Fe thin film grown on glass substrate has polycrystalline
orientation along different planes and phases.

The crystallite size was calculated using Debye-Scherrer formula, D(nm)=0.94 A/ Bcos 6 where
) is the wavelength (A = 1.5405 A), B is the full width at half maximum (FWHM) of the
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considerate peak and 0 is the corresponding Bragg’s angle. As grown WOs: Fe, 550°C
annealed WOs: Fe crystal grain sizes of film are D= 50 nm and D=4 nm, respectively.
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Figure 2. a) XRD graph of as grown WOs: Fe and 550°C annealed WOs: Fe b) Raman shift graph of 550°C
annealed WO;: Fe

As shown in Fig. 2b, two typical broad Raman bands in the range of 200-500 cm ! and 550—
1050 cm™! were observed. The first band (200-500 cm™!) is associated with O -W - O bending
modes, whereas the second band is related to stretching modes.

Raman spectroscopy was employed to characterize the chemical properties and crystalline
nature of the 550°C annealed WOs: Fe thin films. Raman peaks of the annealed sample were
seen with peak positions at about 70 cm™!,204 cm!,433 cm™! (O -W - O bending modes Agl,),
768 cm 'and 963 cm™! | (stretching modes Eg ) respectively.

Raman peaks of the film are at positions of about 963 cm™! and 768 cm™! (Fig. 2b) and are
usually assigned in the literature to the stretching frequency modes of bridging oxygen W-O
and O-W-O, respectively.

In the SEM image (Fig 3a-b), it is seen that the structure is distributed very homogeneously on
the substrate. The cubic structure is clearly visible. Energy dispersive X-ray spectroscopy is an
analytical technique that provides chemical characterization/element analysis of materials. The
data obtained with this technique are given. In the EDX results, the presence of Fe, W and O at
certain ratios in the thin film was detected 4%, 56%, 40%, respectively.

ZEISS

Figure 3. SEM images of the a) as grown WOs: Fe b) 550°C annealed WOs: Fe
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The surface morphology of the as grown WO3: Fe, 550°C annealed WOs3: Fe (Fig.4a-b) thin
films was analysed using the non-contact mode of AFM. Figure 4 shows 2D and 3D AFM
images of the as grown WOs: Fe, 550°C annealed WOs: Fe films grown on glass substrates at
8.5 mTorr grown pressure. Roughness values of film are Ra= 1.5 nm, Sa=4.3 nm and Ra= 21
nm, Sa=29, respectively.

Figure 4. 2D and 3D AFM images of the a) as grown WOs: Fe b) 550°C annealed WOs: Fe

The XPS binding energy of ferrous metal is 706.7 eV, and the XPS binding energy of tungsten
metal is (4f 72) 31.30 eV. In the literature, this value is 709.6 for FeO and 710.8 eV for Fe20s.
Likewise, this value for WO3 is 33.95 eV. In our study (Fig. 5a, 5b, 5¢,5d), while the XPS
binding energy for iron is 712.14 eV, this value is 35.04 eV for tungsten. So, it can be concluded
that there are iron-oxygen bonds, tungsten-oxygen bonds, and also iron- tungsten -oxygen
bonds.

As a result of XPS measurements, it is seen in many studies that two main peaks are detected
at the W4f level and that the W6 state is referred to at 35.25 and 37.40 eV of the binding
energies of 4f 72 and 4f 5. In addition, two low-intensity peaks attributed to the presence of the
W>* state at binding energies of 33.95 and 36.10 eV, and often the presence of oxygen vacancies
of these two low peaks have been confirmed in many studies. Similarly, W4f core level XPS
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spectra of Fe-doped WO3 revealed two pairs for each of the W®" and W>" states. However, as
a result of careful observations, it is seen in this study, as in many studies, that the peak density
of the W>" state shows a significant increase after the addition of Fe.
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Figure 5. a) XPS spectra for W 4f b) Fe 2p ¢) O 1s d) C 1s of WOs: Fe thin film

For gas sensor measurements, comb-shaped interdigitate electrodes (IDT), which can give more
sensitive and accurate results, were produced with Ag metal spraying, which is the most suitable
metal. In this study, measurements were also taken with different metals, but the results could
not provide the desired quality data. The IDT contact distance between the electrodes is 500
um and the total surface of the measured area is 1.2 cm x 1.2 cm. The sensor metal Ag was
sputtered onto the sample using the sputter technique. H» gas with various standard sccms was
mixed with 500 sccm of dry air to achieve desired H» parts per million (ppm) levels of 1000
ppm set at 300 °C set prior to gas detection measurements. Appropriate action was taken to
clean the inside of the system before starting the measurement. A full cycle of each sensor
measurement was started in a dry air environment in order to obtain accurate results, then 1000
ppm dry air + H> gas was sent to the gas sensor test room, and the electric current produced by
the voltage source and charge carriers was measured in this different gas environment at a
constant voltage of 2 V.

When the oxygen gas on the film surface is held by hydrogen (dry air +H>), the free electrons
of the oxygen provide an excess negative charge at the band edge and combine with the film,
which is a p-type semiconductor material. vacancies in the valence band with this excess
electron. This results in a smaller current (hole+electron=recombination). This phenomenon
reduces the conductivity of the material (Fig. 6).

In the study, the working principle of gas sensors is based on the conductivity changes
produced when the sensing material is exposed to target gases. The conductivity change is
based on gas molecule adsorption and electron exchange between particles in the reaction state
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on the semiconductor surface. The gas sensor response was made according to the equation
[%R=(Io-I1\Ip) x100]. Here, R is sensors response. Iy is first current, and I is finally current.

The measurements were performed at 300 °C to 1000 ppm H> gas. WOs: Fe thin films show
7.1% response (light) and 18.6% response to 1000 ppm H» gas at 300 °C.
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Figure 6. Gas sensors response of WOs:Fe for 1000ppm at 300°C under light and dark

4. Conclusion

X-ray diffraction pattern of WOs:Fe films grown by sputter technique shows that the structure
is amorphous, but after annealing at 550 degrees in air, it is seen that a quality polycrystalline
structure is formed, which supports this result in SEM images. All pronounced peaks of XRD
patterns of WOs: Fe showed, can be indexed to the cubic structure of tungsten oxide which
presents seven pronounced peaks. As grown WO3: Fe, 550°C annealed WO3: Fe crystal grain
sizes of film are D= 50 nm and D=4 nm, respectively. As a result of optical measurements, it
was seen that the band gap of the structure was between 3,08-3,15 eV. As grown WOs: Fe,

550°C annealed WOs: Fe roughness values of film are Ra= 1.5 nm, Sa=4.3 nm and Ra= 21
nm, Sa=29, respectively.
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XPS binding energy for iron is 712.14 eV, this value is 35.04 eV for tungsten. So, it can be
concluded that there are iron-oxygen bonds, tungsten-oxygen bonds, and also iron- tungsten-
oxygen bonds. The response of iron doped tungsten oxide (WOs:Fe) structure grown by RF-
DC co-sputtering to hydrogen gas was measured at flow values of 1000 ppm, at 300 °C
temperature under white light and dark. All measurements were taken in the same cycle for
300 s, 180 s, and 120 s. And it has been seen that the examined thin films are suitable for gas
sensor application in dark but are not suitable under white light. The measurements were
performed at 300 °C to 1000 ppm H> gas. WOs: Fe thin films show 7.1% response (light) and
18.6% response to 1000 ppm H> gas at 300 °C.
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