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Motivated by the utility of gas-sensing technology, investigations of thin
films of the tin oxide-doped cadmium oxide (CdO:SnO,) of nanograin size
in the range between 10.3 nm and 18.3 nm have been undertaken applying
different characterization methods. CdO films doped with nano-SnO, con-
tents in the range of 1-3% were deposited on soda lime glass (SLG) sub-
strates at room temperature by pulsed laser deposition (PLD) and succeed-
ed by annealing for 60 min at a temperature of 400°C. The dominant
phase for these films shows a hexagonal crystal structure, which is the
metastable phase of the doped CdO. Tauc’s relation is used for determin-
ing the energy band gap (E,) regarding doped CdO thin films over the
photon energy range of 300 nm to 800 nm. A rise in SnO, concentrations
is accompanied by a reduction in optical transmittance. The Hall effect
measurement demonstrates the n-type conductivity of our produced films.
When the SnO, content is of = 0.01 and the operating temperature is of
300°C, the maximum attainable sensitivity of CdO:SnO, mixed films to-
ward nitrogen dioxide (NO,) gas is achieved in terms of sensing character-
istics. The outcomes demonstrate that, with a recovery time of 60 seconds
and a response time of 25 seconds, the maximum sensitivity is equivalent
to 78.05% . From room temperature to 300°C, the resistance to NO, gas is
reduced linearly with operating temperature.

MoTuBOBaHI KOPHCHICTIO TEXHOJOTrii TrasoBOr0 30HAYBAHHS, MTOCJIiIKEHHST
TOHKUX ILIiBOK okcuay Kamwmiro, serosanoro okcuzom Cramymy (CdO:SnO,),
3 HaHOpo3MipoMm 3epeH y mismasoui Bixm 10,3 M o 18,3 HM Oyam mpoBemeHi
3 BUKOPHUCTAHHAM PisHUX MeTOAiB xapakrepusairii. Jlerosaui miaisku CdO is
BMicTOM HaHouacTuHOK SnQ, y misimasoni 1-3% Oysm ocamskeHi Ha migkJa-
IWHKAX 31 CKJIa 3 HATPOHHOTO BallHa 3a KiMHATHOI TeMmepaTypu MeTOAOM
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iMIyJILCHOTO JIa3ePHOI'0 OCAMKEHHS 3 IONAJBIINM BiAIIAJIOM YIPOIOBIK
60 xBuauH 3a Temmeparypu y 400°C. MominyBambHa (asa A MUX ILIiBOK
Ma€ TeKcaroHaJbHY KPHCTAJIIUHY CTPYKTYpPY, AKa € MeTacTabibHoI0 (asoio
#1 nmeropamoro CdO. TaykoBe cmiBBigHOIIIEHHA 0yJI0O BUKOPHCTAHO IJIsI BU3HA-
yeHHA IMPUHU 3a00poHeHOI 30HU (E,) n1a meroBaHux ToHKUX miaiBoxk CdO B
niamasoHi eHepriii ¢oroniB Big 300 um go 800 HM. 36iibIlIeHHA KOHIIEHTpA-
1ii SnO, CyIpOBOAKYETHCA MOHUIKEHHAM OITHYHOTO IPOIycKaHHsa. MipsaH-
HaA TosmoBoro edeKTy MEeMOHCTDPYE N-THUN IIPOBiIAHOCTM BUTOTOBJIEHUX ILJIi-
Bok. Kosu Bmict SnQO, cranoButs = 0,01, a poboua Temmeparypa — 300°C,
IOCATAETHCA MAaKCHUMAJbHO JOCAMKHA UYYTJAWBICTh 3MiIIaHMX  TJIiBOK
CdO:SnO, mromo rasomoaiouoro miokcuay Hirporewy (NO,) 3 ToOuKM 30py Xa-
PaKTepPUCTUK UYTJIUBOCTU. Pe3yibTaTy MOKAa3yioTh, IO 34 Yacy BiAHOBJIEHHS
y 60 cexyHp i uyacy BiAryky y 25 ceKyHa MaKcHMaJbHa YyTJUBICTHL eKBiBa-
aentHa 78,05% . Big kimmarmoi Temmeparypu mo 300°C crifikicTs momo ra-
somogi6uoro NO, JiHiTHO 3MeHIIyeThCA 3 POOOUOI0 TEMIIEPATYPOIO.

Key words: transparent metal oxide, nanothin film, pulse laser deposition,
CdO, SnO,, gas-sensing application.

KarouoBi croBa: mposopuii OKCHI MeTaJdy, HAHOTOHKA ILIiBKa, iMOyJIbCHE
JaasepHe ocamkenusi, CdO, SnO,, sacTocyBaHHsA B rasoBiil ceHCOpHIIi.
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1. INTRODUCTION

Metal peroxides are interesting since they could be employed as sen-
sors [1], catalysts [2], sources of oxygen in organic synthesis [3],
and precursors for metal-oxides’ synthesis [4—6]. There are numer-
ous ways to make metal peroxides [6], such as the direct route reac-
tion of oxygen with metal in air (or ammonia) as well as in liquid,
the reaction regarding a metal salt with hydrogen peroxide, typical-
ly in basic solution, the thermal decomposition of the superoxide,
and the electrochemical route. Unfortunately, the majority of cur-
rently used techniques have some drawbacks. These include hazard-
ous and complex fabrication processes, costly and difficult-to-find
precursors, and poorly crystallized or even impure final products.
The automotive industry as well as environmental research in both
outdoor and indoor settings, like greenhouse gas monitoring, are
only two of the many uses for gas-sensing technologies [1-6].
People are currently aware of the environmental damage caused
by industrial emissions. One of such waste gases, NO,, was linked to
an increased risk of developing respiratory diseases in people, in-
cluding pulmonary edema and asthma, and has raised concerns
about environmental pollution on a global scale [7]. Yet, human be-
ings cannot survive in an environment with 3 ppm NO, for more
than 8 hrs, according to the Health and Safety Rule Alarm [8].
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Lately, researchers and industry have become more interested in
gas-sensing technology as a common application for intelligent de-
vices. Researchers were exploring a range of options to improve
gas-sensing performance because of the limitations and wide range
of applications of numerous gas-sensing technologies. Numerous
elements, including selectivity, sensitivity, response time, cost, and
size, must be taken into account in order to evaluate the effective-
ness of gas-sensing systems. A repeatable and stable gas signal
throughout time should be shown by gas sensors as well, but struc-
tural alterations, composition, appropriate doping materials, and
application of the right surface treatment all affect stability [9].

Techniques for gas sensing include liquid chromatography, gas
chromatography, electrochemical sensors, acoustic sensors, optical
sensors, and chemical resistance sensors. Some of these techniques,
for instance, gas and liquid chromatography, and acoustic sensors
have limitations of high cost, low sensitivity, slow response, and
difficulty in downsizing [10—-16]. On the other hand, gas sensors de-
pend on chemical resistance of such polymers, carbon nanotubes, and
metal oxide-based sensors have been used to minimize the size of a
powerful and cheap device. Among these three types, metal oxides
are the most popular type due to their brilliant properties [17—20].

Transparent conducting metal oxides (TCO), like tin oxide (SnO,),
indium oxide (InO), cadmium oxide (CdO), and zinc oxide (ZnO),
have been investigated intensively in the last decade. CdO has at-
tracted greater attention than other potential TCO due to its vari-
ous advantages such as high carrier concentrations and moderate
electron mobility [21]. These properties of CdO thin films facilitate
its inclusion in different applications such as photodiodes, trans-
parent electrodes, solar cells, and gas sensors [22]. CdO thin films
crystallize as a cubic crystal system, and the dominant phase for
CdO films exhibits the rock-salt crystal structure, which is the sta-
ble phase of CdO [23, 24], but it can also crystallize in metastable
phases such as zinc blende, wurtzite, CsCl, and NiAs crystal struc-
ture [25]. Polycrystalline CdO thin films could be deposited through
various methods, such as metal-oxide chemical vapour deposition
(MOCVD), direct current sputtering (DCS) and radio-frequency
sputtering (RFS), spray pyrolysis, chemical bath, and pulsed laser
deposition (PLD). However, to deposit stoichiometric and tin-doped
CdO, PLD is considered as the preferred method [25].

This work aims to find a correlation between the optical, struc-
tural, and electrical properties regarding doped CdO thin films with
different SnO, contents. It is also an attempt to optimize the SnO,
content for the best sensing ability using crystal structure, grain
size, transmission, band gap, carrier concentration, mobility, and
sensing characteristics for NO, sensing applications.
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2. EXPERIMENTAL WORK

Samples were prepared using high-purity cadmium oxide (CdO)
powder (99.99%) that was doped with tin oxide (SnO,) of 99.8%.
Samples weighing 3 gm, one of them pure CdO and three samples
doped with SnO, with impurity percentages of 2, 4, 6% were
weighed with a sensitive electronic balance with four decimal places
after sorting from. The mixing technique has been utilized for ob-
taining high homogeneity between the pure CdO granules and the
samples doped with SnO,, where the powders were ground using a
ceramic mortar for half an hour; then, the ground powders were
placed in plastic boxes containing three balls with a diameter of
0.50 cm. After that, each box was placed inside an English type
mixer (Spex) for ten minutes, and then, the mixed powders were
compressed with a pressure force of 6 Tons in a special mould (steel
stainless) with a diameter of 1.2 cm and a thickness of 0.3 cm for a
period of 5 minutes using an American-made hydraulic press manu-
factured by Across International, as shown in Fig. 1.

To produce CdO tablets before and after doping, we used glass
slides as substrates for film growth after cutting them into smaller
pieces. To ensure their cleanliness, such glass slides are precleaned
through ethanol and distilled water. Subsequently, the glass slides
undergo ultrasonic cleaning. Sedimentation system consists of two
parts as follow.

1. Laser System. The pulsed Nd:YAG laser manufactured by the
company DIAMON-288 pattern EPLS System with a wavelength of
1064 nm, as can be seen in Fig. 2, was used in the process of depos-
iting the prepared patterns on glass bases. The system consists of a
power supply and a control system. Using a computer and an inter-
nal cooling system, the path of the laser beams is fixed on the tar-
get manually, as the laser used has the following specifications: la-
ser energy of 100-1000 mdJ (energy used is of 600 md); frequency
6—1 Hz (frequency used is of 6 Hz); laser wavelength A = 1064 nm;
duration of each pulse=10 nsec and a number of 100 pulses at
room temperature, as the incident laser rays create an angle of 45°
with the surface of the target. Cooling method for the device: it is
by manually circulating the device hot water with cold water
through a tank located inside the device.

2. Sediment Chamber. It is a cylindrical chamber with a diameter
of 30 cm and a height of 40 cm made of quartz. The film deposition
process takes place in it, using a pulsed laser at high discharge, and
it is designed to contain a gate for the gas to escape upon discharge
and for viewing the laser rays.

The process of deposition of samples prepared from CdO discs be-
fore and after doping with SnO, took place inside the vacuum
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Fig. 1. Shape of the samples.

Fig. 2. The Nd:YAG pulsed laser instrument.

chamber of the laser system and under a vacuum pressure of 1072
hPa. The deposition process includes basic steps, which are the in-
teraction regarding pulsed laser beams with target, which is a com-
pressed powder disk. Subsequently, the prepared thin films were
annealed at a temperature of 400°C.

At room temperature, the experiments have been carried out with
CuK, radiation source (AL =1.5414 A) at 20-values ranging between
20 and 80 for recording the XRD data. An accelerating voltage of
30 kV and emission current of 20 mA were used in the experiment.
UV-Vis spectrophotometry (UV-265 Shimadzu) was used to examine
the optical characteristics of CdO:SnO, thin films inside the wave-
length range of 300-1100 nm. A test of a gas sensor with a bias
voltage of 6 V has been carried out at various sensing temperatures.
With the use of aluminium electrodes for each measurement, Hall
coefficient was determined utilizing a four-probe approach.
Through introducing a magnetic field perpendicular to the mem-
brane surface, Hall effect has been computed. Additionally, the Hall
probability () of electrical conductivity (o) and the concentration
of charge carriers (p) have been ascertained. Furthermore, the test
was run under a bias voltage of 6 V specifically for NO, gas and at
multiple sensing temperatures for the gas sensor measurement.
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3. RESULTS AND DISCUSSION
3.1. The Crystal Structure: X-Ray Diffraction Analysis

The x-ray diffraction results of all mixed CdO:SnO, thin films de-
posited on glass substrates through PLD method and annealed at
400°C are illustrated in Fig. 3. The observed peaks include (110),
(104), (111), (101), (220), (200), (311), and (222). The dominant
plane is (111), which is attributed to its stability. The samples con-
sist of a film comprising a mixture of the cubic structure of cadmi-
um oxide and the polycrystalline structure of tin oxide with a tet-
rahedral arrangement [26, 27]. It can be observed that increasing
the weight ratio results in an increase in the intensity regarding
thin films.

Additionally, there is a reduction in full width at half maximum
(FWHM) from 0.704 nm to 0.4257 nm in the (111) direction, indi-
cating that the crystallite size increases from 11.8 nm to 18.3 nm
for the thin film (Table) [28].
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Fig. 3. XRD patterns of pure CdO and nanocomposite CdO,_SnO,,,.

TABLE. XRD parameters for CdO:SnO, thin films.

Sample | 20, degree | FWHM, degree | d, ., A | Grain size, nm ‘ hkl

Pure 33.1539 0.8048 2.6999 10.3 (111)
1% 33.3551 0.7042 2.6841 11.8 (111)
2% 33.4054 0.5784 2.6802 14.3 (111)

3% 33.3551 0.4527 2.6841 18.3 (111)
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3.2. Optical Properties
3.2.1. Transmission (T)

Figure 4 presents the optical transmittance spectra of CdO:SnO,
thin films within wavelengths ranging from 300 nm to 800 nm and
with SnO, contents of 0.01%, 0.02%, and 0.03%. It could be indi-
cated that the transmittance is gradually increased with the in-
crease in wavelength, albeit at a small rate. However, for wave-
lengths below 400 nm, a sharp decrease in transmittance is observed
that is associated to the absorption edge in the corresponding wave-
length region [29].

In the visible region, the transmittance spectrum shows a gradual
increase, reaching a maximum transparency of approximately 77%
in the near-infrared (NIR) region. This behaviour reflects the na-
ture of the film. It could be attributed to an increase in oxygen con-
tent in the material or the scattering of photons by crystal defects
[30]. Overall, optical transmittance decreases with an increase in
SnO, content.

3.2.2. Optical Energy Band Gap

A critical optical constant used in fabrication of many electrical de-
vices, depending on semiconductor physics, is the energy band gap,
which is specified as the energy needed to transfer an electron from
valence band maxima to the conduction band minima. The relation-
ship (1) could be used to compute the energy gap value (E,) [31]:

ahv = A(hv-E,), (1)

Transmission, %

300 400 500 600 700 800
A, M

Fig. 4. Transmission of CdO thin films with different SnO, contents as a
function of the wavelength.
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Fig. 5. Energy gap of CdO thin films with different SnO, contents.

in which o represents the absorption coefficient, v represents the
photon energy, A represents a constant, and r is an exponential in-
dex with a value of 1/2. By squaring Eq. (1), we obtain the follow-
ing equation:

(ahv)? = A*(hv — E). (2)

Doping results in decreased energy-gap values, especially at high-
er weight ratios (Fig. 5). The energy gap is impacted by the in-
creased doping ratios because they cause new localized states to
form inside the band gap and tail states to form close to the band
edges [32].

3.3. Electrical Properties: Hall Effect

Several electrical characteristics of the prepared samples are ascer-
tained by means of the Hall-effect measurement. For nanocomposite
films, carrier concentration, u,, conductivity, mobility, and the ma-
jority charge-carrier types are examined [33].

The electrical conductivity of a material is influenced by the con-
centration and mobility of the carriers, both of which are affected
by temperature and impurities.

Figure 6 shows that the increase in the SnO, contents from 0.01
to 0.03 results in an increase in carrier concentration of the pre-
pared thin films from 1.50-10" to 1.89-10" cm™. On the other
hand, the behaviour of carrier mobility shows the opposite trend,
where the increase of the SnO, content reduces the value of the car-
rier mobility from = 2000 to 800 cm?/(V-sec), as depicted in Fig. 6.
Results are in good agreement with Ocak et al. [29].
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3.4. Gas-Sensing Properties

Two factors affect the sensors’ response: the rate, at which gas
molecules diffuse to the surface, and the kinetics of chemical pro-
cesses taking place outside the grains. The varying rates of such
processes set a limit on the sensor response at different tempera-
tures. The maximum sensor response is achieved at intermediate
temperatures, when the rates of both processes equalize. According
to this process, the sensor response peaks for each gas at a particu-
lar temperature [34].

Figure 7, a—d, e—h, i—l, m—p illustrates the variation of re-
sistance with time for the films at different operating temperatures
in the case, when exposed to NO, gas. Gas-on period is indicated by
the red arrow, while the gas-off period is shown by the green arrow.
It is well known that NO, gas is oxidative in nature. The resistance
to NO, gas exhibits a linear decrease with increasing temperature
within the range of room temperature to 300°C.

The sensitivity regarding the sensor to NO, gas exhibits a linear
increase with temperature within the range of room temperature to
300°C. This relationship is illustrated in Fig. 8. The maximum sen-
sitivity of prepared CdO:SnO, thin films towards nitrogen dioxide
(NO,) gas is achieved, when the SnO, content is of 0.01. This opti-
mal operating condition occurs at a temperature of 300°C. At this
point, the maximum sensitivity reaches 78.05% . The recovery time
of the sensor is of 60 seconds and response time is of 25 seconds.

When a reducing or oxidizing gas is introduced, a gas-sensor re-
sponse time is the amount of time, which the sensor takes to
achieve 90% of its minimum or maximum conductance value. Com-
parably, recovery time is the amount of time needed for the sensor
to stabilize within 10% of its original baseline following the stop-
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Fig. 7. Resistance variation: (a, b, ¢, d) for pure CdO, (e, f, g, h) for
CdO:1% SnO,, (i, j, k, 1) for CdO:2% SnO,, and (m, n, o, p) for Cd0:3%
SnO, thin films with different operating temperatures for NO, gas.

ping of the reducing or oxidizing gas flow [35, 36].

Figures 9 and 10 depict the relation between recovery time and
response time at different operating temperatures and etching times
for pure CdO and its combinations with 1%, 2%, and 3% SnO,
(CdO:Sn0,). It is observed that the response time is fast (of approx-
imately 20 seconds), while the recovery time is also fast (of approx-
imately 40 seconds).

4. CONCLUSIONS

Using the PLD approach, nano-CdO:SnQO, thin films of different
compositions have been successfully formed on glass substrates. The
films with the CdO:SnO, compositions have a polycrystalline struc-
ture, as shown by XRD analysis. As the weight ratio of SnO, rises,
the energy gap shrinks, suggesting a trend towards lower energy
levels. Thin films demonstrated the behaviour of an n-type charge
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Fig. 8. Sensitivity of CdO:SnO, thin film towards NO, gas under various
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Fig. 9. Response time of CdO:Sn0O, thin films towards NO, gas with differ-
ent SnO, contents measured under various operating temperature.

carrier. There appears to be an inverse link between temperature
and resistance since the resistance to nitrogen dioxide reduces line-
arly with rising temperature. With the exception of one particular
instance, the sensor sensitivity to NO, gas rises linearly with tem-
perature, suggesting a positive association between the both magni-
tudes. Both pure CdO and mixed CdO:SnO, films show high resistiv-
ity at high temperatures in the case, when measuring NO, gas with
the gas sensor, indicating lower sensitivity to NO, gas.
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