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Resistivity-type humidity sensors have undergone extensive research as a result of the
increasing demands in industry, agriculture, and daily life. Only a few carbon composites
have been reported to exhibit positive humidity impedance, and the vast majority of
humidity sensors currently in use are based on negative humidity impedance, in which
electrical resistance increases as humidity levels increases. However, in this case, we only
have fabricated positive impedance MOS type humidity sensors using SRCBD
polycrystalline Sn,O, thin films. By changing the composition of x and y due to air
annealing, the resistance of Sn,Oy film sensors changes in response to relative humidity
from a negative to a positive value. It was found that oxygen vacancy defects were the root
cause of the positive humidity impedance. Positive humidity impedance sensors are more
energy-efficient, simpler to miniaturize, and electrically safer than their negative
counterparts as they operate at lower voltages, expanding the range of applications for
humidity sensors. We also believe that by making vacancies in semiconducting materials,
positive impedance humidity sensors can be made universally. A MOS device with low
hysteresis was developed using Sn,O, films that were air annealed at 450°C and can be
used as a reliable humidity sensor in a variety of applications.
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1. Introduction

Resistivity-type sensor work on the principle of change in their electrical resistance as a
function of atmospheric humidity. These novel characteristics of these sensors have attracted the
wide attention of investigators due to its applications in agriculture, industry, and other day-to-day
applications [1-5]. Most of the reported humidity sensors report work on the principle of negative
humidity response in which electrical resistance is inversely proportional to humidity. However,
humidity sensors have lower operational voltage, therefore, positive humidity impedance sensors
are easier to be fabricated and electrically more stable, energy-efficient air humidifiers and more
suitable for protectors for integrated circuits from humidity. But, for fabricating positive
impedance humidity sensors, mostly carbon composites have been used and reported [6-8].

Semiconductor metal oxides have better response and better recovery time and higher
sensitivity; therefore, it has been investigated widely for its use in the fabrication of potential
solid-state chemical sensors [9-11]. Among them, Tin oxide semiconductors have been reported
extensively due to its suitability in gas sensing, photocatalysis and electrochromism [12-14].
Additionally, Tin oxide semiconductors would be used as gas sensors for several gases such as
H,S, O,, NO,, CO,, NH; and so on [15-18]. Numerous composite materials, such as poly-2,5-
dimethoxyaniline/WO3 composites are used to functionalize humidity sensors. [21], some of them
are the mixture of Cr,O3; and WO;s [22], and polyaniline/WO; composites [23]. Among them WO;
nanowire humidity sensor which has been fabricated using the CMOS-MEMS technique [19] and
the thin film sensor fabricated using deposition techniques [20]. However, none of these have been
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reported as positive impedance humidity sensors. The response of sensing mechanism against
relative humidity in WO; may be attributed to the water dissociative chemisorption process in
which hydroxyl groups are formed on the surface of the WO; crystal leading to the accumulation
of electrons on its surface, and hence, the resistance of WOj; crystal decreases with increase in
relative humidity [21-24]. We have not found any literature reviews that mention the impact of
metal oxide oxygen vacancies density on applications for relative humidity sensing.

Most oxygen-deficient oxides have been reported to be unstable in humid conditions,
however, Sn,O, oxygen-deficient metal oxide have been reported with numerous advantages
compared to its counterpart like the ease of synthesis due to their higher order of stability, ordered
phases and precise stoichiometries [25]. Additionally, a literature review demonstrates that oxygen
vacancy explains the level of defects and trap-assisted conduction in semiconducting oxides [26-
29] and has been reported by Gillet and co-workers [29,30] that density of oxygen vacancy in
Sn,O, may be influenced by water vapor if the experiment is performed in air. We have been
motivated to create various Sn,O, humidity-assisted resistors because of these significant findings,
in which the various oxygen vacancy densities may induce and modulate the humidity sensitivity.

In the present work, we have used Substrate Rotation Chemical Bath Deposition (SRCBD)
technique to fabricate oxygen-deficient Tin oxide (SnyOy) nanofilms in oxygen ambiance by
coating Tin oxide thin films onto ITO substrates. The silver paste was used as an anode on the
surface of the films and suitable electrical connections were made. The sensor prepared by
polycrystalline Sn,O, films, notably showed positive humidity sensing property with a high
density of oxygen vacancy. Additionally, by varying the atomic percentage of x and y in Sn,O,
films the resistance may be tuned for the response of the relative humidity from a negative to
positive. We believe that our method is novel for creating highly accurate positive humidity
sensors using different metal oxides, and it opens a window to understanding and producing
desirable semiconducting oxide humidity sensors. Additionally, research on the positive resistance
characteristics of single-component material humidity sensors can balance and improve the
principles of humidity sensing as well as expand the range of applications for humidity-sensitive
resistors in small devices.

2. Experimental

2.1. SnO, thin film synthesis

In this study, SnO, thin films were deposited on pre-cleaned substrates using the SRCBD
[Figl] at 60°C and ambient pressure. The substrates such as glass and quartz were cleaned with
soap, acetone, and chromic acid and finally with DI water. ITO substrate was cleaned with 10 %
NaOH solution and DI water. However, the p-Silicon (100) substrate was cleaned using RCA-1,
and RCA-2 solutions and finally, the native oxide on the silicon surface is removed by HF
solution. All the cleaned substrates were dried in hot air and stored in Borosil desiccators to protect
against any atmospheric exposure.
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Fig. 1. Schematic of Substrate Rotation Chemical Bath Deposition (SRCBD).
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A beaker containing 0.1 M Stannous Chloride dehydrates (SnCl,.2H,0) dissolved in 200
ml of DI water is placed in a preheated water bath and the solution temperature is maintained at
60°C. To increase the solubility of the solution, 4.5ml of HCI is added to the solution under slow
stirring with the magnetic niddle. Finally, 2ml of triethanolamine [C¢H;sNO;] as a complexing
agent and 5 ml of methanol (CH;OH) was added to the solution to achieve homogeneity. The
prepared solution was allowed to cool down to room temperature and its 10 pH was maintained by
adding an appropriate quantity of ammonium hydroxide (NH4OH) solution.

Again, the water bath is heated to maintain the solution temperature of 60°C, and 0.1 M of
Urea (CH4N,O) is added to the solution under continuing slow stirring. Pre-cleaned substrates
were dipped vertically in the beaker containing the precursor solution and the rotation speed of the
substrate holder was maintained at 30 rpm.

After the completion of 2 hours of deposition, the reaction vessels were left in the
chemical bath for 24 hours to ensure better homogeneity. The films were removed from the
solution and cleaned with DI water and dried under hot air using a hairdryer and again dipped into
the same solution. This process is repeated several times to increase uniformity and film adhesion
on the substrate.

Finally, as-deposited (60°C) SnO, thin films were air annealed in the muffle furnace at
various temperatures of 300°, 350°, 400°, 450° and 500°C for 60 minutes each, to further optimize
crystallinity, stoichiometry, morphology, bandgap, sheet resistance, and other sensor parameters.

To investigate the influence of air annealing on microstructural, surface morphological,
compositional, optical and electrical properties, and their utility as humidity sensors at room
temperature, SnO, thin films have been subjected to various characterizations.

The structural properties of SnO, were characterized by X-ray diffraction (XRD, XPERT-
3) RAMAN (LabRAM HR (UV) in the range of 100-1000 cm ' and FTIR (PerkinElmer, Frontier)
in the range of 4000 to 400cm™. Morphological and compositional properties were characterized
by SEM with EDS (VEGA3 LMU) and film thickness by Microbalance (SHIMADZU BL series
with a sensitivity of 0.1 mg) using the gravimetric method. UV-visible-IR spectroscopy
(Shimadzu, MPC3600) in the range of 200—1100 nm, was used to measure the optical properties of
the synthesized films and their thickness was estimated by the gravimetric method and compared
with that by transmission studies. The sheet resistance of films was measured by the 2-probe
electrical technique using MECO 603 multimeter and the impedance of the humidity sensor was
estimated employing an LCR meter (APLAB 4910) at 100 Hz. To understand the reproducibility,
the surface and electronic properties of each sample of present films were estimated at three or
four positions.

2.2. Film Formation Mechanism

The formation mechanism of SnO, film has been presented in the below-mentioned
equations. The SnCl, solution contains Sn** ions that hydrolyze to form Sn(OH),. On adding urea
into the solution, SnO, thin film is formed on the substrates. On completion of one substrate
rotation, the monolayer of a SnO, is formed. The desired film thickness of SnO, is controlled by
rotating the substrate at 30rpm in the precursor solution for 2 hours and achieved by ageing the
substrates in the solution for 24 hours. The obtained as-deposited films were subjected to air
annealing to optimize the properties of the film as a function of thickness and its utility for gas
sensing applications.

SnCl,.2H,0 + H,0 — Sn"*+4H,0 —» Sn(OH),+4H" (1)

4Sn(OH),+ 2CH,N,O— 4Sn0,+2CO,+4NH;+6H,0 ©)
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2.3. Thickness measurements (t)
The thickness (t) of the film is given by

(ml _mo)
Ap

L= 3

where the substrate's masses (kg) before and after the film was deposited are denoted by m, and
my, respectively. Stands for the film's surface area (m?®) and p for the bulk SnO,'s density (kg m™).
Thus, the estimated film thickness (t) was found in the range of 154-502nm.

2.3. XRD analysis

The SnO, films have been annealed at various temperatures and their X-ray spectra have
been plotted in Fig.2a which shows that the peak of Miller Indices belongs to SnO, and the
presence of a sharp structural peak confirms the polycrystalline nature of the films. The
synthesized films have a preferential orientation to the (1 1 0) plane and are polycrystalline with a
tetragonal structure, according to the results of X-ray diffraction on the samples [JCP2 card No.
41-1445 (lattice parameters a = 4.738, ¢ = 3.187)][31]. Due to the low surface energy of the SnO2
crystallites, which correspond to the densest packed plane, all films have (110) as their preferred
orientation [32-37].
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Fig. 2a. X-ray diffraction pattern of SnO, thin films.
Scherrer’s formula [37] has been used to calculate the grain size of the crystallites given
by

092 4
" Bcos O )

where D is the crystallite's grain size, the wavelength of the x-rays used is (A=1.54059A), the
diffraction line's broadening is f measured in radians at half its maximum intensity, and the
diffraction angle is 0.

The crystallite size estimated using Scherrer’s equation at the preferred peak orientation
was found to reach a minimum of 0.392 nm and the Stacking fault and d—spacing [Fig.2b] found
by Bragg’s law, tend to the maximum at 400°C annealing temperature. The formation of SnO,
films was confirmed by the diffraction pattern obtained from the calcinated complex at 400°C.
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Table 1. Structural parameters of SRCBD: SnO, thin films estimated by both the Scherer formula and

W-H method.
Modified Scherrer Equation W-H Plot
Annealing i i _ ; i ; i ; Crystallinity | Stacking
temperature Cry§ta111tes Dlslocj‘anon M1c¥0 Cry§ta111tes D1s10<?at10n M1c¥0 % faults
(°C) size D density 6 Strain size D density 6 Strain
(nm) (nm™) € (nm) (nm™) €

60 (as deposited) 2.2910 0.1905 0.0032 0.6213 2.5902 0.1419 23.4080 0.0498
300 5.0041 0.0399 0.0071 4.2324 0.0558 0.0919 25.2809 0.0605
350 0.9996 1.0007 0.0154 1.5759 0.4026 0.0455 27.6572 0.1180
400 3.6574 0.0747 0.0129 0.6991 2.0456 0.0501 31.3085 0.1050
450 2.6616 0.1411 0.0039 0.5778 2.9948 0.1430 36.6316 0.0470
500 3.2884 0.0924 0.0118 1.3307 0.5647 0.0051 38.2792 0.0899
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Fig. 2b. plot of d-spacing as a function of 20 of SnO, thin films.

From table 1, it is observed that the percentage of crystallinity was found to increase with
the annealing confirming the orderliness of the film. The crystallite size and dislocation density,
Micro strain estimated from the W-H plot, was found to reach minimum and maximum at 450°C
annealing temperature.

The XRD peaks at 20= 30°, 33.5°, 44.96° and 51.42° refer to (101), (110), (102) and (112)
of SnO thin films [38]. The XRD peaks at 26= 25.19°, 27.06°, 30°, 33°, 51.8° and 51.5° refer to
(001), (110), (111), (030), (300) and (310) of Sn,Os thin films [JCPDS 25-1259] [39]. From the
study at preferred orientation, it is observed that the at 60°C synthesized films were SnO, however
with an increase in annealing temperature films changes to SnO, at 400°C and which again
converts back to the mixed-phase of SnO and Sn,0;. The XRD peaks at 20= 31° and 44.96° refer
to Sn [40]. The XRD peaks at 20= 27.06°, 34.93°, 52.58°, 54.55° and 60.95° refer to (110), (101),
(211), (220) and (310) of SnO; thin films [JCPDS 41-1445] [41].

2.4. SEM Analysis

Air annealing was used to modify the microstructure [Fig.3] of the as-deposited SnO2 thin
films, changing their mechanical and electrical properties. As a function of annealing temperature,
it was observed that the average grain size ranged from 38.56 to 42.01 nm. The abnormal change
in grain size may be attributed to the hydrolysis of urea and the disappearance of chlorine in the
films. The grain size varies as a function of temperature due to completion of recovery and
recrystallization in films, strengthening grain boundaries' resistance to intergranular cracks which
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may, in turn, reduce hardness, increase ductility and help eliminate internal stresses. The annealing
of films may also increase electrical conductivity monotonously due to minimization of dislocation
density as a result of improvement of crystallization.
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Fig. 3. SEM of as deposited and annealed SnO, thin films (a) 60°C (b) 300°C (c) 350°C (d) 400° C
(e) 450°C (f) 500°C with grain size distribution histogram as inset.

2.5. EDS analysis (Chemical composition)

Energy Dispersive X-ray Analysis was used to characterize the SnO, thin films (EDS).
Fig.4 displays the SnO2 thin film's EDS spectrum after being heated to 60, 300, 350, 400, 450, and
500°C. Additionally, it demonstrates the existence of a peak at 1.8 keV caused by silicon in the
substrate used for film deposition. It also shows a well-defined peak for both tin and oxygen
constituents of the above various substrate temperature SnO2 films, which confirms that the
deposited films are indeed SnO2 and hence structural composition of the films are confirmed. In
the samples, the oxygen element component (atomic %) is supposed to be twice that of tin, for
confirmation of the chemical composition of SnO2 thin films.
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Table 2 EDS analysis of elements and grain size estimated by SEM and histogram of SRCBD:SnO; thin

films.
Annealing Grain Grain Element - Weight % Element - Atomic %
temperature size size C Cl ¢} Si Sn C Cl ¢} Si Sn 0:Sn
(°C) (by | (by K | K K K L K K K K L
SEM) | histogra)
(nm) (nm)

60 (as deposited) | 55.70 38.56 7.98 1 3345 | 2.48 | 55.08 | 199 | 0.85 | 62.7 2.65 13.9 4.51
300 51.84 61.50 935 | 1.10 | 29.76 | 2.71 | 57.08 24 095 | 573 2.98 14.8 3.87
350 41.88 40.32 13.12 |1 0.72 | 24.7 | 2438 | 37.07 | 28.48 | 0.53 | 40.23 | 22.62 | 8.14 4.94
400 37.54 42.29 828 | --—- | 29.11 | 23.07 | 39.54 | 18.82 | ---- | 49.67 | 22.42 | 9.09 5.46
450 64.03 56.49 373 | - | 32.79 | 22.08 | 414 8.88 | - | 58.7 22.5 9.98 5.88
500 46.77 42.01 583 | - | 30.57 | 28.28 | 3532 | 13.11 | - | 51.64 | 27.21 | 8.04 6.42
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Fig. 4. EDS pattern of SnO?2 thin films.
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However, the Sn: O ratio [Table2] was found to vary from 0.16 to 0.26 % which is
attributed to the hydrolysis of urea and the formation of SiO2 on the surface of the Silicon surface
as a result of air annealing. Sn: O stoichiometry is very much less than 2, which may be due to the
mixed-phase formation of SnO and Sn20; along with desired SnO2 thin films. Both Sn and O
atomic % were found to reach their minimum values at an annealing temperature of 350°C. At the
exposed sites of the substrate, the silicon element is also observed in the EDS studies which may
be due to the evaporation of unreacted precursors from the surface of the silicon substrate leaving
vacant sites in that region. Due to the usage of urea as a precursor for the synthesis of film, Carbon
element is detected in the studies; however, its content keeps decreasing as a result of hydrolysis of
urea due to enhancement of annealing temperature. Chlorine is also found in the film due to the
usage of HCI for complete solubility of precursor, whose content was found to disappear after an
annealing temperature of 350°C. No other impurities are detected confirming the high purity of the
SnO2 thin film.

2.6. Raman Studies

Since Raman spectroscopy is best suited for analyzing solids and because Raman bands
are directly caused by molecular vibrations, which are sensitive to changes in composition,
stoichiometry, and structure, samples that were deposited and air annealed were studied. To further
verify phase formation and the deposition of SnO, thin films over a silicon substrate, 100 to 1000
cm-1 at room temperature Raman spectra were collected. The results are shown in Fig.5 It is a
very helpful technique to describe the potential vibration modes in any material as a reflection of
its purity and phase. Raman spectra with variation in the oxidation temperature as shown in the
figure. After the oxidation process, the metallic tin (Sn) can be oxidized into tin monoxide (SnO)
and/or tin dioxide (SnO,) depending on the oxidation temperature.

Raman intensity was found to decrease at 300°C, and reach a maximum at 350°C with a
further increase in annealing temperature was found to decrease and reach a minimum at 500°C.
The maximum intensity of the peak is due to the increment of crystal size. A minimum at 500°C is
attributed to non-stoichiometric tin dioxide SnO,., [43], and the decreased peak intensity with
annealing is attributed to the change in phase [42]. The Raman modes in the low-wavelength
region decreased and disappeared as the oxidation temperature rose to 500°C, indicating a reaction
toward stoichiometric SnO, [44].

No prominent peaks were seen for oxygen-deficient as-deposited films. However, with air
annealing major peaks were observed at 516 cm™ for 350°C, 300°C annealed films, and at 520 cm™
for 450°C, and 400°C annealed films. Among the peaks, Intensity is found to be minimum at
400°C and maximum at 450°C annealed temperature respectively. Minor and major peaks were
observed for 400°C and 450°C annealed films. A minor peak is caused by an oxygen vacancy
(VO) or oxygen defect in the deposited SnO2 thin films [45]. Beyond 350°C, it is observed that the
Raman peak changes from 516 cm™ to the higher wavenumber 520 cm™.
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Fig. 5. Raman Spectra of SnO; thin films.
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Thangadurai et al. reported that stressed SnO, (under pressure) exhibits Raman peaks at
higher values in comparison to ambient conditions [46].The appearance of Raman peaks at
relatively higher wavenumbers in the case of as-deposited films can therefore be inferred to be
primarily caused by residual stresses, rather than non-stoichiometry[47].

The strain-induced shift of the first order 520 cm™ Raman peak associated with optical
phonons in silicon has been used to spatially map stress variations using Raman spectroscopy with
a lateral resolution of a few nm. [48,49].

The length of molecules' chemical bonds in Raman spectra is related to the shifting of
peaks toward higher wavenumber. The shorter bond length causes a wavenumber shift to a higher
one or vice versa due to the variation in particle size and the change in molecule bond length. The
formation of nanocrystals inside SnO, thin films is responsible for the sharp peak.

The band at 520 cm™ is a Raman forbidden B;, mode, whereas the Raman bands at 516
cm’' can be assigned as A,, (TO) mode, which is IR active. The characteristics of SnO,
nanostructures are represented by these abnormal Raman bands, which were not visible in the
Raman spectrum of bulk SnO,. [50].

The Raman scattering peak at about 520 cm™ was identified as that of the silicon substrate.

2.7. FTIR Studies

FT-IR spectroscopy is used to identify the adsorbed functional group from their
frequencies. Fig.6 shows the FTIR spectra for SnO, film recorded between 400 and 4000cm™ at
room temperature. FTIR spectra of SnO, reveal that films have major bands at 3431, 2920, 2848,
1618,608 and 506 cm™'[51]. The broadband has been observed at 3365 to 3620cm™and 1618 cm’
'which may be attributed to the absorption of water molecules from the environment during the
synthesis of the films and consequently formation of stretching vibration mode of Sn-OH group
and O-H stretching vibrations [51]. The presence of a band between 2848 and 2920 cm'may be
attributed to the formation of the C-H group. There may be Sn-O stretching vibration and O-Sn-O
bending vibration in the peak area, which is between 500 and 650 cm™. The formation of SnO,
nanoparticles is confirmed by the presence of the aforementioned bands [51,52].
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Fig. 6. Fourier Transform Infrared (FTIR) spectra of SnO; thin films.

Metal oxide bond of SnO, may be attributed due to the presence of bands between 400-
800 cm'and 800-1700 cm™' bands may be attributed to oxygen stretching and bending frequency.
A SnO, nano thin film's infrared spectrum for annealing at 500°C revealed specific peaks at 3425,
1625, and 615 cm™. The spectrum shows that the spectrum is clearest at the highest annealing
temperature. The presence of a band around 3400 cm may be explained by the ‘OH functional
group, which is present and becomes wider at lower annealing temperatures [53].
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With the increase in annealing temperature, the transmission in the film was found to
increase till 400°C, however, at 450°C the transmission was found to decrease later with a further
increase in temperature up to 500°C the transmission was again found to increase. The variation of
transmission may be due to the desorption of adsorbed moisture from the surface of the film.

FTIR study indicated the existence of two distinct characteristic absorptions which
correspond to (O- Sn-O) deformations and (O-Sn) stretching modes [54].

Two large peaks around 3444 and 1624cm™ are observed due to the vibrations of the
hydrogen bond involved in the O-H oscillators in the adsorbed water molecules and the alcohol
respectively [55] and small peaks around 1023, 1384 and 2356 cm™ denote the hydrogen bonds
involved in O-H oscillators and peaks around 2894 and 2353 cm'may be due to the CO,
absorption from the ambient air atmosphere [56-58]. And two bands appearing around 574 and
665 cm’ are due to the Sn-O-Sn vibration and the Sn-O bond in SnO, which confirms the
existence of SnO, [59-61].

2.8. UV-VIS studies

Substrate rotation chemical bath deposited thin films were annealed at different
temperatures (300, 350, 400,450, 500) °C in air for 60 minutes. Optical properties were also
studied for annealed and unannealed (60°C) films using UV-visible spectroscopy (model). Fig.7&8
shows the transmission and absorption spectrum of SnO, deposited on a quartz substrate. The
spectrum is obtained as a function of the wavelength (200-1100 nm). From the graph It is observed
that the transmission increases sharply at the beginning of the visible region and reaches the
average maximum value of (90%) however at the end of this region near the IR, the curve
oscillates due to interference effects in the thin film. In this study, the envelop method was used to
calculate the film's thickness and refractive index. The thicknesses of the films were estimated by
optical interference technique using wavelengths at maxima and minima and applying the envelop
method equations. From the plots, it is evident that the surface quality and homogeneity of the thin
film were excellent [62].

The experimental data are represented by the solid curve with the associated symbol.
Strong absorption and high transmission are the two regions that make up the spectra's overall
pattern. Between 400 and 1100 nm, there is a region of high transparency with transmission
values of 78 to 93%. This value applies to our thin layers made by SRCBD and shows that the
SnO2 thin films are transitive in the visible region. The transmission spectra showed higher
transparency over the visible wavelength region with a maximum value (78-93) % depending upon
annealing temperature. Low defect density and reduced optical film scattering are the causes of the
high transmission [63].
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Fig. 7. Optical Transmittance spectra of SnO; thin films.
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The optical parameters extracted by the experimental transmission and absorption data are
listed in Tables 3 & 4. From the transmittance plot, it is observed that the transmission in the film
was found to increase with the air annealing due to a decrement in film thickness which may be
attributed to an increment in grain size in the preferred orientation plane. The increment in the
transmission is attributed to the decrease in free charges in SnO2 films may be due to oxidation
and removal of oxygen vacancies as a result of air annealing of films. The prepared and annealed
film's calculated absorption coefficient, which may be appropriate for a transparent conducting
film, is in the range of 104 cm-1. However, the ultra-thin tin oxide film might not work as a

transparent conducting film because the resistance of annealed film increases with a decrease in
film thickness [64].

Table 3. Optical constants estimated by Transmission spectra of SRCBD: SnO; thin films.

Annealing T n o k D T c X & P
temperature (°C) | nm /m % % %
60 (as deposited) | 410 | 1.4359 | 601948.3390 | 0.0335 | 64.6019 | 78.1297 | 2.0635E+13 | 0.0844 | 2.0608 | 0.5228

300 361 | 1.5226 | 343330.5128 | 0.0191 | 56.0545 | 88.3430 | 1.2480E+13 | 0.1048 | 2.3179 | 0.6105
350 266 | 1.5244 | 849652.7684 | 0.0473 | 55.8700 | 79.7712 | 3.0921E+13 | 0.1051 | 2.3216 | 0.6123
400 181 | 1.5313 | 1196835.5867 | 0.0666 | 55.1674 | 80.5230 | 4.3753E+13 | 0.1066 | 2.3405 | 0.6190
450 104 | 1.5263 | 1289486.6222 | 0.0718 | 55.6726 | 87.5625 | 4.6988E+13 | 0.1054 | 2.3246 | 0.6142
500 84 | 1.5230 | 775352.8549 | 0.0431 | 56.0074 | 93.6945 | 2.8192E+13 | 0.1048 | 2.3179 | 0.6110
Table 4. Optical constants estimated by Absorbance spectra of SRCBD:SnQO, thin films.
Annealing t o K > X & (ohv)? (ohv)™
temperature nm /m (evVvm'? | (evm™h"”?
(°C)
60 (as deposited) 410 | 282522.17 0.0157 9.6850E+12 | 0.0844 | 2.0616 | 4.05825 2.955
300 361 | 178709.51 0.0099 6.4960E+12 | 0.1049 | 2.3182 | 3.81224 2.59256
350 266 | 477497.44 | 0.0265 1.7377E+13 | 0.1052 | 2.3231 | 3.96192 2.51105
400 181 | 261920.19 | 0.0145 9.5752E+12 | 0.1070 | 2.3447 | 3.52621 2.36878
450 104 | 295468.32 0.0164 1.0766E+13 | 0.1058 | 2.3295 | 3.95747 2.37175
500 84 88849.74 0.0049 3.2306E+12 | 0.1050 | 2.3197 | 3.99452 2.40287
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Refractive index, porosity, optical susceptibility, dielectric constant and magnitude of
polarization were found to increase with annealing reaching a maximum at 400°C, and decrease
with further increase in temperature. Due to the high porosity of the SnO, film, its refractive index
rises monotonically as thickness decreases. As a result, it is possible to assume that thinner films
have smaller grains. The increase in inhomogeneity and surface roughness of the films could be to
cause a higher value of the refractive index [65].

The absorption coefficient, extinction coefficient and optical conductivity were found to
decrease at 300°C and increase with further annealing, reach a maximum at 450°C, and decrease
with further annealing.

The optical direct bandgap (Fig.9) of the film was found to reach a minimum at 300°C and
400°C, however, the indirect bandgap (Fig.9) of the film reaches a minimum at 400°C. From the
optical study, it is observed that both the direct (4.05 to 3.52 eV) and indirect bandgap (2.95 to
2.36 eV) of the film is found to be affected by air annealing. The smaller bandgap and donor-
acceptor recombination may be caused by the electronic transition from the deep donor level,
which is created by the oxygen vacancies, to the valence band in the film. [66]. The value of the
bandgap obtained is by the known value of SnO, [67,68]. Absorbed oxygen from air during
annealing fills the oxygen vacancies and oxidizes the interested tin atom in the crystal structure
which may lead to a variation of the optical bandgap of thin films [69,70].

60°C
1E+15 o ey { 300°¢

[ 350°C
400°C

0E+0

3 4
hu (eV)

Fig. 9. Plot of (ahv)® as a function of hv [(ahv)'? as a function of hv (inset).

3. Fabrication of MOS device

SnO, thin films were deposited by the SRCBD technique onto various precleaned
substrates like glass, quartz, silicon, and ITO at 60°C. As-deposited films were further air annealed
from 300°C to 500°C for 60 minutes to understand the annealing effects on humidity sensing
properties of MOS sensor. Films deposited on ITO were used to fabricate MOS devices, which
were then tested as humidity sensors and had their electric properties tested. Shamala et al. have
researched and reported on the fabrication of MOS capacitors and their dielectric properties. [71].
The following process was used to create Metal Oxide Semiconductor (MOS): On cleaned ITO
substrates measuring 1 cm x 1.5 cm, SnO, thin films were applied. A 1 mm-diameter dot of silver
epoxy was created and placed on the surface of the SnO, film. One more silver epoxy dot was
created on the unmasked side of the ITO, and two leads were extracted for measurement purposes
from these dots using thin copper wires. Fig.10a and Fig.10b provide the device's schematic and
energy level diagram respectively. The gravimetric method was used to measure the film's
thickness, and it was confirmed by transmission spectra of films deposited on ITO substrates. The
MOS device's response to humidity is investigated using a homemade dehumidifier [Fig.11].
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Using an LCR meter (APLAB 4910) operating at 100 Hz, the impedance of SnO, films deposited
on ITO substrates was investigated.

Ag
Ag SnOs
1ITO

Glass

Fig. 10. (a) Schematic diagram of the SnO, MOS device.
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Fig. 10 (b) Energy band diagram of MOS before voltage application.

Schematic of homemade humidity measurement sefup
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Fig. 11. Schematic of the homemade humidity measurement setup.

3.1. Impedance versus RH percentage for MOS sensor

Because these films have a higher band gap (3.57 e¢V) and dielectric constant (9.86), they
were used to fabricate the MOS sensor and were air annealed at various temperatures. SnO, films
have a thickness of about 154-502 nm. With the aid of existing literature, a home-made sensor
setup was created with the study of the variation of resistance with the percentage change in
relative humidity (RH) for SnO, MOS sensor [72] and is shown in Fig.12. Air compressor, copper
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helical tubes, two airtight glass jars, sensor holder, LCR meter, and hygrometer are the
components of the relative humidity measurement setup.

By blowing hot air through the tubes, we were able to reduce the relative humidity to
almost zero. However, when we bubbled water with compressed air, the relative humidity rose to
95%, and a corresponding increase in impedance was observed. The impedance was found to
increase gradually at low RH values (0-20%) and moderately at medium RH (25-50%) before
increasing quickly up to 90% RH, as shown in Fig.12. For all measurements, the humidity
chamber's sensor's temperature was held constant at (27°C).

Nahar et al.,[73] however, measured the sensor characteristics at low humidity by
enclosing the sensor in glass tubes filled with sulfuric acid solutions of known humidity. The
variation of impedance with low and medium (0-50%) RH values as observed by us is precisely
like that found by Jingwen Qian et al., except for the saturation part at high relative humidity
found in our case [74].

It was observed that the impedance increases gradually at low RH wvalues (0-20%),
moderately at medium RH (25-50%), and then quickly up to 90% RH. Due to the higher density
of oxygen vacancies in tin oxide films, which is comparable to the conduction behavior of many
semiconducting oxides, the impedance of the sensors is low in low-medium humidity

environments [75]. This phenomenon can be explained by the fact that oxygen vacancies
are the locations of positive charges that easily attract electrons and bind them to them. As a result,
the conductivity of semiconducting materials can be improved with an increase in oxygen vacancy
density. The sensors' impedance exhibits a 100% positive resistance sensitivity to relative
humidity (50-95%). The variation in grain size, improvement in film crystallinity, and
stoichiometry of annealed films were found to result in lower impedance with decreasing oxygen
vacancy density in tin oxide films.

In conclusion, the density of oxygen vacancies in the sensing materials has an impact on
the humidity sensitivity of the sensors made with the currently structured tin oxide films, as shown
by EDS elemental stoichiometric analysis. The sensors may exhibit full or partial positive
humidity sensitivity across the entire RH range due to high or low oxygen vacancy densities in
SnO2 thin films.
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Fig. 12. Sensor Impedance as a function of Relative Humidity (%).

3.1.1. Responsivity (R)
The Responsivity (R) is recorded by exposing the fabricated MOS sensor to humidity. The
sensitivity towards humidity can be confirmed by calculating the relative sensor response given by

RgR‘aRa x 100 (5)

Response (%) =

where R, and R, are the resistance/impedance of the sensor in humidity and air, respectively. The
Responsivity of SnO, based MOS sensor during adsorption and desorption of humidity as a
function of annealing temperature is shown in fig.13a,13b

During adsorption-desorption processes in the range of 10-30 % RH, it is observed that the
sensitivity was found to decrease and reach minimum for films annealed at 400°C, further the
sensitivity was found to increase and reach maximum for films annealed at 500°C. Responsivity
measured during desorption was found to be higher than that for adsorption. Films annealed at
500°C were observed to possess responsivity higher than that for as-deposited films confirming the
effect of film annealing on the sensitivity of sensors. The Responsivity of the SnO,-based MOS
sensor during desorption is higher than that while adsorption of humidity due to deficiency of
oxygen vacancies in the active region.

Sensitivity (S): It is possible to express the humidity sensors' sensitivity S as

_ Igp—I19
§ = 22 (Q/%RH) (6)
where loo and Iy stand for the impedance measured at 90% and 10% relative humidity,
respectively, the highest and lowest RH values in the variation range are 90 and 10. The fact that
the sensitivity is found to be declining with air annealing may be due to grain size variation.
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Fig. 13a. Responsivity of SnO,-based MOS sensor during adsorption of humidity as a function of
annealing temperature.
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Fig. 13b. Responsivity of SnO,-based MOS sensor during desorption of humidity as a function of
annealing temperature.

3.1.2. Hysteresis studies

For humidity sensor hysteresis is one of the essential characteristics, therefore, we have
performed both adsorption and desorption hysteresis characteristics of synthesized films and as
shown in Fig.14. The adsorption process RH was measured from low to high and has been shown
in the red line black line indicates for desorption process which has been measured in the opposite
direction. The increasing RH (for the adsorption process) and decreasing RH (desorption process)
curve has been represented by the upper and lower curve respectively and these curves are very
close to each other as shown in the figure. The impedance of a SnO,-made sensor was observed to
increase with increasing humidity, and the pathway for its desorption process was found to be
higher up in the loop, indicating that the rate of desiccation of the adsorbed water was slower than
that of adsorption, which is in good agreement with the response and recovery characteristics of a
humidity sensor.

Films annealed at 400°C have the largest hysteresis loop area, and films annealed at 450°C
have the smallest. The maximum hysteresis loss may be caused by small grain size, porosity, or
domains, while the minimum hysteresis is attributed to larger grain size and porosity in films. In
films rich in small grains, desorption is slower than adsorption, and vice versa in films rich in
larger grains.
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H= % (%RH) (7

where Ip and I, are, respectively, the desorption and absorption processes' Impedance values as
measured at 50% relative humidity. According to calculations, the humidity sensor has a
maximum hysteresis H of 1536.15% RH (400°C) and minimum hysteresis is 192.33% RH (60°C)
at 50% RH. [Table 5]. This outcome provides strong evidence that air annealing lowers the
hysteresis value.

One of the main issues with resistive humidity sensors is hysteresis. The presence of water
clusters may deform the ITO, which will affect the sensor's performance. Due to its larger grain
size, SnO, films air annealed at 450°C were found to exhibit lower hysteresis. Ionic conduction
theory can be used to explain the role of the SnO, nanoparticles. [76] The SnO, nanoparticles can
adsorb water molecules to form hydroxyl groups on their surfaces. When additional water is
added, each water molecule forms a liquid-like layer of hydrogen-bonded water molecules where
each water molecule is only singly bonded to a hydroxyl group. This technique effectively
suppressed the water clusters on the ITO, resulting in low hysteresis.
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Fig. 14. The hysteresis curve during both adsorption-desorption processes of tin oxide-based humidity
sensors.
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Table 5. Sensing parameters of SRCBD: SnO; thin film Humidity sensor.

Annealing Sensitivity (S) Drift Hysteresis Hysteresis by
temperature (Q/%RH) (%RH) by graph formula
(°C) (%RH) (%RH)
60 (as deposited) 6.28 27.00 371.90 192.33
300 2.96 10.47 392.68 236.43
350 1.94 0.28 511.06 488.37
400 1.63 0.56 1301.78 1536.15
450 1.37 3.44 267.47 400.91
500 1.12 25.92 1020.07 1900.42

3.2. Response and recovery time for MOS sensor:

We have examined the SnO, film's response and recovery characteristics over a single
cycle, which corresponds to the processes by which water molecules adsorb and desorb. This cycle
is demonstrated by a sensor reaching 90% of the total impedance change as humidity increases
from 11 to 95% RH and reaching 90% of the total impedance change as humidity decreases in the
opposite direction and range, respectively. Their statistical response and recovery times are shown
in Fig.15. It may be observed that the sensor is extremely sensitive to the variation of
environmental humidity as both response and recovery time changes drastically which may be
attributed to the variation of densities of oxygen vacancies in the sensing SnO, films [77]

60 4 Response
Recover

50

T T T T T T
60°C 300°C 350°C 400°C 450°C 500°C
Samples

Fig. 15. Statistical response and recovery times of the humidity sensors fabricated with
the obtained SnQ; thin films.

From the plot it is observed that the recovery time was found to decrease with annealing,
however response time was found to reach maximum for films annealed at 400°C, with further
increase in temperature, time is on decreasing trend. As evident from the hysteresis curve, lower
recovery time in annealed films might be due to the fast desorption of water molecules from the
film surface. The longer adsorption of water molecules at the film surface may be the cause of the
maximum response time in films that were annealed at 400°C. Improper water-porous humidity
interaction MOS humidity sensors may exhibit hysteresis because of sensitive layers. An
increased contact area between the sensing layer and the water vapor due to the porous top
electrode may result in high sensitivity and rapid response [78].
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3.3. Stability

For an ideal humidity sensor, stability is one of the important properties in practical
applications. To understand the stability of the MOS sensor, impedance is again estimated for 100
days in a step of 20 days. All samples were exposed to air for a few minutes, and the
corresponding impedance is recorded. The impedance variation of the sensor with time, when
exposed to air is shown in Fig.16. It is observed that all the films exhibit excellent reproducibility
even after exposure to air after 100 days also, with slight deviations. The initial Impedance (in
ohm) values were around 560.1. 253.3, 179.1, 165.6, 116.8 and 87.6 which are decreased to 580.3,
265, 179.8, 168.1, and 119, 89.5respectively after 100 days of film exposure. The slight variation
in the impedance after long storage (exposure) times is due to the oxygen attack on the conjugated
double-bond system [79].
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Fig. 16. Stability studies of the MOS sensors fabricated with as-deposited and
annealed SnO, thin films.

The apparent changes in relative humidity, D, which are calculated by the sensor
resistance drift's magnitude is estimated by [80]

D= I(meas)s_l(init) (%RI‘I) (8)

where Ineas) 1s the measured impedance following the sensor's exposure to a 50% relative humidity
environment for a predetermined amount of time, and Iy is the initial impedance before the test.

At 50% relative humidity, the highest [60°C] drift value was 27% RH. However, the drift
value has decreased to a minimum [350°C] of 0.28% RH [Table 5] with air annealing as a result,
the sensor is an extremely promising candidate for a commercially available humidity sensor from
a practical standpoint. As a result, from a practical standpoint, the sensor has attained notable
stability and is a very promising candidate for a commercially available humidity sensor.

4. Conclusion

On a variety of substrates, including glass, quartz, silicon, and ITO, SnO, thin films were
created using the SRCBD method in order to study their electrical characteristics in relation to
humidity sensors. SnO, thin films' structural, morphological, optical, and electrical characteristics
were examined in both their unannealed and air-annealed states. As humidity sensors, MOS
devices were fabricated and tested. Impedance variation is investigated with RH. When the
humidity level is low, the MOS sensor exhibits a slow increase in impedance, a medium increase
at medium RH, and a rapid variation at high RH levels. In conclusion, using SRCBD
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polycrystalline Sn,Oy thin films, we were able to create positive impedance humidity sensors that
were driven solely by oxygen vacancy defects. Positive humidity impedance sensors would, from
an industrial perspective, be safer electrically, more energy-efficient, and simpler to miniaturize
than their negative counterparts. The fabricated sensor showed improved response sensitivity,
decreased hysteresis, a quicker response/recovery time, excellent repeatability, and good long-term
stability. Finally, it was demonstrated that a good resistance value that is temperature dependent,
stable, and has a slight drift is adequate for use in a dependable humidity sensor for a variety of
applications.
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