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Sensing of nanostructured CdS thin films via several solution concentrations
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Using chemical bath deposition (CBD) methods and various molarities, nanostructured CdS
thin films were developed. XRD assured that these films were cubic polycrystalline,
containing larger grains as the solution's concentration of cadmium ions increased.
Dislocation density values dropped from 79.32 to 62.90 as a result, nevertheless. Also, the
strain is lowered from 30.88 to 27.50. AFM results demonstrate that these films suffer a
decrease in the value of average particle size, root mean square, and roughness with the
molarity concentration. SEM images show CdS thin films at various molarities (0.10, 0.15,
0.20) M, indicating reduced grain size with increased concentration. The optical
characteristics indicate a large band gap decreases from 2.46 eV to 2.34 eV and a high
transmittance in the visible portion of the spectrum of more than 97.5%. The Refractive
Index value changed from 3.23 to 3.11 as the content of cadmium ions increased. CdS films
show p-type behavior, reducing resistance with NO; gas, influenced by molar concentration.
The sensitivity of CdS films to NO, shows a decrement with increased molar concentrations.
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1. Introduction

Due to their electrical and optical characteristics, semiconducting materials draw much
attention, and numerous optoelectronic applications, such as LED and photo-transistors cadmium
sulfides (CdS), have been extensively explored. At ambient temperature, the band gap of CdS is
2.42 eV [3], and it exhibits n-type semiconducting characteristics with an electrical resistivity of 10"
2.10* cm. Cadmium sulphides have high electrical conductivity, low resistance, and high
transmittance in the visible portion of the solar spectrum. [4]. In recent years, the fabrication of
electronic and optoelectronic devices has shown a strong interest in CdS thin films [5-7]. Many
physical and chemical deposition methods, such as CBD [8—10], Chemical Spray Pyrolysis (CSP)
[11, 12], Molecular Beam Epitaxy (MBE) [13], and sol-gel [14,15]. have been used to create CdS
thin films. The CBD technique offers many benefits over other approaches, including its simplicity,
lack of need for expensive equipment, minimal material waste, cost-effective manner to deposit
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material across a vast region, and lack of handling dangerous gases. Because the CBD approach is
a lengthy procedure, the crystallites' better alignment and improved grain structure are possible [9].

The CBD approach is a simple, inexpensive process that is especially helpful for industrial
applications involving huge areas, which is why it has recently seen a lot of use. High-quality films
are produced using the CBD technique, which changes the pH, temperature, and reagent
concentrations. With the help of XRD, AFM, and a UV-visible spectrophotometer, the films were
evaluated to determine the Influence of solution concentration on several physical features of thin
films made of cadmium sulfide.

2. Experimental

Glass bases have thin sulphide coatings through chemical bath deposition. The bases were
dried at 80°C in an oven after being cleaned with distilled water, HCI, and detergent.
[Cd(NO3),.4H,0] with 0.05 M to 0.2 M as a source of (Cd"?) ions, and 0.1 M thiourea [SC(NH>),]
as a source of (S*) were used to develop the CdS thin films on a glass base. To bring the pH to 10,
25% ammonia hydroxide solution (NHsOH) was gradually added. For around 10 minutes, the
solution was agitated to achieve uniform dissolution. The bath was held at 70°C for three hours
without being disturbed. When the CdS films were deposited, they were ultrasonically cleaned with
methanol to remove any weakly attached CdS particles before being annealed in the air for an hour.
At 673 K, using a furnace model called the Yamato FM 27. In the investigation of film
characteristics, film thickness is a crucial factor. The gravimetric Equation t=m/(A) is used to
measure thickness where m is the film's mass in grams, A is its area in square centimeters, and is
the material's bulk density (CdS = 4.69 g/cm®) [17]. CdS thin films could be as thick as 680 nm. The
X-ray 6000 (Shimadzu) diffractometer was used to perform the XRD study at 40 kV and 30 mA.
AFM was employed to study the surface morphology of the films. The optical transmission spectra
were examined using UV-visible spectrophotometer (Cintra 5) GBC-Astrural.

3. Results and discussions

Figure 1 displays the deposited films' XRD patterns. When compared to JCPDS CARD: 21-
0829, the diffraction peaks noted in XRD patterns of all films are peaks at 28.31°, 32.62°, 47.14°,
and 58.53° label to the (111), (200), (220), and (222) planes, respectively, of cubic crystal structure
of CdS thin films. As the films become polycrystalline, distinct concentration molarity patterns
become visible. The XRD pattern of various concentration molarities reveals that all films have a
preferred orientation along the (111) plane. At increasing concentration molarity, the intensities of
the diffraction peak of the (111) plane tended to rise significantly. This behavior includes an increase
in the crystallites' preferred orientation due to the effects of concentration molarity. [23].

The Grain size (D) is acquired via Scherrer formula [24, 25]:

_ K2
~ Bcosh
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where k= 0.94, A is the X-ray wavelength, f is FWHM, and 0 is the reflection angle [26]. According
to Figure 3, the diffraction peaks get sharper and more intense as the cadmium ion concentration
rises, indicating that the grains get bigger and the crystal quality is better. D go from 11.22 nm to
12.60 nm. These findings concur with other research that has been published, such as research [27,
28].

The Dislocation density (8) was determined by computing Equation (2) [29,30];
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and was found that the dislocation density decreased from 179.32 to 62.90 nm with the increasing
cadmium ion concentration.

The strain (€) was determined by computing Equation (3) [31, 32]:

-t ®

In addition, as the concentration of cadmium ions rises, strain (€) falls from 30.88 to 27.50.
The structural parameters Py are shown in Figure 2. The average size and other factors indeed have
an inverse connection.
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Fig. 1. XRD styles of grown films.

Table 1. D, E, and Py of grown films.

20 | (hkl) | FWHM D 3 .

Sample M) | o) lglan)e ©) EeV) | am) | (x 10%) (lines/m?) | x 10
0.10 2831 | 111|073 246 | 1122 79.32 30.88
0.15 2829 | 111 | 0.69 069 | 11.87 70.87 29.18
0.20 2826 | 111 | 065 0.65 | 12.60 62.90 27.50
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Fig.2. Py of the grown films.

AFM pictures of a glass substrate exposed to various concentrations of CdS are shown in
Fig (3). The 3D-AFM images in Fig. 3 show that the grains are evenly distributed throughout the 10
nm x 10 nm scanning region, with distinct grains reaching upward. This surface property is crucial
for solar cells and photodetectors, according to Anwar et al. [33], Ezekoye [34], and Islam et al.
[35]. The image also shows that film was continuous with extremely well-connected grains free of
pinholes, fissures, and big clusters. The majority of submicron particles have relatively coarse
surfaces and are composed. Dergacheva and others [36]. AFM pictures and cross-sections with
surface roughness Ra values between 5.07 and 2.33 nm and root mean square RMS values between
7.03 and 3.14 nm indicate the production of thin films on a glass base, as offered in Fig. 3. RMS
values were reported by Olofinjan et al. to be less than 50 nm [37], showing smooth films. However,
the current investigation results show that R, and RMS varied with molarity concentration. Thus, as
the molarity concentration increased (1.0, 1.5, and 2.0 M), the RMS, average particle size P,, and
Ra reduced. The AFM parameters Parwm at various molarity concentrations are shown in Table 2.
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Fig. 3. AFM information.
Table 2. Pry of grown films.
Sample Pay R, RMS
M nm (nm) (nm)
0.10 63.2 5.07 7.03
0.15 423 2.94 6.15
0.20 26.8 2.33 341

SEM images in Figure 4 (a), (b), and (c¢) depict the surface morphology of CdS thin films at
varying molar concentrations (0.10, 0.15, and 0.20) M. Increasing concentration leads to smaller
grain sizes. At (0.15 and 0.20) M, slight deviations in morphology from 0.10 M occur, likely due to
differences in lattice structure and deposition-induced defects, impacting chemical processes.
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Fig. 4. SEM images of CdS.: (a) 0.10 M, (b) 0.15 M, (c) 0.20 M.

The UV-spectrometer is accustomed to characterizing CdS thin films' optical properties, and
the spectrum was seen between 300 and 900 nm in wavelength. Figure 5 displays the absorption
spectra formed at various molarities. Absorbance rises as molarity concentration does. The spectra
reveal a blue shift in the absorbance edges relative to the bulk CdS, demonstrating the quantum
confinement effect in nanoparticles. [38].

The transmittance (T) of these films, illustrated in Fig. (5), was calculated from absorbance
(A) data using the following [39]:

A=2-10gl0 (% T) )

In Fig. 6, the transmission percentage is relatively low in the absorption spectral region at a
wavelength of about 530 nm. Every single film has a strong transmission range above 500 nm. The
range of visible to infrared transmission was between 93.9 and 97.5%. i.e., the film has a lower
visible region transmission rate of 97.5%. While transmittance increased at wavelength (530) nm,
transmittance declined as molarity increased. Three different molarity concentrations of CdS
absorbance below 530 nm were determined from the UV study. It was demonstrated unequivocally
that CdS nanoparticles were very suitable for optoelectronic applications. [40].
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Fig. 5. A of the grown films.
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Fig. 6. T of the grown films.
The absorption coefficient o is computed from Lambert law [41]:
a=2.303A/t %)

Where t is the film thickness, the films have a high a (10* cm™), which denotes direct electronic
transitions, as shown in Fig. (7), which plots a via photon energy (hv). It can be seen that asomewhat
increases by increasing the molarity concentration and that the absorption edge shifts towards the
low energies. a increases by increasing the photon energy and rapidly increases in the region of
(2.26-2.34) eV. The absorption coefficient values have increased because of the creation of new
localized levels that penetrate the basic levels that absorb the low-energy photons. [42,43].

The optical band gap (E,) was estimated via Eq. 6 [44]:

(ahv) = B(hv — E,)"* (6)

where B is a constant, the relationship between (hv)? and hv was plotted to evaluate E, of CdS. From
Fig. 8, it was discovered that E, value of the CdS film drops from (2.46 to 2.34) eV when the
cadmium molarity rises, with an increase in cadmium molarity leading to an increase in D. The
enhancement in the film's crystallinity, or D and lattice characteristics, is what caused the band gap
to narrow. High concentration leads to a pronounced absorption edge because films become more
crystalline, and D increases with increased cadmium molarity. These figures and the values reported
by others are reasonably consistent. [45, 46].
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Fig. 7. a of grown films.
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Fig. 8. Eq of deposit films.

The extinction coefficient (k) has been determined via Eq. 7 [47, 48]:

_al

k= po (7

where A is the wavelength. This Equation makes it evident that k depends on and behaves similarly
to. K varies with molarity concentration (0.10, 0.15, and 0.20) M and wavelength, as seen in Fig.
(9); as molarity concentration K decreases. This is attributable to the absorption coefficient growing
since donor levels are associated with deeper donor levels, and the photons can absorb these levels
when they become released., raising the absorbance and o Since k behaves similarly to (o) and
depends on it, it will decrease as the molarity concentration increases. [49-51].

The refractive index (n) obtained via Eq. 8 [52, 53]:

1
1+R2
n=

1- Rz ®
— R2

where R is the reflectance. Figure 10 shows how n changes for CdS at molarities of 0.10, 0.15, and
0.20 M as a function of wavelength. This graph shows that the refractive index drops as the incident
photon's wavelength increases.
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Fig. 9. (k) of grown films.
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Also, the refractive index of CdS with molarity concentrations of 0.10, 0.15, and 0.20 M
falls as molarity concentration increases. This decline is due to the films' shrinking grain size with
increasing molarity concentration, which in turn caused an increase in the films' compactness. This
decreased the speed of light in the thin film's substance, leading to the decline. [54- 56].
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Fig. 10. n for grown films.

Fig. (11) illustrates the resistance versus response time of CdS thin films at varying molar
concentrations (0.10, 0.15, and 0.20 M) were assessed for NO; gas at an operational temperature of
150°C. The decrease in resistance upon NO, gas introduction suggests CdS behaves as a p-type
semiconductor. This indicates that oxidizing gases like NO; react with the film surface, capturing
electrons from the conduction band and increasing the number of holes, thus reducing film resistance
[57-59]. CdS at 0.20 M exhibits the highest resistance, highlighting the impact of molar
concentrations on the semiconductor properties of the films.
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Fig. 11. Resistance versus response time of CdS thin films at varying molar concentrations (0.10, 0.15, and
0.20) M.

Sensor response can be calculated with equation [52].

o AR R, — R,
Sensitivity = — = [———| X 100 % 9
Ry Ry
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Figure (12) illustrates the sensitivity of CdS thin films to NO, gas at various molar
concentrations (0.10, 0.15, and 0.20 M) and NO, concentrations of 100, 150, and 200 ppm.
Sensitivity declines with increasing molar concentrations, notably in 0.20 M films, possibly due to
hindered gas diffusion [53,54]. This reduction in sensitivity across NO, concentrations indicates that
thinner CdS films exhibit superior responsiveness to NO; gas.
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Fig. 12. Sensitivity of CdS thin films at varying molar concentrations (0.10, 0.15, and 0.20 M).

4. Conclusion

The X-ray diffraction confirmed that the nanostructured films were polycrystalline by using
varying molarities via a chemical bath to deposit cadmium sulfide (CdS) thin films. A favored
orientation along the (111) plane can be seen in all samples. As the concentration molarity increased,
the grain size increased. The strain, was dropped from 30.88 to 27.50. Also, the same behavior was
noticed in dislocation density values from 79.32 to 62.90. When the concentration molarity rises,
particle size drops from 63.2 to 26.8 nm in the AFM pictures. SEM images show that increased
concentration leads to smaller grain size, influencing morphology. When the concentration molarity
was increased to 2.0 M, Rrms fell from 7.03 nm to 3.41 nm.

The films' high optical transmittance, 93.9-97.5%, and low reflection in the 530-900 nm
wavelength range make them appropriate for usage as transparent windows in solar cells. Increasing
concentration molarity lowered the optical band gap for the permitted direct transition to 2.0 M from
(2.46 to 2.34) eV. (n, k) were also computed in this spectrum. CdS films show p-type behavior,
and resistance decreases with NO2. Molar concentration affects resistance. The sensitivity
of CdS films to NO2 diminishes with increasing molarity.
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