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Abstract

Al-doped CdS thin films were deposited on glass substrates by spray pyrolysis with Al
concentrations 0 and 1 at. %. X-ray diffraction confirmed the formation of cubic CdS with a
dominant (111) preferred orientation and nanocrystalline grain size (55 nm at 1 at. % Al).
Scanning electron microscopy revealed dense and uniform surface morphology, while energy-
dispersive X-ray spectroscopy verified successful Al incorporation without secondary phase
formation. The band gap values were found to be increased with doping. The structural stability
and compositional uniformity of the films demonstrate their suitability as window/buffer layers
for thin-film photovoltaic devices.
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1. Introduction

Cadmium sulphide (CdS) is an 1I-VI group semiconductor material that has received a lot of
attention because its direct band gap energy is about 2.42 eV at room temperature [1]. This
makes it perfect for use in optoelectronic devices like solar cells, photodetectors, light-emitting
devices, and thin-film transistors. CdS is a common window and buffer layer in heterojunction
solar cells because it has a high optical absorption coefficient in the visible range. The structural
quality of CdS thin films is very important for their optical and electrical performance. This is
because crystallinity, lattice defects, and grain size all have a big effect on how charges move
and recombine [2].

To make CdS thin films, different deposition methods have been used, including chemical bath
deposition, thermal evaporation, spray pyrolysis, and sputtering[3], [4], [5]. Among these, low-
cost solution-based methods stand out because they are easy to use, can be used on large areas,

and are easy to scale up. But pure CdS thin films often have problems like low crystallinity,
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high defect density, and uncontrolled grain growth, which can make their devices work worse.
Doping with the right metal ions has been looked into a lot as a way to change the structural
and electronic properties of CdS in order to solve these problems [6], [7].

Aluminium (Al) is a good dopant for CdS because its ionic radius is smaller and its valence
state is higher than that of Cd?* ions. Replacing Cd?* with AI** can cause lattice strain, change
the way crystallites grow, and affect the formation of defects. This changes the structural and
functional properties of CdS thin films. Adding aluminium to a material has been shown to
make it more crystalline, smaller grains, and better at conducting electricity by raising the
concentration of carriers. Also, controlled Al incorporation can stop the formation of secondary
phases while keeping the host CdS crystal structure intact [8], [9].

In this context, the current study concentrates on the synthesis of pure and 1% Al-doped CdS
thin films, along with a systematic examination of their structural properties through X-ray
diffraction (XRD). We look closely at how adding Al affects the lattice parameters, crystallite
size, interplanar spacing, and phase purity. To make CdS thin films work better for advanced

optoelectronic and photovoltaic uses, you need to know about these structural changes.

2. Synthesis and Characterization

2.1 Synthesis of Pure and Al-Doped CdS Thin Films

Using the spray pyrolysis method, pure and 1% Al-doped cadmium sulphide (CdS) thin films
were deposited on glass substrates that had been thoroughly cleaned. Before being deposited,
the glass substrates were cleaned in acetone, ethanol, and deionised water for 15 minutes each
using ultrasound to get rid of dust and organic contaminants. They were then dried in the air.
For the synthesis of CdS thin film, the precursor solution was made by using cadmium acetate
dihydrate as the source of cadmium and thiourea as the source of sulphur. Both precursors were
dissolved separately in deionised water and then mixed together in a stoichiometric molar ratio
to make a clear, even solution. To make sure that the film grew evenly, the total molarity of
the solution was kept at an optimal level. To make 1% Al-doped CdS thin films, we added the
right amount of aluminium nitrate nonahydrate to the precursor solution, which was equal to 1
at.% of Al compared to Cd. The solution was stirred with a magnet for an hour at room
temperature to make sure it was completely dissolved and mixed.

The spray pyrolysis setup had a pneumatic spray nozzle that was connected to a source of
compressed air. This turned the precursor solution into small droplets. The glass substrates
were put on a heated substrate holder that kept the temperature at 300°C. The precursor solution

was sprayed at a steady flow rate during deposition, and the distance between the nozzle and
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the substrate was set to make sure that the droplets were evenly spread out. When the aerosol
droplets hit the heated substrate surface, they broke down thermally, which caused pyrolytic
reactions that made CdS thin films. After deposition, the films were left to cool down to room
temperature on their own. The films that came out of this process stuck well to the substrates,
covered them evenly, and had smooth surfaces. The thickness of the films was changed by
changing the spray time and the amount of precursor. Fig. 1 shows schematic representation of

the spray pyrolysis deposition setup used for thin films deposition.

2.2 Characterization Techniques

We used Siemens D5005 X-ray diffractometer with CuKo. radiation (A=1.542 A) in the 20
range of 20°-80° to look at the structural properties of the deposited pure and Al-doped CdS
thin films. The Debye—Scherrer equation is used to figure out the size of the crystallites and
Bragg's law to determine the interplanar spacing. We compared the diffraction patterns with
standard JCPDS data to make sure that the phase was formed and the crystallographic
orientation was correct. Scanning electron microscopy (SEM) was used to look at the surface
morphology and microstructural features of the thin films. Energy-dispersive X-ray
spectroscopy (EDS) connected to the SEM system confirmed the elemental makeup and

successful addition of Al dopant to the CdS lattice.
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Fig. 1: Schematic representation of the spray pyrolysis setup.
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3. Result and discussion

3.1. Formation of CdS Thin Films

During spray pyrolysis, atomised precursor droplets quickly evaporate the solvent and break
down thermally when they hit the heated substrate. This makes pure and Al-doped CdS thin
films. Cadmium acetate breaks down when it gets hot, making cadmium oxide, and thiourea

breaks down, releasing sulphur species. The reactions that happen are shown as []:
A
Cd(CH,CO00), - 2H,0 - CdO + 2CH;COOH + H,0
A
CS(NH,), — H,S + volatile products

A
CdO + H,S —» CdS + H,0
These reactions result in the nucleation and growth of CdS crystallites on the substrate surface.
The deposited CdS thin films are uniform, light yellow in colour, highly adhesive, smooth and

reflecting.

3.2. Thickness Measurement:

The amount of material deposited can be controlled by several factors such as deposition time,
the deposition rates or amount of material used in the process. The thickness of the as-prepared
CdS films with Al doped were estimated using the weight difference method. The relationship

used to calculate thickness (t) was [10]:

Am

t= " (1)

AXp

Where ‘Am’ is weight difference between before and after the deposition of substrate, ‘A’ area
of the deposited substrate and p is the density of deposited material (CdS = 4.826 g/cm?®)
material. The values of thickness of deposited films were listed in Table 1. The thickness of the

films was 2.125 pm and 1.842 pum for pure and 1% Al-doped CdS thin films.

3.3. Structural analysis

The X-ray diffraction (XRD) patterns of pure CdS and 1% Al-doped CdS thin films are shown
in Fig. 2(a) and 2(b), respectively. The diffraction peaks seen in the pure CdS sample can be
linked to the (220) and (400) crystallographic planes, which shows that polycrystalline CdS
with good crystallinity has formed [11]. When Al is added (1%), the CdS peaks that are
characteristic of the (220) and (400) planes stay the same. This shows that the host CdS crystal
structure stays the same after doping. Also, a weak peak that corresponds to the (311) plane of
Al can be seen in the doped sample, which shows that Al was successfully added to the CdS

matrix [12]. After doping, there is a small change in the intensity of the peak and the
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background scattering. This could be because Al incorporation causes lattice distortion, defect
formation, and a decrease in crystallite size. The lack of additional impurity peaks indicates the
absence of secondary phases, thereby confirming the structural stability of CdS upon Al doping
[13].
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Fig. 2: XRD of pure CdS (left) and 1% Al-doped CdS (right) thin films.

From the position of different peaks and by the Bragg condition [14]:

nAd = 2dsinf (2)
where n is the order of diffraction, 4 the wavelength of the incident X-rays, d the distance
between the plans parallel to the axis of the incident beam.

The average size of the crystallites (D) has been calculated using Scherer’s equation as [15]:

KA
- Bcos6 (3)

where the constant K is a shape factor usually = 0.94, 1 is of X-ray wavelength (A =1.542 A),
p is the full-width at half maximum (FWHM) of the peak which has maximum intensity and 6
is the Bragg’s angle.

Table 1 shows the structural parameters that were found from the X-ray diffraction analysis of
pure and 1% Al-doped CdS thin films. These include the observed diffraction planes, the
calculated and standard 26 values, the interplanar spacing (d), and the average crystallite size
(D). Two strong diffraction peaks for the pure CdS thin film can be seen at calculated 20 values
of 43.1092° and 64.285°, which correspond to the (220) and (400) planes [16], [17]. These
numbers are close to the standard JCPDS values (43.99° and 64.08°), which shows that
crystalline CdS has formed without any other phases. The interplanar spacings were found to
be 2.0639 A and 1.4452 A, respectively. Using the Debye—Scherrer equation [18], we found
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that the average crystallite size for pure CdS was 72 nm A. This means that the crystallite
domains are relatively large and the crystals are of good quality [19].

When CdS thin films are doped with 1% Al, the characteristic CdS peaks for the (220) and
(400) planes are still there. This means that Al doping does not change the structure of the host
CdS crystal. There is, however, a noticeable change in the calculated 26 value of the (220)
plane, which is now at a higher angle (44.62°) than the standard value (43.99°). This suggests
that the lattice is contracting because smaller AI** ions are replacing Cd?* ions. Also, there is a
weak diffraction peak that corresponds to the (311) plane at a calculated 20 value of 77.89°.
This value is very close to the standard value of 77.36°, which shows that Al has been
successfully added to the CdS lattice. The interplanar spacings for the doped sample are a little
smaller than those for the pure CdS film. This is more evidence that there are lattice distortion
and strain. The average size of the crystallites in the 1% Al-doped CdS film is now 552.6 A.
This shows that adding Al stops crystallites from growing and creates more defect sites.

In general, the structural parameters obtained from XRD analysis show that Al doping causes
the size of the crystallites to decrease, the lattice to distort, and the peaks to shift without
creating secondary phases. These changes to the structure are likely to have a big effect on the
optical and electrical properties of CdS thin films. This makes Al-doped CdS a good choice for
optoelectronic uses.

Table 1: Structural parameters of pure and Al doped CdS thin films.

Planes 20 (calculated) 26 (Standard) d D
Sample
(hkl) ©) ©) (A) (nm)
220 43.10 43.99 2.0639
Pure CdS 72.6
400 64.28 64.08 1.4452
220 44.62 43.99 2.0127
1% AI-CdS 400 64.2851 64.086 1.4452 55.2
311 77.8991 77.360 1.2480

3.4. Morphological Analysis

Fig. 3 shows the scanning electron microscope (SEM) image of the Al-doped CdS thin film.
Fig. 3 displays a densely packed surface morphology characterised by irregularly shaped
granules with prominent agglomeration. The particle size distribution, as depicted in the image,

primarily ranges from approximately 395 to 675 nm, thereby confirming the nanostructured
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nature of the film. The existence of interconnected granules and clusters indicates greater
surface roughness and an expanded surface area, which can be ascribed to the incorporation of
Al dopant affecting the nucleation and growth mechanisms. Such a dense yet detailed
morphology is advantageous for optoelectronic and sensing applications, as it can enhance

charge transport and surface-related interactions.

Fig. 3: SEM image of 1% Al-doped CdS thin film.

3.5. Elemental analysis

Fig. 4 illustrate the Energy Dispersive X-ray Spectroscopy (EDS) spectrum of Al-doped CdS
thin film. EDS spectra of the film verify the elemental composition of the Al-doped CdS
sample. Prominent peaks associated with cadmium (Cd) and sulphur (S) confirm the formation
of CdS, while the detection of a distinct aluminium (Al) peak verifies the successful integration
of Al dopant into the CdS matrix. The evaluated elemental atomic percentage are 49.18 at. %
for Cd, 49.8 at. % for S and 1.02 at. % respectively.

Fig. 4: EDS spectra of 1% Al-doped CdS thin film.
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3.6 Optical analysis:

The optical energy band gap of the deposited CdS thin films was determined using Tauc’s
relation, given by Eq. (4), where a is the absorption coefficient, hv represents the photon
energy, A is a proportionality constant, and n equals ’ for direct allowed electronic

transitions [22].

(ahv)™ = (hv — Eg) 4)

As shown in Fig. 3(b), the band gap energy (E;) was obtained by extrapolating the linear region
of the (ahv)* versus hv plot to the energy axis for films deposited at different substrate
temperatures. The estimated optical band gap values increases from 2.40 eV to 2.50 eV with
dopant [21]. This increase in band gap is consistent with reported literature, where the band
gap is inversely related to grain size. The observed variation in Eg may be attributed to grain
growth, the formation of localized sub-energy levels near the conduction band, and increased

lattice disorder in the CdS thin films [20] [24].
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Fig 5: Tauc’s plot for CdS and 1% Al-doped CdS.

4. Conclusion

Al doped CdS nanocrystalline thin films were successfully deposited on glass substrates using
a simple and cost-effective spray pyrolysis technique with Al concentrations 0 and 1 at. %.
Structural analysis by XRD confirmed the formation of polycrystalline CdS with a preferred

(111) orientation for all doping levels, indicating that Al incorporation does not alter the
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fundamental crystal structure of CdS. The crystallite size was found to be in the nanometre
range, with a value of 72 nm and 55 nm for films 0 and 1 at. % Al. SEM observations revealed
that the films possess a uniform and compact surface morphology composed of densely packed
nanograins, demonstrating good surface coverage and film continuity. EDS analysis verified
the successful incorporation of aluminum into the CdS lattice, and the elemental composition
closely matched the intended dopant concentrations. Overall, the results indicate that spray
pyrolysis is an effective and scalable deposition method for producing high-quality Al-doped
CdS thin films with controlled structural and compositional characteristics.
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