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Abstract
This work focused on growing cadmium sulphide (CdS) thin films through chemical bath deposition and depositing silver aggregates as a coating (CdS:Ag). Absorption and transmission responses were found. Calculated direct band gap energies yielded values of 2.50 (CdS) and 2.49 eV (CdS:Ag). Our scanning electron microscope characterization at different magnifications, visualized cluster formations with granular shapes. The highest magnification of 50,000x showed silver clusters as shiny granulates, which were confirmed by microprobe elemental mapping at a magnification 18,000x. Energy Dispersive Spectroscopy revealed that the light composition of the silver clusters was the unique difference from the CdS thin film. X-Ray Diffraction results only detected the hexagonal CdS pattern, but no silver. The crystallite size was of around 13 nm. A Surface-Enhanced Ramman Scattering effect was observed upon the silver coating of the CdS thin film at 293.3 cm-1. 
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Introduction
Cadmium sulphide has been applied in some optoelectronical devices and used as window layer in solar cell thin films.1,2 However, upon direct contact is a hazardous material living beings.3 It has been reported that silver (Ag) has no negative effect on humans.4 Thus, this work focuses on coating CdS thin films with silver and characterize them to compare them to pure CdS thin films.
The synthesis methods of CdS are pulsed laser deposition (PLD),5 molecular beam epitaxy (MBE),6 thermal evaporation, sputtering, chemical vapor deposition (CVD),7 chemical bath deposition (CBD),8 among others. In 2000, SJ Castillo et al. diffused metallic indium on a CdS thin film.9 
In 2010, A. de Leon et al. theoretically studied the interactions between CdS and glycine.10 In 2011, A. Apolinar-Iribe et al. synthesized hexagonal CdS thin films with acetylacetone as complexing agent through CBD.11 In 2017, M. Ruiz-Preciado et al. developed criteria to adjust the growth of  both, CdS and CdTe Thin Films elaborated by the PLD technique.12 In 2011, S. Rengaraj et al. developed a solution phase synthesis method for cubic CdS hollow microspheres of around 2.5 μm in diameter, with photocatalytic activity.13 In 2019, Chao Xu et al. predicted the formation of clusters of combined elements including cadmium, silver, sulfur and oxygen with promising semiconducting and photocatalytic activity.14 T. Zhai et al. have synthesized CdS micro/nanowires, nanorods, nanotubes and other nanostructures for applications in electronic and optoelectronic devices.15
J. Kaur et al. synthesized CdSe thin films doped with Ag and analyzed some morphological, optical and structural properties.16 Furthermore, CdS thin films were prepared via thermal evaporation and then immersed on a silver nitrate (AgNO3).17

Experimental
In this section, we explain the CdS thin film and the silver coated CdS thin film recipes. The cadmium source for the CdS thin film, was 10 mL of a 0.1M solution of cadmium nitrate, Cd(NO3)2. 20 mL of a 0.5 M solution of the complexing agent, sodium citrate, Na3C6H5O7, were added. To control the pH of the reaction, we used 10 mL of a 0.3 M solution of potassium hydroxide (KOH). Afterwards, we poured 10 mL of a 0.5M solution of thiourea, CS(NH2)2, as the sulfur source. Next, 5 mL of a pH 11 buffer, NH4OH/NH4Cl were included. Finally, we afforated to a volume of 95 mL with the aid of deionized water. Furthermore, 4 Corning brand soda lime glass substrates were vertically immersed in the reactor at 70°C for 30 min. After this, we obtained 4 CdS thin films deposited on the glass substrate. Two of these samples were used for characterization. The other two were reimmersed on a colloidal silver suspension at 24°C for 20 min. The colloidal silver suspension was prepared with 2.5 mL of Microdyn brand commercial colloidal silver (0.082% volume of colloidal silver). Two silver coated CdS thin films were obtained.
The CdS and silver coated CdS thin films were characterized through different devices. Transmission and adsorption characterizations were performed with a UV-Vis Nanodrop 2000 ThermoScientific brand spectrophotometer. SEM and EDS characterizations were carried on with a JEOL JSM-7800F equipment. The XRD characterization was realized with a RIGAKU Dmax2100 equipment. The Raman characterization was done with a Dilor Labram II equipment with an excitation line of 632.8 nm.

Results and Discussion
As it can be observed on Fig. 1, this thin film has a low absorption between 553 and 1100 nm. While it has an absorption edge at wavelengths lower than 496 nm. On the other hand, the transmission graph for this thin film shows a transmission higher than 70% for wavelengths higher than 553 nm. 


Figure 1. Absorption and transmission responses for CdS thin film.
Fig. 2 shows that his thin film has a low absorption between 615 and 1100 nm. It has an absorption edge at wavelengths lower than 498 nm. On the other hand, the transmission graph for this thin film shows a transmission higher than 70% for wavelengths higher than 615 nm.


Figure 2. Absorption and transmission responses for a silver coated CdS thin film.

In order to be explicit about the transmission difference between the two films, we display Figure 3. The transmission curves differ from 492 to 894 nm, where the CdS layer coated with silver decreases its transmission mildly. It should be noted that CdS films are yellowish, while the resulting CdS films coated with silver change to an amber-like color. 
Figure 3. Transmission responses for the CdS thin film (solid line) and the silver coated CdS thin film (dashed line).
We processed the optical absorption data generated on Figs. 1 and 2 in order to obtain Fig. 4 where we evaluated the direct band gaps through the Tauc method.18 As it can be seen for the CdS thin film, the direct band gap was of 2.50 eV, while for the silver coated CdS thin film, there was a slight reduction to 2.49 eV. This reduction can be interpreted as a very localized doping on the surface. These energy band gap values correspond to 496 and 498 nm for the CdS and silver coated CdS thin film, respectively. On the study performed by Shah et al.,17 the CdS thin film reached to a maximum transmission value of 80%, while on our graphs, after 589 nm the transmission values are higher than 80% up to 92% on the visible region.


Figure 4. Direct band gaps obtained via the Tauc method.

The morphologic studies performed by the SEM technique show differences on the surfaces of the films.  Figure 5 depicts a scale of 1 μm at a magnification of 10,000x. Part a) corresponds to the CdS thin film where a flat background is observed with some imperfections. Part b) corresponds to the silver coated CdS thin film, where additional isolated spheres appear, which we expect to be silver since the CdS thin films were immersed in a colloidal silver suspension. 
[image: ]
Figure 5. SEM 1μm images at a magnification of 10,000x of a) CdS thin film, b) silver coated thin film.
Figure 6 displays the films of Figure 5 indicating a scale of 100 nm and a magnification of 50,000x. Part a) corresponds to the CdS thin film where the flat background is has granular formations (CdS clusters). In part b) corresponding to the silver coated CdS thin film, small shiny grains have been formed. These are presumed to be Ag incorporated to CdS.
[image: ]
Figure 6. SEM 100 nm images at a magnification of 50,000x of a) CdS thin film, b) silver coated thin film.
An elemental mapping was carried on the bilayer of the silver coated CdS thin film where the distributions of the elements sulphur, cadmium and silver. Part a) corresponds to a morphologic image on a gray scale formed by secondary electrons. In contrast, part b) is formed by a EDS energy detector coupled to the SEM generating a surface mapping of the indicated element distribution. As it can be seen, the bright spots have a high composition of silver as indicated on part b) of Figure 7. Related theoretical research can be found with this configuration of materials on the scientific literature by Chao Xu et al.14 The research made by Shah et al. obtained noticeably different morphology and did not present the formation of silver aggregates.17
a)
b)

Figure 7. Silver coated thin film images: a) SEM 1μm at a magnification of 18,000x, b) EDS coupled to SEM surface mapping.
EDS measurements were performed to both films. The distribution of elements was portrayed on Figure 8, where the curves of both films are superposed. The CdS thin film curve has well-defined signals for oxygen, sodium, silicon, sulphur, cadmium and other elements.  Cadmium and Sulphur signals are due to the film, yet the rest of them are originated from the substrate.


Figure 8. EDS measurements of CdS (gray solid line) and silver coated CdS (black solid line) thin films.
In the case of the silver coated CdS thin film, signals corresponding to the elements aforementioned are present. In addition, a signal corresponding to the energy of silver at 2.98 KeV arose. This characterization enhances the slight difference between both systems of thin films. This justifies a surface difference in chemical composition. 
Table I lists EDS measurements (mass %) and the calculated atomic percentages of the elements labeled on Figure 8. The study focused on the next elements: carbon, oxygen, sodium, silicon, sulphur, cadmium and silver. Sulphur and cadmium percentages almost remained constant on both films. However, in the thin film immersed in a colloidal silver suspension, an atomic percentage of silver of 1.90 % emerged. In comparison to the work of Shah et al. a similar trend in composition for the EDS was observed.
Table I. EDS measurements: mass and atomic percentages.
	
	CdS
	CdS:Ag

	Element
	Mass (%)
	Atoms (%)
	Mass (%)
	Atoms (%)

	C
	3.93
	11.25
	4.50
	13.44

	O
	12.8
	27.53
	10.44
	23.39

	Na
	4.07
	6.09
	4.09
	6.37

	Si
	21.68
	26.56
	20.72
	26.45

	S
	9.89
	10.61
	9.79
	10.94

	Cd
	42.76
	13.09
	40.39
	12.88

	Ag
	----
	----
	5.71
	1.90

	Others
	4.87
	4.87
	4.36
	4.63



The next characterization is XRD. Figure 9 compiles the XRD patterns for CdS and CdS:Ag. The identified planes indicated on the figure are: (002), (101), (103) and (112). These correspond to hexagonal CdS (PDF# 41-1049). As it can be appreciated, the pattern for the silver coated CdS film is mildly more defined. This enhancement could be due to the silver clusters deposited on CdS. From the CdS pattern we calculated the crystallite size () by using the Debye-Scherrer equation.
							(1)
Where  is the used X-ray wavelength=1.5418 Å;  is the full width at half maximum (FWHM) of the main peak, 0.0108 rad and  is half of angular value at the peak location in the diffraction pattern, .

This crystallite size was obtained utilizing the XRD for the CdS film.


Figure 9. XRD patterns for CdS (lower) and silver coated CdS (upper) thin films.
Finally, Figure 10 presents the comparison of the Raman dispersion spectra. The black curve shows sequential disperson bands of low amplitude, without well defined peaks. On the other hand, when the CdS layer was coated with silver, the Raman dispersion spectrum was modified significantly at 293.3 cm-1 (1LO) as it is displayed on the gray curve. This corresponds to values reported on the literature.13 The fundamental modification consists on an extreme magnification on the dispersion 1LO due to the SERS (surface-enhanced Raman scattering) effect. Similar results were obtained in.17


Figure 10. Raman dispersion spectra of Cds (gray solid line) and silver coated CdS (black solid line) thin films.

Conclusions
On the comparative study of CdS and silver coated CdS thin films slight differences on their properties were observed. The most important differences were the formation of silver discrete aggregates and the SERS effect on the Raman characterization. In addition, the absorption and transmission properties varied slightly from 492 to 894 nm, causing the band gap to a decrease in only 0.01 eV. XRD studies did not detect the presence of silver.
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