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Abstract

In this study, cadmium sulfide (CdS) Nanoparticles (NPs) are synthesized by a chemical method. Also, by subjecting the CdS
nanoparticles to a rapid cooling, the point defects have been synthesized. Our objective is to synthesize point defects in CdS
nanoparticles in order to study their effect on the Structural, Morphological, and Optical Properties. To determine the
crystallographic structure in CdS thin films, XRD measurements have been carried out. The Transmission Electron Microscopy
(TEM) was used to observe CdS NPs size. The outcome images reveal that the CdS NPs are approximately (5 nm) in size. Also,
Ultraviolet-visible (UV-Vis) absorption spectroscopy was used to calculate the material's band gap and showed an absorption peak
at 419 nm ~ (3 eV), indicating a blue shift of 0.6 eV compared to bulk CdS. By utilizing the X-ray diffraction patterns (XRD), the
particles size was found to be at 4.8 nm. Multiple cadmium and Sulfur defects were observed by employing the photoluminescence
(PL) method. A decrease of PL intensity in CdS film was detected due to defects recombination. The results indicate that Cd
interstitials (Icq) and Cd vacancies (Vcq) are active defects, which act as double donors and double acceptors, respectively. The FTIR
spectroscopy studies effectively identified the synthesized compound's functional groups and determined the molecular structure.
At the end, an easy to read scheme for most of the defects transitions that may happen was plotted.

Introduction

In the last two decades, the interest in the physical, optical, and transport properties of nanometer-sized semiconductor particles or
quantum dots has increased. There are unique optical and electrical properties for semiconductor nanoparticles that are significantly
different from the corresponding bulk depending on the quantum confinement effect. When the dimension of the semiconductor
quantum dots approaches the Bohr exciton radius, considerable changes in their properties occur. Accordingly, the surface-to-
volume ratio changes and the electronic energy levels shift towards higher energy, increasing the band gap [1, 2].

This increase allows researchers to use it in optoelectronic and piezoelectric devices [3, 4, 5], photodegradation [6], and light-
emitting diodes [7]. Cadmium sulfide (CdS) is a widely studied semiconductor, that has been used in photodetectors, optoelectronics,
and for solar cell applications as a window layer of type-n because of its wide direct band gap (2.42 eV) [8]. Cadmium sulfide can
exist mainly in two crystalline phases, hexagonal wurtzite, and cubic zinc-blende, depending on the preparation conditions [9].

The optical properties of semiconductor nanocrystallite are highly dependent on its crystalline structure. In other words, the effective
masses of electrons and holes in their electronic bands can be noticeably changed due to crystalline phase differences. The cubic
phase of CdS is kinetically controlled. In comparison, the hexagonal phase of CdS is thermodynamically controlled [10].
Consequently, researchers prefer a reaction that forms thermodynamically stable nanoscale CdS materials.

The evolution of defects such as S-vacancies, Cd-vacancies, and Cd-interstitials complexes, is addressed when discussing the
electrical and optical properties of CdS. Where the V¢4 can be defined as the process of missing the Cd atoms in its position, leaving
behind a void, and Icq are the Cd atoms that replace some of the S atoms. This article characterizes some trap and deep levels of
Cds, including different convenient characterization techniques. Moreover, studying the evolution of such defects in the b-CdS to
a-Cds transformation.

In order to understand the phenomena occurs in semiconductor nanoparticles, it is important to use a suitable method for their
preparation. Among the various synthesis techniques, chemical synthesis methods are promising in terms of cost reduction and the
ability to produce large amounts of particles. In general, the chemical method consists of the reaction of Cd and S compounds.
Moreover, since it is an easy way to stabilize the nanoparticles and avoid the agglomeration, different organic molecules are used.

Experimental Work

In this work, we studied the optical, electrical, and structural properties of the CdS by preparing its nanoparticles utilizing a chemical
method.

A Synthesization of Cd
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In order to prepare the Cd solution, we dissolved cadmium chloride (€CdCl,.5/2 H,0) as cadmium ions source into Oleylamine
using a flask subjected to a magnetic stirring at 90 °C for 30 min while the flask neck is closed.

B. Synthesize of Sulphide S

For preparing Sulphide S, 0.048 g of Sulfur S was dissolved as a source of Sulphide ions into 10 ml of Oleylamine at 40 °C until its
color changed from yellow to red. Then after the temperature of cadmium chloride solution was raised to 175 °C, the sulfide solution
was gradually added to the cadmium chloride solution and stirred for 6 hr before cooling the mixture. The high purity nanoparticles
of CdS were obtained by adding the mixture to ethanol and separated the yellow precipitate away from the solution through the
centrifugation process and drying. By doing this separation process, the yellow precipitate is ready for use in measurements.

To obtain structural properties, the X-ray diffraction (Cu radiation, 1.5406 °A) was used. Then, the crystallite size was calculated
by Williamson-Scherrefs formula. Moreover, the surface images of CdS nanoparticles were obtained through a Scanning Electron
Microscopy SEM and the morphological properties were measured by transmission electron microscope. Also, utilizing UV-Vis
absorption spectroscopy, the optical properties were identified. Finally, for the photoluminescence (PL) experiment, the excitation
was obtained by the UV lines from a 200W mercury arc lamp source.

Results and discussion:
X-ray diffraction pattern

In order to identify the structural and crystalline phases, XRD was performed for the prepared samples using CuK, (A= 1.5406 °A)
radiation source.

Fig. 1 shows the formation of XRD pattern for the obtained CdS nanoparticles. The crystal phase of the product was determined to
be wurtzited structure that having hexagonal phase. It shows that CdS nanoparticles has six peaks at the angles of 25°, 26.5°, 28.3°,
44°, 48°, and 52°. These results correspond to the Miller indices for the crystalline plane of [100], [002], [101], [110], [103], and
[112], respectively. The diffractogram illustrates that hexagonal crystalline phase occurs according to the standard reference (JCPDS
01-080-0006).
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Fig. 1: XRD pattern of Cadmium sulphide nanoparticles

As it is shown in Fig. 1, the X-ray peak intensities are sharp and narrow at angles (20 = 25°, 26.5°nd 28.3°) which suggest that the
crystal is polycrystalline.

By utilizing the peak width, the average sizes of the nanocrystals can be estimated using Debye-Scherrer equation [11, 12].
D=KA/B cos b Q)
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Where K is a geometrical factor, D is the average particle size, A is the wavelength of X-ray radiation, B is the full width at half
maximum (FMWH) of the peak, and 0 is the diffraction angle (Bragg diffraction angle). The resulted average crystal size of the
CdS nanoparticles is D = 4.8 nm. This is close to that obtained by TEM. The broadening of the diffraction peak of XRD spectra in
CdS nanoparticles occurred due to the defects as well as the crystallite size, and lattice strain which happens as result of quantum
confinement effect [13]. In order to obtain these parameters, the Williamson-Hall and Scherrer methods were applied, by using the
formula:

Bmcosf = 0'3—A+4n sin@ (2)

Where 3, cos 8 represent the total broadening, 7 is the lattice strain. So, by plotting f3,, cos € against 4sin6, a straight line and
intercept 0.9A/d were gotten. Thus, the strain and particle size are calculated from the slope and y-intercept of the fitted line
respectively, as shown in Fig. 2
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Fig. 2: Size and Strain analysis plot of CdS nanoparticles

Table 1, shows the data obtained from the Scherrer’s formula and the Williamson-Hall plot W-H.

Table 1: The data of broadening the peak that due to the particle size and lattice strain

20 hkl 4 sin0 B cosO d (nm) W-H

25 100 1.6904 0.0221 6.244343891 6.249753171
26.5 002 1.7848 0.0273 5.054945055 5.060656415
28.3 101 1.884 0.0215 6.418604651 6.424633451
44 110 2.7784 0.0132 10.45454545 10.46343633
48 103 2.9724 0.0204 6.764705882 6.774217562
52 112 3.152 0.0225 6.133333333 6.143419733

Scanning Electron Microscopy (SEM)

Using Scanning Electron Microscope (SEM) along with Transmission Electron Microscopy (TEM), the surface morphology of the
synthesized CdS nanoparticles was investigated. The SEM images of CdS nanoparticles of (100) kx enlargement, as demonstrated
in Fig. 3, show that there are particles forming massive, approximately spherical, agglomerations. This result is in close agreement
with Devi [14]. At the same time, the enlarged image shows a collection of non-uniform particles that known as a crystal size,
agglomerated randomly in the range of 200 nm.
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Fig. 3: SEM images of synthesized CdS nanoparticles.

Transmission Electron Microscopy (TEM)

To obtain more accurate structural for CdS nanoparticles, the Transmission Electron Microscopy was utilized. The exact particle
size of CdS was determined by utilized TEM images as shown in Fig.4.

By using a high-resolution TEM image with scale factor of 50 and 100 nm, the particles size of the synthesized nano-CdS was
approximately 5 nm. This result coincides with the results of grain size of CdS estimated from XRD. Fig. 4 shows the two images
of TEM.

Fig. 4: TEM images of CdS nanoparticles with two different magnification powers.

UV-Visible analysis:

The UV-Visible absorption spectra and the transmittance spectra of the synthesized CdS nanoparticles have been studied by the
absorption of electromagnetic radiations process as shown in Fig 5. The range of wavelength absorption spectra and the
transmittance spectra of the synthesized CdS nanoparticles were allocated to be between 290-800 nm. From the absorption spectrum
of CdS nanoparticles, the uttermost absorption was observed at 290 nm which correspond to the transitions from lowest level of
valance band to the highest level in conduction band as a result of rotational and vibrational levels which participate in the absorption
process. Moreover, we observed that when the transitions approached the two edges of energy band gap, the probability of absorption
decreases, see Fig. 5.
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Fig. 5: UV-vis absorption spectrum of CdS nanoparticles.

Also, two peaks absorption regions were appeared at 364 and 385 nm wavelengths. This is due to the transitions that occurs between
the two bands as a result of the defects (V. B—I,.;) [15]. There was a wide absorption peak appears at 490 nm, which is assigned to
the transitions that occurs between cadmium interstitial and cadmium vacancy (I.,—V.4) complexes and they are majority. The lcq
defect formed band, that is closed to conduction band, thus, the absorption peak pop up. This result corresponding with the results
reported by Elilarassi et al. [16], and Waly et al. [17]. The estimated optical band gap value of the as-prepared nanoparticles is 412
nm-~(3 eV). This is higher than the band gap value (2.4 eV) of bulk CdS [18, 19, 20]. The blue shift in band gap due to the quantum
confinement is approximately 0.6 eV. This increasing in the band gap happened due to reduce the particle size (nanocrystal size) of
the synthesized CdS nanoparticles resulted from the quantum confinement effect, since the emission wavelength shifts towards
higher energies (lower wavelengths) [17].

PL measurement

In the luminescence process, emission of semiconducting materials originates from electrons in the conduction band, trap states,
crystal defect states and excitonic states [21, 9]. The Photoluminescence spectra of prepared CdS is presented in Fig (6).
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Fig 6: Photoluminescence spectra of CdS NPs

The highest wavelength of absorbance (290 nm) is used to excite the sample in which the emission spectrum shows a peak at (430
nm). According to studies on photoluminescence of CdS nanoparticles, the emission happens due to band edge and imperfections
[22, 23, 24]. Therefore, the emission peak observed at 430 nm (2.8 eV) in the PL spectra of CdS nanoparticles can be attributed to
the surface state (S.S) emission, which is defined as the radiative recombination of exciton on the surface of NPs. where the PL peak
energy of such surface state emission, in general, is lower than the band gap energy of nanoparticles.

To find this blue shift in the band gap energy of the nanoparticle relative to the bulk material, the following equation was used [25]:

h
TC - Ebulk ....................... (2)
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Where E,,,, Ep,x are the band gap energy of the CdS nanoparticle and bulk respectively, and A is the wavelength of absorbance.
The absorbance at shorter wavelengths is attributed to the higher energetic transitions, giving its broad character. The strong PL
implies that the surface states remain very shallow, it is reported that quantum yields of band edge will decrease exponentially with
increasing depth of surface state energy levels [26].

In Fig. 6, we can see a peak at 365 nm, and since the particle size of CdS at 365 nm is lower than exciton Bohr radius, and according
to the fact that the particle size cannot be less than the exciton Bohr radius, therefore, this peak appears due to either impurity or to
unknown defect.

Photoluminescence study
Photoluminescence spectra of CdS nanoparticles in the present study indicates the presence of various types of defects.

Fig. 7, shows a wide variety of defects such as interstitial cadmium I/, which act as donor levels, cadmium vacancy which act as
acceptor levels V7, and lies near to the VB at ~0.1-0.2 eV [27], interstitial sulfur I3, sulfur vacancy V,2*, and isolated cadmium
vacancy VCZ& who lies in the mid-gap region at ~0.9-1.2 eV from the VB edge [27, 28]. During the synthesis of CdS nanoparticles,
the ratio between cadmium and sulfur salts was taken as 2:1.

From literatures [24, 29, 30], it was found that energy level corresponding to interstitial sulphur is near to valance band edge, and
that corresponding to cadmium vacancy is at higher values than the interstitial sulphur. The emission peak observed at 502 hm~
2.47 eV can be ascribed to the radiative transition between cadmium interstitial band I, and cadmium vacancy level V., [9], which
forms a Frenkel defect complex. The energy level diagram shown in the Fig. 7 illustrates the above transitions.

In general, the visible luminescence spectrum of CdS shows green, yellow, orange, and red emission. Where yellow emission is due
to interstitial cadmium I4, red emission is due to sulphur vacancy V; [31, 32, 33]. The peak in the PL spectrum located around 543
~2.28 eV is termed as green band luminescence. This peak arises due to interstitial sulphur sites I, [34].
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Fig. 7: Energy levels corresponding to different transitions in Photoluminescence of CdS.
FTIR

The result of Fourier Transform Infrared spectrum FTIR of CdS is presented in Fig 8. The results showed some absorption peaks
in the region 4000-400cm™!, that is around 3429.2, 1629.74 and 1110.92cm™1. In the higher energy region, the peak at
3429.2cm™tis assigned to O-H stretching of absorbed water on the surface of CdS [35]. The peak at 1629.74cm ™1 has corresponded
to C-C bending vibration. It is believed that this peak was from surfactant used for capping agent which is Oleylamine OLA [36,
37]. Stretching vibration at absorption peak 1110.92cm ™1 is related to silicon-oxy compounds (Si-O-C) [38].

The peak at 1400.22cm ™! has corresponded to bending vibration of methanol used in the process. It is also verified by its CH;-
stretching vibrations occurring as very weak peaks just below 3000cm™1. The absorption peaks at 445.53, 480.24 and 613cm™! are
corresponded to the stretching of S-S bond [39].
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Stretching vibration of the Cd—S was reported as 405cm ™1 [40], where the absorption peak was found at 412.74cm™1. According
to Kumar [41] dan Rusu [42], the peak of CdS was at 500cm ™1, while Karthik confirmed the vibration of Cd-S bonding at 601cm ™!
[43]. When compared with this study, the CdS peak formed was slightly different. This is probably due to the different synthesis
methods used.
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Fig. 8: FTIR spectra of CdS NPs

Conclusion

In this paper, we studied and characterized the point defects prepared by a chemical method and plot a scheme for most of the
defects transitions that may happen.

In more details, we have successfully synthesized CdS nanoparticles by chemical method upon adding sulfide to a Cd with
Oleylamine complex which act as a capping agent that passivate the nanoparticle surface and hence preventing bulk mineral
precipitation. A rapid cooling was used to produce high concentration defects which in return affects the optical and structural
properties of nanomaterials. It worth to mention that increasing defects leads to increase the size of CdS nanoparticles and forming
new electronic states in the band gap. TEM result reveals that the CdS nanoparticles structures have irregular spherical shapes and
are in contact with each other. Spherical nanoparticles were observed due to decrease the surface to volume ratio. X-ray diffraction
(XRD) confirmed the wurtzite phase formation of CdS NPs. The average particle size of the CdS NPs is 5 nm and was calculated
using different methods. The UV-vis absorption spectrum study reveals increasing the bang-gap of the CdS NPs (around 3 eV). This
confirm the quantum confinement effect
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