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Abstract
The effect of annealing temperature on the structure and linear/non-linear optical proper-
ties of CdS-NPs was studied. The structural, optical properties and crystallite size were 
investigated using X-ray diffraction, Fourier Transform Infrared technique, ultraviolet–Vis-
ible absorption spectroscopy and scanning electron microscopy. The calculation shows 
that the CdS crystallized in cubic phase and formed NPs with average crystallite sizes of 
17.2, 20.1 and 23.3 nm and the microstrain is about 0.034, 0.030 and 0.026, for CdS films 
annealed at 300 °C, 400 °C and 500 °C respectively. The non-linear refractive indices ( n

2
 ) 

of the CdS-NPs are determined using open and closed Z-scan techniques. The optical lim-
iting (OL) behaviors have been also investigated. It has been shown that the OL efficiency 
depended on the CdS-NPs temperature. Under laser irradiation, self-diffraction rings were 
seen in CdS-NPs-300 °C, CdS-NPs 400 °C, and CdS-NPs 500 °C as increased input power, 
each pattern is created by a rise in the number of rings and the diameter of the outermost 
rings. The assessment of the figure of merit (W > 1) and thermal figure of merit demon-
strates that, the CdS-NPs films are highly sufficient for use in nano-optical technology. The 
potential of CdS-NPs can be used in photonic and holographic devices as shown by this 
studying. The aim of the present study is to find fresh applications for CdS-NPs in the 
world of optical modulators.

Keywords  CdS-NPs · Optical properties · Energy band gap · Figure of merit · Extinction 
coefficient

1  Introduction

The nanoparticle materials of II–VI group semiconductors have received considerable 
attention recently according to the manifestation of new physical phenomena with potential 
for future device applications (Althobaiti et al. 2022a, b; Ali et al. 2022a, b). Low-dimen-
sional semiconductors have novel properties that offer new ideas in excellent technological 

 *	 Hussain A. Badran 
	 hussain_badran@yahoo.com

Extended author information available on the last page of the article

http://crossmark.crossref.org/dialog/?doi=10.1007/s11082-023-04835-4&domain=pdf


	 H. A. Hasan et al.

1 3

555  Page 2 of 25

characteristics such as optoelectronics, electrical, magnetic, dielectric, and piezoelectric 
properties, since NPs have a greater number of surface atoms than bulk materials, (Lee 
2005; Manickathai et al. 2008; Srinivasa et al. 2011; Mahdi et al. 2012; Ali 2021). In our 
knowledge, the buffer materials must meet the parameters of a perfect band gap, excellent 
transmittance, and low series resistance (Lee et al.2009; Lazim et al. 2015; Cheng et al. 
2018; Hussain et al. 2018; Ajeel and Kareem 2019; Tezuka et al. 2011). Cadmium sulfide 
(CdS) nanostructure is one of the widely studied material due to it’s expected gap emission 
lies very close to the highest sensitivity of human eyes. Thus it could be assumed that CdS 
nanostructure films are an appealing host of photonic systems (Qi et al. 1996; Ullrich et al. 
2000; Chikan 2011).

CdS-NPs are n-type semiconductors and possess unique optical properties such as the 
high absorption band makes these materials useful for applications in photonic and pho-
toelectric devices as photo-resistance sensors, low-cost solar cells for energy conversion, 
field effect transistors, laser components, optical waveguides, light-emitting diodes, non-
linear optical apparatus and biological sensors (Kale and Lokhand 2005; He et al. 2011; 
Mahawela et al. 2005; Badran et al. 2016a, b). Hussain et al. (2021) CdS-NPs with wide 
direct band gap semiconductor was used with CdTe and Cu (In,Ga) Se2 semiconductors to 
fabricate photovoltaic cells given its optimum band energy of 2.42 eV for optical windows 
(Ziadan et al. 2012; Fedyaeva et al. 2016; Althobaiti et al. 2022a, b) in general CdS thin 
films have high resistance and optical transmittance, both of which may be created by the 
deposition process. The heat treatment and structural changes are the fundamental steps 
to influence the optoelectronics properties of CdS-NPs films and hence the devices. Thin 
films of transparent conducting oxides (TCOs) have gained a lot of significance because of 
their possible applications in photovoltaic and 3 optoelectronic devices. Among the TCOs, 
CdS nanocrystalline thin films have lately gained popularity due to their distinct physi-
cal, chemical, and mechanical characteristics when compared to their bulk counterpart. 
They are widely employed in optoelectronic devices because of the variation in particle 
size tunes emission in the visible area of the electromagnetic spectrum. Because CdS thin 
films have strong photosensitive characteristics, they can be used to make thin film transis-
tors, light detectors, and solar cells. By manipulating the size, structure, and surface states 
of nanocrystalline materials, fundamental characteristics of semiconducting material, such 
as optical, electrical, and magnetic capabilities, may be controlled (Alaa and Ahmed 2021; 
Ahmed 2016).

Many methods have been used to synthesis compound semiconductor (ZnO, CdO, 
CdSe, ZnSe, ZnS and CdS) from aqueous solutions such as sol–gel method microwave 
heating chemical bath deposition (CBD) based on the slow release of cadmium ions and 
sulfide ions in an aqueous alkaline bath and the subsequent condensation of these ions on 
substrates suitably mounted in the bath and spin coating method, etc. (Ramteke and Lanje 
2017; Ramteke et al. 2018; Mahesh et al. 2020).

In this work, we provide a novel approach to the synthesis of CdS nanoparticles using 
a polymer-assisted chemical reaction process. Cadmium sulfide nanoparticles)CdS-
NPs( deposited on glass substrates using a simple chemical reaction method (CRM) and 
annealed at different temperatures, 300 °C, 400 °C and 500 °C. According to the litera-
ture that is currently available, there are just a few papers on the polymer-assisted produc-
tion of CdS nanocrystals. The creation of films containing cadmium sulfide nanoparticles 
were analyzed using Z-Scan while the temperature maintained around 300 °C and 500 °C. 
Regarding various temperatures, the CdS-NPs exhibit good optical limiting characteristics. 
Under 532  nm cw laser irradiation, self-diffraction rings (spatial self-phase modulation 
(SSPM)) were seen in CdS-NPs-300  °C, CdS-NPs-400  °C, and CdS-NPs-500  °C. With 
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increased input power, each SSPM is created by a rise both in terms of the quantity of rings 
and the size of the outermost ring. The purpose of the present study is to find fresh applica-
tions for CdS-NPs in the world of optical modulators.

2 � Materials and methods

All chemical materials used in this procedure were supplied by sigma Aldrich. CdS-NPs 
films were prepared using a chemical reaction method. The aqueous solution was prepared 
by dissolving Polyethylene glycol (PEG) in 100  ml of deionized water. A few amounts 
(0.2  ml) of the prepared mixture were then dissolved in 5  ml of 2-methoxyethano for 
60 min. Then, 0.15 M of Cd(CH3CO2)2. 2H2O (Molecular Weight 266.53) was added to 
the mixture. The prepared solution number (A) of PEG/ 2-methoxyethano/ water/Cd 
(CH3CO2)2·2H2O was left for 60 min. Separately, another solution number (B) was made 
by dissolving 0.15 M of Thiourea CH4N2S (Molecular Weight 76.12) in 5 ml of 2-meth-
oxyethano for 30  min. Solution (A) was then added dropwise to solution (B) and the 
obtained mixture was left for a few hours in ambient condition. The glass slide substrates 
were washed with deionized water and then cleaned ultrasonically for several minutes in 
acetone, and ethanol to remove any remaining dust and/or dirt. The prepared solution was 
deposited on the glass substrates using the spin coating technique for 1000 rpm for 30 min. 
The deposition process was achieved to obtain an optimum thickness of 97.9 nm. The spin 
coated step was followed by annealing process on a hot plate a temperature of 300, 400 
and 500 °C for 45 min. The obtained samples are denoted in this paper as CdS-NPs-300, 
CdS-NPs-400 and CdS-NPs-500 respectively. The chemical preparation steps are displayed 
as shown in Fig. 1. The fabricated films were examined through various techniques such 
as scanning electron microscopy (FEI Quanta 600 environmental), X-ray diffractometer 
(XRD) (Philips, EMPYREAN), FTIR (IRPRESTIGE 2), UV–Vis Spectrometer (Lambda 
750S 60 mm Sphere) and Ellipsometry spectroscopic (M-2000 Woolam).

3 � Results and discussion

3.1 � Structural analysis

The investigation of these samples by X-ray diffraction (XRD) is a basic approach to 
identify CdS-NPs and know the nanostructural and crystalline features. This sample is 
also being developed for use in a variety of scientific and practical sectors, thus the 
development of this material is important. (Abdolhossein et al. 2022; Alaa et al. 2020). 
The X-ray diffraction (XRD) patterns of annealed CdS-NPs films at 300 °C, 400 °C, and 
500 °C respectively are shown in Fig. 2. It can be seen, the XRD of CdS-NPs reveals 
that the peak intensity varies with the annealing temperatures, indicating that the film’s 
structure will change. By comparing with the standard data, the type of the film has a 
particular hexagonal phase which has only one peak for un-annealed film (Manickathai 
et  al. 2008). The film which annealed at 400  °C has four strong sharpener diffraction 
peaks, while there are five peaks visible in the XRD pattern of the CdS film annealed 
at 500  °C relating to the hexagonal plane than the film annealed at 300  °C which is 
indicated that the temperature was improved crystallinity of the films (Badran et  al. 
2017; Hussain et al. 2021; Ziadan et al. 2012; Fedyaeva et al. 2016). The main peaks 
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Fig. 1   Schematic illustration of the procedure for the synthesis of CdSNPs films

Fig. 2   XRD pattern for CdS-NPs 
film
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at 2θ = 26.11°, 33.13°, 38.5°, 55.26°, and 66 ͦ of CdS samples correspond to the (002), 
(110), (101), (103) and (112) planes of CdS, respectively. It can be noticed from Fig. 2 
that there are overlapped by the peaks of the two samples, 400 °C and 500 °C of hex-
agonal CdS (Gutierrez et al. 2015; Hussain et al. 2021; Aziz et al. 2017; Rathore et al. 
2017). The improved crystallinity of the films and larger crystalline sizes that occurred 
as the annealing temperatures increased may be attributed for these results.

The lattice parameters a and c can be determined from the XRD line position accord-
ing to the following relation (Kathirvel el al. 2009; Alaa et al.2021):

where dhkl is the interplaner spacing and hkl are the Miller indices. For pure CdS film  
a = 4.127A◦ and c = 6.6112A◦ while the lattice parameters decrease with annealing tem-
perature to a = 4.12A◦ and c = 6.59A◦ . The mean crystallite size (D) of the films can be 
determined by using Scherrer’s formula (Lazim et al. 2015; Kathirvel el al. 2009):

where λ is the X-ray wavelength is equal to be 1.5406A◦ and β represents the full width at 
half maximum (FWHM) of the film diffraction peak at 2θ, where θ is the Bragg diffraction 
angle. The average grain sizes determined are shown in Table 1. A dislocation is a crystal-
lographic defect, or irregularity within a crystal structure. The presence of dislocation (δ) 
strongly effects a lot of characteristics of materials. The dislocation density was estimated 
from the following relation (Kathirvel el al. 2009; Ali et al. 2021):

(1)
1

dhkl
=

4h2 + hk + k2

3a2
+

I2

c2

(2)D =
0.9�

� cos �

Table 1   Effect of annealing 
temperature on the structure 
parameters of CdS-NPs films

2θ)deg( hkl Annealing 
temperature 
(°C)

Crystallite 
size D(nm)

δ Lines/
m2 × 10 15

ɛ × 10 −3

26.11 (002) 300 – – –
400 – – –
500 21.6 33.8 26.1

33.13 (110) 300 16.5 58.3 34.6
400 18.8 44.6 30.2
500 22.1 32.8 25.9

38.5 (101) 300 16.8 56.5 34.4
400 19.2 43.3 30.1
500 23.3 31.8 25.8

55.26 (103) 300 18.2 33.9 33.9
400 20.4 29.7 29.7
500 24.2 25.4 25.4

66 (112) 300 – – –
400 21.6 34.1 29.3
500 25.4 25.1 25.1
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The average micro strain (ɛ) of prepared films were also determined using Stokes-
Wilson relation given by (Ali et al. 2022a, b; Ahmed and El-Radaf 2023):

The structure parameters of CdS-NPs films are shown in Table 1. It can be observed 
from Table 1, that the increase in crystallite size with increasing annealing temperature, 
this rise may be linked to an increase in the crystallinity of the CdS-NPs films, which 
has seen a degree of crystallinity of the films improvement recently. The crystallinity is 
highly related to FWHM value.

The Scherrer’s formula gives a rough estimate of crystallite size and the micro strain 
(ɛ) can be neglected. Therefore the average micro strain (ɛ) and mean crystallite size 
(D), both of which are contributors to the line broadening shown in the XRD patterns 
can be determined by using the Williamson–Hall (WL-H) Plotting method.The plotting 
depends on the ‘FWHM’ of the diffraction peak. The relation of WL-H plotting can be 
written as:

A plot of � cos � against sin � will give a straight line while the mean crystallite size 
(D), and the average micro strain (ɛ) can be evaluated from the intercept and slope 
respectively. The average crystallite size is estimated to be average crystallite sizes of 
17.2, 20.1 and 23.3 nm and the micro strain is about 0.034, 0.030 and 0.026, for CdS-
NPs films annealed at 300 °C, 400 °C and 500 °C respectively by using the debye–scher-
rer relation. While by WL-H Plotting gave that the average particle size 17.1, 20 and 
21.8 nm and micro strain (ɛ) is about 0.034, 0.03 and 0.026, respectively for CdS-NPs 
films annealed at 300  °C, 400  °C and 500  °C. Figure  3 illustrates how the grain size 
increases as the annealing temperature rises, this rise in quality is likely responsible for 
the improvement shown in the CdS-NPs films.

(3)� =
1

D2

(4)� =
�

4 tan �

(5)
� cos �

�
=

k

D
+

4 sin �

�

Fig. 3   Variation of the aver-
age crystallite size (D) and 
micro-strain (ɛ) as afunction of 
temperature
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3.2 � Fourier Transform Infrared (FT‑IR) spectrum

The FTIR spectra of the cadmium sulfide films are shown in Fig. 4. The Fourier Transform 
Infrared technique was used to characterize the different bonding arrangement in the CdS. 
The spectra show that the strong absorption band located around 702  cm−1 corresponds 
to the Cd–Stretching band. There are weak absorption bands located around ~ 820 to 
957 cm−1 and around ~ 1306 to 1527 cm−1 which correspond to the C–C and S=O stretch-
ing band respectively. It can be observed from the figure that the absorption peaks centered 
at 3165 and 3525 cm−1 which to be specified to the O–H stretching of the CdS films.

3.3 � Scanning electron microscopy images (SEM)

The investigation of surface morphology and the uniform dispersion of the films result in 
desired features that may be put to use in a variety of optoelectronic applications. This 
includes the employment in solar cells and other electronic devices, as well as its use in 
the production of small and giant television displays and optical switch devices. The SEM 
images of CdS-NPs films were illustrated in Fig.  5. It was shown that the roughness of 
the CdS-NPs films surfaces is relatively low, and when the particle sizes of the films were 
increased, a smooth surface was generated. Furthermore, the surfaces did not exhibit any 
pinholes or porosity and this agreed with results of the X-ray diffraction. The films showed 
an improved surface that had a very low degree of distortion (Bokka et al. 2016). It can 
be noticed from the image morphology of CdS, which the particles are in the nanometer 
range. Figure 5 shows with two magnifications that the grains have combined to form clus-
ters (Mahdi et al. 2009).

4 � Optical analysis

The optical constants of CdS-NPs films deposited on glass substrates were determined 
from absorbance A and the transmittance T  spectra were registered over the wavelength 
range 300–800 nm using the UV–Vis spectrophotometer. Figure 6 depicted the absorption 
spectra and average absorption of deposited CdS-NPs films and annealed at temperatures 
of 300 °C, 400 °C, and 500 °C respectively. The figure clearly shows that the absorption 

Fig. 4   FTIR spectra of CdS film
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spectra for all CdS-NPs films declined as the wavelength increased while the transmit-
tance intensity increased with increasing wavelength in the visible region as shown in 
Fig. 7 to reach a maximum value of 97% at annealing temperature of 400 Cͦ which might be 

Fig. 5   SEM of CdS-NPs film under increasing annealing temperatures degree from top to bottom

Fig. 6   UV–Visible absorbance 
spectra of CdS-NPs
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attributed to the absorption of light and development of micro—crystallites as well as the 
reason for this behavior is that the annealing leads to decrease the localized state density 
which rises the transmittance values. This result is agreement with that reported by other 
researchers (Pantoja 2013). In order to get the best growing conditions for the CdS-NPs to 
be utilized as a buffer layer or window layer for solar cells varistor, luminescent material as 
well as electro acoustic wave device, it is crucial to consider their optical qualities.

The extinction coefficient k of the film was determined from the relation (Ahmed 2022):

where �Ab is the absorption coefficient. The refractive index is a fundamental optical prop-
erty of nanostructures films, that is directly to the optical, electrical and magnetic proper-
ties, as well as it is interesting to investigate the physical and chemical of semiconductor by 
optical techniques (Yang et al. 2018). The refractive index ( n ) of CdS-NPs films were esti-
mated from the absolute values of the absorbance and transmittance of the studying films, 
which is given as (Shinde et al. 2021):

where R is the film reflectance. It is clear from the Fig. 8a, b that both of k and n show an 
increase in values with increasing the incident photon energy this is in accordance with the 
rise in the coefficient of absorption.

The real part ( �r ) and the imaginary part ( �i ) of the dielectric constants are related to n 
and k values and they determined by using the following relations (Saravanan1 et al. 2011; 
Ahmed and Ishu 2021);

Figure 8 shows the dependence of �r and �i of dielectric constants on the incident photon 
energy hv for CdS-NPs annealed at temperatures of 300 °C, 400 °C, and 500 °C respectively. 
It can be observed from the figure that the �r depends on n because the effect of k is very small 
and that the �i depends on extinction coefficient. Also it can be seen from the figure that, the 

(6)k =
�Ab�

4�

(7)n =
(

1 + R

1 − R

)

+

[

4R

(1 − R)2
− k2

]1l2

(8)�r = n2 + k2

(9)�i = 2nk

Fig. 7   Transmittance spectra of 
CdS-NPs
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values of the �r are greater than the �i . Also it can be seen from the Fig. 9 that the values of �r 
and �i are decreasing with increases the incident photon energy.

The optical conductivity (σop) of the CdS-NPs film is related to the absorption coefficient 
(α) and the velocity of light according to the following relation (Pankove 1971; Moss 1974).

where c is the velocity light. The variation between optical conductivity of CdS-NPs 
annealed at temperatures of 300 °C, 400 °C and 500 °C, respectively as a function of the 
photon energy ( hv ) can be depicted in Fig. 10. It is noticed from the figure that the opti-
cal conductivity ( �op ) is increasing with increases the photon energy ( hv ), this behavior is 
similar to the absorption coefficient since the optical conductivity depends on the absorp-
tion coefficient.

The optical energy band-gap ( Eg ) was estimated from the following relation (Eckertova 
1986; Ali 2020):

where hv is the incident photon energy, B is a constant depends on the transition prob-
ability, n′ is an index depends on the kind of the electronic transition (Chikan 2011). For 
direct band gap n� = 2 this mean that the transition is direct allowed transition. The value 
of optical energy band gap ( Eg ) of CdS-NPs film can be estimated from Fig. 11 by plot of 
(�hv)2 against the incident photon energy, hv , and then plot the intersection of the linear 

(10)�op =
�nc

4�

(11)(�hv) = B(hv − Eg)
n�

Fig. 8   Extinction coefficient ( k ) 
and refractive index ( n ) as func-
tion of the incident hv
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part of the curve when the (�hv)2 = 0 . The results showed the values of  Eg are 2.49 eV 
and 2.42 eV for CdS-NPs film annealed at temperatures of 300 °C and 400 °C respectively. 
After annealing at 500 °C the film has an energy gap equal to 2.05 eV. This suggests that a 
lower band gap may be achieved by raising the annealing temperature for CdS-NPs films in 
accordance with a lower dislocation density and the temperature was improved crystallin-
ity as well as increase in grain size on annealing of films. Such band gap depends on film 
crystallinty has been reported for CuInSe2 and CuGaSe2 polycrystalline thin films ( Dres-
selhaus 1998).

Fig. 9   Real ( �r ) and the imagi-
nary ( �i ) dielectric constants as a 
function of hv

Fig. 10   Optical conductivity 
( �op ) of the CdS-NPs film as a 
function of hv
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The factors and the method that effect the band gap are the dislocation density, crystal-
line phase change from cubic to hexagonal and CdS evaporation that causes the change in 
sample stoichiometry, oxidation as well as the degradation of the sample at annealing tem-
peratures (Kadem et al. 2020; Chichibu 1998).

5 � Nonlinear optical properties

5.1 � Third order analysis

A radiationless process with a typical duration of millisecond transforms the absorbed 
light into heat when a light beam illuminates an absorbent substance. As a result of the 
medium’s absorption of the light, its temperature increases, which changes its refractive 
index and results in self-diffraction (SFD) (Hussain et  al. 2021). Temperature is one of 
the elements that have a role in determining the refractive index. The thermo-optical coef-
ficient, which is represented by the parameter dn/dT, causes the refraction index to change 
[Δn = (dn/dT)ΔT] as the temperature is increased by T.

A single fundamental beam (Gaussian laser) in tight focus geometry was utilized to 
analyze the nonlinear medium’s transmittance as a function of sample location relative to 
the lens’ focal point. The Z-scan method was used to characterize the CdS-NPs nonlinear 
behavior, due to its ease of use and accurate method for calculating the thermal conductiv-
ity and the thermo-optical coefficient in both magnitude and sign, the single-beam Z-scan 
technique is appealing. In order to conduct the Z-scan studies, a laser with a wavelength 
of 532 nm (Solid state laser-532-100 T) and a beam with a diameter of 1.2 mm (1/e2) was 
used. The beam was focused by a positive lens (f =  + 100 mm focal length). It was deter-
mined that the laser beam’s waist, ωo, at the focus was equal to 49.92 µm, which corre-
sponds to the Rayleigh length (ZR = 14.7 mm). At the focus, the greatest laser intensity that 
was incident was about 4.599 KW/cm2.

The photo detector and Field Max digital power meter with two optical visible sensors 
were situated at far field to measure the transmittance of the CdS-NPs film as it moved 
along the focused beam’s propagation direction (z). The experimental Z-scan arrangement 
was similar to the one described in (Badran 2015).

From the open aperture Z-scan data, the non-linear absorption coefficient ( � ) may be 
calculated according to the relation (Al-Salihi et al. 2020; Badran et al. 2017).

Fig. 11   A plot of (αhν)2 as a 
function of hv for CdS-NPs films
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where ∆T is one valley transmittances at the open aperture Z-scan curve, Io = 2P∕��2
o
 is 

the intensity of the laser beam at focus (z = 0). Also, Δn can be related to the total refrac-
tive index of the medium ( n ) and the back-ground refractive index) n) as (Ghosh et  al. 
2010; Al-Saymari et al. 2013):

In this case, the linear transmittance of the aperture S is represented by the equation 
S = 1 − exp(−r2

a
∕�2

a
) (Ketam and Hussain 2012; Alfahed et  al. 2020a, b), where ra rep-

resents the radius of the aperture and �a represents the beam radius at the aperture while 
operating in the linear domain. By using the formula, we may establish a connection 
between the relative phase shift ( Δ�

◦
 ) and the third-order nonlinear refractive index ( n2 ) 

(Al-Hazam et al. 2019; Badran 2013; Hussain et al. 2016a, b);

where k′ is the wave number ( k� = 2�∕� ), λ is the CW laser wavelength, 
Leff = (1 − exp(−�AbThS))∕�Ab is the effective thickness of the CdS-NPs sample and ThS is 
the thickness of the sample.

The data from the samples’ film’s closed-aperture Z-scan are displayed in Fig. 12. A 
high (peak) transmittance is shown on the normalized closed-aperture Z-scan curve, which 
is followed by a minimum (valley) transmittance. The peak-to-valley contour of the sample 
exhibited a negative nonlinear refraction, which is suggestive of an activity known as self-
defocusing (SED) (Badran et  al. 2012a, b). The local temperature-dependent fluctuation 
of the refractive index is the physical cause of the self-defocusing feature. The difference 
between the normalized peak and valley transmittances ( TP − TV ) can be referred to as the 
peak-valley normalized transmittance difference ( TP−V).

Figure 13 displays the normalized open aperture (OPA) z-scan curves for the various 
CdS films annealed at different temperatures. This figure makes it clear, when the sample 
is pushed toward the focus (from − z to + z), the laser beam intensity lowers to attain its 
minimal value (z = 0) (valley position). This trend points to the possibility that the sample 
has reverse saturable absorption (RSA) and it also indicates that the nonlinear absorption 
coefficient ( � ) is positive.

(12)� = 2
√

2ΔT∕I
◦
Leff

(13)n = n
◦
+ Δn

(14)Δ�
◦
= k�n2Leff I◦

Fig. 12   Closed Z-scan data for 
CdS-NPs
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If nonlinear absorption is present, as in our case, the pure non-linear refraction can 
be extracted by simply dividing the curves obtained from the two Z-scan modes (closed 
aperture (CLA) / OPA). The ratio of Figs. 12 and 13 scans are shown in Fig. 14. Data 
obtained in this manner solely reflects the effects of nonlinear refraction. Table 2 con-
tains the computed � and n2 values as well as the measurement data from Figs. 13 and 
14, as well as utilizing Eqs. 12, 13, and 14. In order to assess the use of 2π phase shift in 
such devices, the figure of merit W must be met (Alfahed et al. 2020a, b):

(15)W =
Δnmax

𝛼𝜆
> 1,

Fig. 13   Open aperture data for 
Cd-SNPs

Fig. 14   Pure Z-scan data for 
CdS-NPs

Table 2   Figure of merit and 
nonlinear parameters for CdS-
NPs films

CdS-NPs tempera-
ture (°C)

Δnx10−3 n2 (cm2/W) × 10–6 W

300 5.22 − 11.35 1.03
400 7.64 − 16.62 1.09
500 19.9 − 43.42 1.25
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Table 2 provides the predicted value of the figure of merit for CdS-NPs films when 
excited at 532 nm, it shows that the nonlinear optical characteristics and figure of merit 
values of CdS-NPs samples are adequate for use in communications and optical switch-
ing devices. CdS-NPs show promise for usage in nonlinear optical systems due to their 
quick response time and significant nonlinear refraction. The value acquired from the 
Z-scan data can then be used to calculate the materials’ thermally induced on-axis n2 
using the equation (Sheik-Bahae et al. 1989; Alfahed et al. 2021; Ogusu et al. 1996):

where dn/dT (K−1) is the CdS-NPs films thermo-optic coefficient or the change in refrac-
tive index dn with temperature. kth is the thermal conductivity (Badran 2014). Lastly, when 
the thermal conductivity ( kth = 0.247 W m−1 K−1) is used with Eq.  16 the thermo-optic 
coefficient dn/dT of the CdS-NPs-300  °C, 400  °C and 500  °C has been found equal to 
− 3.84 × 10–5 K−1, − 4.05 × 10–5 K−1 and − 4.68 × 10–5 K−1, respectively.

5.2 � Self diffraction ring measurement

The experimental set-up, which is depicted in Fig. 15, included CdS-NPs. The identi-
cal light source that was used in the Z-scan experiment is being employed here. The 
irradiation laser light was focused onto each nano-particle sample using a glass lens 
with a + 100 mm focal length, and ring patterns were registered using a sensitive wide 
preacher digital camera. The relation can be used to determine the beam radius ( � ) at 
the sample entrance (Ghorbani et al. 2016):

Equation 17 states that the beam’s radius at the CdSNPs depends on � . So that, for 
f =  + 100 mm, � = 532 nm and �0 = 1.3 mm (at 1/e2) � is equal to 49.92 μm. The Ray-
leigh limit (range), ZR can be computed using the relation (Badran et al. 2016a, b), and 
it must be shorter than the CdS-NPs film thickness ( ThS ) for the nonlinear thin medium 
conditions to be met.

(16)n2 =
dn

dt

��2
0

4kth

(17)� = 1.22f�∕�0

Fig. 15   2D intensity distributions of CdSNPs rings patterns caused by far field diffraction. a CdS-
NPs-300 °C b CdS-NPs-400 °C c CdS-NPs-500 °C using laser power of 30 mW
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so that ZR = 14.71 i.e., the CdSNPs film thickness criteria is satisfied (Ths < ZR) . Figure 15 
displays CdS findings for CdS-NPs films at the laser input power about 30  mW for the 
immediate post-irradiation diffraction ring patterns. The relationship between the number 
of rings (N) and annealed at various temperatures, 300 °C, 400 °C and 500 °C can be seen 
clearly in Fig. 15. i.e., as �Ab = 94.88 cm−1 for CdS-NPs-300 °C, N = 6, for CdSNPs-400 °C, 
�Ab = 131.73 cm−1, N = 8, and for of the CdS-NPs-500 °C �Ab = 297.54 cm−1, N = 11. The 
growth in the number of rings may be affected by the absorption coefficient as well as by 
the different annealing temperatures.

Figure 16 plots the input power from each sample at a wavelength of 532 nm against the 
change in the number of rings and diameter of the outer-most ring in each self pattern. The 
diffraction ring pattern shows signs of self-defocusing when one moves from the middle of 
each design to the patterns outermost ring, the intensity of the rings begins to rise.

After the experimental discovery of thermal self-diffraction brought on by self-phase 
modulation (SPM) in the continuous waveguide laser, the relative phase shift,ΔΦ , suf-
fered by the beam while traversing a sample of thickness was used to calculate n2 and the 
thermo-optic coefficient, dn∕dT  , for CdSNPs films according to the following equations 
(AL-Ahmad et al. 2013; Badran 2015):

The rate at which the refractive index changes as a function of temperature (dn/dT) 
for NPs film is consider as a significant factor in determining the degree of such thermal 
effects. Because temperature has a significant impact on the thermal characteristics of 
CdS-NPs, different concentrations of CdS-NPs can modify their heat capacity)CP (, den-
sity and refractive indices as a function of temperature (dn/dT) (Abdulameer et al. 2020). 
Therefore, it is reasonable to conclude that a change in the temperature of the CdS-NPs 

(18)Z =
��2

�

(19)Δn = n2I

(20)ΔΦ = ΔnkLeff

(21)N =
ΔΦ

2�

Fig. 16   a Rings Number, N, and b Outermost rings diameter for CdS-NPs-400 °C, CdS-NPs-400 °C and 
CdS-NPs-500 °C against laser input power respectively
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predominantly causes a change in the CdS density. The Lorentz-Lorenz relationship ( 
Krishnamurthy and Ramalingam 2010) can be used to calculate how the index of refraction 
changes with density. The thermal figure of merit, H , that characterizes the CdS-NPs is 
given by H = (dn∕dT)(1∕�CP) (Badran et al. 2011). Thus, direct estimates of the thermal 
figure of merit for CdS-NPs can be obtained by measuring the thermally induced nonlinear 
refractive index using the thermal self-diffraction approach. According to Eqs. 19, 21 and 
thermal figure of meri, Table 3 lists H and n2 values for CdS-NPs films.

6 � The behavior of optical limiting

Devices called optical limiters display transmittance that is high at low intensities while 
aggressively attenuating optical beams at high incident intensities. Up to a predetermined 
intensity level, when used at low intensities, an ideal optical limiter is fully transparent. 
Intensity transmission is clamped at a predetermined value above that point. In order to 
shield the human eye and optical sensors from powerful radiation fields, these materi-
als have vital applications. When the laser’s input power is changed, the CdS-NPs output 
power is measured to determine the optical limitation, in the presence of an aperture. The 
identical laser, converging lens, sensitive photo-detector, and digital power meter utilized 
in Z-scan technique were also employed to measure the OL behaviors of three samples 
(CdS-NPs-300 °C, CdS-NPs-400 °C, CdS-NPs-500 °C). At room temperature, the experi-
mental measurements were carried out.

Figure  17 displays the OL curve for CdS-NPs. The curve shows that, at low input 
power levels, the output power follows Beer’s law and varies linearly with input power. 
With further increases in input power, the output power that is transferred starts to deviate 
from a linear behavior pattern and either plateaus or gets saturated. The limiting ampli-
tude, or maximum output intensity, is the point at which the transmitted laser output-
power becomes saturated. The limiting threshold ( Lth ) is a crucial concept that needs to 
be assessed in a material in order to assess its optical limiting property. Lth is the laser 
input-power at which transmittance reaches 50% of linear transmittance)Sheng et  al. 
2007; Badran and Jari 2017; Raeed et al. 2019). These findings are in line with those of 
the Z-scan approach, where the SDF in the CdS-NPs films is concerned. Figure 18 shows 
the normalized transmission (NOT) curve as a function of the incident laser power for 
CdS-NPs. The limiting threshold, which is the incoming laser power at which the CdS-
NPs transmittance drops to half of its linear transmittance, is used to assess each sample’s 
OL capability. Better OL performance is achieved by materials with smaller Lth . The opti-
cal Lth for the nano-particle sample are measured to be 14.6 mW, 11.5 mW, and 8.9 mW 
for CdS-NPs − 300  °C, CdS-NPs-400  °C and CdS-NPs-500  °C respectively. It is abun-
dantly obvious that the OL response of CdS-NPs at temperatures of − 300 °C is far less 
robust than those of CdS-NPs-400 °C and CdS-NPs-500 °C. Additionally, it is clear that 

Table 3   The thermal figure of 
merit and nonlinear parameters 
for CdS-NPs films

CdS-NPs tempera-
ture (°C)

N n2 (cm2/W) × 10–6 H × 10−6

300 6 − 0.68 1.02
400 8 − 0.91 1.37
500 11 3.96 1.88
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CdS-NPs-500 °C, which has the biggest nonlinear refractive index of the three CdS-NPs 
films, exhibits the best limiting behavior. This may be attributed to the high annealing tem-
perature and linear absorption coefficient ( �Ab ) of CdS-NPs-500 °C at 532 nm wavelength. 
The �Ab of CdS-NPs-300 °C is the smallest among the three CdS-NPs films, so that the 
threshold value is the highest possible for CdS-NPs-300 °C. The high annealing tempera-
ture and �Ab of CdS-NPs-500 °C is the largest at 532 nm wavelength, so that the threshold 
value is the smallest. The situation of CdS-NPs-400 °C is the intermediate case. In Fig. 19, 
the beam spot sizes for the optical limitation presented in Fig. 17 are depicted utilizing a 
sensitive digital (CCD) camera with a semi-transparent screen in place of the detector for 
three different laser incident powers, namely 8 mW, 24 mW, and 35 mW. As input power 
increases, the spot size for each sample grows.

7 � Mechanism for optical limiting

Numerous factors, including nonlinear absorption (reverse saturable absorption (RSA)) or 
two photon absorption (TPA) (Said et al. 1992) nonlinear refraction (Frobel et al. 2011), 
and nonlinear scattering (Nashold and Walter 1995; Nagaraja et  al. 2013; Joudrier et  al. 
2000) can explain the OL behavior for the CdS-NPs films under study. One can refer back 
to the idea of NLO in order to identify the right mechanism that is accountable for or 

Fig. 17   Optical limiting of 
CdS-NPs

Fig. 18.   Normalized transmis-
sion curve
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contributes to the performance limiting factor in the CdS-NPs films used in this investiga-
tion. It is well recognized that both electronic and non-electronic processes are responsi-
ble for the phenomenon of nonlinear optics (Badran 2013). The materials are promising 
because of the electronic nonlinearity, which arises in extremely short durations (picosec-
onds-nanosecond). These events, which often occur quickly on the order of picoseconds, 
are referred to as radiation interactions between active electrons and the optical electric 
field (Henari 2011). Since a CW laser was utilized in this investigation, the likelihood of 
reverse saturable absorption (RSA) or TPA is ruled out, and so nonlinear absorption can-
not be a factor in OL. These conclusions are consistent with the current results we have 
obtained using the open aperture Z-scan method. Regarding the role played by nonlinear 
scattering in OL, no scattered radiation was observed off any of the samples at any of the 
various angles to the beam axis during the OL experiment. These findings show that non-
linear scattering had no discernible impact on the OL trials. The nonlinear refraction may 
contribute significantly in nonlinear ways to the optical limitation. Temperature and other 
nonradiative interactions are examples of non-electronic processes that lead to nonlinear 
optical phenomena. These non-electronic processes have substantially longer timeframes 

Fig. 19   Photos of the spot size as it traverses CdS-NPs a 300 °C, input laser powers are 8 mW b CdS-NPs 
400 °C, input laser powers are 24 mW, and c CdS-NPs 500 °C, input laser powers are 35 mW
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(such as CW laser). In the current work, a CW laser is utilized, and thermal lensing is 
the primary source of nonlinearity. It happens as a result of the laser beam’s energy being 
absorbed, which heats up the medium and creates a thermal lens due to the refractive index 
gradient. This causes the beam to propagate in the far field with phase distortion, which 
results in self-defocusing. Better OL performance is obtained as a result of the material’s 
self-defocusing, which reduces transmittance at a far field. A meaningful contribution from 
nonlinear refraction in the CdS-NPs films was present if there was a peak followed by a 
valley in the normalized transmittances in the Z-scan (self-defocusing) in Fig. 14. These 
findings strongly imply that the observed restriction is caused by nonlinear refraction.

8 � Conclusion

In this work, Cd-SNPs were prepared on glass using a chemical reaction method. The 
structural and optical characteristics of CdS-NPs films deposited and annealing at differ-
ent temperatures, 300 °C, 400 °C and 500 °C, were investigated. The films show that they 
have a hexagonal phase, in good quality, adherent and uniform. There is a good agree-
ment between X-ray diffraction and optical results. The present CdS-NPs films show high 
absorbance and low transmittance in the visible region so it is possible to use them in the 
optoelectronics and photonic devices. The crystallization appears to get better as the film’s 
annealing temperatures rise. It can be concluded that annealing of cadmium sulfide reduces 
lattice strain, producing a more perfect crystallite and decreasing the number of micro 
strains. The value of energy band-gap decreases from 2.5 to 2.2 eVwith increasing the 
annealing temperature. The extinction coefficient of the CdS films increases with increased 
annealing temperature while the refractive index has a sharp decrease after annealing tem-
perature at 400 ͦC according to the films surface begins to be oxidized at this temperature. 
An increase in annealing temperature appears to improve nonlinear behavior. The potential 
of CdS-NPs can be used in photonic and holographic devices as well as for optoelectronics 
devices as shown by this studying.
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