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Abstract
Fluorescence spectra of Pr3+ doped CdS nanoparticles, synthesized by chemical precipitation method, have been recorded at 
room temperature. The synthesized particles are nearly spherical shaped and the grain size is decreased with the increase in 
Pr3+ concentration. The chemical identity of the nanoparticles was confirmed by EDAX spectrum, the absorption peaks was 
confirmed by FTIR spectrum and then the recorded values were compared with the CIE diagram. The oscillator strengths 
of the 4f ↔ 4I transitions are parameterized in terms of three phenomenological Judd-Ofelt intensity parameters Ωλ (λ = 
2, 4 and 6). Using the fluorescence data and these Ωλ parameters, theoretical and experimental study of various radiative 
properties viz., spontaneous emission probability (A), radiative life time �(  ), fluorescence branching ratio �(   ) and stimulated 
emission cross-section �p(   )were evaluated. The values of these parameters indicate that 3P0→ 3H4 transition can be consid-
ered to be good laser transition in the visible colour region. Also, excitation with 493 nm, leads to similar blue regions. The 
synthesized Pr3+ doped CdS nanomaterials could be useful for sensing and detecting devices, particularly for temperature 
sensing measurement and bio-sensing detection.

Keywords  Nanoparticles · Fluorescence spectra · Judd-Ofelt parameters · CIE chromaticity diagram

Introduction

Cadmium Sulphide (CdS) has large band gap energy of 
2.42 eV at room temperature that enables its nanoparticles 
to be remarkable in optoelectronics, photonics and photo-
voltaics. CdS nanoparticles have given much attention for 
their potential application in future optoelectronic devices 

due to tunable direct electronic band gap, high absorp-
tion co-efficient, good emission efficiency, high thermal 
stability and easy to be synthesized. CdS nanoparticles 
can display novel chemical, electronic, magnetic, opti-
cal, structural properties that might find many important 
technological applications. CdS nanoparticles, due to their 
good thermal stability, are also used as pigment in paints 
and in engineered plastic [1]. These particles can be used 
in optoelectronics for making photocells, light emitting 
diode (LED), lasers, field effect transistor (FET) etc. [2, 
3]. In photonics, due to the photoconducting and electrical 
properties it can be used in sensors, photo-detectors, opti-
cal filters, and optical switches. As its band gap appears 
in the visible spectrum [4], this is useful for many com-
mercial and potential applications in photovoltaics, as 
hetero-junction solar cells and thin film solar cells. In 
photo-catalysis, owing to its photo-chemicals and cata-
lytic properties, CdS nanoparticles can be used for water 
splitting as well as for water and air purification [5, 6].

In this work, we have synthesized and developed stable 
and strong Pr3+ doped CdS nanomaterials of different con-
centrations by the simple chemical precipitation method. In 
present study, the spectral characterization i.e., absorption 
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and fluorescence (FL) spectra of Pr3+ doped CdS nanoma-
terials have been extensively studied. Having some more 
attractive features, FL spectroscopy is 2-3 orders of mag-
nitude better than absorption spectroscopy in which even a 
single molecule can be detected and also phosphorescence 
is always applicable at longer wavelength compared with 
fluorescence. The excitement of atoms by absorption of 
radiation and their return back to the ground state by giving 
up the excess energy as photons are clearly studied by FL 
spectroscopy. It can be used as an important technique for 
measuring the purity and crystalline quantity of semicon-
ductors. The size and nature of specimen is independent of 
this technique. The FL emission properties, particularly the 
size of the sample can change in the nanoscale regime. It 
helps to determine the properties i.e., structure and concen-
tration of the emitting species, band gap, exciton lifetime, 
exciton energy, bi-exciton etc. [7]. This can be applied to 
track salvation dynamics, measure local friction, chemical 
reaction sensitivity, local electrical environment polarity, 
hydrophobicity, chemical equilibrium etc. However, energy 
transfer between CdS host and Pr3+ ions is not considered 
in detail in this paper. From the obtained result in the form 
of characterization spectra, Fourier transform infrared (IR) 
spectra, chromaticity diagrams and the then derived optical 
parameters; which will be discussed in the subsequent sec-
tions, it can be concluded that the synthesized Pr3+ doped 
CdS nanomaterials could be useful for display devices, 
LED, design of UV sensors, memory devices, medical, 
photovaltaic and optoelectronic devices. More specifically 
it can be utilized for temperature sensing measurement and 
bio-sensing detectors.

Theoretical Considerations

Radiative Properties

The radiative properties of nanoparticles are significant 
to the functionality as well as the performance of many 
devices viz., radiation detectors, semiconductor lasers, 
solar cells, tunable optical filters, waveguides, and spe-
cific absorbers and emitters [8]. Radiative properties are 
fundamental physical properties that describe the interac-
tion of electromagnetic waves with matter, ranging from 
ultraviolet (UV) to deep IR spectra regions. Measurement 
of radiative properties of a material enables us to under-
stand the physics of powder, solid, liquid, gas and other 
states [9]. The radiative properties of rare earth ions have 
been theoretically correlated in absorption spectra with 
Judd-Ofelt (J-O) intensity parameters i.e. called as the 
laser parameters.

Spontaneous Emission Probability

The spontaneous emission probability (A) from an initial mani-
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where h is the Planck’s constant and n is the refractive index.

Fluorescence Branching Ratio

The fluorescence branching ratio (β) depends on the spon-
taneous emission probability (A). It is the ratio of sponta-
neous emission probability to total spontaneous emission 
probability. For the transitions originating from a specific 
initial manifold ||

|
f N
(
𝛼

′

, S
′

, L
′)
J
′

>
||
|
 it is defined as

Radiative Lifetime

The radiative life time (τ) for a transition is the reciprocal 
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Stimulated Emission Cross‑section

The stimulated emission cross-section (σp), for the transi-
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where λp is the peak fluorescence wavelength and Δ�eff is 
the effective line width as given by
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where I (λ) is fluorescence intensity at wavelength λ.
In the case of absorption band, absorption of radiant 

energy or oscillator strength is given by [12]

where � is the molar absorptivity of a band at a particular 
energy. The molar absorptivity at given energy is computed 
from the Beer-Lambert’s law

where c is the molar concentration of the absorbing ion unit 
volume, 1 is the path length, log I0

I
 is the absorptivity or opti-

cal density and Δ� 1

2

 is the half band width.
In order to choose a suitable material for laser action, it 

is necessary to study the various transitions giving rise to 
fluorescence and then compute its laser parameters utiliz-
ing the absorption and fluorescence data [13]. The laser 
parameters are used to predict the laser action. High value 
of σp and minimum value of A are considered to be favora-
ble for a possible selection of suitable laser transitions.

In this paper, the various possible laser transitions in Pr+3 
ion doped CdS nanomaterials have been computed. The 
various laser parameters like spontaneous emission prob-
ability (A), branching ratio (β), radiative life time (τ), and 

(6)Pexp = 4.6 × 10
−9 × � × Δ� 1

2

(7)ε =
1

cl(log
I0

I
)

stimulated emission cross-section (σp) have been calculated 
and thereby compared with the chromaticity diagram.

Experimental Details

The CdS: Pr3+ nanomaterial were synthesized by simple 
chemical precipitation synthesis method [14]. A paper on 
the synthesis of CdS nanoparticles using the chemical pre-
cipitation method has been published recently by Jitendra 
Pal Singh et al. [15].

This is an easy, inexpensive, and single-step method. 
The chemicals, used in this work, were of analytical grade 
without purification. Cadmium nitrate tetrahydrate [Cd 
(NO3)2.4H2O], sodium sulphide [Na2S], diethylene glycol 
[DEG], ethanol [C2H5OH], praseodymium chloride [PrCl3] 
and distilled water were used as a source material. At first 
0.1M of Cd(NO3)2.4H2O solution (50ml) was taken in coni-
cal flask and around 20 ml of diethylene glycol (DEG) was 
added to this Cd(NO3)2.4H2O solution under constant stir-
ring. Then 50 ml Na2S solution and different concentration 
(0.1, 0.2 & 0.3 mol %) of PrCl3 were added drop wise under 
constant stirring and it was kept for reaction for 4 hrs at 600C 
with constant stirring. Finally, a yellow precipitate of CdS 
is formed. It was washed with ethanol and distilled water 
and dried at room temperature [16]. Some portion of this 
dried sample is shown in Fig. 1(A) and the solutions of Pr3+ 

Fig. 1   (A) The dried powder 
form of CdS nanoparticles, and 
(B) the solutions of Pr3+ doped 
CdS nanoparticles of different 
concentrations



	 Journal of Fluorescence

1 3

doped (0.1, 0.2 & 0.3 mol %) CdS nanoparticles of different 
concentrations are shown in Fig. 1(B).

The Scanning Electron Microscopy (SEM) images of Pr3+ 
doped CdS nanoparticles prepared by simple chemical aque-
ous precipitation method at room temperature is shown in 
Fig. 2(A), (B) and (C) respectively for 0.1 mol %, 0.2 mol % & 
0.3 mol % doping concentration of Pr3+ ions. The images show 
approximate spherical shape of CdS nanoparticle and the size 
of the particles are around 1 μ-200 nm. It demonstrates clearly 

the formation of spherical CdS nanoparticles, and change of 
morphology of the nanoparticles with the Pr3+ ion concentra-
tions. So, it can be concluded that the synthesized particles are 
nearly spherical shaped and the grain size is decreased with the 
increase of Pr3+ ion concentration.

The FL spectra in the spectral range of 200-900 nm and 
800-1500 nm were recorded on Hitachi Model F-4600 FL 
spectrophotometer and Edinburgh model FLS 980 spec-
trophotometer respectively. The processes concerned in 

Fig. 2   SEM images of Pr3+ doped CdS nanoparticles prepared by simple chemical aqueous precipitation method for (A) 0.1 mol %, (B) 0.2 mol % 
and (C) 0.3 mol % doping concentration of Pr3+ ions at room temperature
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absorption spectrometry are absorption and transmission 
based on the Lambert’s law. The spectral measurements were 
carried out with the help of spectrophotometer method. The 
absorption spectra were recorded in the spectral range 300-
2400 nm by Varian carry spectrophotometer. The excitation 
of the Pr3+ ions is done by the radiations (optical pumping) 
corresponding to its intense absorption bands.

Result and Discussion

Characterization Spectra

Repersentative energy dispersive X-ray (EDAX) spectrum 
of CdS nanomaterials doped with 0.1%, 0.2%, 0.3% mol Fig. 3   EDAX spectrum of CdS nanomaterial with (A) 0.1 mol %, (B) 

0.2 mol % and (C) 0.3 mol % doping concentration of Pr3+ ion

Fig. 4   FTIR spectrum of CdS nanomaterials with (A) 0.1 mol %, (B) 
0.2 mol % and (C) 0.3 mol % of Pr3+ ion

Table 1   Observed band of Pr3+ doped CdS nanoparticles of different 
concentrations

S. No. Wavenumber (cm-1) Bands

0.1% Pr3+ 
doped CdS

0.2% Pr3+ 
doped CdS

0.3% Pr3+ 
doped CdS

1 604 671 657 Pr3+/CdS
2 1383 1394 1364 S=O
3 1628 1673 1653 Cd-S
4 3453 3437 3506 O-H

Fig. 5   Fluorescene spectrum of CdS nanomaterial with (A) 0.1 mol 
%, (B) 0.2 mol % and (C) 0.3 mol % Pr3+ ion
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Pr3+ ions has been shown shown respectively in Fig. 3(A), 
(B) and (C). These spectra, confirmed the chemical identity 
of the nanoparticles, in which the presence of Cd, S and Pr 
is evident.

Fourier Transform Infrared Spectroscopy

Fourier Transform Infrared (FTIR) spectrum is formed as a 
consequence of the absorption of the electromagnetic radia-
tion at frequency of vibration of specific sets of chemical 
bands within a molecules [8]. The FTIR spectrum is obtained 
in the range of 500-4000 cm-1 and is shown in Fig. 4.

The observed band of Pr3+ doped CdS nanomaterials with 
different concentrations are given in Table 1. The presence 
of hydrogen and oxygen is the useful characteristic of Pr3+ 
(0.1%, 0.2%, 0.3%) doped CdS in all IR groups. The absorp-
tion peak in the range of 3201-3326 cm−1 could be attributed 

to the –OH group of water absorbed by the samples. The 
peak around 1628-1673 cm-1 is assigned to the asymmetric 
stretching vibration of Cd-S band from sulphur group. The 
peak in the range 1364-1394 cm-1 are due to the sulphate 
(S=O) group [17]. Absorption band at around 1200 cm-1 is 
due to the C-O stretching vibration of ethanol used for the 
synthesis [18]. The peak in the range 604-671 cm-1 are due 
to Pr3+ doped CdS nanoparticles [9].

In FTIR spectrum the peak at 604 cm−1, 671 cm−1 and 
657 cm−1 were ascribed to different concentration of Pr3+ 
doped CdS nanomaterials respectively. The bulk information 
on the IR spectra of CdS lies among 1628 cm−1, 1653 cm−1 
and 1673 cm−1. The absorption band at about 3453 cm−1, 
3437 cm−1 and 3506 cm−1 was attributed to the O-H stretch-
ing vibrations in both Pr3+ and CdS and are originating from 
the surface O-H groups.

The peaks around at 1628 cm−1 are due to the first over-
tone of the fundamental stretching mode of the O-H bond 
[10]. The IR band among 604 cm−1, 671 cm−1 and 657 cm−1 
can be associated with oxygen deficiency and/or oxygen 
vacancy defect complex and CdS [13]. Changes of the oxy-
gen composition can also be evaluated indirectly considering 
the intensity of the spectroscopic band at about 671 cm−1 
because this vibration is caused only by the oxygen sub-
lattice. J-O theory [19] is usually adopted to calculate the 
transition probabilities from the data of absorption cross-
section of several f-f transitions. According to this theory, 
the strength of an f-f transition may be expressed by the 
products of three intensity parameters Ωλ (λ = 2, 4, 6) times 

Table 2   J-O intensity parameters for Pr3+ doped CdS nanoparticles

Parameters 0.1 mol % 
Pr3+doped CdS

0.2 mol % 
Pr3+doped CdS

0.3 mol % 
Pr3+doped 
CdS

Ω2 (10-20) 1.53 3.86 0.624
Ω4 (10-20) 2.32 5.86 0.17
Ω6 (10-20) 7.24 3.76 0.36
Ω4 / Ω6 0.32 1.55 0.47
Goodness fit 27.22 75.21 411

Table 3   Spontaneous emission probability (A), fluorescence branching ratio (β), radiative lifetime (τ) for 0.1 mol%, 0.2 mol% and 0.3 mol% Pr3+ 
ion doped CdS nanomaterials

Transition levels Pr3+ doping concentration 
in CdS nanomaterial

Wavelength λ 
(nm)

Δλeff (nm) A
(sec-1)

β τ
(µsec)

σp (10-18) cm2

3P0 → 3H4 0.1 mol% 493 5 1808.9 0.165 552.8 3.78
0.2 mol% 492 4 4597.0 0.283 217.5 11.91
0.3 mol% 494 5 131.4 0.041 7590 0.27

3P1 → 3H6
3P0 → 3H6
1D2 → 3H4
3P1 → 3F2

0.1 mol% 546 51 1761.2
1508.2
3022.7
1334.5

0.160
0.137
0.275
0.121

567.7
663.0
330.8
749.3

0.54
0.46
0.93
0.41

3P1 → 3H6
3P0 → 3H6
1D2 → 3H4
3P1 → 3F2

0.2 mol% 546 51 914.68
3805.1
1569.8
1468.2

0.056
0.234
0.096
0.090

1093.2
262.79
637.01
681.09

0.28
1.17
0.48
0.45

3P1 → 3H6
3P0 → 3H6
1D2 → 3H4
3P1 → 3F2

0.3 mol% 546 50 89.27
615.13
153.22
1546.5

0.028
0.19
0.048
0.48

1120
1625
6526
646.5

0.028
0.19
0.048
0.48

3P0 → 3F2 0.1 mol% 668 3 1521.6 0.138 657.2 0.46
0.2 mol% 667 4 3838.8 0.237 260.4 1.18
0.3 mol% 669 2 620.57 0.196 1611 0.19
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the squared matrix element Uλ between the initial J-states 
and the terminal J’-state. Once the phenomenological param-
eter Ωλ have been calculated, it is possible to derive the 
strength of any absorption or emission transition, as well 
as the stimulated emission cross-section, the fluorescence 
branching ratio from level J to J’. It is also useful to calculate 
the radiative lifetime of an excited level. The luminescent 
properties of rare earth ions are necessary to know their 
key energy levels. The FL spectra of CdS nanomaterial with 
0.1 mol %, 0.2 mol % and 0.3 mol % doping of Pr3+ ions is 
shown in Fig. 5 which is indicating the comparative study 

of 3P0→ 3H4, 3P1→3H6, 3P0 → 3H6, 1D2→3H4, 3P1→3F2 and 
3P0→3F2 transitions for 0.1 mol%, 0.2 mol% and 0.3 mol% 
Pr3+ ion doped CdS nanomaterial samples in Fig. 5(A), (B) 
and (C) respectively.

Table 2 shows the J-O intensity parameters, for Pr3+ 
doped CdS nanoparticles, which was calculated by using 
the absorption spectra of the synthesized nanoparticles [20].

The various laser parameters like spontaneous emission 
probability (A), branching ratio (β), radiative life time (τ), and 
stimulated emission cross-section (σp) have been calculated by 
using the fluorescence wavelength matrix elements for rele-
vant transitions and J-O parameters. The results were obtained 

Table 4   Comparative study of stimulated emission cross-section in Pr3+ 
doped CdS nanomaterial

Sample Material Wavelength 
(nm)

σ p (cm2)
(3P0 → 3H4)

Reference

Pr3+doped CdS
(0.1 mol%)

493 3.78 (10-18) Present work

Pr3+doped CdS
(0.2 mol%)

492 11.91 (10-18) Present work

Pr3+doped CdS
(0.3 mol%)

494 0.27 (10-18) Present work

Pr3+ doped borosilicate 
glasses

(BSGPR02)

492 2.58 (10-18) [21]

Pr3+ doped borosilicate
(BSGPR16)

492 3.29 (10-18) [21]

Borosilicate glass with
0.5% of Pr3+

490 3.84 (10-20) [22]

Pr3+ doped Zinc oxide
(0.1 mol%)

445 2.98 (10-20) [23]

Pr3+ doped Zinc oxide
(0.2 mol%)

445 3.36 (10-20) [23]

Pr3+ doped Zinc oxide
(0.3 mol%)

445 1.35(10-20) [23]

Fig. 7   Spectral graph of CIE chromaticity diagram for CdS doped 
Pr+3 Specimen

Fig. 6   CIE chromaticity diagram
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for 0.1 mol%, 0.2 mol% and 0.3 mol% Pr3+ ion doped CdS 
nanomaterial samples and is given in Table 3. These results 
are further compared with the chromaticity diagram.

In the used Pr3+ doped CdS nanomaterial sample most 
intense band in the absorption spectra around 423 nm (3P0 
→ 3H4) has been used for the excitation. As a consequence 
of this, three fluorescence band around 493 nm, 546 nm and 
668 nm for 0.1 mol % Pr3+ doped CdS, three fluorescence 
band around 493 nm, 546 nm and 668 nm for 0.2 mol % 
Pr3+ doped CdS and three fluorescence band around 492 nm, 
546 nm and 667 nm for 0.3 mol % Pr3+ doped CdS have 
been observed. They have been assigned to the transition 
3P0→ 3H4, 3P1 → 3H6, 3P0 → 3H6, 1D2 → 3H4,3P1 → 3F2 and 
3P0→3F2 respectively.

In Table 4 a comparative study of stimulated emission 
cross-section in Pr3+ doped CdS nanomaterial is given. 
The stimulated emission cross-section is an important laser 
parameter and its value signifies the rate of energy extrac-
tion from the laser material prepared in laboratory scale. The 
high value of σp for 3P0 → 3H4 transition is identifying this 
as the potential laser transition. This transition can be used 
as low threshold and high gain laser applications. It is clear 
from Table 4, that the value of A is maximum for the 3P0 → 
3H4 transition for all the cases of considered Pr3+ doped CdS 
nanomaterials. This gives the suitability of this transition for 
laser action in visible region. In case of the considered Pr3+ 
doped CdS nanomaterial, the Pr3+ ion gives blue emission.

CIE Chromaticity Diagrams

For the measuring of the coulor of visible emission that can 
be perceived by the human eye the Commision Internation-
ale de l’Eclariage (CIE) coordinates were calculated. It is a 
standard method for defining the colour and is obtained by 
considering the sensitivity of human eye for different colours 
and wavelengths [24, 25]. There are two methods for record-
ing the chromaticity diagram viz., CIE1931 and CIE1976.

Figure 6 represents these CIE chromaticity diagram for 
0.2 mol % Pr3+ ion doped CdS nanoparticles. This diagram 
was obtained from the FL spectra data. The CIE coordi-
nates for the Pr3+ doped CdS nanoparticles by both the 
methods shows that the chromaticity coordinates lies in the 
blue region of this diagram. As Pr3+ doped glasses give blue 
emission, it is obtained for the present glass samples. CIE 
chromaticity diagram verifies the result of fluorescence. The 

spectral graph clearly shows that the emission colour for 
Pr3+ doped CdS nanomaterial is in the blue region and it 
also verifies the result of fluorescence showing that the most 
probable transition is at 493 nm (Fig. 7).

Optical Parameters

Different optical parameters like refractive index (n), dielectric 
constant (ε), optical dielectric constant (εo), molar volume (Vm), 
reflection losses (R) of the synthesized Pr3+ doped CdS nano-
particle specimens were computed and presented in Table 5.

Conclusion

We have successfully prepared Pr3+doped CdS nanoparticles 
by simple chemical precipitated method with an objective 
to use them as fluorescence laser. The chemical identity of 
the nanoparticles was confirmed by EDAX spectrum and 
the absorption peaks was confirmed by the FTIR spectrum. 
The SEM images clearly signifying the change of morphol-
ogy of the spherical CdS nanoparticles with the Pr3+ ion 
doping concentrations. In Pr3+ doped CdS nanomaterial, 
the J-O intensity parameter, the radiative rates, the branch-
ing ratio and the fluorescence lifetime were calculated 
from the experimental absorption emission spectrum. The 
result shows that both down-conversion and up-conversion 
photoluminescence of Pr3+ doped CdS nanoparticles were 
significantly dependent on concentration of CdS nanopar-
ticles and annealing temperature. The spectral chromatic-
ity diagram clearly shows that the emission colour for Pr3+ 
doped CdS nanomaterial is in the blue region and it also 
verifies the result of fluorescence showing that the most 
probable transition is at 493 nm. The comparative study of 
stimulated emission cross-section corresponding to the 3P0 
→ 3H4 transition in Pr3+ doped CdS nanomaterial, confirms 
the suitability of the observed 3P0 → 3H4 transition for laser 
action in visible region. From the above result we deduce 
that CdS nanoparticles enter the glass as a network modifier, 
increase the number of non-bridging oxygen in the glass net-
work and weaken the Si-O bonds. The developed Pr3+ doped 
CdS nanoparticles could be useful for display devices, LED, 
design of UV Sensors for temperature measurement [26] and 
biosensors [27], memory devices, medical, photovaltaic and 
optoelectronic devices.

Table 5   Optical parameters of 
the prepared Pr3+doped CdS 
nanoparticles

Pr3+ doping concentration in 
CdS nanomaterial

Refractive
index

Dielectric 
Constant

Optical dielectric 
Constant

Reflection
losses

0.1 mol % 1.574 2.477 1.477 0.0492
0.2 mol % 1.585 2.512 1.512 0.0506
0.3 mol % 1.589 2.524 1.524 0.0515
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