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Abstract Cadmium sulphide (CdS) nanoparticles doped

with Co2? and co-doped with Co2? and rare earth metallic

ions have been prepared by co-precipitation method. The

synthesized nanoparticles have been characterized by

X-ray powder diffraction studies, energy dispersive X-ray

analysis, scanning electron microscopy (SEM), transmis-

sion electron microscopy (TEM), UV–visible spec-

troscopy, particle size by dynamic light scattering and

photoluminescence studies. The X-ray diffraction results

indicate that CdS nanoparticles can be co-doped with

cobalt and rare earth metallic ions without altering XRD

pattern. The particle size calculated from XRD results is in

range of 40–50 nm. SEM results show that the synthesized

particles are spherical in shape and TEM results reveal that

synthesized particles have a very small size nearing to Bohr

radius for bulk CdS. Absorption spectra of all the samples

show strong blue shift from bulk CdS. Interesting lumi-

nescence characteristics have been observed for co-doped

CdS nanoparticles at room temperature. The relative fluo-

rescence intensity of co-doped samples is significantly

higher than that of undoped and Co2? doped CdS

nanoparticles.

1 Introduction

Nanomaterials have captured attention of researchers due

to their unusual properties arising from their increased

surface to volume ratio and changed electronic structure

due to quantum confinement [1–3]. The decrease of size

due to quantum size effect leads to increase in band gap

energy [4] which can be observed by a blue shift of

luminescent [5] and absorption spectra [6–8] of nano-sized

semiconductors. During the last two decades, nanosized

semiconductors stimulated great interest due to their

potential applications in diverse areas such as photocatal-

ysis, solar cells, display panels, etc. [9–12]. Cadmium

sulphide (CdS) with a wide band gap of 2.4 eV is a very

important technological semiconductor material which has

been studied for decades.

A considerable interest has been paid to doped nanopar-

ticles with suitable optically active impurities such as tran-

sition metal ions and trivalent rare earth ions as it creates new

possibilities for property modification and application of

nanoparticles [13–20]. These dopant impurities play an

important role in changing the electronic structures and

transition probabilities of the host material. Doped nanopar-

ticles are expected to offer a new class of nanomaterials with

properties different from bulk materials such as high quantum

luminescence efficiency [13, 14], high temperature stability

[17], long luminescence lifetimes [18] and dopant dependent

tunable emission [20]. There have been a few reports on Mn

doped CdS with green–yellow–orange luminescence [21] and

orange–red luminescence in Cu doped CdS nanoparticles [22,

23]. Recently, Muruganandam et al. [24] have reported the

optical, electrochemical and thermal properties of PVP cap-

ped Co2? doped CdS nanoparticles.

Simultaneous presence of two kinds of defects known as

co-doping is a topic of interest mainly because of the
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opportunity to tailor the position and occupancy of the

Fermi-energy of the doped semiconductors [25–28]. CdS

nanomaterials doped with Li and Eu have been studied in

reported literature [29]. Yang et al. [30, 31] reported the

synthesis and characterisation of Co and Cu doped ZnS

nanocrystallites and also Ni and Mn doped ZnS nanopar-

ticles. In general, luminescence of rare-earth doped sys-

tems mainly reflects the properties of the dopant. The

electronic structure of rare-earth ions differ from other

elements because of incompletely filled 4fn shells. The 4fn

electrons are shielded by 5s2 and 5p6 electron orbitals.

Excitation of materials doped with such ions results in

sharp line emission due to intra 4fn shell transitions of rare

earth ion core [32] which lies in a wide range covering UV,

Vis, IR regions of the spectrum.

A relatively large mismatch in radius and charge

between RE3? and divalent Cd2? ions is responsible for the

unsuccessful incorporation of RE3? into CdS, and hence

inefficient energy transfer is often observed. There is little

work done on luminescence studies related to semicon-

ductor nanoparticles coactivated with two kind of metallic

ions. In the present work we report the synthesis of cobalt

and rare earth doped CdS nanoparticles through a simple

co-precipitation technique.

For the synthesis of semiconductor nanomaterials, a

large number of synthetic methods, like solvo/hydrother-

mal [33, 34], thermal evaporation [35], plasma method

[36], solution based chemical methods [37] and sono-

chemical method [38–40] have been employed. Co-pre-

cipitation method is most popular technique that is used in

industrial applications because of the cheap raw materials,

easy handling and large scale production [41]. It has been

proved one of the useful, simple and fast methods for the

synthesis as well as doping of nanostructures.

2 Experimental procedures

2.1 Materials and characterization techniques

All the reagents used were of analytical grade and were

used without further purification. Cadmium acetate dihy-

drate and thioacetamide (TAA) were purchased from

Sigma Aldrich. Cobalt(II) chloride hexahydrate (CoCl2�
6H2O) was purchased from Thomas Baker and rare earth

metal salts, gadolinium(III) chloride hydrate (GdCl3�H2O),

terbium(III) chloride hexahydrate (TbCl3�6H2O) and

erbium(III) chloride hexahydrate (ErCl3�6H2O) were pur-

chased from Sigma Aldrich. Doubly-distilled water was

used for preparing aqueous solutions. Powder X-ray

diffraction (PXRD) patterns were recorded from 10� to 80�
on a Rigaku Miniflex diffractometer using monochromatic

CuKa radiations (The Woodlands, TX, USA). Scanning

electron micrographs (SEM) were collected on Jeol T-300

scanning electron microscope with gold coating (Tokyo,

Japan). Transmission electron micrographs (TEM) were

collected on TECNAI 200 Kv TEM (Fei, Electron Optics).

The UV–visible (UV) absorption spectra of the samples

were recorded on T90? UV/Vis Spectrophotometer (PG

instruments Ltd). The particle size of each compound was

determined by dynamic light scattering (DLS) technique

using Zetasizer Nano ZS-90 (Malvern Instruments Ltd.,

Worcestershire, UK). The photoluminescence (PL) exci-

tation and emission spectra were recorded at room tem-

perature using Agilent Cary Eclipse Fluorescence

Spectrophotometer equipped with a Xenon lamp that was

used as an excitation source.

2.2 Synthesis of Un-doped and doped CdS

nanoparticles

The pure/undoped CdS, CdS doped with Co2? and co-

doped with Co2?–Gd3?, Co2?–Er3?, Co2?–Tb3? nanopar

ticles were synthesized in deionized water in an air atmo-

sphere by using chemical precipitation method. The pre-

cipitation of various CdS nanoparticles was performed

starting with 0.1 M homogeneous solutions of Cd(CH3

COO)2�2H2O (0.66 g), thioacetamide, TAA, (0.188 g),

CoCl2�6H2O (0.59 g), GdCl3�H2O (0.658 g), ErCl3�6H2O

(0.954 g), TbCl3�6H2O (0.932 g) each in 25 mL of distilled

water. The temperature of each solution was maintained

80 �C and pH was kept at 2 to avoid the decomposition of

TAA at premature stage. For the synthesis of pure CdS

nanoparticles, aqueous solution of TAA was added drop-

wise to the solution of Cd(CH3COO)2�2H2O while stirring

over magnetic stirrer. The reaction temperature was

maintained at 80 �C throughout. Stirring was done for 5 h

at constant temperature and reaction was terminated by

rapidly cooling the reaction mixture in an ice bath. As

precipitated doped samples were then centrifuged at

3000 rpm, washed with water and isopropyl alcohol sev-

eral times and then dried at 70 �C for 2 h. In order to

synthesize, Co2? doped CdS nanoparticles, 0.1 M aqueous

solutions of Cd(CH3COO)2�2H2O (0.66 g) and CoCl2�
6H2O (0.59 g) were mixed and stirred for 30 min. To this,

0.1 M solution of TAA was added dropwise while stirring

with reaction temperature maintained at 80 �C. All reaction

conditions and procedure adopted were same as above. In a

typical synthesis for Co2? and rare earth metallic ions co-

doped CdS nanoparticles, 0.1 M aqueous solutions of

Cd(CH3COO)2�2H2O, CoCl2�6H2O and rare earth metallic

ions were mixed and stirred for 30 min. To this mixture,

0.1 M solution of TAA was added dropwise while stirring

with reaction temperature maintained at 80 �C. Rest of

procedure and reaction conditions were kept similar as for

above synthesized nanoparticles.
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3 Results and discussion

3.1 XRD measurements

Figure 1 shows XRD patterns of various doped samples.

All particles produce highly intense X-ray reflections in

their corresponding X-ray powder diffraction (XRPD)

pattern indicating that all the compounds are crystalline in

nature. The results indicate that particles exhibit hexagonal

structure. The six diffraction peaks corresponding to (100),

(002), (101), (102), (110), (103) and (112) planes, are

indexable to hexagonal phase of CdS (JCPDS 41-1049). No

impurity peaks were detected, indicating high purity

product. The pattern remains same for all individual doped

samples, indicating that hexagonal structure is not altered

by addition of different rare earth metals into the matrix at

least up to the detection level of XRD. The full width at

half maxima of the diffraction peaks were slightly changed

by the doping ions. This may be due to a small variation in

the particle size. The experimental d-values are in con-

formity with the obtained calculated ones. Various

parameters such as interplanar spacing (d in Å), crystallite

size (D in nm), microstrain (e), dislocation density (q in

1015 m/m3) and distortion parameter (g) along (002) plane

were calculated using following well known equations and

are shown in Table 1. The various equations used are,

D ¼ 0:9k=b cos h; d ¼ k=2 sin h; e ¼ b cos h=4; q
¼ 1=D2 and g ¼ b= tan b

where k = 1.5418 Å for Cu-Ka, b is full width at half

maximum (FWHM) of diffraction peaks and h is diffrac-

tion angle. The average crystallite size is found in range of

40–50 nm. The interaction between the dopants and sur-

face/grain boundaries may vary surface energy/grain

boundary energy, thus leading the stabilization of the sur-

faces/grain boundaries and a variation in particle size.

Doping makes distortion in the host lattice. Dislocations

are generated in order to minimize the sum of the strain and

dislocation energies for a given lattice mismatch. The basal

dislocations are very mobile and hence the change in stress

and strain on doping leads them to move and to regroup to

accommodate the changes which results in variation in

their values. It is clear from the table that microstrain

values decreases with increase in the crystallite size [42].

3.2 EDAX analysis

Energy dispersive X-ray analysis (EDAX) was performed

to investigate the presence and concentration of dopant in

the doped CdS nanoparticles. Figure 2a–e shows the

energy dispersive spectra of the pure, Co2? doped and

Co2?, RE co-doped CdS nanoparticles. It has been found

that elements cadmium, sulphur, cobalt, gadolinium,

erbium, terbium are there in the respective synthesized

samples. These results confirm the doping in the CdS

nanoparticles. Elemental mapping diagrams show uniform

distribution of dopants in all doped samples (See Supple-

mentary Figures S1–S5). There is no impurity phase

detected in the EDAX spectra showing the formation of

pure phase product.

3.3 SEM and TEM analysis

The morphology and topography of the doped samples was

studied using imaging techniques such as scanning electron

microscopy (SEM) and transmission electron microscopy

(TEM). Figure 3a–e shows SEM images of synthesized un-

doped, Co2? doped and Co2? and RE3? co-doped

nanoparticles. It is evident from the SEM images that

synthesized particles have well defined spherical mor-

phology and do not show any aggregation of particles.

SEM images also indicate that surface morphology of

nanoparticles changes with nature of dopant. Figure 4a–e

shows high resolution TEM images of as synthesized

nanoparticles. As evident from figure, the particle size of

synthesized nanoparticles is very small and falls in the

Fig. 1 XRPD patterns for (a) undoped CdS, (b) CdS:Co2?,

(c) CdS:Co2? Gd3?, (d) CdS:Co2? Er3?, (e) CdS:Co2? Tb3?

nanoparticles
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Table 1 Evaluated parameters from XRPD data for undoped and doped CdS nanoparticles

Samples Peak position

2h (degree)

Particle size

D (in nm)

FWHM b (in

degrees)

d-value (Å) Micro-strain

e (10-3)

Dislocation density q
(in 1015 m/m3)

Distortion

parameter g
Observed Calculated

Undoped CdS 26.67 40.22 0.2007 3.342 3.340 0.710 0.429 0.332

CdS:Co2? 26.73 48.26 0.1673 3.335 3.333 0.852 0.618 0.399

CdS:Co2?Gd3? 26.71 60.35 0.1338 3.335 3.336 0.568 0.275 0.266

CdS:Co2?Er3? 26.82 48.27 0.1673 3.323 3.322 0.710 0.429 0.330

CdS:Co2?Tb3? 26.70 53.60 0.1506 3.338 3.336 0.639 0.348 0.299

Fig. 2 EDAX spectra for a undoped CdS, b CdS:Co2?, c CdS:Co2? Gd3?, d CdS:Co2? Er3?, e CdS:Co2? Tb3? nanoparticles
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range of the Bohr radius for CdS (about 3 nm). This

decrease in size of synthesized nanoparticles is responsible

for strong quantum confinement effect and results in

interesting properties of synthesized nanoparticles.

3.4 Particle size by dynamic light scattering

Dynamic light scattering technique was used to study

particle size distribution of synthesized CdS nanoparticles.

The average particle size distribution of all the synthesized

samples is presented in Fig. 5. The nanoparticles were

uniformly dispersed in isopropyl alcohol by mild sonica-

tion for 10 min before DLS analysis. As observed from

figure, the approximate sizes of un-doped and doped CdS

nanoparticles are different and are found in range of

40–80 nm. The particle size for doped nanoparticls is lar-

ger in comparison to undoped one. The particle size ana-

lyzed from DLS method is usually larger in comparison to

the particle sizes calculated from XRPD data. This is due to

surface solvation and agglomeration of particles in col-

loidal solution. Another reason behind this anomaly is that

DLS size measurements assume the spherical shape of the

object irrespective of their actual morphology.

3.5 Absorption spectra

The absorption spectra of un-doped CdS, CdS:Co2? doped

and CdS:Co2?, RE co-doped nanoparticles are shown in

Fig. 6. For recording absorption spectra of samples, as-

prepared nanoparticles were dispersed in isopropyl alcohol

Fig. 3 SEM images for a undoped CdS, b CdS:Co2?, c CdS:Co2? Gd3?, d CdS:Co2? Er3?, e CdS:Co2? Tb3? nanoparticles
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by ultrasonic washing for about 30 min to obtain nearly

monodispersed solutions. All the peaks are strongly blue

shifted with respect to the band gap of 515 nm (2.41 eV)

for bulk CdS [43]. This blue shift of absorption edge

Fig. 4 HRTEM images for a undoped CdS, b CdS:Co2?, c CdS:Co2? Gd3?, d CdS:Co2? Er3?, e CdS:Co2? Tb3? nanoparticles

Fig. 5 Particle size by DLS for undoped CdS, CdS:Co2? and

CdS:Co2? RE nanoparticles

Fig. 6 Absorption Spectra for undoped CdS, CdS:Co2? and

CdS:Co2? RE nanoparticles
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indicates effect of quantum size confinement in nanoscale

materials [44]. This shift occurs because with decreasing

size, binding energy of exciton increases due to the

increasing columbic overlap enforced by spatial localiza-

tion of the wave functions. Thambidurai et al. [45] have

studied the strong quantum confinement effect in

nanocrystalline CdS. Gupta et al. have reported blue shift

in the absorbance spectra of Mn2? doped CdS nanoparti-

cles due to strong quantum confinement effect caused by

decrease in particle size. For different concentration of

dopant (Mn2?), sharp peaks in the range of 234–238 nm

were observed [46]. Chawla et al. [47] have also observed

such an excitonic peak at 230 nm. Moreover, absorption

spectra of doped samples are different from that of un-

doped sample. A significant increase in absorption has been

observed for Co2?, RE co-doped CdS nanoparticles.

However, variation in absorption intensity has been

observed with change in the rare earth metal ion as dopant.

Also, the absorption peaks for co-doped samples show blue

shift as compared to undoped and Co2? doped CdS

nanoparticles. Because doped ions can affect the band gap

structure of the host materials, the absorption shoulder edge

and absorption peak are found to vary with change in the

dopant ion.

3.6 Photoluminescence studies

Figure 7 shows PL spectra of un-doped CdS, CdS:Co2?

doped and CdS:Co2?, RE co-doped nanoparticles normal-

ized with respect to spectrum of CdS:Co2?, Er3? co-doped

sample showing highest intensity. The photoluminescent

intensities for nanoscale particles are higher than those of

bulk material as they have higher surface/volume ratio and

more surface states and thus contain more accessible

carriers for PL [48]. We have investigated the effect of

doping on the emission of synthesized CdS nanoparticles.

The peak position in all the PL spectra is nearly same.

However, intensity is significantly changed. A strong

emission band centred at about 537 nm along with a weak

emission around 575 nm is observed for all the synthesized

(un-doped and doped) samples at an excitation of 260 nm.

A very small decrease in intensity is observed for

CdS:Co2? doped nanoparticles but for CdS:Co2?, RE co-

doped nanoparticles, intensity is remarkably enhanced in

comparison to un-doped CdS nanoparticles. Strong photo-

luminescent emission is due to increased recombination of

electrons trapped inside a sulphur vacancy with holes in the

valance band. In case of CdS nanoparticles codoped with

Co2? and RE ions, the composite luminescence centres are

formed. On absorption of ultraviolet photons by the

nanosized CdS matrix, the electrons are excited from the

valence band to the conduction band and are trapped by the

defects. Recombination of defects and excited states

induced by the composite centre of Co2? and RE ions

occurs and visible light emission is observed. When Co2?

and RE are doped as activation ions in CdS nanoparticles,

more electrons are easily excited and radiative recombi-

nation of luminescence process is enhanced. Thus, relative

luminescence intensity of co-doped samples is dramatically

enhanced. Muruganandam et al. [24] have reported green

emission for Co2? doped CdS nanoparticles with emission

bands centred at about 529 and 547 nm. Rajesh Kumar

et al. [49] reported a strong emission peak at 535 nm with a

weak green emission peak at 575 nm for Mn doped CdS

nanoparticles capped with PVP. In general, purity in color

of substance can be recognized by means of color coordi-

nates. Hence, in our present work, the chromaticity coor-

dinates of CdS nanoparticles have been calculated from the

emission spectrum by using the commission international

De I’Eclairage (CIE) system. The CIE chromaticity dia-

gram for CdS nanoparticles upon excitation at 260 nm is

Fig. 7 Photoluminescence spectra for undoped CdS, CdS:Co2? and

CdS:Co2? RE nanoparticles Fig. 8 CIE chromatogram for CdS nanoparticles (Color figure online)
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shown in Fig. 8. The CIE coordinate is (0.31, 0.49) which

lies within the green region. Therefore, it may be con-

cluded that synthesized nanoparticles can serve as a green

color producing material for display applications and light

emitting diodes.

4 Conclusions

The CdS nanoparticles doped with Co2? and co-doped with

Co2?–Gd3?, Co2?–Er3?, Co2?–Tb3? were obtained by co-

precipitation method. XRPD results suggest that co-doping

does not alter the XRD pattern of CdS nanoparticles.

Optical absorption of all the samples was fairly blue shifted

compared to bulk CdS due to quantum confinement effect.

PL experiments show very strong visible light emission

from co-doped nanoparticles at room temperature. The

emission peak of un-doped CdS is centered at about

537 nm. Although the peak position of doped and co-doped

CdS nanopaticles is at the same position but their fluores-

cence intensities are remarkably enhanced compared to un-

doped CdS nanoparticles.
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