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Abstract L-Arginine-passivated Nd3? and Li? co-doped

CdS quantum dots (QDs) were synthesized by chemical

precipitation method. Ultraviolet–visible absorption spec-

tra of prepared QDs show absorption in the range of

477–450 nm indicating huge blue shift in energy band gap

as compared to the bulk CdS due to quantum confinement

effect. The optical band gap is found increasing from 2.44

to 2.97 eV as the doping concentration increased from 1

to 5 wt%. Photoluminescence spectra showed that co-

doped CdS QDs are highly luminescent and emit multiple

intense violet (362, 371, 385, 395 nm) and blue (422, 445,

456 and 465 nm) coloured peaks with increasing intensity

with co-dopant concentration. Fourier transform infrared

study confirmed the interaction between CdS nanoparticles

and L-arginine ligands. The structural and morphological

study revealed the formation of orthorhombic crystal

structure. The size of CdS QDs, as analysed by X-ray

diffraction and high-resolution transmission electron mi-

croscopy, is found reducing with co-dopant concentration.

The energy dispersive X-ray analysis shows no impurities

present except dopants indicating high purity of the pre-

pared samples. Based on the results, we proposed that this

material is a new class of luminescent material suitable for

optoelectronics devices’ application, especially in light

emitting devices, electroluminescent devices and display

devices.

Keywords CdS quantum dot � Nd3?–Li? co-doping �
L-Arginine capping � Blue–violet emission

Introduction

The last two decades have witnessed a tremendous growth

and improvisation in investigating and developing semi-

conductor nanoparticles in the field of basic and applied

research. The semiconducting nanoparticles are of great

importance due to their unique physical and chemical

properties. The structural aspects and optical properties

such as photoconductivity and photoluminescence of

nanoparticles are substantially different from their bulk

counterparts attributed to the quantum confinement effect

and large surface to volume ratio of atoms. Group II–IV

semiconductor nanoparticles have wide applications in

optoelectronics, photonics, solar cell, photo-detector, laser,

light emitting diodes, and high-density magnetic informa-

tion storage [1–7]. Among the chalcogenide materials, CdS

is widely investigated due to its intrinsic direct band gap of

2.42 eV at room temperature, which can be exploited in

potential device applications involving bio-imaging,
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heterogeneous photo catalysis, nonlinear optics and many

more [8–11].

Since Bhargava and co-worker [12] reported significant

enhancement in photoluminescence in Mn2? doped ZnS

nanoparticles, doping method has been widely used to alter

the physical and chemical properties of CdS quantum dots

(QDs). Dopant ions interact with host atoms and may bring

electronic state within the band gap rendering peculiar

properties to the material [13, 14]. CdS QDs with various

metal dopants of different concentrations and size con-

trolling capping agents have studied for their tunable band

gap, size-dependant optical properties, chemical stability,

and easy preparation techniques [15]. The location of

dopant in the host material produces changes in properties

of CdS QDs. Transition metals such as cobalt, manganese,

copper and nickel-doped CdS nanoparticles have widely

attracted the scientific attention due to their unique optical

properties and their potentiality for various applications

[16–20]. In the recent years, researchers have diverted their

attention to co-doped CdS QDs with dopant combinations

such as Ni2?–Mn2?, Pb2?–Cu2?, Cu?–Cu2?, Co2?–Cu2?,

Cu–Al, Mn2?–Eu3?, Cu2?–In3?, Li?–RE3? and Cu2?

–RE3? (RE-rare earth) to explore the possibility of en-

hanced photoluminescence [21–26]. In addition, surface

passivation also plays a vital role in the enhancement of

optical properties, especially photoluminescence. Numer-

ous reports are available on the influence of surface pas-

sivation on improving linear optical properties of CdS QDs

[27]. Amino acids are inherently compatible, and one of the

common amino acids is L-arginine, which has zwitterionic

structure. Hence, functionalization of CdS QDs with

L-arginine molecule highly facilitates the interaction of

nanoparticles with functional groups and has potential to

bring drastic changes in optical properties. Earlier, L-argi-

nine has been demonstrated a good surface-modifying

agent in the preparation of ZnO and ZnS nanoparticles [7,

19, 26]. Therefore, we have used L-arginine as capping

agent in the synthesis of CdS QDs.

Several methods such as ultraviolet (UV) irradiation,

gamma irradiation, microwave irradiation, salvo-thermal

method, and thermal decomposition were used for the

synthesis of CdS QDs and characterized to explore their

important technological applications [28–31]. The easiest

and cost effective method is chemical co-precipitation

method, can be carried at room temperature, and used ex-

tensively to obtain innumerable kinds of functional CdS

QDs.

In this paper, we report the synthesis of Nd3?–Li? co-

doped CdS QDs by chemical co-precipitation method using

L-arginine as surface-modifying agent. More emphasis laid

on the possible effect of co-doping on physical and optical

properties of CdS QDs. The synthesized QDs were char-

acterized by ultraviolet–visible (UV–vis) spectroscopy,

Fourier transform infrared (FT-IR) spectroscopy, photolu-

minescence (PL), powder X-ray diffraction (XRD), high-

resolution transmission electron microscopy (HR-TEM)

and energy dispersive X-ray spectroscopy (EDAX).

Materials and methods

Materials

All chemicals, cadmium chloride (CdCl2), sodium sulphide

(Na2S), neodymium oxide (Nd2O3), lithium chloride

(LiCl), and L-arginine of analytical grade purity purchased

from Sigma-Aldrich Germany, are used as received with-

out any further purification. Double distilled water is used

in the synthesis process.

Synthesis of CdS QDs

CdS QDs are synthesized using chemical reduction

method. 0.5 M stock solutions of cadmium chloride,

L-arginine, sodium sulphide, and lithium chloride were

prepared separately in double distilled water. 0.5 M solu-

tion of neodymium oxide was prepared by dissolving an

appropriate amount in hydrochloric acid and diluting it by

adding double distilled water. Three round bottom flasks

were taken for the preparation of 1, 2 and 5 wt% co-doped

CdS QDs. 3 mL solution of 0.5 M cadmium chloride was

added into each of the three flasks containing 100 ml

double distilled water. Stoichiometric amounts of

neodymium oxide and lithium chloride solutions were

added into three round bottom flasks under vigorous stir-

ring amounting to 1, 2, and 5 wt% Nd3? and Li? co-doped

CdS NPs. The mixtures were stirred for 30 min con-

tinuously. 1 mL L-arginine from stock solution was added

to these mixtures and stirred for another 1 h. Finally, 3 mL

sodium sulphide solution (0.5 M), used as a reducing

agent, was added drop by drop to the mixtures under

constant stirring which immediately resulted in precipita-

tion of CdS QDs followed by colour change of solution to

yellow and stirring continued for 2 h to yield a homoge-

neous yellow precipitate. The precipitate was centrifuged

for 25 min at 3500 rpm. The precipitate washed with

methanol followed by double distilled water several times

and dried under optical heating at 40 �C temperature for

16 h to remove water and other volatile impurities incor-

porated during the synthesis process. The product was

crushed into powder form and used for further study.

Characterization

UV–vis spectrophotometer (Black-C-SR-50, Stellarnet,

USA) was used to record absorption and transmission
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spectra in the spectral range 200–800 nm. PL spectra were

recorded using FL spectrophotometer (F-7000, Hitachi,

Japan) in the range of 200–600 nm using excitation

wavelength 254 nm. Average size and shape of QDs were

determined by HR-TEM using an instrument (JEM-2100F,

JEOL, Japan) and point-to-point resolution of 0.19 nm.

Powder XRD spectra were recorded using Rigaku rotating

anode (H-3R) diffractometer (MiniFlex II) with irradiation

from Ka line of copper (k = 1.5418 Å) and angle 2h
ranging from 20� to 80�. FT-IR spectra were obtained with

instrument Hyperion microscope with vertex 80 FT-IR

system (3000, Bruker, Germany) in the range of

450–7500 cm-1.EDAX analysis has been done with the

help of FEG-SEM instrument (JSM 7000F, JEOL, Japan)

having resolution 1.0 nm with accelerating voltage 15 kV.

Results and discussion

UV–vis spectroscopy

The UV–vis absorption spectra of Nd3?–Li? co-doped CdS

QDs were recorded at room temperature in the wavelength

range of 200–800 nm and depicted in Fig. 1. The sharp

nature of absorption edge was attributed to the relatively

narrow particle size distribution due to quantum confine-

ment effect. This phenomenon reflects more confinement

of excitons due to the increased oscillator strength [23].

Highest intensity peak appears for 5 wt% co-doping con-

centration. The absorption edge of bulk CdS is at 515 nm

(2.43 eV); while in our prepared samples the absorption

peak position is observed at 477, 463, and 450 nm for 1, 2

and 5 wt% co-dopant concentration, respectively. The band

gap estimated from wavelength of absorption is 2.60, 2.70

and 2.72 eV for 1, 2 and 5 wt% co-dopant concentration,

respectively. This indicates very large blue shift. The blue

shift is caused by the confinement of electrons and holes in

extremely small volume of space and formation of smaller

sized QDs as co-dopant concentration increases [24]. It is

also noticed that as the (Nd3?–Li?) concentration increases

from 1 to 5 wt%, the absorption edge shifts to lower

wavelength side and intensity increases with increasing

(Nd3?–Li?).

The more accurate values of band gap can be obtained

using Tauc relation [32, 33] given by ahm = k(hm - DEg)1/2,

where k is constant, a is the absorption coefficient, andDEg is

band gap of the material. A plot of (ahm)2 against energy (hm)

gives direct band gap of nanoparticles as illustrated in Fig. 2.

Linear part of curve is extrapolated to hm axis to find band

gap. The band gap is found to be 2.44, 2.76 and 2.97 eV for 1,

2 and 5 wt% co-doping concentration of (Nd3? ? Li?), re-

spectively, which agrees excellently with the band gap cal-

culated from absorption spectra. Figure 2 shows that the

band gap of CdS QDs increases with the increase in doping

concentration from 1 to 5 wt%.

The band gap obtained from the above graph is used to

calculate the size of the co-doped CdS QDs using Bruce’s

effective mass approximation (EMA) method [34]. This

method gives the energy of nanoparticles in the lowest state

1 s as a function of radius. The total energy of the nanopar-

ticles can be written as Enp = Ebulk ? Ecoul ? Econf, where

Enp is the band gap of nanoparticles, Ebulk is band gap of CdS

bulk (2.43 eV), Econfo is kinetic energy due to electron–hole

pair confinement and Ecoul is coulomb interaction energy of

electron–hole. The Enp is given by

Enp ¼ Ebulk þ
p2�h2

2R2

1

m�
e

þ 1

m�
h

� �
þ �1:8e2

4pe0erR
ð1Þ

where R is the radius of nanoparticles, mh
* = 0.8me and

me
* = 0.19me are effective masses of electron and hole,

respectively. e0 is the permittivity of free space and er is
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dielectric constant (er = 5.7) for CdS. Second term in the

equation is related to quantum confinement effect which

leads to blue shift. In strong quantum confinement effect,

coulomb term is very small and can be neglected [34–37].

In this experiment, since particle size is very small due to

strong confinement, we have neglected coulomb term.

With the help of Bruce’s equation, the sizes of the CdS

QDs are estimated at 6.4, 5.4 and 5.0 nm corresponding to

1, 2 and 5 wt% doping concentration of (Nd3? ? Li?),

respectively.

Photoluminescence properties

Figure 3 shows PL spectra of L-arginine-capped Nd3?–Li?

co-doped CdS QDs recorded at room temperature in the

spectral range of 300–600 nm with excitation wavelength

at 254 nm. Luminescence observed in semiconductor

nanoparticle is mainly due to the excitonic emission and

emissions from trapped state. Excitonic emission is sharp

in nature and can be present near absorption edge, if ma-

terial is pure. However, if material doped with impurities

then a broad and intense emission can occur at higher

wavelength due to the recombination of charge carriers at

the trapped states [38]. The possible sources of presenting

luminescence peaks reported by Kharazmi et al. [11] are

free excitonic recombination, band-edge transition, transi-

tions from exciton band to neutral acceptor, donor to ac-

ceptor conduction band to interstitial sulphur (green

emission), interstitial cadmium to valence band (yellow

emission), sulphur vacancy to valence band (red emission),

and cadmium vacancy to the valence band.

The PL spectra reveal that the sharp emission peaks

with highest intensity are located at 445 nm for pure CdS

QDs whereas for 1, 2 and 5 wt% of (Nd3? ? Li?)

co-doping, emission peak is shifted to lower wavelength

side (blue shift) and appears at 439,438 and 431 nm, re-

spectively, due to band-edge emission. In addition, for

1 wt% co-doping, a weak emission peak at 422 nm is

observed, whereas for 2 wt% co-dopant concentration,

two weak peaks at 371 and 395 nm have been found

along with shoulder at 465 nm. Similar emission peaks

are also located in the spectra for 5 wt% co-dopant con-

centration viz. two weak peaks at 362, 385 and shoulder

at 456 nm. Nd3? and Li? ions may either exist in the CdS

host lattice or attach to the outside surface with capping

agent. These multiple peaks may be due to the existence

of different type of Nd3? and Li? centres in the CdS QDs

and capping agent band structure [39]. The broad emis-

sion peaks at 371, 395, 430 and 456 nm are mainly be-

cause of surface trap-state emission. The trap-state

emission is due to defects on the interface between QDs

and capping agent [10]. The shoulders at *469 and

456 nm are attributed to the excitonic emission of CdS

QDs. Further it is noticed from PL spectra that the in-

tensity of emission peak increases as the doping con-

centration increased from 1 to 5 wt%. Nazerdeylami et al.

[40] have reported similar intensity-trend. Moreover, PLE

results show that smaller QDs have higher intensity of

band-edge emission compared to trap-state emission. The

intensity of band-edge emission and trap-state emission

becomes comparable for the 5 wt% co-doping concen-

tration. The probable reason for this may be due to the

fact that the smaller QDs have large number of atoms on

the surface leading to more amorphous structure and,

hence, intense trap-state photoluminescence. Finally, PL

spectra of our sample indicate that Nd3? and Li? ions are

successfully entrenched into the CdS lattice producing

enhanced luminescence properties. To obtain better un-

derstanding of role of Nd3? and Li? ions in enhancement

of photoluminescence intensity, high-resolution PL and

site-selective PL measurements are required [40, 41].

FT-IR studies

Figure 4 depicts FT-IR spectra of L-arginine, pure CdS and

L-arginine-passivated CdS QDs. In the FT-IR spectrum of

L-arginine (Fig. 4a), peaks in the higher energy regime

3469–2776 cm-1 are attributed to the C–H, O–H, –NH3
?

and N–H stretching’s. C=O stretching presents an absorp-

tion band at *1517 cm-1. The absorption centred at

*1465 cm-1 is due to C–H and N–H deformations, while

the peak at 1372 is assigned to C–H deformation, C=O

stretching, and N–H deformation. C–H deformation also

casts its absorptions at 1224, 993, 909, 783 and 553 cm-1.

In addition to the C–H deformation, the absorption at

1224 cm-1 may be attributed to the C=O and C–O

stretching, and O–H deformation. Strong absorption at
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1108 cm-1 is assigned to C–O stretching. The spectrum of

pure CdS (Fig. 4b) exhibiting an absorption peak at

*1008 cm-1 may be assigned to the stretching vibrations

of the CdS. Absorptions at *1153 and 1375 cm-1 are due

to the bonding between S and O of absorbed H2O and

ethanol and absorption at *1626 cm-1 is assigned to the

bending vibrations of H2O. The peaks around 2349, 3357

and 3809 cm-1 are due to the O–H stretching. L-arginine

exhibits zwitterionic structure which may be responsible

for effective passivation of CdS nanoparticles. The dis-

placement of peak 1108 cm-1, assigned to the C–O

stretching, to the 1112 cm-1 in L-arginine-passivated CdS

QDs (Fig. 4c) confirms the involvement of –COOH group

of L-arginine in passivation mechanism. The broad ab-

sorption in higher energy regime instead of sharp peaks

prompts the strong modifications around –NH3
? and

–COO- groups of L-arginine which are responsible to

minimize the field of CdS and prevent from allogomeartion

and crystallization.

The displacement and variation in absorption strength of

other peaks such as 1517, 1372 and 993 cm-1 of L-arginine

in L-arginine-passivated CdS advocate effective passivation

of CdS QDs and interaction between CdS and L-arginine

[42–44].

Structural and morphological study

Figure 5 shows the powder XRD pattern of as-prepared

5 wt% (Nd3? ? Li?) co-doped CdS QDs. The XRD pat-

tern divulges the crystalline phase and crystalline size of

CdS QDs. The diffraction peaks were observed at

2h = 24.44�, 25.30�, 26.50�, 28.55�, 36.41�, 43.79�,
50.95�, 51.81�, 58.20�, 60.92� and 66.90� corresponding to

crystal planes (0 0 4), (0 4 0), (0 3 3), (2 1 4), (5 0 3), (4 4

4), (5 2 6), (0 2 8), (8 4 1), (6 6 4), and (2 2 1), respectively.

It is noticed from the spectra that the peaks became broad

as the doping concentration increased from 1 to 5 wt%.

The d-spacing values and relative intensity of peaks match

well with JCPDS data (PDF No. 047-1179) of CdS for

orthorhombic structure with crystal lattice parameters

a = 14.31, b = 14.07 and c = 14.56 Å. Broadening of the

peaks is due to the formation of small sized QDs. In ad-

dition, no diffraction peaks of impurities (including

dopants) are detected. This indicates that the samples are

pure in nature and also suggests that Nd3? and Li? ions

have entered into the CdS lattice as a substituent [45]. The

large full width at half maxima (FWHM) and decrease in

intensity of the peaks with increasing co-dopant concen-

tration suggest the effect of Nd3? and Li? doping on CdS

crystallinity.

The crystalline size of CdS QDs has been calculated

using Debye–Scherrer equation 2R = 0.9k/bcosh [46],

where 2R is the diameter of QDs, b is FWHM of XRD

peaks in radian, h is diffraction angle and k is wavelength

of X-ray (1.54059 Å). The FWHM of peaks (0 4 4), (2 1 4),

(5 0 3), (4 4 4) and (8 4 1) are used to estimate the sizes of

CdS QDs. The average sizes are found to be 6.8, 5.6, 4.5

and 3.6 nm for undoped, 1, 2, and 5 wt% co-doped CdS

QDs, respectively, which indicate that as the co-doping

concentration increased from 1 to 5 wt%, the size reduced

from 6.8 to 3.6 nm. The comparative chart of sizes of CdS

QDs is given in Table 1.

We have calculated the d-spacing from selected area

electron diffraction (SAED) pattern and assigned the

d [hkl] planes in the pattern as shown in Fig. 6b. We found

that d [hkl] planes from SAED pattern fairly agree with the

d [hkl] planes given in the literature (PDF No. 047-1179).

Figure 6a shows HR-TEM image of CdS QDs along with

SAED pattern in Fig. 6b. The low magnified TEM image is

Fig. 4 FT-IR spectrum of a L-arginine, b pure CdS and c L-arginine-

passivated CdS QDs
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shown in Fig. 6c. The histogram of particle size distribu-

tion is shown in Fig. 6e. The sizes of QDs are found in the

range of 1.5–7 nm with average size 3.0 nm for 5 wt% co-

dopant concentration. The chemical compositions of as-

prepared CdS QDs capped with L-arginine confirmed from

the energy dispersive X-ray analysis (EDAX) pattern are

Table 1 Band gap and size of

as-prepared CdS QDs
Nd3? and Li? concentration (wt%) Band gap (eV) Size estimated from (nm)

EMA method Powder XRD HR-TEM

1 2.44 6.4 5.6 5.5

2 2.76 5.4 4.5 4.0

5 2.97 5.0 3.6 3.0

Fig. 6 a HR-TEM image, b SAED pattern, c TEM image, d EDAX pattern of 5 wt% (Nd3? ? Li?) co-doped CdS QDs (in inset atomic and

weight percentages are shown) and e histogram of particle size distribution
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represented in Fig. 6d. EDAX spectrum indicates the

presence of Cd, S, and Nd elements. Lithium being a

lighter element is undetected by the instrument. NMR

spectroscopy can be used to detect the presence of Li into

CdS QDs, site symmetry as well as its diffusion behaviour,

but cannot give information about the quantity. Inductively

coupled plasma-atomic emission spectroscopy can be used

to find exact quantity of compositional elements, including

lithium, present in the samples. The atomic percentages

and weight percentage of Cd, S and Nd have found close to

the target values, shown in the inset of Fig. 6d.

The sizes of CdS QDs calculated from XRD peaks and HR-

TEM match well with the sizes calculated also from Bruce

equation (EMA method) too. Table 1 shows comparison of

average size of CdS QDs calculated by various methods.

From Table 1, we conclude that the size of CdS QDs is

reduced and the band gap increased with the increase in co-

doping concentration.

Conclusions

In summary, Nd3? and Li? co-doping effectively alter the

structural, morphological and optical properties of nano

materials in a way that the increase in the dopant con-

centration leads to the increase in band gap and decrease in

the particle size. Smaller sized and doped QDs are the most

preferable material for optics-based applications such as

optoelectronics, photonics, solar cells, photo-detectors,

lasers and light emitting diodes. Residing on this theory,

we have attempted the synthesis of L-arginine passivated

CdS QDs co-doped with Nd3? and Li? successfully by

following the kinetics of chemical co-precipitation method.

L-Arginine was functioned as an excellent stabilizing agent.

The structural and morphological study of co-doped CdS

QDs revealed the formation of orthorhombic crystal

structure. The sizes of CdS QDs reduce with co-dopant

concentration. UV–vis spectroscopy illustrated the ab-

sorption edge located at wavelengths 477, 463 and 450 nm

for 1, 2, and 5 wt% co-doping concentration of

(Nd3? ? Li?), respectively, showing huge blue shift

compared to their bulk counterpart due to quantum con-

finement effect. Band gap of CdS QDs is increased from

2.44 to 2.97 eV. The increase in band gap with the con-

centration of dopant indicates the effect of co-doping in

CdS QDs. PL spectra showed the band-edge emission and

trapped-state emission with multiple violet and blue pho-

toluminescent centres whose intensity increases with dop-

ing concentration. At 5 wt% doping concentration, the

intensity of band-edge emission and trap-state emission

became almost equal. EDAX spectra indicated the presence

of no other impurities except Cd, S and Nd elements in

CdS QDs. These results strongly suggest that our sample

possesses a high potential in optoelectronics device

applications.
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