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Abstract

Highly luminescent, and bio-compatible GSH capped CdTe quantum dots (GSH-CdTe QDs) were prepared through a facile
microwave (MW) aided wet chemical method. The tunability of the emission wavelength of the as obtained nanostructure was
achieved simply by varying the size of CdTe cores and thickness of the CdSe shell. In addition, an effective shell-coating route
was developed for the synthesis of CdTe/CdSe core/shell (C/S) and CdTe/CdSe/ZnS core/shell/shell (C/S/S) nanostructures by
adopting a low temperature route for shell deposition. The UV-vis optical absorption and Photoluminescence (PL) emission
spectral study were employed to study the confinement of excitons within the C/S interface isolating them from the solution
environment and consequently improving the stability of the nanostructure. Finally a mechanism of formation of type Il C/S/S

structure having better optical properties were proposed.
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1. Introduction

The synthesis of colloidal semiconductor nanocrystals has
received considerable attention since the last two decades due
to their unique optical, optoelectronics, magnetic and
electrical properties that are different from their bulk structure
counterpart 21, Semiconducting nanocrystals such as QDs
have attracted more attention due to their unique optical
properties such as narrow emission spectra, continuous
absorption band, high chemical and photo-bleaching stability,
surface functionality etc. leading to many potential
applications including nanolasers, bio-labelling, and
photovoltaic, etc. 4. To date, many C/S hetero-structure
QDs, having two different semiconductors incorporated into a
single colloidal QDs have been reported Bl Typically there
are type | and type Il C/S QDs with different carrier
localizations, depending on the band structure offsets between
the semiconducting core and the shell €. In type | QDs both
the electrons and holes are confined in the core, in contrast, to
type Il QDs, where the electrons and holes are separated
between the core and the shell, giving rise to a significant
increase in the exciton lifetime, making them suitable for
photovoltaics [, It has been reported that the CdTe/CdSe C/S
QDs exhibit type Il band alignment, facilitating charge
separations upon absorption of visible light for solar cells 81,
Recently, the high-quality CdTe/CdSe hetero-structure QDs
have been successfully synthesized via colloidal chemical
routes >4, However, these synthetic methods are performed
at high temperatures consuming several hours.Further, the use
of toxic organic solvents and production of agglomerated
QDs with broad size distribution makes this process
undesirable. So, it is advantageous to develop a facile method
for a quicker synthesis of highly fluorescent type Il C/S QDs
in aqueous ion solution. Microwave-assisted synthesis
employed in the present study, is known to be one of the most
effective methods used for the synthesis of nanocrystals,
advantageous mainly due to the reaction selectivity, high
efficiency and greater controllability over the physical

parameters of the product (%% The green protocols
developed in the present study uses a biological thiol and a
tri-peptide GSH as stabilizer, which is found in abundance in
cells and works both as a reducing and capping agent for the
aqueous synthesis of CdTe/ CdSe QDs 6, Moreover, all
the operations could be performed in air, avoiding the need
for inert atmosphere, due to the fact that K.TeOs, used by us
as the source material for Te? ions, is air stable [*7-22],

Further, the present study also investigates the possible tuning
of the emission wavelengths of the as obtained C/S
nanocrystals into the visible spectrum (530-690 nm) by
changing the shell thickness and/or core size, through an
identical procedure, which is highly desirable in case of QDs.
The as synthesized C/S structures were further capped with an
inorganic material with a higher energy gap, as a shell, to
enhance the quantum yield and improve the spectrum purity.
Herein, an additional ZnS shell was epitaxially over coated on
the outer layer of the pre-prepared CdTe/CdSe C/S
nanocrystals to get the CdTe/CdSe/ZnS C/S/S heterostructure.

2. Experimental

The protocol for aqueous synthesis of CdTe core, CdTe/CdSe
C/S and CdTe/CdSe/znS C/S/S QDs, employes CdCly, ZnCly,
K,TeOs; NaySeOs, NayS, as Cd?*,Te?,Se* and S sources
respectively, along with NaBH, as the reducing agent. GSH
works both as a reducing and capping agent for the aqueous
synthesis of CdTe QDs.

2.1 Synthesis of CdTe core, C/S and C/S/S QDs

182 mg CdCl,.2.5H,0 was diluted with 40 ml of Toluene,
240 mg GSH, 10 mg Sodium citrate, 2ml of K,TeOs and 20
mg of NaBH. were added into cadmium sol with constant
stirring. Borax buffer solution was used to adjust the pH 10.
The mixture was kept in ultra-sonicator for vigorous stirring.
The as obtained mixture was kept in a MW oven for 1 min at
300W power. The mixture was cooled down to ~ 50°C. The as
prepared CdTe solution was concentrated to ¥a ™ of the
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original volume and was finally precipitated using 2-propanol
and collected via centrifugation. CdTe QDs dispersion was
prepared by re-dissolving this colloid precipitate in 3ml DD
water. All the stock solution for CdSe and ZnS shell growth
were prepared bydissolving corresponding precursor solutions
in borax buffer solution in appropriate amounts.

A modified low temperature MW technique was adopted for
the growth of CdTe/CdSe C/S nanocrystal. The obtained
CdTe dispersion was transferred drop wise into the CdSe
stock solution and was kept in a MW oven for 5 min at 300W
power. The CdTe/CdSe C/S QDs were obtained from the
mixture following the process described earlier in case of core
synthesis and were re-dissolved in 3ml DD water to prepare
C/S dispersion. Similarly for preparing CdTe/CdSe/ZnS
C/SIS QDs (C/S/S), the as obtained CdTe/CdSe C/S solution
was transferred drop wise into ZnS stock solution and the
mixture was kept in a MW oven for 5 min at 200W power.
The dispersion was prepared as described earlier.

2.2 Formulae Used

The formulae used for calculation of monolayers is as follows
[241:

(Volume of X monolayer of shell on a core of radius r)

Vshell (MLx) =4/3**[(rcore+X*d) 3-1r3core] —E6t11)
(Number of shell monomers in X ML)

Nshell(M Lx)=[(pshel™Vsheit(M Lx)]/Mshei———Eg# (2)

(Moles of shell needed to coat Ncore moles of core QDs with
X ML)

Nsheni= Nshell (MLx)*Ncore ——EQ" 3)

Where,

" Vge(MLy) - Volume of the shell comparising X ML of
shell,

= reore - Radius of the core nanocrystals,

= d - Thickness of one ML of shell,

= Nshe(MLx) -Number of monomer units of shell per core
nanocrystal,

= pshell -Bulk density of shell in the wurtzite phase,

= Msner -Mass of a shell monomer unit,

= Nsnen- Number of moles of shell precursor needed to grow
X ML of shell,

= Ncore- Number of moles of core nanocrystal in the reaction
volume.

The thickness of monolayers was controlled by ensuring that
the volume of the precursor stock solution added in each
cycle should not exceed the amount needed for a whole ML
of the CdSe shell. This amount was calculated from the
respective volumes of concentric spherical shells with 0.35
nm thickness for IML of CdSe. A high-quality CdTe/CdSe
C/S QDs with the desired shell thickness and corresponding
emission wavelength was thus obtained. For ensuring
tunability of the PL emission, firstlythe CdSe shell of desired
thickness were grown and after attaining the PL emission
wavelength of the resulting CdTe/CdSe C/S QDs, a ZnS shell
was consecutively epitaxially over coated around the outer
layer of the CdTe/CdSe template to form the CdTe/CdSe/ZnS
C/SIS QDs. In present study the CdTe core were obtained and
various layers of CdSe shell were coated on it.The average
sizes of the nearly dot-shaped C/S nanocrystals (2.77, 3.47,
4.17, and 4.87 nm) corresponding to QDs containing a one-,
two-, three-, and four-ML CdSe shell and (6.11, 6.97nm) for a
four —-ML CdSe + one/two -ML ZnS shell, respectively was
obtained theoretically, as per the formulae used. TEM studies
were performed to check the legitimacy of the theoretical
calculations employed here. The theoretical and TEM results
are fairly compatible, validating our present method of
calculation; the results are compiled in Table 1 in section 3.1.
For the present study, the average thickness of one monolayer
of CdSe (d) is taken as 0.35 nm and that of one monolayer of
ZnS (d) is taken as 0.31 nm, according to the obtained values
of the lattice constants of the corresponding material 241,

3. Result and Discussion

Fig. 1 shows the schematic of the synthesized C/S/S
structures, to explain the band gap engineering performed
while formation. The CdTe/CdSe/ZnS C/S/S QDs synthesized
in the present study has a typical type Il C/S QD structure.
The energy of the valence band of the CdTe core is
independent of the thickness of the CdSe shell. Similarly, the
energy of the conduction band of the CdSe shell is also
independent of the size of the CdTe core. So both the core
size and the thickness of the shell can influence the effective
band gap of the C/S structure through quantum-confinement
effects. As a result, tuning the PL emission range is feasible
by the variation of both the core size and the shell thickness.

R
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Fig 1: Schematic Diagram of energy bands (in eV) for CdTe, CdSe, and ZnS Interfaces %] leading to a typical ‘type II” QDs structure.
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The QDs must suppress the non-radiative recombination on
the surface and improve the confining potential. One of the
ways to achieve this condition is by fully trapping the
electrons and holes inside the core. This may also effectively
suppress the non-radiative recombination of electrons and
holes on the QDs surface due to the pressure of shell
materials; hence the quantum yield could be increased [,
The additional ZnS shell, with a substantially wide band gap,
serves as a type-l heterojunction with the CdSe layer (the
band offsets among CdTe, CdSe, and ZnS are shown in Fig.
1) P71 thus efficiently confining both electrons and holes
within the CdTe/CdSe C/S structure and substantially
enhancing the spatial indirect radiative recombination at the
CdTe core and inner CdSe shell interface. By varying the size

of CdTe cores and the thickness of the CdSe shell, the
emission wavelength of the obtained nanostructure can span
from 540 to 825 nm 28, In addition, the passivation of the
ZnS shell with a substantially wide band gap confines the
excitons within the CdTe/CdSe C/S interface and isolates
them from the solution environment and consequently
improves the stability of the nanostructure, especially in
aqueous media.

3.1 Morphology and structural studies

SEM and TEM studies were performed to study the
morphologies and particle size distribution of the as prepared
QDs.

e X35 S0dum 0090 20 20 SEI

Fig 2: SEM micrographs of various QDs structures: (a) CdTe core QDs, (b) CdTe/CdSe C/S QDs and (c) CdTe/CdSe/ZnS C/S/S QDs.
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Fig 3: TEM micrographs of C/S QDs: (a) An interface between CdTe core and CdTe/CdSe C/S in TEM and (b) Particle size dispersion 4.91 nm
cross sectional study.
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Fig 4: TEM micrographs of C/S/S QDs: (a) No interface observed between CdTe/ CdSe C/S and ZnS shell in TEM and (b) Particle size
dispersion 5.06 nm cross sectional study.

Fig. 2 shows SEM patterns at different magnification by
SEM- JEOL JSM-5600. As observed in (Fig.2 (a)), a well
dispersed CdTe core QDs structure was obtained through the
microwave aided synthesis method. (Fig. 2 (b)) shows a high
density of C/S structure, which grew bigger after the ZnS
layer, was deposited on them, observed in (Fig. 2(c)). (Fig.3
and Fig.4) show the TEM images of C/S and C/S/S QDs were
taken by PHILIPS TEM CM 200. TEM images further
validates that the particle size dispersion is less, ranging
between 2-10 nm. The TEM images show an interface
between core CdTe (black) and shell CdSe (white), whereas

no evidence of an interface between C/S and C/S/S is
observed, which is consistent with a coherent epitaxial growth
mechanism of ZnS shell, and demonstrates that the shell
growth does not disturb the crystalline form of the C/S.
Further, the TEM images observes increment in size resulting
from the growth of the first (CdSe) and second (ZnS) shell,
similarly, as observed in SEM and XRD studies. The sizes
obtained by the Scherrer’s formulae in the next section, also
confirms the increase in size with shell formation. (Table.1)
shows a comparative particle size distribution calculated
theoretically and through TEM studies.

Table 1: The comparative Average particle size distribution calculated theoretically and through TEM studies

Types of QDs Theoretically CalculatedParticle size (nm) | Average Particle size calculated through TEM(nm)
CdTe/CdSe C/S QDs(4ML) 4.87 491
CdTe/CdSe/ZnS C/S/S QDs(2ML) 6.97 5.06

Fig. 5 shows that the peaks obtained in the XRD studies were
taken by XRD-Bruker/LynxEyelD-PSDX-ray generator
using the Ka radiation of Cu at a wavelength of 1.542
Amatched with the standard data for CdTe (JCPDS card
no.65-1046), CdSe (JCPDS card no.00-019-0191) and ZnS
(JCPDS card no.65-1691). The XRD results confirm the
formation of C/S and C/S/S structures. The core shows a
single peak corresponding to CdTe as observed in (Fig. 5 (a)).
After the formation of CdSe shell, peaks corresponding to
CdSe only is observed in (Fig. 5(b)).Similarly after the
formation of C/S/S the XRD peaks corresponding to CdSe
should not be observed in (Fig. 5(c)), but the peaks
corresponding to only ZnS should be there. However since
the specimen used for the XRD study includes the samples
with only one monolayer of CdSe for C/S and one monolayer
of ZnS for C/S/S structures, some peaks corresponding to the

base materials also appear in the XRD pattern. The diffraction
peaks are broadened due to the finite particle size. When the
CdsSe shell is overgrown around the cubic CdTe template, the
general pattern of the cubic lattice is maintained in the C/S
structures, but the diffraction peaks shift to larger angles
consistent with the smaller lattice constant for CdSe
compared with CdTe. With the further overgrowth of the ZnS
shell around the outer layer of the CdTe/CdSe, the diffraction
peak positions have no significant shift. In addition, the
diffraction peaks narrow further with the over coating of shell
materials. This narrowing indicates that the crystalline
domain is larger for the C/S/S structure, providing direct
evidence for epitaxial growth of the shell. XRD data is
compiled in (Table. 2) for particle size calculations using
Scherrer’s formulae, strain and dislocation densities.

Table 2: Compiled XRD data for particle size calculations using Scherer’s formulae

Sample 20 hkl d(A) | FWHM(Degree) g;gg?:':f) Strain(linm) leoi?::ﬁg%ens'ty
CdTe QDs 27.67 | (102)h [3.222E-10 0.87574 9.13 0.015513 1.2E+16
CdTe/CdSe C/S QDs 28.25 | (102)h |3.158E-10 0.0972 82.3 0.001685 1.48E+14
CdTe/CdSe/ZnS C/S/S QDs| 32.17 | (200)c |2.782E-10 0.03572 226 0.000541 1.96E+13
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Fig 5: XRD pattern of various QDs structures:(a) GSH-CdTe core QDs, (b) GSH-CdTe/CdSe C/S QDs and(c) GSH-CdTe/CdSe/ZnS C/S/S
QDs showing structural changes with the growth of various shell layers.

3.2 Optical Studies

Fig. 6 shows the optical absorption spectra of core, C/S and
C/S/S QDs. The optical absorption was investigated using
UV-Vis spectrophotometer (Varian Carry 50 B10O). With the
increase of the CdSe shell thickness, a systematic red-shift
was observed the absorption peaks of the resulting
CdTe/CdSe C/S nanocrystals. On analysing the absorption
spectra with the overgrowth of shell material CdSe around the
CdTe cores, it is found that, on one hand, the spectral profiles
red-shift and, on the other hand, the distinctive absorption
peaks of the initial GSH-CdTe core QDs (the hump observed
at ~530nm in the optical absorption curves in (Fig. 6(a)) are
eroded gradually; the excitonic absorption peak broadens; and
finally evolves into a featureless absorption tail when the

shell thickness is two MLs. The observance of this featureless
absorption tail in the absorption spectrum can be attributed to
the spatial separation of the charge carrier in type-11 C/S QDs
and because of this, type-1l C/S QDs effectively behave as
indirect semiconductors near the band edges > . Further, the
relative absorbance of CdTe/CdSe C/S QDs shows a notable
increase over the cores in the short wavelength region. This
can be attributed to the higher effective density of states due
to their larger size, however, they have relatively little
absorbance near the band edge because of the weaker
oscillator strength resulting from the decreased wave function
overlap due to the spatial separation of the charge carriers 28],
For C/SIS structures the optical absorption increases with
increasing thickness of ZnS layers, as observed in (Fig. 6(b)).
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Fig 6: Optical absorption spectra of various QDs structures: (a) CdTe/CdSe C/S with varying shell thickness with 1ML, 2ML,3ML and 4ML
respectively and (b) CdTe/CdSe/zZnS C/S/S QDs with 4ML CdSe shell + 1and 2 ML ZnS shell thickness.

The evolution of absorption spectra clearly demonstrates a
progressive reduction of the electron-hole function overlap
and the formation of the indirect exciton as the dimension of
the CdSe shell increased, ultimately leading to characteristic
type-Il behaviour. The gradual evolution of semiconductor
heterostructures from type-lI toward a type-1l optical

behaviour has also been reported in CdTe/CdSel-®! and
CdS/ZnSe systems 6371 Figure 7 shows the effect of varying
shell thickness on the PL emission of obtained QDs.PL
spectra were measured using PL- LS 45 Perkin Elmer
Luminescence Spectrophotometer. The emission of type-II
C/IS QDs originates from the radiative recombination of
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electron hole pairs across the C/S interface. This can explain
why the emission from the CdTe/CdSe C/S is observed at
wavelengths longer than the band gap emission of either
CdTe or CdSe with the same size. with the increase of the

CdSe shell thickness to one, two, three, and four MLs, the
corresponding PL peaks shift to A=560, 600, 640 and 690 nm,
respectively, from the original A = 530 nm for the CdTe cores.
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Fig 7: PL spectra of various QDs structures with varying shell thickness: (a)The red shift in the PL peaks of CdTe, CdTe/CdSe, CdTe/CdSe/ZnS
QDs with varying shell CdSe thickness and (b) The enhancement of PL intensity with the overgrowth of ZnS shell structure.

The PL emission of CdTe/CdSe C/S QDs should be attributed
to an excitonic transition involving the relaxed electron
(mainly localized in the conduction band of the CdSe shell)
and hole states (mainly localized at the valence band of the
CdTe core), which is illustrated in (Fig.7).1t has been proven
that the surface passivation of nanocrystals with a suitable
inorganic material having a higher bandgap is the key to
improving PL efficiency and the stability of nanocrystals
[371. When one ML of CdSe is grown around the CdTe cores
no substantial change in the PL emission spectra was
observed, although a slight red shift of the emission
wavelength was observed. The radiative recombination is
quenched because of the presence of some imperfections like
traps on the crystal. These traps are Cd or Te atoms with
dandling bonds, which can attract electron and holes,
respectively, acting as mid gap states. In the case of an
electron, which is declining from the conduction band, it can
be captured by a trap and then relax to the valence band
without emitting. The results show that the low temperature
protocol adopted for synthesis of ZnS shell effectively caps
the C/S, controls the particle size distribution and decreases
the surface defects resulting in a remarkable enhancement in
PL intensity 81, It can be observed that the low temperature
synthesis of ZnS shell was favourable for the epitaxial growth
of a ZnS shell with a high degree of crystallinity (see XRD fig
5(c)).The C/S/S structure show increase in PL intensity with
increasing ML of ZnS, as can be also observed by PL peak in
(Fig. 7(b). The additional ZnS shell, with a substantially wide
band gap, serves as a type-1 heterojunction with the CdSe
layer ?7], thus efficiently confining both electrons and holes
within the CdTe/CdSe structure and substantially enhancing
the spatial indirect radiative recombination at the CdTe core
and inner CdSe shell interface, which is evident from the
sharp XRD peaks (Fig. 5(b)).

4. Conclusions

This study presents a quick and cost effective method of
synthesis of highly luminescent QDs with bare core, C/S and
CISIS structures using microwave aided wet chemical
synthesis method. The GSH capped biocompatible and stable
QDs were obtained without compromising their optical
properties. The TEM study validates the formation of C/S and
C/S/S structure with small particle size dispersion. The
optical studies confirm the formation of type 11 QD structure.
The optical properties of the QDs were tuned within a given
visible range by varying the shell thickness. The type 1l QDs
thus formed can enhance the efficiency of QDs solar cells by
increasing the charge separation.
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