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ursor ratio and dopant
concentration on the structure and optical
properties of Cu-doped ZnCdSe-alloyed quantum
dots

N. X. Ca, a H. T. Van, b P. V. Do,c L. D. Thanh,c P. M. Tan,d N. X. Truong,e

V. T. K. Oanh,e N. T. Binhf and N. T. Hien *gh

Tunable copper doped Zn1�xCdxS alloy quantum dots (QDs) were successfully synthesized by the wet

chemical method. A one-step method is developed to synthesize doped ternary QDs which is more

preferable than a two-step method. The influence of experimental parameters like the Zn/Cd ratio and

Cu dopant concentration has been investigated using various spectroscopic techniques like UV-visible,

photoluminescence, X-ray diffraction and Raman spectroscopy. The absorption and emission properties

can be tuned by changing the concentration of components of the ternary QDs. The high concentration

of dopant completely quenched the emission of the ternary QDs. EDX gives confirmation of the

elemental composition of the synthesized samples. The obtained results suggest the successful doping

of the ternary QDs. Interestingly, the study results revealed that the crystal structure (ZB and/or WZ) and

the dual emission of the Cu-doped Zn1�xCdxSe alloy QDs could be controlled by varying the dopant

concentration and chemical composition of the host. Doping also leads to enhancement in emission

properties and provides more stability to ternary QDs. The enhancement in the photoluminescence (PL)

decay lifetime of Cu-doped ternary QDs can be advantageous for optoelectronic and biosensor

applications.
1. Introduction

In this era of nanotechnology, researchers have paid consider-
able attention to QDs owing to their distinctive and unique
properties showing remarkable uses.1 Semiconductor QDs of
the II–VI group of the periodic table have attracted much
attention from scientists because of their unique and tunable
properties. The II–VI elements have shown their potential
abilities in various elds including electronic, biomedical, solar
cells, water purication, chemical sensing, biosensing, etc.
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Binary semiconductor QDs are one of the most studied mate-
rials owing to their appealing electronic and optical properties
like high absorption coefficient and high efficiency of radiative
recombination.2–4 From the list of various chalcogenide mate-
rials, cadmium (Cd) based compounds have been studied the
most and are also used as building blocks for various applica-
tions like photovoltaics and biolabeling due to their narrow
emission and broad absorption spectra.5

But nowadays researchers are focusing on semiconductor
ternary QDs as the chemistry and physical properties of ternary
nanoclusters remain undeveloped and unexplored. Ternary
nanoclusters have not yet been fully developed until date
because of the lack of synthetic strategies. Many researchers
have reported that alloyed ternary QDs are advantageous over
binary QDs.6–8 The optical properties of binary QDs can be tuned
by changing the size of QDs but for ternary QDs, the properties
can be tailored by changing their composition. The alloyed
ternary QDs of ZnCdS, ZnCdSe, ZnCdTe, and CdSeTe are being
explored by controlling their constituents.9 The optical and
structural properties of ternary QDs can be controlled by the
ratio of their constituents. The development in the synthesis
process of ternary semiconductor QDs that allow doping has
attracted the scientic community to a great extent. Various
synthesis routes are effective for the preparation of ternary QDs
This journal is © The Royal Society of Chemistry 2020
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like solid-state reaction, solvothermal, thermolysis, and hot
injection techniques.10–13 Most of the methods for synthesis of
ternary QDs follow two-step methods: (i) forming the core/shell
structure and (ii) further heating to form an alloy.14 But for the
production of large-scale QDs, one-step method is always
preferred over two-step method.

Compared to pure QDs, alloyed QDs have been reported as
more stable and exible for altering their band gap. The band
gap can be tuned by doping them with some band gap sensi-
tive elements for optoelectronic applications.15 Ma et al.16 re-
ported the synthesis of PbSxSe1�x ternary-alloyed QDs. They
reported that ternary alloyed QDs show 2-fold improvement in
efficiency over devices composed of either pure PbS or pure
PbSe QDs for solar cells. Ternary alloyed QDs are also advan-
tageous over core/shell structures as they eliminate the issue
of stress and lattice mismatch.17,18 ZnCdSe is a ternary semi-
conductor compound with a wide band gap, an attractive
material because its tunable band gap depends on the
composition and covers the visible spectrum. Therefore, their
tunable optical properties are valuable for various optoelec-
tronic devices, visible light-emitting diodes and lasers. For
biological applications, the molar ratio of Cd/Zn during
synthesis is also a matter of concern due to Cd toxicity.

Doping of ternary QDs with a suitable dopant opens a new
path for researchers to enhance the optical properties of these
luminescent materials. The optical and electrical properties
aer doping are different from those of the corresponding
host material. Doped semiconductor QDs have been identied
as promising luminescent materials because the dopants
create deep trap levels and act as luminescence centers.
Doping of semiconductor QDs with impurities can affect the
various properties of host materials like high photo-
luminescence (PL) quantum yield (QY), long luminescence
excited state lifetimes, large Stokes shis, thermally stable
luminescence, and tunable emission colors.19–22 Doping can
also affect the crystal growth of semiconductor QDs as the
surface energy is changed. Therefore, the growth and shape of
the QDs may be affected. Doping of ternary QDs with copper
(Cu), the dopant can act as both acceptor and donor, mainly
due to Cu acts as a deep electron acceptor approximately 0.5 eV
below the conduction band minimum.23 Until now, a extensive
research has been done to explore Cu-doped binary QDs, but
still very limited studies conducted to explore the properties of
Cu-doped ternary QDs.

This paper reports the synthesis of Cu-y% (0 # y # 15)
doped ZnxCd1�xSe (0 # x # 1) alloyed QDs using a chemical
route method. Optical properties i.e. absorption and emission
spectra of Cu-doped ZnxCd1�xSe alloyed QDs by changing the
molar ratio of Zn/Cd in the host material. The structural
properties were characterized using X-ray diffractometer and
Raman spectroscopy. The elemental composition of the
synthesized samples has been veried using energy dispersive
X-ray spectrometry (EDX) technique. The effect of dopant
concentration on the optical and structural properties of
ZnxCd1�xSe ternary QDs was also studied. The PL lifetime
decay kinetics were also investigated to explore the stability of
doped ternary QDs.
This journal is © The Royal Society of Chemistry 2020
2. Experimental
2.1. Materials

The reagents used for the synthesis and characterization of QDs
are of analytical grade and used directly without any further
purication. Cadmium oxide (CdO, 99.99%, powder), zinc oxide
(ZnO, 99.9%, powder), 1-octadecene (ODE, 90%), oleic acid (OA,
90%), selenium (Se, 99.99%, powder), copper acetate (Cu(CH3-
COO)2, 99.98%), toluene (99.8%), isopropanol (99.7%) and tri-n-
octylphosphine (TOP, 97%) were purchased from Sigma-
Aldrich.
2.2. Synthesis of Cu-doped Zn1�xCdxSe-alloyed QDs

Colloidal Cu-doped Zn1�xCdxSe-alloyed QDs were prepared by
the modied methods, which were presented in ref. 21 and 24.
Briey, a mixture of ZnO, CdO, OA, and ODE in a three-neck
ask was heated to 280 �C and stirred under nitrogen ow to
create the solution containing Cd2+ and Zn2+ ions. The amount
of ZnO and CdO precursors was taken depending on the Cd/
(Zn + Cd) ratio.

Separately, Cu(CH3COO)2 and TOP were mixed with ODE in
a three-necked ask under nitrogen ow and stirring. Similarly,
the amount of Cu(CH3COO)2 was taken depending on the Cu2+/
(Cd2++Zn2+) ratio. The mixture was heated to 200 �C and
maintained at this temperature until it turned into a clear
solution. This solution was quickly injected into the reaction
solution containing Cd2+ and Zn2+ ions. Next, the stock solution
of TOPSe (Se in TOP) was rapidly injected into the reaction ask
containing Cd, Zn and Cu precursors at 280 �C and stirred for
60 min. Then, the reacted solution containing Cu-doped
Zn1�xCdxSe-alloyed QDs was cooled down to room tempera-
ture. Aer centrifuging the solution in isopropanol at a speed of
10 000 rpm for 5 min and removing the supernatant and
remnants, the collected sediment of Cu-doped Zn1�xCdxSe-
alloyed QDs was redispersed in toluene for study the optical
properties.
2.3. Characterization

The crystal structure of the QDs was investigated using X-ray
diffraction (XRD, Siemens D5005 diffractometer) equipped
with a Cu-Ka radiation source. Energy dispersive X-ray spec-
trometry (EDX) spectra was measured on a PV97-61700ME
instrument. Ultraviolet-visible (UV-vis) absorption spectra
were analyzed using a Jasco V-770 spectrometer (Varian).
Room-temperature photoluminescence (PL) measurement
was measured using a Jobin Yvon Fluorolog-3 system. The
excitation sources used were a 325 nm He–Cd laser and
a 450 W xenon lamp. Toluene was used as a reference for both
UV-vis and PL measurements. The lifetime measurements of
the samples were recorded by a home-built time-resolved PL
system with excitation wavelengths of 325 nm and 488 nm.
Raman spectra of the dried samples in powder were acquired
with a LABRAM-HR800 spectrometer (Jobin Yvon) working at
a wavelength l ¼ 488 nm.
RSC Adv., 2020, 10, 25618–25628 | 25619
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Table 1 Absorption peak and absorption edge of Zn1�xCdxSe (0# x#
1):Cu 0.5% alloy QDs

S. no.

Sample
Absorption peak
(nm)

Absorption edge
(nm)

Optical band
gap (eV)Zn1�xCdxSe

i x ¼ 1 (CdSe) 509 534 2.44
ii x ¼ 0.8 465 523 2.66
iii x ¼ 0.6 448 495 2.77
iv x ¼ 0.4 423 477 2.90
v x ¼ 0.2 391 442 3.16
vi x ¼ 0 (ZnSe) 382 429 3.25
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3. Results and discussion
3.1. Effect of Cd/(Cd + Zn) ratio

3.1.1. UV-visible absorption spectra. Room-temperature
absorbance spectra of synthesized Zn1�xCdxSe (0 # x # 1):Cu
0.5% alloy QDs dispersed in toluene are shown in Fig. 1(a). The
absorption spectra have been taken at different ratio of Cd/Zn.
The doping concentration of the dopant Cu i.e. 0.5% is main-
tained the same in all the samples. A broad absorption spec-
trum was observed for the sample with x ¼ 1 (CdSe) in the UV
region extended to the visible region with the rst excitonic
absorption peak and absorption edge at 509 nm and 534 nm,
respectively. Compared to bulk CdSe (lbulk � 690 nm), the
synthesized sample shows a shi towards shorter wavelength,
that conrming the formation of nanostructures.25 Table 1
summarizes the absorption peak and absorption edge for each
concentration. For x ¼ 0.8, as the concentration of Zn increases
and Cd decreases, the absorption peak shis towards shorter
wavelength l � 470 nm. The overall absorption spectrum of all
the samples follows the same trend, except for the shi in the
absorption peak and edge aer changing the Cd/Zn ratio.

This trend of blue shi in the excitonic peak conrms the
formation of alloyed nanostructure, not core/shell structure.26

In core/shell structures due to the partial leakage of the exciton
into the shell matrix, the absorption peak shis towards longer
wavelength compared to the core structure. Sharp excitonic
peaks were observed for x ¼ 1 (CdSe) and x ¼ 0 (ZnSe) due to
their narrow size distribution.

Parameters like optical band gap and particle size were
calculated using absorption spectra. The optical direct band gap
of the nanostructures can be calculated from the absorption

spectra using the Tauc relation given as:27 a ¼ Aðhn� EgÞn
hn

,

where Eg is the optical band gap of the material, h is Planck's
constant, a is the absorption coefficient, and exponent n
depends on the type of transition i.e. for allowed direct transi-
tion n ¼ 1/2 and for allowed indirect transition n ¼ 2. Eg was
obtained by extrapolating the linear region of (ahn)2 vs. hn. The
obtained values of the optical band gap for Zn1�xCdxSe (0# x#
1):Cu 0.5% are summarized in Table 1. It is worth noting that
Fig. 1 (a) UV-vis absorption spectra and (b) optical band gap of
Zn1�xCdxSe (0 # x # 1):Cu 0.5% alloy QDs.

25620 | RSC Adv., 2020, 10, 25618–25628
with the Cd/Zn ratio, the band gap changes as depicted in
Fig. 1(b). Therefore, the band gap of the alloyed ternary QDs can
be altered by stoichiometrically changing the composition,
while for binary QDs band gap can only be tuned by changing
the size of the QDs.

The average particle size of Zn1�xCdxSe (0 # x # 1):Cu 0.5%
QDs for x ¼ 0 and x ¼ 1 was calculated using the effective mass
approximation model (EMA) given as:

Eg ¼ EgðbulkÞ þ h2

8R2

1

m*
e

þ 1

m*
h

;

where Eg(bulk) is the band gap energy of the bulk (1.74 eV for
CdSe and 2.70 eV for ZnSe), Egis the optical band gap (calculated
using Tauc relation) of the QDs,m*

e is the effective electronmass
(0.13mo for CdSe and 0.17mo for ZnSe), m*

h is the effective hole
mass (0.45mo for CdSe and 1.44mo for ZnSe),24 mo is the rest
mass of electron (9.1 � 10�31 kg), and R is the radius of the
particle. The particle sizes obtained for CdSe and ZnSe QDs
calculated using EMA model were found to be 4.62 nm and
4.24 nm, respectively. The obtained particle size conrms that
the synthesized particles are in the quantum regime.

3.1.2. Emission spectra. Emission properties of QDs play
a major role in optoelectronic and biological applications. The
emission spectra of liquid samples of Zn1�xCdxSe (0# x# 1):Cu
0.5% QDs with different Cd/Zn ratios are shown in Fig. 2. The
spectra show that all the samples consist of two emission peaks,
Fig. 2 Room-temperature emission spectra of Zn1�xCdxSe (0 # x #

1):Cu 0.5% alloy QDs excited at 325 nm.

This journal is © The Royal Society of Chemistry 2020
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one at shorter wavelength (l1) and one at longer wavelength (l2).
For x ¼ 1, a low-intensity emission peak is observed at l1 �
523 nm and a broad high-intensity peak at l2 � 710 nm. The
peak at the shorter wavelength is close to the absorption edge
and therefore associated with near-band edge excitons, while
the broad peak at longer wavelength is associated with trap
states of dopant or intrinsic defects.28

As x decreases, both emission peaks show a blue shi
towards shorter wavelengths. The excitonic and dopant emis-
sion peaks shi to a shorter wavelength: 523–399.6 nm and 710–
600 nm, respectively, when x decreases from 1.0 to 0.0. This
trend is due to the substitution of smaller ions (Zn2+) for larger
ions (Cd2+), leading to a decrease in the crystal lattice constant
and an increase in the bandgap of QDs as well as increasing the
distance between the conduction band and Cu dopant states.
Table 2 summarizes the emission peaks observed for all the
samples. The samples for x ¼ 0.8 to x ¼ 0.2 also consist of only
two major emission peaks. If CdSe and ZnSe have been nucle-
ated separately for x ¼ 0.8 to x ¼ 0.2, then the spectrum should
have different emission and absorption peaks for CdSe and
ZnSe QDs. The same trend of blue shi has been observed for
peaks at longer wavelengths, due to the presence of dopant. The
PL emission intensity for Cu-doped binary CdSe and ZnSe QDs
is higher than that of ternary Zn1�xCdxSe (0 # x # 1) alloy QDs
shown in Fig. 2. Owing to the quantum connement effect, the
emission wavelength for ZnSe QDs is less than 443 nm.29 For
samples (x ¼ 1 to x ¼ 0.4), the emission peak at l1 lies at
wavelengths greater than 450 nm, thus ruling out the possibility
of the formation of ZnSe QDs. For samples (x ¼ 0.2 and x ¼ 0),
the emission peak lies at wavelengths of 421 nm and 400 nm,
respectively. The concentration of Zn for samples (x ¼ 0.2 and x
¼ 0) is much longer than Cd. Therefore, for x ¼ 0.2 and x ¼ 0,
the PL emission peak below 443 nm shows a dominance in the
formation of ZnSe QDs. It should be noted that the bandgap of
ternary alloy QDs may be smaller than that of either material
comprising it. This phenomenon may be explained by the
bowing effect, which is due to the differences in atomic radii,
the lattice mismatch between binary subcompounds, and the
electronegativities of the alloying elements. However, the
results in Fig. 2 show that the bandgap of Zn1�xCdxSe (0.2# x#
0.8) QDs is within the bandgaps of ZnSe and CdSe because the
emission peaks of alloy Zn1�xCdxSe QDs are located between
those of ZnSe and CdSe QDs. This result proves that the
Table 2 Emission peaks of Zn1�xCdxSe (0 # x # 1):Cu 0.5% alloy QDs

S. no.

Sample Emission peak

Zn1�xCdxSe l1 (nm) l2 (nm)

i x ¼ 1 (CdSe) 523 710
ii x ¼ 0.8 501.4 703
iii x ¼ 0.6 480.8 693
iv x ¼ 0.4 455 666
v x ¼ 0.2 421 626
vi x ¼ 0 (ZnSe) 399.6 600

This journal is © The Royal Society of Chemistry 2020
synthesized Zn1�xCdxSe QDs are homogeneous alloy instead of
gradient alloy.20,21

As the Cd/Zn ratio changes from x¼ 0 to x¼ 1, an observable
red shi (600 nm-710 nm) was observed in the emission peak at
longer wavelength l2. The red shi in the emission peak results
in the reduction of the band gap as the Cd/Zn ratio changes
from x ¼ 0 to x ¼ 1. The decrease in the band gap is mostly due
to the shi of the conduction band towards a lesser negative
potential because the effective mass of electrons is much
smaller than holes. Thus, recombination of the electron in the
conduction band of host material and hole in Cu ‘T2’ state shis
the emission peak and produces a color tunable emission.30 The
observed systematic composition-controlled shi of the
absorption spectrum and emission maximum to shorter wave-
length can be explained by the formation of Zn1-xCdxSe
composite nanocrystals via intermixing wider band-gap ZnSe
with narrower band-gap CdSe nanocrystals, rather than forming
separate CdSe and ZnSe nanoparticles or core–shell structure
CdSe/ZnSe.

3.1.3. X-ray diffraction. Fig. 3 shows the XRD spectra of
Zn1�xCdxSe (0 # x # 1):Cu 0.5% alloy QDs to identify the
structure of the synthesized doped ternary QDs. The presence of
sharp peaks in the spectrum indicates the high crystallinity of
synthesized specimens. The spectra of Zn1�xCdxSe:Cu 0.5% for
x ¼ 0 contains three major peaks at 28.16�, 45.84� and 54.34�

corresponding to [111], [220] and [311], respectively. The peaks
are well matched with JCPDS cards 77-2307 for CdSe and 80-
0008 for ZnSe. The presence of these planes depicts the domi-
nance of the zinc blende (ZB) cubic structure. For x ¼ 0.2 and x
¼ 0.4, it is observed that there is no new additional peak, but the
diffraction peaks are slightly shied towards shorter 2q values.

For x ¼ 0.6, the diffraction spectra show some additional
peaks at 2q � 24.36�, 26.24� and 27.98� corresponding to the
[100], [002] and [101] planes. A broad hump for 2q between 40�

and 50� is observed for x ¼ 0.6 due to the superposition of the
[110], [103] and [200] planes. At higher concentrations of Cd i.e.
for x ¼ 0.8 and x ¼ 1, clear prominent peaks observed between
23.5� and 28� shows the presence of [100], [002], [101] planes
corresponding to the wurtzite (WZ) structure. The enhanced
intensity of the peaks for x¼ 0.8 and x¼ 1 also represents better
crystallinity. The relative intensities of the peaks change
because of the change in the ZB/WZ phase. WZ structures are
thermally more stable than ZB structures.31 The reason for the
change in the structure from ZB to stable WZ aer the incor-
poration of Cd at (x ¼ 0.6) is because the bond dissociation
energy of Cd–Se (310 kJ mol�1) is greater than that of Zn–Se
(136 kJ mol�1).32 Therefore, it has been concluded that ternary
alloy QDs of Zn1�xCdxSe (0# x# 1):Cu 0.5% alloy QDs for 0# x
# 0.4, the crystal structure is ZB and for 0.6 # x # 1, the
structure changes to WZ. Thus, the intermediate composition
can be considered as a stage of structural transformation.

From the XRD spectra, the crystallite size of Zn1�xCdxSe (0#

x # 1):Cu 0.5% QDs was calculated using Debye Scherrer's

formula, gives as: D ¼ kl
b cos q

, where D is the average crystallite

size, k is the Scherrer constant (�0.91), l is the X-ray wavelength
RSC Adv., 2020, 10, 25618–25628 | 25621
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Fig. 3 (Left) XRD pattern and (Right) plot of lattice parameters ‘a’ and ‘c’ versus composition of Zn1�xCdxSe (0 # x # 1):Cu 0.5% alloy QDs for
hexagonal and cubic structure.
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(1.54 Å), b is the full width half maximum (FWHM), and q is the
Bragg's diffraction angle. The calculated values of dhkl using the
Bragg's law show that the lattice spacing decreases with an
increase in the concentration of Zn. The trend of a gradual
decrease in the lattice spacing follows Vegard's law, thereby
conrming the formation of an alloyed structure.33 The lattice
parameter values ‘a’ for the ZB structure and ‘a’ and ‘c’ for the
Table 3 Lattice parameters and crystallite size of Zn1�xCdxSe (0 # x # 1

S. no. Zn1�xCdxSe 2q hkl

i x ¼ 1 (CdSe) 23.72�, 25.36�,
27.06�

[100], [002], [10

35.20� [102]
42.24�, 46�, 49.76� [103], [103], [11

ii x ¼ 0.8 23.64�, 25.84�,
27.34�

[100], [002], [10

35.36� [102]
42.54�, 46.54�,
50.2�

[103], [103], [11

iii x ¼ 0.6 24.36� [100]
26.24� [002]
27.98� [101]
Broad hump
between 40�

to 50�

Superposition
[103] and [200

iv x ¼ 0.4 27.12� [111]
45.00� [220]
53.24� [311]

v x ¼ 0.2 27.46� [111]
45.36� [220]
53.6� [311]

vi x ¼ 0 (ZnSe) 28.16� [111]
45.84� [220]
54.34� [311]

25622 | RSC Adv., 2020, 10, 25618–25628
WZ phase of ternary alloy ZnxCd1�xSe:Cu 0.5% of different
compositions were calculated and their dependence on
composition was found to be in good agreement with Vegard's
law, as shown in Fig. 3. Muthukumarasamy et al.34 reported
a similar transformation of the crystal structure from cubic to
hexagonal for CdSexTe1�x thin lms at different concentrations.
The different parameters calculated from the XRD spectra are
):Cu 0.5% alloy QDs

dhkl Lattice parameters
Average crystallite
size

1] 3.51 a ¼ 4.33 0.81

c ¼ 7.02
2]
1] 3.44 a ¼ 4.29 0.94

c ¼ 6.89
2]

3.39 a ¼ 4.21 1.21
c ¼ 6.78

of [110],
] planes

3.28 a ¼ 5.69 0.52

3.24 a ¼ 5.62 1.01

3.16 a ¼ 5.48 0.63

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 EDX spectra of QDs: (a) Zn0.6Cd0.4Se:Cu 0.5%, and (b) Zn0.4Cd0.6Se:Cu 0.5% QDs.
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summarized in Table 3. The obtained values of the lattice
parameters for CdSe and ZnSe are well matched with the values
reported in the literature.35,36 The calculated crystallite size
shows that there is no signicant variation in the crystallite size
of the synthesized alloyed QDs with the Cd/Zn ratio. Therefore,
it is concluded that, the change in the band gap is mostly due to
the Cd/Zn ratio. The incorporation of Zn ions with smaller ionic
radii as compared to Cd decreases the lattice parameters, thus
reducing the unit cell. The presence of dopant also plays a role
in the transformation of the structure. Accordingly, both dopant
and host composition inuence the formation of doped QDs.
This nding is very noteworthy for the synthesis of QDs with the
desired crystal structure.

3.1.4. Energy dispersive X-ray. The EDX technique was
employed to nd the composition of the synthesized ternary
QDs doped with 0.05% Cu. Fig. 4 represents the elemental
composition of (a) Zn0.6Cd0.4Se:Cu 0.5%, and (b) Zn0.4Cd0.6-
Se:Cu 0.5% QDs recorded in the energy range of E ¼ 0–12 keV.
The peaks observed in the spectra clearly show the presence of
Cu dopant in addition to Zn, Cd and Se in the entire width of the
samples. The relative intensity of the Cd/Zn peak for the sample
with x ¼ 0.4 is smaller than that for the sample with x ¼ 0.6,
which matches the composition of the elements in the sample.
Table 4 Atomic (%) and weight (%) of Zn0.4Cd0.6Se:Cu 0.5% and
Zn0.6Cd0.4Se:Cu 0.5% QDs

Sample Element Atomic% Weight%

Zn0.4Cd0.6Se:Cu 0.5% Cd 33.41 46.09
Zn 17.99 14.43
Se 38.72 37.52
Cu 0.42 0.33
C 4.33 0.64
O 5.13 1.01

Zn0.6Cd0.4Se:Cu 0.5% Cd 26.32 36.31
Zn 28.53 22.89
Se 35.54 34.44
Cu 0.44 0.34
C 4.91 0.72
O 4.26 0.84

This journal is © The Royal Society of Chemistry 2020
The small presence of Cu in the spectra for both samples means
that the dopant is not adsorbed over the surface, but the core
doping of ZnCdSe.37 The average atomic percentages for all
constituents of the Zn1�xCdxSe (0 # x # 1):Cu 0.5% alloy QDs
for x ¼ 0.4 and 0.6 are listed in Table 4.

The weight percentages for the samples were also calculated
using atomic (%). The measured compositions were relatively
close to the stoichiometric ratios of the prepared samples. The
calculated percentages of elements are in accordance with the
composition used for synthesis. This suggests our success in
using a wet chemical method to prepare doped ternary alloy
semiconductors with different Zn/Cd compositions.

3.1.5. Raman spectra. The crystal quality was assessed by
investigating the RS spectra of the synthesized ternary QDs.
Fig. 5 shows the RS spectra of synthesized samples Zn1�xCdxSe
(with x ¼ 0, 0.4, 0.6 and 1):Cu 0.5% alloy QDs excited at 2.54 eV
(488 nm). For sample CdSe (x ¼ 1), the peak observed at
207 cm�1 corresponds to the rst longitudinal optical phonon
(1LOCdSe) mode and is �3 cm�1 shorter than the corresponding
peak of bulk CdSe (210 cm�1).38,39

This red shi in the phonon mode is due to the connement
of optical phonons. The second peak at 415 cm�1 associated
with the 2LO phonon mode is under resonant excitation
Fig. 5 RS of Zn1�xCdxSe (with x¼ 0, 0.4, 0.6 and 1):Cu 0.5% alloy QDs.

RSC Adv., 2020, 10, 25618–25628 | 25623
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Fig. 6 (a) Room-temperature UV-vis absorption and PL spectra, (b)
emission intensity variation of Zn0.5Cd0.5Se:Cu (y%, y ¼ 0–15) alloy
QDs.

Table 5 Absorption and emission peaks of Zn0.5Cd0.5Se:Cu (y%, y ¼
0–15) alloy QDs

S. no. Sample Absorption peak (nm)

Emission
peak (nm)

l1 l2

i y ¼ 0 455 483 —
ii y ¼ 0.5 450 481 692
iii y ¼ 1 456 484 668
iv y ¼ 3 — 486 656
v y ¼ 5 — — 662
vi y ¼ 10 — — 659
vii y ¼ 15 — Broad spectra
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conditions. The optical mode frequencies of ZnSe (x ¼ 0) are
observed at u1LO � 250 cm�1 and u2LO � 501 cm�1, which are
associated with the 1LO and 2LO-phonon modes of ZnSe QDs.
For samples with x ¼ 0.6 and 0.4, the two peaks are still
observed and slightly shied to longer wavenumbers i.e.
218 cm�1, 434 cm�1 and 228 cm�1, 458 cm�1, respectively. The
frequencies obtained for LO modes for x ¼ 0.6 and 0.4 in the
alloy do not correspond to the average frequency between the
modes of the binary compounds. It has been observed that as
the composition changes, the frequencies of alloys shi from
the optical mode energy of CdSe towards ZnSe energy. The shi
towards longer wavenumbers aer the incorporation of Zn is
because the atomic mass of the substituted Zn ion is smaller
than Cd.40 However, the lattice parameters also change aer
mixing ZnSe and CdSe as compared to the bulk; therefore, the
phonon frequency is altered and depends on the alloy compo-
sition. Xu41 et al. observed a similar shi in the phonon
frequency of ZnxCd1�xSe alloys by changing their composition.
3.2. Effect of dopant concentration

3.2.1. Absorption and emission spectra. Fig. 6(a) shows the
absorption and emission spectra of Zn0.5Cd0.5Se:Cu (y%, y ¼ 0–
15) alloy QDs with varying amounts of Cu dopant. The absorp-
tion results reveal that a sharp rst exciton absorption peak and
absorption edge are observed at 455 nm and 490 nm, respec-
tively, in the absence of dopant Cu for ternary QDs (y ¼ 0%). A
negligible shi in the excitonic absorption peak and edge have
been noticed for the Cu concentration (0–1%). As the concen-
tration of Cu increases to 3%, the rst exciton peak start
diminishing.

Therefore, it can be interpreted that the incorporation of 1%
Cu dopant does not affect the absorption properties of host
Zn0.5Cd0.5Se as photon absorption arises mainly from the
ternary QDs. It is seen that the size and composition of the host
ternary QDs do not depend on the dopant because the 1% Cu
dopant does not affect the position and intensity of excitonic
absorption. As the concentration of Cu is further enhanced (y ¼
3% to 5%), the absorption edge disappeared and a broadened
25624 | RSC Adv., 2020, 10, 25618–25628
absorption tail towards long wavelengths is observed. The red
shi observed in the absorption edge for Cu (3% to 15%) is due
to the narrowed band gap associated with the Cu2+ level occu-
pying in the band gap.

It is well known that the intrinsic defects, size-dependent
band gap, and surface defects of QDs are all involved in the
PL emission. Datas in Table 5 show that the emission peak is
observed at l1 � 483 nm for Zn0.5Cd0.5Se:Cu y% at y ¼ 0% and
for y ¼ 0.5% and y ¼ 1%, two emission peaks are observed at
shorter and longer wavelengths at l1 � 481 nm, l2 � 692 nm
and l1 � 484 nm, l2 � 668 nm, respectively. This emission peak
at shorter wavelengths arises from the host material associated
with near-band-edge excitons and is classically termed as self-
activated luminescence. The peak positions at shorter wave-
length (Table 5) shows that there is no signicant change in the
position of the peak with the increase in the Cu concentration.
Chawla et al.42 observed a similar trend in the emission spectra
of Zn0.9Cd0.1S QDs doped with different concentrations of Cu.
The luminescence band centered at longer wavelength l2 is
associated with the trap states of Cu, called dopant emission.
Similar peaks due to Cu-related luminescence centres have
been reported in the literature.43,44 The PL emission peak at
longer wavelength l2 blue-shied from 692 nm to 659 nm with
increasing Cu concentration. The blue shi is due to the more
replacement of Cd ions with smaller radius ions of Cu with
increasing concentrations of Cu. Thus, the concentration of free
electrons increases and enhances the bandgap of Cu-doped
Zn0.5Cd0.5Se QDs.

Fig. 6(b) shows the change in the emission intensity at l1 and
l2 with changes in the dopant concentration. As the concen-
tration of Cu increases from y ¼ 3–10%, the emission at shorter
wavelength l1 completely quenches, while at longer wave-
lengths l2 emission peak is still observed. This reveals that aer
a particular concentration of dopant in the host material CuS or
Cu2S formed at the surface of the host material and quenched
the emission from the host material. The dopant emission
intensity increases with the Cu concentration from y¼ 0.5% to y
¼ 10%. The Cu concentration at y ¼ 15% completely quenches
the PL emission of Zn0.5Cd0.5Se:Cu y% ternary alloy QDs. The
high concentration of Cu in the host material enhances the
This journal is © The Royal Society of Chemistry 2020
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Fig. 7 (a) XRD pattern of Zn0.5Cd0.5Se:Cu (y%, y ¼ 0–15) alloy QDs.
TEM images: (b) Zn0.5Cd0.5Se, (c) Zn0.5Cd0.5Se:Cu 5%, and (d) Zn0.5-
Cd0.5Se:Cu 15%. Fig. 8 PL-decay kinetics of Zn0.5Cd0.5Se:Cu (y%, y ¼ 0, 1, 3, 10) alloy

QDs excited at 488 nm, measured at the emission peak of Cu and/or
the surface. The solid lines are fitting curves to a multi-exponential
function.

Table 6 Experimental values of time constants obtained for Zn0.5-
Cd0.5Se:Cu (y%, y ¼ 0, 1, 3, 10) alloy QDs. The numbers in brackets are
the amplitude percentage of each component

y (%) s1 (ns) s2 (ns) s3 (ns) hsi (ns)

0 8.9 (58.5%) 921.6 (5.4%) 140.4 (35.8%) 105.2
1 107.6 (37.4%) 282.9 (29.1%) 1345.5 (33.5%) 573.3
3 135.9 (6.7%) 589.2 (66.5%) 2106.5 (26.8%) 965.5
10 156.1 (4.6%) 953 (50.3%) 4230.7 (45.1%) 2394.5
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nonradiative transitions between neighbouring dopant ions
and quenches the PL intensity.45

It is found that excitonic emission is much weaker and
narrower than Cu-related emission. The broadness in the
dopant emission is due to the different energies in the T2 and E
levels of Cu ions. The absorption and emission spectra show
similar dependence on the amount of Cu dopant and this
dependence is summarized in Table 5. The obtained spectra
reveal the dual emission from Cu-doped ternary QDs, which
covers the entire visible spectral window. The tunable and dual
emission of Cu-doped ternary QDs can be a potential for colour
tunable emitters with applications such as light-emitting
devices, lasers, and biomedical uorescent labels.

3.2.2. X-ray spectra. Fig. 7(a) shows the XRD spectra of
Zn0.5Cd0.5Se:Cu y% (y ¼ 0–15) alloy QDs. The sharp peaks
indicate the crystalline nature of the synthesized samples. For
the Zn0.5Cd0.5Se:Cu (y ¼ 0%) major peaks are located at 26.92�,
45.64�, and 53.94� corresponding to the [111], [220] and [311]
planes, respectively. The obtained planes correspond to the
cubic structure of ternary QDs in the absence of dopant. For Cu
(y ¼ 0.5 to 3%), the three major peaks do not show a major shi
in 2q. Thus the Cu concentration of (0.5% to 3%) does not affect
the structure of the synthesized ternary alloys. For y ¼ 5%, the
sharpness of the peaks reduced due to the poor crystallinity of
the nanostructure. For y ¼ 10%, the peaks observed at 25.08�,
27�, 28.74�, 36.32�, 45.64�, 50.24� and 54.36� corresponds to
[100], [002], [101], [102], [110], [103] and [112], respectively. The
planes observed for y ¼ 10% and 15% show the dominance of
the hexagonal structure. For samples y ¼ 0% to 3%, the
diffraction peak for plane [111] slightly shis towards higher 2q
values, reecting the reduction in lattice parameters. A similar
trend was observed for hexagonal structures i.e. for y¼ 10% and
15%. Therefore, the XRD results demonstrate that it follows
Vegard's law. Vegard's law indicates that for alloys such as
a linear relationship exists between the lattice parameter and
the composition of the alloy at a constant temperature.

TEM images of three typical Zn0.5Cd0.5Se:Cu (y%, y ¼ 0, 5
and 15) QDs with the same scale bar of 20 nm are shown in
This journal is © The Royal Society of Chemistry 2020
Fig. 7(b)–(d). Micrographs indicate that the samples consist of
cube and triangular shaped QDs. Their average size is about
5 nm and is less changed by varying Cu concentration.

3.2.3. PL decay. Fig. 8 shows the PL decay kinetics of
Zn0.5Cd0.5Se:Cu (y%, y¼ 0, 1, 3, 10) alloy QDs excited at 488 nm.
The PL lifetime provides useful information to investigate the
PL mechanism because the different PL decay lifetimes may
result from different electron–hole recombination mecha-
nisms.45 As reported earlier for semiconductor QDs, the PL
lifetime of excitonic emission as well as the surface trap emis-
sion fall on the order of 1 and 10 nanoseconds (ns), respec-
tively.46,47 Aer the incorporation of the dopant, an additional
energy state will be added by the dopant, which enhances the
excited state lifetime. The spectra reveal that the ternary QDs
decay faster than the doped QDs and obey a multiexponential
function. Dopant Cu provides intrinsic radiative stability to
ternary QDs.

The PL decay can be tted to a triexponential function:

IðtÞ ¼ P3

i¼1
Ai e�t=s. The average PL decay lifetime can be calcu-

lated by equation: s ¼ P3

i¼1
Aisi2=

P3

i¼1
Ai.48 Ai and si are the magni-

tude and lifetime of the ith component, respectively. The PL
decay time (i.e., the excited state lifetimes, s1/e), at which the PL
RSC Adv., 2020, 10, 25618–25628 | 25625
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intensity decreases to 1/e of its initial value, was used to
compare the lifetimes. Table 6 shows the PL decay time for all
the samples. The shortest lifetime is observed for undoped
ternary QDs with s1 ¼ 8.9 ns attributed to the band edge
emission of excitons, while s2 ¼ 921.6 and s3 ¼ 140.4 ns
correspond to deep trap emission associated with surface
defects and dark exciton states in QDs, respectively.49,50 The
longest lifetime is observed for the dopant Cu (10%) with an
average lifetime of 2394.5 ns. The change in the lifetime ternary
QDs aer the incorporation of the Cu dopant (1–10%) increases
from 5 to 22 times as compared to undoped ternary QDs. This
observed longer lifetime conrms the emission associated with
the Cu dopant transition, but not from the surface states of the
host QDs. The PL lifetimes were dependent on the composition/
structure of the host QDs.
4. Conclusion

In summary, one-step chemical route method was adopted to
synthesize ternary Zn1�xCdxSe (0 # x # 1) the QDs doped with
y% Cu (y ¼ 0% to 15%). The stoichiometric ratio of Zn/Cd
precursors in the host Zn1�xCdxSe tune the emission and
absorption properties of doped ternary QDs. Two emission
peaks observed from Cu-doped ternary QDs, covering the entire
visible spectrum, suggest the great potential in optoelectronic
applications. The constituent ratio of the host and dopant
concentration changes the crystal structure from ZB to WZ. The
dopant concentration also inuences the optical properties.
The intensity of the emission peaks increases for dopant
concentration upto 5% and completely quenches the emission
at y¼ 15%. The formation of the Cu-doped ternary alloy and the
elemental composition are deduced from the EDX. The crystal
structure changes from cubic to hexagonal depending on the
concentration of the host components and dopant. The PL
lifetime decay for Cu-doped Zn1�xCdxSe (0 # x # 1) QDs
increases from 5 to 22 times for different dopant concentra-
tions. With an increase in stability, the doped QDs could be
promising structures for biosensor and optoelectronic
applications.
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