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ARTICLE INFO ABSTRACT

Keywords: Doping of alloyed colloidal quantum dots (QDs) has garnered significant attention for providing tunable and
Colloidal quantum dots Stokes-shifted emission. By alloying the host semiconductor nanocrystals (NCs), their band gap can be tuned.
Copper-doping With the specific addition of dopant ions, these NCs can emit tunable emissions within the visible spectrum.
x;;‘:fiizese'd"pmg However, while doped and alloyed quantum dots (QDs) have shown promise for tunable emissions, their

emission qualities have not been consistent across the spectrum. Here, we report the synthesis of high-quality Cu-
and Mn-doped Zn,Cd; xS (x = 0-1) alloyed QDs by a colloidal non-injection method. In this study, we examined
the effect of different dopant ions on the optical properties of similar alloyed nanocrystals. The deposition of a
ZnS shell on these doped QDs significantly improves their quantum yield (QY), increasing it from 7.0 % to 50.0 %
for Cu-doped QDs and from 30.0 % to 80.0 % for Mn-doped QDs. The Cu-doped QDs exhibit tunable emission
from green to red across the visible spectrum by varying the Zn/Cd ratio, whereas the Mn-doped QDs show a
fixed orange emission. Interestingly, the Cu-doped alloyed QDs show a contrasting trend in quantum yield (QY)
compared to those of Mn-doped QDs when the amount of Cd in ZnCdS alloyed QDs is systematically changed. As
the amount of Cd increases in the ZnCdS alloyed QDs, the Cu-doped QDs show both an increase in average
lifetime and an increase in QY. In contrast, for the Mn-doped QDs, the decay lifetime values remain fairly
constant for different amounts of Cd in the ZnCdS alloyed QDs, but the QY decreases as the amount of Cd in-
creases. The results of this study may facilitate the design of optimal alloying combinations for Cu/Mn-doped
QDs in optoelectronic applications.

Stoichiometric ratio

1. Introduction

In recent years, there has been significant interest in doped colloidal
quantum dots (QDs) due to their superior optical properties compared to
undoped QDs. These include dopant-induced tunable emission in the
visible to the near-infrared region, large Stokes shift [1], longer excited
state lifetime [2] along with reduced self-absorption [3]. Whereas,
undoped QDs achieve quantum confinement effect-induced tunable
emission by the variation in size, shape, and dimensionality of the

nanocrystals (NCs) [4]. Doped QDs possess potential applications in
biomedical labeling or diagnostics [5,6], photovoltaic devices [7,8] and
display or light-emitting devices [9,10]. However, the compatibility of
the dopant ions with the host NCs is crucial for the successful positioning
of the dopant ions into the crystal lattice. Among various transition
metal ions doped QDs [11-15], Cu- and Mn-doped QDs have been
considered efficient emitters in the visible region of the spectrum
[16-18].

Furthermore, among semiconductor nanocrystals (NCs), doped
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binary (e.g. ZnS and CdS) QDs have gained particular importance due to
their efficient ultraviolet-to-blue excitation [19-21]. In addition, to
explore the emission tuning capability of these QDs by controlling their
size, the advancement in their synthesis methods has led to the explo-
ration of ternary QDs (e.g. ZnCdS, ZnInS, CulnS, etc.) which shows
tunable optical properties by changing their stoichiometry [22-24].
Similar to binary QDs, the introduction of the dopant ions in these
ternary QDs creates a mid-gap state within the bandgap which alters the
resultant photoluminescence (PL) emission from excitonic to
Stokes-shifted dopant-induced emission [25-27]. In this category,
ZnCdS has been considered a suitable host as it exhibits a facilely
tunable band gap by varying Zn/Cd stoichiometric ratio which is inde-
pendent of size-dependent tuning [28]. Mn-doped ZnCdS QDs possess
non-tunable emission which originates through 4T1 - 6A1 electronic
transition (d-d transitions) states of Mn?* dopant ions which lie within
the bandgap of host QDs [28], whereas Cu-doped ZnCdS QDs can pro-
vide tunable emission through the recombination of the electron present
in the conduction band (CB) of host NC and hole present in Cu T, state
[29,30]. For the case of Cu dopant emission, alloying in host semi-
conductor QDs varies the CB level which in turn tunes the emission
spectrum. Therefore, the difference in the recombination process of Cu
and Mn-doped QDs results in a different emission lifetime and spectral
width [31,32]. In particular, Cu-doped Zny,Cd; xS QDs show widely
tunable emission from 400 to 700 nm by controlled variation of Zn/Cd
ratio in the host systems. Besides, the PL QYs for these materials vary for
the different colors [33]. However, Mn-doped ZnyCd; xS QDs show fixed
orange emission for samples with variable Zn/Cd ratios [34] along with
variable PL QY, full-width at half maximum (FWHM), and emission
lifetimes [35]. To the best of our knowledge very less work has been
done for the understanding of the variation in the alloying conditions for
the same host semiconductor NC doped with Cu and Mn ions,

Optical Materials 145 (2023) 114471

respectively.

In this work, a simple non-injection method with slight amendments
in previously reported recipes has been used to synthesize highly effi-
cient Cu- and Mn-doped ZnyCd;xS/ZnS core/shell QDs. The effect of
different dopants on the optical properties of the same host NC has been
studied in detail. The surface passivation of the QDs has been done with
the shell of ZnS which suppresses the trap states and enhances the
dopant emission, thus helping to improve the QY. The highest achieved
QY for Cu-doped QDs after passivating with ZnS shell is ~50 % and for
the Mn-doped ZnCdS/ZnS core/shell QDs synthesized by using the same
method is ~80 %. The composition (i.e., Zn/Cd ratio) has been varied to
achieve the tunable emission from the synthesized QDs. The Cu-doped
QDs show tunable emission spectra from 490 nm to 600 nm in the
visible region. On the other hand, the Mn-doped QDs show fixed emis-
sions at 600 nm by changing the Zn/Cd ratio. It has been observed that
the host NCs show comparatively different behavior for Cu and Mn
dopants. The efficient emission of Cu-dopant is achieved by increasing
the Cd content in the host ZnxCd1-xS/ZnS quantum dots, while efficient
Mn emission is observed with lower Cd content in the same host mate-
rial. This has been observed and understood by detailed optical studies
using steady-state and time-resolved fluorescence (TRF) spectroscopy.
The structural properties have been studied by using transmission
electron microscopy (TEM), High-angle annular dark-field (HAADF)
scanning transmission electron microscope (STEM), and X-ray diffrac-
tion (XRD) techniques.

2. Results and discussion
2.1. Cu-doped ZnCdS/ZnS QDs

The morphological analysis of the synthesized Cu-doped core and

Fig. 1. (a) High-resolution transmission electron microscopy (HRTEM) images of ZnCdS: Cu (core) QDs, (b) ZnCdS: Cu/ZnS (core/shell) QDs and, morphology
analysis of (c¢) ZnCdsS: Cu (core) and (d) ZnCdS: Cu/ZnS (core/shell) by using STEM micrographs.
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core/shell QDs with 1.0 % atomic weight of Cu-dopant has been done by
using High-resolution transmission electron microscopy (HRTEM). The
clear lattice fringes observed in the QDs indicate a high degree of
crystallinity (Fig. 1a and b). The Scanning transmission electron mi-
croscopy (STEM) images of the Cu-doped ZnCdS/ZnS core and core/
shell QDs have been shown in Fig. 1 (c) and (d) where atomic weight
percentage of Cu-dopant is 1.0 % for all images. The average calculated
size is approximately 3.5 nm and 6.0 nm for Cu-doped core and core/
shell QDs, respectively. It has been observed that after depositing the
ZnS shell over the core, the shape of the QDs diverts to non-uniform. The
structural analysis of the synthesized QDs i.e., Cu-doped and Mn-doped
ZnCdS/ZnS core/shell has been done by using X-ray diffraction (XRD).
The broad XRD diffraction peaks have been depicted in Fig. S1. The
synthesized QDs exhibit zinc blende (cubic) crystal structure as the
peaks are located between the peaks of cubic ZnS and CdS materials
(JCPDS index no. 241136) [36].

UV-visible absorbance and PL emission spectra of Cu-doped core-
and core-shell QDs have been given in Fig. 2a. The absorbance spectra in
the Cu-doped QDs show the characteristic excitonic transition of ZnCdS
host NCs. The broad shoulder appearing in the absorbance spectrum is
caused by the composition distribution in alloyed semiconductor QDs
[37]. For Cu-doped QDs, the major emission peak arises near 635 nm,
which is due to the recombination of electrons in the CB of the host
material and the photoexcited holes in Cu T states [38] The overall PL
QY of the doped core is ~7 %. After that, a wide band gap material, i.e.,
ZnS, as a shell has been deposited over the doped core QDs. In literature,
the ZnS shell has been observed to improve the optical properties and
chemical stability of the core QDs [30]. In general higher bandgap
inorganic shell material helps to passivate the surface trap states and
increases the charge carrier confinement inside the core of QDs [39].
Similar to literature reports, deposition of ZnS shell on the doped core is
observed to decrease the surface defects drastically following an in-
crease of the PL QY to ~50 %. Further, Fig. 2a shows the 7 folds increase
in overall PL QY of doped NCs with the deposition of the ZnS shell.
Furthermore, with the deposition of the shell, the dopant-related PL
peak shifts from 635 nm to 590 nm. A similar blue shift has been pre-
viously observed in literature for Cu-doped core-shell NCs [30]. This
shift in emission wavelength has been accounted to the incorporation of
the Zn ions into the crystal lattice which increases the Zn content in
doped cores and hence increases the effective bandgap. Furthermore, a
small blue shift in the bandgap is also apparent from the UV-visible
absorption spectra after the deposition of the ZnS shell on the doped
cores which further supports the blue shift in the dopant emission.

To understand the origin of emission in ZnCdS: Cu/ZnS core/shell
QDs, the photoluminescence excitation (PLE) spectrum has been recor-
ded and given in Fig. S2a. This has been collected in the wavelength
range of 300 nm-600 nm for different emission wavelengths of broad
dopant emission (i.e., at peak, red- and blue-tails). The corresponding
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emission wavelengths do not bring any major spectral difference in the
PLE spectra. The PLE spectrum matches fairly well with the absorption
spectrum (Fig. 2a). This shows that the efficient dopant emission results
from the energy transfer from the host ZnCdS host QDs to Cu dopant
states. The overlaid PLE, absorption, and PL emission spectra for core/
shell QDs have been shown in Fig. S2b. Further, in order to understand
the emission mechanism of Stokes-shifted emission in undoped and Cu-
doped NCs, the steady-state absorption, emission, and lifetime charac-
teristics of undoped ZnCdS/ZnS and Cu-doped ZnCdS/ZnS QDs are
compared in Fig. S3, Table S1. The absorbance and PL spectra of the Cu-
doped and undoped ZnCdS QDs are shown in Fig. S3 (a). Both ZnCdS:
Cu/ZnS (doped) QDs and ZnCdS/ZnS QDs (undoped) exhibit broad
emission peaks ~ 550 nm. The PL QYs of Cu-doped and undoped core-
shell QDs are 50% and 5%, respectively. The doped QDs show Cu-
mediated emission, whereas the emission from undoped QDs is attrib-
uted to the trap state-related emission. For more clarification, TRF
measurements of both Cu-doped and undoped core/shell QDs have been
performed (Fig. S3b). The PL decay components of doped and undoped
QDs have been summarized in Table S1. The difference in emission
pathways of doped and undoped QDs results in different PL decay life-
times. The average PL lifetime for Cu-doped and undoped QDs are 815
ns and 348 ns, respectively. Furthermore, drop-casted solid films of
doped and undoped QDs on a glass slide (Fig. S3c) were thermally
annealed to 150 °C in ambient. It can be observed that at this temper-
ature the doped QDs display a bright yellow emission whereas the
undoped QDs do not show any emission. The shorter decay time, poor PL
QYs, and lower thermal stability of undoped QDs’ trap-related emission
compared to doped QDs’ dopant emission confirm their distinct origins.
Furthermore, the effect of dopant ions concentration on the optical
properties of the host QDs has been studied by varying the dopant ion
concentration during core synthesis. It has been found that the variation
in the dopant ion concentration plays a significant role in changing the
optical properties and the QY of the resulting doped QDs. The amount of
Cu-dopant has varied from 0.05 % to 2.0 %. Fig. 2b shows that the
change in concentration of Cu-dopant ions results in a small shift in the
absorbance as well as PL emission spectra. This small shift may be due to
the change in the particle size of the doped QDs by varying the Cu
concentration. On the other hand, a change in doping percentage
significantly affects the QY of doped core samples. The QY achieved for
0.05 %, 0.50 %, 1.00 %, and 2.00 % Cu-doped ZnCdS/ZnS core/shell
QDs is 29 %, 20 %, 50 %, and 22 %, respectively. In this study, the
highest QY achieved is 50 % for 1.0 % Cu-dopant concentration. How-
ever, further incorporation of Cu-ions may create additional non-
radiative defect states which have resulted in a decrease in overall PL
QY. This is similar to previous works on variation in Cu doping in
alloyed ternary QDs [40]. The percentage incorporation of the Cu
dopant has also been calculated from ICP-MS and given in Table S2.
The tunability in the PL emission peak of Cu-doped QDs has been
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Fig. 2. (a) Normalized UV-visible absorption and PL spectra of ZnCdS:Cu (core) and ZnCdS:Cu/ZnS (core/shell) QDs, (b) UV-visible absorption and PL emission
spectra of Cu-doped ZnCdS/ZnS core/shell QDs with varied Cu doping percentages.



M. Kaur et al.

achieved in alloyed semiconductor QDs by systematically altering the
Zn/Cd ratio. The change in the composition of the alloyed host NCs
alters the bandgap and the change in the CB edge of the host QDs tunes
the PL peak position. Fig. 3 shows the UV-visible absorption spectra, PL
emission spectra, and PL lifetime decay curves of Cu-doped ZnCdS QDs
with different Zn/Cd stoichiometric ratios. With the increase in Zn
concentration, the absorbance spectra show a blue shift (Fig. 3a) due to
the increase in the incorporation of the higher band gap material ZnS
(3.72 eV) [33]. However, with the increase in Cd concentration, the
resultant band edge alters from the UV region to the visible region. The
respective optical energy band gap for different samples has been
calculated from their corresponding absorbance spectrum (inset
Fig. 3a). This band gap engineering in the host QDs results in a shift in
the PL peak position (Fig. 3b). It shows tunable emission which covers
the green to the red region of the visible window (565-620 nm). Their
respective FWHM also increases marginally with an increase in the
concentration of Cd.

The PL decay lifetime for these synthesized QDs has been recorded
by using FluoTime 200 time-correlated single photon-counting (TCSPC)
instrument. The PL decay curves have been fitted by using a multi-
exponential decay (Fig. 3c). The calculated average PL lifetime for
samples synthesized using Zn/Cd stoichiometric ratios of 3.0, 1.0, and
0.33 are 224 ns, 815 ns, and 1063 ns at PL emission peaks of 505 nm,
548 nm, and 620 nm, respectively. Their respective lifetime parameters
have been calculated and summarized in Table 1. Typically, the PL
decay lifetime of the QDs depends on the size-dependent band gap, and
intrinsic and surface defects involved in the PL emission [41,42].
Moreover, it is the combined effect of Cu-dopant emission along with
trap state emission [42]. Here, the amplitude average decay lifetime of
the Cu-doped QDs increases with a decrease in the Zn/Cd ratio at the
constant dopant concentration. Briefly, as shown in Table 1, the per-
centage contribution of the largest lifetime component (t;~1500-2500
ns) has been increased with the increase in Cd percentage in the host
NCs. All other component’s percentage contributions (except Ajt;) are
observed to decrease drastically with this increase in Cd values. Addi-
tionally, the fast component of 6.5 ns which can be attributed to the
surface/deep trap states is nearly passivated in the samples possessing
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higher Cd content (e.g., Zn/Cd of 1.0 or 0.33). Furthermore, the PL QY is
also observed to increase almost 2 times with an increase in the Cd
concentration. Clearly, for these Cu-doped samples high content of Cd is
favored for achieving high QY. The decrease in the QY generally results
from the presence of the surface/deep trap states [30]. These synchro-
nous variations in the average lifetimes and their components with
changing Zn/Cd values suggest a possible correlation of the density of
trap states with different Zn/Cd values in the presence of Cu-dopant
ions. Therefore, a higher percentage of Cd in the host Cu-doped ZnCdS
is observed to possess lesser trap states than those possessing higher Zn
contents which is also supported by the observed average lifetime decay
and quantum yield percentage (Fig. 3d).

2.2. Mn-doped ZnCdS/ZnS QDs

The morphological analysis of Mn-doped ZnCdS and ZnCdS/ZnS
(core and core/shell) QDs has been performed by using STEM to study
the effect of ZnS shell deposition on the shape and size of QDs. The
average size calculated for Mn-doped core and core/shell QDs is
approximately 4.2 + 0.7 nm and 6.4 + 0.8 nm respectively (Fig. 4 (a)
and (b)). The high-quality monodispersed Mn-doped core QDs are
nearly spherical in shape while the shape of core/shell QDs changes after
depositing ZnS shell while monodispersity remains conserved.

The normalized absorbance and PL spectra of the as-synthesized Mn-
doped QDs have been shown in Fig. 5a. The observed excitonic absor-
bance spectra are characteristic of ternary QDs. The incorporation of the
Mn ions in the QDs generates its lower-lying energy states (*T; - °A;)
inside the energy band gap of the host semiconductor QDs. As a result,
the photoexcited electron and hole pair generated by host NCs are
transferred to *T; and ®A; internal d-d transition states of Mn-dopant
ions which result in Stokes-shifted and bright orange emission [43,
44]. Tt is well known that the concentration of the dopant ions in the host
NC plays a vital role in determining its optical properties [45]. There-
fore, for Mn-doped QDs, the concentration of dopant ions has been
varied from 0.25 % to 1.50 % (Fig. 5a). The achieved QYs for core
ZnCdsS: Mn QDs are 20 %, 24 %, 30 %, and 19 % for Mn concentrations of
0.25 %, 0.50 %, 1.0 %, and 1.50 %, respectively. The percentage
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Fig. 3. (a) UV-visible absorption and (b) photoluminescence spectra of ZnCdS:Cu/ZnS core/shell QDs as a function of Zn/Cd stoichiometric composition. The inset in
(a) shows the calculated energy band gap of ZnCdS:Cu/ZnS QDs, (c) PL decay curves of ZnCdS:Cu/ZnS QDs for different Zn/Cd ratios, and (d) Average PL lifetime and

PL quantum yield with respect to change in Zn/Cd atomic ratio.
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Table 1
Fluorescence decay components of the Cu-doped ZnCdS/ZnS QDs.
Zn/Cd (nominal ratio) TRF Decay Components Amplitude Average lifetime
AT
> A;
71 (ns) T2 (ns) T3 (ns) T4 (ns) Ay Ay Az Ay Tavg (NS)
3.00 1546 412 6.5 98.2 43.3 217 374 132 224
1.00 2467 479 13.7 0 98.9 173 131 0 815
0.33 2752 515 17.1 0 251.0 360 216 0 1063
Zn/Cd (Nominal ratio) Fractional Emission Contributions
AiT;
Y AT
ATy Agto Azts Aqtq Aty (%) Aaty (%) Ast3 (%) Aqty (%)
3.00 66941.8 89404 2431.0 12962.4 38.9 52.1 1.4 7.5
1.00 243986.3 82867 1794.7 0 74.2 25.2 0.5 0
0.33 690752.0 185400 3693.6 0 78.5 21.1 0.4 0

20 m
> .2 =

Fig. 4. STEM micrograph of (a) ZnCdS: Mn (core) and (b) ZnCdS: Mn/ZnS (core/shell) QDs. (Scale bar is 20 nm for both).
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Fig. 5. (a) UV-visible absorption and PL spectra of ZnCdS: Mn (core) QDs with varied Mn doping percentages, (b) normalized UV-visible absorption and PL spectra
of ZnCdS: Mn (core) and ZnCdS:Mn/ZnS (core/shell) QDs and (c) PL decay curves of ZnCdS: Mn/ZnS (core and core/shell) QDs at Zn/Cd stoichiometric ratio 1.0.
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incorporation of the Mn dopant has also been calculated from ICP-MS
and given in Table S3.

This highly intense orange PL emission peak appearing at 590 nm
possesses an FWHM of 105 nm along with the highest PL QY of 30 % for
our Mn (1.0 %) doped core-only QDs. Furthermore, the deposition of
ZnS shell over these core Mn-doped ZnCdS QDs decreases the FWHM of
dopant emission from 105 nm to 87 nm yielding a little narrower
emission peak with a little spectral shift (Fig. 5b). In addition to the
FWHM decrease, the QY increases drastically from 30 % to 75.0 %,
which is comparable to the best achieved QY ever reported for this type
of doped NCs [34]. The fluorescence decays of the core and core/shell
QDs with 1.0 % atomic weight concentration of Mn-dopant have been
recorded using a Cary Eclipse fluorescence spectrophotometer and fitted
by using a bi-exponential decay (Fig. 5c). The calculated
amplitude-averaged lifetime of the PL emission at 590 nm for ZnCdS: Mn
(core) and ZnCdS: Mn/ZnS (core/shell) QDs is 1.3 and 1.6 ms, respec-
tively (Table S4) where in both core and core/shell QDs, the atomic
weight percentage of dopant is 1.0 %. The shell deposition increases the
decay lifetime by eliminating the surface defect states. This is also
supported by PL emission spectra in which there is a decrease in the
value of FWHM after depositing the ZnS shell and an increase in the PL
QY value. In order to investigate the origin of emission in these
Mn-doped QDs, the photoluminescence excitation (PLE) spectrum for
the emission at 590 nm has been recorded and shown in Fig. S4(a). The
PLE spectrum has been obtained in the range of 300 nm-550 nm for
different emission wavelengths (i.e., at peak, red- and blue-tails). The
results reveal very little spectral difference in PLE spectra at different
emission wavelengths. Thus, the QDs show reasonable monodispersity
which has also been observed in TEM images. This indicates that the PL
emission peak is simply due to Mn-dopant, which takes place via energy
transfer from the ZnCdS host QDs to Mn-dopant transition states.
Furthermore, the overlaid PLE, absorption, and PL emission spectra for
core/shell QDs has been shown in Fig. S4(b). The excitation spectra
obtained from the PLE measurements show similarity with the absorp-
tion spectra and provides Stokes-shifted dopant induced PL emission.

In order to study the different alloying conditions for Mn-doped QD
hosts, the Zn/Cd ratio has been varied and their influence on the optical
properties of ZnCdS: Mn/ZnS QDs has been studied. The Zn/Cd stoi-
chiometric ratios of 0.33, 1.0, and 3.0 were investigated by keeping the
Mn concentration constant. The absorption spectra reveal the effect of
variation in concentration and it is red-shifted with increasing Cd con-
centration (Fig. 6a). The PL emission (Fig. 6b) for Mn-doped QDs arises
due to the *T;-5A; electronic transition of Mn-ions which is slightly
affected by the change in Zn/Cd ratio [34]. However, there is an increase
in FWHM (80 nm-96 nm) for Mn-doped QDs as the Zn/Cd ratio changes
from 3.00 to 0.33. Interestingly, the increase in Zn content in NCs is
observed to increase the PL QY of these Mn-doped NCs. Thus, a decrease
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in FWHM (96-80 nm) and an increase in PL QY (57-80 %) with an in-
crease in Zn/Cd ratios suggest a decrease in non-radiative trap states
with more zinc content in these alloyed NCs. This behavior is opposite to
that of Cu-doped and alloyed ZnCdS NCs. The PL decay curves have been
fitted by using a multi-exponential decay (Fig. S5a). The calculated
average PL lifetime for a couple of Mn-doped QDs synthesized using
Zn/Cd stoichiometric ratios of 1.0, and 0.33 are 1.60 ms, and 1.62 ms,
respectively. However, unlike Cu-doped alloyed QDs, the average decay
lifetime for Mn-doped QDs persists to be similar at different Zn/Cd ratios
(Fig. S5a). As widely reported, this may be due to the different nature of
Mn dopant emission as compared to Cu dopant emission within wide
band gap semiconductor NCs [37,38,46]. For example, Mn dopant
emission results from d-d transitions of Mn dopant ions where both
electron and hole are transferred from host to Mn dopant d-d states. The
average decay time and quantum yield values with respect to change in
Zn/Cd ratio are shown in Fig. S5b which depicts the increase in QY with
the increase of Zn content along with the average lifetime which remains
almost the same even at higher Zn content for Mn-doped QDs. However,
for Cu-dopant emission photo excited hole is transferred to the Cu (3d)
state and the delocalized electron in the CB of host recombines the with
the localized hole of Cu to generate Cu-dopant emission. The observed
variable lifetime of Cu-doped QDs for different alloying conditions, in
contrast to the non-variable lifetime of Mn-doped QDs, and opposite
trends in QY for alloyed Cu/Mn-doped QDs suggests that changes in
alloying conditions via significant variation in CB levels and suitability
of different alloyed hosts for different ions. These results emphasize the
critical role of suitable alloying conditions in achieving efficient dopant
emission in the visible region of the spectrum.

3. Conclusion

In summary, we have synthesized high-quality Cu- and Mn-doped
ZnxCd1-xS (x = 0-1) alloyed quantum dots using a colloidal non-
injection method and studied the effect of different dopant ions on
their optical properties. The deposition of a ZnS shell on these doped
QDs significantly improves their quantum yield, with the highest ach-
ieved values of 50 % for the Cu-doped QDs and 80 % for the Mn-doped
QDs. Our results show that the Cu-doped QDs exhibit tunable emission
from green to red across the visible spectrum by varying the Zn/Cd ratio,
while the Mn-doped QDs emit a fixed orange color. The tuning of the Zn/
Cd ratio has been observed to play an important role in achieving the
highest quantum yield. These findings provide insights into the suitable
alloying conditions for the same host semiconductor NC doped with Cu
and Mn ions, respectively. By understanding the effects of alloying on
the optical properties of these materials, one can potentially design
optimal alloying combinations for Cu/Mn-doped QDs in optoelectronic
applications.
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Fig. 6. (a) UV-visible absorption and (b) photoluminescence spectra of ZnCdS:Mn/ZnS core/shell QDs as a function of the Zn/Cd stoichiometric composition. The

inset in (a) shows the calculated energy band gap of ZnCdS:Mn/ZnS QDs.
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4. Experimental section
4.1. Chemicals used

Zinc acetate (Zn (OAc),, 99.99 %), cadmium oxide (CdO, 99.99 %),
copper acetate (Cu(OAc)2, 99.99 %), manganese acetate (Mn (OAc),, 98
%), sulfur powder (S, 99.99 %), dodecanethiol (DDT, 98 %), oleic acid
(OA, 99 %), oleylamine (OAm, 70 %) and 1-octadecene (ODE, 90 %)
were purchased from Sigma Aldrich. All the chemicals were used
without any further purification. The synthesis of NCs was based on
previously reported protocol through slight amendment [30].

4.2. Preparation of stock solutions

The stock solution of precursors was prepared before the start of the
synthesis. The Zn stock solution or Zn oleate was prepared in a three-
neck flask. The 0.1 M stock solution of Zn was obtained by dissolving
0.440 g (2 mmol) of Zn (OAc); in 18.4 ml of ODE and 1.6 mL of OAm and
degassed under vacuum at 95 °C for 30 min. Then under Argon (Ar)
atmosphere, the temperature was raised to 160 °C and kept here for 5
min until a clear solution was obtained. For preparing 0.1 M Cd stock
solution, 0.256 g (2 mmol) of CdO was dissolved in 16 mL ODE and 4 ml
of OA. The solution was degassed under vacuum at 95 °C for 30 min.
Then the temperature was raised to 160 °C under Ar atmosphere. The
solution was retained here for 5 min to obtain a clear solution. The 0.01
M Cu stock solution was formulated by dissipation of 0.010 g (0.05
mmol) of Cu (OAc), in 5.0 mL of OAm under stirring at 80 °C in the glove
box. The 0.01 M Mn stock solution was prepared by dissolving 0.0086 g
(0.05 mmol) of Mn (OAc); in 5.0 mL of OAm under stirring at 80 °C
inside the glove box. The 0.4 M sulfur stock solution (ODE-S) was ob-
tained by dissolving 0.128 g of sulfur powder in 10 mL ODE by stirring at
140 °C.

4.3. Preparation of Cu-doped ZnCdS core QDs

The synthesis was carried out in Ar atmosphere. In the typical pro-
cedure, 2 mL of ODE and 1 mL of DDT were added to the three-neck
flask. It was kept under a vacuum to remove oxygen and water. Then
the reaction mixture was purged with Ar. Consequently, 1 mL of 0.1 M
Zn-oleate (0.1 mmol), 1 mL of 0.1 M Cd-oleate (0.1 mmol), 0.2 mL of
0.01 M Cu stock solution (0.002 mmol), 1 mL of ODE-S (0.4 mmol)
solution was added. Then the reaction mixture was heated to 220 °C. It
takes 15 min to reach this temperature. The reaction mixture was kept at
this temperature for 20 min under Ar flow. When the QDs growth was
completed, the reaction mixture was cooled to 60 °C, and 10 mL of
toluene was added afterward. The precipitation of as-synthesized NCs
was done by adding excess ethanol into the toluene solution and
centrifuging at 10000 rpm for 10 min. The purification was done by
repeated precipitation and re-dispersion of NCs. The purified NCs were
re-dispersed in toluene for further characterization.

4.4. Deposition of the ZnS shell over the core QDs

The ZnS shell was deposited over the crude Cu-doped ZnCdS QDs.
The ZnS shell deposition was started over the crude reaction mixture
after its growth time of 20 min. The shelling procedure was executed at
the same temperature i.e., 220 °C. For the ZnS shell, the 3 mL of 0.4 M
stock solution of the zinc precursor was injected into the reaction
mixture. It was added in portions of 0.75 mL drop by drop at a time
interval of 15 min. The purification method for ZnCdS:Cu/ZnS is similar
to that of crude NCs.

4.5. Preparation of Mn-doped ZnCdS core QDs

The Mn-doped ZnCdS QDs were synthesized using the above pro-
cedure. In this, 0.1 mL of 0.01 M Mn stock solution was added in place of

Optical Materials 145 (2023) 114471

Cu stock solution into the reaction mixture and heated to 230 °C. The
purification method was the same as used for Cu-doped ZnCdS QDs.

4.6. Deposition of the ZnS shell over the core QDs

The ZnS shell was deposited over the crude Mn-doped ZnCdS QDs.
After the growth time of 20 min at 230 °C, the deposition of the shell
started. The shelling procedure and purification method of ZnCdS: Mn/
ZnS was similar to that of ZnCdS: Cu/ZnS QDs.

4.7. Material characterization

Absorbance and photoluminescence (PL) spectra were recorded by
Varian-Cary 100 UV-visible spectrophotometer and Cary Eclipse fluo-
rescence spectrophotometer. The quantum yield (QY) of the as-
synthesized QDs was calculated by using the de Mello method [47].
The  spectral  results  were acquired by using a
monochromator-integrated xenon lamp with an excitation wavelength
of 400 nm, a Hamamatsu integrating sphere, and an Ocean Optics Maya
2000 spectrometer. Transmission electron microscope (TEM) images
were obtained from FEI Tecnai Osiris transmission electron microscopy
which reveals the shape and size of QDs. X-ray diffraction (XRD) pat-
terns of the QDs were collected by an XRD spectrometer with a Cu Ko
line of 0.15418 nm. Lifetime measurements for Cu-doped QDs were
taken with FluoTime 200 time-correlated single photon-counting
(TCSPC) system. PL decay curves were analyzed using FluoFit soft-
ware and fitted as multiexponential decays in deconvolution mode.
Lifetime measurements and analyses for Mn-doped QDs were done by
the Cary Eclipse fluorescence spectrophotometer. All the lifetime mea-
surements were conducted in solution form using a quartz cuvette at
room temperature.
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