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Abstract 

We report on the surface passivation of  a new alloyed ternary AgZnS shell layer on luminescent CdSe 

quantum dots (QDs) via the organometallic hot-injection pyrolysis of metal precursors, surfactant 

precursors and organic ligands in a non-coordinating solvent. Transmission electron microscopy, X-ray 

diffraction, Raman spectroscopy and UV/vis absorption and fluorescence emission spectrophotometry 

were used to characterise the QD nanocrystals. Fixed AgZnS shell alloying was used as the main 

fabrication strategy to engineer the band gap of CdSe/AgZnS core/alloyed shell QDs which in turn led 

to a blended mixture of homogenous and heterogenous particle size growth with spherical, quasi-

spherical and trigonal-shaped particles. The crystal structure of CdSe/AgZnS QDs was mainly zinc 

blende but as the QDs size increased with time, a superimposition of zinc blende and wurtzite hexagonal 

structure was observed with the former being predominant in the diffraction pattern. The 

photoluminescence (PL) emission spectra of CdSe/AgZnS QDs were tuned across the visible region 

while the full width at half maximum was as low as 33 nm, representing an 8 nm decrease compared to 

41 nm FWHM exhibited by CdSe QDs. As CdSe/AgZnS core/alloyed shell QDs grew with time, the PL 

quantum yield (QY) increased from 67% for CdSe to a maximum of ~100% for CdSe/AgZnS QDs and 

thereafter decreased steadily to a minimum of 36% upon further growth. By achieving ~100% PL QY, it 

appears that interfacial surface defect states in the core/alloyed shell QDs were completely eliminated 

via the AgZnS shell alloying process on the CdSe core. The unique optical properties exhibited by 

CdSe/AgZnS core/alloyed shell QDs as reported in this work shows great promise for light emitting QD 

applications. 
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1. Introduction 

Colloidal semiconductor quantum dot (QD) nanocrystals have attracted significant research interest in 

the last two decades due to their unique optical properties such as quantum size effect, excellent 

chemical photostability and narrow photoluminescence (PL) emission and broad absorption spectra that 

spans from the visible region to the near infrared region [1-10]. The nature of the chemical species, 

ligands or surfactants that bind to the QDs surface and the synthetic fabrication strategy used for QDs 

growth, are factors that influence the structural and optical properties of the resultant QD nanocrystals. 

Several breakthrough research studies have led to numerous published reports of core/shell QDs 

exhibiting better optical properties than core QDs [11,12]. The relatively poor optical properties of core 

QDs (e.g., CdSe, ZnSe, CdS and CdTe) is generally due to inherent surface defects which act as 

dangling bonds to isolate the exciton (electron and hole) wave functions away from the surface [13]. 

Surface defects induce nonradiative decay of photogenerated electron and hole by acting as exciton 

recombination carriers and lead to low PL quantum yields (QY), poor stability, broad emission spectra, 

deep trap emission states and radiative lifetimes that are longer than the exciton lifetimes [13]. Coating 

a shell layer around the core QDs, serves to enhance the PL QY, improve the chemical resistance to 

photodegradation and aids the reduction of exciton densities at the nanocrystal interface. Generally, the 

ultimate goal in QDs luminescent technology is to suppress defect states in the nanocrystal by inhibiting 

Auger recombination rates that degrade the QDs fluorescence. 

Amongst the core QDs studied to date, CdSe is the most popular due to the ability to tune the PL 

emission across the visible spectral range to the red region [14-16]. Over the years, shell layering has 

been used as the sole strategy to passivate the surface of CdSe QDs [17-19]. Amongst the reported 

semiconductor shell materials, ZnS and CdS are the most popular for CdSe surface passivation against 

interfacial surface defects [20,21]. However, the large lattice mismatch (~12%) between the core and 

shell induces strain at the interface between CdSe and ZnS [12] while the relatively small band gap of 

CdS makes it impossible to block excitons inside CdSe [22]. To circumvent these problems, researchers 

have developed improved strategies to shell passivation with respect to the fabrication of core/shell/shell 

QDs such as CdSe/CdS/ZnS and CdSe/ZnSe/ZnS [23,24]. Improved optical properties have also been 

reported in giant CdSe/CdS core/shell QDs which contain up to 20 monolayers of CdS shell layering 

[25]. It was observed that the shell thickness suppressed surface trap states via interaction with shell-

surface charges. However, the limitation of giant CdSe/CdS core/shell QDs is the imminent loss of 

strong carrier charge confinement and the unambiguous red shift in PL emission [11]. It is imperative to 

note that despite over two decades of intensive fabrication studies to produce high quality QDs, the 

charge-trapping phenomenon has become the most challenging problem to overcome. Hence, 

developing new surface passivation strategies offers the most promising alternative to suppress surface 

traps in luminescent QD nanocrystals. 
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Ternary alloyed QDs (ABxC1-x) have drawn increasing interest in nanoscale band gap engineering due 

to the added degree of freedom of new alloyed QDs nanocrystals [26,27]. Overcoating the surface of 

CdSe with an alloyed shell layer has also become one of the alternative passivation strategies to 

suppress Auger recombination rates. Several studies have reported the coating of CdSe with an alloyed 

shell material of the class of CdxZn1-xS [11,28], Cd1-xZnxSe1-ySy [29] CdSexS1-x [30] and ZnSeS [31]. 

Band gap optical engineering strategies such as fixed composition [31] or varied composition [32], have 

been utilized as alloying strategies to suppress nonradiative hole traps.  

In this paper, we report for the first time on the epitaxial coating of a new ternary alloyed shell layer 

(AgZnS) to passivate the surface of binary CdSe QDs. CdSe/AgZnS core/alloyed shell QDs of varying 

sizes have been synthesized via the organometallic hot-injection synthetic route and a combination of 

electron microscopy and spectroscopic techniques have been used to characterize the nanocrystals. 

We have successfully demonstrated that fixed composition alloying of the AgZnS shell totally 

suppressed surface defect states in the CdSe core and led to the PL QY reaching ~100%. Also, AgZnS 

shell can serve as a protective layer against Cd leakage from CdSe core. The CdSe/AgZnS QDs 

produced in this work hold great promise in optoelectronic luminescent light applications. 

 

2. Experimental 

2.1. Materials 

Myristic acid, cadmium oxide (CdO), hexadecylamine (HDA), trioctylphosphine oxide (TOPO), 

trioctylphosphine (TOP), oleic acid, octadecene (ODE), L-cysteine, sulphur (S) and zinc oxide (ZnO) 

were purchased from Sigma Aldrich, South Africa. Selenium (Se) was purchased from Merck. Silver 

nitrate (AgNO3) was purchased from Saarchem. Hexane, chloroform, methanol, acetone and were 

purchased from ACE Chemicals, South Africa. 

 

2.2. Characterization 

PL emission spectra were acquired using a Horiba Jobin Yvon Fluoromax-4 spectrofluorometer. UV/vis 

absorption spectra were acquired using a Cary Eclipse (Varian) spectrophotometer. Transmission 

electron microscopy (TEM) images were acquired using a JEOL JEM 2100F operated at 200 kV. Powder 

X-ray diffraction (PXRD) analysis were carried out using a Cu(Kα) radiation (λ=1.54184 Å) on a Bruker 

D2 Phaser. Raman spectra were acquired using a WITec Alpha 300 micro-Raman imaging system with 

a 488 nm excitation laser and CCD detector at ambient temperature with the laser power below 2 mW 

in order to reduce heating effects. Energy dispersive X-ray spectroscopy (EDS) analysis was performed 

using a TEM integrated EDS Zeiss Crossbeam 540 with software INCA version 4.11 (Oxford 

Instruments, UK). 
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2.3. Synthesis of CdSe/AgZnS QDs 

The synthesis of CdSe/AgZnS QDs was carried out according to the hot-injection pyrolysis of 

organometallic precursor materials. Firstly, the Cd precursor solution was prepared by mixing 1.3 g CdO, 

1.93 g TOPO, 2 mL TOP, 1.2 g myristic acid, 1.2 g HDA, 30 mL oleic acid and 50 mL ODE in a 3-necked 

flask under reflux. The solution was stirred vigorously under Argon atmosphere and heated to ~240 °C 

to form a complex between the organic precursors and the Cd metal. As the temperature of the solution 

increased, the solution colour changed steadily from brown to colourless due to complexation of the Cd 

metal to the precursor materials. To form the CdSe core QDs, TOPSe precursor solution containing 

0.12 g Se dissolved in 5 mL TOP was added into the hot Cd solution at ~240 °C. The CdSe core QDs 

were allowed to nucleate and grow for few minutes after which a small amount of was harvested for 

purification and characterization. To overcoat the alloyed AgZnS shell around the CdSe core, TOPAg 

precursor containing 0.5 g AgNO3 dissolved in 5 mL TOP was added into the CdSe growth solution 

followed swiftly by the addition of TOPZn precursor containing 0.4 g ZnO dissolved in  10 mL oleic acid 

and 15 mL ODE. After addition of the TOPAg and TOPZn precursors, the TOPS precursor containing 

0.16 g S dissolved in 1.93 g TOPO, 1 mL TOP, 10 mL oleic acid and 15 mL ODE was added into the 

growth solution to aid nucleation and growth of the CdSe/AgZnS core/alloyed shell QDs. At different 

time intervals, different sizes of the  CdSe/AgZnS QDs were harvested. The QDs were then purified with 

methanol, acetone, acetone:ethanol mixture, chloroform:ethanol:acetone mixture and finally with 

acetone. The different sized QDs are denoted according to their PL emission wavelength maximum. 

 

3. Results and discussion 

3.1. Synthetic fabrication of the QDs 

Band engineering of the QDs was accomplished using the classic organometallic hot-injection pyrolysis 

of precursor materials using organic capping ligands (myristic acid, oleic acid and HDA) and surfactants 

(TOP and TOPO) in a non-coordinating solvent (ODE). It is a well-established phenomenon that the 

absorption evolution and PL emission of QDs is influenced by their growth kinetics [33]. Therefore, fine-

tuning the precursor material with respect to the quantity, concentration, temperature, time of injection 

and the characteristic interplay between them were the predominant factors that influenced the growth 

of the CdSe/AgZnS core/alloyed shell QDs. Via the fabrication method used in this work, higher 

concentration of the organic ligands and surfactants in ODE was used to aid complexation to the Cd 

metal. Prior to adding the TOPSe precursor, complete complexation and dissolution of the Cd-

surfactant-ligand precursor solution was achieved at elevated temperature (i.e., > 240 °C). The steady 

change in solution colour from brown to colourless was a confirmation of the complexation process. 
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Thereafter, the TOPSe precursor solution was injected into the solution to aid formation of the CdSe 

core QDs. Within ~ 2 seconds of adding the TOPSe precursor, the solution colour changed rapidly from 

colourless to red. The change in colour was a confirmation of the nucleation and growth of the CdSe 

QDs. The CdSe QDs were allowed to grow for few minutes and a fraction of the growth solution was 

removed for post treatment. 

The reaction conditions under which the AgZnS shell was coated around the CdSe core was crucial in 

obtaining high quality core/alloyed shell QDs. At longer reaction time and higher temperature conditions, 

the growth kinetics of CdSe/AgZnS QDs is expected to be heterogeneous in nature and will lead to 

broadened spectral line width. Conversely, at lower temperature, the precursor materials could 

decompose incompletely or lead to diminished crystallinity of the CdSe/AgZnS QDs [34]. Hence, the 

precursor solution of the shell materials (TOPAg, TOPZn and TOPS) were added discreetly in swift 

succession at elevated temperature to engineer high quality CdSe/AgZnS core/alloyed shell QDs with 

unique optical properties. The temperature at which the different-sized core/alloyed shell QDs were 

harvested were: CdSe/AgZnS588 = 220 °C;  CdSe/AgZnS609 = 260 °C; CdSe/AgZnS614 = 280 °C; 

CdSe/AgZnS616 = 300 °C and CdSe/AgZnS623 = 320 °C 

 

3.2. Structural characterization 

3.2.1. TEM 

The internal structure of the QDs with respect to their shape and particle size distribution was probed 

using TEM. We aimed to synthesize CdSe QDs with relatively high PL QY and to use the AgZnS shell 

passivation strategy to understand the shell layering effect on the structural and optical properties of the 

resultant CdSe/AgZnS core/alloyed shell QDs. Generally, alloyed QDs can be classified as having a 

uniform internal structure which is derived from a homogenous alloying process or as having a gradient-

type internal structure which is derived from varying the alloy composition. In our work, we employed a 

fixed composition shell alloying strategy to fine-tune the structure of the CdSe/AgZnS QDs. Fig. 1A – F 

shows the representative TEM images of CdSe and the different-sized CdSe/AgZnS QDs. A close 

observation of the morphology of the QDs, reveals a blended mixture of homogenous and heterogenous 

particle size distribution. The estimated average particle sizes of the QDs from the displayed size 

histogram in Fig .1A1 -1F1 are : CdSe579 = 2.9 ± 0.5 nm; CdSe/AgZnS588 = 5.1 ± 1.0 nm;  CdSe/AgZnS609 

= 6.5 ± 1.4 nm; CdSe/AgZnS614 = 6.7 ± 1.5 nm; CdSe/AgZnS616 = 7.2 ± 1.7 nm and CdSe/AgZnS623 = 

8.2 ± 2.0 nm, respectively. The observed morphology of the CdSe/AgZnS QDs tends to be a blend of 

mondispersed and polydispersed particles, thus suggesting that the QDs may have transitioned from 

an interfacial homogenous state to a heterogenous state or vice versa. The time and temperature at 

which each of the QDs was harvested may have played a crucial role in the observed surface 

morphology. It is also noteworthy to emphasize that the shape morphology of the core/alloyed shell QDs 
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were a mixture of spherical, quasi-spherical and trigonal-shaped particles. This implies that the 

electronic structure of CdSe/AgZnS QDs led to varied exciton confinement levels [34], i.e., the electron 

may be delocalized in the AgZnS shell layer while the hole is confined to the CdSe core.  

Critical comparison of the TEM images of the five different-sized CdSe/AgZnS QDs also reveals a 

prolate heterogenous growth morphology which reflects an anisotropic growth pattern that prevailed for 

the larger-sized QDs. Anisotropic growth can occur due to the nature of the QDs reaction conditions 

and this is generally induced by reactivity of the precursor materials. We can tentatively conclude that 

CdSe/AgZnS growth is either homoepitaxially or heteroepitaxially kinetically controlled. This implies that 

AgZnS shell passivation at the CdSe core surface, serves as the rate-limiting step rather than the 

precursor diffusion. Therefore, the high reactivity of AgZnS will favour an anisotropic growth pattern [35]. 

 

3.2.2. PXRD 

The crystal phase structure of CdSe core and the different sized CdSe/AgZnS core/alloyed shell QDs 

were analysed using PXRD. The CdSe diffraction pattern, shown in Fig. 2A, revealed a very weak zinc-

blende crystal structure with the emergence of three narrow spurious peaks. The three prominent broad 

peaks at planes {111}, {220} and {330} were projected at Bragg angles ~25.3°, ~42.4° and 50.0° 

respectively. Comparing the diffraction pattern of CdSe QDs with the different sized CdSe/AgZnS 

core/alloyed shell QDs, we observed some notable differences. CdSe/AgZnS588, the first core/alloyed 

shell QDs to be harvested during AgZnS shell growth on the CdSe core, displayed no zinc-blende crystal 

structure as observed in CdSe nor alternative wurtzite hexagonal structure. However, we found the 

emergence of four prominent peaks between Bragg angle 30° and 40° and two additional peaks at 47.8° 

and 56.6°. One possible explanation of the difference in diffraction pattern between CdSe and 

CdSe/AgZnS588 is that AgZnS shell was not completely layered on the CdSe core at the time of QDs 

harvesting. Hence, there was no visible projection of the three prominent peaks associated with the 

zinc-blende crystal structure. We have arrived at this theory because CdSe/AgZnS609, the second 

core/alloyed shell QDs to be harvested, displayed the zinc-blende crystal structure with respect to the 

three prominent diffraction peaks projected at Bragg angles 26.3°, 44.4° and 51.8°. We consequently 

noticed that for CdSe/AgZnS614, CdSe/AgZnS616 and CdSe/AgZnS623, the zinc blende crystal structure 

was retained but the diffraction peaks narrowed, indicating increase in size growth of the core/shell 

alloyed QDs. The first of three notable difference was the emergence of a small peak at the left shoulder 

of the {111} plane of CdSe/AgZnS614, CdSe/AgZnS616 and CdSe/AgZnS623 QDs. This showed that the 

QDs mildly displayed a superimposition of zinc blende and wurtzite hexagonal diffraction patterns with 

the former more pronounced. Another observation was the disappearance of the three sharp peaks 

between the Bragg angle 30° and 40° as well as two additional sharp peaks between 47.0° and 60.0° 

for CdSe/AgZnS623 QDs. In general, the three prominent broad peaks at planes {111}, {220} and {330} 
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for CdSe/AgZnS609, CdSe/AgZnS614, CdSe/AgZnS616 and CdSe/AgZnS623 were each shifted to higher 

Bragg angle relative to the CdSe core. This shift shows that the surface of CdSe was passivated with 

the alloyed AgZnS shell. 

 

3.3. Optical properties 

3.3.1. Raman analysis 

It is widely known that shell passivation on core QDs can reduce surface defects and prevent trap holes 

which is an important feature necessary to supress off/on blinking fluorescence processes [36]. It is also 

known that a graded interface is associated with the alloying region of the core/shell QDs [37]. Raman 

spectroscopy was used to analyse the internal structure of the CdSe core and CdSe/AgZnS core/alloyed 

shell QDs. Fig. 3 shows the Raman spectra of CdSe and the respective different-sized CdSe/AgZnS 

QDs. From the Raman spectrum of CdSe, no prominent peak was observed. However, for 

CdSe/AgZnS588 QDs, a weak peak at bulk frequency ~296 cm-1 associated with the longitudinal optical 

phonon (LO) was observed. The emergence of this peak suggests that at the time of harvesting the 

CdSe/AgZnS588 QDs, the shell layer had partially passivated the CdSe surface. This observation 

corroborates the difference in diffraction pattern observed for CdSe/AgZnS588 QDs relative to the other 

QDs as discussed above. Conversely, for CdSe/AgZnS614, CdSe/AgZnS616 and CdSe/AgZnS623 QDs, 

we observed two prominent peak frequencies associated with the CdSe LO (lower wavenumber) and 

AgZnS overtone (higher wavenumber). For CdSe/AgZnS609, the CdSe LO peak was relatively broad 

while the AgZnS overtone peak was broader. We also observed that the CdSe LO and AgZnS overtone 

peaks for CdSe/AgZnS616 were higher in intensity in comparison to the rest of the core/alloyed shell 

QDs. 

Generally, the degree of formation of the CdSe LO and AgZnS overtone peaks in the core/alloyed shell 

QDs and their influence on the frequency peak shift can be understood in terms of the growth efficiency 

of the QDs and its relation to interfacial defect states on the QDs surface. It implies that variation in peak 

frequency shift and intensity and the degree of strain relaxation in the core/alloyed shell QDs interface 

will be different due to the degree of shell thickness and quantum size effect. The weak peaks observed 

in the Raman spectra of the core/alloyed shell QDs in the region below 300 cm-1 (with the exception of 

CdSe/AgZnS609 QDs), can be attributed to the varying rates of alloying at the interface between CdSe 

and AgZnS and to the surface optical phonon that is embedded in finite-sized crystals [38,39].  

 

3.3.2. EDX analysis 

EDX analysis was carried out to probe the quantitative and qualitative metal chalcogenide components 

of the CdSe core and CdSe/AgZnS core/shell QDs. Fig. S1 shows the qualitative EDX spectra for the 

QDs and Fig. 4 show the corresponding weight% plots for the metal chalcogenide components. From 
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the weight% plots, we have used the quantitative metal chalcogenide values to ascertain the extent of 

AgZnS shell coverage on the CdSe core and also to judge the degree of Cd suppression in the core/shell 

structure. According to Fig 4A, CdSe exhibited a high Cd content but this was relatively suppressed in 

CdSe/AgZnS588 (Fig. 4B), the first harvested core/shell QDs. Interestingly, we found out that as the 

core/shell QDs grew with time, the Cd weight% was not proportional to the core/shell size increase (Fig. 

4C-F). In general, Ag Zn and S metal components were picked up in the core shell structure and we 

found the Cd content in the core/shell QDs to be far more suppressed in CdSe/AgZnS588 and 

CdSe/AgZnS623 than the other core/shell sized QDs. Also, CdSe/AgZnS588 was rich in Zn, while 

CdSe/AgZnS616 and CdSe/AgZnS623 QDs were rich in Ag content. 

 

3.3.3. Photophysical properties 

The QDs surface is a highly sensitive area because the interactions occurring at the surface level 

influence the QDs photophysical properties. The nature of the interactions is determined by the metal 

component of the QDs structure, the synthetic method used to fabricate the QDs structure, the nature 

of precursors constituents, time of injection of precursor solution, synthetic temperature, and growth 

time. How these parameters are implemented during the QD synthesis and the interplay between them 

is what determines the overall quality of the QDs as it relates to the PL stability, surface area, quantum 

size effect, emission line width and PL QY efficiency. The formation of surface traps, shallow, midgap 

and deep states on the QDs surface are the main factors that degrade the QDs fluorescence, leading 

to non-radiative exciton recombination. The total elimination or at least suppression of surface traps on 

the core QDs surface via passivation with shell layers is the primary goal in core/shell QDs synthesis. 

Our aim in this work was to passivate the surface of CdSe core QDs with a new alloyed AgZnS shell 

layer to eliminate or at least suppress deep trap states on the QDs surface and produce highly 

luminescent CdSe/AgZnS core/alloyed shell QDs with unprecedented PL QY. We engineered the band 

gap of the CdSe/AgZnS core/alloyed shell QDs using a fixed shell alloying process and we have used 

UV/vis absorption and fluorescence emission studies to probe the photophysical properties of the 

resultant QDs.  

Fig. 5A and B shows the evolution of the UV/vis absorption and PL emission spectra of CdSe and the 

different sized CdSe/AgZnS core/alloyed shell QDs. From the displayed UV/vis absorption spectra, 

CdSe and the respective CdSe/AgZnS QDs were characterised by an excitonic absorption peak 

maximum. The excitonic absorption peak was well pronounced in CdSe QDs but broadened upon 

passivation of CdSe with the alloyed AgZnS shell. Particularly, a steady shift in the excitonic absorption 

wavelength of the QDs to the red region was observed. The quantum size effect was well observed in 

the PL emission spectra of the QDs as shown in Fig. 5B. Upon shell alloying, the PL emission 

wavelength of the different-sized CdSe/AgZnS QDs shifted to the red region. This proves to show that 
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passivation of AgZnS on CdSe engineered the band gap of CdSe/AgZnS QDs and in turn tuned the PL 

emission wavelength from 588 nm to 623 nm.  

To further analyse the photophysical properties of the CdSe/AgZnS core/alloyed shell QDs, we have 

plotted the PL emission wavelength of the QDs versus the calculated optical band gap (from the 

maximum excitonic absorbance wavelength). As shown in Fig. 6A, the optical band gap of the QDs 

decreased steadily as the PL emission wavelength of the QDs increased. We observed the band gap 

decrease from 2.20 eV for CdSe to 2.02 eV for CdSe/AgZnS623. We can tentatively affirm that fixed 

AgZnS shell alloying on CdSe QDs did not inhibit band gap dependence on the different sized 

CdSe/AgZnS QDs.  

The efficiency of the CdSe/AgZnS core/alloyed shell QDs surface with respect to the analysis of the full 

width at half maximum (FWHM) is shown in the plot of the PL emission wavelength versus the FWHM 

in Fig. 6B. From the plot, we observed that the FWHM of CdSe QDs was 41 nm but upon AgZnS shell 

passivation, the FWHM decreased by 2 nm for CdSe/AgZnS588, 5 nm for CdSe/AgZnS609, 8 nm for 

CdSe/AgZnS614 and 7 nm for CdSe/AgZnS616 but increased by 6 nm for CdSe/AgZnS623. The trend in 

FWHM shows that AgZnS shell alloying suppressed deep trap states in CdSe but reached an equilibrium 

which led to an increase in trap states for CdSe/AgZnS623. 

The most direct photophysical parameter to probe the efficiency of AgZnS shell alloying on CdSe QDs 

is the analysis of the PL QY. To assess the efficiency of the AgZnS shell alloying process on the CdSe 

core surface and it effect on the photophysical properties of the different sized CdSe/AgZnS core/alloyed 

shell QDs, we determined the PL QY according to equation 1 [40]:  

 

ΦF
QDs = ΦF

R6G
F𝑄𝐷𝑠.ODR6G(λexc) .n

2
Chloroform

F𝑅6𝐺.ODQDs(λexc)
.nethanol
2                                                          (1) 

 

where ΦF
QDs

 is denoted as the PL QY of the QDs, ΦF
R6G is the PL QY of the standard rhodamine, F𝑄𝑑𝑜𝑡𝑠 

and F𝑅6𝐺 are the integrated sum of the QDs and rhodamine fluorescence intensities, ODR6G and ODQDs 

are the optical densities of rhodamine and the QDs at the excitation wavelength and n2Chloroform and 

nethanol
2  are the refractive indices of the solvents used to dissolve the QDs (chloroform) and rhodamine 

(ethanol). Fig. 6C shows the plot of the PL emission of the QDs versus the calculated PL QY. From the 

plot, CdSe QDs PL QY was 67% which from the perspective of core QDs luminescent technology is of 

high quality. Interestingly, the PL QY of CdSe/AgZnS588 QDs (the first fraction of core/alloyed shell QDs) 

harvested during the shell alloying process was 83% and as the core/alloyed shell QDs grew with time, 

the PL QY increased to ~100% for CdSe/AgZnS609 (the second fraction of core/alloyed shell QDs). At 

this stage, it is imperative to emphasize that interfacial defect states in CdSe was systematically 

suppressed with time during AgZnS shell growth and reached a stage of total elimination for 
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CdSe/AgZnS609. Hence, AgZnS represent a new type of inorganic shell layer which can totally suppress 

interfacial defect states in CdSe QDs. As the fixed shell alloying process continued with time, the PL QY 

decreased to 81% for CdSe/AgZnS614, 57% for CdSe/AgZnS606 and 36% for CdSe/AgZnS623. The steady 

decrease in PL QY from ~100% for CdSe/AgZnS609 to 36% for CdSe/AgZnS623, indicates that surface 

defects emerged due to prolonged QDs growth. Thus, is it noteworthy to emphasize that alloyed AgZnS 

represents a new type of inorganic shell layer having excellent efficacy to passivate the surface of CdSe 

against interfacial surface defects. Photographic display of the QDs under ambient light and UV light is 

shown in Fig. 6C. From the displayed picture, it is evident that CdSe/AgZnS609 QDs with the highest PL 

QY of ~100%, exhibited the brightest fluorescence. 

 

4. Conclusions 

An alloyed ternary AgZnS shell was successfully overcoated on CdSe QDs via the organometallic hot-

injection pyrolysis of metal precursors, surfactant precursors and organic ligands in a non-coordinating 

solvent. Fixed shell alloying was used as the fabrication strategy to tune the size of the CdSe/AgZnS 

core/alloyed shell QDs which led to varying surface morphology, crystallinity, and optical properties. We 

found the shape morphology of CdSe/AgZnS QDs to be characterized by spherical, quasi-spherical and 

trigonal-shaped particles while the particle size morphology transitioned from an interfacial homogenous 

state to a heterogenous state or vice versa. The diffraction pattern was mainly crystalline zinc blende 

but as the size of the CdSe/AgZnS QDs grew, a superimposition of zinc blende and hexagonal wurtzite 

was observed with the former being more dominant. In conclusion, interfacial defect states in CdSe 

were completely suppressed by the fixed AgZnS shell alloying process as evidenced by the PL QY of 

CdSe/AgZnS QDs reaching approximately 100%. 
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Fig. 1. TEM images and size distribution histograms of (A and A1) CdSe579, (B and B1) CdSe/AgZnS588, 

(C and C1) CdSe/AgZnS609, (D and D1) CdSe/AgZnS614, (E and E1) CdSe/AgZnS616 and (F and F1) 

CdSe/AgZnS623 QDs. 
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Fig. 2. PXRD plots of (A) CdSe579 and (B) CdSe/AgZnS588, CdSe/AgZnS609, CdSe/AgZnS614, 

CdSe/AgZnS616 and CdSe/AgZnS623 QDs. 

 

 

 

0

200

400

600

800

20 30 40 50 60

N
o

rm
a
li
z
e
d

 i
n

te
n

s
it

y

2 Theta

{111}

{220} {311}

A

20 25 30 35 40 45 50 55 60

N
o

rm
a
li
z
e
d

 i
n

te
n

s
it

y

2 Theta

CdSe/AgZnS588 CdSe/AgZnS609

CdSe/AgZnS614 CdSe/AgZnS616 CdSe/AgZnS623

{100}

{111}

{310}
{314}

{200}
{214}

{220}
{311}

B



` 

18 
 

 

Fig. 3. Raman spectra of CdSe579, CdSe/AgZnS588, CdSe/AgZnS609, CdSe/AgZnS614, CdSe/AgZnS616 

and CdSe/AgZnS623 QDs. 
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Fig. 4. EDX weight% plots for the chalcogenide metal components of (A) CdSe579, (B) CdSe/AgZnS588, 

(C) CdSe/AgZnS609, (D) CdSe/AgZnS614, (E) CdSe/AgZnS616 and (F) CdSe/AgZnS623 QDs. 
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Fig. 5. UV/vis absorption and fluorescence emission spectra of CdSe579, CdSe/AgZnS588, 

CdSe/AgZnS609, CdSe/AgZnS614, CdSe/AgZnS616 and CdSe/AgZnS623 QDs. 
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Fig. 6. Plots of the PL emission wavelength of CdSe and the different sized CdSe/AgZnS core/alloyed 

shell QDs against the corresponding (A) band gap, (B) FWHM and (C) PL QY values. Band gap, FWHM 

and PL QY are in approximate values. (D) Photographic display of the QDs under ambient light (top) 

and under UV light (bottom). From left to right (Fig 4D); CdSe579 → CdSe/AgZnS588 → CdSe/AgZnS609 

→ CdSe/AgZnS614 → CdSe/AgZnS616 → CdSe/AgZnS623 QDs. 
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