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Abstract

The synthesis of heterostructured core—shell nanocrystals has attracted significant attention due
to their wide range of applications in energy, medicine and environment. To further extend the
possible nanostructures, non-epitaxial growth is introduced to form heterostructures with large
lattice mismatches, which cannot be achieved by classical epitaxial growth techniques. Here, we
report the synthetic procedure of Au@ZnTe core—shell nanostructures by cation exchange
reaction for the first time. For that, bimetallic Au@ Ag heterostructures were synthesized by
using PDDA as stabilizer and shape-controller. Then, by addition of Te and Zn precursors in a
step-wise reaction, the zinc and silver cation exchange was performed and Au@ZnTe
nanocrystals were obtained. Structural and optical characterization confirmed the formation of
the Au@ZnTe nanocrystals. The optimization of the synthesis led to the bright nanocrystals
with a photoluminescence quantum yield up to 27%. The non-toxic, versatile synthetic route,
and bright emission of the synthesized Au@ZnTe nanocrystals offer significant potential for
future bio-imaging and optoelectronic applications.

Keywords: non-epitaxial, photoluminescence quantum yield, Au@ZnTe, core—shell,
nanocrystals

(Some figures may appear in colour only in the online journal)

1. Introduction them attractive for various applications. The shell can alter the
properties of the core such as size mono-dispersivity, solubil-
ity, emission, stability and introduce novel electronic, mag-
netic, optical, catalytic, and chemical properties. Although
significant achievements have been made towards the size
control, composition, shape, and crystallinity of the core nan-
omaterials during numeric synthetic procedures [6, 7], the
synthesis of the core—shell structures with unconventional
optical and structural properties is still challenging due to
the limitations associated with the precise control of the
. ek structure such as self-nucleation of the shell component and
Crracoenon o st 7 ponchomogenousgrowth (5] -
To realize such unusual nanostructures, non-epitaxial

ther distribution of this work must maintain attribution to the author(s) and the : . o
title of the work, journal citation and DOL growth (cation exchange) uniquely offers the ability to grow

The synthesis of core—shell nanocrystals has attracted signific-
ant attention due to the high versatility in the broad spectrum
of chemical, optical and biological applications [1-5]. The
core—shell nanocrystals often show a wide variety of optical
and structural properties than the core material, which make
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Figure 1. (a) The gold nanoparticles were synthesized by reducing HAuCly. (b) After the formation of the gold nanoparticles, the silver
shell was formed by introducing AgNOs. (¢) By addition of the tellurium, silver telluride was formed as the shell for gold nanoparticles.

(d) After the complete formation of the silver telluride shell, zinc cations and TBP were added to the reaction. The cation exchange between
zinc and silver cations resulted in zinc telluride formation as the shell for gold nanoparticles.

heterostructures with large lattice mismatches. In the cation
exchange reactions, only the precursor, which constitutes the
shell cations are introduced to the reaction and the gradual
replacement of the core cations with the introduced shell
cations take place [9, 10]. In this approach, because the growth
of the shell is fully governed by the chemical reactions inside
the matrix, the crystal structure of the shell material will be
independent of the core material [11]. The independency of
the growth mechanism to lattice constraints in cation exchange
reactions opens up a unique opportunity to synthesize wide
spectrum of core—shell heterostructures with different crys-
tal structures and large lattice mismatches such as Au-CdSe,
Au-CdTe, Au-PbS, Au-ZnS, and Pt-CdS [12]. At the same
time, the cation exchange reactions have been used for the
synthesis of core—shell nanomaterials with small lattice mis-
matches such as PbSe-CdSe [13], PbS-CdS [14], and CulnS-
ZnS [15] as well.

Herein, we report Au@ZnTe core—shell nanostructures by
non-epitaxial growth for the first time. The synthesis pro-
cedure is based on the sequential replacement of Te and Zn
ions on gold core nanoparticles that finally end-up with a
highly-crystalline ZnTe shell. The structure of the nanocrys-
tals are confirmed with XRD, TEM, HRTEM and EDS ele-
mental mapping measurements that are supported by optical
characterizations. The optimization of the synthesis led to the
demonstration of efficient nanocrystals with a photolumines-
cence quantum yield (PLQY) of 27%.

2. Results

The lattice mismatch between core and shell material that
have different crystallographic facets with curved surfaces
affects the nucleation and growth strategy [16]. The large lat-
tice mismatch (approximately ~ 50%) between the gold (face-
centered cubic structure with the lattice parameter of 4.065 A)
[17] and zinc telluride (zinc blende cubic structure with the
lattice parameter of 6.101 A) [18] prevents the possibility
of epitaxial growth [12]. If the epitaxial growth would be

performed, the unintentional crystalline imperfections such as
poly-crystallinity, dislocations and strain-induced defects will
lead to the core and shell segregation and the degradation of the
optical and structural properties, especially in the thick shell
formation [19, 20].

To synthesize Au@ZnTe nanocrystals, we employed a step-
wise organometallic synthetic route, in which zinc tellur-
ide as the shell material was non-epitaxially grown onto the
gold as the core material. In this method, the shell growth is
fully governed by the thermodynamics of the reaction pro-
cedure within the matrix, and the formation of the ZnTe
shell is not dependent on the crystallographic planes of the
Au core material. Hence, the large lattice mismatch between
the core and shell material will not be an obstacle for the
formation of core—shell structure. The different steps of the
synthesis are illustrated in figure 1. Firstly, the gold nano-
particles were synthesized by the reduction of Au*t cations
by reacting gold (III) chloride hydrate (HAuCly) and poly-
diallyldimethylammonium chloride (PDDA), which acts both
as the reducing and stabilizing agent (figure 1(a)) [8]. Then,
a metal with the soft Lewis acidity (e.g. silver) was grown
on top of the gold core nanoparticles. Silver metal was selec-
ted as the outer shell material at this stage due to the high
acid softness (acid softness = +3.99) [12] of silver cations,
which enables to easily share electrons with the other soft
bases and forms different types of complexes. Moreover,
silver can easily be grown on various types of core nan-
oparticles with precise control of shell thickness [12]. In
this step, the silver cations (Ag™) was provided by react-
ing silver nitrate (AgNQO3) with the core gold nanoparticles
(figure 1(b)). After the formation of Au@Ag nanoparticles,
tellurium was added to the reaction to react with the silver
and form silver telluride (Ag,Te) as the shell compound due
to + 2 oxidation state of tellurium (figure 1(c)). Upon comple-
tion of the reaction, the color of the solution became darker,
which indicated the formation of the Ag,Te. In the next step,
zinc cations (Zn21) were added to the reaction to perform
the cation exchange between the zinc and silver cations. For
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Figure 2. (a) The photograph of synthesized Au@ Ag nanoparticles with different reaction times of (from left to right) 1, 2, 3, 30, and 50 h
under ambient light. (b) The absorbance profile of the synthesized nanoparticles with different reaction times. By increasing the reaction
time, the absorbance intensity of the gold decreases and the absorbance intensity of the silver increases due to the formation and growth of
silver shell component. (¢) The TEM image and size distribution of the synthesized Au@ Ag nanoparticles at different reaction times of 1, 2,
3, 30, and 50 h. The size distribution was calculated from 200 particles in each image. (d) The TEM images of the spherical Au@Ag
nanoparticles at different reaction times of 1, 30, and 50 h. The central dark areas represent the Au core nanoparticles and the bright
surrounding regions correspond to Ag shell. HAADF-STEM images and EDS maps of Au and Ag from the synthesized Au@Ag core—shell
nanoparticles at different reaction times of (e) 1 h, and (f) 50 h. (g) The XRD pattern of the synthesized Au@ Ag core—shell nanoparticles
with the reaction time of 50 h. The vertical red and blue lines represent the standard XRD peaks of Au and Ag. The scale bar is 5 nm in all

TEM and HAADF-STEM images.

that, tributylphosphine (TBP) was selected due its soft base
characteristics (8 > 6) and acting as the phase transfer agent.
The presence of large and relatively polarizable phosphor-
ous (P) atoms in the chemical structure facilitates the bonding
between zinc cations and TBP molecules. Based on the Lewis
theory of hard soft acid base (HSAB), the soft acids tend to
bind with the soft bases [21]. Hence, the TBP molecules bound
with the free zinc cations in the reaction will replace the sil-
ver cations and form zinc telluride (figure 1(d)). The high acid
softness of Ag™ favors the exchange process between Ag™ in
the amorphous matrix (Ag,Te) and Zn>* in solution as long
as the procedure is thermodynamically satisfied (AG > 0).

To achieve the high photoluminescence quantum yield
(PLQY) in the synthesized Au@ZnTe core—shell nanocrystals,
the optical properties of the nanocrystals at different steps of
the synthesis procedure need to be investigated and optimized.
After the formation of the Au nanoparticles, the Ag shell was
grown on top of the PDDA-functionalized Au nanoparticles.
The absorbance profiles of the synthesized Au@Ag nano-
particles were recorded at different reaction times of 1, 2, 3,
30, and 50 h, respectively (figure 2(b)). At the initial reaction
times of 1, 2, and 3 h, the absorbance profile showed a peak
with higher intensity at ~535 nm, which corresponded to Au
nanoparticles. By increasing the reaction time up to 30 and
50 h, the absorbance profile showed a shifted absorbance peak

at ~401 nm due to Ag shell formation (figure 2(b)). By grow-
ing the shell thickness to 0.95 nm, the absorbance of the core—
shell nanoparticles are dominated by the shell, which is similar
to the previous studies [8, 22]. The photograph of the solutions
with different reaction times under the ambient light also con-
firmed the different absorbance profiles due to the growth of
the Au nanoparticles and the Ag shell formation (figure 2(a)).

In order to structurally analyze the Au@ Ag nanoparticles,
the transmission electron microscopy (TEM) images of them
were recorded for different reaction times ranging from 1 h to
50 h (figures 2(c) and (d)). In the obtained TEM images, the
central dark area corresponded to Au core region, whereas the
surrounding brighter regions confirmed the Ag shell forma-
tion. At the same time, the size distribution of the synthesized
Au@Ag nanoparticles were calculated (figure 2(c)). While the
reaction time increases from 1 h to 50 h, the size of the Au
core remained constant as 4.8 nm and the size of the Au@Ag
nanoparticles increased from 5.6 = 1.2 nm to 7.4 £ 1.2 nm
due to the growth of the Ag shell, respectively (table 1). By
considering the lattice parameter of the Ag crystal structure as
0.409 nm [23], the thickness of the Ag shell were grown from
1.0 to 3.2 monolayers.

The rather wide size-distribution of the synthesized
Au@Ag nanoparticles specifically at higher reaction times of
30 and 50 h is attributed to the non-uniform growth of the
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Table 1. The size and elemental analysis of the synthesized Au@ Ag nanoparticles at different reaction times.

Average Au@Ag Au core dia- Ag shell thick- Ag shell number of
Reaction time (hrs)  particle size meter ness monolayers Au (wt %) Ag (wt %)
1 5.6 £1.2nm 4.8 nm 0.4 nm ~1.0 ML 73.27% 26.73%
2 5.8+ 1.1 nm 4.8 nm 0.5 nm ~1.2 ML 66.62% 33.38%
3 5.9+ 0.9 nm 4.8 nm 0.55 nm ~1.3 ML 58.81% 41.19%
30 6.7+ 1 nm 4.8 nm 0.95 nm ~2.3 ML 36.75% 63.25%
50 74+ 1.2 nm 4.8 nm 1.3 nm ~3.2 ML 29.27% 70.73%
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Figure 3. (a) The TEM image of the synthesized Au@ZnTe nanocrystals at the reaction time of 120 min from Au@ Ag nanoparticles
synthesized at 50 h. (b) The size distribution of the nanocrystals, which is calculated from 200 particles. (¢) The HRTEM image of the
synthesized Au@ZnTe nanocrystals at the reaction time of 120 min from Au@ Ag nanoparticles synthesized at 50 h. The dashed orange and
yellow lines represent the dark Au core and bright ZnTe shell regions. (d) The XRD pattern of the Au@ZnTe nanocrystals. The blue and red
lines represent the standard XRD diffraction peaks of Au and ZnTe nanocrystals. HAADF-STEM images, TEM images, and EDS maps of
Au, Ag, Zn, and Te from the synthesized Au@ZnTe core—shell nanocrystals at different cation exchange reaction times of (e) 1 min,

(f) 20 min, and (g) 120 min. The scale bar is 5 nm in all TEM and HAADF-STEM images.

Ag shell on top of the gold core nanoparticles due to the
simultaneous reduction of gold and silver sources in the
ethylene glycol solution. The non-uniform growth of the Ag
shell also led to the formation of non-spherical particles such
as nanorods [24], which is observed in figure 2(c). The form-
ation of the core—shell structure in the synthesized Au@Ag
nanoparticles and the effect of the reaction time on the growth
of the Ag shell were also investigated by performing the high-
angle annular dark-field scanning transmission electron micro-
scopy (HAADF-STEM) images together with the energy dis-
persive spectroscopy (EDS) elemental mapping (figures 2(e)
and (f)). The recorded EDS maps clearly showed the pres-
ence of Au and Ag in the core and surrounding shell regions,
respectively (figure 2(e)). At the same time, by increasing the
reaction time from 1 h to 50 h, the growth of the Ag shell

resulted in the higher concentration of the Ag in the shell
region as expected (figure 2(f)). Moreover, the XRD pattern
showed the face-centered cubic (FCC) structures of Au and Ag
with similar diffraction peaks at 38.1°,44.6°, 64.7° and 77.4°,
which confirmed the presence of Au@ Ag core—shell structure
(figure 2(g)).

Once the Au@ZnTe nanocrystals were synthesized, their
structural properties were investigated to confirm the form-
ation of ZnTe shell on top of the Au nanoparticles. For
that, TEM and high-resolution TEM (HRTEM) images of
the synthesized nanocrystals were recorded (figures 3(a) and
(c)). In the TEM images of the Au@ZnTe nanocrystals that
were cation-exchanged for 120 min from the 50-hours-reacted
Au@ Ag nanoparticles, there is a clear differentiation between
the dark Au core and bright ZnTe shell (figure 3(a)). The size
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Figure 4. ((a), (d), (g)) The absorbance, normalized photoluminescence and PLQY of the synthesized Au@ZnTe nanocrystals with
different reaction times ranging from 1 to 120 min from Au@ Ag with the reaction time of 1 h. ((b), (e), (h)) The absorbance, normalized
photoluminescence and PLQY of the synthesized Au@ZnTe nanocrystals with different reaction times ranging from 1 to 120 min from
Au@Ag with the reaction time of 30 h. ((c), (f), (i)) The absorbance, normalized photoluminescence and PLQY of the synthesized
Au@ZnTe nanocrystals with different reaction times ranging from 1 to 120 min from Au@ Ag with the reaction time of 50 h. The insets in
(g)—(1) are the photographs of the synthesized Au@ZnTe under ambient and UV illumination.

distribution analysis of the nanocrystals showed a change in
the average size of the Au@Ag nanoparticles from 7.4 nm
to 9.2 £ 0.95 nm due to the formation of the Ag,Te interfa-
cial layer before the cation exchange reaction (figure 3(b)).
At the same time in HRTEM image (figure 3(c)), different
lattice fringes are observable in both core and shell compon-
ents, indicating highly-crystalline core—shell heterostructure.
The XRD graph taken from Au@ZnTe nanocrystals also con-
firmed the presence of cubic Au and ZnTe crystal structures,
in which the diffraction peaks at 25.2°, 29.1°, 40.8°, 49.4°,
and 65.8° were compatible with the standard XRD diffrac-
tion peaks of ZnTe (figure 3(d)). We also performed HAADF-
STEM images together with the EDS elemental mapping on
the synthesized Au@ZnTe nanocrystals at the reaction times
of 1, 20, and 120 min in order to confirm the presence of ZnTe
shell (figures 3(e)—(g)). In the recorded EDS mapping images,
the presence of Au is observed in the core, whereas Ag, Zn, and
Te were mostly observed in the shell component. By increas-
ing the reaction time from 1 min to 120 min, the Ag to Zn
cation exchange reaction led to the higher concentration of Zn
and Te in the surrounding shell region in comparison with Ag

(figures 3(e)—(g)). At the reaction time of 120 min, almost a
complete shell of ZnTe is formed around the Au core nano-
particles (figure 3(g)).

In order to investigate the effect of reaction time on the
optical properties of the synthesized Au@ZnTe nanocrystals
and enhancement of the PLQY, three different Au@Ag nan-
oparticles with different reaction times of 1, 30, and 50 h
were selected for the cation exchange reaction. Then, Ag,Te
layer was formed on the Au core nanoparticles by addition
of tellurium. The cation exchange reaction was performed
up to 120 min and aliquots were taken at different time
intervals. The absorbance, photoluminescence, and PLQY
of the synthesized Au@ZnTe nanocrystals at different reac-
tion times were shown in figure 4. The absorbance profile
of the Au@ZnTe nanocrystals achieved from the Au@Ag
nanoparticles at the reaction time of 1 h showed a distinct-
ive absorption shoulder located at ~555 nm (figure 4(a)).
This absorption shoulder corresponded to the 2.23 eV, which
is compatible with the energy band gap of ZnTe semicon-
ductor [25]. The presence of absorption shoulder similar to
ZnTe band gap also confirmed the formation of the ZnTe
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Figure 5. (a) The schematic showing the hot-electron injection in Au@ZnTe nanocrystals that can lead to photoluminescence. (b) The
optical simulations of absorption coefficient of gold nanoparticles with the size of 4 nm. (¢) FDTD simulations, which show the field
enhancement outside of the shell. The position of the core nanoparticle is shown by white dashed circle.

component, considering that Au@ Ag, Te nanoparticles did not
show any distinctive excitonic peak (as shown in figure 4(a)).
The close examination of the absorbance profiles of the
synthesized Au@ZnTe nanocrystals from Au@Ag nano-
particles with reaction times of 30 and 50 h also showed the
absorption peak located at 542 nm and 524 nm, respectively
(figures 4(b) and (c)). The observed wavelength shift in the
Au@ZnTe nanocrystals is possibly due to the quantum con-
finement effect in different ZnTe shell thicknesses.

The photoluminescence profile of the synthesized
Au@ZnTe nanocrystals showed the peak positions in the range
of 376-382 nm, 390-395 nm, and 404—408 nm for the nano-
materials synthesized from Au@Ag nanoparticles at the reac-
tion times of 1, 30, and 50 h, respectively (figures 4(d)—(f)).
Once the Zn cations were introduced into the system, the
thermodynamically-driven cation exchange reaction occurred.
By increasing the reaction time from 1 to 120 min, the Ag
content decreases and ZnTe formation evolves (based on
figures 3(e)—(g)) that leads to a spectrally more dominant
blue emission with higher PLQY. At the same time, a small
wavelength red-shift was observed by increasing the reaction
time, which is possibly due to the quantum confinement effect
in ZnTe shell component. The absolute PLQY of the syn-
thesized Au@ZnTe nanocrystals with different reaction times
were also measured (figures 4(g)—(i)). By increasing the reac-
tion time from 1 min to 120 min, the PLQY showed increasing
behavior. The change in the PLQY was more significant in the
Au@ZnTe heterostructures synthesized from large Au@Ag
nanoparticles (from 8.1% for Au@Ag,Te to 27.2% for the
Au@ZnTe with the reaction time of 120 min) in comparison
with the Au@ZnTe heterostructures synthesized from small
Au@Ag nanoparticles (from 2.5% for Au@Ag,Te to 5.4%
for the Au@ZnTe with the reaction time of 120 min) as shown
in figures 4(g)—().

3. Discussion

In the hybrid metal-semiconductor nanostructures, the signi-
ficantly amplified electric field in the vicinity of the plasmonic
metal component can increase the optical transitions in the
semiconductor [26]. Hence, the estimation of enhancement or
deterioration of photoluminescent intensity is governed by the

competition between relaxation, radiative, and non-radiative
decay rates. In the plasmonic metal-semiconductor architec-
tures, the metal and semiconductor are attached together.
Hence, the photoluminescence intensity can be possibly
quenched [27-29] or enhanced [30-32].

In order to clarify the governing factors and photolumines-
cent behavior in the synthesized Au@ZnTe nanostructures, we
performed the plasmonic simulations by using Lumerical soft-
ware [33] for core—shell structure, where gold is centered at the
core with the radius of ~4 nm and the ZnTe shell thickness was
1 nm. The Fermi energy level for gold nanoparticles and the
HOMO and LUMO levels of ZnTe semiconductor were pos-
sibly positioned at —5.1 eV, —4.9 eV and —2.5 eV, respect-
ively (figure 5(a)) [26]. The Au nanoparticles with the size of
4 nm showed absorbance peak at 543 nm based on the optical
simulations (figure 5(b)). Our simulation results also showed
that under the optical excitation of the Au@ZnTe nanostruc-
tures with 325 nm wavelength the field enhancement is mostly
localized outside the shell and there was not any observable
field enhancement inside shell (figure 5(c)). Thus, we did not
observe any enhancement due to nano-antenna effect, which
has a plasmonic peak of 576 nm.

Alternatively, hot-electron injection can enhance the pho-
toluminescence. In this scenario, when photons are absorbed
by Au@ZnTe, nanocrystals, electrons gain the kinetic energy,
which can be calculated by using equation (1).

KEeleclron = Ephoton - Ebarrier - Edeepftrapy (1)

where Epnoon Was the photon energy at 325 nm, Epgrier Was
considered as 2.6 eV and Eccp-rap Was considered as zero. As
aresult, the kinetic energy of the electron (KE¢jectron at 325 nm) 1S
1.21 eV. Hence, the energy of the photons are sufficiently high
to generate the hot electrons by the metallic core. Depending
on the photon energy, the plasmon excitation can also non-
radiatively decay into hot-carrier states on a timescale of a
few femtoseconds [34—36]. There can be two probable mech-
anisms for photoluminescence enhancement. The first prob-
able mechanism is that the hot electron can pass to conduction
band of ZnTe shell and when it relaxes to the conduction band
edge (figure 5(a)), leaves its excess energy to the lattice and
results in an exciton. Finally, there will be two electrons and
one hole (i.e. a negative trion). As reported theoretically [34]
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and experimentally [35], radiative recombination probability
is two times greater in trion structures. Second probable mech-
anism is generation of a biexciton. After absorption of light by
surface plasmon, the kinetic energy of the hot electron leads to
the generation of an exciton and a valance electron with kinetic
energy, which can lead to the generation of a hole when this
electron moves to the gold. In this mechanism, there will be a
second hole in the valance band of the semiconductor, which
consequently leads to the trion structure in the first mechanism
to be converted to a biexciton. Under this probable mechanism,
the radiative recombination probability can be enhanced up to
4 times [35]. In addition, the ligands of oleic acid and oleylam-
ine will passivate the ionic traps generated by the dangling
bonds. Thus, the effect of plasmonics and chemical passivation
leads to a high PLQY up to 27.4%. Au@ZnTe nanocrystals,
which was synthesized by other solution-based routes, showed
no adverse effect on human pancreas adenocarcinoma (PL45)
cell line and their fluorescence within the cells confirmed their
operation in-vitro [37, 38]. Hence, Au@ZnTe nanocrystals
with high PLQY synthesized with cation exchange hold high
promise for bio-imaging.

4. Conclusions

In this study, we defined the non-epitaxial growth procedure
of the Au@ZnTe nanocrystals via a step-wise organometallic
synthetic route combined with the cation exchange reaction.
In the first part of the synthesis procedure, Au@Ag core—shell
nanoparticles were synthesized at different reaction times and
the structural characterization confirmed the formation of the
gold core nanoparticles with different shell thicknesses ran-
ging from 1.0 to 3.2 monolayers. By introduction of tellurium
to the reaction, an interfacial layer of Ag,Te was formed. In the
next step, the cation exchange between zinc and silver cations
resulted in the crystalline zinc telluride shell formation onto
the gold core. The investigation of the optical and structural
properties of the synthesized Au@ZnTe core—shell nanocrys-
tals confirmed the presence of ZnTe shell in the blue spec-
tral region. Moreover, the synthetic optimization of Au@ZnTe
nanocrystals resulted in a high PLQY level of 27%. Therefore,
non-epitaxial growth holds high promise for unconventional
and efficient nano-systems.

4.1. Methods and materials

4.1.1 Materials. ~ Gold (III) chloride trihydrate (HAuCly,
> 99.9% trace metals basis), silver nitrate (AgNO3, > 99.5%),
and Ethylene glycol (e.g., anhydrous, 99.8%) were pur-
chased from Sigma-Aldrich. Poly (diallydimethylammonim
chloride) solution (PDDA, M,, < 100 000, 35 wt % in
water), tellurium powder (Te, 99.8% trace metals basis),
oleylamine (OAM, > 98%), oleic acid (OA, 90% tech-
nical grade), zinc chloride (ZnCl,, 99.999% trace metals
basis), and (TBP, > 93.5%) were purchased from Aldrich.
Deionized water was prepared with a Milli-Q water puri-
fication system. All chemicals were used without further
purification.

4.1.2. Synthesis of Au@Ag nanoparticles. In order to syn-
thesize Au@Ag nanoparticles, the previous study [24] was
used with modifications. In a typical synthesis, 21.2 mg
HAuCly; was mixed with 7.22 mg AgNO;3, 1 ml PDDA and
10 ml e.g. in a reaction flask. The reaction flask was heated at
160 °C for different reaction times in order to achieve different
sizes of Au@ Ag nanoparticles. As the reaction time increased
from 1 h to 50 h, the color of the solution changed due to the
formation of the Ag shell with different thicknesses. Three dif-
ferent Au@Ag core—shell structures synthesized at 1, 30 and
50 h were selected for further shelling procedure.

4.1.3. Synthesis of Au@Ag.,Te nanoparticles.  Once the
Au@Ag nanoparticles were synthesized, 20 mg Te powder,
5 ml OAM and 5 ml OA were added to the reaction flask and
heated at 100 °C for 30 min in order to achieve the Au@Ag,Te
nanoparticles. Due to the formation of Ag,Te, the color of the
solution became dark at this stage.

4.1.4. Synthesis of Au@ZnTe nanocrystals. 20 mg ZnCl,
and 50 ul TBP were added to the reaction flask containing
Au@ Ag,Te nanoparticles. Then, the flask was heated at 50 °C
for 30 min to complete the reaction. Aliquots were taken at dif-
ferent time interval in order to investigate the optical proper-
ties. After the synthesis, the reaction mixture was filtered and
centrifuged at 5000 rpm for 15 min. The dark color solution
was dispersed in toluene for further characterization.

4.1.5. The structural properties of the nanocrystals.  The
high resolution transmission electron microscopy (HRTEM)
was performed using a FEI Talos F200S 200 k microscope
with an accelerating voltage of 200 keV. For XRD meas-
urements, multiple layers of nanoparticle solution were drop-
casted on a glass substrate, left to dry and analyzed in a
Bruker D2 Phaser x-ray diffractometer with Cu Ko radiation
(\ = 1.541 A).

4.1.6. The optical properties of the nanocrystals.  The photo-
luminescence and UV/Visible absorbance spectra of synthes-
ized nanocrystals were performed by Edinburgh Instruments
Spectroflourometer FS5 with Xenon lamp. The nanoparticle
solutions were excited with 335 nm wavelength. The integrat-
ing sphere was used to measure absolute PLQY of the syn-
thesized nanocrystals. Standard quartz cuvettes with the cross
dimensions of 1 x 1 cm? were used for photoluminescence,
UV/Visible and PLQY measurements.
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