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Abstract:

Quantum dots (QDs) that emit in the visible spectrum potentially have many biomedical
applications, including bioimaging, biosensing, drug targeting, and photodynamic therapy.
However, using QDs is significantly limited because they typically contain cadmium, which is
cytotoxic and makes FDA approval very unlikely for human treatment. Previous work on
biocompatible QDs has focused on indium phosphide and zinc oxide as alternative
semiconductor materials. However, these nanoparticles have also been shown to be cytotoxic.
High-efficiency luminescent ZnTe core QDs could be a reasonable alternative. Our recent
studies of zinc chalcogenide QDs started with synthesis, structural characterization, and
investigation of optical properties of ZnTe/ZnSe colloidal QDs that displayed a visible
photoluminescence under ultraviolet excitation. The characteristics of ZnTe/ZnS QDs
synthesized under different conditions were then compared in order to determine an optimal
choice of core/shell thickness for maximum quantum efficiency.
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1. Introduction
1.1. Introduction to quantum dots in biomedical applications.

Quantum dots (QDs) are semiconductor nanocrystals that are 1-100 nm in size and are
coated with an organic ligand. “[QDs] exhibit strongly size-dependent optical and electrical
properties. The ability to join quantum dots into complex assemblies creates many opportunities
for scientific discovery” [Alivisatos 1996]. In a simple scenario, a spherical quantum dot can be
thought to be like a simple one-dimensional “particle in a box”; as the size of the sphere
decreases in radius, the confined particle has higher separation between its energy states [Guan
2008]. As the size of the particle is reduced, the electronic excitations shift to higher energy
[Alivisatos 1996]. This leads to the size of the core nanocrystals having the greatest effect on the
wavelength of light that a nanoparticle emits. However, the presence of a shell and the thickness
of this shell layer also influence the optical properties of the QDs. The shells coating the core
have been found to passivate the surface and increase the quantum efficiency of the particles
[Alivisatos 1996], [Guan 2008]. Also, when compared to currently used fluorescent markers in
biological imaging such as organic dyes, QDs are more stable against photobleaching [Guan
2008].

QDs emitting in the visible spectrum are of interest for many biomedical applications,
including bioimaging, biosensing, drug targeting, and photodynamic therapy [Chatterjee 2008],
[Wang 2013]. Luminescent colloidal nanoparticles are promising candidates for visible, color-
tunable, biological markers. Because of quantum confinement, the wavelength that certain
nanomaterials emit is not completely dependent on their composition or crystallographic
structure, but also on the size of the nanoparticles. Most nanoparticles that display these
luminescent properties are metal-containing compounds. Among those, cadmium-chalcogenide-
core compounds are the most widely used [Tsay 2004], [Law 2009], [Jing 2013], [Zhao 2017]. A
large concern with these compounds, however, is their cytotoxicity: unless the cores are tightly
coated with a non-toxic (typically containing zinc) shell material, the cadmium chalcogenide
cores are dangerous for in-vivo biomedical applications because they are toxic to cells [Law
2009], [Wang 2013]. For instance, CdTe/ZnS QDs have been used for imaging of lymph nodes
in mice [Zhao 2017].

For in-vivo biomedical applications, it is very important to identify compounds with a
low cytotoxicity and strong luminescent properties that could replace cadmium-containing cores.
Desirable qualities in applications of colloidal nanoparticles are high colloidal stability, small
size distribution, high quantum efficiency, and long luminescence lifetime [Wang 2013]. Zinc
chalcogenides are a promising core material for biomedical applications because they have
similar physical properties to cadmium chalcogenides, but they have been shown to be less
cytotoxic. We believe that QDs composed of a zinc chalcogenide core and a zinc chalcogenide
shell with a larger bandgap than the core material would have similar properties and be less
cytotoxic than the more commonly used alternatives with cadmium-containing cores [Tulsky
2014].



1.2. Introduction to zinc chalcogenide QDs.

Due to its smaller bandgap, zinc telluride (ZnTe) is an attractive material for the QD core.
Zinc, in general, is a much less cytotoxic metal than cadmium, and ZnTe has a bandgap that is
smaller than other zinc chalcogenides: zinc sulfide (ZnS) and zinc selenide (ZnSe) [Xie 2005],
[Guan 2008]. ZnS or ZnSe shells would form type-II heterostructures with the ZnTe cores [Guan
2008], [Sukkabot 2015]. In a type-II QD, both the valence and conduction band in the core are
lower (or higher) than in the shell, and this allows type-II QDs to have many novel properties
that are fundamentally different from the more commonly researched type-1 QDs [Kim 2003],
[Xie 2005], [Guan 2008]. ZnTe/ZnSe and ZnTe/ZnS core/shell QDs may produce desirable
qualities such as a high quantum yield, narrow size distribution, high colloidal stability and long
luminescence lifetime [Wang 2013]. Quicker methods to synthesize ZnTe nanoparticles involve
air-sensitive chemicals, and, consequently, require a glove box filled with argon or nitrogen, [Xie
2005], [Guan 2008]. However, a direct aqueous synthesis is also attractive for biomedical
applications, although so far it has produced the QDs with smaller quantum yields of 7% [Song
2015]. Other methods using aqueous routes rather than air-sensitive chemicals have different
concerns, such as a stronger dependence on pH of the reaction solution, and typically longer
synthesis times [Xu 2010], [Patra 2016]. High-efficiency ZnTe core QDs could provide a safer
alternative to cadmium chalcogenide core QDs because they have similar physical properties and
are less cytotoxic then cadmium chalcogenide cores and can still be coated in zinc chalcogenide
shells.

ZnTe/ZnSe and ZnTe/ZnS core/shell QDs form type-II interfaces, with staggered alignment
of the conduction and valence band edges. In this type-II alignment, both the valence and
conduction band in the core are lower (or higher) than in the shell [Kim 2003],[ Xie 2005], [Guan
2008]. The direct bandgap of ZnTe is 2.26 eV, the direct bandgap of ZnSe is 2.7 eV, and the
direct bandgap of ZnS is 3.61 eV [Guan 2008], [Lincheneau 2014]. As a result, the effective
bandgap in these QDs is smaller than that of either of the constituent core or shell materials. By
taking advantage of the type-II band alignment and quantum confinement effects, we could
engineer QDs with relatively strong photoluminescence because the wavelength of luminescence
may be tuned, and the shell provides an increased quantum efficiency [Alivisatos 1996], [Guan
2008]. For example, 12% quantum efficiency has been reported for ZnTe/ZnSe QDs with the
shell thickness of 1.5-3 monolayers [Fairclough 2012], while other authors claimed a typical
quantum efficiency of 15% for the ZnTe/ZnSe QDs with the shell thickness of less than 4
monolayers [Guan 2008].



2. Materials and Methods:

2.1. Synthesis methods.

Figure 1: A closed three-neck flask with two septa and a nitrogen adapter. One septum is used to hold the thermocouple, and the
other septum is used to inject precursors with a syringe. The three-neck flask sits on the stir plate, has a magnetic stir bar, and is
constantly supplied with argon flow from the Schlenk line.

All nanoparticles were synthesized in a three-neck flask attached to a Schlenk line
(Figure 1). The Schlenk line allows a controlled supply of argon gas or vacuum to the three-neck
flask for the reaction to occur in a controlled and inert environment. The temperature of the
reaction was controlled with a temperature controller connected to the flask by a thermocouple,
and the heat was suppled through a heating mantle. Furthermore, to mitigate the heat that was
lost in the reaction, the three-neck flask and heating mantle were insulated with aluminum foil
during the reaction. Every three-neck flask had a Teflon stir bar and was placed on a magnetic
stir plate to allow continuous stirring of the reaction.

A glove box with argon gas flow was used in order to handle air-sensitive chemicals. To
minimize exposure to air, chemicals were transferred out of the glovebox with a syringe in a
plastic bag and injected to the three-neck flask.

2.1.1 SILAR shell calculations.

For the ZnSe shells of the ZnTe/ZnSe QDs, we used a Single Ion Layer Adsorption and
Reaction (SILAR) process [Guan 2008]. After the colloidal ZnTe nanoparticles were
synthesized, the shells were synthesized by alternating injections of zinc and tellurium precursors
at 20 minutes between each injection. The amount of precursor required for each injection was
determined by calculating the moles of precursor needed to synthesize a perfect spherical shell of
ZnSe over perfectly spherical ZnTe nanoparticles with the same radius [R]. We determined that
the number of moles [n] needed to form the i shell monolayer depended on the densities [p],
molar masses [u], and volumes of the materials [V] that make up the core and i shell
monolayers is:
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The thickness [H] of the shells was estimated to be multiples of a unit cell of a zinc
blende structure based on the material’s lattice parameter [a], and the radius of the shell’s
monolayer was determined to be the radius of one-unit cell of shell material with a radius
calculated from the lattice parameter. These hollow shells were assumed to be perfect spheres

3 .
[V= 4/3 n(R23-R1 ); H=R,-R, ] (Figure 2).

Figure 2: An example of the estimation of a ZnTe-nanoparticle core with three ZnSe monolayers with the same thickness.

2.1.2. Instability of ZnTe cores.

Figure 3: Oxidized ZnTe-nanoparticle cores dispersed in hexanes a week after synthesis under UV Light.

ZnTe-nanoparticle cores are not colloidally stable for extended periods of time alone.
This instability manifested itself in the ZnTe-nanoparticle cores quickly oxidizing to zinc oxide
and allowing the tellurium powder to precipitate (Figure 3) [Ji 2017]. In order to synthesize a
more robust ZnTe core nanoparticle, a shell must be added to improve the colloidal stability as
well as for increased control of the photoluminescence.



2.1.3. Experimental workflow.

Experiment 1: Synthesize ZnTe-nanoparticle cores and characterize primarily for their size.

A 4

Experiment 2: Synthesize ZnTe/ZnSe core/shell QDs with various monolayers and characterize the
samples structurally and optically (sample with highest photoluminescence intensity reported).
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Experiment 3: Synthesize ZnTe/ZnS core/shell QDs with various monolayers and characterize the
samples structurally and optically (sample with highest photoluminescence intensity reported).

Figure 4. Experimental workflow for the development of the reported synthesis procedures.

For the experiment, a synthesis of the ZnTe cores was first created. The cores were tested
with transmission electron microscopy to determine their radius to be 1.85 nm to 2.5 nm. After,
the ZnTe/ZnSe core/shell QDs were synthesized and tested with various monolayers, and
ZnTe/ZnSe QDs with one, two and three shell monolayers were determined to be the best
product. Next, ZnTe/ZnS QDs were synthesized with one, two and three shell monolayers, and
the ZnTe/ZnS QDs with three shell monolayers were determined to be the best product.

2.2.1. Materials (ZnTe/ZnSe QDs).

Tellurium powder (Te, 99.8%), selenium powder (Se, 99.8%), oleic acid (95%),
trioctylphosphine (TOP, 90%), oleylamine (OA, 98%), 1-octadecene (ODE, 90%), butanol,
methanol, and hexanes were purchased from Sigma-Aldrich, USA, and zinc acetate was
purchased from Mallinckrodt. All chemicals were used as received without purification.

2.2.2. Synthesis of ZnTe nanoparticles and ZnTe/ZnSe core/shell QDs.

Our synthesis method for the ZnTe-nanoparticle cores required a 0.1 M trioctylphosphine
tellurium solution (TOPTe) as a tellurium precursor, diethylzinc (ZnEt2) as a zinc precursor, 1-
octadecene (ODE) as a reaction solvent with a high boiling point, and oleylamine (OA) for an
organic ligand coating that also functioned as a stabilizing surfactant [Matteucci 2006]. The
ZnSe shell required a 0.1 M zinc acetate solution prepared from zinc acetate and oleic acid in
ODE, and a 0.1M solution of selenium in TOP.

In our synthesis, OA and ODE were heated to 110 °C for one hour in a three-neck flask
connected to a Schlenk line under continuous argon flow. Then, the reaction was heated to
285 °C, and a ZnEt2/TOPTe solution was injected at slightly above the boiling point of the TOP.
The temperature immediately dropped to 270 °C. After a two-minute reaction, ZnTe
nanoparticles were produced that luminesced bright yellow under a 365 nm ultraviolet light
while the ZnTe nanoparticles were still under argon in the three-neck flask. Then, the
temperature was reduced to 240 °C. First, the zinc shell precursor was injected. After letting the
reaction occur for 20 minutes, the selenium precursor was injected, and this reaction progressed
for another 20 minutes. Then, the nanoparticles were cooled and washed in a mixture of



methanol and butanol. Finally, the nanoparticles were stored in hexanes, and appeared to
luminesce a duller yellow under the ultraviolet lamp (365 nm). The synthesis, washing, and
storage procedures were developed from the procedures of [Xie 2005], [Zhang 2006], [Guan
2008], [Tulsky 2014]. The methods were first reported in [Gonzales 2018].

2.2.3. Synthesis of colloidal ZnTe nanoparticle cores.

Figure 5: Three-neck flask with ZnTe-nanoparticle cores under UV light shortly after reaction.

In a typical synthesis, OA and ODE were heated to 110 °C under continuous and
moderate stirring. The solvents were left to degas for an hour in a 50-mL three-neck flask
connected to a Schlenk line placed under argon flow. Then the three-neck flask was heated to
285 °C (slightly above the boiling point of TOP). While the flask was being heated, a solution on
TOPTe/ZnEt, was prepared in the argon-filled glovebox, with ZnEt; and a 0.1 M TOPTe
solution. The TOPTe/ZnEt, solution was injected into the three-neck flask, and the temperature
was maintained at 270 °C for two minutes to permit ZnTe nanoparticles to form. This reaction
was calculated to produce ZnTe cores with a 4 nm diameter. After the reaction, the nanoparticles
in the three-neck flask emitted visible light when excited by a 365 nm ultraviolet light source
(Figure 5).
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2.2.4. Synthesis of ZnSe shells.

Figure 6. Three-neck flask with ZnTe/ZnSe QDs with two shell ~ Figure 7: Three-neck flask with ZnTe/ZnS with three shell
monolayers shortly after the reaction under UV light. monolayers shortly after the reaction under UV light.

After the three-minute reaction for the cores, the temperature in the three-neck flask was
lowered to 240 °C. Once the flask was at 240 °C, the 0.1M zinc oleate shell precursor was
injected, and the reaction proceeded for 20 minutes. Then, the 0.1M TOPSe shell precursor was
injected, and the reaction continued for another 20 minutes. Subsequently, the flask was cooled
to room temperature, and the nanoparticles were washed. The ZnTe/ZnSe QDs in the three-neck
flask emitted visible blue-green when excited with a 365 nm ultraviolet light source (Figure 6
and Figure 7).

2.2.5. Washing of ZnTe/ZnSe core/shell QD:s.

Figure 8: Washed ZnTe/ZnSe QDs in centrifuge tube after ~ Figure 9: ZnTe/ZnSe QDs in a scintillation vial with three shell
washing before being dispersed in hexanes. monolayers dispersed in hexanes under UV light.

The excess OA and ODE were removed through three stages of washing in a two-parts
methanol and one-part butanol. The contents of the three-neck flask were added to six 10-mL
centrifuge tubes with the mixture of methanol and butanol, and the nanoparticles were
centrifuged at 4000 rpm for five minutes. The nanoparticles were washed three times (Figure 8).
Finally, the ZnTe/ZnSe QDs were stored in hexanes in a 20-mL scintillation vial. In the
scintillation vial, the QDs luminesced a visible blue-green when excited with a 365 nm
ultraviolet light source (Figure 9).
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2.3.1. Materials (ZnTe/ZnS QDs).

Tellurium powder (Te, 99.8%), sulfur powder (S, 99.8%), oleic acid (OlA, 95%),
trioctylphosphine (TOP, 90%), oleylamine (OA, 98%), 1-octadecene (ODE, 90%), acetone,
methanol, and hexanes were purchased from Sigma-Aldrich, USA, and zinc acetate was
purchased from Mallinckrodt. All chemicals were used as received without purification.

2.3.2. Synthesis of ZnTe/ZnS core/shell QDs.

ZnTe nanoparticles were synthesized by a hot injection method into a solution of an
organic ligand that functioned as a coordinating solvent oleylamine (OA) and a high boiling
point reaction solvent 1-octadecene (ODE) under an inert argon environment. For our ZnTe core
precursors, we used a 0.1 M solution of tellurium powder dissolved in trioctylphosphine
(TOPTe) for the tellurium precursor and diethylzinc (ZnEty) for the zinc precursor. Then, for the
ZnS shell we created a zinc oleate precursor of 0.17 M zinc acetate dissolved in (OlA), OA and
ODE, and a sulfur precursor of 0.22M sulfur powder dissolved in ODE.

In preparation for the synthesis, a three-neck flask was connected to the Schlenk line
under argon flow. In this flask, zinc acetate was heated with OlA, OA and ODE to form the zinc
shell precursor. After we added these precursors, we heated the flask to 250°C with medium
stirring. After this precursor was heated to 250°C, it was cooled to 60°C until it was ready for
injection. Also, at this time, another three-neck flask was connected to the Schlenk line under
argon flow. In this flask, we prepared the sulfur shell precursor, sulfur powder, in ODE by
heating the solution to 200°C and then cooling it to room temperature until it was needed for
Injection.

In our synthesis, OA and ODE were mixed in a three-neck flask at medium stirring for
one hour at 110°C with a continuous argon flow to allow the flask to degas. After this hour, we
further degassed the flask by switching the argon flow to vacuum for five minutes. After this
time, the vacuum flow was switched to argon, and the flask was heated to 285°C. While the flask
was heating, in the glovebox, a solution of ZnEt,/TOPTe was prepared in a syringe. Once the
flask was at 285°C, the syringe was transferred out of the glovebox to the Schlenk line hood, and
the solution was injected into the three-neck flask. The temperature of the flask immediately
dropped to 270°C. After a two-minute reaction at this temperature, ZnTe cores were produced,
and the flask was cooled to 240°C.

Before the ZnS shell synthesis, another three-neck flask was connected to the Schlenk
line under argon flow. Zinc acetate was added to the flask and mixed with OlA, OA and ODE.
The flask was heated to 250 °C with stirring to form zinc oleate. The flask was then cooled to 60
°C until it was ready for injection. At the same time, a third three-neck flask was connected to the
Schlenk line under argon flow. In this flask, to prepare the sulfur shell precursor, sulfur powder
in ODE was heated to 200 °C and then cooled to room temperature until it was ready for
injection.

At this point in time, for every desired monolayer, zinc shell precursor was injected to the
flask followed by sulfur shell precursor, in a 1:2 stoichiometric ratio to synthesize one

12



monolayer, and the reaction proceeded for 15 minutes. After each 15-minute reaction, this
process could be repeated to add another monolayer, or the flask was cooled to room temperature
to wash the core/shell QDs. The synthesis, washing, and storage procedures were developed
from the procedures of [Guan 2008], [Qian 2009], [Akins 2010], [Lincheneau 2014], [Plumley
2014], [Tulsky 2014], [Sukkabot 2015]. The methods were first reported in [Gonzales 2019].

2.3.3. Synthesis of colloidal ZnTe nanoparticle cores with ZnS shells.

Figure 10: Three-neck flask with ZnTe/ZnS QDs with two shell Figure 11: Three-neck flask with ZnTe/ZnS QDs with three shell
monolayers under UV light shortly after the reaction. monolayers under UV light shortly after the reaction.

The colloidal ZnTe nanoparticle cores of 5 nm were synthesized in the same way as
described in Section 2.2.3. After the two-minute reaction for the cores, the temperature in the
three-neck flask was dropped to 240 °C. Once the flask was at 240 °C, a 0.17M zinc oleate shell
precursor was injected followed by a 0.22 M sulfur shell precursor, and the reaction proceeded
for 15 minutes. This series of injections of precursors was repeated at increasing volumes, based
on the currently estimated radius of the particle, to synthesize each subsequent shell monolayer.
Finally, the flask was cooled to room temperature, and the QDs were washed. In the three-neck
flask before washing, the QDs luminesced a visible yellow-orange when excited with a 365 nm
ultraviolet light source (Figure 10 and Figure 11).

2.3.4 Washing of ZnTe/ZnS core/shell QD:s.

Figure 12: Washed ZnTe/ZnS QDs in centrifuge tube after ~ Figure 13: ZnTe/ZnS QDs in a scintillation vial with three shell
washing before being dispersed in hexanes. monolayers dispersed in hexanes under UV light.

The excess OA, OlA and ODE were removed through several stages of washing in five-parts
acetone and one-part methanol. The contents of the three-neck flask were added to six 10-mL
centrifuge tubes with the mixture of acetone and methanol, and the QDs were centrifuged at

13



4000 rpm for five minutes. The nanoparticles were washed three times (Figure 12). Finally, the
ZnTe/ZnS QDs were stored in hexanes in a 20-mL scintillation vial. In the scintillation vial, the
QDs luminesced a visible and opaque yellow-orange color when excited with a 365 nm
ultraviolet light source (Figure 13).

3. Results
3.1 Structural characterization.

To understand the properties of the synthesized QDs, we characterized their structural and
optical properties and distinguished the products of the synthesis past their material composition.
For our structural characterization, we used Dynamic Light Scattering (DLS) and Transmission
Electron Microscopy (TEM) to understand the size and size distribution of the QDs. Also, X-
Ray Diffraction (XRD) characterized the size of the particles and the molecular structure of the
QDs’ crystal lattice. Thermogravimetric Analysis (TGA) was used to determine the total
percentage mass of the washed product, and Differential Scanning Calorimetry (DSC) was used
to measure the heat required to increase the temperature of the QDs, during the TGA process.
After the structural characterization, the QD synthesis and the quality of the washed QDs’ could
be determined.

3.1.1. Dynamic Light Scattering.

Dynamic light scattering (DLS) was measured using the Wyatt Technology DynaPro
Titan instrument. For DLS, the hydrodynamic radius is a spherical equivalent radius of a hard
sphere diffusing at the same rate as the particle of interest. In our case, the measured
hydrodynamic radius includes the oleylamine coating of the QDs, so the radii obtained by DLS
should be larger than the values observed using TEM [Wyatt Technology Corporation 2010] The
hydrodynamic size of the ZnTe/ZnSe and ZnTe/ZnS QDs coated in oleylamine determined by
DLS was compared to the size of the nanoparticles measured through TEM.
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Figure 14: DLS results show the hydrodynamic size distribution Figure 15: DLS results show the hydrodynamic size distribution
of ZnTe/ZnS QDs. of ZnTe/ZnSe QDs.

DLS showed that the distribution of the QDs is monomodal and polydisperse because
only one peak is resolved, with most of the values within 5 times the size of the smallest particle
[Wyatt Technology Corporation 2010], [Hackley 2015]. Both samples had a hydrodynamic
diameter between 6-18 nm (Figures 14 and 15). The hydrodynamic diameter would be the
spherical equivalent diameter of a hard sphere diffusing at the same rate as the particle of
interest, and this calculation included the hydration or solvent layer that surrounded the particles.
In order to make the QDs from the synthesis more monodisperse, the synthesis and washing
procedures may be changed to increase the homogeneity of the QDs and remove most of the
organic coating and improve the subsequent characterization.

3.1.2. Transmission Electron Microscopy.

TEM measurements of the QDs stored in hexanes were taken with the JEM 2010F
electron microscope. The ZnTe/ZnSe QDs were prepared on a copper TEM grid by placing two
drops of water on the grid, and then two drops of the ZnTe/ZnSe QDs in hexanes. The ZnTe/ZnS
QDs were prepared on a copper TEM grid by placing two drops of ethanol on the grid, and then
two drops of the ZnTe/ZnS QDs in hexanes.
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Figure 16: TEM image at low magnification of ZnTe/ZnS QDs. ~ Figure 18: TEM image at high magnification of ZnTe/ZnSe
Scale of 100 nm. ODs. Scale of 5 nm.

Figure 19: TEM image at high magnification of ZnTe/ZnS QDs.
Scale of 5 nm.

Figure 17: TEM image at low magnification of ZnTe/ZnS QDs.
Scale of 50 nm.

The ZnTe/ZnS QDs and ZnTe/ZnS QDs had a diameter of 6-8 nm (Figures 16, 17, 18,
and 19). The resolution of the images can be improved by changing the synthesis and washing
procedure of the QDs to further remove excess organic coating. The highest resolution image
shows lattice fringing in the QDs and diffraction caused by the presence of a crystal lattice in the
QDs from each synthesis (Figures 18 and 19).
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3.1.3. Energy Dispersive X-ray Spectroscopy.

Energy Dispersive X-ray Spectroscopy (EDS) measurements of the QDs stored in
hexanes were taken with the JEM 2010F electron microscope. In EDS measurements, the x-rays
are emitted when the sample is bombarded by an electron beam. The relative intensity and
energy of the lines in EDS spectrum are used to determine the elemental composition of the
sample. The ZnTe/ZnSe QDs were prepared on a copper TEM grid by placing two drops of
water on the grid, and then two drops of the ZnTe/ZnSe QDs in hexanes. The ZnTe/ZnS QDs
were prepared on a copper TEM grid by placing two drops of ethanol on the grid, and then two
drops of the ZnTe/ZnS QDs in hexanes.

Figure 20: Elemental analysis of ZnTe/ZnS QOD:s.

The material with the dominant peak is carbon. The high amounts of carbon come from
the copper grid used for the characterization which was coated in carbon, and the excess organics
on the surface of the quantum dots. Zinc, tellurium and sulfur are peaks that appear from the
sample (Figure 20).

3.1.4. X-ray Diffraction.

Crystallographic structure of the ZnTe/ZnSe and ZnTe/ZnS QDs in hexanes was
measured using Rigaku X-ray diffraction system. Colloidal QDs dispersed in hexane were tested.
After the tests, the Scherrer equation was used to estimate the size of the quantum dots.
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Figure 21: Intensity of X-ray diffraction from ZnTe/ ZnSe QDs.

Figure 22: Intensity of X-ray diffraction from ZnTe/ZnS QDs.

These XRD results are indicative of ZnTe/ZnSe and ZnTe/ZnS QDs. The main peak at
approximately 27 degrees corresponds to cubic ZnTe. The leftmost peak of the graph that slopes
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downward to the first ZnTe peak corresponds to the presence of organic ligands in the solution
(Figure 21 and 22). The main peak at approximately 25 degrees corresponds to ZnTe. The
ZnTe/ZnSe QDs had cubic ZnSe peaks located at 29 degrees, 37 degrees and 58 degrees (Figure
21). The ZnTe/ZnS QDs had wurtzite ZnS peaks located at 29 degrees and 47 degrees. Finally,
in the stretch from 40-50 degrees, a broad peak corresponds to ZnTe at the two edges of the peak
with a ZnS peak in the middle (Figure 22).

The broadening of the XRD lines is consistent with the nanocrystal size ranging from 3
nm to 6 nm, and there is still a large organic layer as seen in the other results. These results
indicate that the approximate size of the particles is 6 nm and that there is 93% ZnTe and 7%
ZnS. But these amounts are only approximate because the material was not sufficiently washed
and because too many excess organics were present. In order to better model the diffraction
profile, we will need to improve our washing procedure to remove contamination from organic
ligands.

3.1.5. Thermogravimetric Analysis and Differential Scanning Calorimetry.

We determined the total percentage of ZnTe/ZnS QDs in our washed product with
thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC). This technique
allowed us to see the materials response to temperature changes such as mass change or thermal
change. TGA/DSC was done with a Netzsch STA 449 F1 Jupiter apparatus. TGA measures the
change in mass of the sample as the temperature increases, and it is assumed the mass loss is due
to the evaporation of the organics bound to the surface of the QDs. DSC measures the amount of
energy required to change the temperature as the temperature increases, and this can also be used
to verify that the mass loss is associated with the evaporation of organics. The QDs were dried
before the measurement to remove the hexanes and the solid QDs coated with oleylamine were
tested.
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Figure 23: Change in mass as a function of temperature (green line — TG%) and energy required to change temperature as a
function of temperature (blue line — DSC).

Most of the product are not ZnTe/ZnS QDs from the synthesis but the organic matrix of bound
and non-bound ligands plus possible solvent (Figure 23). However, the mass loss temperature is
high compared to what would be expected of oleylamine and can be attributed to the loss of the
ligand/organic matrix as judged by the strong endothermic peak from DSC. The higher than
expected temperature of the main mass loss stage is possible due to the presence of bound oleate
ligand used during deposition of ZnS shell.

3.2 Optical characterization.

Characterizing the optical properties of the QDs was important to understand how the
QDs will respond to optical excitation. First, the absorption of the QDs was measured in order to
predict what wavelength of light they will respond to and determine a standardized
concentration. Next, the QDs were characterized for their photoluminescence (PL), scanning a
range of emission wavelengths scanning from 350-750 nm at a fixed excitation wavelength, and
photoluminescence-excitation (PL-E), scanning a range of excitation wavelengths at a fixed
emission wavelength. We preformed this analysis, in order to determine the intensity of the light
emitted from the QDs through a range of wavelengths. Furthermore, PL and PL-E ultimately
determine the wavelength of light that emitted the peak intensity of light from the QDs. Finally,
the wavelength that produced the highest intensity peak of the PL characterization was tested in a
quantum yield (QY) measurement in order to determine the PL. quantum efficiency of all QDs;
we completed this characterization by using the ratio between the numbers of photons emitted to
the number of photons absorbed. The optical characterization is valuable in order to determine
the quality of the QDs from each synthesis.
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3.2.1. Spectrophotometry.

A Cary 5000 UV/Vis/NIR spectrophotometer was used for absorption measurements. UV
absorption peaks were observed for ZnTe nanoparticles, ZnTe/ZnSe and ZnTe/ZnS QDs
dispersed in hexanes. The cuvette used had an internal width of 1 cm. These measurements relate
the ratio of incident to emitted intensity to the concentration of a colloidal sample via Beer-

Lamberts law [long0 = ¢LC]. Because the different QDs had different amounts of organics in the

washed product, the absolute concentration of the QDs was not determined. However, the
absorption measurements were valuable to optimize the photoluminescence measurements,
because they provided an indication of relative concentration of QDs between different
characterization techniques. Furthermore, this indicated the wavelengths of light that the
particles would interact with and helped determine the excitation wavelengths that should be
used for photoluminescence measurements.
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Figure 24: Absorption spectrum of ZnTe nanoparticle cores from 300-700 nm.

21



300 350 400 450 500 550 600 650 700 300 350 400 450 500 550 600 650 700
1 1 1 1 1 1 1

5.0 1 1 1 1 1 1 1 5.0 25 25
4.0 4.0 2.0 2.0
3 )
= 3.0 3.0 2 154 F1.5
Qo [
£
2 @
< i L o
20 20 < 104 1.0
1.0 F1.0
0.5 | 0.5
0.0 T T T T T T T 0.0
300 350 400 450 500 550 600 650 700 0.0 0.0

T T T T T T T
300 350 400 450 500 550 600 650 700
Wavelength (nm)

Wavelength (nm)

Figure 25: Absorption spectrum of ZnTe/ZnSe QDs

from 300-700 nm. Figure 26: Absorption Spectrum of ZnTe/ZnS QDs

from 300-700 nm.

After the synthesis, a series of serial dilutions was conducted to determine the optimal
dilution of the particles for the photoluminescence measurements. The ZnTe nanoparticles
showed absorption peaks at 332 nm with 0.6 absorbance, and this sample did not absorb much
light longer than ultraviolet wavelengths based on the absorbance plateau of 0.2 (Figure 24). The
ZnTe/ZnSe QDs showed absorption peaks at 320 nm and 475 nm with 0.6 absorbance (Figure
25). The ZnTe/ZnS QDs had a peak absorbance of 0.6. The two main shoulders of the ZnTe/ZnS
QDs appear at 400 nm and 475 nm (Figure 26). These results indicated that the nanoparticles
were absorbing ultraviolet light. These wavelengths were the first wavelengths tested for
photoluminescence measurements, but ultimately the desired excitation wavelength for
photoluminescence measurements was determined from a photoluminescence-excitation scan.

3.2.2. Spectrofluorometry.

A Fluorolog-3 spectrofluorometer from Horiba Jobin Yvon was used for
photoluminescence excitation (PL-E) spectroscopy, photoluminescence (PL) spectroscopy, and
quantum yield (QY) measurement. The measurements were done with excitation and emission
slit width of 2 nm; however, in the image of ZnTe nanoparticles, a 4 nm emission slit width was
used. The cuvette used was 1 cm in internal width. The ZnTe nanoparticles, ZnTe/ZnSe and
ZnTe/ZnS QDs were tested as they were stored in hexanes. For these measurements, different
sample holders were used on the Fluorolog-3. Photoluminescence and photoluminescence-
excitation measurements at room temperature were done with a single sample holder;
photoluminescence measurements at different temperatures were done with a Horiba Scientific
Peltier Sample Cooler attachment, and the quantum efficiency measurements were done with an
integrating sphere attachment. PL-E measurements scanned the emission intensity at a range of
excitation wavelengths with the emission parked at a single wavelength. PL measurements
scanned the emission intensity of the sample at a range of emission wavelengths with a fixed
excitation wavelength. Quantum yield measurements were done with a Microsoft Excel script
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that measured the intensity of emission at a range of emission wavelengths with a fixed
excitation wavelength.

From these measurements, the type of emission spectrum may then be determined in
order to understand emission process observed in the sample. In the photoluminescence
measurements, we would expect to see Stokes photoluminescence when a photon is absorbed,
exciting an electron-hole pair, which then relaxes to a lower energy state before the radiative
recombination process results in emission of a Stokes-shifted photon. Alternatively, there can be
Raman scattering where “a laser photon bounces off a molecule and loses a certain amount of
energy that allows the molecule to vibrate (Stokes process). The scattered photon is therefore
less energetic, and the associated light exhibits a frequency shift. The various frequency shifts
associated with different molecular vibrations give rise to a spectrum, that is characteristic of a
specific compound” (Figure 27) [Horiba Jobin Yvon].
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Figure 27: Mechanisms of various light-emission processes [Horiba Jobin Yvon]. The photoluminescence from the QDs is
expected to be similar to resonance fluorescence like illustrated in (e) and the photoluminescence in the hexanes is assumed to be
resonance Raman as illustrated in (d).
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Figure 29: PL spectrum of oleylamine from 370-670 nm.
Excitation wavelength park at 381 nm. All QDs should be

characterized QDs are dispersed in hexanes and should show coated in this organic ligand and should show traces of this PL

traces of this PL spectrum.

spectrum.

All photoluminescence measurements of ZnTe nanoparticles, ZnTe/ZnSe QDs and

ZnTe/ZnS QDs should have traces of oleylamine, an organic compound that coats the

nanoparticles and functions as a stabilizing surfactant and traces of hexanes, a nonpolar organic
solvent that was used to disperse the QDs superimposed on the emission from the nanoparticles.
The peak of hexanes was narrow, shifted with excitation wavelength, was not attributed to
photoluminescence, and was attributed to a Raman shift of the emitted photons (Figure 28); this

emission is believed to be a Raman fluorescence because on the peak depends on the wavelength

of excitation and shifts from the excitation peak the wavelength of excitation [Horiba Jobin

Yvon]. The peak of oleylamine was broad and peaked at 407 nm when excited with 350 nm light

(Figure 29).
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The photoluminescence-excitation (PL-E) data were important because these data
determine the wavelength of excitation light that will cause the QDs to emit light of the highest
intensity at a fixed emission wavelength. After the PL-E measurement, with the emission
monochromator parked at 426 nm, the most effective wavelength of light for excitation in
photoluminescence measurements for ZnTe/ZnSe QDs was 378 nm (Figure 30). The PL-E
measurements were done in conjunction with the photoluminescence measurements to optimize
the photoluminescence intensity at a certain emission wavelength.
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Figure 31: PL spectrum of ZnTe nanoparticles from 370-380 nm. Excitation wavelength park at 350 nm.
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Figure 33: PL spectrum of ZnTe/ZnS QDs excited at two

wavelengths from 425-750 nm.

For the ZnTe nanoparticles, we used an excitation of 350 nm. Peaks were noted in
photoluminescence intensity at 391 nm, 405 nm and 426 nm. The peak at 391 nm was attributed
to the hexanes (Figure 28), and the peak at 405nm is attributed to oleylamine (Figure 29), and the
peak at 426 nm should be from photoluminescence of the ZnTe nanoparticles. The
photoluminescence spectra of ZnTe/ZnSe QDs with an excitation wavelength of 381 nm showed
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Intensity (CPS)

emission peaks at 391 nm, 414 nm, and 624 nm. The peak at 391 nm was from the hexanes
(Figure 28), and the peak at 414 nm was a mixing of the oleylamine and nanoparticle peaks
(Figure 29 and Figure 31). The 624 nm peak was present in the spectra of the ZnTe nanoparticles
and the ZnTe/ZnSe QDs (Figure 31 and Figure 32).

This peak could be from the decomposition products of the nanoparticles because these
peaks began to manifest in the photoluminescence spectrum a week after the synthesis. Also, it
could be an amplified signal from the organics because this peak was present in the oleylamine
and hexanes photoluminescence spectra (Figure 28 and Figure 29). The photoluminescence
spectra of ZnTe/ZnS QDs showed a higher intensity peak when the sample was excited with a

394 nm wavelength when compared to 381 nm (the excitation wavelength that produced the peak
intensity of the ZnTe/ZnSe QDs) (Figure 33).

The photoluminescence excitation spectrum was not shown for these QDs for this
comparison because, at all wavelengths in the photoluminescence spectrum, the intensity was
higher with an excitation of 391 nm. Because of this increase, in further photoluminescence
measurements of ZnTe/ZnSe QDs an excitation wavelength of 381 nm was used, and in
measurements of ZnTe/ZnS QDs an excitation wavelength of 394 nm was used because of the

different sample holder.
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Figure 34: PL spectra of ZnTe/ZnSe QDs at room and body
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Figure 35: PL spectra of ZnTe/ZnS QDs room and body

nm.

Finally, with a sample holder that allowed for control of the temperature of the sample,

photoluminescence measurements were taken in order to see how the photoluminescence
intensity of the QDs varied at various temperatures. The QDs were tested at 37 °C, a biological
temperature, to see how much the photoluminescence intensity changed from room temperature,
20 °C. In this test, peak photoluminescence intensity ZnTe/ZnSe (Figure 34) dropped by 4% and
the peak photoluminescence intensity in the ZnTe/ZnS QDs (Figure 35) dropped by 5%. These
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decreases indicate that the QDs only suffer a small loss in photoluminescence intensity at
biological temperatures when compared to room temperature.
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Figure 36: QY measurement of the ZnTe/ZnS QDs. The intensity of the signal at various wavelengths with the integrating sphere
in various configurations is graphed and is used to calculate the photoluminescence QY.

Both samples showed poor results from the quantum yield measurements with only a
0.3% quantum yield, and both graphs looked similarly although the emission scan was from
different wavelength ranges with different excitation wavelengths. The graph of the ZnTe/ZnS
QDs is displayed (Figure 36). We believe these results can be improved by improving the
synthesis and washing procedure to reduce the organic coating that coats the QDs after synthesis.

4. Discussion:

By understanding the characteristics of QDs, their usefulness in application may be
assessed. Desirable qualities in application of QDs are a narrow size distribution, high quantum
yield, long luminescence lifetime, and low cytoxicity [Wang 2013]. Also, the wavelength that the
QDs emit is a function of the wavelength the QDs absorb, and the size of the nanoparticle. These
are the ways to determine the quality of each QD synthesis.

Structural characterization is important in QDs because it helps develop an understanding
of the physical properties such as size, size distribution and colloidal stability. All these
characteristics are closely tied to the quality of luminescence of the QDs. Size of the QDs is
important because it influences the wavelength of light that a material will emit when it is excited
with a discrete wavelength of light. This phenomenon arises because of quantum confinement of
the QDs: that is, as the size of the QDs increases so will the wavelength of light that it emits
because as the size of the particles increase the effective bandgap decreases because the particles
behave like a “similar to a particle in a box™ [Alivisatos 1996], [Guan 2008].

The size distribution of the QDs is also important. Because the size of the particles
influences the wavelength of light that is emitted, a narrow size distribution of QDs will lead a
more uniform wavelength of light being emitted. This insight is valuable because, in application,
QDs need to have efficient luminescence at a narrow range of wavelengths. This level of
luminescence provides a predictable signal for applications such as photodynamic therapy or
forester resonance energy transfer. Finally, colloidal stability, a measure of the charge on the
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surface of the QDs, is an important physical property because it measures how well the particles
stay in solution for extended periods of time. This measurement is valuable in application because
QDs with higher stability will have longer shelf life and because they will be more viable for
biomedical applications, as they will be less susceptible to degradation.

Optical characterization of QDs determines how the QDs will interact with light, and this
interaction will determine the applications of the QDs. Absorption measures the intensity of
absorption through a range of wavelengths, and the measurement is valuable to predict the range
of light that will be used in photoluminescence characterization and to develop a method to
measure a relative concentration of different samples dispersed in a similar solvent. Next,
photoluminescence characterization, which measures the wavelength of light that the QDs emit
with the highest intensity, is important because many variables can affect this measurement.

Throughout this project, I developed a synthesis procedure for ZnTe nanoparticle cores,
and then procedures for coating the core nanoparticles with a ZnS or ZnSe shell. After each
synthesis, the structural and optical properties were tested in order to optimize the procedures for
the synthesis and characterization of QDs. The reported results are the most optimized synthesis
procedures. The next step for optimization should be to improve the synthesis and washing
procedures to leave the final product with fewer organics and improve the results from the
optical and structural characterization.

The photoluminescence intensity can be improved by removing excess organic coating
that absorbs the excess light and by reducing the percentage of the light that the particles can
interact with. These issues in the synthesis remain that are related to the washing procedure.
Anti-solvents can be found that will remove more of the organic coating from centrifugation in
order to have a product with stronger photoluminescence intensity. Also, the intensity can be
improved by synthesizing particles with a narrower size distribution because the particles will
interact with light in a more uniform manner and they will absorb and emit the same wavelength
of light to create a more defined photoluminescence peak.

From these results, we can conclude that ZnTe-based QDs are promising candidates for
biomedical applications. Both samples showed good initial results from characterization. From
the TEM images, the synthesis successfully created QDs composed of the intended materials.
Also, the particles are absorbing ultraviolet light and are emitting visible light. Furthermore, the
discussed QDs showed a less than 5% drop in peak photoluminescence intensity at biological
temperatures when compared to room temperature. We observed a red shift of the light emitted
when the shells were synthesized with additional shell layers. However, other issues in the
synthesis, related to the washing procedure, remain to be resolved. Anti-solvents can still be
found that will remove more of the organic coating from centrifugation in order to have a
product with stronger photoluminescence intensity. We expect that the improved washing
procedure should increase the quality of the results of the optical characterization of the QDs.
With the current results, the ZnTe/ZnSe QDs appear to be the most promising candidate for
biomedical applications, and the next step for this project could be to test the QDs with four shell
monolayers to see if there is any improvement in the photoluminescence.
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