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Synthesis of quantum dot doped chalcogenide glasses via
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Semiconductor quantum dots (QDs) are used to dope wide-bandgap chalogenide glasses via sol-gel
processing. Such chalcogenides enhance surface passivation of the quantum dots, as evidenced by
the increased PL emissions of both core and core shell species used, while a ZnO glass leads to
irreversible oxidation of the embedded quantum dots. The embedded QDs are photostable. © 2011

American Institute of Physics. [doi:10.1063/1.3579442]

. INTRODUCTION

Luminescent materials containing embedded colloidal
CdSe-based quantum dot (QD) emitters have applications in
a range of fields, including QD light-emitting diodes,'
waveguides.>* solar concentrators,” and as optical down-
converting filters for GaN-based UV light emitting diodes.°
An important unresolved problem is related to ensuring that
the optimal optical properties of the nanocrystals are pre-
served upon their introduction into a host matrix. Since the
chemical stability and photoluminescence of colloidal QDs
are strongly dependent upon their surface chemistry,”® we
can expect interactions between the QD and the matrix to
critically determine the performance of the nanocomposite.
Systems that have been previously studied include QDs
embedded into an organic dielectric medium (including
PMMA,%? epoxy,” and conductive conjugated polymers,
e.g., P3BHT'Y). The use of polymer host matrices is attractive
because they can be processed at low temperatures, thereby
leaving the QD ligands largely intact. For applications
requiring a higher refractive index (as necessary for wave-
guiding applications), synthetic routes for embedding QDs
into metal-oxide glasses have been developed.>* In the vast
majority of these studies, a considerable decrease in the PL
yield of the constituent QD component has been reported.

Here, a new approach for forming a host matrix from a
large-bandgap inorganic semiconductor is reported. As a
matrix material, ZnS is of considerable interest because it
has been widely demonstrated to act as an effective surface
passivant when it is epitaxially grown onto colloidal CdSe
QDs. The concept of embedding CdSe and CdSe/ZnS QDs
into a matrix of ZnS might therefore be thought of a logical
extension to the formation of a core-shell nanocrystal, with
the wide-bandgap matrix playing the role of an additional
surface passivating shell layer. As a means of evaluating the
advantages offered by a ZnS matrix, we also make a separate
set of measurements on QDs embedded in a matrix of ZnO.
These experiments enable us to separate out the roles played
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in maintaining photostability by the dual issues of charge
carrier confinement and surface chemistry-related processes.

A fundamental challenge is to homogeneously dope a
thin film with nanocrystals with minimal aggregation. This is
essential to preserve the size dependent properties of the
embedded nanocrystals. As illustrated in Fig. 1, the route
taken here to the synthesis of these two nanocomposite sys-
tems begins with the preparation of different solutions of
mixed colloidal nanocrystals. Each solution contains par-
ticles that are stabilized via short-chain ligands and upon
spin-coating these solutions onto a smooth substrate, a nano-
crystalline thin film is formed. Post-deposition annealing of
the films at different temperatures evaporates any remaining
solvent and also begins to boil away the volatile short-chain
ligands, thus bringing the colloidal nanocrystals into direct
contact with one another. An important aspect of the synthe-
sis route developed here is that both the ZnS and ZnO nano-
crystals are directly synthesized in polar solvents with short-
chain ligands. We propose that this is an important advance
because it avoids the laborious extra steps of repeated wash-
ing and ligand exchange, which are required when following
the traditional synthesis route involving long-chain ligands
in high-boiling, relatively nonpolar solvents. Another differ-
ence between this and previously described routes to
QD-doped metal chalcogenide glasses is that it begins with
preformed stoichiometric semiconductor components. The
use of preformed colloidal particles allows both lower
temperature and oxygen-free annealing. In the traditional
sol-gel approach to the formation of a metal-oxide matrix, an
air-annealing step is typically used to convert the metal-
precursor to its oxide, with the unwanted consequence that
the embedded QDs also undergo oxidation.

The size, shape, and ligand chemistry of the ZnO and
ZnS materials used in this study are very similar, allowing a
direct comparison of the suitability of metal-oxide and
metal-sulfide semiconductors as QD host matrices. Since ox-
ygen has a higher electronegativity than sulfur and because
oxygen has previously been shown to play an important role
in QD photodegradative pathways,'! we consider the pres-
ence of oxygen in the host matrix to be the critical factor that
leads to the observed differences in the QD-embedded ZnO
and ZnS systems studied here. We report here that optically
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FIG. 1. (Color online) Schematic illustration of the formation of a homogenous dispersion of QDs in a dense nanocrystalline ZnS matrix. The proposed mech-

anism for formation of the ZnO matrix is identical.

transparent QD-doped semiconductor films of CdSe QDs in
ZnS remain highly photostable, suggesting that photo-
degradation of this chalcogenide-based QD can be kineti-
cally suppressed. Unlike initial reports of QD-doped
chalcogenide glasses, which exhibited low photostability
and high polydispersity if synthesized in situ, these new
materials are extremely chemically stable and exhibit high
photoluminescence.

Il. EXPERIMENTAL PROCEDURE

Zinc acetate dihydrate (Zn(CH3COO),-2H,0), tetrame-
thylammonium hydroxide [(CH3);NOH, 25% in methanol
solution], thioacetamide (CH3CSNH,), 4-amino-1-butanol
(H,N(CH,),OH) were used as precursor materials without
further purification. ZnO nanocrystals were synthesized via a
low temperature base catalyzed procedure described in the
literature.'? In a typical reaction, 2 x 10> mol of zinc ace-
tate dihydrate was dissolved under stirring into 50 ml of
ethanol that was heated to 50°C. Once fully dissolved,
3% 107 mol of methanolic TMAOH solution was added
drop-wise, immediately precipitating ZnO nanocrystals. The
solution was stirred for a further 10 min before being
removed from the stirring plate and placed in a freezer at
—18°C for storage. For use in further measurements, the
nanocrystals were washed via precipitation with ethyl acetate
and centifugation before being redispersed into fresh ethanol
at 16 times the original concentration. Alcohol-soluble ZnS
nanocrystals were synthesized via a new room-temperature
synthesis route. In this reaction, 8.2 x 10~* mol zinc acetate
was dissolved while stirring into 12 ml of 1-propanol, along
with an equimolar amount of 4-amino-1-butanol. Once fully
dissolved, sulfur in the form of 8.2 x 10~* mol of thioaceta-
mide was added, and the resulting transparent solution was
stirred for a further 30 min. ZnS nanocrystals suspended in
solution were purified by the addition of ethyl acetate until
they precipitated out. The solution was then centrifuged and

decanted. The ZnS precipitate was dried under dry nitrogen
flow until it formed a transparent gel on the inside of the
vial. This was then redissolved into 1-propanol at ten times
the original concentration. Separately, CdSe/ZnS core-shell
QDs were synthesized by adapting methods recently reported
in the literature.'*'* To render these particles soluble in etha-
nol, it was necessary to perform a ligand exchange which
replaced the original TMPPA and octadecylamine ligand
groups with 5-amino-1-pentanol, using a standard ligand-
exchange procedure.* The QD-to-matrix mass ratio was set
at 5 wt. % during the mixing of the two solutions. Photo-
stability tests involved UV irradiation (peak 380-390 nm) at
3 mW/cm?. Quantum yield (QY) measurements were made
with respect to three dyes: rhodamine-6G (QY 0.95 in etha-
nol'®), coumarin 153 (QY 0.38 in ethanol'®), and cresyl
violet perchlorate (QY 0.54 in ethanol'”). All photolumines-
cence measurements were obtained using a Horiba Fluoro-
Log 3 spectrofluorometer. All absorbance spectra were
collected with a Cary 5 UV-vis-NIR spectrometer. Single-
particle measurements were performed with a home built
wide field fluorescence microscope. The QDs were excited
with a cw diode laser (470 nm, 100 W/cm?) and detected
with a charge-coupled device camera.

lll. RESULTS

Spectroscopic and quantum yield measurements were
made on three different sizes of CdSe and three different
sizes of CdSe/ZnS colloidal QDs. Each type of QD was then
transferred into the ethanol solution before the same set of
optical measurements was repeated. The resulting data are
summarized in Table L.

As might be expected, the QDs with a passivating ZnS
shell exhibit both a higher quantum yield before the ligand
exchange, as well as better retention of their QY following
re-dispersion into the alcoholic solution. The observed
decrease in PL is in agreement with previous reports of a
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TABLE I. Summary of relevant parameters for the CdSe and CdSe/ZnS QDs used in this study.

Sample Emission color Structure Solvent First abs. peak(nm) Emission peak(nm) PL QY
C481 blue CdSe CHCl; 463 481 0.11
C481E blue CdSe EtOH 461 477 0.01
C540 green CdSe CHCl, 526 540 0.17
C540E green CdSe EtOH 523 537 0.07
C632 red CdSe CHCl;3 623 632 0.15
C632E red CdSe EtOH 622 630 0.05
S493 blue CdSe/ZnS CHCl, 472 493 0.25
S493E blue CdSe/ZnS EtOH 472 494 0.25
S545 green CdSe/ZnS CHCl, 527 545 0.60
S545E green CdSe/ZnS EtOH 527 544 0.54
S639 red CdSe/ZnS CHCl, 621 639 0.37
S639E red CdSe/ZnS EtOH 621 639 0.31

decrease in QD PL emissions when long-chain ligands are
exchanged for shorter chain stabilizers.*

The transmission electron micrographs in Fig. 2 indicate
that reasonably monodisperse particles with a clearly defined
crystal lattice have been formed in each of ZnO and ZnS
syntheses. The ZnO nanocrystals are measured to be approx-
imately 3—4 nanometers in diameter, while the ZnS are 4-5
nanometers. Analysis of lattice plane spacings allowed both
particles types to be indexed to the wurtzite crystal phase.

UV-VIS absorption spectroscopy (Fig. 3) showed that
the ZnS nanocrystals exhibit an exciton transition at 270 nm,
while the ZnO had a similar absorption profile but with exci-
ton absorption at 330 nm. These wavelengths are consider-
ably blue-shifted from the band-edges of bulk ZnO (385 nm)
and ZnS (330 nm) and are therefore indicative of populations
of small monodisperse nanocrystals exhibiting quantum-con-
finement effects.

Measurements of PL emissions from the various solu-
tions were made before and after hotplate stirring. Figure 4
shows that significant increases in PL emissions are observed
upon mixing QDs into the ZnS matrix solution, suggesting
that significant interactions are already taking place. These
interactions are clearly much more pronounced for those sys-
tems that involve core CdSe QDs than in those involving
CdSe/ZnS core-shell QDs. We attribute this to the ZnS par-
ticles acting as a surface passivating agent, in a manner simi-
lar to the PL increase that is traditionally observed upon
synthetic growth of an epitaxial ZnS shell.

FIG. 2. Transmission electron micrographs of purified ZnO and ZnS
nanocrystals.

In comparison, repeating the procedure with the same
QDs mixed into a solution of ZnO nanocrystals (see Supple-
mentary Material Ref. 26) led to an immediate decrease in
emissions, with a near complete quenching of PL from the
core CdSe QDs. These two pieces of data also show a trend
that correlate surface interactions to observed optical proper-
ties. In each case, the magnitude of change in PL emissions
is largest for the blue-emitting (smallest) QDs, followed by
the green and then the red QDs. Since smaller particles have
a higher fraction of their atoms residing on their surface,
these particles will have the highest surface chemistry
reactivity.

These varied behaviors of the QD PL in different envi-
ronments is affirmed by PL traces over time from single
S693E QDs in ZnS, air, and ZnO, as shown in Fig. 5. For the
single-particle measurements the QD solution was diluted
before being mixed with the matrix material, spin-coated
onto a glass coverslip, and annealed at 120 °C. The PL of the
QDs in the ZnO matrix remains in an off- state most of the
time and its on-state is quenched in comparison to the PL of
the QD in air. In contrast, the PL of the QDs in the ZnS ma-
trix shows a drastic increase in the on-times and an enhanced
PL compared to air. Furthermore, the PL fluctuates mostly

Absorbance (a.u.)

250 300 350 400 450 500
Wavelength (nm)

FIG. 3. (Color online) UV-VIS absorption spectrum of ZnO and ZnS nano-
crystals dispersed in ethanol solution.
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FIG. 4. (Color online) PL spectra of CdSe and CdSe/ZnS QDs mixed into ZnS nanocrystal solutions at 5 wt. % loading. The dashed line is the spectrum meas-
ured immediately upon combining the components, while the solid line is that measured after mixing the solution on a hot plate at 60 °C for 5 min. While PL
measurements have been normalized, the before/after emission intensities are relative and can be directly compared. The figures represent: (a) core QDs
C481E, C540E, and C632E mixed into the ZnS solution, and (b) core-shell QDs S493E, S545E, and S639E mixed into the ZnS solution. An excitation wave-

length of 380 nm is used for each measurement.

just between two different intensity states, rather than
between an on- and an off-state.

We turn now to measurements of the photostability of
the core-shell particles after they have been embedded into
the ZnO and ZnS matrices. [lluminating CdSe/ZnS QDs with

an excitation energy above their bandgap has been demon-
strated to lead to a complicated series of electronic and
chemical reactions with the host matrix and/or atmosphere
surrounding the particles.'’ In the data shown in Fig. 6, we
see a marked difference in the photostability of the ZnO and
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FIG. 6. (Color online) Plot of the PL emission intensity of core-shell QDs
dispersed into ZnO and ZnS films as they are exposed to UV irradiation over
a period of one hour.

ZnS samples. We attribute this difference to the presence of
highly reactive oxygen species in the ZnO matrix. With even
a relatively low level of near-UV exposure (3 mW/cm?) the
core-shell QDs in the presence of ZnO undergo photobright-
ening in the first 5 min of irradiation. This photobrightening
is characterized by a temporary increase in PL intensity (as
much as 100%) but at longer irradiation times, a steady and
monotonic decrease in PL intensity is measured. This
decrease is irreversible and is accompanied by a blue-shift in
the PL peak position of approximately 5 nanometers, an ob-
servation that is in accordance with photo-oxidation. In com-
parison, emissions from the QDs surrounded by ZnS are very
stable over the same measurement period, with only a slight
increase in PL emissions being observed. It seems apparent
that despite having a thick (4 monolayer) shell of ZnS, the
CdSe core is still readily affected by reactions with chemical
species in the surrounding environment, with oxygen being
the most likely co- reactant. Therefore, in order to attain
maximum stability of the QDs, one should aim to achieve
complete isolation from the surrounding environment. One
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approach to this problem is to densify the surrounding matrix
via a thermal annealing process. Unlike polymers, inorganic
nanocrystalline materials are chemically stable over a wide
range of annealing temperatures and various studies have
examined the structural changes that nanocrystals undergo as
they are sintered together to form a dense, polycrystalline
solid."*'® Based upon the previous results, the ZnS matrix
was chosen for further thermal annealing studies.

Figure 7 illustrates how the absorbance profile of a (non
QD-embedded) ZnS film changes as it is heated at different
annealing temperatures. A transition is clearly shown from
the sharp quantum confined absorbance that is indicative of
discrete particles, to a broad shoulder that is typically associ-
ated with a bulk semiconductor film. To better understand
these structural changes, spectroscopic ellipsometry was
employed for measurements of the thickness and refractive
index of the ZnS films. As shown in Fig. 7, the ZnS film
undergoes large changes in its measured thickness as it is
annealed up to 400 °C, reducing to approximately one third
of its original value. The porosity of the ZnS film was esti-
mated using an effective medium model

2 2 2 2 2
. ny —n, ny —n, - n;
Porosity = — s 100%.
Y ng +2n’ / ng+2n2 1420 !
(D

The equation relates the measured refractive index of the
ZnS thin film (n, = 1.7 at 550 nm at 100 °C, up to n, = 1.9 at
550 nm at 400 °C) to that of bulk crystalline ZnS (n,=2.3 at
550 nm). The porosity exhibits a less dramatic change than
the thickness did, but we must assume that these results inte-
grate the void space due to a distribution of pinholes that
appear in all of the samples, as revealed by AFM analysis
(see Supplementary Material Ref. 26).

The effect of annealing on the PL emissions from em-
bedded core-shell QDs is shown in Fig. 8(a). In each case, a
considerable increase in PL emissions is seen for films that
have been annealed in the temperature range of 100-200 °C.
At this relatively low annealing temperature, we would not
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FIG. 7. (a) UV-VIS absorption spectra of ZnS films on quartz substrates that have been processed at different annealing temperatures. The spectra are offset
for clarity. (b) Plots of the thickness and estimated porosity of ZnS films that have been processed at different annealing temperatures.
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FIG. 8. (Color online) (a) Relative PL emission intensity of CdSe/ZnS QDs dispersed into the ZnS matrix as the film is heated at different annealing tempera-
tures. (b) Peak position of the QD emissions from the same thin film samples at different annealing temperatures.

expect large changes in the phase or morphology of any of
the nanocrystal components. This is supported by the mini-
mal shift in the ZnS absorbance peak that was observed at
these temperatures [Fig. 7(a)]. Although it is tempting to
directly attribute this to the ZnS matrix providing further
passivation to the surface of the QDs, it might also more sim-
ply be due to thermal annealing of the QDs themselves. Sim-
ilar results have previously been reported for films of CdTe
QDs that have undergone post-deposition annealing.'® In ei-
ther case, these results indicate that ZnS provides an environ-
ment that is suitable for post-deposition annealing under
nitrogen gas. In comparison, similar measurements (not
shown) made on the same QDs embedded into a ZnO matrix
showed only a steady monotonic decrease with annealing
temperature, with very little measurable PL remaining for
samples annealed above 200 °C. A plot of the peak position,
as shown in Fig. 8(b), shows that no detectable changes in
particle size or composition are seen until annealing temper-
atures are above 250°C. At this point, the smaller QDs
undergo a rapid blue-shift in their PL peak position and we
attribute this to the formation of a higher-bandgap alloy as
the CdSe core begins to fuse into the surrounding ZnS shell
and host matrix. Indeed, it is this effect which may impose a
fundamental upper-limit to thermal processing of CdSe QDs.

IV. DISCUSSION

Consider the flat-band diagram in Fig. 9 showing the
estimated conduction and valence band levels of the QDs
and chalcogenide glass matrix.

The energy levels have been calculated by considering
the reported effective masses of electrons and holes in CdSe,
ZnS, and ZnO in conjunction with recent literature reports of
the ionization energy levels of those materials®® and clearly
predict that CdSe should form a type I interface with the ZnS
glass matrix, i.e., that photogenerated electrons and holes
remain confined to the QD. Only when the blue-emitting
QDs are embedded in a ZnO glass is it likely that a type-II
junction is formed, since the QD conduction band is nearly

aligned with the ZnO CB energy level. The observed
enhancement of the QD PL in the ZnS matrix leads to the
conclusion that the ZnS particles act as an “infinite” shell
surrounding each QD. The observation of two intensity states
at the single particle level supports this statement since two
intensity levels were only observed for QDs passivated by a
thick CdS shell.?'** The passivation of the QD is the key
point in order to minimize surface traps that drive the nonra-
diative decay.?' This analysis does, however, ignore surface-
chemistry related processes that probably play the dominant
role in inducing changes in QD PL emissions as they
undergo continued photo-excitation over a period of time.
For instance, photobrightening of QDs is a process that has
been shown to be strongly correlated with the amount of ox-
ygen and/or moisture in the environment surrounding the
QDs.'""* Oxidation processes have also been linked to
observed blue-shifts in QD emission spectra.>**> Here, the
proposed mechanism is an effective decrease in QD size as
the outermost selenium atoms are attacked by oxygen, thus
forming the compound SeO,. The oxidation of the QDs is
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FIG. 9. (Color online) Proposed energy band diagram of the three different-
sized CdSe, ZnO, and ZnS nanocrystals used in this study. The dashed lines
in the ZnO and ZnS diagrams represent the valence and conduction band
energy levels in the bulk forms of these materials.
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almost always accompanied by a dramatic decrease in PL
emissions, with the strong electron scavenging properties of
adsorbed oxygen interfering with the electron-hole recombi-
nation process that leads to radiative QD emissions. In the
photostability and annealing data presented here, a blue-shift
in the emission spectrum is observed whenever a ZnO matrix
is used. In each case, this blue-shift is accompanied by lower
PL emissions and a decrease that is proportional to the
degree of UV exposure. We also conclude that the oxygen
source is the ZnO material itself, since no blue-shift is
observed in the ZnS matrix case despite all measurements
being made in air. Embedding the QDs epitaxially in the
chalcogenide material yields passivated QDs and drastically
reduces the availability of oxygen and water as redox
reagents that can facilitate photo-oxidation.

V. CONCLUSION

The formation of colloidal QDs in a nanocrystalline
metal-chalcogenide glass by sol-gel processing has been pre-
sented here. The use of short-chain ligands on each nano-
crystal component allows a high degree of particle
interaction, and this interaction yields immediate and dra-
matic changes in the optical properties of the embedded
QDs. It was found that emissions from CdSe QDs were
greatly reduced by their introduction into a ZnO matrix,
while they were significantly increased when they were in
contact with a ZnS host matrix. Similarly, CdSe/ZnS QDs
dispersed into a ZnS matrix showed a much higher level of
photostability over that observed in the ZnO matrix samples.
It is proposed that this difference in behavior primarily
results from the higher degree of chemical reactivity of the
oxygen species located in the host matrix, and less impor-
tantly on the energy band offsets in the electronic structure
of the semiconductor components. For applications requiring
stable optoelectronic materials, it is therefore suggested that
metal-sulfide components offer significant advantages over
metal-oxides for nanocomposite systems containing embed-
ded CdSe QDs. This new synthesis obviates many of the
problems beset by the early work in this area to make tunable
optical materials.
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