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Applications of luminescent quantum dots require the materials to
be stable under a wide range of temperatures, photon fluxes and
chemical environments. In this work, we demonstrate that Al,Oz
shells synthesized by atomic layer deposition on films of CdTe
quantum dots are effective to prevent chemical degradation for
up to 17 hours under continuous illumination at 90 °C in ambient
air. Control samples with no Al,Oz coating experienced extensive
oxidation and severe quenching of the photoluminescence intensity
under these conditions.

Photoluminescent quantum dots (QDs) are actively being explored
to red-shift photon wavelength for a variety of applications due to
their brightness, narrow emission spectrum and tuneable emis-
sion colour. For example, QDs are at various stages of research and
development in applications such as flat panel displays to increase
colour richness," phosphor-converted light-emitting diodes (LED)
for solid state lighting to tailor the spectrum of emitted light and
make it more pleasing to the human eye,” and in biomedical
imaging.®> These applications require the QDs to be placed in
environments that have widely varying chemical makeup, photon
flux, and operational temperature. Stability is essential. For
example, in the phosphor-converted LED application, solid films
of QDs may experience extended periods of relatively high
temperature and high photon flux, conditions under which these
materials are known to degrade.” Protocols exist for accelerated
lifetime measurement. For example, the LM-80 standard requires
that LED devices be subjected to 85 °C in air with high relative
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humidity for accelerated lifetime measurement.” Most research
has been performed at room temperature in an inert environment.
It is therefore uncertain how these materials will behave under the
aggressive conditions required by the above applications.

The most common strategy to make quantum dots more
robust is to grow an epitaxial inorganic chalcogenide shell on
the surface, typically CdS, ZnS, or combinations thereof.*>® The
shell can then be further modified, for example with siloxane, to
increase compatibility with biological systems.” However, after
extended periods of time at high temperature in the presence of
water and oxygen, or extended periods of time under high photon
flux, even QDs with chalcogenide shells exhibit unacceptable
decline of photoluminescence (PL) quantum yield.*® We propose
that metal oxides provide better protection than chalcogenide
shells. For example, it is known that cation diffusion is fast in
metal-sulfides® compared to metal-oxides.'® Cations can diffuse
from the core, through the chalcogenide shell, to the surface to
react with oxygen or water. Since solid state diffusion coefficients
in metal-oxides are often many orders of magnitude smaller than
in metal-sulfides,’”'® metal-oxides may be superior for protecting
the QD core from (photo)chemical degradation. Indeed, promis-
ing early results have been reported.*® There is a need to develop
robust, scalable methods to coat nanocrystals with high-quality
metal-oxide shells.

Atomic layer deposition (ALD) is a layer-by-layer gas-phase
coating process that offers exceptional uniformity on nano-
structured substrates such as nanocrystals.'* ALD processes
operate by introducing two complimentary volatile chemical
precursors into the reactor in a sequential fashion with purge
steps in between. The deposition of Al,O; is well understood.'"*?
Al,O; deposited by ALD is amorphous. The process proceeds by
first pulsing trimethylaluminum (TMA) into the chamber. The
TMA reacts with surface hydroxyl, releasing methane, until the
entire substrate surface is saturated with chemisorbed methyl
aluminium species, at which time the surface reaction stops. The
hydroxyl species can be water adsorbed on a metal oxide surface,
or it can be associated with the functional group of an adsorbed
organic molecule.”® The excess unreacted TMA is then purged
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from the reactor. The second chemical reaction proceeds by
pulsing H,O through the reactor, which reacts with the chemi-
sorbed methyl aluminium to form chemisorbed hydroxyl, until
the entire surface is saturated and the reaction stops. Excess
water is then purged from the reactor. One cycle deposits one
submonolayer of aluminium oxide. This process: pulse TMA,
purge TMA, pulse H,O, purge H,O; can be repeated many times
to build up a coating with control over thickness at the angstrom
length scale. Ideally all surfaces wetted by the process gases
receive the same amount of deposition, and the coatings are
conformal. ALD processes can be scaled up to coat large
quantities of nanoparticles, for example using a fluidized bed
configuration." A number of authors have demonstrated that
ALD is an effective tool to stabilize nanomaterials.'” However,
to our knowledge, ALD has not been studied as a means to
stabilize photoluminescent QDs.

In this communication, we report our first results on the use
of ALD to stabilize photoluminescent QDs against chemically
aggressive environments. Specifically, 3.6 nm diameter, carboxyl-
capped CdTe QDs were coated with a 20 nm shell of Al,O; by
ALD. These Al,O;3-coated CdTe QDs were then heated to 90 °C in
ambient air for 17 hours under continuous illumination, while
monitoring the PL. It was found that Al,0;-coated QDs retained
94% of the initial PL quantum yield after the heat treatment;
while control QDs with only carboxyl termination degraded to
33% of the initial PL quantum yield. X-ray photoelectron spectro-
scopy (XPS) revealed that the Al,O; shell effectively prevented
oxidation of the CdTe core, while the QDs without Al,O; shell
were extensively oxidized.

Solid samples were used for this study to ensure good contact
between the QDs and ambient air at the elevated temperature used
during stability testing. Detailed sample preparation procedures
can be found in the ESI.¥ Water soluble CdTe QDs with nominal PL
emission at 610 nm, which were 3.6 nm in diameter and passivated
by short chain thiocarboxylic acid (HS-R-COOH) ligands, were
purchased from Sigma-Aldrich (P/N: 777951) and used as-received
without further purification. Thiol groups were bound to the
surfaces of the nanocrystals, while the carboxylic groups presented
to the external environment. The carboxyl termination is necessary
to initiate ALD of Al,O;, which involves the reaction of TMA with
hydroxyl.”**'* The QDs were dispersed in an isopropanol/water
solution and drop-casted onto glass microscope slides to form a
solid sample (Fig. 1c). The resulting films were approximately
4 micrometres in thickness, as determined by profilometry. The
drop-casting procedure resulted in a slight redshift of the PL
wavelength to approximately 640 nm for some of the samples.
The drop-casted QD films were coated with Al,O; using the well-
known process that has been reported in the literature."**'® In
Fig. 1, a representative transmission electron microscopy (TEM)
image of the ALD-coated nanocrystals and digital images of as-
prepared solid samples are presented. In Fig. 1b, it can be seen that
the Al,O; forms a conformal shell around the core, which appears
to contain several QDs. The temperature at which ALD was carried
out was found to play an important role. Samples were coated using
the same precursor pulse times (1 second) and purge times
(60 seconds), at different deposition temperatures. PL spectra were
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Fig. 1 (a) Schematic of CdTe QDs coated with Al,Os. (b) TEM image of
CdTe ODs coated with 20 nm of Al,O3z by ALD using the same conditions as
Fig. 2. The scale bar in (b) is 50 nm. (c) Digital photograph of a drop-casted
QD film under room light. (d) Digital photograph of a drop-casted film under
illumination by a 390 nm LED lamp.

measured before and after the ALD coating procedure. It was found
that coating nanocrystals at high temperature resulted in signifi-
cant quenching of the PL (ESL} Fig. S1).

The PL intensity after the ALD coating procedure, normalized
by the initial intensity, was highest for samples coated at low
temperature (ESL¥ Fig. S1). We currently speculate that the
quenching of PL for samples coated by ALD at high temperature
resulted from desorption of a fraction of organic surface ligands
in the vacuum, but work in our laboratory is ongoing to explain
this observation. ALD Al,O; deposited using the TMA-and-H,O
process at low temperature is known to have significant hydroxyl
impurity content,"** which is correlated to higher water vapour
transmission rate."” Thus, there is a compromise in selecting the
ALD temperature. Less PL quenching was observed for low
temperature ALD processes, however shells deposited at higher
temperatures are expected to be higher quality. The sample used
for stability testing was first coated with 10 nm of alumina at
50 °C, and then coated with an additional 10 nm of alumina at
150 °C to form a high quality outer shell. The stabilizing effect of
the Al,O; shell can be seen first in this experiment. A core-only
sample coated with 10 nm of Al,O; at 150 °C retained 18% of its
initial PL intensity, however a sample coated first at 50 °C with
10 nm of Al,O3, and subsequently with 10 nm at 150 °C using the
same conditions, retained 35% of the initial PL intensity before
any ALD coating. Furthermore, coating the CdTe QDs first at 50 °C
with 10 nm of Al,O3;, and then at 150 °C with 10 nm of Al,Oj,
resulted in better thermal stability compared to 20 nm at lower
temperature (ESL{ Fig. S2). It is expected that the Al,O; shell
could be optimized by dynamically ramping the temperature
during the deposition process, from near room temperature to
above 100 °C. However, such optimization is beyond the scope of
this communication. Alternatively, we surmise that a chalcogenide
“soft-shell”, such as ZnS or CdS, could be used to temporarily
stabilize the core during deposition of the “hard-shell” of Al,Oj;
provided the soft-shell had surface termination with hydroxyl or
carboxyl functional groups to initiate the ALD reaction.

The stability of the films was tested by the following photo-
thermal soaking experiment. Details can be found in the ESL.f
Two samples, one core-only with carboxyl termination, and the
other coated with 10 nm of alumina at 50 °C, and 10 nm of
alumina at 150 °C, were placed next to each other on a hot plate
at a temperature of 90 °C in the laboratory ambient (Fig. 2).

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 (a) Normalized PL intensity as a function of time at 90 °C under
continuous illumination for two CdTe QD samples, with and without ALD
AlL,Os coating. (b) Normalized PL intensity, taken after holding for 17 hours
at 90 °C, as the samples cooled back to room temperature. The intensity in
(a) and (b) was normalized by the room temperature PL intensity /o measured
immediately before the photothermal soaking experiment.

The sample temperature was measured by an infrared thermo-
meter. Under illumination of the top surface at a wavelength of
420 nm, the PL intensity was monitored as a function of time
for approximately 17 hours, using a 2D detector from a quanti-
tative CCD camera fitted with a 550 nm long pass filter. The PL
intensity was calculated by integrating the intensity over the area
occupied by the sample in the image, and subtracting the base-
line intensity from adjacent regions that contained no QDs. The
intensity was normalized by the initial value to quantify relative
changes in quantum yield. The temperature of 90 °C was chosen
to match the LM-80 standard. The time duration of 17 hours was
sufficient to demonstrate the protective effect of ALD treatment.
Following 17 hours under illumination at 90 °C in air, the
samples were allowed to cool at a controlled rate back to ambient
temperature. The PL intensity was monitored during the cooling
period to quantify any reversible changes that may have occurred
simply due to temperature.

The PL intensity of CdTe QDs with an Al,O; shell was more
stable compared to the uncoated core-only control. Plotted in
Fig. 2a is the normalized PL intensity as a function of time for
nanocrystals held at 90 °C with, and without, an ALD alumina
shell. The values were normalized by the initial room temperature
PL intensity of that sample before any stability testing. Both the
coated and uncoated samples showed a very rapid decrease in
intensity that occurred in less than 1.0 kiloseconds (ks). The initial
decrease in PL intensity is attributed to the effect of temperature
on the exciton dynamics.'® In the temperature range from 100 K
to 360 K, the exciton lifetime in CdTe QDs monotonically
decreases with increasing temperature as dark recombination
process become more competitive,'® and thus, the PL quantum
yield decreases with increasing temperature. If no chemical or
structural transformation has taken place, then the effect is
expected to be reversible when the sample cools. As the samples
were held for longer times at 90 °C in ambient air, the PL
intensity of the uncoated QDs showed a long term decrease,
which is attributed to oxidation of the CdTe (vide infra). The
ALD-coated QDs were relatively stable over long time scales
(Fig. 2a). After completion of the extended hold at 90 °C in air
under illumination, the samples were slowly cooled back to
room temperature. At a few intermediate points during cooling,
the temperature was allowed to stabilize and PL intensity maps
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were acquired. The PL intensity increased as the samples cooled
(Fig. 2b). The ALD-coated sample returned to nearly the initial
value, suggesting that nearly all of the decrease in PL intensity
could be attributed to the reversible effect of temperature on the
exciton lifetime. The uncoated sample, however, only returned to
approximately 33% of the initial PL intensity.

The CdTe of the uncoated sample became oxidized during the
stability experiment, which presumably caused the irreversible
decrease in PL intensity illustrated in Fig. 2. The ALD-coated
sample did not oxidize significantly, however, hence the improved
PL stability. XPS spectra were acquired as a function of depth into
the samples during ion milling (Fig. 3). The depth into the sample
is reported as sputtering time. Increasing sputtering time corre-
sponds to increasing depth into the sample. The uncoated sample
displayed extensive oxidation of both Cd and Te on the surface,
while the composition of QDs deeper into the sample remained as
CdTe (Fig. 3a, ¢ and e). We estimate the sputtering rate to be
approximately 0.5 nm s~ for the uncoated CdTe film. The CdTe
films were several micrometres thick, and XPS spectra show that
the oxidation of the uncoated CdTe QDs after photothermal
soaking is significant in the top 100 nm of the film. After the
uncoated CdTe QDs had been soaked photothermally, the PL
spectra blue shifted, consistent with partially oxidised QDs smaller
in size (ESLT Fig. S3). Previous measurements of the absorption
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Fig. 3 XPS characterization of the uncoated sample (a, c and e) and ALD-
coated sample (b, d and f) measured after the experiment in Fig. 2. (a) Fraction
of Te present as oxide as a function of depth into the uncoated sample.
(b) Depth profile for the ALD-coated sample. In panels (c—f), the spectra have
been vertically offset for clarity. (c) Uncoated sample, Te 3d XPS spectra.
(d) ALD-coated sample, Te 3d XPS spectra. (e) Uncoated sample, Cd 3d XPS
spectra. (f) ALD-coated sample, Cd 3d XPS spectra.
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coefficient™ for CdTe at 420 nm indicate that the absorption depth
in nanocrystalline CdTe is approximately 33 nm. Thus, the small
amount of light that is able to pass through the oxidized layer can
excite unoxidized QDs deeper in the film. We hypothesize that the
uncoated sample was photochemically oxidized*? during extended
illumination at high temperature in air, which would explain why
the oxidation dropped off rapidly with increasing depth into the
film. However, further work is required to prove the oxidation
mechanism. For the ALD-coated sample, no Cd or Te was visible
on the surface (Fig. 3b, d and f). Thus the Al,O; coating was
pinhole free, at least to the sensitivity of XPS. At a depth corres-
ponding to a sputtering time of approximately 400 s, both Cd and
Te became visible, and there were no signs of oxidation (Fig. 3b,
d and f). No carbon was observed in the Al,O; coating. However,
significant intensity from the C 1s peak appeared at approximately
the depth where CdTe was reached. From this observation, we
tentatively conclude that some fraction of the organic ligands on
the surfaces of the CdTe QDs remained after the ALD coating
process. This is consistent with the ALD process initiating by
reaction of TMA with carboxyl functional groups.

In conclusion, herein we presented a study of the use of
AL,O; coatings deposited on CdTe QDs for oxidation resistance at
high temperature under continuous illumination. After 17 hours at
90 °C under continuous illumination, CdTe QDs that had been
coated with AL,O; retained approximately 94% of their initial
photoluminescence intensity. Under the same conditions, core-
only CdTe QDs without Al,O; showed a degradation of the photo-
luminescence intensity to 33% of the initial value. Bolstered by this
successful result, there are several next steps for consideration.
First, a mechanistic understanding of the ALD coating process
must be developed, with the goal of suppressing PL quenching and
suppressing particle agglomeration. Furthermore, the role of the
terminal functional group of the ligand molecules in initiating the
ALD reaction must be elucidated, so the technique can be applied
to other QD core materials. Finally, it would be useful to under-
stand the chemical mechanism of degradation for the core-only
QDs. Work focused on these questions is ongoing.
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