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ABSTRACT: Efficient, stable, and narrowband red-emitting fluoro-
phores are needed as down-conversion materials for next-generation
solid-state lighting that is both efficient and of high color quality.
Semiconductor quantum dots (QDs) are nearly ideal color-shifting
phosphors, but solution-phase efficiencies have not traditionally extended
to the solid-state, with losses from both intrinsic and environmental
effects. Here, we assess the impacts of temperature and flux on QD
phosphor performance. By controlling QD core/shell structure, we
realize near-unity down-conversion efficiency and enhanced operational
stability. Furthermore, we show that a simple modification of the
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phosphor-coated light-emitting diode device—incorporation of a thin
spacer layer—can afford reduced thermal or photon-flux quenching at high driving currents (>200 mA).

KEYWORDS: giant quantum dots, down-conversion materials, high power light-emitting diodes, solid-state lighting

D evelopment of solid-state lighting (SSL) for domestic and
commercial use is driven by the current high energy costs
associated with conventional lighting, i.e,, ~20% of all energy
consumption.1 SSL relies on semiconductor light-emitting
diodes (LEDs), which generate light as a result of electron—
hole recombination at the p—n junction of the diode. Most
current commercial LEDs produced for domestic white-light
generation depend on partially down-converting a blue LED
with a broadband yellow phosphor, with the resulting mixture
of blue and yellow giving the appearance of white light. This
choice of excitation LED and phosphor has largely been
dictated by the availability of both efficient blue LEDs and an
efficient and stable yellow phosphor, namely, cerium(III)
doped yttrium aluminum garnet (YAG:Ce®*).” However,
although YAG:Ce’" is renowned for its high quantum yield
in emission (QY) and insensitivity to flux-density saturation
(exhibits linear increase in emission intensity with increasing
excitation intensity), its spectral full-width-at-half-maximum
(fwhm) (~80—100 nm) is not ideal for newer LED design
concepts that are based on creating high-quality white light
from a suitable collection of narrowband emitters,” and alone it
is incapable of providing an ideal color-rendering index (CRI)
or “warm-white” color temperatures.*® Inclusion of a red-
emitting phosphor would enable the YAG:Ce*-altered blue
LED to achieve high CRI values and tunable color temperatures
by filling the red spectral gap.®

The key technical challenge for this approach (or alternatives
that rely on combining green and red phosphors) is the lack of
a narrowband, efficient and robust red-emitting phosphor.
Existing red phosphors that are sufficiently efficient and stable
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are broadband (fwhm: >100 nm), e.g,, the commercial nitride
red phosphor, Sr,SisNg:Eu*,” such that much of the “red”
emission lies outside the spectral region detected efficiently by
the human eye, resulting in a poor luminous efficacy of
radiation (LER). Trivalent rare earth emitters, such as
Y,0;:Eu** and Y,0,S:Eu*, are “line emitters” that can provide
the desired color quality; however, these phosphors lack
broadband and efficient excitation pathways in the UV/blue
(relying on formally electric dipole forbidden optical
transitions). Trivalent rare earth emitters are also challenged
by long radiative decay times (rapid flux saturation), low
emission efficiencies, chemical/thermal instabilities (sulfide and
oxysulfide hosts), and/or costly syntheses (e.g,, nitride hosts
synthesized above 1000 °C using high nitrogen pressures).” In
addition to technical limitations, socio-economic factors are
driving appeals for minimizing rare earth components in
commercial products to reduce vulnerabilities to both near- and
longer-term supply disruptions.

For these reasons, new narrowband red down-converter
materials are needed that address existing technical limitations
but also do not rely on rare-earth emitters. Semiconductor
quantum dots (QDs) are potential alternative down-converter
materials for lighting. As excitonic (bandgap) emitters, they are
inherently capable of narrowband emission (fwhm: 25—35 nm)
that is accompanied by efficient, broadband absorption for
facile excitation. Indeed, high CRI values have been
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demonstrated for white-light LEDs combining YAG:Ce®" and
red-emitting QDs.%%?

Despite many promising attributes, QDs are themselves
challenged by several key features that limit their potential as
rare-earth-phosphor alternatives. It is well-known that QDs can
be synthesized to have near-unity solution-phase QYs either by
coating the emissive QD core with a protective layer of organic
surfactant (“ligand”) molecules or an inorganic (wider bandgap
semiconductor) shell.'!" However, neither the organic ligands
nor the inorganic shell keeps the QDs from succumbing to
unwanted “dark” processes—fluorescence intermittency (blink-
ing), photobleaching, solid-state/environmental quenching,
nonradiative Auger recombination. These processes, along
with QD-QD energy transfer activated in densely packed QD
films,"* turn solution-phase 100% QYs into solid-state 1—10%
QYs. Furthermore, conventional QDs are characterized by a
small Stokes shift (energy separation between QD absorption
onset and QD emission) and, thereby, substantial self-
reabsorption, a principal limitation for phosphor applications®
due to resulting dramatic losses in down-conversion
efficiency.'>'*

We have previously described a core/thick-shell QD
architecture—the so-called “giant” QD (gQD)—for which
many of the deleterious “dark” processes are suppressed and
self-reabsorption is minimized by the physical and energetic
separation of the processes of absorption and emission, i.e., the
thick shell (comprising >90% of the total particle volume) is
the principal absorber and the core the sole emitter.">'>~"” We
have explored this latter attribute of gQDs before."> Here, we
elucidate two further aspects of gQD emitters as down-
conversion phosphors: (1) retention of solution-phase QY in
the solid-state and the resulting possibility for near-unity
(>85%) down-conversion efficiencies, and (2) response to
varying photon flux, including significantly enhanced efficiency
and stability under high photon-flux (obtained at high driving
currents: >200 mA) compared to standard core/shell QDs.

Solid-state down-conversion efficiencies were determined for
both CdSe/CdS gQDs and standard CdSe/CdS core/thin-shell
QDs (Figure 1). In all cases, the gQD shells comprised at least
10 CdS monolayers (one monolayer, ML, equals 0.3375 nm),
which amounted to a shell-to-core volume ratio of at least 95:1.
The gQD samples were chosen to represent a range of
solution-phase QYs from 20 to 89%. The thin-shell CdSe/CdS
sample employed here possessed an intermediate QY of 40%,
and the shell layer was made up of 3 ML CdS. In this case, the
shell is still the primary contributor to total particle volume
(~70%), but as we show below self-reabsorption nevertheless
limits down-conversion efficiencies in the solid-state.

To construct the device, a thin slab of gQD or QD-polymer
composite was adhered directly to a blue LED (similar to
Figure la inset but without an intervening spacer layer; see
below). Poly(lauryl methacrylate) (PLMA) was chosen as the
polymer matrix due to its chemical compatibility with the
gQD/QD surface ligands, ie., the 13-carbon-long alkyl side
chain of PLMA can interpenetrate the alkyl substituents of the
oleate [9-carbon alkyl substituents: CH;(CH,),CH=CH-
(CH,),COO7] or oleylamine [9-carbon alkyl substituents
CH,(CH,),CH=CH(CH,),CH,NH,] gQD/QD surface li-
gands and afford stabilizing interactions that limit disruption of
the QD-binding head groups (carboxylate or amine,
respectively). In principle, use of PLMA should limit the
emission efficiency losses that otherwise result from damage to
the ligand shell during the transition from the solution-phase to
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Figure 1. (a) Remnant blue-LED electroluminescence (2.76 eV; 450
nm; 200 mA driving current) and red (<2.0 eV; >600 nm) gQD (black
trace) or QD (red trace) photoluminescence. Inset: device schematic;
“spacer layer” is either absent (phosphor deposited directly onto the
LED surface) or comprises PDMS, silica aerogel, or air. (b) Solid-state
down-conversion efficiency as a function of gQD or QD solution-
phase QY (200 mA driving current in all cases).

the solid state.'® A Philips Lumileds high power “royal blue”
Luxeon Rebel ES LED was used as the excitation source, as it
allowed operation over a wide range of operating currents (0—
500 mA). All measurements to assess light output and resulting
down-conversion efficiency were conducted in an integrating
sphere to ensure quantitative collection of source and down-
converted photons (see the Supporting Information). Finally,
we note that the small particle sizes characteristic of these
emitters (gQD diameters: ~10—20 nm; QD diameters: <6 nm)
afford optically clear films that are not compromised by
particle-induced scattering losses.

Blue LED electroluminescence (EL) and red gQD or QD PL
spectra for both gQD and QD devices are shown in Figure la.
Identical QD masses were used to prepare the polymer
composite films for each device [2 mg in 6 mL LMA monomer
preparation (see the Supporting Information for details),
resulting in an optical density at 450 nm for ~2—2.5 mm
thick films of 2.3 for gQDs and 1.5 for QDs], and each was
driven by a 200 mA current. gQD (12 ML CdS shell) solution-
phase QY was 30%, whereas that for the QDs (3 ML CdS shell)
was 40%. Despite the higher solution-phase QY, the thin-shell
CdSe/CdS QDs were comparatively poorer down-converters in
the solid-state. As shown in Figure 1b, this gQD-polymer layer
down-converted ~30% of the LED-source photons, whereas
the QD-polymer layer successfully converted only 13% of blue
photons to red photons (values determined by comparing
integrated intensities for the blue EL before the emitter layers
are added with that for the gQD/QD red PL; see the
Supporting Information, Table S1).
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The relatively poor performance of standard core/shell QDs
results in large part from detrimental self-reabsorption caused
by the characteristic small QD Stokes shift (~10—15 nm
separation between PL peak and absorption onset). Though
largely absent in the relatively dilute solution-phase, this effect
manifests in concentrated solid-state films. Furthermore,
standard QDs are poorer absorbers. Namely, absorption cross
sections for CdSe/CdS QDs as a function of shell thickness
have been determined,19 and the cross-section for a CdSe/CdS
gQD comprising 12 MLs of CdS is ~12 times that for the 3 ML
thin-shell QD. For this reason, fewer blue photons are absorbed
by the QD/PLMA layer as evident in a more intense remnant
blue EL (Figure 1a). Specifically, the gQD film absorbed almost
100% of the blue EL, leaving only 1—2% unabsorbed, whereas
the same mass of QDs left 12% unabsorbed blue photons.
Thus, approximately 6—12 times fewer blue photons were
absorbed by the QD layer compared to the gQD layer, which is
similar to the difference between respective absorption cross
sections. Nevertheless, if photon absorption were the only
challenge facing QD devices, down-conversion efficiency for a
40% QY phosphor should reach close to 30% for the mass of
QDs employed here. Since it does not, we suggest that photon
conversion is compromised in these materials, again, likely due
primarily to self-reabsorption.'**° Importantly, although
increasing the QD content in the QD/PLMA absorber layer
would result in enhanced absorption of LED source photons,
possible benefit to overall down-conversion efficiency would be
negated by additional self-reabsorption."

The new ability of gQDs to afford solid-state down-
conversion efficiencies that fully track with their solution-
phase QYs was further demonstrated for the range of QYs from
20 to 89% (Figure 1b and Table SI in the Supporting
Information; corresponding to different gQD preparations for
which QY varied). Although high solid-state QYs have been
observed previously (to 40—45%),"®*" reported LED down-
conversion efficiencies are significantly lower. Our prior work
was limited by the starting solution-phase QY and suboptimal
device design to a down-conversion efficiency of <25%,"
whereas others observed dependencies on QD/polymer layer
thickness, such that the best result (~11% down-conversion)
was obtained for the thinnest film, with thicker emitter layers
dropping to ~1% efficiency. In that case, poor down-conversion
was attributed to self-reabsorption processes as well as
insufficient penetration of blue light into the thicker layers
and possible increased scattering of red light.** Here, we show
the possibility to approach 100% down-conversion efficiency
with an “on-chip” phosphor configuration that is only limited
by the QY of the phosphor material and, as we discuss below,
effects of high driving current and/or temperature.

Thermal quenching of QD PL is a well-known, if not fully
understood, phenornenon.23’24 This quenching, which results
from increasing temperature, may or may not be accompanied
by changes in PL lifetimes: “dynamic” vs “static” quenching,
respectively. We have shown previously that nonemissive or
“dark” processes leading to another well-known phenomenon
of QD photophysics, blinking, can also be either dynamic or
static in nature.”> Namely, the blinking mechanism referred to
as “A-type” entails intensity reductions accompanied by PL
lifetime shortening, whereas “B-type” photodarkening occurs in
the absence of lifetime changes and appears to result from “hot”
electron capture to surface trap states™ or hole capture to deezp
traps also associated with the QD surface or other defect sites.”®
While we do not attempt a complete inquiry into gQD thermal

quenching in this study, we do observe several features of gQD
thermal response germane to applications in white-light LEDs.
Namely, thermal quenching from room-temperature to ~100
°C is reversible (Figure 2a) and accompanied by a less than 10
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Figure 2. (a, b) Photoluminescence intensity of a representative gQD/
PLMA composite as a function of temperature reveals linear and
reversible thermal quenching and red-shifting, respectively. (c) Impact
of temperature on gQD average PL lifetime. (d) Normalized PL
intensity as a function of photon flux compared for three phosphor
materials: Eu(III) nitrate salt and Ce(III)-doped Y;Al;0,, (YAG:Ce)
in gamma-butyrolactone (binder) and gQDs in PLMA. (Note: lines
through data are simply guides to the eye and each data set is
normalized to the maximum brightness.).

nm (equally reversible) red-shift (Figure 2b). Furthermore, the
observed quenching is “static”, at least to ~85 °C (Figure 2c),
possibly implying a mechanistic relationship to B-type blinking.
It is perhaps curious that although B-type blinking is suppressed
in gQDs, these otherwise photostable emitters still exhibit
reversible thermal quenching. We note that two processes may
be responsible for this apparent contradiction, thermally
activated carrier escape to pre-existing trap states and/or
thermally activated temporary trap-state formation,” which
could allow B-type carrier capture to “reappear” at elevated
temperatures.

In addition to thermal quenching, down-converter materials
in SSL may also suffer from flux saturation, whereby the emitter
does not convert all available blue photons due to an
inadequate “photon-cycling rate.” This is the case for many
rare-earth phosphors for which fluorescence decay is slow
(microsecond decay times). For these phosphors, high-power
sources can create a second excitation (or more) in an emitter
already in an excited state. Visible-emitting QDs and gQDs
possess relatively fast PL decay times (10—100s ns time scale)
and for this reason are generally considered resistant to flux
saturation. We show in Figure 2d flux-dependent PL intensities
for the CdSe/CdS gQD, a fast-response rare-earth phosphor
(Ce’*:YAG in binder, gamma-butyrolactone) and a slow-
response Eu®" emitter (Eu®* nitrate in same binder). In this
case, the LEDs were clamped 6 mm away (air “spacer”) from
the phosphor films, and PL was measured on a spectroradi-
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ometer (see the Supporting Information for details). Although
the former two respond linearly to increasing flux, the Eu**
emitter exhibits flux saturation.

However, under ultrahigh fluxes (power densities ~5—10 W/
mmz), the average exciton population in gQDs can exceed one
electron—hole pair due to factors other than PL decay rate.
Specifically, in the case of gQDs synthesized with 12—15
monolayers of shell (ie., for which absorption cross-section is
very large: 100—300 X 107" cm?),"” we find that the average
exciton population (which depends on excitation rate, cross-
section, photon energy and decay lifetime; see the Supporting
Information for detailed calculation) would range from ~3—60,
clearly in the multiexciton regime. For lower but still high-flux
operation (power density of 1 W/mm?®), average exciton
population drops below 1 (i.e., on average the gQDs are excited
with less than one electron—hole pair). Significantly, radiative
recombination from the multiexciton states is precluded in
conventional QDs because of very efficient nonradiative Auger
recombination.””?® In contrast, since Auger recombination is
suppressed in gQDs, biexciton and multiexciton emission is
efficient, even at room temperature.22 Thus, although the large
absorption cross sections of gQDs cause their transition to
multiexciton regimes under ultrahigh-flux operation, they are
well-suited to such applications because of their unique
(compared to standard QDs) ability to remain emissive
under such conditions.

To assess the effects of photon flux and induced heating (see
below) on phosphor performance in a more relevant device
configuration, we tested a series of LEDs as a function of LED
driving current from 50 to 500 mA (Figure 3a; note: currents
were increased approximately every 3 min, allowing sufficient
time for the emitter layer to achieve thermal equilibrium). The
QD or gQD/PLMA films were either deposited directly onto
the LED chip or onto a thin spacer layer as shown in Figure 1a
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Figure 3. (a) Red PL intensity as a function of current for gQD or QD
emitters and different spacer layers: no spacer, aerogel (AG), and
silicone polymer (PDMS). (b) Temporal stability of different devices
operated at 500 mA as a function of emitter (gQD or QD) and device
architecture (PDMS spacer layer thickness).

inset; 2 mm polydimethylsiloxane (PDMS; a simple silicone
polymer) or 2 mm silica aerogel spacers were employed. The
purpose of the spacer was to minimize conductive heating at
the phosphor layer caused by LED junction heating (Figure S1
in the Supporting Information). Its presence should not
influence heating caused by the Stokes-shift loss mechanism
(process of higher energy “blue” LED photons being converted
to lower energy “red” re-emitted photons produces heat) or the
QY-loss mechanism (photons that are absorbed but not re-
emitted due to <100% QY are converted to heat). PDMS was
chosen because of its compatibility with standard silicone
chemistry used currently by the lighting industry, while aerogel
was investigated as a novel material with exceptionally low
thermal conductivity (~5 mW m™ K™1).?* We find that at 200
mA or below gQD devices without a spacer layer afford the
highest output intensities. Although falling short of a linear
increase with increasing flux (approximate linear trajectory
visualized by continuing a line connecting intensities for 50 and
100 mA driving currents), direct-on-chip gQD PL intensities
are enhanced in the range from 100 to 200 mA and are
quantitatively brighter than gQD devices incorporating either
type of spacer, as “spacer” devices are compromised by
imperfect transmittance of the LED blue photons to the
phosphor layer (PDMS layers lose photons through wave-
guiding out the sides of the device, while aerogel layers scatter
the blue LED light: see the Supporting Information, Figure S2).
However, at 250 mA, the PL intensities for both the direct-on-
chip and the PDMS-spacer devices drop below their respective
maximum intensities (achieved at 200 mA), while the aerogel-
spacer device retains its maximum intensity to 400 mA. At 400
mA and above, both spacer-incorporated devices outperform
the direct-on-chip device, with the aerogel spacer affording the
highest absolute intensity from 350 to 500 mA. We surmise
that this is due to the aerogel’s ability to afford the best
protection against thermal quenching resulting from conductive
heating, suggesting that this source of “thermal load” plays an
important role in determining phosphor performance in devices
run at high currents. Notably, despite a similar solution-phase
QY compared to the gQDs (40% vs 30%), the QD direct-on-
chip device quickly succumbs to thermal quenching and/or
flux-enhanced degradative quenching, yielding intensities
substantially lower than any gQD device.

PL intensity stability over time for gQD or QD emitters
coupled to the high-power blue LED operated at a driving
current of 500 mA was assessed for a series of device
architectures (Figure 3b) — no spacer and PDMS spacers from
0.3 to 1.5 mm in thickness. Silicone PDMS spacers were used
for this series due to their potential compatibility with existing
lighting technologies. An attempt was made to collect PL
spectra immediately following activation of the devices.
However, we observed that for the gQD devices fabricated
using thinner PDMS spacers and both QD devices the peak
“instant on” intensity was likely not captured because of rapid
quenching. Thus, the “zero time” point is only shown for the
gQD device prepared using the thickest spacer (1.5 mm
PDMS). Interestingly, in all cases, after initial quenching an
approximately “steady state” intensity is reached that is
maintained for the duration of the experiment (20 or 30
min). gQD intensity levels showed a strong correlation with
PDMS layer thickness, with the thicker layers affording
enhanced protection under the high flux operation (Figure
3b; note: the opposite intensity trend is observed in the case of
lower driving currents, for which thermal “protection” is not
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required, such that gQD intensity is highest for thinner spacers
that more effectively transmit LED photons to the emitter layer.
The reversal of this trend at high currents further underscores
the significance of the spacer in limiting conductive heating). In
contrast, QD devices nearly completely quench regardless of
layer thickness (1.5 or 0.3 mm PDMS).

Comparing the initial PL intensity obtained for the gQD/1.5
mm-spacer device with its steady-state level, we observe that
~55% of the instant-on intensity is retained. Using the
intensity—temperature correlation curve in Figure 2a, we infer
that this gQD layer is operating at ~65 °C — assuming all
quenching is due to thermal quenching effects. However, if in
addition to intensity quenching, one considers the extent of PL
red-shifting, it becomes apparent that additional factors are
likely at play. Namely, heating to ~100 °C causes a PL red shift
that is <10 nm (Figure 2b), but operation at S00 mA leads to a
larger peak shift of 25—30 nm (see the Supporting Information,
Table S2). The excessive red-shifting compared to that
anticipated from heating alone could be an indicator that
other processes contribute to the observed PL quenching.
Energy transfer (ET) and self-reabsorption are processes that
could lead to preferential emission from lower-energy gQDs in
the ensemble of emitters, i.e., ET entails relatively higher energy
(“bluer”) gQDs in the ensemble transferring excitons to
relatively lower energy (“redder”) gQDs by way of nonradiative
dipole—dipole interactions, whereas self-reabsorption involves
the absorption of relatively bluer photons by other gQDs in the
ensemble. Neither process, though, would be expected to yield
red-shifting with a flux or driving-current dependency, which
we further observe (see the Supporting Information, Table S2).
Moreover, we have previously shown that the thick gQD shell
causes strong suppression of both ET*° and self-reabsorption'?
compared to conventional QDs. As PL intensity and peak
position are equally important parameters to control in the
context of general lighting applications, the observed
unexpected nonthermally induced red-shifting is the subject
of ongoing investigations. We hypothesize that much of the
noted red-shifting and some of the observed PL quenching may
arise from an electric field effect, induced by the collection of
charge in the local environment of the emitters.>® This effect
would be expected to have a flux dependency as higher driving
currents could lead to enhanced photocharging (by carrier
trapping or ejection) of the gQDs (likewise for QDs), effecting
a photoinduced change in the dielectric environment.

In summary, we have explored the potential of red-emitting
QDs and gQDs for “on-chip” phosphor applications. Using the
thick-shell gQDs, we show for the first time that semiconductor
nanocrystal alternatives to rare-earth phosphors can provide
near-unity down-conversion of blue LED light as a result of
retained solution-phase QYs in the solid-state. However, direct-
on-chip performance is compromised for both QD and gQD
emitters by thermal quenching and, possibly, other flux-induced
quenching mechanisms exacerbated by operation at high
driving currents (>200 mA). Nevertheless, gQD PL in
particular can be stabilized at significantly reduced quenching
levels by incorporation of a thin spacer layer. The observation
that incorporation of a thermal spacer substantially reduces
quenching suggests that conductive heating is an important
parameter to be considered in the design of next-generation
“phosphor-on-chip” light-emitting devices. That said, we
additionally observe that thermal quenching alone is not
responsible for performance degradation, and we suggest that
understanding photocharging processes may play a key role in

optimizing efficiency and operational lifetime of QD-down-
converted LEDs.
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