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QLEDs for displays and solid-state
lighting

Geoffrey J. Supran, Yasuhiro Shirasaki, Katherine W. Song,
Jean-Michel Caruge, Peter T. Kazlas, Seth Coe-Sullivan,
Trisha L. Andrew, Moungi G. Bawendi, and Vladimir Bulovié¢

The mainstream commercialization of colloidal quantum dots (QDs) for light-emitting applications
has begun: Sony televisions emitting QD-enhanced colors are now on sale. The bright and
uniquely size-tunable colors of solution-processable semiconducting QDs highlight the
potential of electroluminescent QD light-emitting devices (QLEDs) for use in energy-efficient,
high-color-quality thin-film display and solid-state lighting applications. Indeed, this year’s
report of record-efficiency electrically driven QLEDs rivaling the most efficient molecular organic
LEDs, together with the emergence of full-color QLED displays, foreshadow QD technologies
that will transcend the optically excited QD-enhanced products already available. In this article,
we discuss the key advantages of using QDs as luminophores in LEDs and outline the 19-year
evolution of four types of QLEDs that have seen efficiencies rise from less than 0.01% to
18%. With an emphasis on the latest advances, we identify the key scientific and technological
challenges facing the commercialization of QLEDs. A quantitative analysis, based on published
small-scale synthetic procedures, allows us to estimate the material costs of QDs typical in light-
emitting applications when produced in large quantities and to assess their commercial viability.

Colloidal quantum-dots: High-quality visible
and infrared light sources

Colloidal quantum dots (QDs) are solution-processed nanoscale
crystals of semiconducting materials. They emit bright, pure,
and tunable colors of light, making them excellent candidates
for color centers in next-generation display and solid-state
lighting (SSL) technologies.! As illustrated in Figure 1a and
described in the other articles in this issue, their narrow emis-
sion spectra can be readily tuned throughout the visible and
near-infrared (NIR) spectrum via both quantum size effects
and changes in chemical composition.>*

For visible applications, CdSe-based QDs are currently the
material of choice;*37 their saturated emission spans the
visible spectrum, delineating a large potential color gamut that
approaches that of the human eye® (Figure 1b). For this reason,
QDs have already begun to find commercial applications as
optically excited color enhancers: Sony’s 2013 line of Triluminos

liquid crystal display (LCD) televisions (Figure 1b, inset) use
edge-mounted red and green QDs from QD Vision to optically
down-convert some of the television’s blue LED backlight
(absorbing some of the blue light and re-emitting it as red
and green light)—optimizing its color balance so that it ful-
fills >100% of the National Television System Committee
(NTSC) television color gamut standard (the color space for
broadcast video defined by the NTSC in 1953), compared with
~70% for conventional LCD screens (Figure 1b).*!° The result
is a television picture with color quality comparable to that of
organic LED (OLED) screens, but achieved at the cost of an
LCD display. 3M and Nanosys are together exploring similar
strategies using their Quantum Dot Enhancement Film.!
Analogous approaches have also been utilized in backlights
in high-color-quality white LED SSL, such as QD Vision’s
Quantum Light developed in collaboration with Nexxus
Lighting.'®
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Figure 1. Pure and tunable colloidal quantum dot (QD) light emission for display
applications. (a) Normalized photoluminescence (PL) spectra of visible-emitting CdSe-ZnS
core—shell QDs and near infrared-emitting PbS-CdS core—shell QDs, demonstrating

size- and composition-tunable emission colors. Quantum dot light-emitting device (QLED)
electroluminescence typically closely matches the corresponding PL spectra. Upper inset:
Schematic of a core—shell colloidal QD passivated by organic ligands. Lower inset: High-
resolution transmission electron microscope image of a CdSe QD (scale bar, 1.5 nm).

(b) The CIE chromaticity diagram, created by the International Commission on lllumination
(CIE) in 1931, allows color quality to be quantified by mapping colors visible to the human
eye in terms of hue and saturation. The color gamut of conventional LCD televisions (upper
inset and dashed white line) is enhanced by ~50% by edge-mounted QDs (lower inset
and solid white line) so as to match 100% of the NTSC television color gamut standard
(black line). An ideal combination of red-green-blue QLED sources has the potential to
generate the colors defined by the black dots in the figure, or to serve as a high color-
quality (CRI ~90) white light source. (a) Background, Reference 8; lower inset, Reference 87.

Among the candidate large-area planar light-emitting
materials, QDs and organic dyes stand out, as they enable room
temperature processing and non-epitaxial deposition. Indeed,
as visible-light emitters, OLEDs are already a relatively mature
technology with a sizeable market share. Yet the extendibility
of QD emission into the NIR—currently spearheaded by lead
chalcogenide-based QDs'*'*—is a significant technological
advantage over organic dyes. Whereas organic molecules have
negligible optical activity beyond wavelengths of A = 1 um
(their photoluminescence (PL) quantum yield, 1, a measure
of their intrinsic brightness, is <5% at these wavelengths) and
exhibit poor chemical and photo-stability, QDs are relatively
stable' and retain 1, >70% in the visible™ (>95% for red
QDs'%) and >50% throughout the NIR.!%17-20

QDs also match the solution processability of organic
dyes—opening up the possibility for large-area and flexible
displays and form-factors tailored for incorporation into SSL
applications (e.g., see the inset of Figure 1b)—and generally
surpass them in terms of stability.! Their promise is evi-
denced by the large number of start-up companies and major
corporations, such as QD Vision, Nanosys, Sony, 3M, LG
Innotek, Samsung, Philips Lumileds Lighting Company, and
Avago, developing colloidal QD-enhanced displays and SSL
sources.”! But while the existing applications under commer-
cial exploration harness the optically excited emission (PL) of
QDs, one can envisage the development of large-area QLED
flat-panel displays reliant on the electrically induced emis-
sion (electroluminescence, EL) of colloidal QDs, which is
a target also being pursued commercially. With the global

displays.

QD film.
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flat-panel display market exceeding USD$80
billion in 2011, and with lighting constitut-
ing 20% of US electricity consumption,? the
economic and environmental incentives are
clear.

Evolution of electrically driven
QLEDs

A typical electrically driven QD light-emitting
device (QLED) comprises two electrodes,
which inject charge into a series of active
layers sandwiched between them (e.g., see
Figure 2a). Since their initial demonstration
in 1994, the performance of QLEDs has
improved dramatically. This has, in part, been
the result of evolving device architectures,
which we have previously classified into the
four “types” depicted in the inset of Figure 3a.'
Figure 3a maps the progression in QLED
performance in terms of external quantum
efficiency (EQE), which is defined as the
ratio of the number of photons emitted by the
LED in the viewing direction to the number
of electrons injected. (The EQEs in Figure 3a
are for orange/red-emitting devices, which are
the most prevalent class of visible-emitting

QDLEDs reported to date. We note that Lee et al. recently
demonstrated blue-emitting QDLEDs with record EQEs as
high as 7.1%'%). EQE is directly proportional to power con-
version efficiency and is therefore a key metric for SSL and

Type I: QLEDs with polymer charge transport layers
The earliest generation of QLEDs (Type I) were a natural
progression from polymer LEDs, comprising active layers
of either bilayers or blends of CdSe QDs and polymers.??*
Their EQEs were low (typically <0.1%) mainly because QDs
were forced to play dual roles of charge conduction and
light emission; while thick wide-bandgap shells and long
organic ligands generally serve to passivate a QD and enhance
its Mpp, they also markedly detract from the mobility of the

Type ll: QLEDs with organic small molecule charge
transport layers

Type I QLEDs were first introduced by Coe et al. in 2002
and comprise a monolayer of QDs at the interface of a bilayer
OLED.* These devices demonstrated record EQEs of 0.5%,
an efficiency that has since been augmented by an additional
factor-of-ten through optimizations. The enhanced perfor-
mance was attributed to the use of a single monolayer of QDs
(enabled by the development of spin-coating® and microcon-
tact printing®¢-2® techniques), which decouples the lumines-
cence process in the QDs from charge transport through the

organic layers.?*27:2-32
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Figure 2. Prototypical quantum dot light-emitting device (QLED) design and operation. (a) Inverted hybrid organic-QD-inorganic Type IV
QLED structure that has risen to prominence owing to its record efficiencies and brightness. It typically comprises a few monolayers of
QDs sandwiched between an inorganic metal oxide electron transport layer and an organic hole transport layer. Photographs of tunable
electroluminescence (EL) colors from (b) Type IV (scale bar, 2 cm) and (c) Type Il QLEDs (together with respective EL spectra).®
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Type lll: QLEDs with inorganic charge transport
layers

Type Il devices boast all of the advantages of OLEDs, with the
added benefits of enhanced spectral purity and tunability, as
illustrated by the tunable EL shown in Figure 2b—c. However,
Type III QLEDs, which replace the organic charge transport
layers (CTLs) of Type II QLEDs with inorganic CTLs, can
potentially lead to greater device stability in air**** and should

enable the passage of higher current densities and therefore
brighter emission. Initial demonstrations of Type III QLEDs
based on sputtered metal oxides have indeed displayed high
current densities (up to 4 A cm?), but EQEs to date remain
less than 0.1%.% Over the past few years, similarly structured
all-inorganic (except for organic ligands) QLEDs that operate
by the altogether different excitation mechanism of QD
ionization have also emerged'***7 (Figure 4d).
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Figure 3. Progression in efficiencies over time of electrically driven visible- and near-infrared
(NIR)-emitting quantum dot light-emitting devices (QLEDs). (a) Peak external quantum
efficiencies (EQEs) of orange-red-emitting QLEDs (a substantial but non-exhaustive selection
from the literature), classified into one of four types, as described in the text and represented
schematically in the inset: Type | (References 62, 88-90); Type Il (References 3, 4, 25, 32,
44, 63, 66, 67, 91); Type Il (References 29, 35, 36); and Type IV (References 5, 7, 39, 43, 78,
92). These are compared with selected orange-red-emitting (phosphorescent) organic
LEDs (References 93-96). Solid lines connect new record values. (b) EQEs of NIR (A > 1 um)
QLEDs (green) (References 12, 13, 53, 54, 56, 60, 97-100) are compared with the EQE range
of commercial NIR LEDs and with record-efficient visible-emitting QLEDs (of all types) from
(@) (black). Inset: NIR electroluminescence at a wavelength of A = 1.1 um from a 4 cm? NIR
QLED viewed through an infrared camera.
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Type IV: QLEDs with hybrid organic-
inorganic charge transport layers

The hybrid structure of Type IV QLEDs offers
a compromise between Type II and Type III
QLEDs, often comprising an inorganic metal
oxide electron transport layer (notably solution
processed ZnO>7) and an organic small
molecule hole transport layer.>3%4% A typi-
cal device structure and its corresponding
EL are shown in Figure 2a—b. Significant
efficiency gains have resulted, with recent
visible-emitting QLEDs reaching EQEs as
high as 18%* (Figure 3a and 5a), approaching
those of commercially mature phosphorescent
OLEDs* as well as the outcoupling-limited
EQE ceiling of ~20-25% (without targeted
device engineering, the fraction of emitted
photons that are coupled out of a planar QD-
LED is limited by wave guided and surface
plasmon modes to ~5-50%").** The brightness
of Type IV QLEDs has also reached record
levels of 218,800 cd m™2.” High-resolution
microcontact printing of QD films (>1000 pix-
els per inch)?® (Figure 5b) has already enabled
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Figure 4. Quantum dot (QD) excitation mechanisms. There are four routes to generating excitons in QDs that have been used in quantum dot
light-emitting devices (QLEDs). (a) Optical excitation: An exciton is formed in a QD by absorbing a high-energy photon. (b) Charge injection:
Neighboring charge transport layers inject charge carriers directly into a QD. (c) Energy transfer: An exciton is transferred from a nearby donor
molecule to a QD via Férster resonant energy transfer. (d) lonization: A large electric field ionizes an electron from one QD to another, thereby
generating a hole. When these ionization events occur throughout a QD film, generated electrons and holes can meet on the same QD to form
excitons. (e) Exciton formation is followed by exciton recombination, generating light. (f) Energy band diagram of a typical QLED outlines the two

suspected routes to electrical exciton formation in QDs: (green arrows) charge injection; and (blue arrows) energy transfer.

the fabrication of full-color 4-inch QLED displays* and, by
mixing different compositions* or sizes** of QDs, white-
emitting QLEDs that are highly amenable to SSL have been
demonstrated with excellent color quality (color rendering
index, CRI ~90 [out of 100]—see Figure 1b). White-emitting
QLED:s on flexible substrates (Figure 5¢) have also been realized
at QD Vision.'#

Beyond Cd-based QDs: Near infrared and
non-toxic QLEDs

The paucity of high-n,;, NIR molecular and polymeric dyes
provides a compelling impetus to extend the EL of QLEDs
from the visible into the NIR range (780-2,500 nm): EQEs
of OLEDs and polymer LEDs emitting at A > 1 um remain
less than 0.3%.*” NIR-emitting QLEDs boast unique potential:
One can envision NIR light sources that can be deposited on
any substrate and at lower cost than existing (usually epitaxially
grown) IR-emitters finding application in optical telecommuni-
cations and computing'**® (solution-processability may enable
Si-compatibility); bio-medical imaging!’*>*° (utilizing bio-
logical transparency windows between 800 nm and 1700 nm*);
on-chip bio(sensing) and spectroscopy;'*!*? and night-time
surveillance and other security applications (Figure 5d). Most
NIR QLEDs have been based on Type I architectures and
core-only NIR (lead chalcogenide) QDs,'>%7 with EQEs of
up to ~2% reported'? (Figure 3b). In our laboratory at MIT,
we have recently realized devices with efficiencies exceeding
4%'4* —more than double the previous record—by transi-
tioning to a Type IV device structure and exploiting the
enhanced passivation of core—shell NIR QDs. At QD Vision,
NIR QLEDs with active areas of up to 4 cm? (Figure 3b, inset)
and radiances of up to 18.3 W sr' m have been achieved,
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comparable to commercial IR LEDs and sufficient to serve as
large-area IR illuminators (Figure 5d).

Recently, Cheng et al. described the first Si QD-based
LEDs, with very high EQEs of 0.6% (Type I)** and 8.6%
(Type 1), though with a rather blue NIR EL of ~850 nm.
Although emission at wavelengths beyond 1 pum may be difficult
to achieve with Si QDs (efficient blue and green emitters
have also not yet been demonstrated), this new breed of
heavy-metal-free QLEDs nevertheless addresses growing
concerns regarding the risks* that cations such as cadmium,
lead, and mercury pose to our health and to the environment."

Challenges and outlook for QLEDs

Even as QDs begin to penetrate mainstream markets as optical
down-converters, there remain key challenges facing electrically
driven QLEDs.

QLED operating mechanisms

First, most routes to higher efficiency QLEDs—especially
those addressing the quenching and lifetime of QDs under
operational conditions—will be predicated on a better under-
standing of their operating mechanisms. In all four types of

* How much cadmium (Cd) is in a QLED? We can estimate this by assuming (as we
will again in the “QLED cost” section later) that a typical QLED might comprise a
5cm x 5 cm film, 25 nm thick, of hexagonally close-packed CdSe-CdS core—shell QDs
separated by ~0.5 nm due to their surrounding organic ligands. Then, the effective
density of CdSe-CdS QDs with a diameter of 4 nm and a shell thickness of 2 nm is
3.5 g cm2, which translates to a mass of 0.16 mg of CdSe-ZnS and therefore 63 pg of
Cd. This is comparable to one’s daily Cd intake: the age-weighted mean Cd intake for
males in the United States is 0.35 pg kg~" day", or 24.5 pg day-" for a 70 kg male.'**
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to Mp.. While our previous review focused on
the challenges and opportunities in improving
the intrinsic (zero bias) 1p; of QDs in QLEDs,!
there are also ongoing efforts to understand
the impact of bias-dependence of QD n,; on
EQE.*® This is of interest because application
of voltage to QLEDs can lead to further reduc-
tions in 1, due to injected-charge-induced
Auger recombination®3¢%¢7 and electric field-
induced exciton quenching.®*%7! A major con-
sequence of these bias-induced instabilities may
be a reduction in the operational lifetimes of
QLED:s.

By simultaneously measuring the PL
and EL of operating QLEDs, our recent
work indicates that the roll-off in efficiency
typically observed at high applied biases
(e.g., see Figure S5a) in a Type IV QLED
can be wholly explained by a simultaneous
roll-off in QD 1,..** From the electric field
dependence of QD PL we are able to quan-
titatively predict the EQE roll-off (Figure 6)
and therefore to deduce that it is largely
governed by electric field-induced QD lumi-
nescence quenching, and not carrier leakage
or QD charging. Bozyigit et al. have likewise
observed a substantial roll-off in QD 1, when
the QDs are exposed to an electric field.®
Transient PL. measurements of QDs under vary-
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Figure 5. State-of-the-art quantum dot light-emitting devices (QLEDs). (a) External
quantum efficiency (EQE) versus applied voltage for record high performance (peak
EQE of 18%) red-emitting (photograph in inset) QLEDs. (b) The first demonstration of red-
green-blue electroluminescence from (Type Il) QLED pixels, patterned using microcontact
printing (scale bar, 100 um). (c) Flexible white-emitting Type Il QLED. (d) Large-area infrared
illumination by an infrared-emitting QLED, as seen through an infrared camera. (a) Adapted
with permission from Reference 40. (b) Adapted with permission from Reference 26.
(c) Adapted with permission from Reference 46.

ing electric fields®® suggest that the cause

QLEDs, QD EL has been speculated to be driven by direct
charge injection® (Figure 4b), Forster resonant energy transfer
(FRET) (Figure 4c), or both, with the relative contribution of
these mechanisms remaining unclear.’*7¢62 In the case of
direct charge injection, an electron and a hole are injected from
CTLs into a QD, forming an exciton that subsequently recom-
bines via emission of a photon (Figure 4f, green arrows). In the
FRET scheme, an exciton is first formed on a luminescent CTL.
Thereafter, the exciton energy is non-radiatively transferred
to a QD via dipole-dipole coupling (Figure 4f, blue arrows).

Studies in our group have indicated that, at least in certain
Type I QLED geometries, FRET is the dominant QD excita-
tion mechanism.?? Yet, for example, the achievement of EQEs
>2% in QD monolayer-based devices comprising organic
donor materials with very low 1 ® challenges the universality
of the FRET model. Moreover, since Type III and Type IV
QLED:s, in contrast with Type IT QLEDs, employ QD films
thicker than one monolayer (up to ~50 nm), the working
mechanism of Type IV QLEDs is more compatible with a
charge injection model.

QD PL quenching
From a device efficiency perspective, a second central consid-
eration is QD PL quenching, since EQE is directly proportional

of quenching is either a decrease in radiative
exciton recombination rate (for example, due to a decrease in
the overlap of electron and hole wave functions)® or a decrease
in the efficiency of thermalized-exciton formation (e.g., trap-
ping of hot charge carriers by QD surface traps).””

These findings pose a tall order for the redesign of
QLEDs with reduced EQE roll-off; efficient QD excitation by
FRET?27+76 (rather than direct charge injection) may help to
decouple the efficiency of exciton formation from n,; so that
bias-induced PL quenching can be minimized.

QLED lifetime

Operational lifetime improvements are perhaps the greatest
technological hurdle to the commercialization of electrically
driven QLEDs. Demonstrations of intrinsic QD PL lifetimes
of >14,000 hours and PL thermal stabilities (12% fall-off at
140°C) comparable with red inorganic phosphors” already
render QDs commercially viable in lower flux/temperature
optical down-conversion applications.'® Yet the lifetimes of
today’s electrically driven QLEDs (mainly Type 1V) oper-
ated at initial video brightness (of 100 cd m) are usually on
the order of only 100 to 1000 hours®7#*7 (>10,000 hours is
required for displays) compared with 10° to 10 hours™ for
state-of-the-art OLEDs. Encouragingly, QD Vision recently
reported a Type IV visible-emitting QLED with a half-life
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Figure 6. Efficiency roll-off in quantum dot light-emitting devices
(QLEDs). Measured (black) and predicted (red) external quantum
efficiency (EQE) as a function of voltage for a red-emitting
QLED. The roll-off in EQE at high biases commonly observed

in QLEDs is shown to be consistent with that predicted by
accounting for reductions in QD photoluminescence quantum
yield under the associated electric fields in an operating device.
Adapted with permission from Reference 64.

(the time after which brightness has fallen to half its initial
[time zero] value) of >10,000 hours when operated at 100 cd m™
initial brightness,”” and have achieved record lifetimes for
NIR QLEDs of up to ~1700 hours (at an initial radiance of
~3W sr! m?). We have previously outlined some possible
strategies for addressing the short lifetimes of most QLEDs,!
but the absence of in-depth studies focused on QLED stability
is conspicuous.

QLED cost

From a manufacturing standpoint, QLEDs may be approximated
as QD-enhanced OLEDs. The manufacturing cost of QLEDs
can be broadly divided into the cost of raw materials and the
fabrication costs of processing these materials. The similarity
of the constituent materials of QLEDs and OLEDs means that
they are fabricated using a similar toolbox of thin-film processing
techniques, so that QLED commercialization would benefit
from the manufacturing infrastructure and expertise developed
for OLED production. Aside from the QDs themselves, the
materials typically employed in QLEDs (metals, metal oxides,
and organic small molecules) are also very similar to those
found in OLEDs. Their materials costs should therefore be
commensurate with those that are enabling the growth of OLED
markets and would benefit from their economies of scale.

To estimate the materials costs of QDs typical in light-
emitting applications when produced in large quantities,
we perform a quantitative analysis based on published
small-scale synthetic procedures, which we have previously
used to asses the commercial viability of organic materials
for photovoltaics.’ We consider a few of the most common
and promising QLED materials and synthetic preparations:
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red-emitting “legacy” CdSe QDs,* “modern” CdSe QDs,'®
“legacy” CdSe-ZnS core—shell QDs,* and “modern” CdSe-
CdS core—shell QDs'® (all with trioctylphosphine oxide
(TOPO) ligands); NIR-emitting PbS-CdS core—shell QDs
(with oleic acid ligands); and PbS QDs (with oleic acid ligands),
which are not only commonly used in NIR QLEDs but have
also garnered tremendous interest as an active material in
QD-based solarcells. The “legacy” and “modern” labels refer
to the synthetic recipe evaluated, as discussed later. As detailed
in Reference 80, our cost analysis takes into account all of the
material inputs to these procedures in order to estimate the
total material costs for each type of QD (based on our assem-
bled database of quotations from major chemical suppliers for
each of the input materials). As an example, our model for the
synthesis of PbS-CdS is represented graphically as a flowchart
in Figure 7. The first box in the flowchart represents the starting
material, lead (II) oxide. Red arrows indicate reagents, green
arrows indicate solvents, and blue arrows indicate additional
materials required for workup and purification (“crash out”).
The indicated quantities of input materials and waste are
calculated to produce one kilogram of product.

The materials costs results from our models for each synthetic
procedure are summarized in Table I. We note that the material
costs that we consider represent only one component of the
overall cost to produce these materials. In the case of phar-
maceutical drugs, for example, materials only account for
20-45% of the cost of drug synthesis. The balance includes
contributions for labor, capital, utilities, maintenance, waste
treatment, taxes, insurance, and various overhead charges.*

We find that the materials costs of visible-emitting “legacy”
CdSe QDs ($569-660 g'; lower value is without workup,
upper value is with workup) exceed those of “modern” CdSe
QDs ($58-59 g 1) by an order-of-magnitude as a consequence
of similarly sizeable differences in the costs of reagents,
solvents, and workup materials. This reflects the 20-year
evolution in synthesis procedures that has led to the use of

Oleic acid: 60.31 kg
TOP: 41.55 kg
Hexamethydisilathiane: 1.0 kg

Cadmium oxide: 10.0 kg 27kg
1-Octadecene: 126.34 kg PbO
Methanol: 197.75 kg }—; Lead (Il Oxide
Diphenyl ether: 171.68 kg

Hexanes: 230.65 kg
Methanol: 395.50 kg

— Waste: 1236.39 kg

Pb5-Cd5 (0A) QDs
. Py

Figure 7. Synthesis of core-shell PbS-CdS quantum dots (QDs).
The flowchart describes the synthesis of 1 kg of PbS-CdS core-
shell QDs. The requisite quantities of (red arrow) reagent; (green
arrow) solvents; and (blue arrow) workup (“crash out”) materials
are indicated for this single-step process. Note that a quantitative
yield is assumed, as discussed in the caption of Table I.
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Table I. Calculated large-scale chemical synthesis costs for red- and near-infrared-emitting quantum dots (QDs)
and for two archetypal organic dyes.

Compound References Steps Reagents ($ g~)

“Legacy” CdSe 81 1 298.22
(TOPO) QD

“Modern” CdSe 16 1 42.41
(TOPO) QD*

“Legacy” CdSe-ZnS 82 1 1,613.13
(TOPO) QD

“Modern” CdSe-CdS 16 1 45.23
(TOPO) QD*

PbS (0A) QD, Method 1 101 1 14.66

PbS (0A) QD, Method 2* 18 1 36.00

PbS-CdS (OA) QD* 18 1 49.62

Alg, 102 1 0.44

Ir(ppy)(acac) 103 1 621.66

Solvent ($g7') Workup ($g') Total (w/o workup)  Total (w/workup)
$g) Gm?)  ($g7) (m?)
271.14 90.82 569.36 35.35 660.18  40.99
15.3 1.62 57.71 855 59.34 3.44
271.14 111.48 1,884.27 105.37 1,995.76 111.60
16.12 3.24 61.34 411 64.59 4.33
3.25 11.08 17.90 1.29 28.98 2.09
8.99 22.51 44.99 3.24 67.50 4.86
18.39 29.26 68.01 4.27 97.27 6.11
0.00 3.90 0.44 - 4.34 -
35.86 639.26 657.52 — 1,296.78 —

Cost-per-gram for “legacy” CdSe QDs (with trioctylphosphine oxide (TOPO) ligands); “modern” CdSe QDs (TOPO ligands; wurtzite-CdSe synthesis); “legacy”
CdSe-ZnS core—shell QDs (TOPO ligands); “modern” CdSe-CdS core-shell QDs (TOPO ligands; wurtzite-CdSe synthesis); PbS (via two methods) and PbS-CdS
core-shell QDs (oleic acid ligands); fluorescent dye, tris(8-hydroxyquinolinato) aluminium (Alg,); and phosphorescent dye, acetylacetonatobis(2-phenylpyridine)
iridium (Ir(ppy),(acac)). The cost analysis accounts for all material inputs (reagents, solvents, and workup [“crash out”]), yielding total costs-per-gram
both without and with workup. For the QDs, these have been converted into costs-per-area assuming a QD film of 25 nm thickness, as detailed in the text.
*In the absence of literature yields, we assume quantitative yields; although this is clearly a slight over-estimate, it is a reasonable approximation given the
synthetic refinements and waste recycling that will surely accompany scale-ups in QD synthesis.

significantly smaller quantities of more economical input
materials, notably a significantly cheaper and air-stable source
of Cd (cadmium oxide replaces dimethyl cadmium). These
advances carry forward to the “modern” CdSe-CdS core—shell
QDs ($61-65 g ™), which cost only fractionally more than their
core-only equivalents, again owing to the use of an economical
source of Cd for the shell. In contrast, the “legacy” CdSe-ZnS
core—shell QDs ($1884-1996 g') inherit the 10-fold higher
costs of their starting CdSe QDs and require the use of an
expensive source of zinc for their shell (replacement of
dimethyl zinc is key to lower costs). It is possible that reports
of QD costs of up to $10,000 g (Reference 9) may result
from evaluation of antiquated “legacy” syntheses rather than
more economical state-of-the-art approaches. The materials
costs of NIR-emitting QDs (PbS, Method 1: $18-29 g!; PbS,
Method 2: $45-68 g'; and PbS-CdS: $68-97 g') are roughly
commensurate with those of the “modern” visible-emitting QDs.

Current target prices for QDs synthesized via scaled-up
continuous processes are ~$10 g' (Reference 21). As a guide,
the materials cost of Alq;—an archetypal organic dye used in
OLEDs since the 1980s, and therefore subject to considerable
economies of scale—is ~$4 g7! (Reference 80). However,
most heavy-metal-based phosphors found in high-performance
OLEDs are considerably more expensive. A representative
example is Ir(ppy),(acac) (Reference 83), for which we
calculate a materials cost of $658—1297 g'. Nevertheless,
direct comparison of the materials costs of QDs with those
of organic dyes is complicated by the specifics of a given
application, which determine how much material is consumed.

Considerations include whether it is used as a neat film or as a
dopant dispersed in a host matrix, the thickness of such a film,
and the wastefulness of the deposition technique employed.
As is to be expected, the first QD-based products address
optical down-conversion by using a compact edge-mounted
geometry'® (Figure 1b, inset) that requires relatively small
amounts of QDs (often dispersed to maximize 1y, ).

One way to try to assess our results is to translate them into
approximate materials costs-per-unit-area (Table I). The per-
area costs are based on the assumption that a typical QLED
might comprise a 25 nm film of hexagonally close-packed QDs
separated by ~0.5 nm due to their surrounding organic ligands.
As expected, we obtain similar values for “modern” CdSe
($3 m™) and CdSe-CdS (84 m™2) QDs as for PbS (Method 1:
$1-2 m2; Method 2: $3-5 m™) and PbS-CdS ($4-6 m2) QDs.
“Legacy” CdSe and CdSe-ZnS QDs are significantly more
expensive ($35-41 m™? and $90-95 m2, respectively). Especially
given the likelihood that QD syntheses will be subject to some
economies-of-scale,’ this is competitive, for example, with the
DOE’s 2015 SSL target cost of organic materials of $40 m for
OLEDs.* Moreover, this is just one possible metric, which
does not necessarily reflect the higher material costs that luxu-
ry items such as displays might be able to shoulder.

One significant assumption that has so far been made,
however, is that we can deposit QDs with 100% efficiency. In
reality, the spin-casting technique (and therefore microcontact
printing, which in published studies involves a spin-casting
step) that has so far dominated laboratory demonstrations of
QLEDs wastes ~95% of the starting solution.* Unless the QD
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waste is recyclable, the associated 20-fold increase in QD
materials costs could render some applications economically
unviable. This points to the importance of developing low-waste
QD-deposition techniques. For example, ink-jet printing of multi-
colored pixel arrays of QDs for both down-conversion®® and
RGB QLED? technologies has been demonstrated, but further
refinements in film quality and device performance are required.

Outlook

The unique optical traits of QDs lie at the heart of their appeal.
Optoelectronic simulations, in situ measurements of devices,
and tailored QD chemistry and LED design cannot only build
on the significant efficiency gains achieved in QLEDs over the
past two decades, but also further our understanding of their
operating mechanisms and, most crucially, improve their
operating lifetimes. The competitive economics of QD syn-
thesis identified here reaffirms their outstanding potential as
efficient sources of color-tunable light.
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