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Near-infrared light-emitting diodes (LEDs) show potential for
telecommunication and medical applications. Quantum dot nano-
crystals (Q@Ds), specifically lead chalcogenides, are candidate LED
materials since they exhibit tuneable luminescence across the
whole near-infrared region, but their surface structure must be
carefully controlled to achieve efficient emission. We demonstrate
an efficient donor—acceptor QD system by embedding low-energy
QDs with high photoluminescence quantum efficiency (PLQE) into
a matrix of higher-energy QDs with lower PLQE. We find that the
overall PLQE of densely packed cross-linked QD films can be
improved by the incorporation of a relatively small fraction of
well-passivated acceptor QDs, also leading to improved LED per-
formance. Excitations are transferred into the isolated low-energy
acceptor QDs, where they recombine with high radiative efficiency.

Introduction

Light-emitting diodes (LEDs) based on chemically synthesised
semiconductor quantum dots offer the benefits of sharp emission
spectra, colour tunability through the quantum size effect, and
solution processability.' Their efficiency has improved greatly
over the last 30 years, and they can provide emission throughout
the visible range for display and lighting applications.”* Quantum
dot LEDs provide particular advantages over their organic LED
competitors for emission in the infrared, since the strong vibronic
coupling present in organic molecules typically leads to broad
spectra and rapid non-radiative decay.>®

IR-emitting QD LEDs based on InAs and PbS have already
been demonstrated,”° but, as with other QD LEDs,""™" careful
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Conceptual insights

In quantum dot (QD) LEDs, surface states can lead to the quenching of
excitons. Hence extensive passivation with a higher-bandgap inorganic
shell is typically used to improve the luminescence efficiency, adding to
the synthetic complexity and cost of the overall product. Here, we report a
simple, versatile and highly efficient donor-acceptor QD energy cascade
system formed by embedding low-energy core-shell PbS/CdS QDs with high
PLQEs into a matrix of higher-energy PbS QDs with lower PLQEs.These
composites increase the overall PLQE of densely packed cross-linked QD
films by the incorporation of a relatively small fraction of well-passivated
acceptor QDs, also leading to improved LED performance. These LEDs out-
perform other leading PbS near-infrared QD LEDs based on a similar device
structure and compared with devices that purely use high-quality core-shell
PbS/CdS QDs, we achieve optimum efficiencies with only 1/20th the
concentration of high-quality QDs.This low concentration of high quality
passivated dots and the improved device performance makes this system
both comparably cheaper and more versatile than systems with passivation
of all the QDs. We believe that this demonstration will open new avenues
for the community and allow them to integrate such systems into a range of
device applications.

control of the nanoparticle surfaces and inter-nanoparticle
interactions is needed to achieve efficient performance. Surface
states can lead to quenching of excitons, hence passivation with
a higher-gap inorganic shell and/or an organic ligand shell is
typically used to improve the luminescence efficiency."®>>
Increasingly, the focus of QD LED improvement is moving
towards densely packed films of QDs as the emissive layer,
rather than embedding the QDs in a charge-transporting
matrix.>® In this case, it is necessary to obtain good inter-
particle electronic contact in order to achieve facile charge
transport.”* % A trade-off therefore exists between achieving
good surface passivation and minimising tunnelling barriers
between particles.’

It is well known that excitons may move between closely
spaced dots by the process of Forster transfer, and may thus
explore many dots within a film before decaying. Since Forster
transfer is preferentially a down-hill process in energy, it can be
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used to “funnel” excitons between QDs of different energies.>*>*
Although energy transfer has been studied in many QD
systems,?* 2633738 relatively little attention has been paid to
its effect on the overall efficiency of emission. Indeed, it is often
found that densely packed films have lower luminescence
efficiencies than those measured in solution."*® One explana-
tion for this effect is that in the film, excitons diffuse between
dots until they find a defect site (a “bad dot”) where rapid
non-radiative decay occurs.

Here, we show that by introducing a small number of well-
passivated low-energy QDs, we are able to achieve efficient
emission from a film of closely-spaced QDs that would otherwise
have a low PLQE. These films give good electrical performance in
LEDs, whilst retaining the benefits of efficient emission. Excitons
are able to find a well-passivated “good dot” before non-radiative
decay occurs in the surrounding dots.

Results

The concept of an efficient donor-acceptor energy transfer system
was explored thought the synthesis of two different types of QDs
(Fig. 1(a)). For the donor dots we use PbS QDs of diameter
~2.1 nm (ESL¥ Fig. S1), showing emission at 1.4 eV. These dots
are synthesised with native oleic acid ligands. In solution they have
a PLQE of 29%; in a film this drops to 7% and 1% when cross-
linked with 1,3-benzenedithiol (BDT). For the acceptor dots we
used PbS/CdS QDs of diameter ~3.7 nm (ESL7 Fig. S2), showing
emission at 1.1 eV. These dots have a surface cation-exchange
treatment with Cd to produce a core-shell structure, and have
a PLQE in solution of 71%, 27% in a film, and 9% in a film
cross-linked with (BDT). The optical properties of the dots are
summarised in Table 1, and their emission and absorption
spectra in solution are shown in Fig. 1(b).

Films are formed after mixing donor and acceptor QDs at
various ratios (by weight) in solution. The donor and acceptor
dots can be clearly distinguished by size and contrast for films
spin-coated onto TEM grids (Fig. 2(b-f) and ESI,} Fig. S1). The
acceptor dots are randomly distributed, except for the 2:1
donor: acceptor ratio where there is evidence of super-lattice
formation.
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Table 1 Physical and optical properties of the donor and acceptor QD
samples

Donor nanocrystals Acceptor nanocrystals

Material PbS PbS/Cds
Bandgap (eV) 1.75 1.23
PLQE (%) 29 71

Size (nm) 2.1+0.2 3.7 £0.3

To make efficient LED devices with low turn-on voltages the
oleic acid ligands must be replaced with shorter ligands.*?”*®
We therefore study films which have been cross-linked using
BDT, displacing the original ligands. The absorption spectra of
mixed BDT cross-linked films comprise a superposition of the
absorption spectra of the constituent dots, consistent with the
dots remaining physically distinct on mixing (Fig. 2(a)).

Fig. 3 shows the emission spectra of the mixed films, and
the respective PLQEs are shown in Table 2. For films with the
native oleic acid ligand, emission from both donor and acceptor
dots is seen. Acceptor emission is always more prominent than
would be expected based on the amount of absorption in the
acceptor QDs, so energy transfer is clearly taking place, but
significant donor emission remains even when the acceptor
concentration is as high as 17% by weight (5:1 donor : acceptor).
More efficient energy transfer is observed in the BDT cross-linked
films, consistent with a reduced inter-QD spacing. Fig. 3(b) shows
that donor emission is almost completely quenched at acceptor
concentrations above 5% (20:1 donor: acceptor) in the cross-
linked films.

For cross-linked and non-cross-linked films, addition of
acceptor QDs gives higher PLQE than in pure donor films,
consistent with excitons reaching bright acceptor QDs before
decaying (Table 2). The effect is particularly marked in cross-
linked films, where the pure donor films have PLQEs of only 1%,
but addition of only 2% acceptor QDs (50:1 donor : acceptor) is
sufficient to increase the PLQE to 6%. At donor : acceptor ratios of
20:1 and 10: 1, the PLQE is slightly higher than for pure acceptor
films, suggesting that once an exciton reaches an isolated acceptor
QD it is unable to explore further, thus reducing the probability
of finding a poorly-passivated acceptor QD with rapid non-
radiative decay.
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Fig. 1 (a) Schematic representation of exciton migration from small-diameter large-bandgap PbS QDs to large-diameter low-bandgap PbS/CdS core—
shell QDs. (b) Absorption and emission spectra of the donor and acceptor QDs in toluene. The dip at 1220 nm is an artefact due to toluene absorption.
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(a) Normalized absorption of films of different donor:acceptor ratios.

(@) 1o

0.8 1

—— Acceptor
—D:A=2:1
——D:A=5:1
——D:A=10:1
——D:A =20:1
—— D:A =50:1

Ly | —— Donor

0.4 4

Normalised Emission

0.2+

0.0+ T T T T T T =T T
800 900 1000 1100 1200 1300 1400 1500 1600

Wavelength (nm)

Fig. 3 Emission spectra of different donor : acceptor blends, with oleic acid

Table 2 PLQEs of the QD films

PLQE in drop cast film
with oleic acid ligands (%)

PLQE in spin coted film
with BDT ligands (%)

Acceptor 27 9
D:A=2:1 14 6
D:A=5:1 10 7
D:A=10:1 9 10
D:A=20:1 8 10
D:A=50:1 7 6
Donor 7 1

We use transient absorption (TA) to further study the
transfer of energy from donor to acceptor QDs in cross-linked
films with different blend ratios. As TA is a technique that looks
at the populations of excited systems, compared to transient
photoluminescence which requires emission, we can monitor
this transfer even when there is little to no emission from the

This journal is © The Royal Society of Chemistry 2019
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(b—f) TEM images of the different non-cross-linked donor:acceptor blend
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ligands (a) and benzenedithiol ligands (b) excited at 405 nm.

donor dots. For measurements up to 2 ns (ESI,T Fig. S2 and S3)
we pump at 532 nm, and for measurements on nanosecond
timescales (ESL{ Fig. S4 and S5) we pump at 530 nm; hence
the samples are pumped in a region where both donor and
acceptor QDs are absorbing.

Between 1075 and 1350 nm, on picosecond timescales the
acceptor QD TA signal is a mixture of a short-lived photo-
induced absorption (PIA) feature and the long-lived ground
state bleach (GSB) (ESL,t Fig. S2(a)). The donor TA signal shows
a broad PIA feature in this region (ESI,{ Fig. S2(b)). Photo-
excitation of the different blend ratios results in an initial
transient absorption signal which is a linear combination of
these three spectral features, dependent on the optical density
and resulting initial excited state populations of the two QD
species (Fig. 4(a) and ESI,t Fig. S2 and S3). Looking specifically
at the transient absorption around 1130 nm, excited donors
give a negative (PIA) signal and excited acceptors give a positive
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Fig. 4 The transient transmission signal strength at 1120-1140 nm for the various samples on picosecond (a) and nanosecond (b) timescales.

(GSB) signal. Probing at this wavelength thus gives a convenient
way to study excitation transfer from donor to acceptor, as shown
in Fig. 4(a). The rising positive signal gives clear evidence of energy
transfer from donor to acceptor. Extending these measurements to
nanosecond timescales (Fig. 4(b) and ESL Fig. S4 and S5) allows
the full dynamics of energy transfer to be tracked, followed by
decay of the acceptor excitation.

It is clear from the data in Fig. 4 that exciton transfer and
exciton decay take place over a range of timescales that cannot
be described by a single rate constant. This type of dispersive
behaviour is typical for QD films which exhibit energetic and
spatial disorder together with trapping phenomena. Energy transfer
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to the acceptor is typically preceded by diffusive exciton hopping
between donor QDs, until an acceptor QD is found, and hence in
any case it is not expected that the population of excited acceptors
will grow with exponential dynamics. Nevertheless, we can draw
valuable qualitative conclusions from Fig. 4. First, we note that for
pure donor films, the population falls to 50% in about 50 ns, and is
negligible by 1 ps. For pure acceptor films, the dynamics are similar
to pure donor films, but as the acceptor QDs are diluted in a donor
film, the decay dynamics become slower, extending beyond 10 ps.
In principle, some of the apparent lifetime increase could be due to
energy transfer from donor dots feeding the acceptor population,
but since donor excitons will have decayed by 1 ps this effect cannot
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Fig. 5 Band structure (a), current—voltage characteristics (b), radiance versus voltage (c) and EQE versus voltage (d) plots of the fabricated near-infrared

QD LEDs.
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explain the much slower decay observed in dilute acceptor QDs.
Instead, we conclude that the dilution of acceptor QDs prevents
excitons from diffusing to other acceptor QDs and thus encounter-
ing sites where non-radiative decay may occur.

The timescales for the rise in positive signal clearly show
that energy transfer occurs more quickly in films with higher
acceptor concentrations, as expected. In films with high
acceptor concentrations the energy transfer occurs on sub-
nanosecond timescales, consistent with other reports of non-
radiative energy transfer in PbS quantum dots with short
ligands,* and significantly faster than the transfer times of
30-400 ns reported in samples with oleic acid ligands.***° For
films with more dilute acceptor QDs, the timescale for energy
transfer to occur is extended due to the hopping required
between donor QDs before an acceptor is found. Characteristic
timescales of ~40 ns are seen for the lowest acceptor concen-
trations. Importantly, even in films with low acceptor concen-
trations, the energy transfer dynamics are sufficiently rapid to
compete with exciton decay in the donor, consistent with the
steady-state PL measurements reported above.

To further demonstrate the versatility of our donor-acceptor
QD system we create near-infrared QD LEDs. The devices
consist of an ITO anode, PEDOT:PSS as the hole-injection layer,
poly(9,9-dioctylfluorene-alt-N-(4-sec-butylphenyl)-
diphenylamine) (TFB) as the hole-transporting layer, cross-
linked PbS and PbS/CdS as the light-emitting active layer and
aluminium as the cathode (Fig. 5(a)). Full fabrication and
measurement details can be found in the methods. All devices
operate with similar current-voltage curves, implying similar
charge injection and transport (Fig. 5(b)). Devices made from
donor QDs exhibit the lowest efficiencies. Devices made purely
from acceptor QDs show slightly higher efficiencies, but are
outperformed by the blend devices. Both the EQE and radiance
at fixed voltage increase as the donor: acceptor ratios is varied
from 2:1 to 20:1, only starting to decrease at ratios of 50:1
(Fig. 5(c and d)). Consistent with the luminescence and transient
absorption measurements above, we assign this to the acceptor
QDs acting as lower-energy, high-efficiency emissive states. The
fact that the current-voltage characteristics are similar for the
different blend ratios suggests that charge transport and recombi-
nation take place predominantly on the donor, followed by exciton
transfer, rather than the acceptor QDs acting directly as centers for
charge recombination. The donor:acceptor blend devices shown
here out-perform other leading PbS near-infrared QD LEDs’ based
on a similar device structure. Compared with devices that purely
use high-quality core-shell PbS/CdS QDs,"® we achieve optimum
efficiencies with only 1/20th the concentration of high-quality QDs.

Conclusion

We have demonstrated that incorporation of a relatively low
concentration of high-quality PbS/CdS QDs into a densely
packed cross-linked film of PbS QDs can lead to significant
improvement in luminescence efficiency. Spectroscopic mea-
surements show efficient energy transfer into the acceptor QDs,

This journal is © The Royal Society of Chemistry 2019
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with reduced non-radiative decay since the excitations are
localized on isolated acceptor QDs. The use of these mixed
films in IR-emitting LEDs allows efficiencies to be optimized.

Methods

Materials

All chemicals were purchased from Sigma-Aldrich and used as
delivered.

PbS nanocrystal synthesis

The synthesis of PbS NCs was carried out following modified
versions of previously reported methods.*" Briefly, PbO (0.62 g,
2.8 mmol), oleic acid (2.1 mL, 6.6 mmol), 1.81 g (acceptor) or
1.5 mL, 4.7 mmol, 1.3 g (donor) and octadecene (25.0 mL,
76.3 mmol, 19.5 g) were combined in a three-neck flask and
degassed at 110 °C under vacuum (10~ > mbar or better) for 2 h.
Subsequently, the reaction flask was flushed with nitrogen
and heated to 115 °C. A solution of bis(trimethylsilyl)sulphide
(286 puL, 1.4 mmol), diphenylphosphine (144 uL, 0.83 mmol) in
octadecene (13.9 mL, 42.4 mmol, 10.8 g) was rapidly injected
into the lead precursor solution. The bandgap of the PbS NCs
was tuned by adjusting the oleic acid concentration as above.
The reaction was quenched by placing the reaction flask in an
ice-water bath. The PbS nanocrystals were isolated from the
reaction mixture by flocculating to turbidity using a 1-butanol/
ethanol/hexane solvent system. The purified QDs were then
redispersed in octane at a concentration of ~100 mg mL~' and
stored under argon.

Pbs/CdS core shell nanocrystals

The synthesis of the PbS/CdS nanocrystals was performed by
cation exchange with a Cd-oleate complex.* Briefly, cadmium oxide
(1.03 g, 99.999%), oleic acid (6.35 mL, 90%) and 1-octadecene
(25 mL, 90%) was placed in a three-necked round bottomed
flask and degassed under vacuum for 110 °C. The vessel was
switched to N, and heated to 230 °C for 2 hours, resulting in the
formation of a clear Cd-oleate solution. The solution was
cooled and transferred to a glovebox for storage. Cation exchange
was performed with the addition of Cd-oleate solution to PbS
nanocrystals. Typical reaction is as follows: PbS nanocrystals in
toluene (50 mg, 50 mg mL ') were heated to 100 °C. Cadmium
oleate in ODE (0.33 mL, 0.26 M) was added to the nanocrystal
solution. The reaction was quenched after the desired time with
the addition of anhydrous acetone and the core-shell dots were
precipitated and resuspended twice with acetone and toluene.

Continuous wave measurements

Absorption spectra of solutions were measured on nanocrystals
samples dispersed in toluene at a concentration of ca. 1 mg mL ™"
inalcm X 1 cm cuvette using a Shimadzu UV-3600 Plus spectro-
meter. Film absorption spectra were measured on Shimadzu
UV-3600 Plus spectrometer, the samples were prepared on
quartz glass by spin coating from a 10 mg mL ™" solutions
at 2000 rpm for 15 s and encapsulated via affixing a glass
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microscope slide with epoxy. Photoluminescence was measured
on an Edinburgh Instruments FLS90 fluorimeter. Film samples
were excited by front face illumination at 45° to the surface,
detection was at 90° to excitation also at 45° to the surface.

PLQE measurements

Nanocrystal films and solutions were placed in an integrating
sphere and were photo-excited using a 532 nm continuous-wave
laser. The laser and the emission signals were measured and
quantified using a calibrated Andor iDus DU490A InGaAs
detector and Shamrock SR-303i spectrometer for the determi-
nation of PL quantum efficiency. PLQE was calculated as per de
Mello et al.*?

TEM

TEM samples were prepared by drop casting a ca. 5 mg mL ™!
nanocrystal solution in toluene on a TEM Grid (200 mesh Cu,
Agar Scientific) in an argon-filled glove box and imaged employ-
ing a FEI Tecnai F20 microscope operated at 200 kV.

Transient absorption

In this technique a pump pulse generates photoexcitations
within the films, which are then probed at later times using a
broadband probe pulse. Transient absorption spectra were
recorded over short (ps) (1 ps-1 ns) and long (ns) (1 ns-100 ps)
time delays with a probe pulse covering from 1075-1350 nm. For
short-time (ps-TA) measurements a portion of the output of a
Ti:Sapphire amplifier system (Spectra-Physics Solstice) operating at
1 kHz, was used to pump a home built non-collinear optical
parametric amplifier (NOPA) to generate the pump pulse at
532 nm (FWHM 50 nm, <100 fs). In both short and long-time
measurements another portion of the amplifier output was used
to pump a home-built non-collinear optical parametric amplifier,
to generate the probe pulse. The probe beam was then split to
generate a reference beam so that laser fluctuations could be
normalized. For short-time measurements the probe is delayed
using a mechanical delay-stage (Newport). For long-time (ns-TA)
measurements a separate frequency-doubled Q-switched Nd:YVO,
laser (AOT-YVO-25QSPX, Advanced Optical Technologies) is used
to generate the pump. This laser produces pulses with a temporal
breadth below 1 ns at 530 nm and has an electronically controlled
delay. The pump and probe beams are overlapped on the sample
adjacent to a reference probe beam. This reference is used to
account for any shot-to-shot variation in transmission. The samples
were prepared on quartz glass by spin coating from a 10 mg mL ™"
solutions at 2000 rpm for 15 s, and encapsulated via affixing a glass
microscope slide with epoxy. The beams are focused into an
imaging spectrometer (Andor, Shamrock SR 303i) and detected
using a pair of linear image sensors (Hamamatsu, G11608) driven
and read out at the full laser repetition rate by a custom-built board
from Stresing Entwicklungsburo. Initial measurements were
recorded at a range of laser fluences (20-80 pJ cm™?) on both
the ps transient absorption set-ups. The TA spectra presented
in this work were recorded at 20 pJ cm™? fluence, at which there
was no short time (ps regime) Auger recombination observed
from multiple excited states occupying the one quantum dot.
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In all measurements every second pump shot is omitted, either
electronically for long-time measurements or using a mechanical
chopper for short-time measurements. The fractional differential
transmission (AT/T) of the probe is calculated for each data point
once 1000 shots have been collected.

LED device fabrication

Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS)
was spin-coated onto an ITO-coated glass substrate at 6000 rpm for
45 s, followed by annealing at 140 °C for 30 min in a nitrogen-filled
glovebox. A 10 mg mL™" poly(2,7-(9,9-di-n-octylfluorene)-alt-
(1,4-phenylene-((4-sec-butylphenyl)imino)-1,4-phenylene)) (TFB) in
toluene, was spin coated on top the Pedot:PSS layer at 2000 rpm
for 60 s followed by annealing at 150 °C for 10 m. Next the PbS
nanocrystal layer was spin-coated on the substrate at a concen-
tration of 25 mg mL ™" in octane (1500 rpm for 15 s) after a wait of
5 s. Subsequently, the native oleic acid ligand was exchanged with
benzene dithiol (20 mmol in acetonitrile) in a second spin-coating
step using the same spinning conditions. To remove residual
ligand and un-exchanged nanocrystals consecutive spin-rinsing
steps using pure acetonitrile and octane were performed. This
cycle was repeated three times. The samples were then trans-
ferred into a thermal evaporator and aluminium (Al; 80 nm)
and was deposited through a shadow mask at 3 x 10~ ° mbar or
better. The LEDs were encapsulated by affixing a glass slide on
top of the contacts using transparent UV epoxy glue.

LED characterization

Current versus voltage characteristics were measured using a
Keithley 2400 source measure unit. Photon flux was measured
simultaneously using a calibrated germanium photodiode centered
over the light-emitting pixel. External quantum efficiency was
calculated assuming a Lambertian emission profile.
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