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semiconductors

Engineering charge transport by
heterostructuring solution-processed

and Edward H. Sargent

paths for future advancement in the field.

Solution-processed semiconductors have the potential to
realize low-cost, large-area, mass-manufacturable opto-
electronic devices on flexible substrates. Semiconductor
precursors that are dispersed in a solvent can be cast into
solid-state films through various techniques, including
spin coating, inkjet printing and spray coating. This is in
stark contrast to conventional epitaxial inorganic semi-
conductor materials fabrication, which requires complex
high-temperature processing methods, such as Czochralski
growth or metal-organic chemical vapour deposition.
The three primary classes of solution-processed materi-
als are semiconducting organics, colloidal quantum dots
(CQDs) and metal halide perovskites. Today;, state-of-the-
art devices made from these materials can achieve perfor-
mances that approach or exceed those of epitaxially grown
inorganic single-crystal semiconductor devices.

These three classes of semiconductors span a range
of materials with a diverse set of physical, optical and
electronic properties that are primarily determined by
their intrinsic carrier mobility (1) and exciton binding
energy (E,), as illustrated in FIG. 1. The interplay between
mobility and exciton binding energy in solution-
processed materials dictates the guidelines for the design
of efficient light-emitting and light-harvesting devices.

Oleksandr Voznyy *, Brandon R. Sutherland*, Alexander H. Ip*, David Zhitomirsky

Abstract | Solution-processed semiconductor devices are increasingly exploiting
heterostructuring— an approach in which two or more materials with different energy
landscapes are integrated into a composite system. Heterostructured materials offer an
additional degree of freedom to control charge transport and recombination for more efficient
optoelectronic devices. By exploiting energetic asymmetry, rationally engineered
heterostructured materials can overcome weaknesses, augment strengths and introduce
emergent physical phenomena that are otherwise inaccessible to single-material systems. These
systems see benefit and application in two distinct branches of charge-carrier manipulation.
First, they influence the balance between excitons and free charges to enhance electron
extraction in solar cells and photodetectors. Second, they promote radiative recombination by
spatially confining electrons and holes, which increases the quantum efficiency of light-emitting
diodes. In this Review, we discuss advances in the design and composition of heterostructured
materials, consider their implementation in semiconductor devices and examine unexplored

In this Review, we show how heterostructuring in opto-
electronic devices based on organics, CQDs and perov-
skites overcomes materials limitations to achieve high
efficiency. In addition, we discuss the roles of mobility
and exciton binding energy in disordered semiconduc-
tors and how they govern the motion of charge carriers,
we analyse recent advances in heterostructured materi-
als for light-harvesting and light-emitting semiconductor
devices, and we provide a critical evaluation of paths for
future developments.

Semiconducting organic materials include both
polymer and small-molecule systems'. Early demonstra-
tions of high-conductivity halide-doped polyacetylene
inspired a new field of solution-processed semiconductor
devices®. Progress in materials synthesis enabled the
realization of solution-processed organic light-emitting
diodes (OLEDs)?, lasers* and solar cells®. Building on
this pioneering work, solution-processed organic semi-
conductors have now demonstrated LED external quan-
tum efficiencies (EQEs) in excess of 20%° and solar cell
power conversion efficiencies (PCEs) of more than 12%’.

CQDs are solution-processed materials systems that
consist of semiconductor nanocrystals that are a few
nanometres in diameter. The theoretical framework for
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Figure 1| Electronic properties of organic semiconductors, quantum dots and
perovskites. Electronic properties are determined by the degree of quantum confinement,
which affects the density of states, exciton binding energy and charge mobility. HOMO,
highest occupied molecular orbital; LUMO, lowest unoccupied molecular orbital.

these crystallites was developed in the 1980s*’, revealing
a dependence of bandgap on nanocrystal size. Early syn-
thesis of monodisperse cadmium-based chalcogenide
CQDs" inspired the development of new precursors
and synthetic routes to further enable high-quality
nanocrystals based on lead" and indium'. The addi-
tion of epitaxial shells during synthesis enabled high
luminescence efficiency from CQDs for the first time??,
suggesting promise for efficient light-emitters, which are
now being realized. CQDs were proposed as promising
materials for third-generation solar cells, owing to their
potential for hot-carrier extraction and multi-exciton
generation'®. Today, the cadmium-family of CQDs is
extensively used in light-emitting systems, including
LEDs with EQEs of more than 20%"* and quantum-well
lasers that operate under continuous-wave pump excita-
tion'®, State-of-the-art lead-based CQDs are applied as
the active layer in photovoltaic cells with PCEs in excess
of 11%'” and infrared photodetectors'®.

Metal halide perovskites are a class of direct-bandgap
bulk semiconductor that can be solution processed owing
to the solubility of the halide-based precursors. Although
the term ‘perovskite’ refers to a general crystal structure,
we use the term herein for brevity to describe the fam-
ily of solution-processed semiconducting metal halide
perovskites. Early studies in the 1990s demonstrated
that perovskite materials can exhibit high field-effect-
transistor mobilities'” and bright electroluminescence®.
More than two decades later, interest in this material was
revived after its discovery as an efficient solar-harvesting

material that rapidly achieved PCEs above 10%?'. Today,
perovskites exhibit PCEs of greater than 20%*** and have
further expanded their applicability as efficient emitters
in LEDs with EQEs approaching 12%%-%¢.

Charge extraction and injection

The architectural design considerations for optoelec-
tronic devices that have application in light harvest-
ing or light emission are fundamentally different.
Correspondingly, the semiconductor materials that
comprise the active layers in these devices have opposite
functions. In this section, we outline guidelines for the
design of active materials in systems that are tailored for
either the absorption or generation of light. We base this
framework around the interplay between carrier mobility
and exciton binding energy in disordered semiconduc-
tors and discuss how the presence of defect states affects
these design rules.

Mobility is a measure of the speed of a charge carrier
as it moves through a conductive medium in the presence
of an electric field. Exciton binding energy is a measure
of the strength of interaction between an electron and a
hole. Both parameters are important electrical properties
of semiconductors and directly influence the efficiency of
optoelectronic devices by influencing carrier recombina-
tion (FIC. 2). There are three main types of recombination
in semiconductor materials and devices: non-radiative
recombination at defects, radiative recombination and
non-radiative Auger recombination. For high-efficiency
devices, the properties of the active material should
be tuned to favour either radiative recombination or
carrier extraction; in all cases, undesirable non-radiative
recombination losses must be suppressed.

Defects are inevitably present in any material and are
of crucial importance in disordered solution-processed
materials in which their abundance often directly limits
device performance. Most defects induce localized ener-
getic states within the bandgap, called electronic traps.
Free carriers can become captured in traps, and once a
carrier of the opposite charge arrives at the same trap,
they recombine non-radiatively (FIG. 2a). The probabil-
ity of such recombination depends on the density of the
defects and their capture cross-section; the total amount
of losses scales linearly with carrier concentration?. In
the absence of traps, carriers would eventually meet and
recombine radiatively (FIC. 2b).

Radiative recombination is the process by which
an electron relaxes from the conduction band to the
valence band with the emission of light at the transition
energy. The radiative recombination rate is proportional
to the overlap of the electron and hole wavefunctions.
Therefore, efficient radiative recombination requires
electrons and holes to meet and remain in a localized
volume for a period longer than the radiative lifetime.
Strongly interacting electrons and holes form excitons
with large binding energies and remain co-localized,
resulting in a higher probability of light emission
(FIG. 2¢). At the other extreme, when electrons and holes
are non-interacting and become free, an increase in
the carrier concentration will increase the probability
that carriers will meet and recombine; this gives rise
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Figure 2 | Recombination mechanisms. Illustrations
showing the mechanisms for the recombination of electrons
and holes; the mechanism depends on the interplay
between the exciton binding energy and the charge carrier
mobility. a| When traps are present, free carriers find traps
faster than they can meet again. b| When binding is weak,
excitons can dissociate into free carriers, but can eventually
meet again and recombine. c | In the case of strong binding,
excitons can diffuse a short distance before recombining
radiatively. d | When mobility is low, carriers accumulate in
the material because they are not extracted sufficiently
quickly, reaching a population higher than that of traps, thus
making radiative recombination more probable.

to a quadratic dependence of radiative recombination
efficiency on carrier concentration (FIG. 2d).

Auger recombination is a higher-order process that
occurs when an electron and hole recombine and transfer
the excess energy to a nearby carrier. In organic semi-
conductors, it is known as triplet-triplet annihilation and
leads to the creation of a new singlet state. This process
annihilates the electron-hole pair without generating
a photon and is thus is a non-radiative loss. Similar to
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radiative recombination, Auger recombination requires
a strong overlap of the electron and hole wavefunctions.
The presence of a third carrier is a necessary requirement,
which makes Auger recombination noticeable only under
high carrier densities; however, it quickly becomes the
dominant recombination pathway owing to its cubic
dependence on carrier concentration.

In applications that require efficient charge extrac-
tion (for example, solar cells and photodetectors), each
of the types of recombination mentioned above should
be suppressed; by contrast, in light-emission applications,
radiative recombination should be maximized whereas
defect- and Auger-mediated recombination should be
avoided. A particular recombination pathway can be
enhanced by tuning the basic materials properties such as
trap density, carrier mobility and exciton binding energy.

All solution-processed materials share some common
features. Low-temperature processing generally means
that there is a high chance of defect formation. The high
surface area and porosity of disordered materials facili-
tate the penetration of oxidizing molecules (such as oxy-
gen and water) into the structure. This creates additional
electronic traps and often alters the doping levels of the
material. Depending on the material, doping can either
fill in the traps and provide a smoother energy landscape
for electronic carriers or, by contrast, facilitate the for-
mation of defects that counteract the effect of doping in
a process called self-compensation. Reducing the density
of traps is thus a crucial requirement in the synthesis of
high-performance semiconductor materials.

Another common result of solution processing is
a high degree of structural disorder. This leads to an
inhomogeneous energy landscape that indirectly affects
the mobility of carriers. In organic semiconductors, it
mainly arises from the disorder in the orientation and
structural conformation of the molecules. In CQD films,
it stems from size polydispersity, which affects the degree
of quantum confinement in each nanocrystal. In per-
ovskites, it is a result of non-uniform crystalline domains
that are separated by grain boundaries. These inconsist-
ent energy landscapes can lead to preferential concentra-
tion of carriers in low-energy ‘hotspots, which promotes
radiative and Auger recombination.

Despite their similarities as solution-processed mate-
rials, organic, CQD and perovskite materials vary con-
siderably in terms of carrier mobility and exciton binding
energy (TABLE 1). Strong exciton localization and low
permittivity enhances the electron-hole interactions in
organic molecules, as reflected in the respective exciton
binding energies (E, > 100 meV); intermediate quantum
confinement effects occur in CQDs and 2D perovskites
(E,=20-200meV); and electron-hole interactions are
virtually non-existent in bulk perovskites with strong
dielectric screening (E, =25 meV). Carrier mobility is
usually much lower in organics, intermediate in CQDs
and high in perovskites. Improved crystallinity within
the organic films®, reduced CQD size distribution'” and
improved coupling between individual CQDs (often
through partial fusion)**® can increase the mobility in
both organics and CQDs to values that are comparable
with those of perovskites (>10cm*V~'s™).
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Table 1| Optoelectronic parameter ranges for solution-processed organic, CQD and perovskite materials

Material Limiting mobility, Exciton binding energy,
u# (€cm?V-is?) E, (eV)

Organics 10-107 (REF 103) 0.1-1 (REF. 104)

CQDs 107-107 (REF. 105) 0.1-0.3 (REFS 47,106)

1-10? (REF 107)
CQD, colloidal quantum dot.

Perovskites

The interplay between exciton binding energy and
mobility determines the rate of exciton dissociation and
thus the rate of radiative recombination. In the absence
of competing recombination losses, carriers can meet
and recombine radiatively even after exciton dissociation
(FIC. 2b). However, the presence of traps, even in small
amounts, provides a competing recombination channel
(FIG. 2a). Therefore, to enhance the radiative rate, strong
exciton binding and/or low mobility (FIC. 2c,d) are pre-
ferred in light-emitting materials. However, decreasing
mobility can be effective only to a certain extent: at some
point, it leads to the accumulation of carriers that activates
Auger recombination, which out-competes the radiative
channel. This is particularly true in devices with thicker
light-emitting active layers, which are desirable for higher
brightness. Low mobility complicates carrier injection and
leads to an imbalanced accumulation of electrons on one
side of the device and holes on the other, which favours
Auger over radiative recombination.

When efficient charge extraction is required, weak
binding and high mobility (FIC. 2a) are necessary to sup-
press radiative recombination, which now represents a
loss. Higher mobility can in some cases also reduce the
recombination through traps by reducing the time for a
carrier and a trap to interact or by enhancing the escape
rate from shallow traps, but in most cases it only speeds
up the trapping; thus, an optimal value of mobility is
usually sought.

The above requirements would seem to restrict each
material class — when used in its pure phase — to a
particular application. Purely organic materials do not
seem to be suited for carrier extraction because of the
high radiative losses, whereas perovskites, owing to the
high carrier mobility, have poor chances of emitting light.
Even when the mobility and exciton binding energy can
be tuned, a compromise has to be made between Auger
and trap losses, which can never be completely elim-
inated. In the following section, we describe how this
compromise can be overcome by implementing hetero-
structuring within each material system and how a com-
bination of two disparate materials can benefit from the
positive qualities of the individual materials.

Heterostructuring

Efficient charge extraction

To develop high-efficiency solution-processed photo-
voltaics, it is important to increase the carrier diffusion
length, which is limited by high defect densities or high
radiative losses. In organic semiconductors, losses are
dominated by radiative recombination owing to the

0.01-0.2 (REF. 108)

Transport control

Choice of polymer or molecule, tuning of the
functional end groups

Size-tuning, dot coupling via ligands

Compositional tuning, quantum confinement

strong interaction between electrons and holes, which
leads to stable excitons. In quantum dots and per-
ovskites, excitons easily dissociate into free carriers that
recombine when they meet at defect sites. Therefore,
decreasing the density of traps is a pervasive research
topic in solution-processed materials. Progress on this
front requires significant improvement in materials
quality. However, an alternative approach for mini-
mizing losses is to separate electrons and holes into
different phases with the aid of heterostructuring, specif-
ically, intermixing two materials with a staggered band
alignment, as shown in FIC. 3.

Bulk heterojunctions (BHJs) in organic materials
facilitate rapid charge separation of photogenerated exci-
tons at interfaces™, thereby preventing geminate radiative
(Langevin) recombination (FIG. 3a) and subsequently ena-
bling the transport of electrons and holes through sepa-
rate phases. For this approach to be successful, the energy
offset between the two materials must be sufficient to
overcome the exciton binding energy. The distance
between the constituent phases should be shorter than
the diffusion length of the exciton (typically of the order
of 10 nm) (FIG. 3b) to ensure the separation of excitons
before they recombine.

It is also important that each phase is continuous to
ensure that carriers can reach the electrodes unimpeded
(FIC. 3¢). The interactions between organic materials
and additives in the solutions used for processing have
been widely explored and have been shown to influence
phase separation®*, domain size and domain shape.
It is preferred that each phase retains its crystallinity,
which requires precise control over film formation by
appropriate choice of solvents and processing tempera-
tures. The crystallinity also determines the offset energy
of the bands. Ultrafast spectroscopy shows that crystal-
line phases allow for electron delocalization over a larger
volume, which reduces the exciton binding energy*.

The BHJ strategy has been the key to the success of
organic solar cells***°, which have now reached certi-
fied efficiencies in excess of 12%’. The BH] strategy has
been extended to other systems that suffer from short
diffusion lengths, including inorganic nanocrystals*-**
and hybrid polymer-nanocrystal devices***. In the lat-
ter case, controlling the extent of the CQD domains is
a major challenge***#, and the use of nanorods that
span the thickness of the whole device is one effective
approach to address this problem* (FIC. 3d).

Shell-free quantum dot films were shown to be
non-excitonic, rapidly dissociating into free carriers,
when the initial oleic acid ligands were exchanged to
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Figure 3 | Charge extraction in heterostructured materials. a| Energy band diagram of a bulk heterojunction for
excitonic materials, indicating bimolecular recombination as the main loss. b | Energy band diagram of a bulk
heterojunction for the case of free carriers, showing trap recombination as the main loss. ¢ | Structure of a typical bulk
heterojunction used in organic photovoltaics***. d | Bulk heterojunction mixing of a polymer and inorganic nanorods*.
e| Bulk heterojunction using nanoneedles that penetrate into the colloidal quantum dot (CQD) or photoabsorbing
perovskite phase® . f| A homogeneous mixture of donor- and acceptor-type quantum dots acting as a bulk
heterojunction. g | Band diagram of a material with asymmetric electron and hole extraction used in photodetectors.
h| Example of a photodetector based on PbS quantum dots as a sensitizer and graphene as a high-conductivity phase’.

shorter thiols*. This is a result of the high carrier mobil-
ity and small exciton binding energy within these sys-
tems, which eliminates radiative losses. However, higher
mobility does not improve charge extraction in the pres-
ence of trap states; it only speeds up the capture of carri-
ers into traps, leaving the diffusion length of the carriers
unaffected*. Indeed, the ligand-exchange procedure
often leads to quantum-dot aggregation and necking,
which increases the energetic disorder'”*** and even
the density of traps*.

To improve the surface passivation in quantum-dot
films, retention of the original ligands or growth of
passivating shells*"*? is desired, if this can be achieved
without significantly reducing the carrier mobil-
ity. A judicious choice of ligand can reduce the bar-
rier for carrier transport and retain the conductivity
of an organic-quantum dot composite if the highest

occupied or lowest unoccupied molecular orbital level
of the ligand is aligned with that of the quantum dot
solid**~*, even for relatively long ligands. Another alter-
native, which has been the most successful approach
to date, is to perform a ligand exchange in the solu-
tion phase, imposing less damage to the surface'”***.
Nevertheless, defects and the effects they have on car-
rier diffusion length remain the key limiting factors
in quantum dot optoelectronics, and a BHJ architec-
ture still holds promise for improving these materials
(FIG. 3b). Free carriers are still able to get trapped at
defects when separated into different phases; however,
to recombine, the carrier of the opposite charge must
arrive at the same trap. If this does not happen, the
trap becomes filled and cannot accept more carriers of
the same charge in accordance with the Pauli exclusion
principle.
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Various combinations of nanomaterials have been
tested in BHJ architectures: from macroscopic well-
defined continuous TiO, nanopillars® and ZnO nano-
wires®# (FIC. 3e) to homogeneously mixed quantum dots
of different composition and size**>*. The benefit of
quantum dots over organics is that they do not require
a continuous phase of the same material. Instead, with
a sufficient concentration of nearest neighbours of the
same identity, high carrier mobility can be sustained
even when multiple types of quantum dot are homo-
geneously mixed (FIC. 3f). In organic materials, such
random mixtures become too disordered, preventing
efficient carrier transport. The compatibility of solvents
and the passivation of the two materials that constitute
the BH]J remain challenging, preventing these hetero-
structured architectures from outperforming planar
quantum-dot devices.

The first promising photovoltaic performance
achieved with halide perovskites relied on a BHJ with
mesoporous TiO, (REFS 63,64). Heterostructured per-
ovskite-PCBM (phenyl-Cs,-butyric acid methyl ester)
films showed potential in hysteresis-free high-efficiency
solar cells. In this case, PCBM serves at least two func-
tions: it acts as an efficient electron acceptor, forming
a continuous conductive phase for electrons, and it
passivates grain boundaries in a similar way to that
of other organic additives®. After intensive efforts,
researchers have shown that carrier diffusion lengths in
perovskites are both balanced and long; through proper
synthetic control®*® diffusion lengths can now reach
several micrometres. Today, the performance of pla-
nar perovskite solar cells® approaches that of the best
heterostructured counterparts®.

In addition to providing a means to overcome the
short carrier diffusion length in solar cells, hetero-
structured materials also have an advantage in photo-
detectors. In photoconductive light sensors, the
temporary trapping of a carrier in a localized phase
can delay its extraction (FIG. 3g). When coupled with a
highly conductive phase for the carrier of the opposite
polarity, such carrier imbalance enables photoconduc-
tive gain. PbS quantum dots have been demonstrated
as effective photosensitizers in combination with
graphene” (FIC. 3h) and C,, single crystals”' as con-
ductive phases. In a recent example, PbS quantum
dots were used to efficiently delay carriers in highly
conductive perovskites’; in this work, non-radiative
recombination was avoided as a result of effective lat-
tice matching and passivation between the perovskite
phase and the quantum dots”. In another study, slow-
ing down the carriers inside the perovskite required
organic additives that introduced disorder and
reduced the quality of the perovskite™. The asymmet-
ric conductivity of carriers has also been demonstrated
using CdSe quantum dots with CdS shells. Owing to
a quasi-type II band alignment, holes are efficiently
trapped inside the quantum dot cores whereas elec-
trons are free to move between the dots (FIG. 3g).
Ligand exchange with metal chalcogenide complexes
shortened the inter-dot distance, further enhancing
electron mobility”.

Enhanced radiative recombination

Light-emitting devices, such as LEDs, require an active
medium with a high radiative recombination rate, which,
as mentioned above, is proportional to the overlap of the
electron and hole wavefunctions. For materials with a high
carrier mobility — and consequently a low exciton binding
energy — such as perovskites, the delocalization of carriers
limits this rate. By contrast, materials with a high exciton
binding energy, such as organic materials and CQDs, have
inefficient and imbalanced carrier transport across thick
active layers; this limits the radiative rate by impeding the
spatial overlap of injected carriers. LEDs require both high
and balanced carrier mobilities and high exciton binding
energies — something that is not realized in homogene-
ous materials with flat energy landscapes. Therefore, to
achieve high-efficiency LEDs researchers have exploited
heterostructuring. In this section, we examine the hetero-
structured materials design of LEDs based on emitting
layers of organic semiconductors, CQDs or perovskites.
These are termed OLEDs, QD-LEDs, and PeLEDs,
respectively. We emphasize the less-studied and emerging
QD-LED and PeLED materials systems.

Solution-processed LEDs break the mobility versus
binding energy compromise by utilizing type I hetero-
junctions to spatially confine injected charge carriers
(FIG. 4a). In an ideal implementation of this system, the
constituent with the wider bandgap has large ambipolar
mobilities (that is, balanced electron and hole mobili-
ties) and is a continuous phase for effective transport.
The energetic confinement of the component with the
smaller bandgap provides a barrier for electron and hole
wavefunction separation in the emitting phase, effectively
increasing the radiative rate to a level that is compara-
ble with that in strongly bound excitonic systems. The
matrix-inclusion system is widely used towards this goal;
it comprises a continuous conductive phase within which
isolated inclusions with smaller bandgaps are embedded
(FIG. 4b). Charge carriers are injected electrically into the
matrix phase and diffuse through to the lower-energy
inclusion phase where they recombine radiatively. The
distance between inclusions should be less than the car-
rier diffusion length to compete efficiently with carrier
capture into traps inside the host material. The fabrication
of matrix-inclusion systems in epitaxial inorganic LEDs is
complex. However, solution-processing enables homoge-
neous mixing of the host matrix and inclusions through
self-assembly.

The best solution-processed OLEDs rely on hetero-
structuring to overcome non-idealities in their constit-
uent electronic materials. They have emissive phosphor
inclusions — typically based on metal-organic molecu-
lar complexes — which ensure mixing of the singlet and
triplet states and thus provide high photoluminescence
quantum yields (PLQY) for radiative efficiency. These
materials are embedded in high-mobility small-molecule
or polymer matrices for carrier transport™””. The matrix
is designed to transport electrons and holes, and is com-
posed of a single ambipolar phase, or more typically, of
two or more materials with carrier-selective transport”
(FIG. 40). The topic of matrix-inclusion systems in OLEDs
has been heavily studied and is reviewed elsewhere”-*'.
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a b Leading QD-LEDs are based on heterostructured
) type I core-shell nanocrystals with organic ligands.
Inclusion ©- nellsiern © Matrix Epitaxial wide-bandgap shells can be grown in the
solution-phase onto pre-synthesized CQDs with atom-
©666 ic-thickness precision’’. These composite heterostruc-
L1 VWA Emission  tured active layers are energetically comparable with a
PO matrix-inclusion system; however, they do not possess
a continuous-matrix phase. These materials have three

Bifusion key components. First, the emissive core material is
chosen for its luminescence efficiency and colour purity.
Second, the choice of shell material is designed for opti-
mal carrier confinement, minimized lattice strain on
the core — thereby preserving its optical quality — and
conductivity for effective transport. Third, passivating
ligands on the surface of the shell are used to reduce
the number of trapping states and to control carrier
mobility. CdSe nanocrystals with a CdS (REF. 15) or ZnS
(REF. 82) shell (FIC. 4d) can achieve peak EQEs of more
than 20% at visible wavelengths, and PbS CQDs with
a CdS shell have achieved EQEs in excess of 2% in the

Radial distance short-wavelength infrared region®.

e £ Continuous-phase matrix-inclusion systems have
shown promise for use in QD-LEDs. Early reports of
luminescent CQDs showed that downconversion and
electroluminescence can be achieved when the nano-
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S crystals are embedded in an organic matrix**. However,
= R R R this CQD-in-organic-matrix materials platform has yet
R R R to gain momentum due to a high density of trap states

at the CQD/organic interface. Pure inorganic matrices
have also been explored. For example, PbS-CdS core-
(0 -0 (0 shell CQDs with an amorphous As,S, matrix were shown
e ° ° to reduce dielectric screening, promoting fast radiative
recombination¥. The growth of a CdS matrix around
g h PbS CQDs by means of the successive ionic layer adsorp-
-2 tion and reaction (SILAR) method was shown to increase
the solid-state PLQY to 3.7%%, compared with less than
1% without encapsulation. However, this luminescence
efficiency is still too low to be considered for high-
performance QD-LEDs. The purely solution-phase
epitaxial growth of shells has benefited from a substan-
tial body of chemical advances, and this approach can
-6 now be used to produce trap-minimized interfaces.
Although they are promising, post-infiltration strategies
E such as SILAR have yet to show compellingly high PLQY
(and consequently, the electroluminescent quantum
yield (ELQY)). This is again ascribed to un-optimized
interfaces at the matrix-inclusion boundary.
The matrix-inclusion systems mentioned above suf-
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Figure 4 | Heterostructured materials with spatial confinement of carriers for
efficient luminescence. a | Matrix-inclusion heterostructures. b | Type |
heterojunction for light-emitting diode (LED) carrier funnelling. c | Carrier-selective

transport layers for organic LEDs’®. d | Schematic representation of core—shell-ligand fer from problems in their practical implementation.
colloidal quantum dot (CQD) complexes'®. The energy diagram shows the energy First, CQDs tend to aggregate during film formation
barriers imposed on electrons and holes by the shell and the organic layer. e | PbS with matrix phases. Second, the interface between the
CQDs embedded in a CH,NH,Pbl, matrix”. f| 2D-perovskite crystals with layered matrix and the CQD surface can be a source of defect
organic barriers®. g | Quasi-2D perovskite heterostructured funnels®. The black arrows  states that decreases radiative efficiency. Third, there
indicate the carrier transfer between domains with different bandgaps. are only a few solution-processed materials with suita-

h | Self-assembled perovskite multi-quantum-well heterostructure LEDs?*. ITO, indium
tin oxide; NFPI,, a quasi-2D perovskite; PEIE, poly(ethyleneimine) ethoxylated; TFB,
poly(9,9-dioctyl-fluorene-co-N-(4-butylphenyl)diphenylamine. Panel ¢ is reproduced
with permission from REF. 78, Royal Society of Chemistry. Panel d is adapted with
permission from REF. 102, InTech. Panel e is reproduced from REF. 73, Macmillan

bly high mobilities. For example, graphene oxide quan-
tum dots embedded in a poly(N-vinylcarbazole) matrix
exhibit broadband emission as a result of quantum dot
polydispersity and uncontrolled trap-state emission®.

Publishers Limited. Panel f is reproduced with permission from REF. 93, Royal Society of Recently, a new hybridized matrix-inclusion plat-
Chemistry. Panel g is reproduced from REF. 25, Macmillan Publishers Limited. Panelhis ~ form has emerged: CQDs embedded in a perovskite
reproduced from REF 24, Macmillan Publishers Limited. solid”* (FIG. 4e). The perovskite and CQDs form a type I
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heterojunction for efficient carrier funnelling into CQD
emitters, benefiting from efficient electron and hole
transport in the perovskite, and resulting in enhanced
PLQY compared with CQDs on their own. Furthermore,
perovskites used as surface modifiers for quantum dots
have been shown to form a heteroepitaxial interface at
which CQDs self-align to the perovskite crystal struc-
ture, in contrast with strategies that involve amorphous
matrices. This material has been used in short-wave-
length infrared light-emitting diodes and showed a two-
fold improvement over the previous CQD LED power
conversion efficiencies in this spectral range’’. Although
promising, the materials compatibility between CQDs
and perovskites has stringent design requirements. For
maximized PLQY, the matrix must be lattice-matched to
the CQD surface, thereby minimizing strain. Achieving
both lattice matching and sufficient band offsets for car-
rier confinement is challenging and requires carefully
chosen materials and surface engineering.

Perovskites, owing to their excellent transport prop-
erties but low exciton binding energy, require hetero-
structuring to spatially confine carriers for efficient
luminescence. One such strategy uses organic ligands
to separate the perovskite into 2D platelets (FIC. 4f). By
increasing the ratio of ligands to perovskite, the degree
of platelet confinement can be tuned, thereby increasing
the exciton binding energy at the cost of reduced mobil-
ity?>?2%, These heterostructures have been used to form
the active layer in efficient and bright perovskite LEDs.
Phenylethylammonium iodide ligands have been used
to separate CH,NH,PbI, perovskites into 2D perovskite
platelets of different thickness and thus different degrees
of quantum confinement, creating carrier funnels*
(FIC. 4g). These PeLEDs exhibit a peak EQE and radiance
0£8.8% and 80 W sr ' m 2, respectively. The incorporation of
n-butylammonium halide precursors into a 3D perovskite
solution has been shown to effectively confine carriers to
nanometre-sized grains®. These bulk perovskite grains
are capped with n-butylammonium ligands, facilitating
carrier capture and recombination. This led to LEDs with
peak EQEs of as high as 10.4%. To date, the most efficient
PeLEDs are based on similar multi-quantum-well hetero-
structures™ (FIG. 4h). In this case, 1-naphthylmethylamine
iodide ligands were used to separate formamidinium lead
iodide perovskites into self-organized platelets for effec-
tive carrier confinement; these PeLEDs exhibited a peak
EQE of 11.7% and were demonstrated to be tunable within
emission wavelengths of 500-800 nm. Although these
reduced-dimensionality perovskite heterostructures are
an effective way to increase radiative efficiency, they are
still significantly less efficient than OLEDs and QD-LEDs.
Harnessing a single continuous transport phase around
the light-emitting perovskite domains would be an
effective way to improve device performance further.

Conclusions and outlook

Heterostructuring has allowed researchers to control the
exciton binding energy and electronic transport prop-
erties in solution-processed semiconductors, leading to
improved optoelectronic devices. Enhanced solar cells and
photodetectors have been realized by combining materials

in the high-binding-energy regime with carrier-selective
transport phases. High-efficiency LEDs have been
demonstrated by confining active materials with elec-
tronic barriers to increase the spatial overlap of electron
and hole wavefunctions. To further advance the efficiency
of these devices, the organic, CQD and perovskite com-
munities can learn and adapt successful strategies from
each other. Combining these distinctly different materials
not only expands the configurational space — through the
use of binary or even ternary mixtures — but may also
help to overcome the practical processing incompatibility
limitations for multi-material mixes.

The capacity of mixed-phase materials to provide a
more efficient extraction of photogenerated charges has
the potential to be further exploited, even in perovskites:
BH]Js can improve charge extraction from the thick films
(in excess of 1 pm) that are required for deep infrared or
X-ray detection®. The use of multiple-ligand mixtures
to bind to the same CQD could further advance the
efficiency of charge transfer between CQDs by allowing
electrons and holes to be bridged by separate ligands,
providing a smaller barrier for each carrier.

The capacity to mix two nanomaterials homogene-
ously without detriment to charge transport alleviates the
need for difficult-to-control interpenetrating macroscopic
phases that need to be continuous and directly connected
to electrodes. For example, mixed CQD-PCBM hetero-
junctions can be envisioned. Carefully designed CQD-
ligand networks with a type II band alignment between
the CQD and organic levels could allow for the separation
of charge carriers with efficient electron and hole trans-
port through the organic and CQD states, respectively®.
Taking this concept further, CQDs, nanorods and nano-
dumbells enable the fabrication of a heterojunction on a
single-entity level”, separating the charges and reducing
recombination while providing charge transport that is
less susceptible to disorder if the insulating ligands are
replaced with shorter conductive ones. Another useful
property of CQD ligands can be utilized: ligands affect
the offset energy of the CQD bands”, which allows a BHJ
to be developed in a mixture of CQDs of the same type
that differ only in their ligands.

Heterostructured materials can further improve
photodetection. By utilizing highly absorbing nano-
structures combined with a conductive phase, one can
realize photodetectors with high internal gain, provided
that the band levels are optimized for carrier transfer;
the use of colloidal nanoplatelets and quantum dots
inside a perovskite matrix provide such natural ave-
nues. The spectral sensitivity can be further expanded
to sub-bandgap energies by using intraband transitions,
where light excites a carrier from a quantum well into a
matrix with an arbitrarily small band offset.

QD-LEDs have reached respectable levels of perfor-
mance, but stand to learn from concepts used in state-
of-the-art OLEDs, which achieve higher EQEs, and
PeLEDs, which have demonstrated higher brightness.
There has been limited effort towards the fabrication of
QD-LEDs with continuous-phase transporting matrices,
as are used in OLEDs. Emerging efforts, such as quan-
tum-dot-in-perovskite solids, have shown initial promise
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but leave much unexplored. For example, visible-wave-
length QD-LEDs are mostly based on zincblende mate-
rials and require new compatible constituents for the
transport matrix. These materials must have type I band
alignment and be as close to lattice-matched as possible.
Conductive polymers that are directly coupled to CQD
as ligands, or CQD mixtures of different size, material
and/or bandgap® coupled using short inorganic ligands”™
or even fusing®°* to ensure conductivity, offer viable
pathways to CQD-in-matrix architectures.

PeLEDs are engineered to increase the exciton binding
energy of the emitting layer through heterostructuring;
however, as has been done for OLEDs, we should strive to
achieve continuous transport phases. Charge transport in
low-dimensionality perovskite heterostructures has been
demonstrated to rely on carrier funnelling®** in a strongly
inhomogeneous energy landscape that arises from a
mixture of 2D layers with different degrees of quantum
confinement. Matrix-inclusion heterostructures with a
continuous transport phase and perovskite emitting lay-
ers represent an alternative approach to confining carriers
without impeding the transport. A key materials science
challenge must be overcome to realize this: the develop-
ment of controlled phase-separation of perovskites into
wide-bandgap matrices. These matrices ideally would
comprise wide-bandgap perovskites, but established
bipolar organic polymers are also promising (of which

REVIEWS

there has been one preliminary study'®). Tuning the

halide composition in perovskites is an effective way to
control the bandgap; however, influencing phase segre-
gation among these varying-bandgap perovskites has
proved to be challenging. Realizing the successful control
of phase separation requires new and inventive strategies
for precursor development beyond the organic cation
crosslinkers used in 2D and quasi-2D perovskites.
Researchers in the field of OLEDs can learn from
advances made in QD-LEDs and PeLEDs by working
on new materials science to implement higher mobil-
ity ambipolar transport materials, such as perovskites.
The use of a perovskite transport phase that contains
organic inclusions has been explored — an approach that
led to an improved luminous output from 2D layered
perovskites crosslinked using organic luminophores'.
This is a promising approach to improve the brightness
of solution-processed OLEDs; however, the materials
science for these heterostructures is still undeveloped.
Through materials heterostructuring, solution-pro-
cessed materials can be used to control the interplay
between carrier mobility and exciton binding energy.
This enables the design of new materials and optoelec-
tronic devices with enhanced performance. There remain
many new materials combinations to explore, and the
range of optoelectronic devices that stand to benefit is
wide, including photodetectors, solar cells and LEDs.
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