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DOI: 10.1038/x0xx00000x Solution-grown colloidal nanocrystal (NC) materials represent ideal candidate for optoelectronic devices, due to the
flexibility with which they can be synthesized, the ease with which they can be processed for device-fabrication purposes
www.rsc.org/ and, foremost, for their excellent and size-dependent tunable optical properties, such as high photoluminescence (PL)
quantum vyield, color purity, and broad absorption spectra up to the near infrared. The advent of surfactant-assisted
synthesis of thermodynamically stable colloidal solutions of NCs has led to peerless results in terms of uniform size
distribution, composition, rational shape-design and possibility to build heterostructured NCs (HNCs) comprising two or
more different materials joined together. By tailoring the composition, shape and size of each component, HNCs with
gradually higher levels of complexity have been conceived and realized endowing them with outstanding characteristic
and optoelectronic properties.
In this review, we discuss the recent advances in the design of HNCs for efficient light emitting diodes (LEDs) and
photovoltaic (PV) solar cell devices. In particular, we will focus on material requirement to obtain superior optoelectronic
quality and efficient devices as well as their preparation and processing potential and limitations.

have paved the way to the implementation of hybrid devices in
1. Introduction which the low-cost, flexible technology of organic materials is
combined with the long operating lifetime of inorganic
semiconductor devices.
In order to improve the optoelectronic quality, NC surface is
ameliorated by epitaxially growing a wider band-gap semiconductor
shell, forming a core/shell HNCs. Such an approach offers the
unique opportunity to create novel optoelectronic properties by

Surfactant assisted techniques allows the growth of
semiconductors, metal, metal oxide and alkaline rare-earth
NCs with high crystalline quality, almost free from defects and
narrow size distribution.’™ By a facile modification of the
synthetic protocols, NCs with desired properties could be

obtained on purposely designed for disparate applications: fast ) ) - ) o
. . 4 . .5 . 6 L using semiconductor HNCs, instead of single composition
optical switches,” spintronic,” transistors,” magnetic field

driven.” and optoelectronic devices 89 |ow-threshold lasers material."*"’ Depending on the energy level alignment of the two
and bi;)IogicaI labelling 11,12 ’ ’ adjoined materials, different carrier-localization regimes can be

In this frame, electrically driven LEDs and solar cells based on obtained. Since in the strong confinement regime the size and
colloidally synthesized inorganic semiconductor NCs represent dimensionality dictate the position and the density of energy, a
a completely new technology platform for the realization of careful design of the composition, size and shape of each
flat-panel displays/lighting systems and flexible photovoltaic component can modify the energy offsets in semiconductor HNCs.

devices at a low cost.">™ The successful application of NCs in Concerning. LEDs, the . first demonstration of
LED and solar cell technology relies on the versatility of the electrolumlneslgence (EL) u§|ng quantum dot (QD) NCs dates
colloidal synthesis technique and the excellent optical back to 1994, and the19h|ghest reported external quantum
properties of NC, including tuneable saturated color emission efficiency (EQE) of 20.5% " for red emitting QD NC based LEDs

across the UV-visible-near IR range, high PL quantum vyield and 15 very reﬁen?. Nor-1—rad|at|ve Frap—asmsted .rec.ombllnatlon,
. . oo 15 - Auger annihilation with free carries and electric field induced
long term chemical/optical stability.”” These characteristics

PL quenching needs to be contained.”® The challenge is to
develop stable NC emitters with high PL quantum vyield in the
combined presence of charge carriers and electric field. In

® Dipartimento di Matematica e Fisica “E. De Giorgi”, Universita del Salento, Via order to the reach this target several progress in engineering
per Arnesano, 73100 Lecce, Italy . . ! . . .

b CNR-Nanotec - Istituto di Nanotecnologia, Polo di Nanotecnologia ¢/o Campus HNCs for LED application have been made, allowing passivation of
Ecotekne, via Monteroni, 73100 Lecce, Italy. defect, suppression of the Auger losses and obtaining
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unprecedented color purity.
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Notwithstanding the several progress of HNCs for LED applications,
few reports are focused on solution phase syntheses of HNCs of
high optoelectronic quality for photovoltaic devices.>* Significant
efforts have been addressed to the engineering of NC solar cell
architectures mainly based on PbS or PbSe single material.”?
Different structures have been proposed including Schottky-like
diode junction,23 depletion heterojunction,m’25 hybrid  bulk
heterojunction structures,zs’27 and QD sensitized solar cells.”® By
analogy with LEDs, solar cells can potentially profit from the
heterostructuring strategy, since the reduction of surface trap
density is essential to improve both Jsc and Voc values by mitigating
charge carrier recombination losses.”®* In the last part of the
review we will show how the design of HNCs can be exploited as an
interesting and promising opportunity to improve the performance
of NC based solar cells.

2. Carrier Localization Regimes and Optical
Properties

The quantum confinement effect governs the optical and electronic
properties of NCs resulting in size and shape dependent
characteristics.>®* As the dimensions of nanostructure decrease,
reaching a value below the exciton Bohr radius, characteristic of
each bulk material, the spatial confinement effect induces the
quantization of the electronic states and energy band-gap (Figure
1). Therefore, by changing size, composition and shape, it is
possible to tune the NC optical properties over a wide spectral
range; colloidal chemistry methods allows obtaining this in a cheap,
scalable and highly efficient way. Figure 1b-c shows and example of
size dependent PL emission of CdSe/ZnS based spherical NCs across
the visible spectrum.

Colloidal NCs are usually synthetized by the thermal decomposition
of precursors materials in a hot reaction media containing
surfactant molecules (i.e. fatty acids, fatty amines, alkylphosphonic
acid, or trialkylphosphine),3z‘33 which dynamically overcoat and
guide the growth ensuring their stability and dispersion in the most
common solvents. As a result, NCs prepared by means surfactant-
assisted colloidal synthesis can be deposited by low-cost solution-
based deposition techniques, such as spin-coating, inkjet printing,
and roll-to-roll casting, instead of the more expensive and less
versatile vacuum- assisted processes.>*
The resulting nanocrystalline material performances
optoelectronic quality is strongly influenced by the presence of
both anionic and cationic un-passivated sites on the surface
(dangling bonds) originating from the breakdown of the periodic
crystal lattice.”” An inefficient passivation of these sites could lead
to material photoxidation and instability at ambient conditions and
moisture. Furthermore, because surface sites are energetically
localized within the NC band-gap, they usually act as charge
trapping-states thus heavily affecting the charge separation and
293839 pelaxation into such localized

and

recombination dynamics.
surface states diminishes the overlap between the electron and
hole wavefunctions, reducing the probability of radiative
recombination events. In addition, surface defects form even
deeper energy trap states lead to strong carrier localization and to

nonradiative exciton relaxation processes. Therefore, surface

2| J. Name., 2012, 00, 1-3

chemistry and passivation in these systems assume a preeminent
role for their successful application in highly efficient optoelectronic
devices.
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Figure 1. (a) Sketch of the effect of band-gap narrowing by
increasing the size of NCs. (b) Suspensions of colloidal CdSe/ZnS
core/shell HNCs of different sizes under UV excitation and relative
(c) size dependent emission spectra.

In general, organic ligands provide a good degree of surface
passivation but their efficacy mainly relies on the stability of the
ligand itself and, thus it does not ensure a long-term effect.”
Organic ligands, indeed, can be distorted during the processing of
NCs into films and actual devices, and, in addition, barely passivate
at the same time both anionic and cationic surface sites. Moreover,
the long and insulating surfactant molecules hinder the efficient
charge transport and percolation through NC domains. A powerful
way to solve this issue is to overcoat the NC surface with a second
inorganic semiconductor material creating the so-called HNCs. In
this case, the inorganic coating effectively enables the passivation

This journal is © The Royal Society of Chemistry 20xx
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of both unsaturated anionic and cationic species. Recent advances
in colloidal science have led to the synthesis of HNCs based on
several semiconductor materials combined into spherical core/shell
(QDs), dot-in-rod, rod/rod and branched
nanostructures.’ In addition, compared to single material based
NCs, HNCs allow further degree of tuning of their physical
properties, such as emission quantum yield and exciton lifetime,

quantum dots

which are fundamental parameters for their application in LED and
photovoltaic devices. Depending on the energy level alignment of
the two materials, different carrier-localization regimes can be
obtained. Since in the strong confinement regime the size and
dimensionality dictated the position and the density of energy, a
careful design of the composition, size and shape of each
component can modify the energy offsets in semiconductor HNCs,
and in turns the electron-hole wavefunction overlap and material
optoelectronic properties.41 Thus, the thoughtful design of HNCs
will lead to obtain the desired photophysic and optoelectronic
properties, targeting the different device applications. The relative
energy band offset of NHSs can be engineered through the
quantum confinement effect also by varying the relative size and
shape of each component, as a result, the same core/shell
combination of materials can lead to different regimes of charge
localization depending on the core size or shell thickness.*™*
In general, possible HNCs energy band configurations can be
classified as type |, quasi-type Il and type Il regimes, depending on
the relative bulk semiconductor energy levels (Figure 2).41
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Figure 2. Schematic representation of the energy level alighment
and carrier localization in type |, quasi-type Il and type Il HNCs. The
red and orange lines indicate the lowest energy electron and hole
wavefunctions, respectively.

This scheme represents three ideal cases of charge carrier
distribution, valid only for infinite offsets. Whereas for finite offsets,
and especially in HNCs, charge localization regimes are not well
defined since the electron and hole wave functions can completely
or partially spread throughout the entire NHS. Therefore, the bulk
band offset scheme between the two, or more, semiconductors in
NHSs should be used merely as a tool to predict in which material
the wave function of a given carrier mainly resides.

2.1 HNC Type I-enclosed energy level alignment

The type | is an enclosed alignment in which the band-gap of one
component is located entirely within the gap of the other
semiconductor. In this configuration, both charge carriers are
confined in the narrower band-gap material. Type | HNCs are
usually constructed by growing a shell onto preformed NC cores

This journal is © The Royal Society of Chemistry 20xx

having narrower optical band-gap. Several material combination
(Cdse/zns,"*" cds/zns,”® cdse/cds,” InP/zns,® Pbs/Cds™) and
synthetic protocols have been developed for highly efficient and
stable type | HNCs. The growth of a shell having a wider bandgap
offers the advantage of protecting the core from the surrounding
environment and, thus to preserve its optical properties during
oxygen exposure, purification or ligand exchange treatments. As an
example, the CdSe NC surface is highly susceptible to photoxidation
due to the presence of unpassivated Se sites that can react with
oxygen or water molecules. The deleterious effect of surface
oxidation causes a broadening and blue shift of the first excitonic
peak in the absorption spectrum and, a reduction of the optical
density.47 By overcoating the CdSe core with few monolayer thick
ZnS, CdS or ZnSe shells, the density of surface dangling bonds is
massively reduced, resulting in enhanced PL quantum yield and in
minimized photoxidation.47 PL studies showed that CdSe core only
NCs display a prominent deep-trap emission whose contribution to
the whole spectrum is of ~82%, such deep-trap emission is greatly
reduced to a contribution of ~4%, ~29% and ~40% for ZnS, CdS and
ZnSe shells, respectively.46 As the deep-trap emission decreases the
PL quantum yield increases from ~4% up to ~77% in the case of four
monolayer-thick ZnS shell and up to ~82% with a multiple shell
made of ZnSe and ZnS, (Figure 3a-d)46 thus demonstrating that
reducing the deep-trap emission is of utmost importance to achieve
high PL intensity and saturated color emission.
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Figure 3. Absorption and emission spectra of CdSe-Based Core/Shell
NCs: (a) CdSe/znS, (b) CdSe/ZnSe/zZnS, and (c) CdSe/CdS/ZnS
nanocrystals and related QE measured relatively to Rhodamine B in
methanol (85% QE). (d) PL spectra of core/shell HNCs at 5 K. In
parentheses, the percentage of deep trap emission. (e) Variation of
the first exciton absorption peak (solid symbols), the emission
maximum (open symbols), and the size of nanocrystals. Error bars
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represent emission bandwidths (full width at half-maximum). (f)
Proposed band-offset for the core/shell structure. Dotted lines
illustrate electron and hole wavefunctions. Adapted with
permission from ref. “, Copyright 2008 American Chemical Society.
Thanks to these properties type | HNCs are among the most
investigated as efficient emitters for LED devices.***
Besides the outstanding properties, type |
heterostructuring can lead to an enhancement of the UV absorption
as well. In CdSe/ZnS QD HNCs, the shell growth causes a red shift of
CdSe absorption and emission peaks, resulting from a partial
extension of charge carriers into ZnS shell.*” In CdSe/ZnS HNCs,
indeed, while the hole wavefunction remain localized into CdSe
core, the electron wavefunction slightly spreads into the ZnS shell
(figure 4b),54 reducing the confinement energy and leading to red-
shifted absorption. However, beyond a limit value of the shell
thickness, the confinement energies remain constant because the
electron and hole wave functions cannot spread out any further. In
this regime, although the emission properties are unaffected, the
shell  thickness variation becomes relevant in charge
separation/recombination  dynamics charge transfer
mechanisms. Transient absorption spectroscopy measurements on
a system consisting of anthroquinone molecules, acting as an
electron withdrawing material, adsorbed onto the surface of
CdSe/ZnS HNCs reveal that both charge separation and
recombination rate decay exponentially by increasing the shell
width (Figure 4).54
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Figure 4 (a) Sketch illustrating the Photoinduced Charge Separation
(kes) and Recombination (kg) Processes in CdSe/ZnS Core/Shell QD-
Anthraquinone Complexes. (b) Band alignments and radial
distribution functions for 1S electron and hole levels of CdSe/ZnS
core/shell QD with a 13.7 A CdSe core and 3 monolayers of ZnS
shell. Vertical dashed lines indicate CdSe/ZnS and ZnS/organic
ligand interfaces. Potentials are relative to the vacuum energy level.
(c) Plot of charge separation (open circles) and recombination (open
triangles) rates as a function of ZnS shell thickness. Figure also
shows the calculated electron (red dashed line) and hole (blue
dashed line) densities at the shell surface as a function of shell
thickness. Adapted with permission from ref. > Copyright 2010
American Chemical Society.

Charge recombination rate decay faster than separation due to the
different hole and electron distribution between the core and the
shell (Figure 4). These findings suggest that, in principle, type | HNCs
could be exploited to improve charge separation efficiency of a
donor/acceptor PV system by simply varying the shell thickness.

4| J. Name., 2012, 00, 1-3

2.2 HNC Type IlI- staggered energy level alignment

The type Il arrangement consists in staggered energy level
positioning in which both the low energy electrons and holes states
are in different semiconductors, thus negative and positive carries
are spatially separated and localized in each component material.
Type Il band alignment can be achieved with several combination of
materials such as CdTe/CdSe,” CdSe/ZnTe,” CdTe/CdS,56
ZnTe/Cds,*” znTe/CdTe*” and CdS/ZnSe.42 The spatial separation of
charge carriers has several implication on the absorption and
emission properties, as well as on charge separation and
recombination dynamics of HNCs. Typically, the absorption spectra
show new optical bands that appear at lower energies, adding up to
the contribution of each single component.sg’59 Such bands are
related to weak spatially indirect transitions, i. e. charge transfer
states, existing at the interface between the two semiconductors,
which extend the absorption of the type Il HNCs to longer
wavelength. Additionally, the PL and absorption of type Il HNCs
shifts towards lower energies because the effective energy-gap is
given by the band offset between the two components and it is
independent from the band-gap of the single core and shell
material. Thanks to this property, Type Il HNCs can be exploited as
promising tunable near infrared emitters.”’ As an example,
CdTe/CdSe HNCs emission spectrum is peaked at lower energy if
compared to the corresponding core, which is completely quenched
during the HNC formation.”® Similar behaviour have also been
observed in other type Il system such as CdS/ZnSe HNCs.?

Besides the effect on the absorption and emission properties, type
Il band alignment also influence the exciton dynamics (Figure 5).
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Figure 5. (a) Absorption (solid lines) and PL (dotted lines) spectra of
the CdTe cores and CdTe/CdSe core-shell HNCs with different shell
thickness. (b) Drawing of photoinduced charge separation and
recombination between CdTe core and CdSe shell. (c) Plot of the
time-resolved PL decay of CdTe cores and CdTe/CdSe core-shell
HNCs with different shell thickness. Adapted with permission from
ref. ® Copyright 2010 The American Physical Society.

Time-resolved photoluminescence emission spectra of CdTe core
and CdTe/CdSe HNCs shows that PL lifetimes increase as the shell
grows. The radiative lifetime gradually increase from 15 ns (CdTe
cores) to 38 ns (CdTe/CdSe),10 demonstrating the formation of long-
lived electron hole pairs as a result of a better charge separation in
CdTe/CdSe type Il system. In addition, the longer life-times indicate
the suppression of non-radiative decay path obtained through the
passivation of surface trap states of the CdTe core by CdSe

This journal is © The Royal Society of Chemistry 20xx
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859 These peculiar characteristics, in addition to the

capping.
extended near-infrared absorption, make type Il HNCs suitable in
photovoltaic applications, where light harvesting and charge
recombination dynamics greatly influence the overall device

efficiency.

2.3 HNC Quasi-type Il

Quasi-type Il regime exhibits a finite offset only for one carrier and
a zero offset for the opposite one. Such an energy band alignment
induces a delocalization of at least one carrier in the whole HNC.

Examples of quasi type Il systems are CdS/ZnSe,42 PbSe/CdSe,61
PbSe/PbS62 and CdSe/CdS.* It is worthwhile to mention that these
systems are very sensitive to quantum confinement effects since
variations in core or shell size can easily determine a transition from
quasi-type Il to type | or type Il and vice versa. CdSe/CdS HNCs are
usually referred as type I, but the small conduction band offset is
not enough to distinctly confine electrons into the CdSe core. As a
result, the electron wavefunction is delocalized over the entire
HNCs, in the core. The strong
dependence between size and electron wavefunction localization
have been investigated in CdSe/CdS dot-in-rod HNC configuration.63
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Figure 6. (a) Sketch illustrating the expected variation of conduction
band configuration for different CdSe core diameters. (b) Energy
variation AE for the first exciton absorption peak (black squares)
between core-only and core/shell structures and the PL lifetime
(red triangles) as a function of the core diameter. Time-resolved PL
traces are shown in the inset. Adapted with permission from ref.?.
Copyright 2011 American Chemical Society.

Figure 6 clearly shows the size dependence of radiative lifetimes of
such HNCs. Dot-in-rod structures with smaller CdSe core, i. e. larger
bandgap, show a longer exciton lifetime as a consequence of a high
degree of electron delocaIization.GSMoreover, because of their large
valence band offset holes remain confined into the core, regardless
the core size and band-gap variation.

This journal is © The Royal Society of Chemistry 20xx
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Similar behavior has been observed in quasi type Il PbSe/PbS HNCs.

In this case, the small valence band offset allows the delocalization

of the holes over the entire HNCs, whereas electrons delocalization
. . 62

strongly depends on the core size (Figure 9).
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Figure 7. (a) Sketch of the PbSe/PbS core/shell structure (top) and a
typical energy band diagram for 3.5 nm HNCs (bottom). (b)
Calculated radial probability density of electron (blue) and hole
(red) wavefunctions in PbSe/PbS core/shell HNCs. The core and the
shell boundary are indicated with the vertical dashed and solid
lines, respectively. (c) Dependence of the band gap energy on the
core radius and shell thickness of PbSe/PbS HNCs. Adapted with
permission from ref. &, Copyright 2014 American Chemical Society.

As consequence, in such HNC systems the optical band-gap varies
with the core-to-shell ratio, and thus it can be tuned finely by
simply increasing/decreasing the shell thickness. Furthermore, as in
the case of CdSe/CdS HNCs, time resolved PL measurements reveal
that PbSe/PbS HNCs exhibit a long radiative lifetime if compared to
PbSe core only NCs.®

3. HNC based Light Emitting Diodes (LEDs)

Conventional inorganic semiconductor LEDs are efficient and stable
but intrinsically point sources, requiring sophisticated processes for
the integration in diffuse lightening sources. On the other hand,
organic semiconductor technology has opened the possibility of
fabricating diffuse and large-area light emitting panels by low-cost
fabrication techniques, albeit with several limitations such as the
short lifetimes at the high luminances (>1000cd/m2) required for
lightening application and different aging time, which varies for the
diverse luminescent organic compounds. In this frame, the
introduction of NC lumophores as active specie in LEDs could
expedite the development of a facile and low temperature solution-
based route to the assembly of devices via utilization of “inorganic
inks” that combine the advantages of low-temperature solution-
processable organic compounds, on one side, and the stable
emission color of inorganic semiconductors.

The basic NC LED architecture consists of a stack of one or more NC
layers, eventually combined with hole-transporting and/or electron
transporting layers made of organic small molecule, semiconductor
polymer, or metal oxide materials (i. e. ZnO), sandwiched between
a transparent anode, usually indium tin oxide (ITO) and a metallic
cathode (Figure 8).

J. Name., 2013, 00, 1-3 | 5
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Figure 8. (a) Sketch of a general NC based LED structure and (b) a
scheme of the basic operating principle.

When an appropriate voltage (typically between 2 and 10 Volts) is
applied to the device, the injected positive and negative charges
migrate within the thin film in opposite direction toward each other
under the influence of the applied electric field. The excited state
hole-electron pair is formed and it can emit light by radiative decay
to the ground state, which competes with unwanted nonradiative
recombination processes. The structure of the transport layers and
the choice of the anode and cathode are designed to maximize the
recombination process in the emissive layer.

The performance of LED devices can be characterized by its internal
and external quantum efficiency (IQE, EQE), power efficiency or
luminous efficacy (Im/W), luminous efficiency (cd/A), sometimes
called luminous vyield. The internal quantum efficiency is the
number of photons generated inside the device per number of
injected hole - electron pairs. The EQE is the number of photons
released from the device per number of injected hole - electron
pairs. The light out-coupling efficiency is determined by the
refractive index of the emissive layer, and poor light extraction is
one of the most important factor limiting the EQE of NC based and
organic LED devices. Luminous efficacy is the ratio of the lumen
output to the input electrical watts and the luminous efficiency
measures the light output for a given current.

In NCs the radiative electron/hole recombination occurs in ns time
scale®® and competes with other deactivation mechanisms, such
as phonon-assisted electron/hole and Auger recombination,®®
charge trapping at defect or dangling bond surface states.®*” In
particular, the Auger recombination dominates the charge carrier
dynamics in multiple electron-hole pair excitation regime, becoming
very efficient in quantum-confined NC under electrically driven
excitation since multiexciton generation can readily occur upon
direct charge injection. Consequently, in the actual LED device,®®
the majority of NCs are prone to became dark and generate more
heat than light. One of the most successful strategy to improve the
surface quality and properties and to maximize the PL efficiency
and, in turn, the LED performance, is the realization of expitaxially
grown HNCs arranged in elaborate core/shell architectures.*’°
Indeed, as discussed in the previous paragraph, having NCs a high
surface/volume ratio, the presence surface states (vacancies,
oxidation states, loss of passivating ligands, etc.) that can trap

6 | J. Name., 2012, 00, 1-3

charge can strongly affect the optoelectronic quality of the
material. Two design guidelines can be clearly identified for the
chemical synthesis of high quality HNCs, amenable to LED
application: the starting NC core needs to be monodisperse and the
materials constituting the HNC should have minimal lattice
mismatch.”*

3.1 Effect of Shell Thickness and Crystalline Phase on hybrid LED
Efficiency

In spherical NCs (QDs) the thickness of the inorganic shell can be
increased (>5nm) to isolate the excited electron-hole pairs from the
surface. This thick shell can be exploited to reduce the single-dot
emission intermittency (blinking) phenomenon, strongly suppress
non-radiative Auger recombination process72 and increase the PL
efficiency of HNCs.”>"* Recently, to the aim of evaluating the
effectiveness of this approach for hybrid LED application, a series of
spherical CdSe/CdS HNCs with shell of increasing thickness have
been synthesized and tested in the actual devices.” The CdS shell
varied from 4 up to 16 monolayers, overcoating 3 nm diameter
CdSe cores. As expected, the absorption and PL spectra shifted to
lower energies when increasing the shell thickness. (Figure 9)

Albeit the PL efficiency measured in solution decreases by
increasing the shell thickness, the corresponding LED devices for 11-
16 monolayer outperform by more than an order of magnitude in
EQE and luminance the thinner shell HNCs (4-8 monolayers). The
authors attributed such an improvement to several cooperative
effects discussed below. First, the optical properties of thick-shell
HNCs are mostly independent of the passivating ligand coating,
consequently the PL efficiency is likely to be retained in the films
regardless the ligand degradation often occurring in solid state. In
addition, the giant shell could reduce the probability of inter-NCs
energy-transfer processes, which in densely packed NC films can
lead to exciton diffusion and transfer to non-emissive trap states.
Finally, the effective reduction of Auger recombination.
Nonetheless, the performance of giant-shell based LEDs in terms of
EQE and maximum luminance is not yet comparable to the best
reported for hybrid inorganic-organic QD-LEDs.®®”® These low
performances has been ascribed to the spread size distribution and,
therefore, an inhomogeneous broadening of the PL spectra and a
poor ensemble PL efficiency of the giant core/shell HNCs.”>7
Besides the shell thickness, the design and synthesis of HNCs with
an optoelectronic-grade for highly efficient LEDs requires the
optimization of the crystalline quality of the material. To this
purpose, Bawendi et al.” have developed successfully high-quality
wurzite CdSe/CdS core/shell HNCs using cadmium oleate (Cd-
oleate) and octanethiol as shell precursors. The low reactivity of
octanethiol and strong carbonsulphur chemical bond favour a slow
continuous shell precursor infusion keeping a narrow size
distribution during shell growth. In addition, thanks to the small
lattice mismatch (3.9%) between core and shell the resulting QDs
maintain the CdSe core crystal structure. The single CdSe/CdS HNC
blinking is effectively suppressed with a relatively thin shell
(~2.4nm, corresponding to 7 monolayers) and the intrinsic
ensemble PL is quite high.77
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Figure 9. (a) A Scheme of the simple device architecture comprising
the spherical CdSe/CdS HNCs, along with a sketch and transmission
electron microscopy (TEM) image of HNCs. (b) Optical absorption
and photoluminescence spectra of CdSe/CdS HNCs with increasing
shell thickness: 4, 8, 13 and 16 monolayers. (c) TEM images of HNCs
with different shell thicknesses. (d) EQE and maximum luminance vs
CdS shell thickness graph. Inset: a photo of the working hybrid LED
device. Adapted with permission from ref. . Copyright 2012
American Chemical Society.

Lately, pure zinc blende CdSe/CdS core/shell HNCs have been
synthesized with epitaxially grown shell, having a controlled
thicknesses form 4 to 16 monolayers. This HNCs design allow
obtaining non-blinking single NC emission and, most importantly,
excellent reproducible optical properties at ensemble and PL
efficiency >90%. Zinc-blend QDs were found to be substantially
better in comparison to their wurtzite counterparts,78 and this,
according to theory,79 have been attributed to a more symmetric
crystal field of the zinc-blende structure, resulting in a less complex
energy level landscape if compared to wurtzite. These zinc-blende
HNCs with a shell of 10 monolayers were successfully integrated as
active layer in solution-processed red emitting LEDs, with excellent
performance and reproducibility.19 The LED device architecture
comprises staked layers of ITO anode, PEDOT:PSS, poly (N,N9-bis(4-
butylphenyl)-N,N9-bis(phenyl)-benzidine) (poly-TPD, 30 nm), poly(9-
vinlycarbazole) (PVK, 5 nm), CdSe—CdS core—shell HNCs (40 nm),
poly (methylmethacrylate) (PMMA, 6 nm) ZnO nanoparticles (150
nm) and silver cathode (Figure 10). The insertion of the thin
insulating PMMA polymer between the HNCs and ZnO transporting
layers allows optimizing the electron-hole charge balance in the
device, modulating the injection in the active layer and to preserve
the HNC emission properties, which could be degraded by an excess
of charge accumulation. Notably, such devices represent the best-
performing solution-processed red LED so far, showing superior
external quantum efficiency of 20.5%, low efficiency roll-off and a
turn-on voltage of 1.7 V, combined with a good stability of more

than 100,000 hours at 100 cd/m>°

This journal is © The Royal Society of Chemistry 20xx
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Figure 10. (a) A schematic of the hybrid LED device stack
incorporating pure zinc blende CdSe/CdS core—shell HNCs. (b) TEM
cross section of the device stack and (c) flat-band energy level
alignment, the deep highest occupied molecular orbital of PVK
facilitate the efficient hole injection. The insertion of a thin PMMA
layer between ZnO and HNCs optimizes the charge balance in the
device. (d) EL spectrum and a photo of the working LED device
(inset) showing a saturated red emission. Adapted with permission
from ref.’®. Copyright 2014 Nature Publishing Group.

Following the same concept, zinc blende CdSe cores have been
used as seeds to grow onion like high quality CdSe/CdS/ZnS HNCs.
LED devices with emission in the green and orange portion of the
visible spectra have been successfully demonstrated with current
efficiencies of 16.4 cd/A for the green and 12cd/A for the orange
emission.%’

visible-emitting the core/shell
heterostructuring strategy has been used to improve the
performance of hybrid infrared LEDs. High-performance shortwave-
infrared LEDs have been recently fabricated by using PbS/CdS QDs
as emitting species.81 Such devices show a maximum external
quantum efficiency up to 4.3% = 0.3% that is by 50-100 fold
improvement if compared to the PbS core only based devices. The

In  addition to devices,

turn voltages are lowered by 0.6 + 0.2 V and per-amp radiant
intensities are increased by up to 150 times. The authors proposed
that such a performance enhancement are due to the passivation of
PbS cores by CdS shells. Further demonstrating the potentiality of
HNCs for NCs application in LEDs.
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3.2 Alloyed-shell growth: improved structural uniformity and LED
efficiency

A second approach to limit the undesired Auger process, and
consequently to improve the efficiency of HNC based LEDs, is to
reduce the confinement potential by the stepwise change in lattice
parameters. This strategy allow improving the structural uniformity
in shell growth and reducing the interfacial core/shell defects,
which are likely to occur at a steep interface between different
materials because of the lattice stress.”’ The gradual chemical
compositional gradient enables relief, thus
improving the optical properties of the resulting HNCs. The
composition gradient in the intermediate shell can be adjusted by
varying the relative ratios of the precursors.

This concept have been exploited to develop HNC QDs with a
graded, alloyed intermediate shell (Cd;.Zn,Se;.S,) sandwiched
between the Cd- and Se-rich core and the Zn- and S- rich outer

effective strain

shell. The amounts of Zn and S are modulated to tune the
composition of the intermediate shell, obtaining either Cd- and S-
rich or Zn- and Se-rich intermediate shell (named as CdS-rich and
ZnSe- rich HNCs). Blue, green and red LEDs with high external
quantum efficiencies (14.5% for green, 12.0% for red and 10.7% for
blue devices) have been reported by this approach, demonstrating
that the fine compositional design could have a preeminent role in
determining the final LED performances thanks to its beneficial
effect on charge injection, transport and recombination.?
The sketch of the solution processed device

incorporating graded ZnCdS/ZnS HNCs is reported in Figure 11 a-b,
and consists of conventional sandwiched devices architecture with
the addition poly(9,9-dioctylfluorene-co-N-
(4butylphenyl)diphenylamine) (TFB) and ZnO nanoparticle hole
transport and blocking layer respectively. The ZnO layer allows for
efficient electron injection along with a good confinement of holes
into the HNC active layer,
recombination efficiency.82 In addition, the ZnO nanoparticles act as

multilayer

of a

ensuring high emissive charge

a protective barrier for moisture, and could improve the device
stability. All the graded HNCs based LEDs are fabricated by solution
processing amenable to mass production, with a low turn-on
voltages and saturated pure color emission. Notably, green and red
LEDs are quite stable showing a lifetime of 90,000 and 300,000 h.2
The alloyed-shell shell concept and the same device configuration
have been recently exploited for the fabrication low turn-on voltage
blue-violet LEDs® (Figure 11 c-d). By analogy with organic small
molecule, obtaining color saturated blue emission at high
performance is an open issue in NC based LEDs. The difficulties
resides in the wide band gaps required for pure blue emission,
which obstacles the efficient hole and electron injection in the
active layer, and the increased energy loss pathways for exciton
quenching. For these reasons, the EQE of blue NC based LEDs is still
lower than those of the best performing red and green emitting
ones,go‘g‘F87 with a high turn on voltage>3 V that lowers the
luminous power efficiency and reduces the device operation
lifetime. High efficiency blue-violet devices have been realized by
using the graded shell ZnCdS/ZnS HNCs as active emitting species.
Such HNCs show a uniform size distribution, continuous
composition gradient with small lattice mismatch (<6.8%) between
ZnCdS and ZnS.

8 | J. Name., 2012, 00, 1-3
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Figure 11. (a) A sketch of the ZnCdS/ZnS HNC based device. (b) EL
spectrum and a photograph of the blue, green and red emitting
LEDs. Adapted with permission from ref. 8 Copyright 2015 Nature
Publishing Group. (c) A scheme of the energy level diagram, along
with a photo and a maximum EQE value distribution of the blue
emitting LED based on graded shell ZnCdS/ZnS HNCs. (d) PL and
absorption spectra of the and a sketch of the spherical ZnCdS/ZnS
HNCs. Adapted with permission from ref. 8 Copyright 2015
American Chemical Society.

Most notably, these HNCs are characterized by excellent optical
properties, such high PL quantum yield of about 90% in solution,
pure and deep-blue light (peak at 441 nm) with narrow spectral
breadth (~20nm), and non-blinking effect. In order to improve the
device efficiencies by balancing the electron/hole current, the HNCs
undergo ligand exchange process that substitute the long and
insulating native oleic acid ligand with shorter 1-octanethiol. The
turn-on voltage (~ 2.3 V) is lower than the photon voltage of the
HNC optical band gap (hv = 2.8 eV), and is attributed by the authors
to the Auger-assisted energy upconversion process trigged by the
ZnO nanoparticles Iayer.g’z‘83 A maximum luminance of L = 5,700
cd/mz is achieved at 5.5V and a peak EQE of 6.7% and current
efficiency of 1.3 cd/A.

Graded shell concept has successfully applied in an onion-like
multishell CdSe/CdS/ZnS HNCs. Thanks to the low lattice mismatch,
and consequently high PL efficiency (up to 85%), CdSe/CdS/ZnS QDs
has led to good performances for LED apr)lications.13‘53’88

A similar approach has been used to improve the shell
thickness and passivation on Cd-free InP QDs. For LED
application, mitigation of environmental concerns related to
nanocrystalline materials relies on the replacing of toxic Cd
heavy metal element.® InP NCs™ is regarded as the most
promising for a possible substitution of Cd-based II-VI
compounds. Albeit considerable progresses in the synthesis of
InP based materials, the optoelectronic properties and stability
of Cd base HNCs are still superior. Such a gap is mainly
attributed to the difficulties in controlling the reaction process,
caused by covalent bonding character and difficulties in
obtaining an optimum surface passivation. Among available
materials, ZnSe is regarded as the best choice for InP-based

This journal is © The Royal Society of Chemistry 20xx
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NCs, thanks to the low toxicity and a sufficient lattice
parameter fitting. However, the lattice mismatch between the
InP core and higher band-gap ZnS shell is still too high leading
to compressive lattice strain, limiting the maximum
thicknesses of the shell to be <1 nm, hindering the
environmental stability of InP HNCs.

Growing a graded ZnSe/ZnS shell in the radial direction has
been demonstrate to be a successful strategy to synthesize InP
HNCs: the ZnSe alleviates the lattice strain while the ZnS
protect the HNCs from degradation. Carrier localization in
these HNCs is a quasi type-Il regime, while hole wave functions
are mostly confined in the InP core phase, electron wave
functions are delocalized to the shell phase. Such a stratagem
allows obtaining InP/ZnSeS core/shell QDs with high PL yield
and stability.gl_93 The PL yield greatly enhances upon the shell
growth and increasing the shell thickness up to > 70% with ~6
monolayers of ZnSeS. (Figure 12a-b) To date this InP/ZnSeS
multishells material PL yield has led to the best performing
LED based on Cd-free HNC materials.”
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Figure 12. (a) Energy level diagram and InP/ZnSeS multishell
HNC sketch with 1.1 nm and 1.7 nm shell thickness. (b)
Absorption and PL spectra of InP core only (black), InP/ZnSeS
HNCs with 1.1 nm (red) and 1.7 nm (green) shell thicknesses.
(c) A schematic of the hybrid LED device stack along with a
TEM cross section. (d) EL spectra and a photo of the working
LED device. Adapted with permission from ref. 9 Copyright
2013 American Chemical Society."

This breakthrough in device performances is achieved by
engineering the device architecture for direct charge carrier
injection into InP/ZnSeS HNC with the aim of improving the
exciton recombination. The direct electron injection within
HNCs is obtained by a solution-processed thin conjugated
polyelectrolyte layer (poly[(9,9-bis(30-(N,Ndimethylamino)
propyl)-2,7-fluorene)-alt-2,7-(9,9-ioctylfluorene) (PFN), such a
PFN layer acts as an interfacial dipole layer between the ZnO
electron transport layer and HNCs, reducing the electron
injection barrier and promotes the charge balance within HNCs
(Figure 11c). The resulting LEDs show a record external

This journal is © The Royal Society of Chemistry 20xx
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quantum efficiency of 3.46% and a luminance of 3900 cd/mz,
representing 10-fold increase in device efficiency compared
with previous reports on the same Cd-free material. (Figure
11d)

A similar approach to efficiently passivate the surface defects
of InP cores, is the “strain-relieved” growth. This method
consist in synthesizing the InP cores in a Zn-rich environment,
zinc carboxylates, which leads to a surface stabilization of the
InP/ZnS core/shell HNCs.®* The high-quality InP/ZnS HNCs with
a high PL quantum yield of ~60%, narrow emission linewidth
and good photostability were obtained. White emitting hybrid
LED based on the resulting InP/ZnS HNCs has been successfully
demonstrated.

It is worth mentioning that other HNCs, albeit with poorer
efficiency, have been synthesizes for the developed of Cd-free
LEDs. As an example, Cu-doped InP/ZnS/InP/ZnS shell QDs with
a double band emission,95 multishell HNCs InP,96 and ZnSe
based QDs have been reported.97 All these works demonstrate
that the preparation of efficient and stable Cd-free materials
for the future implementation in LED technology are feasible.

3.3 Tuning the Confinement Regime through Shape-Design of
HNCs.

Multi-color emission in HNC LEDs is usually obtained by an accurate
selection and mixing of colloidal NCs with different sizes. To obtain
white light, all the three primary colors (red, green and blue) have
to be produced simultaneously.14 As an example, white bright
emission EL has been obtained from homogenous blends, without
phase segregation between the active ternary of CdSe/ZnS HNCs
composites and the organic matrix 4,4,N,N-diphenylcarbazole
(CBP), exploiting the energy transfer and charge-trapping properties
of the different species.98 In another approach contact printing has
been exploited to deposit HNCs atop of a p-doped organic Iayer.99
Recently, an alternative HNC “dot-in-bulk” configuration has been
proposed to obtain two-color emitting material under optical and
electrical excitation. In the “dot-in-bulk” NHSs, the quantum
confined CdSe core is surrounded by a 7-9nm bulk-like CdS shell
(Figure 13).100’101

The emission color of such HNCs is a combination of the core and
shell emission band and, could be modulated by the intensity of the
optical excitation (for PL) or the applied bias in electroluminescent
devices. Generally, in conventional CdSe/CdS core/shell HNCs the
large valence band offset from one side and the small conduction
band offset from the other lead to the formation of a quasi-type I
heterojuntion. This configuration leads to strong confinement of
holes in the core and delocalized electrons in the entire HNCs, and
due to the fast hole relaxation,102 the emission occurs by radiative
recombination of the core exciton. The design of the “dot-in-bulk”
HNCs allows to slower the relaxation time of holes in the core and
that holes can possibly recombine in the bulk like CdS shell,
resulting in a double peak emission. The LED device consist of a
sandwiched like architecture, in which the HNC layer is solution
deposited onto PEDOT:PSS hole injection layer, and the LiF/Al
cathode is thermally evaporated. The device shows a dual color
emission, resulting in overall yellow light with a luminance of
2000cd/m2 and efficiency of 0.1%, which can be tuned by changing
the applied bias.'*
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Figure 13. (a) lllustration of a “dot-in-bulk” HNC and device LED
architecture. (b) Dual-color EL spectra HNC based LED along with a
photo of the working device. Reprinted with permission from ref.
1ot Copyright 2014 American Chemical Society.

Dual emissive peaks under single-excitation wavelength are
obtained in a type-Il core—shell system consisting of Cu-doped CdS
core—ZnSe shell NCs, by superposition of core and shell emission.’®
The emission is tuned in the wavelength range from visible to near-
infrared by simply controlling of the doping of CdS and the shell
thickness, respectively. Such engineered HNCs exhibit characteristic
‘““zero self-absorption,”” but also show high quantum yield (56%) and
good thermal stability. White LED lamp was fabricated using a
commercial blue LED chip combined with the Cu-doped CdS-ZnSe as
color converters.

Alternatively, localization of electron/hole wavefunction and PL
quantum vyield can be tuned by synthesizing elongated core/shell
HNCs. Synthetic developments based on the seeded-growth
approach104 have yielded CdSe/CdS core/shell-type nanorods with
narrow distributions of both lengths and diameters, which
additionally emit wavelength-tunable, linearly polarized light with
high efficiency. The seeded-growth is performed by co-injecting
appropriate  precursors and preformed spherical CdSe
monodisperse QD seeds in a mixture of hot surfactants suited for
the anisotropic growth of CdS HNCs. The presence of the seeds
allows bypassing the homogeneous nucleation and finally obtaining
a narrow size distribution. Varying the aspect ratio (rod length/rod
diameter) of the nanorod HNCs, the PL quantum yield increases up
to 70-75% (aspect ratio of 3) and decrease to 10% for longer
nanorods (aspect ratio 28). In general, for aspect ratio larger than
10, the decrease in PL efficiency can be due a more delocalized
electron wave function together with an increasing number of
surface trap states arising from the CdS region.

Thanks to their regular shape and permanent dipole moment along
the long axis due to the noncentrosymmetric wurtzite lattice
structure,ms’106 such rod shape HNCs are prone to self-assemble
into ordered anisotropic solids, which has recently been exploited
to realize LED with polarized emission (Figure 14a-b).107 Close-
packed films of ordered HNC rod arrays are obtained by spreading
onto a water surface a drop colloidal nanorod, which during the

10 | J. Name., 2012, 00, 1-3

solvent evaporation spontaneously self-assemble in an ordered film
at the water/air interface. Subsequently, a poly(dimethylsiloxane)
PDMS stamp pad is used to fish and transfer by contact printing the
close-packed film from the water surface to a previously
evaporated organic thin film, which acts as hole transporting layer
for the actual device. The hybrid LEDs has been fabricated in a
multilayer organic/inorganic device architecture, consisting of a
thermally evaporated N,N’-bis(naphthalen-1-yl)-N,N’-
bis(phenyl)benzidine (a-NPD) hole injection layer doped with
2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane  (F4-TCNQ)
and a CBP hole transporting layer. The HNC rod film acts as the
emissive species, and the device is completed with thermally
evaporated 3-(4-biphenylyl)-4-phenyl-5-t-butylphenyl-1,2,4-triazole
(TAZ) hole blocking layer, tris(8-(hydroxyl-quinoline) aluminum
(Algs) electron transporting layer, and LiF/Al electrodes.
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Figure 14.
nanorod shaped HNC s arranged in smectic/nematic. (b) Normalized
EL spectrum of the nanorod HNC based LEDs. Inset: EL spectra for
two orthogonal direction, showing polarized emission. Reprinted

(a) Scanning electron microscopy (SEM) images of

with permission from ref. 107, Copyright 2009 American Chemical

Society. (c) A sketch of the nanorod based LED, along with a (b) SEM
cross section of the device structure and SEM images of the active
and transporting layers. (d) PL and EL HNC emission and a photo of
the working LED device. Adapted with permission from ref. 108,

Copyright 2015 American Chemical Society.

In the proposed structure the holes injection has been improved by
p-doping the a-NPD matrix with the strong electron acceptor F4-
TCNQ. The F4-TCNQ molecules remove electrons from the a-NPD
highest occupied molecular orbital states and hence generate holes.
Moreover, the use of a TAZ avoids the transfer of holes and
excitons into the Alg; and consequently inhibits the emission from
this layer. The maximum brightness of 170 cd/m2 was reached at 19
V and at 140 mA/cmZ, and the maximum current efficiency of 0.24
cd/A was reached at 12 V. The electroluminescence spectra for two
orthogonal polarization directions, light
emission, are reported in the Figure 14a-b along with the scanning

showing polarized

This journal is © The Royal Society of Chemistry 20xx
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electron microscopy images of the HNCs rods aligned in either
smectic or nematic fashion.

Very recently, similar rod shaped CdSe/CdS HNCs have been
integrated in a solution based processed bright and efficient red
emitting LEDs.'® The device architecture in depicted in Figure 14c-
d, the HNC rod films is sandwiched between PEDOT:PSS/PVK hole
injection/transporting layers and a polyelectrolytic electron
transporting layer with mobile Br- counteranions. Most notably,
the device has low turn-on voltage of ~ 3V, high brightness of 1200
cd/mz, and external quantum efficiency of 6.1% with no roll-off at
high current densities that the authors attribute to the use of the
polyelectrolytic electron transporting layer.

The best performing LEDs based on elongated HNCs have been
prepared starting from double-heterojunction nanorods consisting
of seed CdS nanorod with an average 27.6nm length and 4.1nm
diameter with CdSe grown at the tips and a ~0.7 nm ZnSe shell
overcoating the CdSe tips (Figure 15).109’110
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Figure 15. (a) TEM and SEM images of double heterojunction
nanorod HNCs. Inset: an illustration of the CdS nanorods with the
ZnSe/CdSe tips. (b) Schematic and TEM cross-section of the hybrid
LED structure and (c) energy level alignment. (d) Power efficiency
and a photo of the working LED device. Adapted with permission
from ref. 19, Copyright 2015 American Chemical Society.

The double heterojunction nanorods form a type Il staggered band
alignment and are both in contact with one smaller band gap
material. Such a configuration provides independent control over
the electron and hole injection/ extraction processes keeping high
photoluminescence quantum yields (~40%) and narrow linewidth.

Record efficiency has been obtained by integrating such HNCs into
optimized device geometry, which is schematized in Figure 14b-d.
The hole transporting layer consist of poly[(9,9-dioctylfluorenyl-2,7-

This journal is © The Royal Society of Chemistry 20xx
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diyl)-co-(4,40-(N-(4-sbutylphenyl)) diphenylamine)] (TFB) doped
with the strong electron acceptor FATCNQ. The introduction of
FATCNQ dopant improves the hole injection/transport and makes
the TFB more resistant to solvent for the subsequent deposition of
the HNC layer. ZnO nanoparticles are used as electron transporting
materials. The band alignment of the different layers in the device
stack allow obtaining exceptional performances thanks to optimized
carrier injection, minimized energy transfer losses and enhanced
light outcoupling. The LEDs based on such double heterojunction
nanorod HNCs feature a maximum brightness of 76000 cd/mz, a
current efficiency of 27.5 cd/A, a power efficiency of 34.6 Im/W and
an external quantum efficiency of 12%.

Another innovative and intriguing approach to obtain high PL
efficiency, is the design of quasi-2D colloidal nanoplatelet HNCs.
Core/shell CdSe/CdS and CdSe/CdZnS semiconductor atomically
thin nanoplatelets have been recently demonstrated.™™ Such HNCs
have been obtained by starting from CdSe nanoplatelets and
growing a shell by using a layer-by-layer process, which allows
obtaining a precise control over the shell thickness resulting in a
homogeneous 2-nm-thick shell. Such 2D HNC have been then tested
as active material in a hybrid LED configuration in which organic
PVK polymer and ZnO layers acting as charge transport layers and
optical spacers.112 These LEDs a maximum EQE of 0.63% coupled
with narrow spectral breadth (25-30 nm), which is characteristic of
the 2D nanoplatelet HNCs. The present result open the avenue for
the synthesis of a new class of material with excellent color purity.

4. HNC application in photovoltaic devices

The basic working principle of colloidal NCs-based solar cells
involves several physical steps: (i) light absorption and
electron-hole pair (exciton) generation, (ii) exciton dissociation
and (iii) charge carriers collection to the electrodes (Figure
16a-b).
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Figure 16. (a) Sketch illustrating the physical steps involved in
the generation of photocurrent: (1) light absorption and
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exciton generation, (2) exciton diffusion, (3) exciton
dissociation at the interface between donor and acceptor
materials (4) charge carriers collection to the elctrode. (b)
Energy band alignment between donor and acceptor
materials. (c) Typical J-V curve of a solar cell showing the Voc,
Jsc and the FF. Vmax and Jmax represent the voltage and
current density at maximum output power density.

In general, the overall power conversion efficiency (PCE) of the
photovoltaic devices is the product of three key parameters:
the open circuit voltage (Voc), the short circuit photocurrent
density (Jsc), and the fill factor (FF), which represent the ratio
between the maximum output power density of the device to
the product of Voc and Jsc (Figure15c).

In order to maximize device efficiency, each of these three
factors - Voc, Jsc, and FF - need to be optimized by engineering
the device architecture and the photoactive material
absorption properties. Using semiconductor NCs as active
material in photovoltaic devices has several advantages if
compared to the organic semiconductor counterparts. NCs
typically exhibit much larger extinction coefficients over a
broader spectral range, allowing for a better matching of solar
radiation and an improved light harvesting capability, which
could rise the photocurrent generation when integrated in an
actual device. The NC material selection guides the band-gap
tuning, as an example Cd based NCs can harvest the entire
visible spectral range,113 and complementary, smaller band-
gap Pb chalcogenide NC materials can be used to cover the
infrared region of solar spectrum.114 However, the use of too
low band-gap materials would lower the Voc and, being the
cell's power output the product of Jsc and Voc, band-gap in the
range of 1.1 and 1.4 eV represent a good tradeoff to maximize
device performance.

In this section, we will discuss the recent advances in creating
functional HNCs and the possible impact on the development
of next generation low-cost and high-efficiency solar cells.

4.1 Effect of Shell Thickness on solar cell efficiency and photo-
stability

PbS or PbSe semiconductors are among the most promising
materials for NC based photovoltaic devices thanks to their
extended absorption spectra in the near infrared region114 as
well as to the possibility of hot carrier extraction™™ and
multiple exciton generation.116 A successful example of Pb
based HNCs applied to solar cells is type | PbS/CdS QDs.
PbS/CdS HNCs have been used as p- type layer in a p-n
heterojunction device in which the n-type layer consists of
colloidal ZnO nanoparticles. In type | HNCs usually the shell
exhibit an energy band gap wider than the core one. The
resulting core-to-shell energy band offset confines both charge
carriers, electrons and holes, into the core of the HNCs. Albeit
the shell could potentially act as an energy barrier for charge
carrier extraction, it plays a fundamental role in obtaining an
efficient passivation of dangling bonds, thus enhancing
material photostability and, potentially, improving device
performance. It has been reported that minimizing the shell
thickness, limiting the barrier effect, charges can be still easily
extracted from the core of type | HNCs 117712 Therefore,
through intelligent shell thickness engineering, NC stability can
be greatly enhanced without affecting charge carrier
extraction and transfer dynamics. PbS/CdS QDs are
synthesized through a low-temperature cation-exchange
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method’* that, thanks to the low working temperature,
minimizes the Ostwald ripening effect and leads to narrow NCs
size distribution. Moreover, by using the cation exchange
technique the CdS shell grows at expense of the PbS core
which decreases in size during the shell formation. The
reduction in PbS core diameter impacts on the optoelectronic
properties of PbSe/PbS HNCs leading to a blueshift in the
excitonic peak associated to the widening of the PbS core
bandgap. Consequently, Voc value could positively be affected
from both the reduction of surface traps and the wider
bandgap of PbSe/PbS HNCs. When integrated in the actual
devices, PbS/CdS HNCs leads to an increased Voc value of
more than 0.2 V, if compared to the PbS core only.21'120 The
authors demonstrate that the density of trap state is reduced
in the HNCs thanks to an efficient surface passivation through
the CdS shell and the emission decay lifetime is increased, due
to the suppression of non-radiative recombination channels. It
is worth to note that too thick CdS shells (> 0.1 nm) act as a
tunneling barrier to charge transfer between each single HNCs,
which is detrimental for the device efficiency.21 Further surface
treatments on PbS/CdS HNCs films, by using halide and dithiol
ligands, could increase carrier mobility and thus they maximize
device performances. Using this approach, the best device
performances including PbS/CdS HNCs are achieved with a CdS
shell thickness of 0.1 nm and by performing a combined
surface treatment with cetyltrimethylammonium bromide, as
bromine source, and ethane dithiol. In this latter case a PCE of
6.05%, a FF of 0.39, Voc 0.65 V and current density of 23.9
mA/cm2 have been reached (Figure 17).21 These results
demonstrate that the 0.1 nm shell thickness represent an
optimal compromise that ensures at the same time both an
efficient defect state passivation and charge extraction.
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Figure 17. (a) Schematic Energy band alignment of the
heterojunction cell and the effect of a CdS shell on the PbS
electronic structure. Defect states in the unshelled PbS NCs
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promotes non-radiative recombination, whereas the addition
Oof a CdS shell reduces recombination and thus improve Voc
values. (b) Drawing of the device architecture used for
performance testing. (c) Current-to-Voltage curves of the PbS
and PbS/CdS HNCs based devices obtained performing
different ligand exchange treatments on NCs films. Adapted
with permission from ref. Copyright 2014 American
Chemical Society.

In addition, PbS/CdS HNCs have been exploited in quantum
dot sensitized solar cells as light harvesting material, in which
HNCs are directly absorbed on mesoporous TiO, instead of
conventional dye molecules.”®* The CdS shell increases the
electron lifetime into the PbS core leading to an enhancement
of the electron diffusion length and charge collection. Also in
sensitized solar cells, thicker CdS shell acts as an energy barrier
to charge injection to the electrodes. The best results have
been achieved using PbS core with a shell of CdS of 0.5 nm,
with a PCE of 1.18%, a Jsc of 5.70 mA/cmZ, a Voc of 0.47 V and
a FF of 0.44, whose values are significantly higher than that
obtained with PbS core-only NCs.
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Figure 18. PbSe/PbS based solar cell characteristics (a)
Variation of Jsc (red circles) with effective band gap energy
(orange squares), (b) FF (green triangles) with relative
quantum vyield (pale green diamonds), (c) Voc, and (d) power
conversion efficiency depending on the PbS shell thickness of
0.5, 0.9, and 1.3 nm. Adapted with permission from ref. °
Copyright 2015 The Royal Society of Chemistry.

The best performing sensitized solar cells has been reported by
including spherical ZnTe/CdSe Type Il HNCs.*? In particular, by
using ZnTe/CdSe HNCs as sensitizers, electrons localized in the
CdSe shell are rapidly injected in the TiO, electrode while the
holes remain located in the ZnTe core. This leads to the
creation of a dipole moment that upshifts the conduction band
edge of the TiO,. As a result, solar cells sensitized with
ZnTe/CdSe HNCs exhibit an improved Voc that allows to reach
a PCE of 6.82% which is higher than CdSe core only NCs
sensitized solar cells (PCE= 5.33%).122

Recently, quasi-type Il PbSe/PbS HNCs have been synthetized
and integrated in solar cell devices. In general, in quasi type Il
HNCs the conduction or the valence band offset is extremely
small, and holes are usually delocalized over the entire

This journal is © The Royal Society of Chemistry 20xx
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core/shell structure, whereas the degree of electron
delocalization depends on the size of the HNCs.®? In the
particular case of small size PbSe/PbS HNCs, both electron and
hole are delocalized over the all HNC volume. In this case,
charge carrier separation, extraction and transport is improved
and this is extremely favorable for photovoltaic applications,
as it has been demonstrated by integrating PbSe/PbS HNCs
that showed an higher PCE if compared to non-shelled PbSe
NCs, 2123

In details, the increase of the PbS shell thickness turned out to
be in a 95% increment of the Jsc because of the enhanced light
harvesting due to the shrinking of the bandgap.9 Furthermore,
the PbS shell has the advantage of reducing the charge trap
density of the PbSe core and thus it leads to an increases FF
thanks to the reduction of trap assisted recombination
phenomena. The reduction of surface traps is also beneficial
for the Voc, whose value does not change despite the band-
gap reduction. However, shells thicker than 1nm lead to a
drastic decrease of the overall device efficiency. (Figure 18)
This are ascribed to the formation of recombination centers
during the thick shell growth possibly caused by lattice strain.
However, as in the case of PbS/CdS HNCs, further halide
treatment are required to provide higher carrier mobility and
longer diffusion length in the HNCs solar cells, which leads to
improvement in the solar cell performance. At present, the
best device performance are reached with PbSe/PbS HNCs
having a shell of 0.9 nm thick. The best device exhibits a Jsc of
21.7 mA/cm?, a Voc of 0.5 V, a FF of 57% and PCE of 6.5%.
Therefore, further efforts are necessary for the development
of new synthesis protocols for high-quality thick-shell
PbSe/PbS HNCs.

4.2 Improved Charge Percolation through Shape-Design of
HNCs.

With the aim of improving the charge separation efficiency,
type Il CdTe/CdSe HNCs with branched tetrapod shape have
been conceived.’** In principle, in Type Il HNCs the staggered
band alighment leads to ultrafast photoinduced charge
separation and increased charge carrier lifetime. Moreover,
Type Il HNCs could exhibit also better light harvesting
properties due to the contribution from both the two material
components and from charge transfer states that exist at the
interface between the two semiconductors. Such features
make type Il HNCs an appealing material for photovoltaic
applications.

Despite the efficient charge separation at the interface
between CdTe and CdSe in addition to the advantageous
tetrapod shape of the HNCs, the performance of such devices
is limited by the inefficient charge extraction from the HNCs
and by the lack of a continuous charge percolation path to the
electrode. To overcome this problem, type Il CdSe/CdTe
tetrapods have been used in a double layer photovoltaic
device structure, together with a 40 nm thick C60 layer. The
C60 layer allows an efficient electron extraction from the CdSe
core, due to its favorable energy level alignment with CdSe,
besides to be characterized by a high electron mobility. Such
hybrid device leads to a PCE of 0.6%, a Jsc of 3.15 mA/cmZ, a
Voc of 0.43 V and a FF of 0.46 (Figure 19).125
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Further improvements in type Il CdSe/CdTe tetrapods based
solar cells have been reached by linking tetrapods with
conductive reduced graphene oxide sheets (rGO) before
blending it with Poly[[9-(1-octylnonyl)-9H-carbazole-2,7-diyl]-
2,5-thiophenediyl-2,1,3-benzothiadiazole-4,7-diyl-2,5-
thiophenediyl] (PCDTBT).126 In such hybrid systems, the
simultaneous presence of rGO and PCDTBT ensure an efficient
electron/hole separation and transport, leading to an
enhancement of the overall device performances. Devices
including PCDTBT:tetrapods-rGO blend are characterized by an
high Voc of 0.82V, a Jsc of 6.04 mA/cmz, a FF of 0.5, which it
yields to a PCE of 3.3%, that is significantly higher than that
reported results without rGO. The high photovoltaic
performances obtained with PCDTBT:tetrapods-rGO
nanocomposite demonstrate that, for an efficient exploitation
of type Il HNCs, electron and hole extraction/transporting
materials are essential.

5. Conclusions and Outlook

Surfactant assisted colloidal synthesis of epitaxially grown
HNCs opens the route for the fabrication of efficient and
innovative LEDs and solar cell devices.

Recent advances in the field have led to the realization of
HNCs based on several semiconductor materials combined
into complex onion like core/shell, dot-in-rod, and branched
structures. In addition, the heterostructuring framework
allows modulating the hole and electron wavefunctions, thus
modifying the carrier confinement regime. Such an approach
offers the undoubted advantage of construct various shapes,
combination of semiconductors, graded or net core/shell
interfaces finally providing a facile and unprecedented control
over the photo-physical and optoelectronic properties of
HNCs.
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Concerning LED application nano-heterostructing strategy has
led to the demonstration of highly efficient and multi-color
devices. A proper shell thickness optimization has been
demonstrated to reduce blinking phenomenon and strongly
suppress non-radiative Auger recombination process, thus
increasing the PL efficiency of HNCs.

Besides the shell thickness, highly efficient LEDs requires the
optimization of the crystalline quality of the two adjoined materials.
The best performing solution-processed red LED, showing superior
external quantum efficiency of 20.5%, low efficiency roll-off and a
turn-on voltage of 1.7 V, combined with a good stability of more
than 100,000 hours at 100 cd/m? has been obtained by pure zinc
blende CdSe/CdS core/shell HNCs. This design allow obtaining non-
blinking single NC emission and, most importantly, excellent
reproducible optical properties at ensemble and PL efficiency >90%.
In parallel, graded-shell growth has been demonstrated to improve
the structural uniformity in the HNCs and resulting hybrid LED
efficiency. The gradual chemical compositional gradient enables
effective strain relief, thus improving the material optical
properties. Multicolor LEDs with high external quantum efficiencies
(14.5% for green, 12.0% for red and 10.7% for blue devices) have
been reported by this approach, demonstrating that the fine
compositional design could have a preeminent role in determining
the final LED performances. Growing a graded ZnSe/ZnS shell in the
radial direction has been demonstrate to be a successful strategy to
synthesize Cd-free InP/ZnSe while alleviating the lattice strain and
protecting the HNCs from degradation.

The quantum confinement regime could be also tuned through
shape-design of HNCs. The dot-in-bulk, dot in a rod and double-
heterojunction nanorods are examples of shape-design for hybrid
LED device purpose. These approaches allow obtaining either white
emission or polarized EL, and represent an additional opportunity
to improve the PL efficiency.

The effect of shell thickness has been studied to improve solar
cell efficiency and photo-stability as well. One of the most
limiting factor of NCs based solar cells is represented from
charge trapping surface states, which have a deleterious effect
manly on Voc values. In PbS/CdS HNCs, the efficient surface
passivation of PbS NCs through the CdS shell leads to an
increased Voc value compared to the PbS core only. The best
device performances are achieved with a CdS shell thickness of
0.1 nm, showing a PCE of 6.05%, a FF of 0.39, Voc 0.65 V and
current density of 23.9 mA/cmZ. PbS/CdS HNCs have been also
exploited in quantum dot sensitized solar cells as light
absorber material. The CdS shell leads to an enhancement of
the electron diffusion length and charge collection. Moreover,
the shell thickness of quasi type Il and type Il HNCs can be
tailored opportunely to improve carrier separation and
extraction for high efficiency solar cell. Solar cells including
quasi type Il PbSe/PbS HNCs have reached the highest
performances obtained with HNCs. The best device exhibits a
Jsc of 21.7 mA/cmZ, a Voc of 0.5V, a FF of 57% and PCE of
6.5%.% In addition, type Il ZnTe/CdSe have been efficiently
used in sensitized solar cell reaching the best PCE of 6.82%.
With the aim of improving the charge separation efficiency,
type Il CdTe/CdSe HNCs with branched tetrapod shape have
been conceived, however the performance of such devices is
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limited by the inefficient charge extraction from the HNCs
and by the lack of a continuous charge percolation path to the
electrodes. Therefore further expedient are required to
enhance solar cell efficiency, such as additional layer or
ternary hybrid blend.

Albeit the progresses in recent years, there are still rooms to
improve the performance of HNC based solar cell device in
order to compete with other new generation PV
technologies.127'22 Following the evolution of HNCs for LEDs,
PV performance enhancement has to go through the design of
HNCs with higher level of complexity, in parallel with the
optimization of the solar cell device architecture.
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