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Nowadays, as a result of the emergence of low-dimensional hybrid structures, the scientific community is
interested in their interfacial carrier dynamics, including charge transfer and energy transfer. By combining
the potential of transition metal dichalcogenides (TMDs) and nanocrystals (NCs) with low-dimensional
extension, hybrid structures of semiconducting nanoscale matter can lead to fascinating new technological
scenarios. Their characteristics make them intriguing candidates for electronic and optoelectronic devices,
like transistors or photodetectors, bringing with them challenges but also opportunities. Here, we will review

Received 6th March 2023, recent research on the combined TMD/NC hybrid system with an emphasis on two major interaction

Accepted 2nd May 2023 mechanisms: energy transfer and charge transfer. With a focus on the quantum well nature in these hybrid
DOI: 10.1039/d3cc01125a semiconductors, we will briefly highlight state-of-the-art protocols for their structure formation and discuss

the interaction mechanisms of energy versus charge transfer, before concluding with a perspective section
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Hybrid structures of semiconducting nanoscale matter can
offer exciting new opportunities for novel optoelectronic and
photonic devices." With the discovery of layered transition
metal dichalcogenides (TMDs) a new family of semiconducting
low-dimensional structures has emerged.’ The atomic van der
Waals interactions allow exfoliating them into flakes composed
of a single two-dimensional (2D) layer.>” The transition from a
multilayer ensemble to a single, atomically thin monolayer (2D
TMD) occurs with a transition from an indirect semiconductor
to a direct bandgap semiconductor with bandgaps in the visible
range, e.g. 1.8 eV for 2D MoS,.> The single layer nature and
large surface area brings along challenges, but also unique
opportunities. The confinement in one direction makes them
suitable quantum well structures.® In fact, TMDs, such as 2D
MoS, can sustain tightly bound negative (or positive) trions,
quasiparticles composed of two electrons and one hole (vice
versa), as a consequence of the significantly enhanced Coulomb
interactions arising from reduced dielectric screening above
and below the monolayer structure.” High carrier mobility,
carrier density in the order of 10'* cm 2, and their semi-
conducting nature with a bandgap in the visible spectral range
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that highlights novel types of interactions between NCs and TMDs.

make them interesting candidates for electronic and optoelectronic
devices, such as transistors or photodetectors.” ' The large
surface and high interaction area of 2D TMDs highlight also
the option to combine the atomically thin monolayer with other
nanoscale structures."® " In particular, hybrid nanostructures
made of nanocrystals (NCs) with quasi zero-dimensional (0D)
extension found great attention in recent years due to the ease of
fabrication, considering that a variety of 0D semiconductors, are
synthesized in solution."®® Thus, the physical connection of the
0D and 2D material can be induced by solution processing, such
as drop casting or spin coating.*'*'*° Moreover, 0D NCs offer
a variety of parameters to define their optical properties by
controlling material (i.e., semiconducting properties), size (i.e.,
quantum confined bandgap), hybrid nanostructures (i.e., band
alignments), shape (i.e., control over the electron wave function),
or doping.>* The high absorption cross-section of semicon-
ductor NCs makes them attractive components in hybrid 0D/2D
structures for phototransistors or photodetectors, but also
photovoltaics or photocatalysis,>*® as their exceptional optical
properties can be combined with the carrier transport properties
of TMDs. Thus, the study of 0D/2D hybrid structures and their
fundamental interaction mechanism is of major interest. The
emergence of 0D/2D hybrid structures has sparked a broad
research interest in interfacial carrier dynamics, including energy
transfer (ET) and charge transfer (CT), which are ubiquitous
phenomena and crucial processes that control the interfacial
properties of 0D/2D heterostructures.>””® Although the interfacial
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carrier dynamics have been extensively studied in a variety of
donor-acceptor systems for several decades, such as organic
semiconductor interfaces and biological molecules,”?*° 0D/2D
systems are a brand-new platform in the quantum limit with
strong quantum confinement and coherence effect.

In the following article, we will summarize recent works on
the combined hybrid system of 0D/2D NC/TMD semiconduc-
tors focusing on the different interaction mechanisms. We will
briefly highlight state-of-the-art protocols for their hybrid struc-
ture formation and discuss the interaction mechanisms of
energy versus charge transfer, with a focus on the quantum
well nature and the observation of tightly bound exciton com-
plexes in these structures. We will discuss on recent advances
in device design based on these heterostructures. In the last
part of this paper, we give a perspective on new routes toward
new hybrid interaction exploiting the particular properties of
TMDs for novel and improved device design.

Background on the heterostructure of
0D and 2D materials

TMDs are a class of layered semiconducting materials with
strong in-plane bonding and weak out-of-plane bonding.
Typically, monolayer 2D TMDs (with a thickness of around
0.7 nm) and bilayer TMDCs (with a thickness of around 1.5 nm)
can be distinguished from the optical micrograph due to
different optical contrast.>’ More conclusive characterization

R

o %
3?.:9&'5'{1;-? Shs

Fig. 1

View Article Online

ChemComm

of the number of layers can be obtained from atomic force
microscopy (AFM) or indirectly by Raman and photolumines-
cence (PL) spectroscopy.®”*® In fact, the bilayer TMD with
its indirect bandgap has lower PL intensities with respect to
the 2D TMDs and also the separation of the Raman peaks of E,
(in-plane) and A, (out-of-plane) is a clear indication for the
number of layers.***® The high surface area of 2D TMDs
(Fig. 1(a)) allows contacting them easily with solution-based
materials, such as 0D nanocrystals. Here we discuss in parti-
cular 0D semiconductor nanocrystals, which possess exciting
properties due to the large surface-to-volume ratio and/or
quantum confinement effects. Depending on the material of
choice and their size, 0D semiconductor nanocrystals display
photoluminescence emission in the spectral range from the
ultraviolet to the infrared region (e.g., III-V and II-VI semi-
conductors, such as GaN, GaAs, PbSe, PbS, CdSe, PbTe, InAs or
CsPbBr;),>”™** while others display plasmonic response due to
high free carrier densities (e.g. doped metal oxides, such as,
Sn:In,0;, Ga:ZnO, Al:Zn0).*® Typical transmission electron
microscope images of CsPbBr; and Sn:In,0; (ITO) nanocrystals
are shown in Fig. 1(b). Finally, 2D materials and 0D materials
can be put together to form hybrid heterostructures (Fig. 1(c)).

Production of 2D materials

Research on atomically thin materials has a rich historical
background.*® However, only in 2004, Geim and Novoselov

(a) Optical micrograph of exfoliated MoS, showing different optical contrast for monolayer (1L), bilayer (2L) and multilayer (3L). (b) Typical

transmission electron micrographs of CsPbBrz nanocrystals (top) and ITO (bottom). (c) Typical scanning electron micrograph of spin-coated nanocrystals
that forms a uniform layer on top of monolayer TMDC.®® (d) Schematic representation of different processing steps occurring during the deposition of
colloidal OD nanocrystals via spin coating. First, a drop of dispersed 0D nanocrystals is deposited on the substrate (i). Then the spinning is accelerated (ii)
until it reaches a desired angular speed (w). In the spin-off stage (iii) the rotation speed is kept constant to eject any excess solution and leave a thin layer
of coating on the substrate. The two final stages, spin-off (iii) and evaporation (iv), occur simultaneously as the spinning induces an airflow that
accelerates the evaporation of the solvent.
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successfully used mechanical exfoliation to obtain single-layer
graphene from graphite crystals*’ and 2D materials gained
widespread attention. Since then, the field of 2D materials
has experienced rapid development with the emergence of
various new 2D materials and preparation methods.*®*® The
mainstream methods for preparing 2D materials can be cate-
gorized into two categories: top-down methods and bottom-up
methods. Top-down methods involve obtaining 2D materials
directly from 3D bulk crystals with a layered structure, such as
mechanical exfoliation and liquid exfoliation.** On the other
hand, bottom-up methods involve synthesizing 2D materials at
the molecular level through chemical reactions using appro-
priate precursors, such as chemical vapor deposition (CVD).*

Top-down approach

This method involves the application of mechanical force to
bulk crystals, which eliminates the van der Waals forces
between layers without disrupting the in-plane crystal struc-
ture, resulting in the formation of nanoflakes/microflakes with
atomic thickness preserving the crystalline integrity. Theoreti-
cally, this method can be applied to any natural crystal with an
atomic layered structure to obtain corresponding single-layer
2D materials. Conventional mechanical exfoliation (CME) is a
commonly used approach in which a bulk crystal is repeatedly
pressed onto an adhesive surface and then peeled off using a
clean silicon wafer, resulting in the transfer of crystal flakes
onto the target substrate.*®*° Optical microscopy can be used
to locate few-layer or single-layer crystals. The CME method has
the advantage of directly obtaining 2D material flakes from
natural crystals, thereby avoiding the introduction of defects
during synthesis and contamination from chemical reagents.
However, CME has some limitations that restrict its potential
applications. Firstly, not all crystals with a layered structure can
be easily exfoliated to obtain few-layer or single-layer nano-
sheets using this method. For example, crystals with ionic bond
characteristics, such as hexagonal boron nitride (h-BN), have
stronger van der Waals forces between layers compared to
graphite, making it difficult to peel off single-layer nanosheets
from natural h-BN crystals.’® Similarly, crystals with more
valence electrons and polar covalent bonds, as in the case of
TMDs, also have tightly coupled layers, posing challenges for
exfoliation.>" Lastly, the low yield and non-uniformity in the
size (lateral size of few pm), thickness, and shape combined
with the demanding operation and subsequent manual screen-
ing involved in CME can lead to low production efficiency.
Some of these limitations can be addressed by enhancing the
bonding strength between the substrate and the 2D material,
improving the exfoliation yield. For instance, adhesion between
2D material and the substrate can be improved using a strong
electrostatic field and/or heat treatment between the substrate
and the bulk crystal.”® However, stringent requirements are
needed for the substrate surface, which restrict the peeling of 2D
materials to specific substrates, and it may not be effective for all
bulk crystals. Moreover, the high-temperature heat treatment can

This journal is © The Royal Society of Chemistry 2023
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cause oxidation or sublimation of less chemically stable crystals,
which complicates the process and limits its wide application.

In recent years, researchers have also developed new exfolia-
tion methods for preparing 2D materials with higher yields and
larger lateral dimensions. This approach, called metal-assisted
exfoliation (MAE), exploits the affinity between certain metals
and 2D materials, where a flat metal surface obtained by
a deposition process is used to peel off 2D material flakes
from the original crystal.”> For example, Huang et al.,** and
Liu et al,” modified the mechanical exfoliation method
by creating atomically flat gold layers on polymer supports,
resulting in the exfoliation of monolayers on the centimeter
scale. The key step in the process is the deposition of an
ultraflat gold tape, which serves as the exfoliation substrate.
The gold tape is obtained through a template-stripping technique,
where a thin gold film is evaporated onto an ultraflat surface of a
highly polished silicon wafer. The gold film is then stripped off
the substrate using thermal release tape and a polyvinylpyrroli-
done interfacial layer, leaving behind an ultraflat gold surface
templated by the flat substrate with roughness on the A scale.
This ultraflat gold tape allows for intimate and uniform vdwW
contact between the gold and the 2D vdW crystal surface,
enabling the exfoliation of complete monolayers. One of the key
advantages of the MAE method is the ability to obtain macro-
scopic monolayers with dimensions limited only by the sizes of
the bulk crystals. This represents a significant increase in lateral
sizes and monolayer yields by two to three orders of magnitude
compared to conventional methods, such as the CME. Moreover,
the MAE process transforms the stochastic nature of the CME
method into a deterministic and quantitative process, making
it highly reproducible and suitable for mass production. The
resulting macroscopic monolayers obtained from the MAE
method are comparable in quality to microscopic monolayers
obtained from conventional methods.

Liquid phase exfoliation (LPE) is another technique in the
realm of “top-down’” methods for efficient preparation of 2D
materials. This method employs a liquid medium to directly
exfoliate bulk crystals into nanosheets of 2D materials through
specific treatments.’>*® Solvents with suitable surface energy
can prevent the exfoliated nanosheets from aggregating and
ensure their independent stability. In comparison to CME, LPE
exhibits greater potential for mass production capacity. Typi-
cally, the LPE method requires various assisted treatments for
the raw materials. For instance, in the LPE process aided by
mechanical force, bulk crystals are dispersed in a specific liquid
such as N-methyl-2-Pyrrolidone or isopropanol for TMDs, and
mechanical interactions such as sonication and shear force are
applied to efficiently obtain 2D materials. LPE technology is
widely employed in laboratory and industrial production due to
its efficient and economical process, high yield, and standar-
dized operation, which address the challenge of stabilizing 2D
materials in solvents. However, the preparation of large-area 2D
materials through LPE is challenging as the in-plane covalent
bonds can be easily broken during the process, resulting in
samples with inherent defects that limit their applications.
In theory, LPE is not suitable for studying stacked structures
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of 2D materials. Nevertheless, in recent years, the emergence of
2D material ink technology has enabled the use of LPE for
producing inkjet-printed heterojunctions, exhibiting signifi-
cant potential.>>>°

Bottom-up approach

In the field of synthesizing 2D materials, chemical vapor
deposition (CVD) has emerged as a conventional technology
widely used for mass production of large-area, high-quality 2D
materials.”” In contrast CME and LPE, which suffer from low
yield and low quality, CVD offers a coordinated approach to
achieve high-quality materials with efficient and consistent
processes through precise control of parameters such as tem-
perature, pressure, and gas atmosphere. The general growth
process of TMDs by CVD involves gaseous mass transfer of
atoms. CVD allows for the synthesis of single-layer, heterojunc-
tion, and multilayer heterojunction structures by controlling
these parameters. In recent decades, CVD has rapidly devel-
oped and is considered the most promising method for pre-
paring ultrathin 2D materials. Currently, wafer-scale TMDs and
meter-sized single-crystal graphene can be synthesized in the
laboratory using CVD with reasonable parameter control.”’
The use of salt-assisted synthesis technology and gas-phase
precursor metallographic limited dissolution technology has
expanded the range of 2D materials that can be synthesized by
CVD.® Despite these advancements, CVD-grown 2D materials still
suffer from defects such as grain boundaries, wrinkles, impuri-
ties, and atomic vacancies, which can affect their performance
compared to exfoliated 2D materials from bulk crystals. Addition-
ally, the high reaction temperature and noble gas atmosphere
required in CVD production processes result in higher costs
compared to liquid phase-based synthesis methods.>”*°

Overall, despite these advances, there is still significant
research that must be done to improve the fabrication techni-
ques for 2D materials. In fact, it is still missing a method that
include the production of 2D materials with both high quality
and large lateral dimensions that is at the same time also
scalable and cost-effective which remains a critical challenge.®

Synthesis of 0D materials

For 0D materials, synthesis techniques vary depending on the
material type.®™®* Considering metal oxide nanoparticles
(MONPs) as a case study, synthesis methods can be classified
into two groups: (i) physical methods, such as ball milling,
sputtering, laser ablation, electrospraying, and electron beam
evaporation, and (ii) chemical methods, such as colloidal
synthesis, non-thermal plasma assisted synthesis, sol-gel
method, polyol method, hydrothermal method, co-precipitation
method, microemulsion technique, and chemical vapor
deposition.®** Physical methods follow a top-down strategy,
where NPs are generated from the bulk counterpart of a
material through systematic depletion. On the other hand,
chemical methods primarily adopt a bottom-up approach,
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involving the assembly of atoms or molecules to form NPs of
various sizes. The main advantage of chemical methods is that
they enable the production of particles with well-defined size,
dimension, composition, and structure, which are beneficial
for various applications, including catalysis, sensing, and elec-
tronic devices. Typically, 0D materials such as MONPs growth
involves the choice of precursors, ligands and reaction media
which is usually a solvent with high boiling point. The pre-
cursors are introduced in a hot reaction media which promotes
the nucleation and growth of the nanoparticles and the ligand
passivates the surface to prevent aggregation. Time is a crucial
parameter of the reaction which can influence the size of the
nanocrystal. Similar techniques can be extended to other
semiconductor nanocrystals such as halide perovskites, II-VI
or III-V semiconductor nanocrystals.®®

Implementation of 0D/2D
heterostructures

As discussed in the previous sections, 0D nanocrystals can be
synthesized and dispersed in a colloidal solution, while 2D
materials, such as TMDs, can be obtained through exfoliation
or alternative methods to obtain atomically thin layers. The
colloidal stability of 0D nanocrystals in solution can be facili-
tated by surfactants, enabling solution processing methods
such as spin coating, drop casting, or others.">'®®” Hence, a
viable approach involves the fabrication of heterostructures by
spin coating the 0D nanocrystals onto the 2D material. This
approach presents a versatile and scalable method for deposit-
ing thin films of materials with precise control over thickness
and coverage, as demonstrated in Fig. 1(d). The spin coating
process can be optimized to achieve the desired thickness and
coverage of the 0D nanoparticles on the 2D material. For
example, the uniform distribution of 0D nanocrystals over the
2D TMD crystal can be achieved by choosing a suitable solvent,
as well as tuning the dispersion’s concentration and spin-
coating parameters (acceleration, angular speed, spinning
time). In this context, the tuning of nanocrystals’ concentration
plays a crucial role, as the density and the uniformity of the
nanocrystal films are largely affected by this parameter.'?
Usually, higher spin speeds typically result in thinner films,
while higher solution concentrations and viscosities can lead
to increased nanoparticle coverage. First, a drop of colloidally
dispersed 0D nanocrystals is deposited on the substrate.
Depending on the concentration of the NC solution, the spin-
coater is accelerated until it reaches the desired angular speed
(). As a result, a thin coating layer is formed on the substrate
and any excess solution is ejected during the spin-off stage by
maintaining a constant w. The spinning causes an airflow that
speeds up the solvent evaporation, so the two final stages, spin-
off and evaporation, happen simultaneously. The scanning
electron micrograph in Fig. 1(c) shows the uniform distribution
of nanocrystals on both the substrate and the 2D materials.'?
The resulting 0D/2D heterostructure can exhibit unique proper-
ties that arise from the synergistic effects between the 0D

This journal is © The Royal Society of Chemistry 2023
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nanoparticles and the 2D material. For example, the 0D nano-
particles can introduce localized electronic states, quantum
confinement effects, or enhanced chemical reactivity, while
the 2D material can provide a supportive matrix, offer unique
electronic properties, or serve as a protective barrier for the
nanoparticles. The properties of the 0D/2D heterostructure can
be further customized through annealing or other thermal
treatments, which can promote nanoparticle adhesion and
interaction with the 2D material, or induce structural or phase
transformations. These thermal treatments can be optimized
to achieve desired modifications in the heterostructure, such
as enhanced interfacial bonding, improved crystallinity, or
improved electronic and optical properties. The choice of
annealing temperature, duration, and atmosphere can be critical
in influencing the final properties of the heterostructure, and it
may require iterative experimentation and characterization to
optimize the thermal treatment conditions for specific material
combinations and applications.

Interaction mechanisms between the
0D and 2D components

There have been plenty of reports on the integration of 0D/2D
heterostructures with efficient interaction between the two
materials.">"*°*7° Choosing the appropriate 0D species can
result in the alteration of specific properties of the underlying
2D material depending on the type of interactions between 0D
and 2D material."”*">’" Considering a simplified picture of a
system composed by two materials A (donor) and B (acceptor)
with different energy levels, we consider the 0D components as
the donor material (A) and the 2D components as the acceptor
material (B) (see Fig. 2(a) and (b)). The electronic states of the
0D/2D materials are approximated to be localized within the

Charge Transfer
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nanomaterials because of the weak inter-material coupling.”
Their band-edge energies can be used to evaluate the band
alignment between the two species. A typical type-I band
alignment is depicted in Fig. 1(c). The lowest energy conduction
band minimum (CBM) and highest energy valence band maxi-
mum (VBM) of the two components are both found in the layer
with the narrower bandgap. Conversely, a type-II band align-
ment refers to the case where the lowest CBM and highest
energy VBM are located in different materials (Fig. 1(d)). The
interaction mechanism is governed by two major processes:
energy transfer and charge transfer. These processes occur
following the photoexcitation and the creation of an electron
in the CB and a hole in the VB of one of the components. In the
CT mechanism (Fig. 2(a)), depending on the band alignment
and on the type of interaction, several different processes can
be observed. In the type-1 heterostructure (Fig. 2(c)), if a CT is
favored after photoexcitation of the wide-bandgap material,
both charges, electrons and holes will be transferred from the
0D donor to the 2D acceptor. Hence, the carriers are directly
trapped on the material 2D and might relax to form excitons.
The confinement of electrons and holes in the same region
facilitates their radiative recombination, which is desirable in
light-emitting applications.”® In the case of the type-II hetero-
structure (Fig. 2(d)), the excitation of one material is followed
by the selective transfer of holes (if the VBM of the acceptor is
higher in energy with respect to the VBM of the donor), or of
electrons (if the CBM of the acceptor is lower in energy with
respect to the CBM of the donor). The CT is highly inefficient at
long ranges as the efficiency is 12th power dependent on the
distance between donor and acceptor.”*’*> The separation of
the electrons and holes to different layers can increase their
lifetime, and is desired for applications in photovoltaics and
photodetection.”® On the other hand, in ET (Fig. 2(b)) when the
oscillations of a photo-induced electronic coherence on the

Energy Transfer

CsPbBr,

C) d) Type-Il heterostructure e)
g d 3 o |
> - g o
2 & &
o c o
w o S
i Donor  Acceptor Donor  Acceptor

Fig. 2

(a) Sketch of charge transfer in 0D/2D ITO/MoS; heterostructure. (b) Sketch of energy transfer via dipole—dipole interaction in 0D/2D CsPbBrs/2D MoSe,

heterostructure. Energy diagram showing charge transfer in (c) type-I and (d) type-II heterostructures. (e) Energy diagram showing energy transfer mechanism.
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donor 0D material are in resonance with the electronic band-
gap of the acceptor 2D material, this energy is transferred from
the 0D donor to the 2D acceptor with a specific efficiency.””
Fig. 2(e) illustrates, how the photoexcited electron-hole pairs
are primarily formed in the donor 0D material and then
transferred to the acceptor material. The major route of ET
known is Forster-type non-radiative energy transfer (FRET),
which is a process of energy transfer that involves dipole-dipole
Coulomb interactions between a donor and an acceptor mate-
rial and is the underlying mechanism of numerous applica-
tions, including color tuning, biosensing, light-harvesting, and
light generation.”>””~®° Due to the non-radiative nature of the
interaction, photon emission and reabsorption are avoided,
maintaining high energy conversion efficiency. The FRET
rate is significantly affected by the center-to-center distance
between the donor and the acceptor materials as well as by the
Forster radius. The transfer of the singlet exciton (bound
electron-hole pair) energy from the donor to the acceptor is a
long-range (10-100 A) process. The strong distance dependence
of the process means that efficient FRET is typically restricted
to a length scale of ~10 nm. By altering the acceptor material
geometry, this strong distance dependency can be reduced. The
scaling factor is proportional to d”* in the 2D limit rather than
d~® in 3D confinement, thus theoretically enabling a stronger
interaction and more pronounced long-range characteristics.®®
Beyond the spacing between the donor and acceptor, the
spectral overlap between the PL emission of the donor and
the optical absorption of the acceptor, play a significant role.
The absorption cross-section of the acceptor, which is related to
the dimensionality of the donor and acceptor, the dielectric
environment and finally the screening of the electric field of the
donor dipole in the acceptor are other important factors.?®°%7°
Moreover, band-offsets and dielectrics can play a crucial role
that can affect the final property of the acceptor.'*">?*

Evaluating the energy transfer in
0D/2D heterostructures by optical
PL spectroscopy of donor (0D)
component or acceptor (2D)
component

Once the 0D/2D heterostructure is formed, the sample can be
evaluated via non-destructive optical tools. The optical properties
of the heterostructure consist of the effects of the individual
components and the interactions between them.'® Hence, the
systematic study and selective excitation of the photolumines-
cence of the 0D and the 2D-component and their comparison
with the 0D/2D heterostructure can give insights into possible
interaction mechanisms. The PL intensity is a measure of
radiative decay of the excited charge carriers. Its quenching
gives insight into the possible introduction of non-radiative
decay channels. The PL lifetime measurements give informa-
tion on both radiative and non-radiative decay rates of the
excited charge carriers.”*”> A variation of the decay time can
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hint toward the availability of a competing decay channel that
could be introduced by the coupling with another material."?
By choosing the excitation wavelength in a heterostructure,
selective excitation of the sub-components becomes possible,
which allows studying the individual materials.'®*® From these
measurements, it is then possible to extract information about
possible fundamental interaction mechanisms. In Fig. 2(a) and
(b), charge and energy transfer in 0D/2D heterostructures is
sketched. This new interaction competes with the radiative
recombination in the 0D NCs. The donor PL is quenched as
shown in the example of CsPbBr; NCs donor-quenching in
presence of 2D MoSe, in Fig. 3(a)."> The PL quenching indicates
the existence of a new non-radiative decay channel for the
excited carriers of the donor as a result of either charge transfer
or energy transfer.

The efficiency of an energy transfer from the donor can be
estimated using eqn (1):"*

AD(ACXC) . 12 — _ 12 (1)
AOD/ZD(/’LCXC) - AA(/’LCXC) Ig Ig

dpr =1-

where ¢gr is the efficiency of energy transfer (ET) and Ap(Aexc),
Aopyap(ZAexce), and Ax(Lexc) are the absorbance of the donor, 0D/2D
heterostructure, and the acceptor at the excitation wavelength,
respectively. The value of I and I, are the PL intensities of the
donor (pristine) and donor in the heterostructure, respectively.
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Fig. 3 (a) PL spectra of CsPbBrs nanocrystals (green) and the 0D/2D
CsPbBrs/MoSe, heterostructure (black) showing significant quenching
due to energy transfer. (b) PL decay of CsPbBrs nanocrystals (green) and
the 0D/2D CsPbBrs/MoSe; heterostructure (black) showing fast decay due
the new energy transfer channel. The Instrument Response Function (IRF)
is shown in gray, while the fitting curves for CsPbBrs nanocrystals and 0D/
2D CsPbBrs/MoSe; heterostructure are shown as yellow and red dotted
curves, respectively.
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When the donor and acceptor do not show any ground state
interaction, the equation can be reduced to a quenching
efficiency of the donor. Together with the PL quenching of
the donor component, the energy transfer could result in the
enhancement the PL of the acceptor component.'>”* The
enhancement efficiency can be estimated by using eqn (2):"*

AA (/lexc) <IA >
= ——1 2
d)ET AOD/2D(}Vexc) - AA(}vexc) 1,2 ( )

where I3 and I, are the PL intensities of the acceptor (pristine)
and acceptor in the heterostructure, respectively.

A more quantitative approach for the estimation of the energy
transfer efficiency can be obtained from the time-resolved PL
spectroscopy of both donor and acceptor emissions. Due to an
efficient competing process of energy transfer, the donor shows
much faster PL decay in the presence of an acceptor. For example,
faster PL decay of CsPbBr; NCs can be observed in presence of
acceptor 2D MoSe, as shown in Fig. 3(b). The difference in the rates
of decay of the donor gives the energy transfer rate (Kzr) as shown
in eqn 3:"

-— (3)

Top/2D  TD

where 1, is the average lifetime of the donor (pristine) PL and Tygr
is the average lifetime of the donor PL in the heterostructure.”® The
energy transfer efficiency (¢r) can be calculated using eqn 4."

ToD/2D
dpr=1- # 4)

Evaluating the charge transfer in
0D/2D heterostructures by optical PL
spectroscopy of acceptor (2D)
component

Another phenomenon that potentially shows PL quenching

and PL lifetime changes is direct charge transfer across the
interface.®” Fig. 2(a) and (d) shows an example of hole transfer
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from excited ITO nanocrystals and 2D MoS, which forms a
type-II heterostructure.'®*° According to the reference frame, it
can be referred to as electron or hole transfer, depending on the
system of interest. A peculiarity of 2D TMDs is the possibility to
measure photoluminescence as the recombination of excitons
as well as trions at room temperature.>'® This allows drawing
conclusions of carrier concentration changes in the sample
after interaction with a donor material, such as 0D nano-
crystals.'®'92%82 Therefore, the exciton-to-trion ratio is a
powerful tool to quantify the precise amount of doping in the
material system.'>'%?° Notably, in the cases in which a high
density of free carriers is present in the 2D TMDs, the excitons
can bind to the free carriers, creating the so-called trions.*%*>
Experimental observation of such charged exciton was first
reported by Kheng et al., in 1993 in a semiconductor quantum
well system of CdTe-Cd, _,Zn,Te.?®®” However, in that case, the
several nanometer thick samples could only result in exciton
binding energies of few meV and trion (or charged exciton)
binding energy an order of magnitude lower.®®®” Therefore,
low-temperature experiments were required to observe the
emissions from such species.’® Given the atomically thin
nature of the 2D TMDs, the effect of dielectric screening is
low, resulting in large exciton binding/disassociation
energy.">*%® Hence, the PL contribution in the 2D TMD from
excitons and trions can be observed as well at room tempera-
ture and is characterized by the respective distinctive
energies.”'*'° A typical example PL spectrum of 2D MoS, at
room temperature with deconvoluted exciton and trion con-
tribution is shown in Fig. 4(a). In fact, the carrier density in
thermal equilibrium between exciton (nx), trion (ny), and free
carrier density (n.), follows a Boltzmann distribution. Eqn (5)
describes this equilibrium for low excitation densities, where
mx, mr and m. are relative masses of exciton, trion and free
electron respectively, and Ej is the trion binding energy.'**”:%

nxne  4mxme Eg
= kgT . 5
nr TthzmT B L exp ( kB T) ( )

This equilibrium between the exciton, trion, and the free
carrier density (see Fig. 4(a) inset) allows us to quantify the level
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Fig. 4 Temporal evolution of the spectrum of the 2D MoS, PL in the 0D/2D hybrid nanosystem during photoinduced hole extraction. (a) PL spectrum of
2D MoS,; with deconvolution into exciton (purple Gaussian) and trion (light blue Gaussian). The inset depicts the schematics of the generation of a trion.
(b) evolution of the PL spectra of the 2D MoS, with the duration of photodoping. To guide the eye, the evolution of exciton and trion are depicted by red
and white dashed lines, respectively. (c) Ratio of the intensity of the exciton to that of the trion.*
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of doping in the material system. For higher carrier densities
and at low excitation fluences, the presence of trion PL is an
indicator of the level of intrinsic doping with more intense
trion PL for more free carriers.'®?®%° Similarly, for higher
pump fluences with beyond bandgap photoexcitation, more
trion PL is observed, as a result of an increased number of free
carriers generated via photoexcitation.’® > In several works,
this correlation between the exciton-to-trion ratio and carrier
density has been successfully employed to extract information
on the level of doping or charge transfer."®*° For example, the
consequence of both n- and p-doping can be observed in the
modulation of trion emission intensity and spectral shape
using different dopants.”>°* The transfer of charges between
layered 2D p-doped FePS; and n-doped 2D MoS, was also
observed through room temperature steady-state PL spectro-
scopy of 2D MoS,.*?

Evaluating the charge transfer in
0D/2D heterostructures by electrical
transport measurements

The interface physics of 0D/2D heterostructures is complex and
plays a crucial role in determining the optoelectronic properties
of these heterostructures. One important consideration in
evaluating the charge transfer in 0D/2D heterostructures is
the fundamental differences in charge transport between 0D
nanocrystals and 2D materials. In 2D materials, electrons
are free to move only in two geometrical directions and are
quantum mechanically confined in the third direction.’® This
confinement leads to completely different electron emission
behaviors in the in-plane and out-of-plane geometries, which
must be taken into account when defining the emission
mechanisms of 2D contacts and their heterostructures.
Electrical transport measurements provide valuable insights
into the charge transfer mechanisms in 0D/2D heterostruc-
tures. For example, the carrier lifetime, which can vary from
1 ps in monolayer 2D materials to 100 ps in multilayer
structures, has a significant impact on the charge transfer
dynamics.”>®” Intravalley and intervalley scattering processes
can also influence the charge transfer by changing the center-of-
mass momentum and phase of excitons, which are electron-hole
pairs that play a crucial role in the radiative decay and emission of
radiation.”® The combination of exciton dissociation and inter-
facial charge transfer determines the total response time of the
heterostructures, which can be influenced by out-of-plane carrier
drift and recombination of excitons.®® It is important to accurately
measure and understand these parameters in order to evaluate
the charge transfer mechanisms in 0D/2D heterostructures. Addi-
tionally, the role of interlayer coupling in light absorption and
transport of photoexcited carriers is another important aspect that
needs to be considered in the evaluation of charge transfer in
these heterostructures. Experimental studies alone may not pro-
vide a complete understanding of the charge transport mechan-
isms and optoelectronic response in such heterostructures.
Therefore, computational tools, such as first-principles density
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functional theory (DFT), can be utilized to predict the type of
contact (Ohmic or Schottky) and estimate parameters such as
barrier height, recombination, and defect density at the 2D-
based contacts.”®

Charge transfer — the case of 0D/2D
ITO/MoS, heterostructure

Recent works reported the light-driven charge transfer of holes
in a 0D/2D hybrid structure based on doped metal oxide (MO)
NCs and 2D MoS,.">*® The hybrid nanostructure of interest is
composed of a single layer of 0D ITO-In,O;3 core-shell nano-
crystals deposited via spin-coating on top of a monolayer of
MoS,. In this case, the charge transfer process of photogener-
ated holes is driven by the relative energetic band alignment
between the two nanomaterials. As illustrated in Fig. 2(c), the
0D/2D hybrid forms of a staggered, type-II heterojunction. The
coupling between the two materials enables the separation
of photo-charges and hinders electron-hole recombination
processes. The effects of the photoexcitation and the charge
transfer can be monitored via PL spectroscopy. By selectively
exciting only the 2D MoS,, it is possible to characterize the
hybrid system without photoexciting the ITO nanocrystals.
Before the photodoping process, 2D MoS, is significantly n-
doped as evidenced by the initial strong presence of trion and
the low-energy PL. Subsequently, the evolution of the spectra
were tracked vs. time of photodoping (Fig. 4(b)). The PL
increases and shifts in energy (red dashed line for exciton
and white dashed line for trion in Fig. 4(b)). Here, the reduction
in n-type carriers in the 2D MoS, caused by a charge transfer
from the ITO nanocrystals is attributed to the hole transfer.
Since the PL quantum yield of trions is lower than that of
excitons, when more free electrons are removed, the relative
spectral weight of the trion decreases while the exciton inten-
sity increases.”'® A significant reduction in the relative spec-
tral weight of the trion and a corresponding increase in that of
the exciton is observed, resulting in an increase of the exciton-
to-trion ratio from ~0.67 to ~4.0 over the photodoping pro-
cess (Fig. 4(c)). The increase in the exciton-to-trion ratio is
assigned to a reduction in the density of negatively charged
carriers in the 2D MoS, due to photoinduced hole injection
from the ITO nanocrystals. This is corroborated by the sub-
stantial blueshift of the energy of the exciton and trion
(Fig. 5(a)), which follows nearly identical dynamics.'® Notably,
the light-driven CT of holes is followed by the diffusion of the
same charges in the 2D TMD up to 40 pm from the charge
injection spot.”® The long-range diffusion of charges might play
a major role supporting the permanent charge separation, if
diffusion is faster than recombination.'**™%

Discussion — band-offset energy
dependence

Further considerations to design the interaction between
0D and 2D materials are the band alignment of the 0D/2D
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heterostructures that includes the type, band-offsets’ energy etc.
In the case of a single charge transfer from donor to acceptor
and vice-versa, typically observed in type-II band alignment, the
quenching of both donor and acceptor PL could be observed.
Instead, in a type-I heterostructure or energy transfer system,
it is expected to observe PL quenching of the 0D donor, in
correlation with the enhancement of 2D acceptor PL. Given the
above considerations, it is important to perform an in-depth
study of the PL characteristics of the hybrid 0D/2D system in
unison with an understanding of the 0D donor and the 2D
acceptor system. This non-destructively tool combining the
steady-state PL quenching (or enhancement), the PL life-time,
but also the exciton-to-trion ratio in the 2D TMD PL, allows
design in an optimized 0D/2D heterostructure. In the following,
we provide specific examples of energy transfer affected by the
band offsets. In principle, most of the reported work aims to
improve the light absorption of 2D TMD via the addition of
highly absorbing 0D materials, such as CdSe, halide perovskite
NCs, etc.'*'** However, the transferred energy not always
results in the enhancement of the emission of the acceptor.*”*
Depending on the bandgap of the donor, the transferred energy
result in the excitation of the acceptor either close to exciton
energy or at much higher energies in the exciton continuum
(compare Fig. 5(a) and (b)). This is analogous with excitation
energy dependent formation of excitons. For example, Trovatello
et al. reported an ultrafast pump-probe spectroscopy study
of excitation energy-dependent exciton formation in MoS,
monolayers.'® They show that with low-excitation energy, the
exciton forms within 10 fs, and exciton formation time
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increases with increasing excitation energy.'® At very high
excitation energies, Kozawa et al. reported that it is also
possible for the electron and hole to separate in the momentum
space and relax to the nearest local minima.'®® Therefore, the
bandgap offsets of the donor and acceptor play a crucial role in
modifying the properties of the heterostructure in a 0D/2D
system. Hence, in the case of exciton funneling to achieve an
enhanced light emission from the acceptor, which is important
for devices such as light-emitting diodes or NIR light sources, it
is important to choose the donor with a bandgap comparable to
the acceptor. However, this comes with the compromise that
the spectral overlap which also influences the energy transfer
efficiency might be lowered and consequently the efficiency.
As an example, Liu et al. fabricated a 0D/2D heterostructure of
CsPbBr; nanocrystals (bandgap = 2.4 eV) and 2D WS, (bandgap =
1.9 eV) and observed a photoinduced energy transfer from
CsPbBr; to 2D WS, (see Fig. 5(a)). Upon the addition of CsPbBr;
nanocrystals on top of the 2D WS,, they recorded a faster PL
decay of the nanocrystals and calculated the energy transfer
rate and efficiency to be 2 x 10% s* and 40%, respectively. The
emission of 2D WS, was enhanced 12 times with an internal
quantum efficiency increase from 6 to 29%.'%” For a similar
0D/2D CsPbBr;/WS, system, Li et al., observed energy transfer
that increased the exciton density by 69% and consequently the
emission in the 2D WS, layer (PL spectra of individual emission
and heterostructure emission shown in Fig. 5(c))."> On the
other hand, when a similar CsPbBr; nanocrystal was used
together with 2D MoSe, (bandgap = 1.55 €V), Asaithambi et al.
show an efficient energy transfer from CsPbBr; nanocrystals to
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(a) Single particle (exciton) energy scheme showing energy transfer from CsPbBrz nanocrystals to WS, and (b) MoSe, monolayers. (c) PL spectra

showing enhancement of acceptor PL in CsPbBrs—WS, heterostructure system. Reprinted with permission.™> Copyright The Royal Society of Chemistry
2018 and (d) PL spectra showing enhancement of acceptor PL in CsPbBrz—MoSe, heterostructure system.
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the exciton continuum of 2D MoSe, (see Fig. 5(b))."> They
calculated this photoinduced energy transfer efficiencies to
be above 86% from the quenching of the donor PL. Instead,
the enhancement of the PL in the MoSe, remained at 33% only.
By carefully analyzing the 2D MoSe, PL, enhanced trion emis-
sion was found in the heterostructure, indicating the increase
of free carriers in the 2D MoS, layer, as discussed above (see
Fig. 5(c)). Since the bandgap of CsPbBr; is much larger com-
pared to the 2D MoSe,, the energy transfer results into the
exciton continuum and into the direct generation of free
carriers out of which only 33% bind to form exciton and
trion.”* A schematic illustration of the single particle energy
diagram and energy transfer between 0D CsPbBr; nanocrystals
(donor) and WS, on the one hand and MoSe, on the other hand
are shown in Fig. 5(a) and (b), respectively. It is illustrated the
ground state together with the excited exciton and trion states,
as well as the exciton continuum. In the case of energy transfer
between 0D CsPbBr; NCs and 2D WS, the transferred energy
is closer to the bound exciton level, resulting into a higher
probability of exciton formation (Fig. 5(a)). On the contrary, in
the case of 0D CsPbBr; NCs and 2D MoSe, the transferred
energy results deep in the exciton continuum, with the effect of
creating more free carriers and consequently more trion emission
(Fig. 5(b) and (d)). Given the quantum well nature and the accom-
modation of the exciton complexes in the 2D TMD, the energy
transfer from a 0D material alters the properties of the 2D TMD
depending on the band-offset energy of the heterostructure. Hence,
the band-offset becomes another parameter to design the hetero-
structure enabling dedicated PL enhancement (e.g: for light emit-
ting applications) or enhanced free carrier density, beneficial
where enhanced photocurrent is desired.

Perspectives

Up to now we have been discussing the interaction mechanisms
observed when coupling semiconducting nanocrystals to 2D
TMDs and identified energy and charge transfer as the major
interaction mechanisms. In the final part of this article, we will
discuss opportunities arising by exploiting other materials
parameters in the 0D as well as the 2D case. Beyond semi-
conductor NCs, integrating other nanoparticles with TMDs
presents numerous exciting opportunities from both scientific
and technological perspectives. For example, metallic NCs
efficiently inject hot carriers into surrounding materials upon
excitation of their localized surface plasmons,'®*'"* a property
that has been exploited recently for localized chemical catalysis
and light detection. This appealing strategy to achieve charge
transfer in 0D/2D systems, even when the band alignment
is not favorable, involves the generation of hot electrons.
In plasmonic materials, the formation of hot electrons can be
ignited by exciting plasmonic resonances, via non-radiative
plasmon decay. These plasmonic hot electrons have been
recently studied for photocatalysis,"'* photodetection,"” the
control of 2D material’s transport properties,'*® and solar
energy applications.”””**® In particular, hot electrons are
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generated in solar cells or photodetectors through a process
called plasmon-induced hot electron generation in the nano-
particle when illuminated with light. These energetic electrons
can then be injected into the adjacent semiconductor, such as
the photoactive layer of a solar cell or the active region of a
photodetector."**?°

Once injected into the semiconductor, hot electrons can
contribute to the device’s performance in several ways includ-
ing enhanced photocurrent,"*"** reduced recombination
losses,"*! extended spectral response,'*' and modified charge
transport and recombination.”® Hot electron transfer pro-
cesses have also been investigated in plasmonic nanostructures
(e.g., NCs) for solar energy harvesting.®®'** The possibility of
harvesting hot electrons via charge transfer is extremely appeal-
ing to overcome the current limitations of photovoltaic devices
and increase solar cell’s efficiency. Energy losses related to
high-energy photons, whose excess energy with respect to the
semiconductor’s bandgap threshold is typically lost as heat,
could be recovered via hot CT,"* while energy conversion
processes in plasmonic solar cells would enormously benefit
from efficient CT, limiting the energy losses related to ultrafast
electron—electron scattering.®® Plasmonic hot electron transfer
dynamics have been demonstrated in 0D/2D hybrid based on
nanoparticles and MoS, monolayers. For example, Li et al
reported the n-type doping of 2D MoS, as a consequence of
the charge transfer of hot electrons generated with resonating
light in gold nanoparticles.*® More recently, Guizzardi et al.
reported signatures of near-infrared plasmonic hot electron
transfer in a 0D/2D hybrid composed of ITO NCs and 1L-
MoS, via ultrafast differential transmission measurements.'>*
Owing to the extreme tunability of the localized surface plas-
monic resonance of ITO NCs, heterojunctions based on MO
NCs could be engineered for the harvesting of low energy
photons in the near infrared regime, opening the way to the
next-generation of infrared solar cells based on plasmon
induced hot electron transfer.'** Furthermore, combining the
electronic properties and small footprint of TMDs with the
large optical cross-sections and geometry-tunable plasmon
resonances of metallic NCs has the potential to fill the existing
need for photodetectors in the short-wave infrared region of the
spectrum (~1-2.5 pm) where current detectors are both expensive
and noisy. The large fields associated with plasmonic NCs can
also greatly enhance direct light absorption and emission,">>™**°
as well as nonlinear frequency conversion,””""** in atomically
thin monolayers of TMDs, all of which is beneficial for compact
and efficient nanophotonic devices. Such effects are now being
pushed to the quantum regime, where strong coupling between
TMD excitons and plasmonic NC-based nano- and pico-cavities
leads to polaritonic states'**'** whose energies and localized
quantum-optical properties can be widely tuned by both electrical
and mechanical means.'**"** Further, the sharp apices and field
enhancement properties of plasmonic NCs (e.g. nanocubes and
nanostars) can create deterministically positioned single-photon
emitters in TMDs, #¢4°
and quantum optical circuitry. Implementing plasmonic NCs with
chiral geometries additionally allows researchers to directly

a key component of future nanophotonic
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address excitons in specific valleys of the TMD bandstructure,
opening new opportunities in nanoscale valley-tronic and valley-
photonic applications.'*® Novel properties and performance can
also be realized by coupling the class of NCs known as upconvert-
ing nanoparticles (UCNPs) to TMDs. UCNPs are insulating nano-
particles doped with lanthanide (Ln) ions, which absorb multiple
low-energy photons and emit higher energy light,"”*">* doing so
with efficiencies that are 5 to 8 orders of magnitude higher than
the best two-photon dye molecules."”>™"*® Despite their many
advantages, the brightness of UCNPs is ultimately limited by the
long luminescent lifetimes of the Ln ions, typically ~1 ms."’
However, by efficiently coupling UCNPs to TMDs, ET can occur
from a Ln ion to the TMD at rates that are thousands of times
faster than Ln emission rates,"**'®" followed by fast PL emission
by the TMD. Thus, the hybrid UCNP-TMD can emit many more
photons per second than an isolated UCNP, and is limited only by
the engineered UCNP-TMD ET rate and not the Ln radiative
lifetime. This will be particularly beneficial for single-photon
emitter applications where a UCNP containing a single Ln ion
can be used for quantum light emission at technologically
relevant rates.'®>'®® In another vein, new UCNPs that support
the photon avalanching process have recently shown photoswitch-
ing capabilities.'®*'*> By coupling to nanoparticles such as these,
carbon dots'®*'®” or other NCs supporting photomodulated
behavior, active nanoscale photoswitchable functionality can
now be added to TMD exciton emission, enabling new capabilities
in van der Waals photonic circuits including neuromorphic
computing and data storage. Another possibility is to explore
NC hybridization with other 2D materials that possess unique
characteristics. In recent years, ferroelectric and ferromagnetic 2D
materials, such as CulnP,Ss (CIPS), NiPS;, CoPS;, efc., have been
used to form heterostructures with other nanocrystals, such as
ITO nanocrystals or perovskites, gaining significant attention due
to their promising properties and potential applications in several
fields.'®®'%° For example, their exceptional electrical properties
and high surface area make them a suitable candidate for
advancements in energy storage devices such as supercapacitors,
where ferroelectric 2D materials offer an attractive alternative to
conventional energy storage systems."”*'”! Moreover, ferroelectric
2D materials hold significant potential for improving the perfor-
mance of non-volatile memory devices, which can retain stored
data even when the power is turned off. When combined with NPs
with shape anisotropy the polarization dependent excitation
might induce particular interaction with the ferroelectric
material.’”>™"”* Perspectively, hybrid NC-ferroelectric 2D materials
could offer improved speed, reliability, and scalability compared
to conventional memory technologies. Additionally, the flexibility
and transparency of these materials may enable use in next-
generation, flexible and transparent electronic devices, such as
solar cells and displays.

Challenges

As our nascent understanding of 0D-2D material hybrids grows,
key scientific and technological challenges are also emerging.
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For example, researchers are learning that directly transferring
a TMD on top of another material or substrate is not sufficient
to produce intimate contact,'’®> and that carefully controlling
the coupling between NCs and TMDs will require assembly with
sub-nm precision. Further, the development of new charac-
terization methods, capable of collecting and correlating struc-
tural and optoelectronic properties with resolution down to the
atomic scale is needed for properly studying these systems.
Despite the exciting prospects, the use of 2D materials for
energy and charge transfer applications also faces several
challenges. For instance, scalability remains a significant con-
cern, as the large-scale synthesis and integration into devices is
a complex and challenging task. Additionally, the production
of conductive NC films over 2D material, which might be
necessary for optoelectronic applications requires conditions
of NC treatment that are not interfering with the 2D material’s
performance.

Overall, hybrid NC-2D materials hold significant promise
for the future of energy and charge transfer technologies. Their
unique properties, combined with their potential to form
heterostructures with other nanocrystals offer exciting possibi-
lities for advancements in these fields. Ongoing research and
development are necessary to fully realize their potential and
overcome the challenges associated with their use in practical
applications.
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