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Abstract: In the last two decades, colloidal semiconductor nanocrystals have emerged as a phenomenal research
topic due to their size-dependent optoelectronic properties and to their outstanding versatility in many techno-
logical applications. In this review, we provide an historical account of the most relevant computational works that
have been carried out to understand atomistically the electronic structure of these materials, including the main
requirements needed for the preparation of nanocrystal models that align well with the experiments. We further
discuss how the advancement of these computational tools has affected the analysis of these nanomaterials
over the years. We focus our review on the three main families of colloidal semiconductor nanocrystals: group
II-VI and IV-VI metal chalcogenides, group llI-V metal pnictogenides and metal halides, in particular lead-based
halide perovskites. We discuss the most recent research frontiers and outline the future outlooks expected in this
field from a computational perspective.
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1. Introduction

Research on colloidal semiconductor nanocrystals (NCs) has
gained growing importance over the last few decades as a conse-
quence of their remarkable characteristics. Nowadays, the many
technological applications of NCs span optoelectronicst!l — for
instance, they are regarded as key components in the fabrication of
light-emitting diodes (LEDs),[24] optical sensing,!>-6 instrumenta-
tion in the medical/biotechnological field[7-#! (such as lasers(® and
photodetectors!!0:111) up to photovoltaics and photocatalysis.!12-22]
These nanocrystallites are in fact characterized by several promis-
ing features: size-tunable bandgaps, sharp emission spectra, high
extinction coefficients, large carrier mobilities!2324] and in some
cases also the possibility to increase the number of excitons emit-
ted through carrier multiplication.[?5! Furthermore, these nano-
crystals can be regarded as photostable, especially in comparison
to organic dyes, because their photoactive part, i.e. the crystal-
line core, is made of an inorganic semiconductive material. As
illustrated in Fig. 1, the inorganic core is capped by organic li-
gands that mainly ensure NC colloidal stability in apolar solvents.
Additionally, these bound ligands help in preventing the forma-
tion of trap states, i.e. intragap states emerging from structural
defects at the surface, that are deleterious for their light emission
efficiency and that in NCs are straightforward to find due to the
high surface/volume ratio.[26:27]

While the experimental protocols aimed at the synthesis of
these compounds are now regarded as commonly established,
theoretical calculations still present some challenges, such as the
construction of NC model systems that represent closely those
found by experiment and the compromise in the size of the mod-
elled systems, which have to be large enough to avoid strong
quantum confinement effects. Increasing the size however puts a
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Fig. 1. Balls representation of a perovskite nanocrystal capped by oleate
ligands (Cs: grey; Pb: orange; Br: magenta; O: red, C: cyan, H: white)
evidencing three main parts: the inorganic core in light blue, the interfa-
cial surface in red and the shell of molecular ligands in yellow.

strain on the computational requirements, especially for accurate
methodologies such as Density Functional Theory (DFT), which
scales cubically with the number of atomic basis set functions,
i.e. in practice with the number of atoms present in the system. In
this review we will therefore discuss the most important achieve-
ments obtained in this field from first-principle calculations and
an outlook of future developments.

2. Historical Background

In Fig. 2, we report a timeline of the most important mile-
stones that have been attained in the colloidal nanocrystals field,
from both experimental and computational standpoints. The first
reported synthetic endeavors regarding these nanostructures
date back to the 1980s.128-301 Two scientists in particular, Louis
Brus?9 and Alexei Ekimov,13% independently managed to ob-
tain colloidal dispersions of semiconductor crystallites featur-
ing dimensions in the order of a few nanometers, and proved
the existence of a correlation between their optical properties
and sizes. Successively, in 1993, Murray et al.3!] managed to
gain further control on the size distribution and obtained highly
monodisperse cadmium chalcogenides nanocrystallites. As a
consequence of the structural and electronic relevance of these
nanomaterials, over the years, the above synthetic methodolo-
gies were soon followed by several theoretical works aimed at
the description of their properties. Brus, for instance, made use
of tight-binding modelsB3?] to explain the electronic structure and
recombination mechanisms of NCs, along with several other
features of these crystallites.[32-341 Ekimov, on the other hand,
joined forces with his colleague Alexander Efros to develop a
model to link the size dependence of the NCs with their opto-
electronic features.[351 Some years later, in 2000, Efros published
a reviewl3l detailing a theoretical description of the excitonic
and band gap structures in spherical semiconductor nanocrys-
tals. His work gave important details regarding their absorption
spectra in line with the experiments, and was soon followed by
further investigations on the multiband envelope functions for
semiconductor heterostructures.[37-381 From the late 1990s on-
wards, more accurate atomistic models for the electronic struc-
tures of several bulk semiconductors were developed by Delerue
and coworkers!39-40] making use of tight binding models with ad
hoc parameterizations.

In the following years, a wide range of approaches and lev-
els of theory,[2441-531 most notably density functional theory, have
been applied for the evaluation of the electronic properties of bulk
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Fig. 2. Timeline of the main experimental and theoretical milestones in the semiconductor nanocrystals field.
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semiconductors, regarded as a litmus test for the characterization
of their corresponding finite nanocrystallites. Although these ap-
proaches gave valuable insights, they suffered an inherent lack
of surface and size-dependence; key features in the description
of colloidal semiconductor NCs. As a matter of fact, the first at-
tempts to include such effects involved DFT calculations on small
clusters of semiconductors (dimensions of the order of a few unit
cells). Unfortunately, until 2010s, DFT could only be effectively
employed for the evaluation of strongly confined systems with
very limited size (about 1 nm) and, in case of molecular dynamic
simulations, for fairly brief timespans (usually no longer than the
order of 1-5 picoseconds) due to the high computational cost.
In the last decade, however, breakthroughs in the modelling of
NCs and the concomitant increase in computational power have
paved the way to the atomistic description of NCs counting up to
thousands of atoms, thus with sizes and shapes aligned with the
experiments.

3. Preparation of a NC Model for DFT Calculations:
The Requirements

Before diving into the main computational results obtained
in this field through the years, we will make a short digression
to describe the main requirements to build a NC model as this is
a relevant aspect for those in the NC community that are inter-
ested in starting calculations with colloidal NCs. It is indeed now
well established that three main ingredients are necessary for the
preparation of NC models:
 the stoichiometry of the system,

* its overall charge,
* how ligands interact with the surface.

Several experimentall234654551 investigations have been
used over the years to gain insight into the structural features
of the experimentally synthesized nanostructures. For instance,
Transmission Electron Microscopy (TEM) analysis!5®! provides a
depiction of NC shapes, while High-Resolution TEM (HRTEM)
images!0! of the NCs allows a more thorough visualization of
their faceting. The stoichiometric ratios between the elements
constituting the nanocrystals, on the other hand, can be deter-
mined by means of X-ray photoelectron spectroscopy (XPS),[57]
induced coupled plasma (ICP) spectroscopy and other techniques.
The atomic ratios of these nanostructures vary depending on the
inorganic ions that are left exposed in their outermost layer. For
example, in CsPbBr, NCs, an upper bound for the Br/Pb ratio
usually corresponds to a CsBr type of termination, whereas in
contrast the lower Br/Pb bound is obtain when a PbBr, layer ter-
minates the NC. A realistic NC model is then realized by tuning
the ratios to match those found experimentally.[57]

Additionally, in many cases the bottom-up synthetic proto-
cols do not involve harsh conditions in apolar organic solvents,[27]
thus charge neutrality and charge balance conditions are expect-
ed. Charge balance in nanocrystal models is easily calculated by
means of the charge-orbital balance model, provided by Voznyy et
al.381'in 2012. In this model, each atom in the core and ligand on
the surface of the nanocrystal is assumed to be at its preferential
oxidation state defined as the contribution q, where i stands for
the type of the atom or ligand under analysis (so, for example, Pb,
Cd, Sn will be assumed to have q,= +2, halogens and carboxylates
will have g,= 1, neutral ligands — such as amines — will be char-
acterized by q,= 0, and so on). The total charge on the nanocrystal
(N dOp) will then be:

Ngop = =2 N;iq; (1)

where the N, in Eqn. (1) accounts for the number of i-type atoms
or ligands. This definition of N, results in two possible classifica-
tions: intrinsic nanocrystals, which occur if the condition N op = 0

is satisfied, and doped or charge unbalanced NCs, corresponding

to the N iop 0 case. More specifically, cases with N dop > 0 can

be ascribed as p-doping, where the electrons have been removed
from the valence band (VB) of the material, lowering their energy

levels in comparison to the vacuum values. On the other hand, n-

doping and consequent increasing of the relative energy levels is

obtained if the model features N, <0.

Finally, the interactions between the core and the ligands can
be evaluated within the framework provided by Green’s covalent
bond classification (CBC) scheme.[%! In this model, the molecular
ligands can be defined depending on the number of electrons they
can donate to the surface of the core. More specifically, accord-
ing to the ligand binding motifs introduced for colloidal NCs by
Anderson et al.,’¥ Lewis bases donating two electrons — such as
amines and thiols — are defined as L-type ligands. One-electron
donors (e.g. phosphonates, carbonates) are defined as X-type li-
gands, while Lewis acids, usually the MX moiety formed between
metal atoms and X-type ligands, are known as Z-type ligands and
do not donate any electrons to the surface. Globally, the X-type
ligands will saturate the unpaired metal atoms on the surface, each
one characterized by valence v. As a consequence, as detailed in a
work by Giansante et al.,?”] a nonstoichiometric M E core satu-
rated with generic ligands can be described by either one of the
following notations: by means of the nonstoichiometric molecular
formula of the core, accounting for X and L-type ligands — i.e.
[Cs Se IX (m—n)vL —or by means of the formula [CdSe]n(CdXv)mran,
thus convenientfy attaching Z and L-type ligands to a stoichio-
metric core.

Once all the above features are properly accounted for, a nano-
crystal model can then be straightforwardly built from the corre-
sponding bulk structure of the semiconductor by means of a few
simple steps as highlighted in Fig. 3:

e The bulk structure is cut along specific directions to obtain
a nanocrystal model of the required dimension that matches
the experimental shape and faceting (revealed by TEM and
HRTEM images respectively) — see Fig. 3a;

* The surface is terminated by comparing the atomic ratios with
the available experimental data (elemental analysis) — see Fig.
3b.

e The NC model is charge-balanced according to Eqn. (1) and
the charge excess, usually found by a simple cut of the bulk, is
eliminated by removing ions from the surface. A brief depic-
tion of the step is provided in Fig. 3b.

Finally, when it is desired, organic ligands can be easily added
to the surface of the NC model (Fig. 3c). To preserve the charge-
balance of the system, the added ligands that carry a given charge
contribution should replace surface atoms of corresponding oxi-
dation state (for example carboxylates substituting surface ha-
lides, since both feature ¢, = —1).

4. Computational Studies of Colloidal NCs over the
Years

Over the course of this brief review we will summarize the
main computational achievements for three families of colloidal
semiconductor nanocrystals, namely metal chalcogenides, usu-
ally compounds between group VIa anions (S, Se, Te) and group
IT or IV cations such as Cd, Zn, Pb; metal pnictogenides, formed
between group III and group V atoms — and metal halides, focus-
ing especially on lead halide perovskites.

4.1 Group II-VI and IV-VI Metal Chalcogenides

Both II-VI and IV-VI metal chalcogenides were amongst the
first semiconductor nanocrystals to be computationally investi-
gated using DFT methodologies. For instance, in 1998, Eichkorn
et al.1% undertook the first investigation on CdSe clusters prov-
ing the validity of DFT in the description of their structural and
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Fig. 3. Schematic preparation of the NC model. (a) A 4.2 nm cubic CsPbBr, core was obtained from the bulk structure by cutting it along the (100)

facets, leaving a layer containing Cs and Br on the surface; (b) The inorganic core, featuring a stoichiometry of Cs,
positive charge. Charge neutrality is achieved by removal of 22 Cs ions, resulting in a Cs

510 03433Br, 76 Present an excess

Pb,,.Br.... nanocrystal with an overall Cs:Pb:Br ratio of

490 34371176

1.4:1:3.4. (c) 80% of the Br ions on the surface are replaced with an equal number of oleate anions (OA), as both species feature g,= -1, resulting in

a ligand-capped Cs,4Pb,,.Br,, (OA),,. nanocrystal.
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electronic features. Successive endeavors by Troparevsky et al.l61]
and Deglmann and coworkers[®2l attempted to use stoichiomet-
ric Cdeey and anSey fragments — up to x,y = 7 — as reference
models for the same investigational purpose. The analyzed clus-
ters, however, were limited in dimension and were also charge
unbalanced, thus failing to provide an accurate description of
the electronic structure. Larger, charge-balanced, although still
stoichiometric, Cd Se_models (up to 90 atoms) were then effec-
tively developed by Pudzer el al.l93] in 2004 to predict the effect
of structural relaxation on the electronic properties of the clusters.
Follow-up works on the subjectl4748.641 then started comparing and
coupling DFT-calculated properties with experimentally acquired
data for similarly built models: for instance, the analysis of the
main excitation and recombination mechanisms other than a re-
construction of their superficial features and band structures was
performed in various studies for both Pb Se [“"1and core-shell NC
models,[%4 as well as for a vast range of zinc compounds.[“8] For
all these cases, it is worthy to note the effort of applying advanced
theoretical methodologies, for example the case of non-adiabatic
time-domain molecular dynamic simulations carried out in the
picosecond timescale.

In 2009, an article by Kilina et al.15! employed a DFT scheme
on a stoichiometric Cd,,Se,, cluster passivated by small primary
amines and phosphines, highlighting the role of L-type ligands in
slowing down the non-radiative recombination mechanisms in the
cluster. Three years later, in 2012, an article by the same authors!(¢0]
outlined the involvement of surface ligands in the acceleration of
the electron-phonon mediated exciton relaxation processes dis-
played by the nanocrystals. Soon after, the development of atom-
istic simulations emphasized the fundamental role of the inclusion
of ligands in the structures in the description of their features.7]
As a consequence, several studies gradually turned their focus to-
wards II-VI and IV-VI NCs passivated by small molecules such as
amines, phosphines, and thiols,[®8-701 and also towards the investi-
gation of the behavior of more complex ligands — long, aliphatic
acetates[?3] as well as aromatic amines!’!l — on ultrasmall cores,
highlighting the strong interaction of these ligands with the inor-
ganic clusters. However, in contrast to the results found for their
aliphatic counterparts, such as methylamine, pyridine and aniline
were both experimentally and computationally found to introduce
ligand-localized states close to the band gap of the NC — and thus
acting as traps — in the electronic structure. The success of these

efforts and their good agreement to the experimentally available
results soon led to the development of DFT simulations on bigger,
more realistic structures: in 2014, for instance, Voznyy et al.[’?]
were able to provide the first reliable model for the description
of a charge balanced, non-stoichiometric 3.6 nm colloidal CdSe
nanocrystal, with size and shape matching CdSe NC synthesized
in the lab. This work proposed switching between dynamically
activated shallow and deep traps as an atomistic mechanism to
justify their photoluminescence quantum yield, and suggested that
the inhibition of the blinking process could be obtained through the
infiltration of ions in the vacancies. In the same year, Sandeep and
co-workers!73 outlined that Z-type ligand removal in PbSe NCs
via various amines, including chelating ones, affects the necking
of NCs in films, ultimately altering their conductivity. A larger-
scale version of a colloidal PbS NC model, reaching about 5 nm,
was then proposed by Zherebetskyy and coworkers!’# to investi-
gate the involvement of superficial hydroxylate groups and water
molecules in the passivation of these nanostructures with oleate li-
gands, which was then confirmed by experimental measurements,
such as TEM and XPS. The effect of different type of ligands (L-,
X- and Z-type) on the formation of traps in colloidal II-VI semi-
conductor nanocrystals was thoroughly examined by Houtepen et
al.[’31in 2017. In this work, it was shown that deep trap states are
formed through the removal of surface Z-type ligands, creating
stable highly uncoordinated chalcogen atoms at the surface (Fig.
4). This work additionally suggested that post-synthetic treatment
with Z-type ligands could be effective in healing these surface
traps, an approach that was proven to be successful by Kirkwood et
al.l"61 A similar approach was used in 2018 by Geiregat et al.l’’! for
the evaluation of the influence of surface traps on the lasing char-
acteristics of HgTe zinc-blende nanocrystals capped with methane
thiolate. Further steps towards a synergic combination of computa-
tional methodologies and experimental techniques had been taken
first by Giansante et al.[8 and then by Debellis and coworkers(7]
that built efficient models for nonstoichiometric PbS nanocrystals.
NCs of different sizes and capped with formate ligands to mimic
oleate ligands from the synthesis, provided an accurate description
of their molecular orbitals and band gaps thus giving insight into
their absorption properties.

The assessment of DFT quality in the description of II-VI and
IV-VI NCs was demonstrated by several benchmark studies over
the years. A preliminary work led by Yang et al.130 in 2008 at-
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tempted to assess the validity of different semiempirical and DFT
computational methods on a Cd,Se, cluster. The most accurate
reproduction of the energetics of the system was found for the
B3LYP/LANL2DZ level of theory. A successive paper by Albert
etal.811 on bigger CdSe NCs highlighted the contribution provided
by polarized basis sets and counterpoise corrections in a precise
description of the geometries. A thorough DFT benchmark study
was however performed in 2014 by Azpiroz and coworkers!23]
over (MX), quantum dot models, with M = Cd, Zn, and X = S,
Se, Te. Gradient-corrected exchange-correlation functionals like
the PBE were found to provide a good compromise between cost
and efficiency in geometry optimizations. Nonetheless, despite
the increasing computational cost, the overall best performances
were displayed for the hybrid PBEO functional.

4.2 llI-V Metal Pnictogenides

III-V compound semiconductors have emerged over the
years as a very reliable technological alternative to chalcogen-
ides, most notably as a consequence of their very promising op-
tical and electronic properties:82! for instance, they are widely
employed in high-electron-mobility transistors (HEMTs).[82:83]
Furthermore, the highly tunable band emission and low toxicity
found for InP compounds has made them promising candidates
for the replacement of red-emitting phosphors in LEDs.[*4] In
20006, a screening by Paier and coworkers!®4! assessed the per-
formance of several DFT functionals in the evaluation of the
main solid state properties for bulk semiconductors containing
gallium — most notably GaAs, GaP and [3-GaN. The hybrid HSE
functional, in particular, had been found to represent a good
compromise between cost and accuracy and was thus employed
shortly after by Wadehra er al.1831 and Nicklas et al.185! for the
calculation of the band gaps, the band offsets and the variation
of direct-indirect band gap crossovers in bulk III-V alloys in
relation to their atomic composition.

Eventually, in 2016, DFT modelling was successfully used
in combination with several experimental methodologies to tune
both the lattice parameters and the bandgaps in In Zn P alloy
nanocrystals according to necessity*4 and for the computational
characterization of the structures and energies of carboxylate-
ligated InP magic-sized nanoclusters, isolated as reaction inter-
mediates during the synthesis of InP nanocrystals.[8¢1 The most
recent advancement in the research over this category of ma-
terials, however, can be traced to 2017, when a more generic
model of anionic passivation and amine-anion co-passivation of
the cation-rich surfaces in colloidal PbS, CdSe and InAs nano-
meter-sized nanocrystals was provided by Ko and coworkers.[87]
A visual representation of the ligands which have been used in
the work for the capping of the InAs NC is provided in Fig. 5.

4.3 Metal Halides

Fully inorganic and hybrid organic/inorganic metal halides,
especially lead-based perovskites, with chemical formula APbX,
—where A is a large monovalent cation, such as Cs* and CH3NH3+
and X is a halide anion, usually Br, I or, more rarely, Cl — are re-
garded as extremely promising candidates in many applications.
The involvement of perovskites in photovoltaic devices was first
suggested by Kojima et al.[88] in 2009 as a consequence of their
highly favorable properties: high conversion efficiency, large car-
rier mobilities and optimal band gaps. One of the earliest compu-
tational investigations, focusing on the electronic and structural
features of the bulk form of organic-inorganic CH,NH,PbX and
mixed halide CH,NH,PbI X perovskites (with X =1, Br, and CI),
was led by Mosconi et al.1391 in 2013, and it allowed for a suc-
cessful comparison of the results with the experimentally avail-
able trends. Similar approaches were thus applied in the following
years[49-51.90] for both lead and tin-based compounds, extending
these evaluations to include the kinetic and structural properties

-CdCiz

Fig. 4. Depiction of the effect of dicoordinated Se atoms on the valence
band (VB) and conduction band (CB) of a CdSe NC. (a) NC without
displacements; (b) NC after removal of a CdCl, unit (presence of a trap
state).

CHy ——pNHy"

Fig. 5. Depiction of the capping of the InAs NC in ref. [87] by acetate
and methylammonium halide co-passivation.

of the first structurally finite cores, 3% such as their ionic migration
mechanisms. >3]

From 2015 onwards, research over both synthetic strategies
for the preparation of colloidal perovskite nanocrystals started to
gain increasing relevance.®!l As a matter of fact, several experi-
mental works emphasized their extremely promising properties,
such as their high photoluminescence quantum yields (PLQY)
and their broadly tunable emission peaks, as well as their excep-
tional photostability.7491-%4 Computational simulations focusing
on these structures therefore started flourishing in the following
years: for instance, in 2016, an article by ten Brinck e? al.1%3 pro-
vided the first atomistic models for the cubic and orthorhombic
phases of lead halide perovskite nanocrystals, successfully de-
veloping a computational DFT scheme aimed at their atomistic
description. The model was effectively validated through the suc-
cessful calculation of the band gaps and electronic structures of
the NCs. A visual representation of the cores which can be ob-
tained from a cubic and orthorhombic halide perovskite lattice is
provided in Fig. 6.

Further computational models for perovskite NCs were
then developed in 20191 to evaluate the influence of the de-
position of alkylammonium ligands on the formation of traps
states in different, experimentally employed organic solvents.
Additional DFT calculations were carried out in the follow-
ing years, for example proving that alkyl phosphonic ligands
on perovskite nanocrystal surfaces®6! stabilize the PbBr, outer
layer rather than the more typical CsBr layer, commonly found
with the oleylammonium/oleate passivation. A more general
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Fig. 6. Charge neutral cores obtained from the cutting of different
CsPbBr, lattices. (a) Cubic lattice; (b) Orthorhombic lattice.

investigation of the role of different solvents on the stabiliza-
tion of surface ligands was carried out in the following year by
Jeon et al.,[®1 while parallel works by Sercel et al.®8! focused
on the analysis of the effect of the shape of the nanocrystals
on their electronic and spectroscopic features. Additionally,
Bodnarchuk and coworkers!7! examined the main surface deg-
radation mechanisms via displacement of surface ionic pairs
and hypothesized feasible restoration pathways for these ma-
terials via didodecyldimethyl ammonium bromide (DDAB)
post-synthetic treatment, providing good agreement with the
experimental observations.

Despite the great promise shown by lead halide perovskite
NCs, one of the main drawbacks associated with these materials
is their poor colloidal stability, which is strongly limited by the
presence of air and moisture and, more importantly, by the in-
trinsic toxicity of lead. As a consequence, over the last few years,
considerable effort has been invested into the search for alter-
native, non-toxic compounds displaying sufficient stability and
matching optical properties. One of the most suitable candidates
has been found in double-perovskites (DPs), or elpasolites, a
family of materials with general formula A B*B**X,. Several
structures of this class — Cs, AgBiX,, Cs,AgSbX, (X = Cl, Br,
I) and Cs,AgInCl,, just to quote a few!®3>-1171 — have been suc-
cessfully synthesized in the previous years, encouraging a more
in-depth computational investigation of their properties. For in-
stance, in 2019, a work by Locardi and coworkers!'9! reported
the synthesis at the nanoscale of Bi-doped Cs,Ag, Na InCl,
NCs and coupled a spectroscopic analysis with a DFT-based
one to investigate the role of replacing Na* ions with Ag* ones
and doping with Bi* ions on the PL emission of these mate-
rials and proposed a trapped exciton emission mechanism in-
volving localized states on corner-sharing BiCl, and AgCl, oc-
tahedra. Successively, Zhang and coworkers!!18] examined the
electronic structures of these NCs by leading DFT analysis on
Cs,Ag, Na, InCl. NCs models, in the attempt to gain insight
on the most effective optimization strategies for the passivation
of their surfaces. The progressive displacement of CsCl pairs
from the NCs models evidenced the emergence of deep hole
trap states arising from undercoordinated surface Cl ions even
at high surface passivation, thus suggesting the growth of a shell
of another semiconductor material over the inorganic core as
a feasible strategy to enhance optical performances. A parallel
scheme was employed by Zhu et al.l''! on Cs,Na, Ag BiCl,
alloy NCs, combining a computational and a spectroscopic anal-
ysis to investigate the compositional tuning (in relation to their
Ag* content) of the PL emission yield of these materials. Here,

deep electron traps were found to emerge from unpassivated Bi
ions at the surface, especially for Na* rich compositions while,
upon increasing the Ag* content in the composition of the NCs,
these traps became more shallow. More recently, a model for the
first epitaxial heterostructure between a lead halide perovskite
NC and a lead chalcohalide one was also proposed.[37-120]

5. Outlook

In this work, we have depicted a concise timeline of the main
computational advances over the years to calculate the electronic
and structural properties of colloidal semiconductor nanocrystals.
The methodologies described are mostly based on DFT. However,
a strong limitation of this approach is the high computational cost,
which prevent on the one hand the inclusion of solvent and ligand
molecules with the same size and surface coverage as in the exper-
iments and, on the other, performing long timescale simulations
using molecular dynamics. For these reasons, it is paramount to
move to computationally cheaper alternatives such as those based
on classical force fields. Here, an important drawback is the de-
velopment of accurate force-field parameters that are capable of
describing consistently NC models.

Several attempts have however already been made towards
this direction: to quote a few examples, in 2017, Mattoni et al.l121]
successfully developed a force field aimed at the description of
solid-state hybrid metal halide perovskites (MHP) using a com-
bination of Buckingham, Lennard-Jones and Coulombic parame-
ters; more recently, in 2020, Balestra et al.['22l employed a genetic
algorithm to model the parameters of a classical force field for the
depiction of the structural features and the dynamical properties
in cubic and orthorhombic unit cells of all-inorganic metal halide
perovskites, showing excellent agreement with experimental find-
ings.

A similar approach has been successfully employed for CdSe
nanocrystals by Cosseddu and coworkers!['231in 2017: a stochastic
algorithm, the Adaptive Rate Monte Carlo (ARMC), was used to
obtain accurate force field parameters for the description of core-
core and core-ligand interactions in CdSe NCs, allowing for the
explicit inclusion of the long alkylic chains in the ligands, as well
as solvent molecules, in classical molecular dynamics simulations
of ligand passivated NCs.

Further calculations on colloidal NCs are therefore expected
to make use of the new computational aids provided by classi-
cal molecular dynamics studies to extend the investigation both
spatially, through simulations involving more realistic systems in-
cluding solvent and ligand molecules, and temporally, through the
evaluation of rarer processes, occurring for more prolonged time
scales using accelerated sampling methodologies.
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