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Abstract 

In the past decades, atomically controlled multicomponent nanomaterials have served 

as platforms to advance the understanding of scientific phenomena along with 

providing practical solutions for various applications. Colloidal chemistry and atomic 

layer deposition techniques are two of the most powerful techniques to tailor make 

materials with tunable composition and morphology. In this review we focus on how 

the combination of these two highly versatile chemistries enables an exquisite control 

at the atomic scale of multicomponent nanomaterials in a wide compositional range. 

We discuss very recent studies from us and others, which encourage the scientific 

community to explore the tunability offered by such combination even further.  

 

1. Introduction 

Atomically-controlled multicomponent nanomaterials have advanced the 

understanding of scientific phenomena and devised solutions to practical problems, 

enabling technological progress in many application fields.1,2 Their properties are 

strongly influenced by composition, geometries and interfaces between the constituent 

building blocks, as new and unpredictable functionalities can emerge from the intimate 



contact between highly contrastingly materials. Thus, developing the chemistry to fine 

tune these physical parameters is of the uttermost importance.  

In this contribution, we discuss the recent progress in multicomponent nanomaterials 

comprising colloidally-synthesized nanocrystals (NCs) and a matrix prepared by 

atomic layer deposition (ALD). 

On one end, colloidal chemistry is one of the most powerful wet-chemistry techniques 

to obtain monodisperse particles with size ranging from 10-7 to 10-9 m and controllable 

shape suspended in a dispersing medium forming a colloidal solution.3,4 Wet-chemical 

methods are bottom-up strategies that allow one to obtain zero, one and two-

dimensional nanomaterials, a degree of freedom not always granted by top-down 

approaches.5 

On the other, ALD is one of the best techniques to synthesize nanometer-thin conformal 

layers. This approach is based on sequential and self-limited half-reactions: the 

precursors are never present simultaneously in the reactor, as they are inserted in non-

overlapping pulses, and the precursor molecules of these pulses react with the surface 

in a self-terminating way, so that the reaction is completed once all the reactive sites on 

the surface are consumed.6  

In this review, we highlight how the combination of these two highly versatile 

chemistries enables an exquisite control at the atomic scale of multicomponent 

nanomaterials in a wide compositional range, including dielectrics, semiconductors and 

metals. In addition to the traditional gas-phase ALD performed in a vacuum chamber, 

we include the emerging colloidal ALD in solution phase (c-ALD). While less 

developed in the understanding of the chemistry behind it, c-ALD is attracting 

increasing interest in the scientific community as it offers the unique opportunities of 

the layer-by-layer growth of the gas-phase ALD but in solvents, thus facilitating post-



synthetic material processability. Colloidal NC films infilled with a matrix deposited 

by gas-phase ALD will be referred to as nanocomposites. Instead, the multicomponent 

nanomaterials obtained by coating colloidal NCs with c-ALD grown shell will be 

indicated as core@shell NC heterostructures. Along with reviewing the literature, we 

will elaborate on some of the open challenges, before concluding with an outlook on 

future opportunities offered by the combination of these two powerful synthesis 

techniques.  

 

2. General principles of the synthetic techniques 

2.1 Colloidal synthesis of nanocrystals  

Colloidal synthesis is a wet-chemistry surfactant-assisted approach that is among the 

most versatile technique for nanoscale material synthesis. First, it enables a wide 

compositional and morphological tunability of the NCs. Secondly, it offers the 

possibility to obtain unsupported colloidally stable NCs that can be then easily 

processed, for example deposited onto various substrates by different techniques (i.e. 

spin-coating, drop casting, doctor blade, etc.) or integrated into various matrices (i.e. 

by mixing in compatible solvents).7,8 These two features are hardly simultaneously 

accessible by physical nanostructuring techniques such as electron or molecular beam 

lithography. For these reasons, synthetic efforts have been dedicated towards a variety 

of metals, metal oxides, and semiconductors which have been developed in the form of 

size- and shape-controlled NCs via colloidal chemistry.9,10 The achieved degree of 

control enables tunability and control on the optical, magnetic, catalytic properties 

which are dependent by these structural parameters. 

A typical colloidal synthesis employs metal salts as precursors, often a reducing agent, 

organic ligands (or surfactants) and a carrier solvent that are mixed together in a three-



neck reaction flask connected to a Schlenk-line. The NC size and shape are sensitive to 

several parameters, including temperature (ranging between room temperature and 400 

ºC), reaction duration, overall concentrations as well as the time and rate of injection 

of additional reactants.11,12 Surfactants are crucial as they play several roles during the 

synthesis. First, they may react with the metal salts and form the monomeric species 

(i.e. molecular complexes or clusters), which are responsible for the initial step of the 

NC nucleation.13 Simultaneously, they define the NC size by participating in 

adsorption/desorption dynamic processes on the surface of the growing nuclei 

preventing their aggregation and uncontrolled growth. Finally, surfactants can affect 

the specific surface energy of the growing NCs, which has implications in the tuning 

of their shape.11,14,15 Indeed, facet-preferential ligand adhesion can modify the relative 

growth rates along the various crystallographic directions and/or can favor selective 

elimination of unstable surfaces by triggering oriented attachment of particles along 

defined crystallographic directions. This mechanism remains responsible for most of 

the NC formation in a variety of anisotropic shapes, such as cubes, polyhedrons, rods, 

wires, polypods, etc.. Surfactants remain on the NC surface after the synthesis granting 

their colloidal stability in aqueous or organic solvents depending from their polarity. 

Various exchange procedures have been developed to substitute the original ligands 

used during the synthesis with new ligands possessing different functionalities designed 

according to the desired surface properties. Finally, ligands have also been regarded as 

a tool to engineer the NC self-assembly capabilities.16–19 

The NC complexity accessible by colloidal chemistry is rapidly expanding, in terms of 

both shape engineering and compositional variety. Many studies have recently shown 

how carefully control on the NC shape is advantageous and essential to investigate 

structure/properties relationship in various areas of application.20–22 To give one 



example, copper NCs with different sizes and shapes (Figure 1a) have been used to 

study and optimize facet-dependent selectivity in a conversion process very relevant 

for sustainability, which is the electrochemical CO2 reduction (Figure 1b).21,23–26 

Figure 1. a) Transmission electron microscopy (TEM) images of spherical, cubic and 
octahedral copper NCs of different sizes, reprinted with permission from ref. (25) and 
(26). Copyright 2018 The Royal Society of Chemistry. Copyright 2018 Nature 



Publishing Group. b) Faradaic efficiencies for the electrochemical CO2 reduction 
reaction using copper sphere, cubes and octahedra as catalysts. These measurements 
were performed in a gas-fed flow cell at commercially viable current densities and 
potential. Reprinted with permission from ref. (24). Copyright 2020 American 
Chemical Society. 
 

At present, much research focuses on solving challenges in the synthesis of novel NCs, 

such as highly covalent group IV elements (Si, Ge), III-V compounds (GaAs, InAs, 

InSb, etc.), multicomponent chalcogenides and metal oxides (Cu3VS4, CuInS2, BiVO4, 

Cu3PS4, Fe2GeS4, etc.), or carbon-based compositions.25,27–37 Moreover continuing 

efforts are underway to engineer NC composition and morphology by means of 

galvanic replacement, ion-exchange reactions, or through the nanoscale Kirkendall 

effect.38–40 Finally, another emerging area is the development of in-situ characterization 

methods to obtain insights into the nucleation and growth of NCs or to monitor the 

structural and compositional evolution of the NCs during operation in various 

devices.15,41–44 

2.2 Gas-phase ALD 

ALD is a vapor-phase deposition technique that occurs through sequential self-limiting 

surface reactions and was first developed in the 1970s by Suntola and Antson for ZnS 

growth.45 During the following years, the use of ALD expanded tremendously to 

growth a variety of materials that include metals, metal oxides, alloys and 

nanolaminates making this technique appealing for many areas of applications such as 

energy technologies, like photovoltaic, catalysis and batteries, or micro and 

nanoelectronics.46–49 

The ALD process is illustrated in Figure 2. Here, the growth cycle for a thin film of a 

binary metal oxide (Al2O3) from gaseous precursors (Trimethyl aluminum (TMA) and 

water (H2O)) is presented as one example. In the first step, one of the precursors is 

pulsed into the reactor (a vacuum chamber) and reacts onto the surface of the substrate 



through a self-limiting process that leaves no more than one monolayer at the surface; 

after reaching saturation, the excess reactant is purged with an inert gas. The co-reactant 

is then introduced in the system and reacts with the precursor already adsorbed on the 

surface. Again, the chemistry is chosen such that this step is self-limiting, causing the 

surface reaction to cease after no more than one monolayer coverage. Finally, the 

excess co-reactant is purged from the system, creating the first monolayer of the 

targeted material. This process is repeated in a layer-by-layer fashion until the desired 

thickness is achieved.  

 

Figure 2. Representative scheme of a standard thermal ALD process. 

The primary advantages of ALD are all derived from the sequential, self-saturating, 

gas-surface reaction control of the deposition process. Firstly, the conformality of 

ALD-deposited films is often the critical factor in choosing ALD over competing 

deposition techniques, such as chemical or physical vapor deposition (CVD and PVD) 

and sputtering, or solution-based techniques, such as sol-gel.50–52 Conformality of high 

aspect ratio and porous/tortuous materials is made possible by its self-limiting 

characteristic, which restricts the reaction at the surface to no more than a monolayer 

of precursor. Subsequent cycles allow for uniform growth even on high aspect ratio and 

porous structures, whereas CVD or other techniques may suffer from non-uniformity 



due to faster surface reactions and shadowing effects, respectively. A second advantage 

is the sub-nanometer thickness control that could be tailored by the number of ALD 

cycles. 

Different parameters control the ALD process, including chamber temperature and 

pressure, duration of precursors pulses and waiting times between one pulse and the 

other, that all together will define the growth per cycle (GPC) of the process. Between 

those, temperature plays an important role. In order to benefit from the many 

advantages of ALD, it is desirable to operate within the designated optimal ALD 

temperature window, which is moderately elevated (<350ºC). Temperatures outside of 

the window generally result in poor GPC and non-ALD type deposition due to effects 

such as slow reaction kinetics or precursor adsorption (at low temperature) and thermal 

decomposition or rapid desorption of the precursor (at high temperature).  

The first step in an ALD process is the nucleation that is extremely important for 

continuous and pinhole-free ultrathin films. The nucleation strongly depends from the 

reactivity of the precursors with the substrate surface. If the ALD precursors do not 

effectively react with the initial substrate, then the ALD film may not form at all or may 

form only at particular defect sites on the surface.53 Improvements of the uniformity 

might be achieved via surface treatments and functionalizations.54 

In general, two main disadvantages can be listed for the ALD techniques. First, it is a 

much slower process compared to other techniques, as the grow rate is in the range of 

100-300 nm/hour. Second, the high temperatures required to make certain precursor 

reactive enough with the surface may be incompatible with certain substrates or 

materials. Nevertheless, ALD assisted by UV-light or plasma could help to widen the 

chemical species which can be suitable as precursors during the process.53,55  

2.3 Colloidal ALD  



Following the development of gas-phase ALD, the successive ionic layer absorption 

and reaction (SILAR) technique was introduced as a way to extend the ALD principles 

to the growth of thin films in solution. Here, the substrates are sequentially immersed 

into the precursor and co-reactant baths, typically aqueous solutions of metal salts and 

salts, and washed with suitable solvents in between to eliminate the reagents 

excess.56,57,58 Using this technique, binary composites such as metal oxides and 

chalcogenides, as well as ternary (Cu-Sn-S) and quaternary (Cu2ZnSnS4 or 

Cu2ZnSnSe4) compounds have been deposited and used for solar energy harvesting 

applications, gas sensors, LED and supercapacitors.59–64,65–72 As the process is carried 

out at or near room temperature, a great variety of substrates has been used, including 

polymeric materials.61  

From the growth of thin films in solution, SILAR has then been extended as a post-

synthetic treatment to modify the surface of semiconductor NCs both deposited in films 

and dispersed in solution; the latter has been referred to as colloidal SILAR (c-

SILAR).73–77 To cite one example, Treml et al. applied the SILAR method to grow a 

homogeneous (PbSe) or heterogeneous (CdSe) coating on PbSe quantum dots (QDs) 

assembled in thin films in order to enhance the interdot bonds and thus to strengthen 

the electronic interactions.73 As for c-SILAR, CdSe@CdS core@shell QDs were first 

prepared by Peng and co-workers, but many others have then followed the same 

procedure to grow multilayered and multicomponent shells on QD cores (i.e. 

CdSe@ZnxCd1-xS, CdSe@ZnS, InP@CdS).75,78–81 One of the major drawbacks with c-

SILAR is that the reaction involved is not self-limiting. Because too many assumptions 

are made when calculating the amount of the precursor to add (i.e. all the NC surface 

active sites), unreacted precursor can still remain in solution and induce homogeneous 



nucleation of semiconductor seeds, or, contrarily, it might not be sufficient to cover the 

whole NC surface.76  

In 2012 the concept of c-ALD was finally introduced by Ithurria et al., thus enabling to 

overcome this issue.82 The authors proposed a biphasic reaction where the NCs are 

dispersed in a non-polar liquid phase and the precursors for the shell growth are 

solubilized in a polar solvent. Vigorous agitation allows mixing of the phases and 

reaction of the precursors on the NC surface. The non-miscibility of the phases allow 

the excess reagents to be rapidly removed. This approach has been so far utilized only 

for chalcogenides 

Recently, an alternative c-ALD method has been proposed for the growth of oxide 

shells. Here, the process occurs in a reaction vessel where the NCs are dispersed in 

solution and the reagents for the shell, either liquid or gas, are introduced dropwise in 

an alternating fashion.83,84 Le Monnier et al. have developed a liquid-phase ALD where 

previous titration of the surface reactive sites allows for stoichiometrically limited 

injections of the precursor (metal alkoxides) and co-reactant (H2O).83 An alternative 

methodology has been proposed by Loiudice et al. where pure oxygen is employed as 

the co-reactant; the gaseous nature of the precursor facilitates in great measure the 

purging step and also enables the extension to core materials sensitive to water.84 

Overall, Figure 3 compares these two c-ALD methodologies (Figure 3a,b) to the more 

conventional gas-phase ALD (Figure 3c) highlighting the similarities.  



 

Figure 3. Schematic comparing the colloidal ALD approaches (a,b) with the gas-phase 
ALD (c). 
 

 

3. Nanocomposites by coating NC films with an ALD matrix  

3.1 State-of-the-art for the synthesis 

Up to date most of the studies reporting on the synthesis of nanocomposite by ALD in 

film include the use of colloidal QDs as the nanocomponent. Nanocomposite with 

varied compositions have been reported including CdSe, CdSe/CdS/ZnS, PbS, PbSe 

QDs and, more recently, the highly sensitive perovskite CsPbX3 (X=Br,Cl and I) and 

InP QDs, as the nanocomponent, while mostly  metal oxide, such as Al2O3, ZnO or 

TiO2, have been employed as the ALD matrix. 

In these nanocomposites, the ALD matrix can have two purposes: 1) to serve as an 

electronic matrix that passivates surface states and reduces the size of the inter-QD 

tunnel barrier governing charge transport in QD films, and 2) to act as a gas diffusion 

barrier/nanoscale cement to prevent the QD oxidation and to inhibit solid-state 

diffusion phenomena within the films. Towards these goals, two steps are key during 

the synthesis: infilling, i.e. ALD matrix infiltrates the pores in between the NCs, and 

overcoating, i.e. a capping layer forms, respectively (Figure 4a).  



As mentioned above, gas-phase ALD is a superior method to conformally coat highly 

porous structures, therefore it is ideal to infill QD films wherein the pores in between 

the QDs are only a few nanometers. To successfully infill QD films, particular care 

must be taken for the nucleation step to allow a uniform coverage of the surface by the 

precusor. Generally, temperature must be kept below 100°C to avoid NC sintering 

which occurs even more rapidly under vacuum conditions.85 This requirement 

represents a challenge as often higher temperatures are needed to assure high reactivity 

of the precursors. 

 

Figure 4. a) Schematic of the infilling and overcoating in nanocomposite by ALD. b) 
ALD infill of PbSe QDs with alumina after ligand exchange, reprinted with permission 
from ref. (88). Copyright 2011 American Chemical Society. c) ALD infill of sulfide-
capped PbSe QDs, reprinted with permission from ref. (89). Copyright 2013 American 
Chemical Society. 
 



Initial investigations on embedding QD films in an ALD matrix compared the use of 

thermal ALD with plasma-enhanced ALD (PE-ALD). They showed that thermal ALD 

is preferred to PE-ALD because it does not alter the structure or the optical absorbance 

properties of the QD layers.86 For these reasons, following studies have mostly used 

thermal ALD for the nanocomposite synthesis. They will be described here while 

highlighting the effects of both infilling and overcoating. 

Ihyl et al. performed one of the first studies in the field where the pores of a PbS QD 

film were infilled with an alumina matrix by a room temperature ALD process (Figure 

4b).87 The authors showed that the infilling serves as a 3D inorganic matrix to inhibit 

oxygen diffusion that causes PbS QDs oxidation, or ripening and sintering occurring 

when QD are exposed to UV-light or heating.  

Later on, the same group demonstrated the advantage of exchanging the long native 

ligands present on PbSe QDs with short ones (Figure 4c) to produce inorganic 

nanocomposites with improved conductivity suitable for field effect transistors and 

solar cells with enhanced and stable performance for at least months in air.88 Indeed, 

the electron mobility was increased from 1 to 7 cm2V−1s−1 as a result of the achieved 

strong electronic coupling, obtained with the ligand exchange, and passivation of 

surface states from the ALD coating.89 Similar results were obtained by Hu et al. for 

PbS/Al2O3 nanocomposite with S2- and OH- used as ligands.90  

Similarly to PbSe or PbS QDs, nanocomposites containing Cd-chalcogenide QDs 

(CdTe, CdSe/ZnS, CdSe, CdSe/ZnS, etc.) have also been reported.91–94 Enhanced 

stability under prolonged exposure to light and high temperature in ambient air has been 

demonstrated thanks to the presence of the ALD infilling and overcoating matrix of 

alumina.91–94 



Recently ALD has been successfully applied also to highly sensitive and unstable cores 

such as perovskite QDs. Loiudice et al. have synthesized CsPbX3/AlOx nanocomposite 

(with X=Br, I) (Figure 5a,b).95 The high sensitivity to moisture, temperature, and light 

of this class of QDs makes the development of an optimal ALD process not trivial. In 

this work, it is shown that low temperature and short water pulses are mandatory to 

avoid QD degradation. The authors demonstrated that the infilled AlOx matrix prevents 

the perovskite QDs from sintering and that the overcoating protects from oxygen and 

moisture conferring them stability in water (Figure 5c). The nucleation and growth 

steps of the alumina deposition process were studied in depth by combining 

miscellaneous techniques allowing the authors to propose the following nucleation 

mechanism: in the initial stage of nucleation, the aluminum precursor (TMA) reacts 

with the partially oxidized QD surface; upon saturation of the oxidized surface sites, 

the TMA molecules react with the oxygen containing ligand present on the QD surface.  

Finally, another example of ALD applied to highly unstable cores has been reported by 

Crisp et al. (Figure 5d). The authors grew a functional electron transport layer of either 

TiO2 or ZnO via ALD on InP QDs. The envisioned functions of these ALD coatings 

were to (1) cause charge separation, (2) reduce recombination, (3) enhance charge 

transport in the film, and (4) increase stability. The authors demonstrated that the 

addition of ZnO coatings results in charge separation and a concomitant strong increase 

in photoconductivity and carrier lifetime.96 



Figure 5. Nanocomposites including sensitive QDs: a) cross-sectional high angular 
dark field scanning transmission electron microscopy (HAADF-STEM) image of a 
CsPbBr3/AlOx nanocomposite and b) top image view together with a high-resolution 
image. c) Photos of the nanocomposite immersed in water compared with the pristine 
QD film; a) b) and c) reprinted with permission from ref. (95). Copyright 2020 John 
Wiley and Sons. d) Cross-sectional TEM image of InP/ZnO nanocomposite together 
with a schematic of the same, reprinted with permission from ref. (96). Copyright 2020 
John Wiley and Sons. 
 
 

3.2 Characterization techniques  

Because of the low dimensionality of the nanocomposite constituents, characterizing 

the uniformity and conformality of the ALD matrix in the NC films is not 

straightforward.  

Depth-profiling X-ray photoelectron spectroscopy (XPS) has been widely used to 

assess whether infilling or only overcoating is taking place. Figure 6a illustrates one 

example of XPS elemental depth profile analysis comparing a multilayer film of 6 nm 

PbSe QDs infilled and overcoated with alumina deposited by ALD from 

trimethylaluminum and H2O at 70 ºC. The overcoated sample was obtained by using 

shorter water purge times resulting in a CVD-like fashion to yield an oxide overlayer 



without substantial pore filling. The main difference between the two samples is the 

presence of the aluminum and oxygen signal (gray line) throughout the entire QD layer 

up to reaching to the substrate (indium tin oxide (ITO) coated glass) in the case of the 

infilled nanocomposite. 

Cross-section electron microscopy imaging, in particular HAADF-STEM together with 

elemental mapping analysis (energy dispersing X-ray spectroscopy (EDXS) or electron 

energy loss spectroscopy (EELS)) are complementary to XPS as they offer a higher 

nanometer scale resolution. Nevertheless, this technique is challenged by sample 

preparation. Conventional sample preparation techniques for the cross-section TEM 

include embedding the NC film in a resin, mechanical polishing and/or ion beam 

milling with a broad or focused beam; all these treatments will certainly damage 

nanocomposites including more sensitive NCs. Loiudice et al. had to developed a novel 

approach to sample preparation based on dry ultramicrotomy on a soft polymer 

substrate in order to demonstrate the infilling in CsPbBr3/AlOx nanocomposite (Figure 

6b,c).95 



 

Figure 6. a) XPS depth profile of a PbSe QD film infilled (left) and overcoated (right), 
reprinted with permission from ref. (88). Copyright 2011 American Chemical Society. 
b) HAADF-STEM image and corresponding EDX elemental maps for Al, O, Pb, Br, 
and Br+Al. c) EELS color-coded elemental intensity maps for Al and Br; b) and c) 
reprinted with permission from ref. (95). Copyright 2020 John Wiley and Sons. 
 

3.3 Properties and applications 

One of the major challenges when synthesizing ALD nanocomposites is to find the 

proper deposition conditions that do not compromise the NC properties. In the case of 

the QDs, the optical properties must be preserved especially when aiming at 

applications relying on light-matter interactions, such as solar cells and light emitting 

diodes. To study the effects of the ALD matrices on the QDs, optical features such as 

the excitonic peak position, the absorption peak width (full width at half-maximum 

(FWHM)) and photoluminescence emission peak have been monitored upon exposure 

of the samples to air, heat and light. Indeed, changes in these features correlate to 

changes of the QD size and size distribution. To give a specific example, in the 



PbX/Al2O3 (X= S,Se) nanocomposites the excitonic peak position and its FWHM were 

used to quantify their stability against oxidation and sintering with and without the 

infilling matrix (Figure 7a).  

As explained earlier, QDs, or more generally colloidal NCs, are constituted by a 

crystalline core surrounded by an organic ligand shell. This shell influences the optical 

and electronic properties by impacting the density of localized surface states via 

passivation of the under-coordinated surface atoms.97  

In most of the studies reported above, the ALD deposition has resulted in a drop of the 

QD quantum yield (QY). A rare exception was reported by Jeannin et al.; however, in 

this case, CdSe QDs were embedded in thick ZnSe nanowires so somehow protected 

during the process.98 Some hints that the interactions between the ALD precursors and 

the surface of the NCs are important were given by Devloo-Casier et al..99 Here, the 

authors showed that a pre-treatment with TMA of the CdSe@ZnS core@shell QDs 

surface was needed to initiate the growth of the ALD ZnO coating; nevertheless the 

interaction of TMA with the surface was still causing the reduction of the QD QY 

(Figure 7b).  

More recently Kuhs et al. performed a systematic in-situ PL study to monitor the PL 

changes of CdSe@CdS@ZnS core@shell QDs when exposed to different ALD 

precursors and environments (Figure 7c).100 Particularly, the authors assessed the 

influence of vacuum, different plasmas (O2, H2O, H2, H2S/Ar, and Ar), precursors 

(TMA, diethylzinc (DEZ), tetrakis(dimethylamido)titanium (TDMAT), and 

tetrakis(ethylmethylamido)hafnium (TEMAHf)), co-reactants (H2O, H2S, and O3), and 

ALD processes (growth of Al2O3, TiO2, HfO2, and ZnS) on QD film. They observed a 

PL reduction by up to 90% upon plasma treatments. They found that TMA and DEZ 

reduced the PL QY by more than 70% while exposure to TDMAT and TEMAHf 



lowered the PL by only 10 − 20% (see Figure 7c). Lastly, while counterintuitive, water 

was identified to be crucial for maintaining a high PL. 

 

Figure 7. a) Optical absorption spectra of an uncoated (top) and infilled (bottom) EDT-
treated film of 3 nm PbSe NCs exposed to UV light (365 nm, 1.4 mWcm-2) at 50 ºC in 
a glovebox for 1 month together with the energy and width of the first exciton 
absorption peak over time for both samples, reprinted with permission from ref. (88). 
Copyright 2011 American Chemical Society.  b) Integrated X-ray fluorescence (XRF) 
intensity of the Zn Kα line indicating the amount of deposited ZnO during the 
encapsulation process (top) and PL response for a monolayer of QDs before deposition 
after TMA pretreatment and after ZnO encapsulation (bottom), reprinted with 
permission from ref. (99). Copyright 2016 American Chemical Society. c) Schematic 
outline of the in situ ALD photoluminescence measurement setup (left) and normalized 
QD emission peak before and after 5x5 s exposure of TMA, DEZ, TDMAT and 
TEMAHf, reprinted with permission from ref. (100). Copyright 2019 American 
Chemical Society.  
 



Nevertheless, in general, the reasons behind the PL reduction occurring during the ALD 

steps are not clear and some controversy still needs to be addressed. For example, Palei 

et al. have monitored the emission properties of CdSe@ZnS core@shell and 

CdSe@CdS dot-in-rods QDs during ALD alumina deposition.93 Here, the authors 

observed that the PL intensity of the QD films was reduced with just a few ALD cycles, 

but then it recovered significantly once the infilling of the film was completed, which 

typically happens at 20−50 ALD cycles. Unfortunately, no reasoning of the phenomena 

was provided in this case. More recently, Bose et al. have explained the PL reduction 

by performing in-situ FTIR and ex-situ XPS for ALD alumina deposition on oleic acid-

capped CdSe@CdS@ZnS QDs.94 The interaction of the TMA with the surface of the 

QDs was found to induce a reorganization of ligand binding from Zn to Al and also 

significant loss of surface Zn atoms, both leading to PL intensity quenching.  

Remaining in the general topic of optical properties for devices, carrier multiplication 

or also called multiple exciton generation is a phenomenon where the absorption of one 

photon of sufficiently high energy results in the generation of multiple electron−hole 

pairs of lower energy, highly beneficial for solar cells.101 This phenomenon was 

observed in PbSe QDs dispersed in solution with high efficiency. Cate et al. 

demonstrated that the same occurs in 1,2-ethanedithiol-linked PbSe QD solids infilled 

with Al2O3 or Al2O3/ZnO with efficiency close to the one in solution, while it is 

negligible or absent in non-infilled films.102  

In addition to the optical properties, transport properties of the nanocomposites also 

deserve attention, as they can be useful for all devices and especially for field effect 

transistors (FETs). As mentioned above, the ALD matrix combined with surface 

treatment (i.e. ligand removal or exchange with shorter ligands) can enhance carrier 

mobility within QD solids by lowering the height of the energetic barrier for inter-



quantum-dot transport.89 So et al. have studied the effect of ALD on the electrical 

properties of alumina-passivated PbS QD films. Upon deposition, PbS QD film switch 

from p-type to ambipolar. In this case, the interstitial substitution of Pb sites by Al was 

found to be an important factor behind this change in properties, highlighting that 

diffusion-induced structural changes should also be taken into account during the ALD 

process. They also found that the infilling of pores with Al2O3 played an important role 

in enhancing of the air stability under ambient conditions.103 

ALD coating for simple encapsulation has also produced a convenient, integrated 

packaging technology to increase the lifetime of QD solar cells and their performance. 

Ip et al. have shown that the encapsulation of a completed PbS QD solar cell with a 70-

nm thick nanolaminate of Al2O3/ZnO deposited via ALD kept the same efficiency of 

6% after being tested in air for a period of 13 days. The 70 nm nanolaminate overlayer 

was able to isolate the device from the atmospheric conditions without compromising 

the efficiency.104 Lin et al. fabricated a QD and dye-sensitized solar cell with ALD TiO2 

as a barrier recombination layer. They reported a 41.3% improvement in the 

performance respect to the one without the ALD layer.105 Roelofs et al. systematically 

studied the role of ALD Al2O3 films as blocking layers on solid state QD solar cells. 

Similar to previous reports, they observed that only 1 cycle of Al2O3 gave the highest 

efficiency in any configurations. The electron lifetime increased with the increase of 

Al2O3 thickness which support the conclusion that Al2O3 acts as a recombination barrier 

for the injected electrons into the TiO2.106 

Another advantage of the ALD overcoating is that its thickness can be precisely tuned 

and this is advantageous to study the electronic interactions between NC 

multilayers.102,107–109 As one example, recently Saris et al. explored the capacity of  

 



 

Figure 8. a) Schematic representation of the proposed CsPbBr3/AlOx/Ag NC antenna 
together with the cross-sectional HAADF-STEM image of the realized antenna and the 
corresponding EDX map. b) Representative photochemical reaction experiment 
showing the decrease of the Raman signal for the CsPbBr3/AlOx (3 nm)/Ag-MB sample 
under illumination, all reprinted with permission from ref. (107). Copyright 2019 
American Chemical Society.  
 

CsPbBr3/AlOx nanocomposite films to drive chemical reactions by coupling them to 

plasmonic Ag NCs. AlOx was used both as a stabilizing layer and as a spacer to study 

distance-dependent excitation energy transfer, which revealed a migration of energy 

from the CsPbBr3 QDs toward the Ag NCs (see Figure 8). This pooled energy was then 

utilized for a test reaction, specifically the methylene blue desorption. The results 

pointed at an improved efficiency with the nanocomposties compared to the single 

component system, most likely due to the extended spectral range absorption. 

Finally, one interesting application of the nanocomposite including colloidal NCs 

coated with an ALD layer is to build functional hybrid materials by subsequent 

chemical transformations of the latter. For example, metal organic frameworks (MOFs) 

have been obtained by reacting the ALD oxide matrix with organic ligands. By this 

approach, NC/MOF nanocomposites comprising Ag NCs that are in intimate contact 

with Al-PMOF ([Al2(OH)2- (TCPP)]) (tetrakis(4-carboxyphenyl)porphyrin (TCPP)) 

matrix have been synthesized (Figure 9a-c).110,111 Guntern et al. have demonstrated 



that the synthesized NC/MOF nanocomposite can function as catalyst for the 

electrochemical CO2 reduction reaction and tune the selectivity while conferring 

stability against sintering to the Ag NCs during operation. Moreover, they have also 

demonstrated that the same approach can be extended to other NCs such as gold and 

copper NCs of different size and shape.83  

The concept of using the ALD coating as a precursor can be exploited further to 

synthesize different type of nanostructures.  For example, Fan et al. have synthesized 

ZnO/Al2O3 core@shell nanowires (NWs) by coating ZnO NWs with 10 nm ALD 

Al2O3. Then, they transformed them into highly crystalline single phase spinel ZnAl2O4 

nanotubes via an interfacial solid-state reaction and diffusion (Figure 9d).112 

 



Figure 9. a) Scheme illustrating the synthesis of Ag/Al-PMOF hybrids. b) TEM and 
HAADF-STEM images with the corresponding EDX elemental maps for the Ag/Al2O3 
core–shell particles after 45 ALD cycles and low-magnification TEM image of Ag/Al-
PMOF hybrids; a) and b) reprinted with permission from ref. (110). Copyright 2019 
John Wiley and Sons. c) Scanning electron microscopy (SEM) images of octahedral 
Ag NCs and AgNCs/MOF (top) and TEM images of Ag NC/MOF with different 
thickness obtained by tuning the number of ALD cycles. Scale bars = 50 nm. Reprinted 
with permission from ref. (111). Copyright 2015 American Chemical Society. d) 
Schematic diagram of the formation process of ZnAl2O4 spinel nanotubes together with 
TEM images of the obtained nanotubes, reprinted with permission from ref. (112). 
Copyright 2006 Nature Publishing Group. 
 
 
 
 
 
 
 
 

4. Nanocrystalline heterostructures by coating colloidal NCs with a shell by c-ALD 

4.1 State-of-the-art for the synthesis 

A huge portfolio of NC heterostructures with different compositions and structures 

exists in the literature and their applications span from biomedical imaging to optical 

devices (such as LED and laser), solar energy harvesting devices and catalysis.113-127 In 

this section, we focus on core@shell heterostructures where the core is constituted by 

NCs and the shell is grown by c-ALD.  

As mentioned above, Ithurria et al. introduced a biphasic c-ALD process, which they 

used to deposit a CdS shell around CdSe QDs.82 In a typical synthesis, the CdSe QDs 

are dispersed in the non-polar phase (i.e. toluene, hexane) while the K2S for the growth 

of the shell is in the polar phase (i.e. dimethylformamide (FA)). The reaction occurs 

simply by vigorous agitation which induce temporarily mixing of the two solution. The 

nucleophilic S2- ions react with the electron deficient Cd2+ sites at the NC surface and 

strip the native organic ligands, thus transferring the NCs to the polar phase. After this 

half cycle the upper phase is discarded and substituted with a fresh toluene solution 



containing dodecyldimethylammonium bromide (DDAB) which transfers the NC back 

to the apolar phase. The addition  of cadmium acetate to the fresh FA phase results in 

the growth of the Cd2+ layer, thus concluding the ALD cycle. The entire process must 

occur at room temperature as it is difficult to control the phase transfer otherwise. The 

synthesis scheme is reported in Figure 10a. The authors observed that the crystalline 

phase of the core (zinc-blende or wurtzite), the chemical composition of the cadmium 

and sulfide precursors and the nature of the phase-transfer agent were important 

parameter to obtain uniform isotropic or anisotropic shells around the CdSe cores. This 

discovery opened up a new pathway for the synthesis of heterostructured NCs 

motivating many researchers to apply the same to other compositions. 

 

Figure 10. a) Schematics and photographs illustrating the c-ALD process for 
CdSe@CdS core@shell QDs, reprinted with permission from ref. (82). Copyright 2012 
American Chemical Society. b) Comparison of absolute photoluminescence QY of 
HgSe@CdSe and HgSe@CdS core@shell QDs (full markers) before and (open 
markers) after annealing at 60 ºC in solution under an inert atmosphere, reprinted with 
permission from ref. (131). Copyright 2017 American Chemical Society. c) XRD 
patterns of the Au core, Au@3CdS, and Au@7CdS core@shell NCs (right) and 



absorption spectra of the initial Au core (with diameter of ∼4 nm) and core@shell 
Au@CdS NCs with varied shell thickness dissolved in toluene (left), reprinted with 
permission from ref. (132). Copyright 2017 American Chemical Society 
 

For example, Sagar et al. proposed the room-temperature c-ALD to synthesize 

PbS@CdS core@shell heterostructures.128 Before then, the most used method to obtain 

PbE@CdE (E=S, Se, Te) QDs was the so-called cation-exchange reaction, where the 

CdE shell is grown inward through the progressive exchange of Pb with Cd. However, 

the control of the interface composition and of the shell thickness was hardly possible 

through this approach. The c-ALD offered a much better alternative taking advantage 

that at room temperature the cation exchange of Pb with Cd is hindered, so a sharper 

interface, beneficial for the optoelectronic properties, can be obtained. Based on their 

absorption and Rutherford backscattering spectroscopy (RBS) measurements, the 

authors suggested that during the first half-cycle of the biphasic ALD process the S2- 

ions react with the excess surface Pb2+ to form stoichiometric PbS QDs, while the 

subsequent cycles contribute to the CdS shell formation. Shortly after, Nasilowski et 

al.129 also reported the synthesis of the same material by c-ALD with focus on the 

enhancement of the optical properties. Similarly to Sagar et al., the quantum yield (QY) 

of the obtained PbS@CdS heterostructures did not show the increment expected based 

on the results on PbS@CdS prepared by cation exchange.130 However, the authors 

demonstrated that  it could be recovered via addition of cadmium oleate after the c-

ALD process, which suggests that defects were present on the surface.  

Following their work on Pb-chalcogenide core@shell heterostructures, Sagar et al. 

conducted a similar study on Hg-chalcogenide QDs to synthesize HgSe@CdSe and 

Hg@CdSe heterostructures.131 Due to their lower degeneracy of the band-edge states 

and shorter radiative lifetime, these materials are appealing for infrared optoelectronics. 

Enhanced QYs were obtained when the deposition was performed in inert conditions, 



and even higher values were achieved when the samples are annealed at 60ºC for 45 

minutes (Figure 10b). Moreover, through UV-vis absorption it was found that shell 

growth removes the n-doping, which is intrinsic to the native HgSe QD cores, thus 

becoming an interesting way to tune the intrinsic properties of these QDs. 

Slejko et al. used c-ALD to create a big library of core@multishell structures which 

they used to tune the NC optoelectronic properties by means of wave function 

engineering.132 For example, they grew alternating shells of ZnS and CdS around CdSe 

cores. By comparing CdSe@CdS, CdSe@CdS@ZnS@CdS@ZnS and CdSe 

@ZnS@CdS@ZnS with different number of layers per each shells, the authors 

identified the importance of the ZnS content in the heterostructures as well as of the 

interfaces to control electron delocalization in this system.  

In a rather unique example, Razgoniaeva et al. used the biphasic c-ALD approach as a 

means to increase the NC size while maintaining the reaction in a size focusing regime 

which improves the final monodispersity of the sample. As a proof of concept, they 

grew shells of CdS around CdS seeds.134 

Recently, Hazarika et al. have developed the biphasic c-ALD strategy further by 

eliminating the phase transfer step, that is difficult to control at elevated temperatures, 

in order to expanding the temperature range for the half-reactions. They selected 

reactants with low solubility in nonpolar reaction solvents, for example Li2S, Li2Se, 

Cd(HCOO)2 and Zn(OAc)2 in 1-octadecene. The reaction of a colloidal NC solution, in 

this case CdSe QDs and NPLs, with one of these solid reagents induces the half-reaction 

of the dissolved species with the NC surface and simultaneously shifts the equilibrium 

toward the dissolution of the solid reagents. After each half- cycle, the reagent salts are 

eliminated via decantation by centrifugation and co-solvent precipitation. This 

methodology allows performing the reaction at temperatures as high as150 ºC, thus 



closer to the optimal conditions for nanomaterial synthesis.128,131 With this new 

methodology the authors were able to synthesize an unprecedent library of II-VI 

semiconducting nanoplatelets heterostructures, as complex as 

4CdSe@1CdS@3ZnCdS@1CdS@4CdSe@1CdS@3ZnCdS@1CdS@4CdSe (note: 

the numbers indicate the number of layers), with control down to one atomic layer. 

From the discussion above, it is clear that most of the work on c-ALD has focused on 

chalcogenides. In an isolated example, Slejko et al. did prove that the methodology is 

also suitable to integrate components with intrinsically different characteristics in one 

nanoscale unit by synthesizing Au@CdS core@shell NCs, even though the lattice 

mismatch between these materials is significant. Usefully, X-ray diffraction (XRD) 

allowed the characterization of Au@CdS, showing the reflections of Au fcc and CdS 

wurtzite phases, the latter with increasing intensities as the shell thickness increases 

(Figure 10c). These heterostructures were also characterized by absorption 

spectroscopy; the enhanced plasmon-exciton interaction can explain the spectra 

broadening while the increase of the effective dielectric constant around the plasmonic 

Au NCs causes the red-shifting of the localized surface plasmon resonance (Figure 

10c).  

Only very recently, efforts towards applying the c-ALD to the growth of metal oxide 

shells have emerged. This late start might be related to multiple factors, including the 

lower reactivity of the precursors typically used for metal oxides (i.e. metal alkoxides) 

and the need of water as the co-reactants, which is not compatible with sensitive cores 

like QDs. Loiudice et al. have introduced a c-ALD approach to growth a tunable 

alumina shell around a variety of NC cores, including CsPbX3 (where X = Cl, Br, I), 

CeO2 and Ag. Here, the NCs are dispersed in an octane solution in a reaction flask 

where TMA and O2 are sequentially introduced at room temperature (Figure 3b). The 



purging of excess O2 occurs by flowing N2 for 5min between one half cycle and the 

following. The applicability of the synthesis to sensitive cores, like CsPbX3 NCs, was 

possible thanks to the use of O2 rather, instead of water, as the co-reactant.84 In the 

process, the NC colloidal stability was preserved by regular additions of a stabilizing 

ligand (hrein oleic acid) that functionalizes the surface of the shell, allowing its further 

growth without any precipitation (see Figure 11a). 

In a slightly different approach, Le Monnier et al. have used stoichiometrically limited 

injections to grow alumina and aluminum phosphate shells on dispersed powders of 

high surface area SiO2 spheres (Figure 11b).83 The reaction of the aluminum precursor 

(again TMA) with the SiO2 spheres is possible thanks to the presence of hydroxyl 

groups on the spheres surface; the release of methane when TMA reacts with those 

hydroxyl groups permits to titrate the surface with the precursors, and then titrate a 

precursor-saturated surface with the co-reactant, assuring that the reaction is performed 

in stoichiometric conditions. Here, water is used as the co-reactant and therefore the 

method might not be applicable to cores sensitive to moisture such as QDs. 

 

Figure 11. a) Schematic of the c-ALD synthesis to grow alumina shells on NCs of 
different nature, reprinted with permission from ref. (84). Copyright 2019 American 
Chemical Society. b) Bright-field TEM images of high-surface-area silica nanoparticles 



coated with 10 cycles of TMA/ H2O, AlPO4 deposited onto silica particles replacing 
H2O by H3PO4 as a counter-reactant and ZnS deposited onto silica spheres by the same 
liquid phase method using diethyl zinc and hydrogen sulfide as reactants (top row, left 
to right). Elemental mapping of the corresponding coated samples above using STEM 
with an EDX detector (bottom row). Reprinted with permission from ref. (83). 
Copyright 2019 John Wiley and Sons. 
 
 

4.2 Characterization techniques  

As discussed for the nanocomposites, because of their sensitivity to size and surface, 

optical properties have been extensively used to monitor the c-ALD processes on QDs. 

Indeed, many examples have been already given in the previous paragraph.76,82,132,133,135 

For the deposition processes that cannot be monitored with optical spectroscopies, such 

as the growth of metal oxide shells, dynamic light scattering (DLS) can be regarded as 

an alternative techniques. For example, DLS has been successfully used to follow the 

deposition and growth rate of alumina shells on CsPbBr3 QDs (Figure 12a).84  

Electron microscopy is certainly the most used and reliable tools to characterize the NC 

heterostructures obtained by c-ALD. In this case, the sample preparation is 

straightforward as it consists only in the deposition of a solution drop on a grid. In 

particular, high resolution TEM (HR-TEM) allows to gain insights into the interface 

between the core and the shell, which is important to better understand the arising 

properties. For example Hazarika et al. used HR-TEM coupled with electronic structure 

calculations to link quantum confinement and strain affect to the optical properties of 

the semiconductor nanostructures.133 High resolution HAADF-STEM is another widely 

used technique to characterize core@shell structures (Figure 12b). This technique is 

sensitive to the atomic number of the elements (lighter elements result in brighter 

images), thereby enabling differentiation between core and shell. When coupled with 

spectroscopic techniques such as EDXS, HAADF-STEM becomes extremely helpful 

especially when the shell is amorphous (Figure 12c).131  



 

Figure 12. a) DLS size distribution of CsPbBr3@AlOx NCs obtained by performing 0, 
5, 10, 14, and 17 c-ALD cycles (left). Calculated shell thickness estimated by DLS 
measurements as a function of c-ALD cycles fitted with a linear curve (right). A growth 
rate of 0.36 nm/cycle is estimated which approximately corresponds to the Al-O bond 
length. Reprinted with permission from ref. (84). Copyright 2019 American Chemical 
Society.  b) High-resolution HAADF-STEM image of 4CdSe/ 
5CdS/4CdSe/5CdS/4CdSe NPL heterostructure (left) and HAADF-STEM image of 
2CdS/2ZnS/2CdS/4CdSe/2CdS/2ZnS/2CdS NPL heterostructures (right). Reprinted 
with permission from ref. (133). Copyright 2019 American Chemical Society. c) EDX 
maps of Ag@AlOx NCs obtained at different c-ALD cycles. Reprinted with permission 
from ref. (84). Copyright 2019 American Chemical Society.    d) Schemes of the 
different steps of the c-ALD growth of one CdS monolayer onto CdSe NPLs, along 
with the corresponding DNP enhanced PASS-PIETA spectra. The color coding of the 
Cd atoms in the schemes indicates to which signal they belong to in the corresponding 
DNP enhanced PASS-PIETA spectrum. Reprinted with permission from ref. (136). 
Copyright 2020 American Chemical Society.    
 

XRD is another standard tool to characterize NC heterostructures. Indeed strain arising 

from the shelling might cause lattice contraction or expansion which will result in 

changes in the peak position or width in the diffractograms.128,131,132  

Despite NMR has been long used to study ligands on NCs,136–138 only recently Piveteau 

et al. proposed solid state NMR to study the c-ALD step-wise growth of CdS shells on 



CdSe NPLs.139 Because of the low abundant active nuclei on surface, dynamic nuclear 

polarization (DNP) enhanced phase adjusted spinning sidebands-phase incremented 

echo-train acquisition (PASS-PIETA) was used. With this technique, they were able to 

successfully assign the NMR signals to core, shell and surface species, as well as in 

solution, thereby confirming the hypothesized mechanism of the biphasic c-ALD 

procedure (Figure 12d).  

 

4.3 Properties and applications 

Many examples of the optical properties of core@shell QDs obtained by c-ALD have 

been already discussed above. However, because of their intriguing behavior, the 

heterostructures including NPLs deserve some additional attention.135 These NPLs are 

two-dimensional materials with non-confined lateral dimensions but with a small 

number of monolayers in the thickness, which therefore represents the dimension of 

quantum confinement.140,141  

Because NPLs have been considered as the colloidal equivalent of quantum wells 

(QWs), She et al. considered the possibility to use them as media for laser gain 

(amplified spontaneous emission (ASE)).142 They studied CdSe NPLs and 

xCdS@CdSe@xCdS (x ≤ 8) and results showed that films of NPLs are superior 

medium for light amplification and optical gain than their QDs counterparts: 4-fold 

increased gain than the highest QDs reported and two orders of magnitude higher gain 

saturation value regarding the threshold value, comparing the 2-fold for QDs. The 

poorer performance of the QDs was attributed to the rapid nonradiative Auger 

recombination. As seen in Figure 13a, shell@core@shell NPLs show improved 

performances than CdSe NPLs only, but no clear dependence of the results with shell 

thickness was disclosed; the authors performed a full study with 3CdS@CdSe@3CdS 



heterostructure, as it was the one which showed the lowest threshold value (8.6 μJ cm-

2). 

In addition to their optical properties, the transport properties of NPLs are also impacted 

by the shell growth. To cite one example, Lhuillier et al. integrated CdSe@CdSe 

core@shell heterostructures synthesized by c-ALD in electrolyte-gated FET.143 They 

found that the threshold voltage increases and saturates after the addition of the CdSe 

shell, which is indicative of induced stoichiometry defects during the c-ALD. Finally, 

they demonstrated how the film charging properties are affected by the organization of 

the nanoparticles. CdSe core only NPLs tend to stack, and these very dense films are 

poorly permeable to the diffusion of the electrolyte cations, thus films cannot be 

properly charged. The roughness induced by the CdSe shell (observed by TEM as well) 

allows a successful n-type charging of the films. 

As for the very recently introduced c-ALD metal oxide shells, only a few applications 

have been reported so far.  

In the work by Loiudice et al., the tunable metal oxide shell around CsPbBr3 QDs was 

used to perform careful distance-dependence studies on the transfer of excitonic energy 

in semiconductor QDs films.144 In a binary system composed by CsPbBr3@AlOx 

(donor) and CdSe NPLs (acceptor), results showed that the electronic interactions 

between the CsPbBr3 NCs and the CdSe nanoplatelets can be tuned from electron to 

energy transfer by increasing the shell thickness, thus enabling to target the desired 

system depending on the final application (Figure 13b). For example, the finding that 

energy transfer can take place for this highly emissive donors unlocks the opportunity 

for new operation motifs for devices such as lasers and light-emitting diodes. The same 

oxide shell enabled also in-situ XRD investigation of anion exchange reaction among 

CsPbX3 (where X = Cl, Br, I) NCs. Those kind of studies were impeded before by the 



fast exchange kinetics of the nanoscale exchange reaction, that were slowdown thanks 

to the presence of the metal oxide shell.84 

Le Monnier et al. proved that the liquid-phase ALD grown metal oxide shells are useful 

for catalyst protection against sintering deactivation. Specifically, while coated 

palladium nanoparticles supported on silica showed less accessibility than uncoated 

ones, they remained unaffected by thermal treatments, while the dispersion of the 

uncoated Pd NPs on the support decreased as a result of sintering (Figure 13c).83 

 

Figure 13. a) Emission spectra from films of CdSe (left) and 3CdS/CdSe/3CdS NPLs 
(right) for different pump fluences, reprinted with permission from ref. (142). 
Copyright 2014 American Chemical Society. b) Time- and energy-resolved PL 
intensity maps for short distance (2.4 nm) and long distance (4.7 nm) in equimolar 
binary mixtures of CsPbBr3@AlOx (donor) and CdSe NPLs (acceptor), reprinted with 
permission from ref. (144). Copyright 2019 American Chemical Society. c) STEM-
EDX pictures of supported palladium nanoparticles on silica coated with 20 cycles of 
stoichiometrically injected alumina, reprinted with permission from ref. (83). 
Copyright 2019 John Wiley and Sons.    
 

 



5. Conclusions and outlook 

In this contribution, we have presented the wide range of nanocomposites and 

heterostructures attainable when colloidal chemistry is combined with gas-phase ALD 

and with the colloidal analogous, c-ALD, which has more recently been developed. We 

have highlighted the advancements made for the synthesis and how the properties are 

affected in these atomically-controlled multicomponent nanomaterials along with 

presenting some of the possible applications. Nevertheless, much room remains to 

further develop some of the concepts presented herein, and to bring new ideas to the 

field. Here, we conclude with our perspective on two of the open challenges which we 

believe will unlock new opportunities while being addressed. 

5.1 Challenges of gas-phase ALD on nanostructured substrates  

As discussed above, gas-phase ALD has the unique capability to grow uniform and 

conformal coatings on 3D structures with complex shapes, large aspect ratios and 

porous as opposed to other deposition techniques such as CVD, PVD and sol-gel.50–52 

Nevertheless, when the features of the substrate go down to the nanometer scale, some 

specific issues arise.145 Furthermore, very few fundamental and modelling studies have 

focused on ALD coatings for materials with sub-30 nm pores, which is the case for NC 

films.146,147   

To mention one of the challenges, the pores in a NC films could be easily clogged at 

the beginning of the deposition, making it difficult for reactant molecules to diffuse 

deeper into the structure.  One solution to clogging is to use the ALD in the so-called 

exposure mode. At a given chamber pressure, a minimum time is needed before the 

sample surface is fully covered with adsorbed reactant molecules and saturation is 

reached. The product of the reactant partial pressure and the pulse time provides a useful 

measure for the reactant exposure time. To have a better conformality and compensate 



for diffusion limitation much larger exposures are commonly required during ALD on 

high aspect ratio structures. Saris et al. have recently showed indeed that the exposure 

mode is preferable over the conventional mode for the synthesis of CsPbBr3/AlOx 

nanocomposite for improved gas barrier properties of the alumina matrix.148 The 

authors attributed this result to a better diffusion of the ALD precursors throughout the 

QD film, which indeed guarantees a more uniform nucleation on the entire QD 

surface.148 

A second challenge is the tendency to sinter of most NCs at elevated temperatures, 

which is aggravated by the possible ligand desorption possibly induced by the vacuum 

inside the ALD reactor chamber. Most of the thermal ALD processes operate at 

relatively high temperatures (80–300 °C) in order to guarantee sufficient thermal 

energy to the precursor to react. These conditions are often incompatible with the 

maximum temperature affordable by the NCs. Therefore, future development in 

ambient-pressure ALD are desirable. For example, recently Valdesueiro et al. have 

deposited alumina on PbSe QDs at room temperature and atmospheric pressure using a 

custom-made ALD reactor.149 Another potential solution is to use the c-ALD to growth 

a thin barrier layer material,such as alumina, around the NCs, and then to use gas-phase 

ALD to growth the matrix at higher temperature. The shell grown by c-ALD should 

prevent the sintering of the NCs and improve the infilling.84  

Finally, the choice of the precursor should be carefully pondered, especially when ALD 

is applied to sensitive NC cores. In addition to the decomposition temperature and to 

the diffusion properties through narrow pores of the precursor itself, the compatibility 

of eventual reaction byproducts should be considered. For example, HCl formed from 

chloride-containing precursors represents a big challenge for many NCs as it could 

degrade them or induce shape changes. Additional information on selection of the ALD 



precursors as well as a thorough summary of developed precursors can be found for in 

literature.150,151  

5.2. The role of surface ligands during ALD synthesis 

As already mentioned, organic ligands are crucial for the control of the composition 

and of the morphology of colloidal NCs. Furthermore, they are also important in 

determining the properties, as they bind to the NC surface, and in assuring the 

dispersibility of the NCs in a variety of solvents. Nevertheless, their role and fate during 

the nucleation and growth of the ALD coatings have not been extensively investigated 

so far. 

One doubt that often arises for ALD nanocomposite is if the ligands are still bonded on 

the NC surface after the ALD process. On one side, ligand desorption might infer 

porosity to the ALD coating, a property which can be desirable for some applications 

(i.e. catalysis) but not when aiming at a barrier coating. On the other side, if ligands are 

still present on the surface, then their role during the ALD process must be assessed. 

FTIR and XPS depth profile analysis are useful techniques to answer this question. In 

the literature multiple studies agree that ligands are still present after the ALD 

process.86,91,149 Valdesueiro et al. indicate that the ligands do indeed remain embedded 

in amine-capped PbSe QD/alumina nanocomposites; furthermore, the authors 

suggested that both the -OH groups on the QD surface and the amino-group in the 

ligands can react with the TMA during the first ALD steps.149 In their study on ALD 

alumina deposition on CdTe QDs capped with short chain thiocarboxylic acid, Yin et 

al. suggest that the carboxylic termination is necessary to initiate the ALD nucleation 

which involve the reaction of the TMA with hydroxyl groups.91 In their work on 

CsPbBr3/alumina nanocomposite, Loiudice et al provide additional insights by 

proposing that the TMA reacts with the partially oxidized QD surface during the initial 



stage of nucleation.86 Upon saturation of the oxidized surface sites, the TMA molecules 

intercalate at the ligand/QD interface as proposed also by Li and co-workers.152 This 

step introduces trap states and causes a decrease of QY, thus it should be prevented. 

Later on, the development of the c-ALD around NCs, allowed the authors to elucidate 

the mechanism further and to conclude that oxygen-sites, either on the NC surface or 

in the ligands stabilizing the NCs, are needed for nucleation.84,95 Indeed, no shelling, 

but homogeneous nucleation, was observed when utilizing oleylamine-capped metal 

Ag NCs, while the AlOx shell grew heterogeneously when the surface of the same NC 

was partially oxidized.84 In general, more NMR studies should be performed in order 

to elucidate the entire process. While still rare, first efforts in this direction have proven 

to be extremely insightful.139 

Ligand exchange procedures could also be used to optimize the c-ALD process. As one 

isolated example, Razgoniaeva et al. have showed that substituting the native oleic acid 

on CdSe with Na2S and oleylamine as the first step of the shelling process facilitates 

the adsorption of the S2- co-reactant.134 However, more strategies and for different 

systems could be developed building on the huge literature available on NC surface 

modifications. 

Overall, elucidating the role of the ligands during the c-ALD process will both enable 

a more rational synthetic design and also shed light on some of the contrasting results 

reported for the same systems (i.e. different trends in the optical properties of 

CdSe@CdS prepared by c-ALD are reported in the literature82,132) or not fully 

explained changes of optical properties discussed above for the nanocomposites.  

In the near future, strategies to confer functionality to the organic ligands by properly 

engineering the anchoring groups, so to serve as a nucleation point during the ALD 



process, might be considered. This development can open future opportunities in 

selective area ALD by positioning such ligands only on specific facets of the NC cores. 
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