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Excitonic energy transfer is a versatile mechanism by which colloidal semiconductor nanocrystals can interact with a variety 

of nanoscale species. While this process is analogous to dipole-dipole coupling in molecular systems, the corresponding 

energy transfer dynamics can deviate from that of molecular assemblies due to manifestations of bulk-like features in 

semiconductor colloids. In particular, weak exciton binging, small single-triplet exciton splitting, and the energy disorder 

across nanocrystal ensembles can all play a distinctive role in the character of ensuing energy conversion processes. To 

characterize the variety of energy transfer schemes involving nanocrystals, this feature article will discuss the latest research 

both from our and other groups on the key scenarios under which nanocrystals can engage in the energy transfer with other 

nanoparticles, organic fluorophores, and plasmonic nanostructures, highlighting potential technological benefits to be 

gained from such processes. We will also shed light on experimental strategies for probing the energy transfer in 

nanocrystals-based assemblies with a particular emphasis on novel characterization techniques.  

Introduction 

The energy flow across most quantum-confined systems 

proceeds via the transfer of electrically neutral excitons, which 

contrasts the charge-mediated energy transfer in bulk 

semiconductors. Examples of the excitonic energy transfer (ET) 

in nanoscale systems can be found in many biological and poly-

molecular materials. For instance, cascade-like ET is the first 

step of the energy conversion during photosynthesis1 and is the 

primary process of the energy flow in excitonic solids2-4 and 

organic crystals.5 Diffusive energy transport is also pervasive in 

living tissues and proteins, where excitons are transmitted tens 

of angstroms away from single-site excitations.6,7  

Colloidal semiconductor nanocrystals (NC) represent a well-

known example of artificial systems that support the excitonic 

energy transfer. These materials can engage in a variety of ET 

processes with other nanoscale partners, including organic 

molecules, metal nanostructures, and other quantum confined 

semiconductors (Fig. 1). These energy-transfer systems hold 

strong promise for the development of new paradigms for solar 

energy production, solid state lighting, sensing, and near-field 

optical imaging applications, which will be discussed in depth. 

We will also highlight the experimental strategies for probing 

the energy transfer in nanocrystals-based assemblies with a 

particular emphasis on novel characterization techniques. 

One of the well-known energy transfer platforms involving 

semiconductor NCs represents an assembly of semiconductor 

nanoparticles and surface-anchored molecules.8-10 The energy 

exchange in such assemblies modulates the photoluminescence 

(PL) intensity of the donor moiety, providing a general paradigm 

for applications in biosensing.10-15 On the other hand, the 

photoinduced charge separation at the nanoparticle-dye 

interface makes these assemblies attractive candidates for the 

development of light-harvesting materials.16-18 Semiconductor 

nanocrystals have also been shown to engage in the  

photoinduced energy transfer with proximal metal 

nanoparticles. In this case, the near-field interaction between 

electric dipoles of a semiconductor nanocrystal and a localized 

surface plasmon can lead to the bilateral transfer of the 

excitation energy. Such metal-semiconductor energy exchange 

offers several opportunities for energy conversion on 

nanoscale. For instance, plasmon-induced quenching of the 

semiconductor PL represents a popular biosensing strategy,19-21 

while, the plasmon-enhanced absorption in semiconductors can 

be used to increase the optical extinction of photocatalytic and 

photovoltaic absorbers.22-24 When processed into solids, 

semiconductor nanocrystals can engage in the energy transfer 

with other quantum confined semiconductors.25-27 Similar to 

organic crystals, the energy transfer across close-coupled 

nanocrystal assemblies is mediated by the exciton diffusion, 

which rate is tunable through the use of interparticle binding 

motifs. The diffusion of energy in light-emitting nanocrystal 

solids is typically restricted to a small volume in order to prevent 

exciton migration towards luminescence-quenching 

boundaries.28-36 Conversely, the excitons diffusion to charge-

separating interfaces is vastly beneficial for nanocrystal solar 

cells, where it leads to photocurrent generation.35,37-49  
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Figure 1. Possible mechanisms of excitonic energy transfer 

involving semiconductor nanocrystals.  

 

Energy transfer in solids of semiconductor 
nanocrystals 

The dynamics of energy flow in nanocrystal solids 

represents an intricate combination of bulk and molecular 

characteristics. While the energy transport across nanocrystal 

assemblies is excitonic in nature, there is usually a significant 

driving force for an electron-hole dissociation into a pair of free 

charges (Fig. 2). Such a high probability of exciton dissociation 

is characteristic of semiconductor nanocrystals and is a direct 

result of a large quantum confinement volume, which leads to 

weak exciton binding.50 In this regime, the splitting of bound 

electron-hole pairs can be triggered by low-energy processes, 

such as charge tunneling between neighboring nanocrystals.51 

The resulting ET dynamics is therefore different from both the 

molecular films, where excitons dissociate primarily at phase 

boundaries and bulk materials, where electron-hole binding 

energy is usually negligible. One of the benefits of such weakly 

bound excitons lies in the ability to control the exciton 

dissociation probability, pdiss, through the use of different 

nanoparticle binding motifs. This strategy allows tuning 

electronic properties of nanocrystal solids between those of 

molecular films (low pdiss) and bulk materials (high pdiss).  

A rapid dissociation of excitons in nanocrystal solids is 

generally desirable for applications that benefit from the 

photoinduced charge separation. In this case, the dissociation 

represents the conversion of the optical energy into the 

electrical potential of separated charges (ħω → eV), which is 

required for the operation of photoelectrochemical cells, 

photodetectors, and solar cell devices.47,52-56 In these 

applications, the exciton dissociation probability is usually 

enhanced through the use of short-length interparticle linkers, 

such as EDT or 3-mercaptopropionic acid (MPA), 53,54,57-60 which 

increase the charge tunneling rate. From the standpoint of 

photovoltaic performance, the fast dissociation of excitons can 

reduce the probability of their radiative recombination, thereby 

enhancing the overall charge extraction efficiency; meanwhile, 

the corresponding reduction in the exciton diffusion volume will 

help minimizing exciton trapping at potential energy minima 

associated with larger nanocrystals in the film. 

 

Figure 2. Photoinduced energy conversion in nanocrystal solids. 

The photon absorption results in the formation of localized 

excitons that diffuse through a film at a rate determined by the 

strength of the interparticle coupling. Similar to polymer films, 

a singlet exciton “hops" through the thermally accessible energy 

landscape towards the potential energy minimum. The 

subsequent decay of excitons is then driven by their 

recombination (radiative or non-radiative) or dissociation into a 

free electron-hole pair. Adapted from Ref.61. Copyright 2015 

American Chemical Society. 

 

Nanocrystals solids featuring a low exciton dissociation 

probability are generally preferred in light-emitting 

applications, where the radiative recombination of electron-

hole pairs is beneficial to the device performance. In this case, 

the probability of exciton dissociation can be reduced through 

the use of long-chain interparticle linkers that decrease the 

charge transfer coupling between nanoparticles (see Fig. 3a). 

For instance, Sun et al. has demonstrated that the 

electroluminescence intensity of PbS NC solids increases 

proportionally to the lengths of the linker molecule.30 When the 

dot-to-dot spacing in the emissive layer was augmented from 

three to eight CH2 groups, the efficiency grew by a factor of 150. 

The steady state PL of nanocrystals solids was shown to follow 

the same trend. For example, the PL lifetime of 8-

mercaptooctanoic acid (MOA)-linked PbS NC films featuring 1.7-

nm interparticle distances was found to be 14 times greater 

than that of MPA-linked PbS NC films featuring a 0.9-nm gap.61 

The increased PL of MOA-linked solids was ascribed to the 

reduced charge transfer rate in weakly coupled PbS NCs.  
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As an alternative to tuning the interparticle nanoparticle 

binding motif, the PL of nanocrystal solids can be increased by 

incorporating nanocrystals within an inorganic matrix of wider 

band gap materials. As was demonstrated by Kovalenko et al.,62 

light-emitting PbS NC solids could be fabricated by the 

encapsulation of nanoparticles within metal chalcogenide 

complexes (MCC).63-65  This methodology relied on sintering of 

hybrid MCCs ligands into As2S3 amorphous matrices, which gave 

rise to an all-inorganic film architecture exhibiting a stable IR 

emission. The high dielectric constant of the As2S3 medium also 

permitted fast radiative rates in otherwise “slow” PbS NCs. In 

addition to chalcogenide glasses, perovskite-based matrices 

have also been used to encapsulate semiconductor 

nanocrystals leading to near-IR emitting devices with quantum 

efficiencies exceeding 2%.66 In another study,34  the assembly of 

emissive nanocrystal films has been achieved by using the 

semiconductor matrix embedded nanocrystal array (SMENA) 

approach,46,67 which benefited from heteroepitaxial bonds 

between nanocrystals and all-inorganic matrices of a wider gap 

semiconductor. For instance, SMENA-processed solids of CdSe 

and PbS nanocrystals utilizing CdS matrices have given rise to 

the PL quantum yield of 52% and 3%, respectively.33,34    

 

Figure 3. Experimental strategies for tuning the exciton 

dissociation probability in nanocrystal solids. (a). Long-chain 

interparticle linkers suppress the exciton dissociation and 

improve the emission quantum yield of nanoparticle solids. 

Conversely, short-chain linkers enhance the exciton dissociation 

rate. (b). The exciton dissociation probability of matrix-

encapsulated nanocrystals is inversely proportional to the 

interparticle distance, which allows tuning the solid properties 

between light-harvesting (left) and light-emitting (right). (c). 

The exciton dissociation probability can be controlled via the 

donor-acceptor spectral overlap, J. Nanocrystal solids featuring 

a lower J exhibit a lower rate of the interparticle energy 

transfer, which reduces the corresponding exciton diffusion 

volume. As a result, the probability of an exciton reaching 

emission-quenching defects diminishes, enhancing the 

emission. An inverse correlation between exciton diffusion 

rates and the overlap integral J is shown through a comparison 

of CdSe/CdS and Mn2+-doped Zn1-xCdxSe/ZnS NC solids. Owing 

to a vanishing absorption-emission overlap in Mn2+-doped 

nanocrystals, the corresponding J integral is 105 times smaller 

than that of CdSe/CdS films, which was manifested by a much 

slower exciton diffusion (hopping time ≈ 0.3 ms) and a strongly 

suppressed exciton dissociation in Mn2+-doped Zn1-xCdxSe/ZnS 

NC solids. 

 

Increasing the distance between nanocrystals in a solid does 

not always represent the optimal strategy for improving the PL 

characteristics of light-emitting devices. For instance, tuning the 

size of interparticle linkers in a nanoparticle film enables a fairly 

predictive control over exciton diffusion rates, but doesn’t offer 

a reliable scheme for regulating the spatial extent of exciton 

diffusion. A large diffusion volume can cause the excitation 

energy to reach luminescent quenching boundaries, which is 

potentially detrimental for LED applications. One promising 

strategy for reducing the diffusion volume relies on lowering the 

absorption-emission spectral overlap between nanocrystals, J. 

It was recently demonstrated that solids featuring a low J 

exhibit an intrinsically slower exciton diffusion (Fig. 3c). Even in 

solids featuring short interparticle linkers (e.g. oxalic acid), a 

relatively low diffusivity could be achieved for type II or 

transition-metal-doped nanoparticles that tend to exhibit a low 

J value. Assemblies of these colloids foster a desirable 

combination of short interparticle distances and slow energy 

diffusion (high brightness), which is crucial for the development 

of light-emitting applications. For instance, the exciton 

diffusivity of Mn2+-doped Zn1-xCdxSe/ZnS was found to be 105 

times lower than in CdSe/CdS NC films (Fig. 3c) allowing these 

films to retain its solution emission QY.68  

An uneven energy landscape represents another distinctive 

aspect of the energy transfer in nanocrystal solids. Owing to 

inhomogeneous broadening of nanocrystal sizes, the 

corresponding dispersion of exciton energies in colloidal 

assemblies could be comparable to the room temperature kT. 

Under these conditions, excitons are likely to be trapped at local 

minima of the potential energy, which effectively shortens their 

diffusion lengths. The presence of such “deep” energetic traps 

in nanocrystal films distinguishes them from polymer and 

molecular assemblies, where exciton energy variations across 

molecular subunits are considerably smaller.  
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Figure 4. (a). The process of energy funneling in perovskite 

nanocrystals.72 An assembly of quantum-size-tuned CH3NH3PbI3 

grains was used to funnel photoexcitations to the lowest-

bandgap light-emitter, enabling an external quantum efficiency 

of 8.8% in the near infrared (IR). Reproduced with permission 

from ref. 72. Copyright 2016 Springer Nature Publishing. (b). An 

illustration of the exciton funneling strategy, which is designed 

to concentrate the energy of small-diameter PbS NCs via a 

transfer to the sublayer of large-diameter PbS NCs. Adapted 

with permission from ref. 70. Copyright 2011 American 

Chemical Society. 

 

The energy disorder exceeding room temperature kT is 

generally unfavorable for photovoltaic applications of 

nanocrystal films, as the energy of trapped excitons is typically 

lost to the radiative recombination or non-radiative decay. 

Conversely, the presence of excitonic traps could be quite 

beneficial to the performance of quantum dot light emitting 

materials.31 The local minima of the potential energy 

corresponding to large-diameter nanocrystals could be 

strategically placed within a nanoparticle solid to serve as 

emissive sites. In this case, the diffusion of excitons from small 

to large species will allow concentrating the excitation energy 

within the light-emitting layer.69,70 This idea was exemplified in 

a recent work,70 where a cascade-like energy transfer across 

ascending diameter nanoparticle layers was used to enhance 

the infrared-range emission of PbS solids (Fig. 4b). Here, the 

transport of excitons along the energy gradient of mixed-

diameter PbS films (assembled with 1,3-benzenedithiol linkers) 

has resulted in a 19-fold improvement in the emission of 

acceptor nanocrystals. A similar mechanism of energy 

concentration was demonstrated in assemblies of CsPbBr3 

perovskite nanocrystals71 as well as in perovskite light-emitting 

diodes72 developed from a series of differently quantum-size-

tuned grains of CH3NH3PbI3. The resulting LED architecture 

funneled photoexcitations to the lowest-bandgap light-emitter, 

enabling an external quantum efficiency of 8.8% in the near 

infrared. The principle of energy funneling towards the 

potential minimum of nanocrystal solids was also demonstrated 

as the light concentration mechanism in photovoltaic devices. 

Despite the fact that stable excitons are generally unfavorable 

for the solar cell performance, layers of descending-diameter 

PbS nanocrystals have been used for concentrating the 

photoinduced energy within the charge-separating domain.73  

The ability of nanocrystal solids to funnel the photoinduced 

energy into acceptor nanoparticles can be harnessed towards 

multiple exciton generation (MEG). The MEG phenomenon in 

semiconductor nanocrystals in potentially beneficial to a 

number of applications, including quantum dot lasers,74-76 

where the light amplification requires multiple excited carriers, 

or photoelectrochemical cells,77,78 where catalytic processes 

often involve several photoinduced charges (e.g. H2 

generation). The challenging aspect of utilizing multiple 

excitations in semiconductor nanocrystals lies in the ability to 

suppress their non-radiative Auger recombination.75 With the 

inverse volume dependence of Auger decay rates,79 the general 

solution for increasing the lifetime of biexcitons is often sought 

in nanoparticle geometries that allow for a larger excitonic 

volume. Along these lines, zero-dimensional semiconductors 

have given way to architectures featuring a mixed 

dimensionality, such as alloyed core/shell nanoparticles,80,81 

nanorod-shaped heterostructures,82-85 and nanoplatelets 

(NPLs).86-90  

Semiconductor nanoshells91-93 represent another viable 

nanoscale geometry for concentrating multiple excitons. In 

these nanostructures, the excitonic layer is grown in form of a 

shell on the surface of a bulk-size core domain (Fig. 5a-e). The 

ensuing energy gradient gives rise to two-dimensional 

excitations that reside primarily in the shell and, therefore, 

preserve the radial confinement of carriers, regardless of the 

particle size. The existence of shell-confined excitons was 

recently demonstrated in CdS/CdSe core/shell quantum dots 

(QDs) featuring a 10-15 nm bulk-size CdS core overcoated with 

a 4-5 nm CdSe shell (Fig. 5b-5e).91 Similar to other quantum well 

colloids, the nanoshell architecture offers a larger volume of the 

carrier confinement as compared to zero- or one-dimensional 

nanocrystals, which is expected to reduce the rate of the 

multiexciton Auger recombination.90 Furthermore, owing to the 

two-dimensional geometry, semiconductor nanoshells are 

likely to display the continuous density of states94,95 similarly to 

2D nanoplatelets96 and nanosheets colloids.97 Consequently, 

the number of conduction states per nanoshell is no longer 

limited to two, as in the case of zero-dimensional CdSe, which 

should permit lasing without a complete occupation of the 

lowest-energy excitonic state.98 One fascinating application of 

the nanoshell geometry lies in the combination of two- and 

zero-dimensional excitons within the same nanoparticle. An 

example of such nanocomposite, comprising a small PbS core, 

an intermediate shell of a wide-gap CdS, and a secondary shell 

of quantum-confined CdSe semiconductors, has been recently 

demonstrated by our group.92 As illustrated in Fig. 5f, the PbS 

core can engage in the Förster resonant energy transfer with 

the CdSe shell causing the flow of excitations from the periphery 

to the center of the composite nano-object. The spatial 

separation between donor and acceptor domains in these 

materials is vital for suppressing their charge transfer 

interactions. Consequently, the reported PbS/CdS/CdSe 

core/shell/shell geometry can support an intraparticle energy 
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transfer, a phenomenon, which has also been demonstrated 

using several other semiconductor architectures. 99-101 

Metal-semiconductor energy transfer in 
plasmonic assemblies. 

The transfer of the localized energy between semiconductor 

nanocrystals and metal nanoparticles represents another 

popular mechanism of the photoinduced energy conversion. 

The plasmon-exciton energy exchange has long been 

investigated towards enhancing the light absorption in 

photovoltaic devices as well as for modulating the emission of 

proximal dyes in biosensing applications. In the weak coupling 

regime, metal and semiconductor components exhibit a low 

overlap of electronic wave functions allowing energy transfer 

processes to undergo primarily via dipole-dipole interactions.102 

Early studies focusing on metal-enhanced absorption and 

fluorescence in semiconductors103-112 outlined basic 

mechanisms of such energy exchange, concluding that 

plasmon-exciton interactions in these systems can enable both 

forward (PIRET) and backward (FRET) directions of the energy 

flow (Fig. 6c). Such bilateral energy exchange is responsible for 

a frequently observed competition between the plasmon-

induced enhancement and quenching of semiconductor 

excitations, (ΔNPIRET)>1 and (ΔNFRET <1), respectively. Overall, 

the net gain in the exciton population of the semiconductor 

nanocrystal due to a proximal plasmon can be expressed as:  

 

 

 (1) 

where n = 4-6 depending on whether the dipoles are considered 

to be surface- or point-like, α represents the wavelength-

dependent absorbance coefficient, and R0 is the donor-acceptor 

distance corresponding to a 50% efficiency. This equation does 

not take into account the photoinduced charge transfer 

between metal and semiconductor moieties, which reduces the 

exciton population of the latter.  

Plasmon-enhanced fluorescence (FL) represents one of 

most studied realizations of the metal-semiconductor energy 

transfer. Generally speaking, the FL of a semiconductor can be 

either enhanced by a proximal metal surface through a plasmon 

induced resonant energy transfer (PIRET) or quenched via the 

exciton-to-plasmon ET (via FRET). Many of the literature reports 

on plasmon-enhanced FL have actually demonstrated 

quenching of the emission, ΔFLplasmon < 1, particularly when the 

size of a metal nanoparticle falls below 20 nm.113-117 In this size 

regime, quenching via FRET (Eq. 1), as well as the photoinduced 

charge transfer back to the metal overwhelm the effect of 

PIRET-based enhancement.118 Experimental observations of the 

plasmon-enhanced fluorescence (ΔFLplasmon > 1) have been 

almost exclusively limited to systems featuring large-diameter 

metal nanoparticles often exceeding 30 nm in size.119-124 The 

corresponding FL enhancement factors appeared to be 

particularly large in the case of metal nanorods, where slower 

dephasing surface plasmons125-127 exhibited a greater 

probability of interacting with semiconductor excitons through 

the PIRET mechanism. In the case of weakly emitting dyes, the 

PL gain is further increased by the plasmon-enhancement of the 

semiconductor radiative rates. 

The prospect of employing the plasmon-exciton energy 

transfer in photovoltaic devices has received an increased 

Figure 5. (a). Schematic illustration of the CdS/CdSe nanoshell geometry. The potential energy minima of the CdSe conduction 

and valence bands promote the shell-localization of both photoinduced charges. In this geometry, the core dimensions are 

allowed to exceed the exciton Bohr radius, leading to the quantum confinement in nanostructures approaching 30 nm in 

diameter. (b-e). High-resolution Transmission Electron Microscope (TEM) and high angle annular dark field (HAADF)-STEM images 

of CdS/CdSe nanoshell quantum dots. (f). Schematic representation of excited state energy levels in fabricated core/barrier/shell 

NCs.  (g). Dark field STEM image of a PbS/CdS/CdSe nanocrystal indicating the presence of the PbS and CdSe domains through a 

color contrast. A somewhat darker shading around a bright center area is ascribed to be a CdS barrier. (h). Low-resolution TEM 

image of PbS/CdS/CdSe NCs. Figures adapted with permissions from ref. 91 and 92. Copyright 2017 American Chemical Society. 
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amount of attention in recent years.24,128-137 The expected 

benefits of incorporating plasmonic materials within solar cells 

stem from a large optical extinction of metal nanoparticles, 

which exceeds that of similar size semiconductors by 2 orders 

of magnitude (Fig. 6a). Consequently, the plasmon-enhanced 

absorption represents a potentially feasible strategy for 

improving the performance of solar cells. In this regard, the 

resonant transfer of plasmon energy offers the potential for a 

higher gain in the photoinduced carrier generation than the 

threshold-limited process of plasmon-induced hot electron 

transfer.138-142 The expectations are supported by theoretical 

estimates of the relative plasmon enhancement in Fig. 7a, which 

compares the relative enhancement factors from far-field 

(scatter), near-field (PIRET), and hot electron based plasmon 

energy conversion.  

The effect of the PIRET process on the power conversion 

efficiency (PCE) of photovoltaic devices has been investigated in 

our earlier work on quantum dot solar cells.24 The absorber 

layer consisted of PbS NC solids blended with spherical Au 

nanoparticles as shown in Fig. 7d. In this geometry, far field 

scattering of surface plasmons was suppressed due to the 

relatively small size of Au nanostructures (< 10 nm). The thermal 

impact of plasmon excitations was mitigated through the use of 

an all-inorganic film design featuring a crystalline matrix 

encapsulating array of Au and PbS nanoparticles.33,34,46 The 

overall benefit of the near-field absorption enhancement 

strategy was evidenced through a moderate improvement of 

the solar cell efficiency (Fig. 7c). For instance, the incorporation 

of 0.3% of Au NPs (by particle volume) has enhanced the 

average power conversion efficiency (PCE) from 4.0 to 4.2%, 

with the best performing device exhibiting 4.5% of PCE (Fig. 7c). 

The increased short circuit current (a gain of 41 ± 3%) was the 

primary factor contributing to the enhanced PCE, whose effect 

was somewhat reduced owing to a small drop in the open circuit 

voltage.  

 

Figure 7. (a). Theoretical estimates of the relative plasmon 

enhancement corresponding to far-field (scattering), near-field 

(PIRET), and hot electron based plasmon energy conversion 

processes versus the plasmon’s dephasing stage and the 

semiconductor band gap (the plasmon energy fixed at 1.8 eV). 

Adapted from Ref.143 with permission from the PCCP Owner 

Societies. (b). Scanning Electron Microscope image of a 

plasmonic solar cell absorber comprising a matrix-encapsulated 

(PbS, Au) film. (c). Current-voltage characteristics of plasmonic 

(Au, PbS) and control (PbS-only) quantum dot solar cells. The 

relatively low photovoltage of plasmonic solar cells was 

believed to be caused by Au-induced Fermi level pinning (d). 

Schematics of the depleted heterojunction PV cell doped with 

Au nanoparticles. Adapted with permission from Ref.24. 

Copyright 2014 American Chemical Society. 

 

 
 

Figure 6. Plasmon-exciton energy exchange. (a). Extinction cross sections of common nanoscale sensitizers divided by the nanoparticle 

volume. The comparison highlights superior light-harvesting characteristics of metal nanoparticles in comparison to semiconductor 

quantum dots and organic polymers (e.g. P3HT). Adapted with permission from Ref.24. Copyright 2014 American Chemical Society. (b). 

The time scale of the surface plasmon evolution in noble metal nanoparticles, including stages of plasmon dephasing (10-20 fs), hot carrier 

redistribution (200 fs – 1 ps) via electron-electron decay, and electron-phonon cooling (1 -10 ps). (c). A diagram illustrating possible FL 

enhancement and quenching mechanisms in a metal-semiconductor system. The near-field energy exchange between electrical dipoles 

of the plasmon and semiconductor permits both forward (PIRET) and backwards (FRET) direction of the energy transfer. Photoinduced 

electron transfer (PET) can also contribute to quenching of the semiconductor emission. 
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Dye-semiconductor energy-transfer system 

The near-field energy exchange between semiconductor 

nanocrystals and dye molecules represents another prevalent 

mechanism of the photoinduced energy conversion. 

Historically, early applications of this process have involved dye-

sensitized assemblies of quantum-confined semiconductors 

and oxides.144-148 These materials were developed primarily as 

electrodes for photocatalytic or photovoltaic applications as 

detailed by several relevant reviews on the subject.149-153 

Besides the photoinduced energy conversion, the near field 

interaction of semiconductor nanocrystals and dye molecules 

has been employed for sensing biological processes in tissues 

and live cells.7,154-157 This approach relied on detecting distance-

dependent changes in the semiconductor-dye FRET efficiency as 

a strategy for measuring the concentration of a particular 

analyte that docks at a known distance to a host,158 or for 

determining the spatial separation between fluorescent labels 

in targeted macromolecules.159- 

 

Figure 8. Donor-acceptor assemblies of CdSe/ZnS 

semiconductor nanocrystals and cyanine dyes (Cy5) exhibiting 

an interplay of charge and energy transfer processes. (a). The PL 

lifetimes of donor-only (CdSe/ZnS NCs) and donor-acceptor 

(CdSe/ZnS-Cy5) samples were used to calculate the total donor 

PL quenching efficiency, Etot = 21%. (b). Partial contributions 

from energy (EET = 11%) and charge (ECT = 10%) transfer 

processes were determined using the STEP spectroscopy. 

 

The utilization of semiconductor nanocrystals as FRET 

donors has been steadily advanced over the years. Some 

remaining issues concern the explicit location of the 

nanocrystal’s dipole and its orientation compared to molecular 

fluorophores. In addition, any potential contribution of charge 

transfer (CT) processes to donor PL quenching represents a 

potential source of error, which inflates the measured FRET 

efficiency. Such CT processes were shown to be considerable in 

the case of dye-nanocrystal assemblies comprising ruthenium 

complexes,163 metal ions or organic conductors.164-166 In order 

to distinguish between charge transfer and energy transfer 

processes in donor-acceptor assemblies, our group has 

developed the Sample Transmitted Excitation 

Photoluminescence (STEP) spectroscopy approach167 that 

correlates the loss of donor excitons with the gain in the 

acceptor emission.  By applying this technique to biosensor 

assemblies of cyanine dyes (Cy5, Cy7) and CdSe/ZnS 

nanocrystals, we were able to determine that the charge 

transfer accounts for 50-99% of donor emission quenching (see 

Fig. 8). For instance, for a QD-Cy5 system, exhibiting a significant 

donor-acceptor spectral overlap, approximately half of the total 

quenching efficiency, Etot = 0.21 (Fig. 8a), was due to FRET (Fig. 

8b) with the other half originating from other acceptor induced 

processes, such as the QD→Cy5 charge transfer. Meanwhile, in 

the case of a low-overlap QD-Cy7 construct (where ET is mostly 

suppressed), the observed 50-60% reduction in the donor PL 

lifetime (Etot = 0.5-0.6) was almost entirely attributed to non-

FRET processes. This result demonstrates the importance of 

determining CT efficiencies in a spectroscopic ruler and other 

FRET-based sensing applications. 

 

The transfer of singlet excitons represents the most studied 

mechanism of energy diffusion in nanocrystal assemblies. A 

number of recent works, however, have demonstrated the 

possibility of triplet energy exchange between semiconductor 

nanocrystals and organic molecules.168-173 This process was 

originally observed to proceed from organic semiconductors (

tetracene, pentacene) to lead chalcogenide nanocrystals168,169 

and was later demonstrated to progress in the opposite 

direction, in which case triplet excitons of CdSe and PbS 

nanocrystals were transferred to organic acceptors, such as 

surface-anchored polyaromatic carboxylic acid or rubrene films 

(see Fig. 9).173-177  

The successful transfer of triplet excitons from 

semiconductor nanoparticles to bulk solutions implies a general 

scheme by which quantum-confined colloids can be utilized as 

effective surrogates for molecular triplets. Semiconductor 

nanoparticles could thereby sensitize a variety of chemical 

reactions relevant to fields of optoelectronics, solar energy 

conversion, and photobiology. One attractive possibility is this 

regard pertains to employing semiconductor nanocrystals as 

triplet sensitizers of photoredox coordination compounds. 

Coupling of nanocrystal sensitizers to organometallic catalysts 

can allow avoiding the energy losses associated with 

intersystem crossing to a triplet state since the singlet-triplet 

splitting in nanocrystals is minimal.171,178,179 

Experimental strategies for measuring the 
energy transfer in nanocrystal systems 

Experimental measurements of the exciton diffusion in 

nanocrystals are complicated by the fact that no net charge is 

being transferred between photoexcited species. In this regard, 
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optical techniques provide an almost exclusive probe of the 

energy flow across excitonic materials.2,54,55,180 When the 

nanocrystal energy is shared with molecular dyes, many aspects 

of the ET dynamics could be obtained from the acceptor-

induced quenching of the donor emission. If 𝜏𝐷𝐴 and  𝜏𝐷  are the 

donor PL lifetimes in the presence and absence of an acceptor, 

respectively, the energy transfer efficiency, E, and the 

corresponding ET rate, Γ, are given by: 

 

𝐸 = 1 − 𝜏𝐷𝐴 𝜏𝐷⁄  and Γ = 1 𝜏𝐷𝐴⁄ − 1 𝜏𝐷⁄   (2) 

 

These equations are accurate as long as the energy transfer 

represents the primary mechanism of the donor emission 

quenching (negligible charge transfer contribution).  

 

Figure 10. (a). Bulk quenching approach for measuring the 

energy transfer dynamics in nanocrystal solids. The technique 

relies on doping the investigated film with randomly distributed 

acceptors (A). The resulting reduction in the emission of a 

blended solid due to exciton quenching by acceptor dots, ID/IAD, 

is proportional to the concentration of the acceptor A, as 

expressed by the equation in the insert. A linear fit to this 

equation can then be used to extract the rate of interparticle 

energy transfer, ΓET (D→A). Reproduced with permission from 

Ref. 180. Copyright 2017 American Chemical Society. (b). 

Illustration of the known mechanisms of energy transfer in 

nanocrystals solids, including Förster, Dexter, and tandem ET 

processes. The portion of the image is reproduced with 

permission from Ref. 181. Copyright 2016 American Chemical 

Society. 

 

Similar strategies are used for measurements of the energy 

transfer across nanocrystal assemblies. In this case, the majority 

of experimental techniques built upon the concept of funneling 

exciton energy to low-energy “acceptors” strategically 

positioned across the sample.182 Their temporal and spatial 

resolution has been recently enhanced with new imaging 

capabilities utilizing time-resolved optical microscopy,183 

transient absorption,184-187 and transient photoluminescence 

quenching.188 Lastly, the STEP spectroscopy has been 

introduced as a strategy that distinguishes between energy and 

charge transfer processes in nanocrystal solids.167  

 

Bulk quenching represents one of the early spectroscopic 

strategies for probing the intermolecular energy transfer in 

nanoparticle solids. It was first introduced for energy transfer 

measurements in molecular solids182 and subsequently adapted 

by Kagan189 and Klimov190 groups for measuring the exciton 

diffusion rates in nanocrystal films. Overall, the concept of the 

Figure 9. (a). Illustration of the triplet energy transfer between a nanocrystal donor and a triplet acceptor (PCA). (d). Ultrafast transient 

absorption spectra of CdSe-OA nanocrystals in toluene solution upon selective excitation of CdSe, using 500-nm pulsed laser excitation in 

the presence of surface-anchored 9-anthracenecarboxylic acid ACA in toluene. The inset in (d) shows TA kinetics monitored for the growth 

of 3ACA at 441 nm. Reproduced with permission from Ref. 170. Copyright 2016 AAAS. 
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bulk quenching is based on blending the investigated solid of 

nanoparticles D with randomly distributed “acceptor” 

nanoparticles A (Fig. 10a), which trap excitons in potential 

energy minima. Excitons funneled into acceptor sites may 

recombine radiatively (bulk activation) or quenched through 

non-radiative channels (bulk quenching). In both cases, the 

diffusion length of excitons in a blended solid is restricted to a 

smaller volume due to the presence of quenching sites. As a 

result, the lifetime of donor excitons in a blended solid becomes 

reduced due to a shorter travel, causing the donor PL intensity 

as well as its lifetime to diminish. If the concentration of 

quenching nanoparticles is small, nA << nD, the ratio of the 

emission intensity in a pure sample (D) to that of an acceptor-

doped film (DA) is expressed linearly with the quencher 

concentration, nA: 𝐼𝐷 𝐼𝐷𝐴⁄ = 1 + 𝐾𝑒𝑓𝑓𝑛𝐴, where ID is the PL 

intensity of a pure QD solid, IDA is the emission intensity of a 

doped film, and keff is an effective energy transfer parameter. 

The application of the bulk quenching strategy to NC solids 

usually relies on doping nanocrystal solids with larger 

nanoparticles of the same semiconductor material55,189,191 or by 

introducing ‘‘energy gradient’’ bilayer structures (Fig. 

11c).69,190,192 

The spatial extent of the exciton diffusion in nanocrystal 

solids can be characterized by introducing emission-quenching 

sites in lieu of fluorescent acceptors (A). This strategy was 

demonstrated in our recent study,61 where “PL quenching” Au 

nanoparticles were introduced into investigated solids of PbS 

nanocrystals (Fig. 11d). By correlating the Au-Au interparticle 

distance in the film with corresponding changes in the PbS 

emission lifetime (Fig. 11e), it was possible to obtain important 

transport characteristics, including the exciton diffusion length, 

the number of pre-dissociation hops, the rate of interparticle 

energy transfer, and the exciton diffusivity. In particular, we 

found that for MPA-linked solids (interparticle distance = 0.9 

nm), excitons diffused to an average length of 5.7 nm in 

approximately 12 hops, which corresponded to the diffusivity of 

0.012 cm2s-1. Meanwhile, MOA-linked solids (interparticle 

distance = 1.7 nm) gave rise to a longer diffusion length of 11.4 

nm (34 hops) and a lower diffusivity of 0.003 cm2s-1. The 

observed difference in the dynamics of the two film types was 

explained as due to the charge-tunneling mechanism of the 

exciton dissociation.  

In addition to bulk quenching, other methodologies based 

on temperature-resolved PL193-196 and optical microscopy183,197 

have been developed for probing the exciton dynamics in 

nanocrystal films. For instance, Bulović and Tisdale have 

reported direct visualization of the exciton transport in 

nanocrystal assemblies by using time-resolved fluorescence 

microscopy.183,197 The demonstrated method was used to 

obtain a diffraction-limited profile of the energy flow across the 

Figure 11. (a). Experimental time-evolution of the PL spatial cross-section for CdSe/CdS solids. The linear color scale indicates 

normalized PL intensity. (b) Schematic representation of the three types of quantum dot samples studied. The right panel shows 

the change in variance, σ2, of the exciton distribution as a function of time for the three samples. The dashed line represents the 

hypothetical case of normal diffusion in which the variance grows linearly with time. Reproduced with permission from Ref.197. 

Copyright 2014 American Chemical Society. (c). Cascaded energy transfer sample (CET) consists of subsequent layers comprising 

green, yellow, orange, red, orange, yellow, and green emitting NCs. Below the CET sample the HOMO and LUMO are sketched, 

visualizing the cascaded band gaps used to facilitate cascaded energy transfer. Reproduced with permission from Ref.69. 

Copyright 2004 American Chemical Society.  (d). TEM image of a mixed (Au + PbS) nanoparticle sample representing donor (PbS) 

– acceptor (Au) blend. (e). Schematic illustration of PL lifetime changes in blended films of Au and PbS NCs. By correlating PL 

changes with a concentration of quenching nanoparticles (Au), we have determined the average number of exciton hops and the 

corresponding exciton diffusion length. Reproduced with permission from Ref.61. Copyright 2015 American Chemical Society. 
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solid, which was recorded in a time-dependent manner (Fig. 

11a). By supporting the spatial imaging data with kinetic Monte 

Carlo simulations, the study revealed that the energy disorder 

of nanocrystal solids resulted in a time-dependent diffusivity, 

with diffusion proceeding more slowly as excitons move 

energetically downhill (Fig. 11b).    

FRET represents the primary process of energy transfer in a 

variety of nanocrystal-based systems, including quantum dot 

solids, dye-nanocrystal conjugates, and metal-nanocrystal 

assemblies. Experimental measurements of the FRET efficiency 

in these systems are usually performed by analyzing the 

changes in the donor emission, according to Eq. 2.198-200 The 

intrinsic error associated with such measurements comes from 

non-FRET contributions to donor emission changes that arise 

from the acceptor-induced dissociation of donor excitons, 

broadly defined as the charge transfer (CT).201-204 Consequently, 

the measured total efficiency of the donor PL quenching, ETOT, 

in general, may include contributions from both FRET and CT 

processes. This is particularly problematic for systems featuring 

a significant driving force for the photoinduced charge transfer, 

where the donor-acceptor distance can no longer be estimated 

by assuming FRET-only contribution.  

STEP spectroscopy167 was recently introduced as a viable 

strategy for distinguishing between the energy and charge 

transfer processes in donor-acceptor systems. This technique 

correlates the changes in the acceptor emission with the 

spectral modulation of the donor excitation spectrum, which 

allows extracting FRET-only efficiencies, independently of the 

charge transfer contribution. Moreover, by relying on the 

acceptor emission, the STEP spectroscopy becomes amenable 

for characterizing systems with non-emissive donor species 

(e.g. plasmonic nanoparticles).  

The details of the STEP technique for measuring the energy 

transfer efficiency in donor-acceptor assemblies have been 

described in recent literature (see Refs. 167,205-207). The 

method is based on the assumption that the number of photons 

emitted by an acceptor fluorophore, 𝑁𝐴
𝑃𝐿 , depends linearly on 

the number of excited acceptor (A) and donor (D) molecules, NA 

and ND, respectively: 

𝑁𝐴
𝑃𝐿 = 𝑄𝑌𝐴(𝑁𝐴

+
+ 𝐸𝐷→𝐴𝑁𝐷)      (3) 

where 𝐸𝐷→𝐴 is the quantum efficiency for the D→A energy 

transfer, and 𝑄𝑌𝐴 is the emission quantum yield of the 

fluorophore A in the presence of the fluorophore D (as 

measured in the donor-acceptor assembly). To determine 

𝐸𝐷→𝐴, a donor-acceptor sample is excited using a broad-band 

light source and the emission intensity of the acceptor 

dye, 𝑁𝐴
𝑃𝐿(𝐸),  is recorded. The excitation light is then spectrally 

shaped using donor-like or acceptor-like filters (Fig. 12a) 

designed to suppress the excitation of donor or acceptor 

species in the investigated sample (ND << NA or NA << ND, 

respectively). If the spectral profile of the excitation light, n(λ), 

and the optical density (OD) of the excitation filter are known, 

one can predict the change in the acceptor emission as a 

function of a single parameter, ED→A. Figures 12b,c illustrate the 

procedure for extracting the energy transfer efficiencies from 

STEP measurements utilizing two types of excitation filters. In 

Fig. 12c, this strategy is described for a donor-type excitation 

filter (e.g. a solution of donor molecules), which spectral profile 

is suitable for suppressing the excitation of donor molecules in 

the sample, causing the acceptor emission to change 

proportionally to ED→A. These changes are best illustrated by 

plotting a normalized acceptor emission, 𝑓𝐷 = 𝑁𝐴
𝑃𝐿 𝑁𝐴⁄ , as a 

function of the donor-type filter optical density. The measured 

parameters, M1 and M2, are then used to calculate the energy 

transfer efficiency, as follows: 

 

𝐸𝐷→𝐴 = (𝑀1 𝑀2⁄ ) × (𝑁𝐴
0 𝑁𝐷

0)⁄       (4) 

 

 where (𝑁𝐴
0 𝑁𝐷

0)⁄  represents the ratio of acceptor to donor 

excitations in the sample prior to the application of the 

excitation filter, determined from relative amplitudes of 

excitation and absorption profiles. Alternatively, one can fit the 

experimental 𝑓𝐷  with a model parametric curve, ftheor, featuring 

a single fitting parameter, ED→A. To obtain 𝑓𝑡ℎ𝑒𝑜𝑟(𝐸) =

 𝑁𝐴
𝑃𝐿(𝐸)/𝑁𝐴 , 𝑁𝐴

𝑃𝐿(𝐸) is determined using Eq. 3 as a parametric 

function of the energy transfer efficiency, E. The value of NA is 

calculated according to Ref. 167. When the acceptor-like 

excitation filter is used (e.g. a solution of acceptor molecules), 

the energy transfer efficiency, ED→A, is obtained from the 

acceptor emission scaled by the number of donor excitations, 

𝑓𝐷 = 𝑁𝐴
𝑃𝐿 𝑁𝐷⁄ . Figure 12b shows the projected evolution of fA 

with the increasing optical density of the acceptor-type 

excitation filter. The experimental parameters, M1 and M2, can 

then be used to determine ED→A either directly from the 

equation in Fig. 12b or by fitting the experimental fA with a 

model parametric curve, ftheor(ED→A). 

 

The ability of the STEP approach to distinguish between 

charge and energy transfer processes has been demonstrated 

using several donor-acceptor systems. One of these works have 

utilized a simplified system of nanocrystal solids comprising an 

assembly of small (d = 3.5 nm) and large (d = 4.5 nm) core 

CdSe/CdS NCs (Fig. 12d).167 Prior investigations of similar 

assemblies by means of the bulk quenching approach have 

concluded that the energy transfer between proximal CdSe/CdS 

dots competes with the process of the interparticle charge 

transfer, which causes the dissociation of excitons. The 

corresponding dissociation probability was estimated to be pdiss 

≈ 6% for assemblies featuring oxalic acid linkers.68 STEP 

measurements of similarly prepared solids have confirmed this 

premise. It was estimated that ≈ 30% of excitons in donor 

species (smaller-diameter CdSe/CdS) were transferred to 

larger-diameter nanocrystals, meanwhile, ≈ 2% of excitations 

were dissociated due to the charge transfer involving acceptor 

dots. In another experiment, the STEP spectroscopy was used 

to unravel the interplay of charge and energy transfer processes 

in assemblies of CdSe/ZnS nanocrystals and cyanine dyes (Fig. 

12e). By using a combination of STEP and donor PL quenching 

measurements, we observed that in the case of a QD-Cy5 

system, exhibiting a significant donor-acceptor spectral overlap, 

up to 50% of donor emission was quenched due to non-FRET 

processes. Finally, the STEP spectroscopy was applied for 

estimating the quantum efficiency of the photoinduced energy 
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transfer from plasmon resonances of metal nanoparticles to 

semiconductor nanocrystal matrices in assemblies of Au 

nanoparticles and CdSe nanocrystals, which represent a 

suitable model system of plasmonic antennas. We showed that 

in the case of 9.1-nm Au nanoparticles, only 1-2% of the Au 

absorbed radiation was converted to excitons in the 

surrounding CdSe nanocrystal matrix. For larger, 21.0-nm Au, 

the percentage of absorbed photons that was converted to 

excitons in CdSe NCs increased to 29.5% (Fig. 12f).205  

Summary and Outlook 

Size-dependent properties of semiconductor nanocrystals 

offer exciting opportunities for controlling the energy transfer 

dynamics on nanoscale. Thus far, the employment of band gap 

engineering appears to be the most prominent in the 

development of nanocrystal-dye biosensors and light-emitting 

materials. Going beyond these applications, the possibility of 

manipulating the energy transfer in nanocrystal assemblies is 

becoming increasingly attractive in areas of photocatalysis and 

photovoltaics. Some of the emerging trends in this regard are 

discussed below. 

The realization of triplet states in semiconductor 

nanocrystals170 can potentially enable light sensitization of 

photoinduced redox reactions. By engaging in the triplet energy 

transfer with molecular photoredox catalysts, such as 

[Ru(bpy)3]2+ or Ir(ppy)3 coordination compounds,208 nanocrystal 

Figure 12. (a). An illustration of the STEP spectroscopy setup. (b). STEP measurements utilizing an acceptor-type excitation filter. 

The energy transfer efficiency, ED→A, is obtained from the acceptor emission by using experimental parameters, M1 and M2 (see 

insert). Alternatively, one can fit the experimental data points, fA, with a model parametric curve, ftheor(ED→A), featuring a single 

fitting parameter, ED→A. (c). STEP measurements utilizing a donor-type filter that preferentially suppresses the excitation of donor 

molecules in the sample causing the acceptor emission to change proportionally to ED→A (see insert). (d). STEP measurements of 

donor (CdSe560)-acceptor (CdSe600) nanocrystal assemblies. The fexp ratio measured versus the D-filter optical density (OD) for 

acceptor-only (grey circles) and donor-acceptor (blue circles) solids. Experimental data is fitted with a parametric model curve, 

𝑓𝑡ℎ𝑒𝑜𝑟(𝐸𝐷→𝐴), resulting in ED→A = 30%. (e). CdSe/ZnS-Cy5 assemblies. The evolution of the scaled acceptor (Cy5) emission 𝑓𝐷 =

𝑁𝐴
𝑃𝐿 𝑁𝐷⁄  versus the optical density of the donor-type excitation filter (Cy3). The experimental data is best fitted with a ftheor(E = 

10.1%) model curve. fD measured for the acceptor-only control sample (Cy5 solution) reveals no dependence on the donor-filter 

optical density (gray dots), consistent with the absence of ET in this case. (f). STEP measurements of the metal-to-semiconductor 

ET in assemblies of 21-nm Au and CdSe/CdS NCs. Evolution of the scaled NC emission (f-ratio) versus the optical density of the 

donor-type excitation filter (Cy3.5) is shown by blue circles. The experimental data for Au-CdSe assemblies was fitted with a set 

of model parametric curves, indicating that EAu→CdSe = 29-30%. f-ratio measured for the acceptor-only control sample (CdSe NC 

film – red circles) is independent of the donor-filter optical density. 
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energy could be transformed into a long-lived triplet state (see 

Fig. 13a). Such energy conversion could be fairly fast, 

considering that the efficiency of triplet exciton transfer from 

CdSe to organic acceptors, such as ACA is greater than 90%.170 

Metal polypyridyl complexes represent particularly promising 

catalysts in this regard (Fig. 13a). Namely, photoexcited 

[Ru(bpy)3]3+ can oxidize water into O2 and protons via a metal 

oxide catalyst (Fig. 13a),209 while, [Ru(bpy)3]2+* triplet states 

can be utilized for reducing methylviologen (via ligands), a 

recyclable carrier of electrons.  

 Figure 13. (a). A possible scheme for employing semiconductor 

nanocrystals as triplet sensitizers of organometallic catalysts. In 

this example, the triplet-triplet energy transfer from 

semiconductor nanocrystals to catalytically active 3MLCT states 

of [Ru(bpy)3]3+ is utilized for water oxidation. (b). A possible 

strategy for concentrating the photoinduced energy in 

assemblies of semiconductor nanocrystals via the diffusion 

towards the low-energy reaction center. This scheme can 

potentially benefit multi-electron catalytic processes by 

increasing the probability of multiple charges to be collected on 

the same catalytic site. Reproduced from reference 210. 

Copyright 2018 Frontiers in Chemistry. 

 

Employing semiconductor nanocrystals as triplet sensitizers 

of photoredox coordination compounds would allow avoiding 

many issues of nanocrystal photocatalytic systems related to 

photocorrosion, slow hole regeneration, and short excited-

state lifetime. Furthermore, coupling nanocrystal sensitizers to 

organometallic catalysts will extend the usable portion of the 

solar spectrum. This is because the excitation of a triplet state 

in coordination compounds undergoes via a photon absorption 

into a singlet metal-ligand charge transfer state (1MLCT) 

followed by a rapid intersystem crossing to a  3MLCT state, 

which is commonly accompanied by an ~1 eV energy loss (due 

to large splitting of singlet and triplet states). Since such singlet-

triplet splitting in semiconductor nanocrystals is usually much 

smaller (within thermal kT ~ 30 meV), the associated energy loss 

will be reduced. Another potential benefit is expected from the 

fact that the molar absorptivity of semiconductor nanocrystals, 

such as CdSe, is about 10-20 times greater211 than that of the 
1MLCT transition in [Ru(bpy)3]2+ (∼13 000 M−1 cm−1in 

acetonitrile), which should result in the enhancement of the 

overall turnover frequency.  

Like most excitonic systems, an assembly of semiconductor 

nanocrystals can allow energy concentration via the transfer of 

excitons from an excitation site to the acceptor domain 

associated with the potential energy minimum. Such energy- 

concentrating mechanism is utilized by biological systems, 

where multiple carriers are driven to the reaction center for 

catalyzing multi-electron processes. A demonstrative example 

of this process is the oxygenic photosynthesis in plants, where 

light is absorbed by hundreds of pigments (e.g chlorophylls) that 

transfer the photoinduced energy to a small number of special 

pigments (P680), capable of charge separation.212 P680 will 

then share a photoinduced hole with a water-oxidizing complex 

(WOC).213 After four oxidizing equivalents have been stored at 

the WOC site, it obtains four electrons from water molecules 

causing H2O splitting. We expect that nanocrystal assemblies 

could be employed in a similar manner for driving multielectron 

catalytic processes, such as water oxidation or hydrogen 

production.214,215 For instance, the diffusion of excitons in a 

nanocrystal solid to a nanoparticle with the smallest band 

gap61,54,216 can be employed for collecting multiple excitons at 

the same site (Fig. 13b). The accepting dot could be appended 

with a catalyst to assist the charge separation. The presence of 

an electron- (or hole-) accepting catalysis would also allow 

avoiding the multiexciton populations on a single nanocrystal, 

which are subject to a rapid decay through the Auger 

recombination. Such nanocrystal assembly could be 

incorporated into a photoelectrochemical cell or harnessed 

within an “artificial leaf” platform.217 Zero-dimensional 

nanocrystals in these assemblies could be substituted with 

either one- or two-dimensional nanostructures (e.g. 

nanosheets or nanoshell) in order to increase the energy 

transfer efficiency and reduce Auger recombination rates.  

Plasmonics represents a fast developing area of nanoscience 

that exploits the ability of metal nanostructures to concentrate 

electromagnetic radiation. A related challenge concerns an 

efficient conversion of the plasmon-concentrated field into 

some form of useful energy. To address this issue, existing 

strategies based on the hot electron transfer and far-field 

scattering can be supplemented with a relatively novel scheme 

utilizing the plasmon induced resonant energy transfer (PIRET). 

The ultrafast nature of this process combined with the 

competition with the backward FRET calls for advanced imaging 

techniques. In this regard, near-field scanning optical 

microscopy (NSOM) offering deep subwavelength resolution 

appears to be particularly promising.218,219 When equipped with 

time resolving capabilities220, the ultrafast nanoscopy of 

https://en.wikipedia.org/wiki/Viologen
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plasmonic structures can reveal the spatial dynamics of the 

evanescent field around metal nanostructures. The near-field 

scanning methods can be combined with the STEP spectroscopy 

for estimating the net energy flow in plasmon-semiconductor 

assemblies. 

In collusion, colloidal semiconductor nanocrystals have 

emerged as a key material system for the development of 

nanoscale energy transfer platforms. The progress in this field 

is attributed to unique advantages of colloidal semiconductors 

that include tunable exciton energies and the ability to interface 

with a large variety of nanoscale energy-transfer partners, 

either through chemical conjugation or in solid assemblies. Thus 

far, most successful realizations of energy transfer reactions in 

nanocrystals involve single-step excitation transfers in 

molecular-nanoparticle assemblies. Nonetheless, the prospects 

of harvesting triplet excitons from nanocrystals or funneling the 

photoinduced energy in nanocrystal solids or plasmonic 

assemblies are rapidly gaining momentum. These energy-

transfer systems hold strong promise for the development of 
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