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             Plasmonic eff ects on exciton recombination: 
Enhancing the radiative rate 
 Modifi cation of the spontaneous emission rate of a single 

quantum emitter is often credited to Purcell, who in 1946 

stated that a resonant electrical circuit could enhance the 

spontaneous decay of magnetic dipole moments by a factor 

of 3 Q  λ  3 /4 π  2V , where  Q  denotes the quality factor of the cir-

cuit,  V  represents the mode volume, and  λ  is the wavelength 

of the emitted radiation. In the past three decades, various 

microcavities have been realized in the optical domain with 

the aim of maximizing the  Q / V  ratio and thus, the Purcell effect 

on optical transitions,  1   whereby enhancements of a few tens 

in the Purcell factor have been demonstrated.  2 , 3   In addition 

to modifying the natural photophysics of an emitter, a large 

Purcell factor also makes it possible to extract more photons 

from a quantum emitter per unit time. 

 Although great progress has been made with microcavi-

ties, some limitations remain that cannot be easily overcome. 

One important restriction is that, despite their seemingly 

small character, microcavities are relatively large. From a 

fundamental aspect, a microcavity cannot become arbitrarily 

small, beyond  λ /2, where the fi rst resonance takes place. From 

a practical point of view, the device is even larger because 

of the fi nite size of the mirrors and boundaries required for 

high refl ectivity and low diffraction losses. Another diffi culty 

of working with high- Q  microcavities is the extreme spectral 

selectivity, which makes them sensitive to vibrations and tem-

perature drift. Furthermore, it is usually a fabrication challenge 

to meet the resonance of a particular single emitter.  4 

 An attractive alternative approach for enhancing the radia-

tive decay of quantum emitters is to use plasmonic nanoanten-

nas.  5   Here, a metallic nanostructure, usually made of gold 

or silver, increases the local density of states in its near fi eld. 

In an equivalent picture, the plasmon oscillation inside the 

metallic particle couples to the dipolar transition of the emit-

ter in a near-fi eld interaction, whereby the coupled system 
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acquires a giant dipole moment, which can interact with the 

propagating light fi elds more effi ciently. Thus, the metallic 

nanostructure can act as a receiving and sending subwave-

length antenna that enhances the absorption and emission of 

an emitter. The antenna enhancement depends very sensitively 

not only on the distance to the emitter, but also on the orienta-

tion of its dipole moment. Because the plasmon resonance 

is usually several tens of nanometers wide, the antenna offers 

broadband operation in addition to having an ultrasmall foot-

print. However, the enhancement of the spontaneous emission 

by plasmonic antennas comes at the cost of quenching caused 

by nonradiative dissipation channels that open (as a result of 

metal ohmic losses) in the near fi eld of real metals. In most 

cases, this quenching process begins to dominate at smaller 

emitter distances, where high radiative en-

hancement effects are predicted. 

 To meet the challenge for precise nanoscale 

arrangement of emitter and plasmonic nanoan-

tenna, synthesis and assembly methods contin-

ue to evolve in accuracy and reproducibility. 

We review here some of the many strategies 

being developed for “soft” chemical approaches 

to precision integration and assembly. We also 

discuss investigations of the Purcell effect, 

emitter–emitter coupling, and higher-order emis-

sion processes that have been most deeply 

explored using individual-emitter– (or several-

emitter–) nanoantenna pairs fabricated using 

traditional lithographic methods and/or dynami-

cally and controllably manipulated using scan-

ning probe methods. Importantly, these results, 

along with theoretical analyses, inspire and 

motivate continued advancements in large-scale 

synthesis and assembly.   

 Toward functional semiconductor 
and plasmonic nanostructure 
composites 
 Nanoparticle self-assembly has been reviewed 

previously, including self-assembly directly from 

solution and self-assembly mediated by tem-

plates, interfaces, applied fi elds (electric, mag-

netic), mechanical shear forces, and light.  6   –   10   

Here, we emphasize assembly approaches that 

have been used to create nanosemiconductor–

nanometal hybrids and, in particular, those 

that have afforded specifi c plasmonic effects 

on excitonic properties.  10 , 11   In general, the semi-

conductor component of interest is the colloi-

dal quantum dot (QD), but occasionally, we 

include for completeness additional solution-

synthesized quantum emitters, such as semi-

conductor nanowires and “quantum shells.” 

The plasmonic nanostructures encompassed 

by this review are typically metal nanocrystals 

(NCs) (e.g., gold [Au], silver [Ag]), but complementary to the 

semiconductor quantum-shell systems, the plasmonic compo-

nent is occasionally represented by a chemically synthesized 

metal shell. In   Figures 1   and  2 , we summarize various hybrid 

structures accessed to date through synthesis and soft-assembly 

approaches.      

 Extended hybrid structures by self-assembly and in 
matrixes:   Disordered to ordered 
 Random networks of interconnected QDs, noble-metal NCs, 

and QD–NC mixtures can be assembled as highly porous 

three-dimensional aerogel monoliths or dense two-dimensional 

xerogel thin fi lms ( Figure 1a and 1c ).  12   –   22   Controlled destabiliza-

tion of presynthesized QD–NCs, by, for example, chemical 

  

 Figure 1.      Extended hybrid structures. (a) Schematic of a random-network hybrid assembly 

of semiconductor nanoemitters (red) and plasmonic nanometals (yellow). (b) Schematic of 

a binary nanocrystal superlattice (NCSL) comprising quantum dots (QDs; red) and metal 

nanocrystals (NCs; yellow). (c) Evolution of photoluminescence (PL) and time-resolved PL 

of CdTe QDs and mixed CdTe QDs-Au NCs during gelation by Cd 2+  ions. (Ratios at left are 

initial CdTe/gold weight ratios, with arrows indicating increasing Cd 2+  concentration.)  19   

Au simultaneously quenches and enhances PL, and acts as a FRET spacer. (d) (Top) PL 

spectra of a close-packed CdSe QD superlattice (blue curve) and a binary NCSL of CdSe 

QDs and Au NCs (red curves). PL was largely quenched and PL lifetimes were shortened 

in the case of the binary NCSL compared to the QD-only NCSL.  32   (Bottom) NCSL-tunable 

extinction spectra taken from a single domain of binary NCSLs (BNSL) comprising 9.7-nm 

Au NCs and 17.1-nm Fe 3 O 4  NCs and prepared using different ratios of the two NCs. 

(c) Adapted with permission from Reference 19. © 2011 American Chemical Society. 

(d) Adapted with permission from Reference 32 (top). © 2008 American Chemical Society, and 

adapted with permission from Reference 36 (bottom). © 2013 American Chemical Society.    
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or photochemical oxidation of the ligand stabilizers on the 

QD and/or NC surfaces, removal of surface ligands, or mod-

ifi cation of electrostatic stabilization factors, causes QD–

NCs to condense into gels. Gels are then dried of interstitial 

solvent supercritically to form ultralow-density aerogels or 

under ambient conditions to form less-porous xerogels.  15   

In general, nanoscale (e.g., quantum) properties are retained, 

whereas the direct particle–particle connections formed during 

condensation afford enhanced collective optical and electrical 

properties, such as enhanced electrical conductivity, increased 

QD–QD Dexter energy transfer (active at short distances, <2 nm) 

and Förster resonance energy transfer (FRET; active at longer 

distances,  ∼ 2–10 nm), metal-induced quenching (by FRET 

or charge transfer), or plasmon-enhanced QD photolumines-

cence (PL), and the resultant shortening of nonradiative or 

radiative lifetimes.  17 , 19   –   21   Currently, in the case of mixed QD–

NC aerogels, all of these processes could be active. Therefore, 

a key challenge in this fi eld is to optimize the network struc-

ture to favor a targeted outcome, such as PL enhancement, 

by incorporating appropriate dielectric “spacers” to tune 

exciton–plasmon interactions for controlled semiconductor–

metal spacing.  19   

  

 Figure 2.      Spatially limited hybrid nanoconstructs. (a) Schematic depicting semiconductor nanoemitter (e.g., shell, rod) (red) and metal 

plasmonic nanocrystal (NC) (yellow) single nanostructures containing direct semiconductor–metal interfaces. (b) Schematic of a metal-

planet–quantum dot (QD)-satellite nanostructure, wherein the two components are separated by a spacer (e.g., SiO 2 , polymer, DNA). 

(c) Schematics of QD-core–metal-shell and QD-planet–metal-satellite nanostructures, wherein the two components are separated by a 

spacer (e.g., SiO 2 , polyelectrolyte layers, DNA). (d) (Top) Optical Stark effect (OSE): Time-resolved linear optical absorption spectra with 

subresonant excitation energy (1.892 eV at 1.45 GW cm −2 ), where the subresonant and probe laser beams are co-polarized. (Bottom) 

Complete quenching of the photoluminescence (PL) of CdS nanorods (dotted line) upon growth of gold tips (solid line). (e) (Top) PL spectra 

of CdSe/ZnS QDs and hybrid silver/SiO 2 /QDs as a function of the SiO 2  spacer thickness. (Bottom) PL spectra of bare CdTe QDs and 

gold/SiO 2 /QDs as a function of spacer thickness. (f) (Top) Multifunctionality afforded by CdSe/CdS giant-QD/SiO 2 /gold-shell hybrid constructs: 

Simultaneous excitation of the QD (ultraviolet excitation) and gold-shell (near-infrared excitation) components affords simultaneous optical 

readout (QD PL), thermometry (QD PL is temperature-sensitive), and photothermal heating (gold shell). (Bottom) PL intensity as a function of 

time (binning time, 10 ms) for CdSe/CdS QDs (red trace) and QD/SiO 2 /gold-shell hybrid nanostructures (orange trace), revealing radiative 

effi ciences of neutral and charged states becoming almost equal with Au-shell addition. (d) Adapted with permission from Reference 42 (top). 

© 2010 Macmillan Publishers Ltd.  Nature , and adapted with permission from Reference 46 (bottom). © 2006 American Chemical Society. 

(e) Adapted with permission from Reference 49 (top). © 2013 American Chemical Society, and adapted with permission from Reference 

50 (bottom). © 2013 OSA Publishing. (f) Adapted with permission from Reference 59 (top). © 2015 Royal Society of Chemistry, and 

adapted with permission from Reference 57 (bottom). © 2015 Macmillan Publishers Ltd:  Nature Nanotechnology .    
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 Nanoparticle colloids with carefully controlled size, shape, 

and surface properties can self-assemble into a wide array of 

ordered two- and three-dimensional nanocrystal superlattices 

(NCSLs) that mimic atomic lattices, and these can be single-

component, binary, or ternary NCSLs ( Figure 1b and 1d ).  23   –   35   

In the absence of signifi cant Coulombic or van der Waals 

particle–particle interactions or strong ligand–ligand interac-

tions, entropic contributions dominate, such that the nanopar-

ticle colloids behave as “hard spheres” and pack in various 

high-density confi gurations, depending on the ratio of the 

radii of the constituents. Interparticle interactions play a sig-

nifi cant role in the assembly of semiconductor/metal NCs, as a 

result of strong metal–metal van der Waals interactions, which 

favor close metal–metal associations.  29   

 Of the highly ordered NCSLs comprising more than one 

component, >20 binary NCSLs,  26 , 28   and only a few ternary 

NCSLs,  23 , 24 , 27   are known to date. These have been constructed 

from two metals, two or three semiconductors, two or three 

magnetic nanoparticles, or combinations thereof. Despite the 

structural diversity and sophistication, efforts to exploit new 

functionality resulting from ordered arrays of dissimilar but 

interacting nanoparticles remain limited to exchange-coupling 

and dipolar interactions in assemblies of magnetic nanoparti-

cle pairs,  28 , 30 , 31 , 35   enhanced electronic conductivity in semicon-

ductor mixtures,  34   tunable plasmonic properties (e.g., strength of 

near-fi eld couplings),  36   structure-correlated catalytic activity,  37   

and fl uorescence quenching in the case of metal–semiconductor 

pairing.  32   The last of these involved self-assembly of CdSe QDs 

and Au NCs, and fl uorescence spectroscopy studies revealed 

PL quenching and shortening of QD PL lifetimes. Thus, as for the 

disordered-network assemblies described earlier, optimization 

of exciton–plasmon interactions in semiconductor–metal mul-

ticomponent NCSLs through nanoscale positioning and spac-

ing will require the inclusion, for example, of nanospacers.  38   –   40     

 Hybrid excitonic–plasmonic pairs in single 
nanostructures:   Direct synthesis and molecular 
linkers 
 Single nanoconstructs exhibiting uninterrupted semiconductor–

metal connections can be directly synthesized ( Figure 2a and 

2d ). Results from this approach have been reviewed pre-

viously,  11   with examples ranging from symmetrical metal-

core–semiconductor-shell nanostructures  41 , 42   to anisotropic 

“nanodumbbells”  43   and metal-tipped tetrapods.  44 , 45   Structures 

comprising direct semiconductor–metal interfaces have been 

used to demonstrate plasmonics-enhanced nanoscale light–

matter and light–matter–spin interactions; for example, a 

resonantly coupled (metal local surface-plasmon resonance 

[LSPR] overlapping with emitter fi rst-exciton energy) gold 

core and CdSe shell afforded an enhanced optical Stark effect 

and ultrafast coherent spin manipulation.  42   More commonly, 

semiconductor–metal nanoscale heterostructures have been 

studied in the context of light-induced charge separation 

and resulting applications in photocatalysis,  11   where this 

very feature—rapid charge transfer from semiconductor to 

metal—results in fl uorescence quenching, such as in the case of 

metal- (gold-, silver-) tipped semiconductor (CdSe, CdS, ZnO) 

nanorods,  44 , 46 , 47   and Au 2 Cd alloy-core–CdSe-shell NCs.  41       

 To avoid the quenching observed for direct-junction 

semiconductor–metal nanoconstructs, dielectric spacers have 

been synthetically added ( Figure 2b and 2e ).  48   –   50   Here, the core 

is a metal nanocrystal (gold  48   –   50   or silver  49  ) overcoated with a 

thickness-tunable SiO 2  layer using a modifi ed Stöber process.  48   –   51   

The SiO 2  surface is subsequently activated for QD (CdSe,  48   

CdSe/ZnS,  49   CdTe  50  ) binding by the addition of aminosilane 

coupling agents,  48   –   50   giving a “planet–satellite” confi guration. The 

added control afforded by this synthesis over semiconductor–

metal spacing has yielded tunable effects ranging from non-

radiative damping (quenching) to fi eld-enhanced PL (either 

excitation  49   or emission  50   enhancement) as a function of SiO 2  

thickness. Both quenching and enhancement have been real-

ized for similar constructs in which the SiO 2  layer is effectively 

replaced by molecular spacers or rigid DNA linkers.  52   –   56   For 

example, Lee et al. demonstrated a “nanoscale thermometer” 

using a poly(ethylene glycol) (PEG) spacer, where PEG’s 

responsiveness to heat (thermal swelling) afforded QD PL 

intensity tuning through dynamic control of the CdTe QD–Au 

distance. For this case of overlapping PL and LSPR energies, PL 

enhancement occurred at the shortest distances.  52   In contrast, in 

QD–Au constructs connected by rigid DNA linkers, QD PL 

was quenched with a distance dependence characteristic of 

FRET (1/ d   6   dependence, where  d  is the distance),  53   or of either 

FRET or a nanometal surface energy transfer mechanism (1/ d   4   

dependence), depending on the Au NC size and the extent of 

PL–LSPR overlap.  55   

 In an inverse scenario compared to these metal-core–

semiconductor-shell nanostructures, metal shells have been 

grown or assembled around semiconductor cores ( Figure 2c 

and 2f ).  57   –   59   Here, rather than quantum semiconductor shells 

serving the role of the emitter, more traditional and potentially 

better performing colloidal QDs comprise the emitter, where-

as the gold shell imparts multifunctionality (combined QD 

PL and gold scattering or absorption-mediated photothermal 

heating)  58 , 59   or Purcell effects.  57   

 Jin and Gao reported a novel approach for gold-shell 

synthesis that used a peptide “gold deposition template,” cir-

cumventing the need for presynthesized gold nanoclusters as 

structural templates and affording a new opportunity for grow-

ing ultrathin shells (<5 nm 58  versus 5–20 nm 60,61 ). In addition, 

by adding one to two polyelectrolyte-bilayer spacers, they 

decreased the QD PL quenching compared to that of direct-

contact hybrid structures (45–75% versus  ∼ 100% quenching). 

Following a similar approach, but modifying and elucidat-

ing the highly pH-dependent gold-reduction process, Karan 

et al. employed thicker spacers in the form of SiO 2  layers 

of controlled thickness (10–17.5 nm).  59   They also used thick-

shell or “giant” CdSe–CdS core–shell QDs (g-QDs)  62   –   64   as the 

emitter, such that the combination of a thicker spacer layer 

and a more stable QD could afford complete suppression of 

gold-mediated quenching.  59   In addition, it was demonstrated 
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both experimentally and theoretically that the interplay of the 

thicknesses of the SiO 2  spacer and gold shell allows precise 

tuning of the LSPR from the visible to the near-infrared range, 

as well as large gold absorption cross-sections despite a com-

pact total particle size (40–60-nm “inorganic” diameter).  59   

 In contrast to the thin-gold-shell examples, Ji et al. established 

a true “plasmonic resonator” effect in the synthetic construc-

tion of a QD enveloped in a thick SiO 2  shell (35 nm) coated 

with a thick gold shell (20 nm), which afforded overlap of 

the QD PL and the gold plasmon resonance peak.  57   In this way, 

they targeted strong QD–Au coupling, which they observed 

in the form of neutral and charged states having comparable 

radiative effi ciencies resulting from Purcell enhancement of 

radiative recombination rates compared to nonradiative Auger 

recombination, similar to effects observed for CdSe–ZnS QDs 

dispersed on nano-roughened gold fi lms.  65   

 Finally, it is worth noting that structures comprising single 

QDs encircled by multiple Au NCs can be synthesized using 

various modifi cations of the DNA linker approach  66   or, more 

recently, “DNA origami” scaffolds ( Figure 2c ).  67   The latter 

approach takes advantage of the ability of DNA to self-assemble 

into designed two- and three-dimensional nanostructures by 

the interaction between a long DNA “scaffold” strand with many 

short DNA “staple” strands.  68   –   70   Adoption of the DNA origami 

approach to the assembly of nanomaterials, including the cre-

ation of semiconductor–metal hybrid nanostructures, affords 

an important opportunity to tune separation distances from 

 ∼ 5 to 200 nm in planet–satellite confi gurations, with possible 

implications for surface plasmon amplifi cation by stimulated 

emission of radiation technologies and self-

assembled metamaterials.  67      

 Experiments and simplifi ed systems 
to observe eff ects of hybridization 
 Considering the huge dependence on posi-

tion and polarization of plasmonic antenna 

effects, measurements have been conducted 

on individual emitters coupled to individual 

nanoantennas to avoid ensemble averaging, with 

the fi rst experiments reported about 10 years 

ago.  71   –   73     Figure 3  a displays a schematic of an 

experiment in which a single molecule was 

coupled to a single gold nanosphere attached 

to the end of a glass fi ber tip. The ability to 

position the antenna with nanometer precision 

and the use of a system with defi ned dipole 

orientation and high photophysical stability  74   

were key to obtaining a more than 20-fold 

shortening of the fl uorescence lifetime accom-

panied by a similar enhancement in the total 

emitted photons.  72 , 75 , 76    Figure 3b–3d  presents 

data on the enhancement of the spontaneous 

emission rate of a terylene molecule as a func-

tion of its relative lateral position with respect 

to the nanoantenna.     

 Although a nanospherical antenna is ideal for controllable 

and quantitative measurements, it does not offer the highest per-

formance. Indeed, many theoretical  77   –   80   and experimental  57 , 81   –   83   

works have studied structures with alternative shapes and 

sizes. The key challenge, however, is to design plasmonic 

nanoantennas that yield a large spontaneous emission enhance-

ment without signifi cant quenching. Here, conical antennas 

appear to be very promising because they can enhance the 

radiative rate by several thousand times while keeping the 

quantum effi ciency higher than 70%.  79 , 84 , 85   As the enhance-

ment effects become larger, a high degree of control over the 

emitter position and orientation becomes more crucial. 

  Plasmonic and antenna effects on emission 
characteristics: Directionality, polarization, 
collection effi  ciency 
 The previous section has shown that even simple antenna 

geometries allow for very large spontaneous emission enhance-

ments. The high symmetry of these antennas suitable for the 

enhancement of the spontaneous emission rate does not redis-

tribute the angular emission pattern suffi ciently to improve 

the photon collection effi ciency. However, several structures 

have been devised to achieve a high degree of emission direc-

tionality. For example, QDs have been successfully coupled 

to miniaturized Yagi-Uda antennas.  83   Furthermore, QDs and 

color centers have been coupled to plasmonic nanowires that 

convert the common dipolar emission pattern to guided modes 

of a subwavelength waveguide.  86   –   88   Unfortunately, the intrin-

sic losses associated with plasmonic structures prevent very 

  

 Figure 3.      (a) Schematic of an experiment designed to measure the effects of a 

nanoantenna on an individual emitter: A single gold nanosphere was attached to the end 

of a near-fi eld probe and was controllably positioned with respect to a single aligned 

terylene molecule. (b) Spatial image of the fl uorescence decay rate (in units of 1/ns) of a 

single molecule as a function of nanosphere position. (c) Cross-section depicted in (b) and 

its inverse, representing the fl uorescence lifetime in nanoseconds. (d) Fluorescence lifetime 

as a function of the axial separation ( z ) between the antenna and molecule. Adapted with 

permission from Reference 72. © 2006 American Physical Society.    
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high collection effi ciencies. Thus, there exist efforts to replace 

plasmonic structures with dielectric ones,  89   –   91   with planar 

antennas reaching a collection effi ciency of 99%.  4 , 92 , 93   Using 

such antenna devices could lead to a number of very exciting 

developments in single-photon technologies, where individu-

al photons could be obtained on demand and with near-unity 

certainty.   

 Plasmonic eff ects on multiexciton processes and 
photon emission statistics 
 Beyond impacting emitter exciton behavior, interactions with 

plasmonic nanostructures can modify the radiative and non-

radiative recombination processes of multiexciton states.  94   –   107   

Normally, because of Auger-mediated processes, multiexciton 

emission is suppressed,  108   such that a single emitter only pro-

duces one photon in a pulsed-excitation cycle. As a result, the 

second-order photon-correlation function ( g  (2) , which represents 

the distribution histogram of two successive photon-detection 

events) acquired under pulsed excitation exhibits little con-

tribution from the zero-time-delay peak, that is, 

a low probability of detecting two photons dur-

ing one excitation cycle. This condition is called 

photon “anti-bunching.” In contrast, recent  g  (2)  

studies of QDs coupled to various metal sur-

faces  94 , 98 , 102   and nanostructures  97 , 103 , 105 , 107   have 

revealed dramatic strengthening of the zero-time-

delay peak (i.e., photon “bunching”) (  Figure 4  ). 

At low pump fl uence, the area ratio of the center 

and side peaks of the  g  (2)  function ( g  (2)  (0) / g  (2)  ( T ) ) 

refl ects the ratio of biexciton to single-exciton 

quantum yields ( Q  2X / Q  1X ),  109 , 110   so these results 

indicate a strong enhancement of biexciton emis-

sion effi ciency relative to that of single-exciton 

emission.     

 This enhancement is commonly interpreted 

as resulting from plasmonic enhancement of 

bi- and higher-order multiexciton radiative 

recombination processes.  98 , 101 , 102   However, the 

fact that a similar enhancement of  Q  2X / Q  1X  can 

also be observed for QDs spread on an indium 

tin oxide substrate  94  —where no plasmonic 

enhancement of any radiative recombination 

process is expected—suggests that apparent 

plasmonic enhancement of bi-/multiexciton 

effi ciencies can, instead, result simply from 

a reduction of single-exciton quantum yields 

(QYs) due to the nonradiative processes dis-

cussed previously—direct charge tunneling or 

FRET to the metal. Thus, these results should 

be interpreted carefully. 

 Indeed, Park et al. showed that core/thick-

shell or “giant” QDs (g-QDs) coupled to silver 

“nanofl akes” can exhibit strong photon bunch-

ing with the center peak of the  g  (2)  distribution 

reaching two times the area of the side peaks, 

which requires that the biexciton QY ( Q  2X ) exceeds the single-

exciton QY ( Q  1X ) ( Figure 4b ).  104 , 105   This condition cannot arise 

from simple enhancement of biexciton radiative decay rate 

alone but requires an overall “quenching” (g-QD/metal PL 

 ∼ 1/10th g-QD PL).   

 Plasmon-assisted coupling between individual 
emitters 
 In addition to enhancing the radiative recombination rate of a 

quantum emitter, polarization of a metal nanostructure can 

result in near-fi eld electric interactions that are known to induce 

coupling between nearby nanoemitters. As such, plasmonics 

is a potentially powerful tool for enhancing FRET-based ener-

gy funneling in the context of photovoltaic and sensing appli-

cations and for inducing entanglement between the quantum 

states of two or more nanoemitters for a wide variety of optical-

communication and quantum-information technologies. 

 Provided that donor and acceptor emitters are located in 

close proximity to a metal NC, the energy transfer facilitated 

  

 Figure 4.      (a) CdSe/ZnS quantum dots (QDs) dispersed on a nano-roughened gold surface  100   

and (b) CdSe/CdS giant-QDs (g-QDs) dispersed on a silver nanofl ake fi lm  93   show strong 

enhancement in the degree of photon bunching (peak area ratio,  g  (2)  (0) / g  (2)  ( T ) ), with the center 

peak increasing to  ∼ 0.5 in the case of standard QDs and exceeding 1 (maximum  ∼ 2.0) in the 

g-QD example. (a) Adapted with permission from Reference 98. © 2013 American Chemical 

Society. (b) Adapted with permission from Reference 104. © 2013 American Physical Society.    
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by the surface plasmon modes can be interpreted semiclassi-

cally. The electric fi eld associated with the transition dipoles 

of the donor and acceptor emitters (i.e., QDs) polarizes the 

metal NC, creating oscillating images. The near-fi eld interac-

tions between the donor and acceptor dipole  images  open an 

additional pathway for energy fl ow. This pathway—because 

of the strong polarization of the metal NC—can dominate 

the total energy-transfer rate, signifi cantly increasing the rate 

values.  111   Details on the interplay between different plasmon-

assisted pathways to the total FRET rate have been previously 

considered.  112 , 113   

 Experimentally, plasmonic enhancement of FRET between 

different types of donor–acceptor pairs was demonstrated in 

recent ensemble-level studies.  40 , 114 , 116   In particular, by system-

atically analyzing PL decay rates, emission spectra, and inten-

sities of layered structures comprising Au NCs, acceptor–donor 

QD layers, and spacer layers, Ozel et al. demonstrated the 

ability to enable/disable coupled plasmon–exciton formation 

selectively at the donor or acceptor site of their choice.  115   

 Furthermore, using a similar acceptor-QD/metal/donor-

QD three-layer structure with varying spacer-layer thickness-

es, Zhang et al. investigated the distance dependence of the 

local-surface-plasmon-coupled FRET process.  40   Their analy-

sis revealed that the Förster radius defi ning the range of FRET 

processes is increased from 4.2 nm for typical donor–acceptor 

pairs to values exceeding 10 nm for plasmon-coupled FRET. 

 Whereas FRET coupling between ensembles of donor and 

acceptor QDs can be utilized as an effective exciton-transport 

mechanism in light-harvesting and -sensing applications, 

the coupling of a few individual QDs into “molecule-like” 

quantum states might afford important building blocks for 

solid-state quantum computation architecture  116   –   119   and many 

quantum-photonic–plasmonic devices such as 

single-photon transistors  120 , 121   and routers  122   

that are needed for realization of quantum-

communication networks. 

 Along these lines, recent theoretical stud-

ies have shown that plasmon-coupled FRET 

can also induce strong coupling and even 

entanglement between multiple QDs coupled 

to a plasmonic structure.  123   One of the goals 

in employing surface plasmon modes is to 

achieve an entanglement of excitonic qubits at 

distances exceeding the operating wavelength, 

requiring the use of plasmonic waveguide struc-

tures capable of supporting long-range plasmon–

polariton modes. 

 In the laboratory, QDs (and other quantum 

emitters) have been coupled to silver nanowires, 

and exciton–plasmon–photon conversion has 

been demonstrated,  124   as well as single-plasmon 

generation, routing, and detection.  125   Coupling of 

multiple QDs to a silver nanowire through “by-

chance” deposition was also recently shown.  126   

Similar to previous studies,  126 , 127   in this case, 

it was demonstrated that single photons emitted by individual 

quantum emitters are converted into plasmons that propagate 

along the length of the metal nanowire and are then converted 

back into single photons. By performing  g  (2)  measurements, 

the researchers found that two QDs spaced suffi ciently close to 

be excited simultaneously ( ∼ 200 nm) exhibited photon statis-

tics characteristic of two independent emitters ( g  (2)  ( T   =0)  ≈ 0.5) 

(  Figure 5  a).  126   In contrast, Wang et al. recently demonstrated 

that small clusters of two to three SiO 2 -coated g-QDs coupled 

to a plasmonic (gold) gap-bar antenna can exhibit complete 

photon antibunching—a characteristic of single quantum 

emitters, despite multiple optically active g-QDs being pres-

ent ( Figure 5b ).  128   Through a detailed analysis of their emission 

characteristics, they further showed that the observed photon 

antibunching resulted from plasmonics-enhanced dipole–

dipole interactions (i.e., metal-induced formation of a coupled 

QD–QD emissive state). In this case, the presence of the SiO 2  

shell yielded a QD–QD separation distance of at least 30 nm, 

rendering alternative interpretations of the data, such as con-

ventional dipole–dipole interaction, not physically possible. 

Furthermore, they additionally concluded that the observed 

complete antibunching behavior resulted not from the existence 

of nonemissive QDs in the clusters but from the formation 

of novel coupled-QD “molecules,” an important step toward 

entangled-photon generation.        

 Conclusions and outlook 
 Whether through conventional lithography, scanning probe tech-

niques, or “soft” chemical synthesis and assembly approaches, 

an important emerging aim of creating hybrid semiconductor–

metal (excitonic–plasmonic) couples is to realize enhanced or 

even new functionality that is unachievable by individual systems. 

  

 Figure 5.      (a) (Top) Scanning electron microscope (SEM) image of two quantum dots (QDs) 

(labeled A and B) coupled to a silver nanowire (C to D) with a separation of less than 200 nm 

afford (bottom) a trace of the second-order photon-correlation function ( g  (2) ( t )) characteristic 

of two independent QDs. (b) (Left) SEM image of three SiO 2 -coated giant-QDs positioned 

within the gap of a gold gap-bar antenna exhibit (bottom right) nearly complete photon 

antibunching in the single-exciton (SX)  g  (2)  trace, which was reconstructed from the (top right) 

raw  g  (2)  trace by rejecting photons of the biexciton (BX) emission process that arrive at early 

time delays. (a) Adapted with permission from Reference 125. © 2014 American Chemical 

Society. (b) Adapted with permission from Reference 128. © 2015 John Wiley and Sons.    
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Furthermore, although the intention is generally to suppress 

competitive ohmic losses, occasionally, enhancement of this 

effect is desired for photon-to-heat conversion (multifunctional-

ity, or photothermal heating combined with photoluminescence). 

Signifi cantly, the competition between plasmon-enhanced radi-

ative and nonradiative decay rates, as well as energy-transfer 

rates between emitters, can be infl uenced by varying interparticle 

distances, geometric arrangements, and emitter or metal charac-

teristics (size, shape, and composition). For soft synthesis and 

assembly strategies to afford the required degree of control over 

these properties of hybrid composite structures, new develop-

ments are needed in the ability to accurately place and even align 

nanoemitters and metal nanostructures relative to one another. 

Furthermore, this level of fabrication precision should ideally be 

extendable across multiple length scales. In this issue of  MRS 

Bulletin , Firestone et al. review emergent trends in NC-polymer 

composites toward mastering such hierarchical organization.    
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