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Quantum dot arrays have been projected as the material of choice for next generation displays and

photodetectors. Extensive ongoing research aims at improving optical and electrical efficiencies of

such devices. We report experimental results on non-local long range emission intensity enhance-

ment and anisotropy in quantum dot assemblies induced by isolated and partially aligned gold

nanoantennas. Spatially resolved photoluminescence clearly demonstrate that the effect is maxi-

mum, when the longitudinal surface plasmon resonance of the nanoantenna is resonant with the

emission maxima of the quantum dots. We estimated the decay length of this enhancement to be

�2.6 lm, which is considerably larger than the range of near field interaction of metal nanoantenna.

Numerical simulations qualitatively capture the near field behavior of the nanorods but fail to

match the experimentally observed non-local effects. We have suggested how strong interactions

of quantum dots in the close packed assemblies, mediated by the nanoantennas, could lead to such

observed behavior.VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4900521]

An assembly of quantum dots is an ideal system in which

coupling between individual dots through their charge, spin,

or optical excitation can be studied.1–4 Apart from these fun-

damental aspects of Physics such systematic studies will have

important implications in a wide range of fields from photo-

voltaic to displays and quantum information processing.5–7

This has motivated research8–10 aiming at exploring the pos-

sibilities of coupling excitons for improved efficiency in pho-

tovoltaic and photonic devices. One of the ways to improve

optical coupling in quantum emitters is to use plasmonic

nanoantenna.5,11 There has been an enormous surge in

research on plasmonic nanoantenna in last few years espe-

cially in trying to understand the efficiency of their coupling

with optical emitter.5,12,13 Various types of nanoantennas

have been fabricated using different methods.4,14,15 The sim-

plest of these is the elongated single or multiple metal nano-

rod or nanowires system with well defined radiative

properties.16–19 We have shown earlier20 that for small con-

centrations of the simplest plasmonic nanoantenna—spherical

gold nanoparticles—unexpected enhancement in photolumi-

nescence (PL) can be obtained in compact and coupled cad-

mium selenide (CdSe) quantum dot assemblies, mediated

essentially by plasmonic Dicke effect.21 How does the doping

with low concentration of gold nanorods (GNR) nanoantenna

modify the emission from compact quantum dot assemblies?

What are the regimes of PL intensity enhancement and

quenching? Is there polarisation dependence induced in the

quantum dot emission due to the anisotropic structure of the

GNR nanoantenna? In case there is enhancement, as was

observed earlier by us20 for spherical nanoantenna, is the

spatial extent of this enhancement near field only or is it long

range, due to possible excitation of some collective modes in

the close packed quantum dot assemblies?

To address some of these questions, we have performed

experiments on studying polarisation dependent PL measure-

ments on coupled spherical monolayer quantum dot assem-

blies onto which randomly dispersed, but partially aligned

GNR antenna were incorporated. We observed non-local ani-

sotropy and enhancement of PL in quantum dots induced by

the GNR nanoantenna located at distance significantly larger

than the decay length of the near field due to longitudinal

surface plasmon resonance (LSPR) of the rods. Such long

range interaction is most efficient when the quantum dot PL

emission wavelength is resonant with the LSPR of the GNR

nanoantenna. Numerical simulations qualitatively capture

the near field behavior of the nanorods but fail to match the

experimentally observed non-local effects. We have indi-

cated, qualitatively, how strong interactions of quantum dots

in the close packed assemblies, mediated by the GNR nano-

antennas, could lead to such observed behavior. Our results

indicate the possibility of utilizing this non-local effect medi-

ated by cooperative interactions between plasmons and exci-

tons in such hybrid assemblies to enhance nanoscale energy

transfer for potential applications in wide range of areas

from light emitting devices and photodetectors to

photovoltaics.

To study the coupling between quantum dots and GNR

nanoantenna, large scale compact assemblies of colloidal

Cadmium selenide (CdSe) quantum dots (Q) with a core di-

ameter of 10 nm were prepared on glass substrates by the

Langmuir-Blodgett (LB) method, as described earlier.20,22

Gold nanorods of aspect ratio (AR) 2 (A1) and 3 (A2) were

transferred onto LB prepared quantum dot assemblies,

described above, using dip coating method from their respec-

tive solutions in water. Typical transmission electron micros-

copy (TEM) images of such a film showing one GNR

with the quantum dot monolayer background is shown in
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Figs. 1(a) and S5 (Ref. 23). From the UV visible and PL

spectroscopy data on the solutions of the GNRs and quantum

dots, presented in Fig. S6 (Ref. 23), it is clear that while A1

GNRs have their LSPR peaks resonant with the PL emission

peak of quantum dots while that of A2 GNRs is considerably

red shifted and hence off-resonant with the quantum dot

emission. We now discuss the emission properties of the

films of these three samples, Q, A1, and A2, under p and s

excitation in confocal mode collected using the setup shown

in Figs. 1(b) and 1(c) with 633 nm incident radiation. All PL

spectra were collected at constant incident laser intensity and

several such spectra were collected at different regions of the

respective samples. Figure 2 shows typical spatial light in-

tensity map of effective enhancements of PL from A1 films

relative to Q film. Here, F¼
Ihyb
Iqd
, where Ihyb and Iqd are PL in-

tensity from the hybrid and quantum dot monolayer, respec-

tively. We observe strong spatial inhomogeneity for A1

films, while for A2 films this is negligible and comparable to

that of Q films. Further, we quantified the PL spectral anisot-

ropy GPL, GPL ¼ j
Ip�Is
IpþIs

j, where Ip and Is are PL intensity

under p and s excitation, respectively. The spatial map of

GPL, from confocal microscopy, for A1 and A2 films is

shown in Figs. 2(c) and 2(d), respectively. Remarkably, sam-

ple A1 shows typical maximum anisotropy of 0.66 and even

the minimum value recorded was 0.45 within the scan range

(see Table I). In contrast, typical GPL for A2 sample is

�0.10 at the most and hence comparable to the values

observed for the Q films (Fig. S14 (Ref. 23)) which in some

sense provides an estimate of the sensitivity of these meas-

urements. To correlate the spatial variation of F and GPL

with morphology better, we have also performed even higher

spatial resolution PL spectroscopy on these samples using

near-field scanning microscopy (NSOM).

Figure 2(e) shows a typical NSOM topography image

from sample A1. Typical separation between various GNR

assemblies as can be seen from this (and Fig. S10 (Ref. 23))

is (0.5–2.0) lm. In Fig. 2(f), we also summarize the spatial

variation of F under p excitation for a typical region of the

sample A1, showing GNR assemblies, in the background of

the compact quantum dot monolayer. Both F and GPL [sup-

plementary material, Fig. S14(c)] show maxima near GNR

assemblies which decay away from these regions. This is

similar to earlier observations.24,25 However, what is striking

is that F � 1 and GPL � 0 at locations far away from any

GNR assemblies (see Table I). This is indicative of some

form of non-local and long range coupling between GNR

mediated by the quantum dots in the compact quantum dot

monolayer. The maximum in F and GPL occur in plasmonic

hot spots (between regions marked 2, 3, and 4 in Fig. 2(e)).

In Fig. 2(h), we present the corresponding PL intensity

enhancement and anisotropy maps (Fig. 2(d)) for A2 sample.

The typical separation between the GNRs in this case is

ð0:3� 5:0Þlm (Fig. 2(g)). Interestingly, we see negligible

PL enhancement as well as anisotropy for these films for

identical density of quantum dots as for A1 films. The maxi-

mum (GPL) measured for this sample is 0.06 (Fig. S14(d)),

which is considerably smaller than even the minimum

observed values in A1. The maximum enhancement F � 1

and again considerably smaller than that observed for A1

sample especially for p—polarization (Fig. 2(a)). Moreover,

the observed variations in GPL (Fig. S14(d)) is uncorrelated

to the corresponding topographical features in Fig. 2(g).

FIG. 1. Experimental set up: (a) TEM

image showing a typical GNR over the

CdSe quantum dots monolayer. (b)

Schematic diagram for sample details

and NSOM setup where incident polar-

ized beam is raster scanned over a gold

nanorods sitting over a monolayer of

quantum dots. (c) p and s refers to inci-

dent polarization of laser beam parallel

and perpendicular to length of gold

nanorods.
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Another convincing proof of the authenticity of the results

also lies in the fact that F� 1 and GPL� 0 for sample A2 for

which the GNR LSPR is red shifted significantly from the

quantum dot PL emission (Fig. S6(b) (Ref. 23)) maxima and

the excitation wavelength and is hence off-resonant. This ob-

servation also strongly suggests the presence of nanoantenna

effect produced by GNRs at resonance. Thus, the confocal

and NSOM PL spatial map results are very similar although

due to the finer spatial resolution in NSOM mode, the corre-

lation of GNR assembly morphology to the observed value

of F and GPL can be clearly made, unlike that in confocal

mode.

To quantify, further, the process of this long range

enhancement, especially to provide the estimate of range and

the functional form of its distance dependence, we have per-

formed measurements of PL intensity, with p polarized

633 nm light, spanning the interface between regions on

quantum dot films with and without GNRs for A1 samples,

which showed clear PL enhancement. Figure 3 shows typical

confocal PL intensity image in the region of A1 film without

GNRs (Fig. 3(a)) and also the interface region (Fig. 3(b)).

While the intensity is fairly homogeneous in the region of

A1 film without GNRs (lines D and E), the interface region

shows clear intensity gradient from GNR populated region to

the bare quantum dot region (line C), perpendicular to the

FIG. 2. Confocal PL enhancement

maps for (a) A1 under p excitation and

for (b) A2 under s excitation. Confocal

PL anisotropy map for (c) A1 film and

(d) A2 film. NSOM topography image

for (e) A1 and for (g) A2. PL enhance-

ment factor from (f) A1 and (h) A2

both under p excitation.

TABLE I. PL spectral parameters for various samples: F, enhancement in

PL from hybrid with respect to the quantum dot monolayer, GPL being ani-

sotropy in PL, respectively, and P is polarization of incident laser.

Sample P GPL F

Q p 0.014

A1 p 0.30–0.60 5.00–9.00

A2 p 0.02–0.06 0.48–0.98

Q s

A1 s 1.60–3.30

A2 s 0.78–0.98
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interface. On the contrary, the PL intensity line profiles along

the interface (lines marked A and B in Fig. 3(b)) show fluctu-

ations due to defects in the quantum dot film and variation in

GNR density but show no discernible gradients. This sug-

gests that GNR density gradients are not responsible for the

observed PL enhancement profiles. We have also extracted

several line profiles across such regions, one of which (a typ-

ical one) is shown in Fig. 3(c). The PL intensity decay profile

across the interface, in Fig. 3(c), fits very nicely with an ex-

ponential distance dependent function (Table SII and Eq. (1)

of supplementary material).23 From the line profiles, we have

extracted the decay length of the spatial extent of PL enhance-

ment, due to the partially aligned GNRs as 2.66 0.1 lm. This

is a significantly larger spatial range of energy transfer com-

pared to the expected near field range for GNRs, as will

become clear later. In addition, the range is also much larger

than the range estimated for coupling between large quantum

dots leading to super-radiance behavior.2

To obtain possible insight into the mechanism underly-

ing the observed non local PL enhancement and anisotropy

finite difference time domain (FDTD) simulations,23 an

effective scheme, for such hybrid systems have been per-

formed. Figure 4 shows snapshots of the electric field profile

near a typical GNR (AR 2 and AR 3)-quantum dot mono-

layer interface, when excited with 633 nm radiation. The cor-

responding near field spatial profiles are also shown in Fig.

4(c) and indicate, expected, large resonant field enhancement

for AR 2 GNRs compared to AR 3, but the field enhance-

ment is limited to a distance of �50 nm from the GNR sur-

face. The field strength for the s is smaller than that in p.

Thus, although the qualitative trends of our experimentally

observed PL enhancement and the emission anisotropy in the

near field of the GNR nanoantenna are similar to the pre-

dicted electric field enhancement and emission anisotropy

from FDTD, the far field effects do not match. Since FDTD

fails to capture the observed long range energy transfer, we

propose a qualitative model to help understand our observa-

tions, especially with respect to the NSOM mode

illumination.

Let us imagine that the NSOM probe illuminates a small

region of compact quantum dots far away from any GNR as

FIG. 3. (a) Light intensity image of A1

film of regions without GNRs and (b)

interface of quantum dots and GNRs.

Here, the light intensity scale bar

shown in (a) is common to both (a)

and (b). (c) PL intensity distributions

along the lines drawn and as indicated

by lines shown in panels (a) and (b).

The gradient along the interface (blue

line) can be clearly distinguished from

the flat line profiles with random fluc-

tuations due to breakages in film. The

solid line (red) indicates the fit to the

gradient profile with an exponential

function.

FIG. 4. Absolute electric field intensity color map at all points along longitu-

dinal cross section of hybrid plane for (a) A1 (diameter 25 nm: length

50 nm), (b) A2 (diameter 20 nm: Length 60 nm). (c) Absolute electric field

intensity decay profile for (a) and (b) (for the lines drawn in color map).
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shown in the Video (Ref. 23). If there were only one or few

quantum dots in this illuminated area, the PL emission from

them would decay significantly before it reaches near GNR

and hence cannot feel the nanoantenna induced radiative

enhancements. However, with the close packed layer, the PL

emission is effectively transferred to the nearby GNR assem-

bly through the neighboring quantum dots. Since, the total

time integrated (�199 ms) PL spectra is collected in far field

geometry and includes the significant enhanced PL emission

coming from the region with GNR assemblies as well, the

total measured PL intensity is enhanced, even for initial exci-

tation in regions having no GNRs. Evidence for energy trans-

fer between close packed quantum dots can be seen (Fig. 5)

from the fact that there is red shift of 83meV in PL from Q

film compared to quantum dot solution PL as observed ear-

lier1 while that between the GNR and quantum dots is evi-

denced from a further shift in PL spectral maxima of 28meV

from A1 film with respect to quantum dot film. This addi-

tional shift is almost absent in A2 film as seen in Fig. 5.

Since the excited nanoantenna mode is itself polarized the

observed PL emission from the quantum dots, is also polar-

ized. The fact that excitation of the nanoantenna mode is im-

portant can be seen from the fact that the non-resonant GNR

can neither be excited by the laser line 633 nm nor by the

quantum dot PL emission and hence does not show any

change in F and G.

In conclusion, we have demonstrated non-local far field

enhancement of PL in quantum dots induced by isolated and

partially aligned GNR nanoantenna located on such assem-

blies. The emission is also anisotropic with the maxima

being near such GNR assembly which decays to finite, non-

zero, and significantly large values, even away from the vi-

cinity of any such assemblies. The decay length of such PL

intensity enhancement was found to be �2.66 0.1 lm.

Although the FDTD simulations can model some of the

observed near field effects, the non-local long range effects

cannot be effectively captured in such simulations. We have

indicated, qualitatively, how strong interactions between

quantum dots in the close packed assemblies, mediated by

the GNR nanoantennas, could lead to such observed behav-

ior. This, in turn, suggests the possibility of utilizing such

non-local effects in metal-semiconductor hybrid assemblies

to enhance nanoscale energy transfer for potential applica-

tions in various phenomena including, but not limited to,

improved displays, photodetectors, light harvesting, and

photovoltaics.
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