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Abstract

The fundamental spontaneous emission rate an emitter can be modified by its photonic
environment. By enhancing the spontaneous emission rate, there is a possibility of
extracting multi-exciton energies through radiative decay. In this report, we explore using
high Q and small volume cavities to enhance the spontaneous emission rate. We observed
greater than 50 folds enhancement in the spontaneous emission from photonic crystal
waveguide or microcavity using close-packed monolayer of PbS quantum dot emitters.
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1. Introduction

Multi-exciton generation can have an important impact to the solar energy harvesting.
While the efficiency of this process in quantum dots system is far less than originally
thought, detail understanding of the underlying physical mechanisms is important to
many applications using quantum dots. This project is motivated by the possibility of
converting the multi-exciton energies into radiative emissions thus realizing a novel
optical down conversion similar to a step down transformer for voltage control. Ability
to optically down convert energy photon energy into lower photon energy can also enable
solar energy harvesting of energetic photons.

The approach taken in this project is to enhance the spontaneous emission rate to a
level sufficiently high so that radiative decay rate becomes the dominant relaxation
channel. This requires large radiative enhancement factor. Large radiative enhancement
factor can be realized in low loss (high Q-factor) and small volume cavities, commonly
known as Purcell effect. However, if the Q-factor of the cavity is too high compare to the
emitter’s homogeneous linewidth, the benefit of the high Q cavity diminish. This
approach puts a severe limitation on its ability to realize very large radiative enhancement
effect as we find out in the course of this project. The type of photonic cavity used in this
approach is microcavity in 2D Si photonic crystal. Since the goal is to enhance emission
of colloidal quantum dots, the first problem the project need to address is how to integrate
quantum dots with the photonic crystal without severely degrading the Q factor of the
cavity and has the uniformity and reliability so that systematic measurements can be
made on the system. Section 2 describes the method of integration chosen and the results
of optical characterization, interpretation and analysis are in section 3.

An alternate approach is to use very small volume cavity. In order to create a cavity
much smaller than the emission wavelength, a metallic structure is required. We have
explored the enhancement effect of an emitter placed inside a metallic cavity. In this
approach, although the maximum quantum efficiency can only reach 50%, it is a very
effective approach for bad emitters (see section 4). In addition, this approach can protect
the quantum dot emitter from the environment which enables integrating the emitter in
various chemical and biological systems.



2. Integrating colloidal quantum dots with photonic

crystals

In a microcavity, the emission rate is maximum if a quantum dot is located at the
antinode of the cavity. Instead of selectively placing one or a cluster of quantum dot on a
specific location of the cavity such as using an AFM tip, we chose to blanket the photonic
crystal with a continuous film of quantum dots. If the quantum density is high enough, the
problem of matching the quantum dot location to the antinode is circumvented. There
remains a problem of controlling the location of the quantum dot in the out-of-plane
direction. The method described below using evaporative self-assembly technique takes
advantage of the hydrophobic force of the capping molecules on quantum dots in a polymer
film so that the quantum dots are preferentially resides at the air-polymer interface. This film
is subsequently transferred to the photonic crystal to enable quantum dots to have an intimate
contact to the photonic crystal. The following is a reprint of the manuscript published in
Small.
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Integration of a Close-Packed Quantum Dot Monolayer
with a Photonic-Crystal Cavity Via Interfacial Self-

Assembly and Transfer

Shisheng Xiong, Xiaoyu Miao, Jeffrey Spencer, Constantine Khripin, Ting S. Luk,*

and C. Jeffrey Brinker*

Nanoparticle (NP} assembly into ordered 2- and 3-D suoper-
lattices has stimulated enormous recent interest as a means
to create new artificial solids whose electronic, magnetic,
and optical behaviors can be tailored by the size dependent
properties of the individual NPs mediated by coupling inter-
actions with neighboring NPs '3 suggesting applications in
a diverse range of technologies including photovoltaics P!
sensors ¥l catalysis,m and magnetic slc:rag,c_'[E|r To date super-
lattice assembly has been demonstrated for monosized ']
binary®l and even ternary systems!®l allowing development
and interrogation of a range of collective behaviors: electron
transport within 2- and 3-D arrays of Coulomb islands,["*1"]
Forster resonance energy transfer between superlattice mon-
olayers in close proximity!?! switchable optical properties
through regulation of NP d-spacing!!! and new magnetic
behaviors based on binary superlattices.!'! Superlattice fab-
rication is performed principally by droplet evaporation!'
or convective assembly on an inclined plate.llj'lsr These tech-
niques are often slow, restricted in the size and topography of
the substrate, and result in van der Waals solids with limited
mechanical behaviors. To address these issues, we recently
reported a general, rapid method to prepare large area, free-
standing, NP/polymer monolayer superlattices by interfacial
NP assembly within a polymer film on a water surface.!!”!
Although it is well known that the Langmuir-Blodgett tech-
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nigue has been used to produce well-controlled nanoparticle
films.!"®4%] gur ultra-thin superlattices are highly robust and
transferable to arbitrary substrates, owing to the polymer
supporting layer.

Here we demonstrate interfacial self-assembly and
transfer as an approach to address a long-standing technology
challenge: how to integrate colloidal light emitters {e.g. semi-
conductor quantum dots) with a nanophotonic structure in a
manner that achieves good quantum dot {QD) coupling with
anti-nodes of the optical microcavity and avoids significant
() factor degradation. Enhancement of spontaneous emis-
sion from photo emitters coupled to the photonic crystal
microcavity based on the Purcell effect!® provides an ideal
test for the integration of bottom-up self-assembly with top-
down nanofabrication and means to study emitter behavior
in microcavities. Standard spin-coating cannot achieve a high
QD density, uniform film thickness, or controlled uniform
separation between (Ds over the photonic crystal surface.”!]
Fabrication of a photonic erystal cavity around a single pre-
screened Stranski-Krastanow grown QD with the desired
optical properties is laborious, although exquisite control in
position and wavelength is [:K:ns.s.il:nln\a.Elzl Templated growth of
single quantum dots on GaAs (111)B surfaces has been dem-
onstrated to provide good spatial control /2 but suffers from
low QD density and the requirement for precise control of
the emission wavelength for high () cavity applications.

Interfacial self-assembly (Figure la) provides a facile,
rapid, scalable approach to assemble and transfer a large
area NP array uniformly to a topographically complex pho-
tonic crystal surface (Figure 2). The transferred uwltra-thin
close-packed QD monolayer provides high density, uni-
formity and robustness, and controllable film thickness.!'"!
A seamless conformal interface between the QD monolayer
and the photonic crystal microcavity is realized by either a
“picking’ or “lifting’ transfer procedure (see Figure 1b and c).
This allows optimal coupling between (JDs and the photonic-
crystal cavity, while relaxing the requirement of positioning
individual QDs. Tuning the cavity resonance to the dot emis-
sion becomes unnecessary because the QD has a broad emis-
sion bandwidth. The uniformity and close proximity of the
NP monolayer to the photonic crystal (Figure 2b, c) surface
allows us to demonstrate an enhanced spontanecus emission
of infrared quantum dots coupled to the defect cavity, while
maintaining high Q.

wileyonlinelibrary.com
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the picking process consists of lowering
the photonic crystal device (see supporting
information for fabrication process of the
photonic crystal device: SEM images shown
in Figure 2a, b.) from the air side toward
the floating monolayer with the functional
surface of the photonic crystal face down

i R Temminto et oy as illustrated in Figure 1b. This enables the
Frae-sianc/eg NP wiocs QDs to be in close contact with the photonic

(b) \ crystal cavity, since the QDs reside at the
AFM scan polymer/air interface of the interfacially

Pick assembled array. In this case, the QDs and

(c)

Figure 1. a) Schematic of the evaporation induced interfacial assembly and transfer
process. b) Film transfer to the phetonic crystal cavity by picking process results in a
monolayer where the QDs are in close contact with the photonic crystal surface. ¢
Far lifting, the QDs are about 20-50-nm away from the photonic crystal in the vertical
direction. The AFM images (d) show the surface topography for the original vapor-side
interface (AFM image of lifted monolayer) and for the original water-side interface. The

dimension of the scanmed image is 250 = 250 nm.

Self-assembly of the close-packed PbS QDVpolymer mon-
olayer was based on the interfacial evaporation induced self-
assembly (EISA) procedure we recently reported '™l and
which we summarnize briefly here. Oleic acid ligated PbS QDs
{purchased from Evident Technologies) were dissolved in tol-
uene containing polythiophene (P3HT) (interfacial assembly
can be performed with many different polymers: P3HT is a
representative example). One drop (about 8 pl) of the QDY
P3HT toluene solution was dispensed guickly by a syringe
onto the surface of deionized water contained in a Petri dish.
The droplet immediately spread into a film of ca. 5 cm diam-
eter on the water surface. Solvent evaporation drives QD
self-assembly followed by solidification within P3HT. the
water interface maintaining the required QD mobility needed
to achieve a highly ordered low defect QD monolayer. The
resulting monolayer film is only 20 - 50 nm thick as deter-
mined by ellipsometry. The film thickness can be controlled
by the polymer concentration in the solution (0.53-5 mg/
ml in the case of P3HT). The hydrophobic PbS QDs reside
preferentially at the air/polymer interface as determined by
X-ray reflectivity measurements® and atomic force micros-
copy (AFM. see below). To transfer the monolayer to a pho-
tonic crystal or other device. we use the “picking’ or ‘lifting’
transfer procedures. respectively. As shown in Figure 1b.

2 www.small-journal.com
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the photonic crystal are separated by only the
stabilizing oleic acid ligand. To remove any
residual water that might have been trapped
in the film, the device was annealed at 100 °C
for 5 minutes in air. For plasmonic applica-
tions where it is desirable to have a dielec-
tric spacer between the ODs and the device
surface in order to reduce the non-radiative
damping ¥ the ‘lifting’ technique is more
suitable. In this case, the photonic erystal sub-
strate is first lowered into the water without
touching the floating film, and then the sub-
strate is retracted capturing the floating film
with the polymer side down (Figure lc).).
The proximity of the QDs to the original
vapor or water interfaces of the interfa-
cially assembled monolayer is evident from
AFM images of films transferred to silicon
substrates by lifting or picking (Figure 1d).
We observe an ordered nanoparticle surface
topography for the original vapor side inter-
face (AFM image of lifted monolayer) and a
featureless topography for the original water
interface (AFM image of picked monolayer). Here AFM is
of course probing the opposite side of the film topography
in contact with the photonic crystal surface for both transfer
procedures.

We have obtained high quality PbS monolayer arrays
using both P3HT and polystyrene polymers. It is impor-
tant to note that, in both procedures the QD monolayer
film remains freely suspended over the pholonic-crystal
surface without deforming and adhering lo the side walls
of the cavity. For example, Figure 2d shows a free-standing
film suspended over a cormer feature of the device. This
is because the transferred QDVpolymer film formed by
this evaporation-induced interfacial assembly method is
adherent and has a high elastic modulus To directly measure
the mechanical properties of the nanoparticle/polymer com-
posite film, the monolayer array was transferred to a copper
substrate with a single 150 pm diameter circular hole in
the center via the lifting process. The deflections of the film
under different AFM nano-indentation forces are shown in
Figure 52. The Young's modulus of the PbS-P3HT film was
determined to be about 1011 Pa using a simplified Reissner
analysis.?! To confirm that the quantum dots are indeed in
a close-packed configuration, the film can be transferred to a
TEM grid and examined as shown in Figure 2c. The density of

small 2010, X, No. XX, 1-5
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Fgure 2. a,b) SEM images of a photonic crystal device before (a) and after (b) coating with
a Pb5-P3HT compaosite monolayer film. ¢) TEM image of the PbS-P3HT monolayer. d) a SEM
image of a freely suspended monolayer spanning a comer feature of the device (This freely
suspended region is used as a control to monitor optical properties of the monolayer itself).

the PbS QD in our sample is estimated from the TEM image
Lo be about 2 % 10" cm? with film non-uniformity less than
20%. As determined by GISAXS12 interfacial assembly and
transfer procedure allows us to achieve an ordered (uniform)
close-packed QD array over large areas.

To demonstrate the importance of having the QD array
in close contact with the photonic crystal cavity, we compared
the enhanced photoluminescence (see supporting informa-
tion for details of the optical characterization setup) from
samples prepared by the *picking’ and “lifting” transfer proc-
esses. Figure 3a shows a dramatic enhancement in photolumi-
nescence from the cavity mode for the QD film transferred
to the photonic crystal by picking (blue curve) versus the
supported QD film transferred by lifting (red curve). The
difference between the two photoluminescence measure-
ments is consistent with the fact that the ‘picking’ process
allows the OQDs to be in close contact with the photonic-
crystal cavity, providing better coupling to the cavity and
thereby yielding a larger enhancement. In contrast, for the
‘lifting” process, the coupling is dramatically reduced despite
the QDs being separated by only 20-50 nm from the cavity
in the vertical direction. In both samples, resomances are
observed at about 1460 nm with the electric field polar-
ized parallel 1o the waveguide axis. The broad background
from the photoluminescence of QDs is similar to that
obtained from a free-standing QD-polymer film {Figure 2d).

small 2010, X, No. XX, 1-4
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The enhancement factor from the “picking’
process is about 7 times larger than the
‘lifting” process. This ratio is consistent with
a typical field decay length of 50 nmP7
and a typical film thickness of 50 nm. The
emission lifelime of the “picking’ sample
should be shorter than the ‘lifting’ sample.
In these experiments, we made no attempt
to use more mono-dispersed quantum dots
than those commercially available. We
estimate on average there are 20 QDs per
nm bandwidth residing on the antinodes of
the microcavity. With such a small number
of emitters in a monolayer film, radiative
lifetime measurement is proved to be diffi-
cult because of low emission rate (1-3 psec
radiative lifetime) and lack of suffciently
low noise photon counting detector in this
wavelength region. The highest Q) factor
observed with this deposition technique is
about 8060 as shown in Figure 3(b), where
the polarization of the photoluminescence
is perpendicular to the waveguide axis
To the best of our knowledge, this is the
highest () factor ever achieved using col-
loidal QDs coupled to a photonic crystal
microcavity. We believe this Q factor
reflects the quality of the photonic crystal
rather than the transferred film. Numerical
simulations have shown that theoretically
the cavity () with this polymer film can be
as high as 25,000.2%

In order to ensure the enhanced emis-
sion is not due to amplified spontaneous emission, we also
measured the power dependence of the resonance position
and () factor of the photonic crystal cavity (data not shown
here). We use the the O factor and the ratio between the
peak and the off resonant background near the resonance as
indicators of amplified spontaneous emission effect. Within
the resolution of the measurements (.15 nm). we have not
observed increase in ) factor nor any significant change in
the peak to background ratio: constant to within 20% over
several orders of magnitude change in the laser power. The
intensity dependent data {not shown here) of composite films
using P3HT and polystyrene are virtually identical, indicating
that there is no change in the emission behavior that might
have caused by charge transfer in P3HT; this result is con-
sistent with Noone et. al?l In addition, the resonance loca-
tion is independent of excitation intensity which implies
the heating from the excitation laser has no impact to our
studies.

In summary, we present a new and robust approach to
deposit a uniform, densely packed and highly ordered QLV
polymer monolayer onto a high O photonic crystal cavity.
A Q factor higher than 8000 has been achieved, indicating
the compatibility of this technique with high Q cavities. This
approach will enable applications that require integration of
active nano-photonic emitting materials with passive micro-
photonic structures.

www.small-journal.com
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Figure 3. a) Comparison of PL signals from the QD-photonic crystal
cavity systems preparad by picking orlifting transfer processes. The inset
denotes the region of excitation marked by a black dashed circle. This
resonance is refemred to as E, resonance with its emission polarization
parallel to the waveguide. Also shown is the PL from a free-standing
monolayer PBS-P3HT film. The PL is collected by a spectrometer with a
300 g/mm grating and 50 pm slitwidth. b) Enhanced photoluminescence
spectrum DFEY resonance of an L3 photonic crystal microcavity collected
by a spectrometer with 2 300 g/mm grating and 50 pum slit width. The
polymer used in the sample for this experiment is polystyrene. The inset
shows a high-resolution measurement of the same resonance measured
with a 900 g/mm grating and a 10 pm slit width. This resonance
inherently has a much higher Q factor. The linewidth of the resonance
is measured to be 0.198 nm and the corresponding Q factor is 3060.
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3. Enhanced emission of PbS quantum dots in 2D photonic
crystal microcavity

For small low loss photonic cavity designs, photonic crystal microcavities can achieve
mode volume as small as 0.15 (A/n)*, where A is the resonant wavelength and n is the index
of refraction of the cavity material. In this project, we use a cavity with a mode volume of

0.95 (A\/n)* in a Si photonic crystal with triangular lattice. In this study, we observed more
than 50 fold enhancement in the emission.
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Study of Enhanced Emission PbS Quantum Dots on a
Photonic-Crystal Microcavity
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Abstract: We report a significant enhancement from lithographically-produced photonic crystals with
post-processing quantum dot (QD) incorporation. Our analysis shows that the observed enhancement cannot be
explained by the combined effects of Purcell enhancement and dielectric enhancement with microscopic local
field. We speculate that close-packed superlattice quantum dot structure may have a role in transferring energy
into the cavity.

©2009 Optical Society of America
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(300.2140) Emission.

References and links

1. Introduction

Quantum-dot emission in a microcavity has been intensively investigated recently due to rapid advances in
achieving simultaneously high Q and small volume cavities [1]. Semiconductor quantum dot emitters in
microcavities have the potential to realize practical devices such as zero threshold lasers[2], single and
entangled photon sources[3][4], as well as quantum optics research[5-8]. In addition, the ability to enhance the
emission rate by virtue of Purcell effect [9]is also important to silicon photonics[10], solid state lighting [11-
12]and solar cell applications [12-13].

In the case of good emitters such as InAs quantum dots, in which the total dephasing and the radiative
linewidth are both much smaller than the cavity linewidth, large enhancement in spontaneous emission have
been clearly demonstrated in the weak coupling regime[9, 14-15]. Recently, strong coupling behavior has also
been demonstrated [16-18]. Current understanding of non-ideal or “bad emitter” systems in which the
dephasing width is much larger than the radiative width and the cavity linewidth, is less clear[19-25]. Examples
of bad emitters are PbS and PbSe colloidal quantum dots, Si nanocrystals and Er** ions in SiO, or silicon
nitride. According to several theoretical studies[26-28], for emitter systems like PbS and PbSe quantum dots,
the Purcell enhancement is negligible and is independent of the cavity Q factor but rather is determined by the
emitter Q factor. Experimentally reported enhancement factors from “bad emitters” have large amount of
variation. A Purcell enhancement factor of 30 was reported by spin coating colloidal PbS quantum dots
embedded in polymethylmethacrylate (PMMA) on photonic crystal microcavity of Q=400. An enhancement
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factor of 10 has also been reported with a cavity Q of 3000[23] using selective chemical attachement activated
by AFM nanopatterning. In another case, PbS quantum dots were attached to the cavity by soaking which
yielded an enhancement factor of 35 from a cavity with Q=775[21]. And for Er**ion in silicon nitride, a room
temperature enhancement factor of 1.4 was reported from a cavity with Q=6000[29]. None of these studies
have demonstrated enhancement factor that varies with Q factor. For a PbS studies, the reported enhancement
factor is significantly larger than what is expected based on the observed linewidth of 26meV from low
temperature photoluminescence studies [30]. A even broader homogeneous linewidth of 100meV has been
determined from smaller PbS quantum dots [31-32] emitting at 800nm. In addition, the impact of spectral
diffusion effect is not known. In all these studies except for the AFM patterning case, the emitter locations with
respect to the surface of the photonic crystal are not well defined. There are also other unknowns such as the
exact property of the quantum dots that are responsible for the enhanced emission and its interaction with the
material of the microcavity.

In this study, we attempt to eliminate one of these unknowns by placing a 20-50nm thick polymer film with
a monolayer of close-packed PbS onto the surface of a photonic crystal microcavity where these quantum dots
are located only at the interface between the polymer and the photonic crystal. In this case, the surface of the
cavity is uniformly covered with quantum dots and therefore there are an equal number of dots on the node and
antinode region of the cavity [33]. This removes one of the unknowns in the emission behavior. The highest Q
factor achieved with this technique is greater than 8000. After studying a large number of cavity-emitter
structures, no clear linear relationship between the enhancement factor and the cavity Q has been found which
suggests that our measurements are consistent with the “bad emitter” regime. However, the enhancement factor
observed is larger than the dielectric enhancement effect can produce, which suggests that there are other
enhancement mechanisms at play.

2. Fabrication of photonic crystal and close-packed monolayer polymer film

For photonic crystal and microcavity fabrication, the starting material is 150 mm
diameter silicon-on-insulator (SOI) wafer with 250nm thick silicon device layer with 3um
thick buried-oxide (BOx) layer. The pattern is a triangular lattice with lattice constant in the
I'-K direction of a=415nm and holes diameter of 240nm. A cavity is created in the photonic
crystal lattice by three missing air holes (L3) shown in Fig. 1a-c. The cavity has the end-hole
positions shifted away from the cavity by a nominal value of 0.18a, 0.025a, and 0.18a, as in
the design by Akahane et. al.[34]. Devices fabricated have 100-300 holes in the I'-K
direction with a waveguide along this direction and 15 holes in the I'-X direction. We use
commercially available, mass-production semiconductor processing tools throughout the
fabrication process. A waveguide is also fabricated which can be used to couple an external
source into the microcavity. The coupling strength is controlled by the number of holes
between the waveguide and the cavity. In particular, we will discuss result associated with
the 1.1W; waveguide which has a width 10% larger than it would have been with a row of
missing holes.
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Fig. 1. (a) SEM image of a 2D silicon membrane photonic crystal device consists
of two L3 cavities and a waveguide supported with SiO, anchors. The top left
inset shows the top view of the holes on the silicon membrane. The lower right
inset shows the side wall profile of the holes. (b) Top SEM view of the L3 cavity
created by three missing air holes. (c) SEM image of a cavity with polymer film
on top. (d) TEM image of a monolayer of PbS in P3HT polymer. Lower left
inset shows a free-standing film hanged by a corner feature of the photonic
crystal sample.

All lithography was performed on an ASML PAS 5500 Step-and-Scan system, and all dry
etching was performed with Applied Materials Centura platform tools. The first lithographic
layer defines the photonic crystal by patterning 240nm holes in the photoresist. This pattern
is transferred into the device layer using reactive ion etching (RIE), optimized for vertical
sidewalls. A second mask level was used to etch the substrate on either side of the device for
optical access. A deep reactive ion etch (DRIE) was used to create roughly 80um deep
grooves into the silicon to provide optical coupling of the lens fiber to the waveguides. To
protect the photonic crystal that had been etched into the device layer, an 8.5 kA polysilicon
film was deposited on top of a 2um thick oxide film and then patterned with a photoresist
mask. The polysilicon hard mask was used for the oxide etch steps because relatively thick
oxide films were employed (2um hard mask, 3um BOx). The oxide film served as a hard
mask for the DRIE Si etch. During the BOX etch, the photoresist mask is consumed and the
polysilicon hard mask is used to define the pattern. During the DRIE handle etch, the
polysilicon mask is also consumed so that the underlying 2um oxide film now acts as the
mask to protect the silicon photonic crystal device. Finally, hydrofluoric acid (HF) was used
to strip the remaining oxide hard mask, as well as to undercut the SOI buried oxide below the
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lattice. A timed etch was used such that the oxide was stripped below the lattice to produce
an air-clad photonic crystal, but sufficient oxide remained at the edge of the device to anchor
the structure to the substrate. Fig. 1a shows SEM images of a fabricated photonic crystal
device.

For the quantum-dot fabrication and deposition, a close-packed PbS quantum-dot
monolayer was created using evaporation-induced nanoparticles/polymer self-assembly
[35]at a fluid interface, followed by monolayer transfer as recently reported[36]. Because the
monolayer has a high modulus, it remains freely suspended over air holes without adhering
to the side walls. A TEM image of the QD film on a TEM grid is shown in the inset of Fig.
1d.

The close-packing gives a QD density of 10° pm™, which is over two orders of magnitude
higher than typical with Stranski-Krastanow growth. The density and uniformity are
sufficiently high to relax the requirement of matching QD locations to the antinode region of
the cavity mode. Moreover, colloidal QDs provide greater material and functionality
flexibilities.  Incorporation of QD can occur during post-processing, under ambient
conditions using self-assembly of ligand functionalized QDs[23, 35, 37]. These quantum
dots are purchased from Evident Technologies.

For measuring the photoluminescence (PL) of the excited QDs, we used a standard micro-
PL setup where the excitation source and PL signal are focused and collected through
0.65NA Mitutoyo 50X NIR HR microscope objective. This objective has a collection
efficiency of 42% of the upper hemisphere. The field of view of the detection optics has
about a 15 um diameter. The excitation source is a cw 830nm or 904nm diode laser
delivered by a single-mode 5.6um core fiber collimated to match the entrance pupil of the
objective. We have not notice any significant difference in the enhancement factor when
switching between these two laser sources. However, 904nm laser appears to have a smaller
photo-bleaching effect. A diffraction limited spot size of ca. 1.6um 1/e® diameter is
produced on the sample. The out-of-plane PL is collected by the same objective and coupled
to a 0.3m or 0.5m imaging spectrometer through a 50um diameter multimode fiber with a
spectral resolution of 0.4nm and 0.1nm respectively equipped with an OMAV InGaAs array
detector.

3. Optical measurements
3.1 Spectroscopy of microcavity resonances
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Fig. 2. Measured photoluminescence (PL) spectrum taken from the same L3
cavity with polarization parallel (E,) and perpendicular (E,) to the long axis of the
cavity. The calculated modal patterns are shown next to resonance peaks. The
inset shows the excitation spot size relative to the cavitv.

Emission is mostly from the ground-state transition, involving states populated via
collisional relaxation from higher lying levels in a picosecond time scale [38]. In fact, the PL
signal is independent of the excitation polarization is consistent with this pump relaxation
dynamics [39]. However, the PL from the cavity resonance is highly polarized and is present
only when the quantum dots on the cavity are excited. The wavelengths of the resonances
are expected to be slightly different from sample to sample due to variation in the polymer
film thickness, but their relative positions are very reproducible and in agreement with Finite
Difference Time Domain (FDTD) calculations. We have used both poly-3 hexylthiophene
(P3HT) and polystyrene (PS) polymer for the deposition and the difference in performance is
relatively minor. A typical emission spectrum is shown in Fig. 2. Using PS, the highest Q
factor observed from the E,3 resonance is greater than 8000. The broad background
emission is from quantum dots that are either not coupled to the cavity or outside the cavity
region excited by the laser. This emission is very similar to the one obtained from a free-
standing film (free-film). The feature on the red trace at 1560nm is the 1.1W; waveguide
mode. The small features on the short wavelength side of the Ex1 resonance are hybridized
modes caused by the coupling between the waveguide and the cavity. This coupling
apparently has no effect on the E, resonances.
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Table 1: Calculated and measured wavelengths and Q factors of cavity resonances.
E // WG means the electric field polarization of the PL is parallel to the waveguide
(WG) and E X WG means the polarization of the PL is perpendicular to the WG.

Experimental

uncertainty
wa/2nc  Identification A (expt/cal) Q... (expt/cal) (nm)
EXWG Ex1 1457.9/1455.04 600/416 +/- 3
E// WG Eyl 1399/1396 720/1214 +/- 10
E// WG Ey2 1512.44/1511.7 1257/2182 +/-11
E// WG Ev3 1580.74/1582.7 8028/16108 +/-9

For the photonic crystal bandstructure, wavelengths of micro-cavity resonances, and Q
factors calculations, we use the MIT Electromagnetic Equation Propagation (MEEP)
simulation environment[40]. The photonic crystal structure including the polymer film is
discretized into a three dimensional computational supercell of 20 x 16 x 20 periods.
Quantum-dot emission is simulated by an arrangement of multiple point current sources
covering the waveguide and L3 cavity. For each point source, we use a Gaussian pulse
centered at a reduced frequency of 0.273 (in unit of ¢/2ra) with a frequency spread of 0.05.
To account for the existence of a bandgap in the transverse electric (TE) polarization of the
L3 structure, the current sources are oriented in the z direction. Computation of the
eigenmodes together with their quality factors (Q) were performed with the harmonic
inversion technique [41], which determines the resonant frequencies, decay constants,
amplitudes, and phases of sinusoids composing a discretized time signal. Unlike the more
commonly used Fourier transform, harmonic inversion describes the signal using an
adaptive, finite length series of decaying and non-decaying sinusoids. The respective time
series of the electric components for use with harmonic inversion were detected in the far
field at 8 periods (computational unit cells) away from the sources to match the detection
condition in the laboratory. These time series were later processed via the harmonic
inversion method to identify the resonant modes. For the Q factor and modal field
calculations, we use a narrower (than quantum dot emission) bandwidth for the point sources
and tune the emission frequency around the neighborhood of the mode resonances. The
modal patterns for Ex1, E,2 and E,3 are shown in Fig. 2. The quantitative agreement
between theory and experiment is to within 1.5% in the resonant frequencies as summarized
in Table 1. For the Ex1 resonance, the measured Q factor is higher than the calculated value.
The cause may be due to the sensitivity of the cavity geometry, so that very slight differences
between input and actual cavity parameters result in noticeable discrepancies. Examples of
sensitive parameters include side-wall straightness, hole locations and diameters [34]. In
addition, the integrated PL signal from the cavity-free patterned region is comparable to that
obtained from a free-standing film, indicating that the photoluminescence signal is not being
trapped or scattered outside the field of view of the detection system.

3.2 Angular distribution measurements

In order to be able to determine the enhancement factor of the emission, it is necessary to
normalize the cavity-resonance emission to the emission in the absence of cavity influences.
We chose emission from a free-standing film with monolayer of close-packed quantum dots
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(free-film) as the reference because 1) the angular distribution from the film is garanteed to
obey the cosine law; 2) the PL intensity is very stable and uniform to within 20%. While the
emission from the cavity-free patterned region is typically used as a reference in other work
[20], we find this to be less reliable because the angular distribution is not a cosine law
distribution and it can be affected by any buckling of the photonic crystal membrane
structure. The two measured angular distributions are shown in Fig. 4. In addition, the
intensity from the cavity-free pattern region can depend on the quality of film contact to the
photonic crystal surface.

1.0 1.0
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Fig. 4. Measured angular distribution of photoluminescence from a free-film (a), and
cavity-free patterned region (b) with a monolayer of close-packed quantum dots. All data
are normalized to the value of cos(24°), which is the smallest angle the apparatus can
measure. The inset of (b) is the calculated anqular distribution.

As shown in Fig. 5, a coarse measure of the angular behaviors and collection
efficiencies of the cavity resonances is possible using different numerical aperture
focusing/collection objectives corrected for the transmission of the pump and signal
wavelengths. The PL signals from 20x and 10x objectives are normalized to the collection
efficiency value of 0.42 of 50x objective if it were a Lambertian source. To ensure this
methodology is correct, we use the emission from a free-standing film (free-film) as a test
case and obtained the expected Lambertian behavior. From these measurements, we
determined that the emission from the free-film and anchor (pattern-free) regions have very
similar behavior. Both E,1 and E,2 resonances do not have emission intensity peaked toward
the normal direction due to significantly weaker signal than the Cosine law distribution when
the 10x objective was used. These behaviors are consistent with the angular distributions
obtained from numerical simulations shown in the insets of Fig 5¢ and 5d. Using an
objective with a numerical aperture of 0.15, the excitation spot size is much larger than the
cavity area, the PL signal is overwhelmed by the contribution outside of the cavity area and
therefore no cavity resonance emission was discernable. Most importantly, none of these
emissions show a very directive behavior which can render gross errors in the enhancement
factor estimates discuss later.
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Fig. 5. A schematic drawing depicts the collection geometries of different numerical aperture (NA)
objectives (a). The PL signals from 20x and 10 objectives are normalized to the Lambertion collection
efficiency valued 0.42 for 50x objective. The relative collection efficiency behaviors of the PL from free-
film, anchor region and the Cosine law (b) show minor deviation from the Cosine law behavior. The
relative collection efficiencies of E,1 (c) and E,2 (d) resonances using 10x objective are much smaller than
Cosine law behavior indicating the emissions directed away from normal in agreement with simulation
results (insets).

3.2 Enhanced emission from the Fabry-Perot-like waveguide resonances

Along the y direction, the waveguide can be viewed as a Fabry-Perot (FP) cavity
bounded by two photonic lattice mirrors. The propagation vector of the FP cavity modes is
along the y direction, and therefore its electric field is along the x direction. When the
excitation source is focused on the waveguide, enhanced emission along x polarization is
observed shown in Fig. 6. This emission is 12 times larger than that of the free-standing
film.  As we expect, no resonance is observed in the y polarization. The background
emission arises from the emitters not coupled to the FP cavity resonance and scattered to
free-space whereas the enhanced emission is scattered into the free space as the dominant
loss mechanism. The excitation area is defined by the excitation spot diameter along x
direction and the width of the waveguide in the y direction, therefore this area is comparable
to the L3 microcavity. The mode volume however is quite large because there is no mode
confinement in the y direction. Correcting for excitation area that can couple to the
waveguide (area ratio = 5), the emission rate is approximately 50 times larger than free film
even if one assume 100% collection efficiency[42]. Because of the low Q factor (200) and
large mode volume, Purcell effect enhancement factor is negligible. It is known that the
presence of high refractive index material can also enhance emission rate due to n
dependence in photonic density of states. Although the vacuum field amplitude is reduced
by a factor of n by conventional macroscopic polarization consideration, the net emission rate
is enhanced by a factor of n [43-45]. To include the local field effect, the spontaneous

emission rate of a dipole in a dielectric medium is given asI'y = (nL2 )Fvac , Where I'p and T'yac
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Fig. 6. Enhanced emission from the Fabry-Perot-like resonance of the 1.1W; waveguide,
free film and lattice regions. Subtracting the peak signal from the background at
1530nm, the enhancement factor with respect to the free film without area correction is
12. The inset shows the dielectric enhancement factor for different index enhancement
models.

are the decay rates of an emitter in a dielectric and vacuum respectively, L is the local field
enhancement factor. In the absence of local field enhancement (L=1), the enhancement
factor from the dielectric effect is n. There are many local field models: for the real-cavity
model, L=(3n?)/(2n?+2) [46]; virtual cavity, L=(n*+2)/3[44, 47]; and the Crenshaw model,
L=((n*+2)/3n)* [48]. Experimental studies in the index range of 1.3-1.7 have shown
agreement with the real cavity model. Based on the real cavity model for silicon, a
significant dielectric enhancement factor EFp=nL?=7.3 is obtained.

To determine quantitatively the enhancement factor, the emitter area (A), enhanced

Table 2: estimated enhanced emission factor based on dielectric enhancement only.

A EFA EFD EFcav ﬁ nFS nC Melz‘_strged
Free-film 1 1 1.8 n/a n/a 1 0.42 1
11w,
Resonance 0.2 1.3 7.3 1.0 1 1 1 1.54 8-12
Ex1
Resonance 0.16 1.3 7.3 1.0 1 1 0.45 0.72 8-16

absorption factor (Ea), dielectric enhancement (EFp), Purcell cavity effect enhancement
(EFcav), coupling strength to the photonic crystal cavity (B), coupling strength to the free-
space from the cavity (nrs), and collection efficiency (nc) need to be included. Therefore,
we write the expected signal (S) as

S=A-E,-ER,-EF_, - 81 1., and the values in this expression for the free-film and FP

cav

resonances are shown in Table 2.
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An enhanced absorption factor Ea=1.3 is present when the quantum dots resides on the
surface of Si because significant reflectivity from silicon provides another pass to excite the
guantum dots again. The dielectric enhancement factor for free film is 1.8 with respect to a
truly free quantum dot in vacuum. Assuming 100% collection efficiency, the observed
enhancement factor is significantly larger than this estimate.

3.3 Enhanced emission from microcavities

As discussed before, we use free-film emission as the reference. The enhancement factor is
determined by taking the magnitude of the emission peak above the background and dividing
by the free-film emission at the same wavelength. The enhancement factors for E,1, E1,
Ey2 and E,3 are shown in Fig. 7. The data shown are composed of measurements performed
on different samples using both P3HT and PS polymer. Notice that the expected linear
dependence of the enhancement factor on Q due to the Purcell effect is absent confirming
that PbS belongs to the “bad emitter” class. While the exact value of the homogenous
linewidth of PbS is still under debate, based on our low temperature 105K measurements, the
emission linewidth is 26meV. Other single quantum dots measurements of PbS emitting at
800nm, the homogenous width was determined to be 100meV [32]. We believe the actual
homogenous width of 1500nm emitting dot is significantly less than 26meV because our
measurements were not performed on a single dot and therefore this width includes
inhomogenous broadening. In addition, the spectral diffusion effect will also contribute
additional broadening.

Since the index of refraction of free-film is different from the cavity, the expression for

the enhancement factor for cavities with respect to the free-film is given by
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Fig. 7. Measured enhancement factor of E,1, E,2, and E,3 microcavity
resonances with respect to the free-film. The enhancement factor is
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divided by the emission of a free-standing film at the resonant frequency.
The effect of excitation area to the cavity area is not included.
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where I'p.cay and I'p are radiative rate of the emitter in a dielectric cavity and free standing
polymer film respectively, @emier and the Awmemiver are the central frequency and its
homogenous width respectively [26].

In the case of the cavity emission, the area of the cavity is 6 times smaller than the
excitation area with a mode volume of 0.95(A/n)* based on FDTD simulations. The Purcell
enhancement factor is 0.75 upon averaging the polarization orientation and using the
measured emitter Q of 30. However, the dielectric enhancement is the same as discussed
earlier. The B coupling factor for the cavity emission is generously taken to be 1. This is
reasonable given the large dielectric enhancement factor. In addition, recent numerical
simulations also support this behavior [49]. Any value less than 1 would require larger
enhancement factor to produce the observed signature. For the free-film case, this factor is
not relevant because the thickness of the film is too thin to support any trapped modes.
Furthermore, nmgs is taken to be 1 for the free film and microcavity, because within the Q
factors range being discussed, the photon lifetime is too short to incurr significant absorption.
The collection efficiency for Ex1 cavity mode is 0.45 based on our FDTD simulation,
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Fig. 8. Intensity dependent behavior of E,1 at 295K and E,2

at 105K resonances. Both exhibit sub-linear intensity

dependence of the form y=ax®, where b=0.73 and 0.78 for E,1

and E,2 resonances respectively.
whereas for the free-film, it is 0.42 because the source is lambertian following the Cosine
distribution which has been verified from our angular distribution measurements shown in
Fig. 5. Using these values, we determined that the observed enhancement factor is more than
10 times larger than this estimate. Since the observed enhancement factors for waveguide
and microcavity are very similar, the Purcell effect enhancement must be negligible.

A remaining concern is whether the observed emission enhancement is actually from
amplified spontaneous emission. To address this question, we performed intensity
dependence studies and found three pieces of evidence to preclude this effect. First, with a
change in excitation intensity from 10 W/cm? to 10* W/cm?, we did not find an increase in
slope in the emission intensity versus excitation intensity, which would indicate a transition
from spontaneous emission to amplified spontaneous emission (Fig. 8). In fact, they all show
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sub-linear behavior which can fit to a power law dependence of y=ax® very well; with b=0.73
for the Ex1 resonance at room temperature and b=0.78 for the E,2 resonance at 105K. This
sub-linear behavior[50] is commonly observed in colloidal quantum dots photoluminescence
and is believed to be associated with the quantum dot blinking problem where quantum dot
can be charged or carriers are trapped on the surface[51]. Second, the ratio between each
emission peak and the background remains constant to within <20% over the same 3 orders
of magnitude change excitation intensities, there is no spectral redistribution upon change in
pump intensity. Third, we observed no linewidth narrowing effect for Ey1, E,2 and E,3
resonances.

4. Discussion and conclusion

We observed a more than 50 fold enhancement in the emission from both Fabry-Perot-
like waveguide and microcavity resonances. Since the dielectric enhancement effect can
only account for a factor of 7.3, there remains a significant factor enhancement factor that
cannot be accounted for. One may speculate that the excited quantum dots outside the cavity
or waveguide region can transfer their energies to those in resonance with the cavity mode by
non-radiative dipole-dipole interaction [52-53] given the fact that the separation between
quantum dots is only 1-2nm apart. Resonant energy transfer may effectively enlarge the
excitation area because on average quantum dots that are resonant to the cavity spend more
time as un-excited dots and therefore act as acceptors, whereas the the off-resonance ones are
inhibited from emission due to lack of photonic states are likely to be donors. This effect
will be investigated in future work. Conclusive confirmation of the enhancement factor
requires lifetime measurements of emitters in these structures, and presently, this
measurement is not feasible. However, if a non-radiative energy transfer mechanism is
present, this will not be manifestated in the lifetime measurements.
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4. Ultra-small volume plasmonic nanocavity for
enhancing quantum dot emission

In this section, we describe an approach to enhance spontaneous emission using
plasmonic nanocavity and possible method to make this type of cavities with high degree of
mono-dispersity.
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This paper 1s focused on the optical properties of nanowompasite plasmonlc emltters with coredshell conflgura-
tiorz, wiere a fluorescence emitter is located inside a metal nanoshell. Systematic theoretical investigatins
are presanted tor the induence of matenal type, core radius, shell thickne:s, and excitation wavelengtn on the
internal optical intensity, mdiative quantum yield, and fluorescence enhancement of the narocomposite enit-
ter. It iz our concusion that: (i) an optimal ratio between the core radius and shell thickness is required to
marimize tha absorption rate of flusresconce emitters, and (ii) a large core radius is desired to minimize the
non-radiative damping and avoid significant quantum yield degradation of light emitters. Seversl experimen-
tal approaches to synthesize these nanozomrosite emitters are also discnssed. Furthermors, our theoret:cal
results ere snecessfully used to axplein several reported experimental observations and should prove useful for
designing ultra-b-ight core'shell nanocomposite enitters. &© 20°0 Optical Society of America

OCIS codes: 240.6680, 560.2510.

1. INTRODUCTION

Plasmonicz, a rapidly emerging subdisciplire of nanopho-
tonics, is aimed at exploiting surface plasmons for impor-
Ll applicativns, inclodiog bivseonsiog [1], ionfoomabion
processing [1], super-resolution imaging [2], optical me-
nipulation [3], and photoveltaicz [4]. Parallzl to these re-
search efforte, the poesibility to enhance ths fluorescence
emission using metal nancstructurss provides promising
routes for creating ultra-bright optical Huorescence enmt-
ters, which is critical for improving the sigmzl-to-noise
ratic and detection zensitivity of fluorescence
mivroscupy—an essenlial wol b ocdern Divooedical aoed
clinical apolications. The desire to understand and exploit
the interaction between metal nancetructures and opticsl
cmitters has triggered a large number of mvestigotions
over the past decade [5].

The entancement of fluoreseence from various opticsl
emitters mich as atom=, moleenles, and qnantnm dots
{GDg) by metal nanostructures is based on two mechs-
nisms, On= takes place during the optical excitation (ab-
sarption) stage and the other one takes place during the
light emission stage. First, the incident light interacts
with the surfaec plnsmon mode greatly enhancing the op-
tical field. The energy associated with the enhanced sur-
face plasmon field increases the absorption rete of the
emitter Seeomd, the eucited pmitter snhasquently relaves
by emitting energy at the emission wavelength, where the
emission rate is enhanced through the Purcell effect [6].
Simul:aneously, the emitter also relaxes into nor-
radiative modes. The observed fluorescence power in far
ficld is proportional to the radistive quantum yicld of the
nanostructure-emitter system, which is the ratio of the

0740-3 2247104081 561-10/215.00

number of photons emitted to the total number of photons
absorbed.

‘We describe here the known derivation of fluorescence
enhancement by metal nanostructures. The derivation is
based on writing population equations for different en-
ergy levels. The incident light excites the light emitter
from state |0} (ground state) to state |1) (excited state),
with subsequent relaxation to [i} (ntermediate state) be-
fore decaying back to [0). Under weak illumination condi-
tion when the stimulated emission can be neglected, the
population equation can be written as

J"'lrﬂ +N; =Nn1|r
NG Noroi ahalm

==+ N, 1
at By ol )

where No, N;, and Ny are the populationz at the statas
[T}, i), and all levels, respectively; opq g is the absorption
cross secbion of (e emitber from |0) e [1); Try is e uplicd
intensity at the absorption frequency wqy; and I ris the
total decay rate from [{) to |0} In the stationary regime
ANg/ it =0, the population equation gives Ny~ K[/ T totars
where K is the local field enhancement at the absorption
frequency and is proportional to Tp. The underlying
phy=irs iz that tha exrited papnlation iz linearly proper-
tional to the optical intensity enhancement and is in-
versely proportional to the total decay rate. As the fluo-
rescence power from thes emitter is proportional to
[ rad¥;, where Iy g is the radiative decay rate from i)
to |ﬂ}, the power is found to be proportional to the radin-
tive quantum yield 5=0"; .34/ 0 toin)- Therefore, the ratio

© 2010 Optical Society of America
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of the fluorescence signal with and without metal nano-
structure in the low intensity illumination regime can be
determined by
f o
8= —= = Kl [l molano)], @)
[

where w;; is the emission frequency, and 5 and 5y are the
radiative quantum yields at the fluorescence emission fre-
quency with and without the presence of metal nanostruc-
ture, respectively [7,8]. For the second part of the equa-
tion, if the enhancement of the radiative decay rate
through the Purcell effect is lower than that of the non-
radiative decay rate, the radiative quantum yield is
decreased—this explains the experimental observation of
fluorescence quenching by metal, which typically occurs
when the emitter i= in very close proximity to the metal
[9]. On the contrary, the quantum yield iz enhaneed when
the radiative enhancement exceeds the non-radiative en-
hancement. This sometimes occurs when the emitter it-
self has a very low intrinsic quantum yield [10].

Among various types of metal nanostructures used for
fluorescence enhancement, a particularly interesting one
is the nanocomposite particle with a dielectric core and a
metal shell, mainly because of such particles’ wide tun-
able resonant properties and ease of preparation [11].
These particles have been extensively used for surface en-
hanced Raman seattering [12] and fluorescence enhance-
ment [13] applications. To date, in most of the experi-
ments reported in the literature, the optical emitters
locate at the vicinity outside the metal shell [12,13]. This
configuration limite the flexibility of integrating the
nanoparticle-emitter composite into a cellular system
without perturbing cellular fumctions. In addition, it is
challenging to precisely control the emitter location with
rezpect to the metal surface to achieve a fluorescence en-
hancement effect instead of quenching [14,15].

Recently, a new type of nanocomposite particle configu-
ration was proposed in which the light emitters are em-
bedded inside a metal shell [16]. This confizuration has
several advantages: (i) the metal shell isolates the emcap-
sulated light emitters from external environment, im-
proving their photostability; (ii) a metal such as gold (Au)
is biocompatible, chemically inert, and highly stable, po-
tentially addressing concerns regarding the toxicity of
light emitters such as @Ds to cells [17]; (iii) the metal sur-
face has been well studied for various types of surface
functionalization, and can be conjugated to specific bio-
molecules [18]; and (iv) there is no critical requirement
about the location of the emitter inside the metal shell, as
will be dizeuszed in detail in Section 2.

Here we review representative experimental work re-
lated to core/shell nanocomposite particles with the light
emitters embedded inzide. Zhang and co-workers embed-
ded the Raman-active molecules inside the Au-coated sili-
con dioxide (8i0;) or titanium dioxide (TiOy) nanopar-
ticles and showed that an enormous Raman enhancement
factor on the order of 101? could be achieved [19,20]. As of
fluorescence, both enhancement and quenching were ob-
served by incorporating dye molecules inside the silver
(Ag) coated silica beads [21,22]. Very recently. a new type
of nanoeomipogite particle, an Au shell with a QD encap-
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sulated inside, wag synthesized by using polyethylene
glycol (PEG) chains as the structure scaffold [23]. The
Au-QD nanocomposite particles show improved photosta-
bility as compared to the original @Ds. Nevertheless, the
overall fluorescence emission is significantly quenched.
To optimize the design of such core/shell nanocomposite
emitters for enhanced fluorescence, it is necessary to thor-
oughly understand the underlying physics and systemati-
cally study the influences of the material and geometric
parameters. Previously, Enderlein numerically investi-
gated the influence of the core radius to the fluorescence
properties of nanccomposite particles, using the bulk val-
ues of the metal’s dielectric function [24]. This study ne-
glected the electron-surface collision, which is a signifi-
cant effect in small metal nanoparticles. More specifically,
the dielectric function of a small metal particle becomes
size dependent when the metal particle size is much
smaller than the mean-free path for bulk metal (38 nm for
Au and 57 nm for Ag) [25]. As discussed in detail below,
the size dependency of a metal's dielectric function i= sig-
nificant in the size regime of core/shell manoparticles and
will greatly influemce the fluorescence properties of the
nanocompogite emitter. Therefore, this effect needs to be
included to obtain reliable calculation results. Here we in-
clude the size effect of metals dielectric function and use
a perturbative approach to evaluate the influence of pa-
rameters including material type, core radius, shell thick-
ness, and excitation wavelength on the fluorescence prop-
erties of the nanccomposite particle, focusing on how to
achieve a high fluorescence enhancement. Specifically, we
first calculate the optical intensity enhancement inside
the nanoparticle without the light emitter (Section 2).
Thereafter, we compute the radiative quantum yield of a
fluorezcence emitter inside the particls u=ing the finite-
difference time domain (FDTD)} approach (Section 3). By
combining the studies of optical intensity and quantum
vield, we obtain the filuorescence enhancement of the
nanocompaosite emitters in Section 4. In Section 5, we dis-
cuss several experimental approaches to synthesize the
corefshell nanocomposite emitters and their optical prop-
erties. The conclusion is presented in the last section.

2. INTERNAL OPTICAL INTENSITY
ENHANCEMENT

The geometry of a core/shell nanoparticle is as shown in
Fig. 1. Region 1 is the core and is characterized by a ra-
dius ry and dielectric function &;. The shell has a thick-
ness i =rg—r; and a dielectric function &5, The surround-
ing medium has a dielectric funetion &;. When the zize of
such a core/shell nanoparticle is much smaller as com-
pared to the light wavelength. the electric field around
the nanoparticle iz time dependent but does not vary gpa-
tially. In this case, the analytical electrostatic solution
can be obtained by solving Laplace’s equation for the elec-
tric potential (quasi-static approximation) [26,27]. The
electric field in regions 1, 2, and 3 can be calculated by

9324;'3 -
E,=— > E,(cos 67 —sin 68),
Eab, + 2E58L



Mino ef al.

Fig. 1. (Color online) Corefshell nanoparticle gecmetry: e
{£=1.%,3) are the delectric functions of the core, zhell, and sur-
rounding medium, respectively; ry is the core radivs and ry is the
total partiele radius.
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where e,=e(3-2P)+2e.P, gp=5P+eq(3-P), P=1

—[{ry/r5)?, and E; is the incident electric field. Based on
e eyguations above, QL = sbaighlorwand o delenoioes
the electric field around the core/shall ranoparticle pro-
vided that the values of ry, rs, &£, &9, and &5 are known.

As aforementioned, the diclectric funczion of the metal
becomes size dependent when the shell thickness is much
smaller than the electron mean-free path of the bulk
metal. By incorporoting the factors represcoting the
electron-surface collision precesses, the modified dielec-
tric function of the metal can be determined by

2
alryrae) = ole)m + — m“-} B T ] W§ ’
w' +iwy,  w+iw[y+ Aylryral]

(4)

where w,, is the plasma frequency, y; is the bulk collision
frequency, and Ay iz the clectron-surfoce collision fire-
quency. The electron-surface collision frequency is deter-
mined by Ay=Vy/l, where Vy is the Fermi velocity and [
i= the electron mean path of the electron-surface collision.
For the configuration of the metal shell, we calculate the
value of ! by averaging the length of a random electron
free path of the electron-surtace collision, either from the
irner anrface tn onter aurfacre or hetween the nter sanr
faces. Figures 2(a) ard 2ib) compare the bulk values [28]
and the size-dependent values of the dielectric function
for Au and Ag, respectivelv. I can be clearly seen that al-
though the real part of the sire-d=pendent dizleciric func-
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Fig. 2 (Color online) Dielectriz functions of (a) Au £nd (b) Ag.

The blue end r24 curves show the real and Imaginary parts of the

dieledric function. respectively. The =dlid and dashed curves

show the bulk value and modified value after incorperating the

size offoct, respectively. Here the core radius and shell thicknezs
of the nanoparticle are assumed to be 5 and 2.6 nm, respectively.

tion iz almost the same as that of the bulk value, the
imaginary part of the sizz-dependent dielectric function is
much larger than that of the bulk value. Such a difference
in the imaginary part becomes more significant in the
leng wavelength regime. Therefore, it is necessary to
adopt the size-dependent values of dielectric functions in
the calculation for the fluorescence properties of the cora/
shell nanoparticles.

As the first step, we fix the inner and outer radii and
examine the wavelength dependznce of field intensity en-
hancement in the core region. The cor: material is as-
suinel W be Si0s wilh e relractive iodes of 1,46, Qe
shell material is Au with the size-dependznt dielectric
function as shown in Fig. 2(a), the surrounding medium is
water with the refractive index of 1.33, and the core ra-
dius and shell thickness are 20 and 6 nm, respectively.
The extincticn spectrum of the sore'shell nanoparticle is
shown as the blue solid curve in Fig. 3in), which has the
resonance peak at 633 nm. Figure 3(a) also plots the op-
tical intensity enhanremant in the core region (F/E;)* as
a furction of the inrdent hght wavelength (red dashed
curve)l. The maximum of intensity enhancement cecurs
approximately a: the extinction resonance peak. Figure
b} shows a cross section of the optical intensity distribu-
tion around the coreishell nanopartizle when it is excited
at 633 nm. By comparing the optical intznsity in the core
reginn and the proximity ontside the nannparticle, there
are two findings. First. the enhancement outside the
nanoparticle only occurs along the polarization directicn
of the incident light, while the snhancement in the core
region dees not have any polarization dependence Sec-
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Fig. 3. (Color online) (a) Extinetion (blue solid curve) and inter-

nal optical intemsity enhancement (red dashed curve) of a
Silhy-core Au-shell nanoparticle with the core radius and shell
thickness of 20 and 6 nm, respectively. (b) A cross section of the
optical intensity distribution around the core/shell nanoparticle
when it is excited at 633 nm.

ond, the optical intensity in the core region is much more
uniform ag compared to that in the outside of the nano-
particle, which decays rapidly with the distance from the
surface. Therefore, when a fluorescence emitter locates in
the core region. it can experience a substantial enhance-
ment of absorption without requiring critical control of
the emitter's location. The emitter can be kept away from
the inner metal surface of the nanoparticle to avoid the
significant non-radiative damping. However, when a fluo-
rezcence emitter iz placed outside, although a very high
optical intensity enhancement is obtainable in limited re-
gions at the vicinity of the metal surface along the polar-
ization direction of the incident light, fluorescence
quenching is likely to occur because the radiative quan-
tum yield is greatly reduced by the strong mon-radiative
loss in metal.

For a practical fluorescence emitter such as a dye mol-
ecule, there 1s a peak in the emitter’s absorption spec-
trum. To maximize the light absorption of a fluorescence
emitter in the core/shell nanoparticle, it is desirable to de-
sign the nanoparticle so that the resonant wavelength for
optical intensity enhancement coincides with the absorp-
tiom peak of the emitter. Here we use the Alexa Fluor dyes
from Invitrogen [29] as examples to illustrate how to de-
sign the geometry of a core/shell nanoparticle in order to
maximize the light absorption of a fluorescence emitter.
Figure 4 shows the internal optical intensity enhance-
ment as a function of the core radius and shell thickness,
with the excitation wavelength located at the absorption
peak of each Alexa Fluor dye. Notice that the intensity en-
hancement for any combination of a core radius and a

shell thickness iz caleulated using the corresponding size-
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Fig. 4. (Color onling) Intornal optical intensity enhancement az
a function of core radius and thickness when the size-dependent
values of the metal's dielectric functions are used. The core ma-
terial is assumed to be Si0s. The ghell is assumed to be Au for
{a}—(d) and Ag for (e)—(h). The excitation wavelengths in {(a) and
(&), (b and (f), (c} and (g), {d) and (h) are the absorption peaks of
Alexa Fluora 488 (495 nm), Alexa Fluora 532 (532 nm), Alexa
Fluora 633 (622 nm), and Alexa Fluora 750 (742 nm),
rezpectively.

dependent dielectric function of metal. An interesting
finding is that there iz a narrow region associated with a
high intensity enhancement in Figs. 4(c)-4(h). This indi-
cates that the optimal design requires the ratio between
the shell thickness and core radius to be around a certain
value. For instance, the optimal ratio between h and ry 1=
approximately 0.3 for Au-shell nanoparticles when the ex-
citation wavelength iz 632 nm [Fig. 4(c)]. When the ratio
iz fixed at the optimal value, larger core radius and shell
thickness give a higher intensity enhancement. This is
because the electron collision processes are weaker im
larger nanoparticles, which leads to a smaller imaginary
part of metal’s dielectric function and thus less damping
effect in intensity enhancement. Another comparison be-
tween different shell materials suggests that Ag-shell
nanoparticles can generate a much higher intensity en-
hancement than Au-shell nanoparticles, which is comsis-
tent with the fact that Ag is a less lossy material as com-
pared to Au. In addition, Figs. 4(a) and 4(b) show that Au-
shell nanoparticles are not effective in generating a high
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intensitv enhancement when the excitation licht has a
short wavelength (less than 550 nm).

For the purpoee of nanoparticle deeign, the resonant
wavelength for internal optical intensity enhancement as
a function of fi/ry ig also calculated. In gener:l, a nano-
particle with a larger value of i/r; haz the maximum op-
tical intensity enhancement when excited by a shorter
wavelength. Figure 5 illustrates such a relationship for
different core (Auw/Ag) and shell materialz (SiOg/TiOg).
For core/shzll nanoparticles with other material confipu
rations, a similar approach can be employed to find the
optimal corz radius and shell thickness in order to maxi-
mize the light absorptior. of & flusrescence emitter in the
nanoparticle.

To illustrate the differencs when size-dependent and
bulk dielectric functions are used, we also plo: in Fig. 6
the intsrnal optical intensity enhancement as a function
of the eore radius and shell thickness when the bulk di-
electric functions are used (the excitation wavelength is
fixed at 633 nm|. By comparing Fig. 6(a) with Fig. 4{c) for
the Au-shell nanoparticle, and Fig. 6(b) with Fig. 4g) for
the Ag-shell nanoparticle, one can see that optical inten-
sity enhancement iz overestimated when bulk dielectric
functionz are ueed. The large damping a= a reesult of
electron-surface collisions significantly reduces the opti-
cal intensity enhancement inside the nanoparticle. There-
fore, it is necessary to include the size effect of dielectric
functions for the investigation of the optical intensity en-
hancement az well as the radiative quantum yield, which
is discussed in the next section.
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Fig. 5. (Color online) The resonant wavelangth for internal op-
tical intensity enhoncement ns o function of rotio between shell
thickness and core radius of (a) A1-shell and (b) gilver-shell nans-
particlee. Tho core materials arc assumoed to be 20, (blue solid
curve) and TiOy (red dashed curve). The refractive index of Ti0
{rutile phaso) is 2600,

33

Vol 27, No. BfAngust 2010/1. Opt. Soe. Am. B 1565

E

=
=
=

4

Shell thictness inm)
Shiell thictnass inm)

P

19 20 40
Core radus (nmj
{Color orline) Internal cptics] intensity enhancement as
a function of core radius and thickness when the bulk values of
the metal’s dielertric functions are used. The excitation wave-
length iz at 633 nm. The core material is azsumed to be 510y, The
shell is azsumed to be Au in (a) and Ag in (b).

a0 10 20 30 40 S0

Core radius {nm)

Fip. 6.

3, RADIATIVE QUANTUM YIELD

In this section we provide detailed studies about radiative
gquantum yield of a fluorescence emitter inside the core/
ghell nanoparticle The calenlasion was performed by
FOTD simulation, which discretizes the time-dependent
Maxwell’s squations using czntral-difference approcima-
tions to the space and time partial derivatives. [n our
gimulation the Huorescence emitter is assumed to be an
ideal electric dipole source, which has an infiritely small
gize and a radiative quantum yield of unity (i.e., every
photon ahanrhed hy the emitter resnls in a photon emit-
ted).

When the dipole source locates inside the corefshell
nanoparticle, zome of the radiation energy from the dipole
will be absorbed by the metal shell and converted into
heat. The radiative quantum vyield of the nanocomposite
emitter is defined as m=T-a/Tia=1rai/ (Trag + Dnonrad),
where Nmd, TlMeonmd, AnA Tigm are the radiative, nom-
radiative, and total decay rates, respectively. The total de-
cay rate is obtained by computing the total power Py
dissipated by the dipole inside the metal ghell. The corre-
spondence between gquantum and cdassical theornes 1s
velid if the normalized quantities are used [30],

Ciatat _Pl.cllnl =
= P[ =

I

where ['rag o and Py are, respectively, the fluorsscence de-
cay rate and the radiated power of the dipele source in the
homogenecus background environment. The total power
Fiiq consizts of two parts: radistion power gning to the
far field P4 and Ohmic loss in the metal shell Py;,.. The
radiative decay rate of the nanocomposite emitter is de-
termined hy Ty /T L 0=Praa’ Py The non-radiative deray
rate of the nanncomposite emitter is thereby cbtained by
subtracting the radiative decay rate from the total decay
rate.

To compute Py and Fry we use two 2ets of momtors
in the FDTD simulation, which are closed surfaces on
which the flux of the Poynting vector is integrated. One
art. of monitnrs takes anly the FIYTTY cell of the diprle
source and it implements the caleulation of the total
power Iy radiated by the dipole. The other set of moni-
tors iz located outside the core-shell nznoparticle and
measures the Huorescence power radiated into the far
field P..;. The difference between Pi.; and P,.; repre-
gente the power being absorbed by the metal shell. This
approach can be essily verified by comparing P, ., and
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Pryg for a lossless system (without a metal shell): energy
conservation irnplies that the power measured by the two
detectors should be equal to each other. The difference be-
tween Py, and Py gives an estimate of the numerieal
error. The numerical error is influenced by a variety of
factors including the mesh size and the setting of bound-
ary conditionz. In our simuolation, the mesh =ize is =et as
0.5 nm; each boundary is set as 64 perfectly matched lay-
ers. Such a configuration gives a numerical error smaller
than 1% based on the simulation for a lossless system.
Here we use the same example as in Fig. 3 and assume
that an Alexa Fluor 833 dye molecule with the emission
pedk at 647 nm is embedded at the center of the core/shell
nanoparticle. As shown in Fig. 7(a), both the radiative
and non-radiative decay rates of the emitter inside the
nanoparticle are significantly enhanced as compared to
those of the emitter in the homogeneous background en-
vironment. This dramatically reduces the lifetime of the
emitter and improves the photostability as the undesired
photobleaching only occurs when the emitter iz in its ex-
cited state [16]. Figure T(b) shows the radiative quantum
yield of the nanocomposite emitter as a function of the
emission wavelength. Due to the existence of non-
radiative loss in the metal shell, the radiative quantum
yield of the nanocomposite emitter is equal to 0.41 at the
emission peak (647 nm).

For the next step, we evaluate the dependenecy of radia-
tive quantum yield of the nanocomposite emitter on the
core radius and shell thickness of the nanoparticle, when
the emizsion wavelength iz fixed at 647 nm. For the sake
of simplification, we still assume that the emitter iz lo-

cated at the center of the particle. As shown in Fig. 8(a),

Joo w0 emo wor e sl
Wavelength inm)
i)
=
B 04
-~
£
£ 03
3
=g
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=
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Wavelsngth {nm)
Fig. 7. (Color online) (a} Enhancement of radiative (blue solid
curve) and non-radiative (red dashed curve) decay rates, and (b)
radiative quantum vield of the namocomposite emitter Here an
Alexa Fluora 633 dye molecule is assumed to be at the cemter of
a Si0y-core Au-shell nanoparticle with the core radins and shell
thickness of 20 and & nm, respectively.

34

Miao ed al.

(a)

1.01 —=—Ay
g = |
08 ™ 2 .
i
208
E
2 04
[
g
302
0.0
0 10 20 30 40 20
Core radius {nm)
(b)
10 —s—Au
—s—Ag
08¢
2
;_5' 06r E-m-m-E—E-E-E—E—E-N
.g 04F .‘."I—I—I—l—-._._-
/o
& 02|
0.0t
0 2 4 L] 8 10

Shell thickness {nm)
Fig. 8. (Color online) (&) Radiative quantum yield of the nano-

composite emitter versus core radius while the shell thickness i=
kept at 2 nm. (b) Quantum yield of the nanocomposite emitter
versus shell thickness while the core radius is kept at 20 nom. In
both (a) and (b}, the omitter locates at the center of the particle
and the emission wavelength is assumed to be 647 nm.

the quantum yield monotonically inereazes toward unity
for both Au-shell and Ag-shell nanoparticles, when the
core radius increases from 5 to 50 mm while the shell
thickness is kept at 2 nm. In Fig. 8(b) we vary the shell
thickness from 1 to 10 nm while the core radius is kept at
20 nm; the quantum yield barely changes for both An-
ghell and Ag-ehell nanoparticles. This result is gurpriging
as intuitively a thicker Au shell absorbs more light from
the emitter, which results in a lower quantum yield. How-
ever, it is important to note that the behawvior of a fiuores-
cence emitter in the core/shell nanoparticles is fundamen-
tally different from a light source tramsmitting light
through an Ao film [31]. In the nanoscale system, the
metal shell not only converts the optical energy into heat
through the coupling of surface plasmons, but alzo modi-
fies the spontanecus emission rate of the emitter through
the Purcell effect [6]. As the metal thickness increases,
the mode confinement is stronger resulting in larger Pur-
cell effect which offsets the transmission loss.

The comparizon between Figs. 8(a) and 8(b) sugpests
that the main factor which influences the quantum yield
is the distance from the emitter to the metal surface in-
stead of the metal shell thickness. This conclusion is fur-
ther supported by the result shown in Fig. 9, where the
gquantum yield decreases as the emitter approaches the
inner metal surface. In [23], Jin and Gao showed that the
quantum yield of an Au-ghell encapsulated QD ean be in-
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Fig. 9. (Color online} Radiative quantum yield as a function of
the distance from the emitter to the inner metal zurface when
the core radius is 20 nm and shell thickness is 6§ nm. The core
and shell material are azsumed to be Si0; and Au, respectively.

creased from 18% to 3%% by coating the QD with two
polyelectrolyte bilayers, which increase the core-shell
separation distance from 3.1 to 4.8 nm. Such a trend iz
eonsistent with what our caleulations suggest. Therefore,
it is desirable to have a relatively large core radius and
locate the light emitter at the center of the core, in order
to minimize the non-radiative damping in the metal shell
and achieve a high radiative quantum yield. Meanwhile,
it is necessary to consider the upper bound of the particle
size when designing the particles as biomedical imaging
labels.

4. FLUORESCENCE ENHANCEMENT

Based on the studies on intermal optical intensity en-
hancement in Section 2 and radiative quantum yield in
Section 3, we discuss the fluorescence enhancement of a
nanocomposite emitter in this section. We take the Alexa
Fluor 633 dye as the example. The blue solid curve in Fig.
10(a) shows the absorption spectrum of the original dye
with an abzorption peak at 632 nm. In Section 2, we have
shown that the optimized ratio between the shell thick-
ness and core radius is approximately 0.3 for Au-shell
Si0g-core nanoparticles at this particular excitation
wavelength. Here we assume that the core radius and the
shell thickness of the nanoparticle are 20 and & nm, re-
spectively. The absorption profile of the nanocomposite
emitter can be calculated by multiplying the dye’s original
absorption spectrum [28] by the optical intensity en-
hancement [red dashed curve in Fig. 3{a]]. The obtained
absorption profile of the nanocomposite emitter is shown
ag the red dashed curve in Fig. 10(a). Similarly, we can
obtain the emission profile of the nanocomposite emitter
by multiplying the dye's original emission spectrum [29]
and the radiative quantum yield of the nanocomposite
emitter, shown as the red dashed curve in Fig. 10(b). As
can be seen, under the optimal design geometry, both the
absorption and emission peaks of the dye-nanoparticle re-
main the same as compared to those of the original dye
molecule. Because of the conpling to the core/shell nano-
particle, the emission hand becomes slightly narrower,
which iz consistent with what researchers observed in ex-

periment [21].
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The fluorescence enhancement of the nanocomposite
emitter as compared to the dye itself can be obtained by
multiplying the absorption enhancement (optical inten-
sity enhancement) and the radiative quantum yield. The
rezsult iz shown in Fig. 11 a= a function of excitation and
detection wavelengths. The peak enhancement is around
25, which corresponds to the excitation wavelength at 633
nm and detection wavelength at 647 nm. For the zame
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Fig. 11. ({(Color online} Fluorescence enhancement as a function
of excitation and detection wawelength for an Alexa Fluora 633
dye molecule encapsulated at the center of an Au-shell Si0s-core
nanoparticls with a 20 nm core radins and 6 nm sholl thickness,
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dye molecule encapsulated in a Ag-shell Si0y-core nano-
particle with the core radius of 50 nm and shell thickness
of 8.5 nm, the peak fluorescence enhancement is around
450 (the iolerual vplical nlensity enbaocemenl s 500
and the radiative quantum yield iz 0.9). Notice that this is
only the lower-bound estimate of the fluorescence en-
haneemenl sioce in reality (e guantum yicld of a Quores-
cence emitter 1= always smaller than 1.

In reality many dyes, particularly those with the emis-
gion peaks in near-infrared (NIR) have low radiative
gquantum wields. For instance, ICG [13] and TPQDI [10]
are the two common NIR-emitting dyes, which have
quantum yields of only 1.3% and 2.5%, respectively. The
low intrimzic quantnm yield indicates that the non-
radiative decay is much stronger than the radiative decay
for the dyve in a homogenous background environment.
When these dyes are encapsulated in core/shell nanopar-
ticles, it is most likely that the radiative decay rates ex-
perience much higher enhancements than those of the
non radiative decay rates [32]. This will result in an im
provement rather than degradation of quantum yield and
therefore a much higher fluorescence enhancement as
eomparcd to what has been discussed using the model of
ideal dipole.

5. EXAMPLES OF CORE/SHELL
NANOCOMPOSITE EMITTERS

Chemical synthesis is the main route to obtain the core/
ehell nanccomposite emittere in experiment. A thin metal
shell is typically generated by a chemical reduction pro-
cegs, Specifically, an Au shell is produced by reduction of
Au? in chloroauric acid solution by a reducing agent euch
as hydroxylamine or sodium citrate on a template particle
[33,34]. Similarly, an Ag shell can be obtained by reduc-
tion of silver lactate or silver nitrate by a reducing agent
such as hydroquinone [35]. The thickness of the metal
shell deposited by this way ranges typically from 2 to 20
i, whichy is Lhe size range over which we performed our
simulation studies. More importantly, the deposition
thickness of the metal shell can be controlled by the
amount of metal ions in the reaction [35].

To encapsulate an emitter inside the metal shell is the
challenging part. There are a variety of approaches and
here we review several representative ones. The firat ap-
proach starts with linking QDs with PEG chains. The
QD-PEG complex iz then coated with a layer of peptide,
poly-L-hizstidine, as the Au deposition template [23]. Fur-
thermare, the eore rading can he further adjusted by enat-
ing Qs with extra polyelectrolyte bilayers. Nevertheless,
the technique =o far only allows coating of two extra lay-
ers and this places the upper limit of the particle outer
radius to around 10 nm. To simulate the optical proper-
ties of such QD-Au nanocomposite particles, it is impor-
tant to take into account the finite size of QDe (the as
sumption of ideal dipole source and the perturbative
approach to determine the field intensity in Section 2 do
not hold here anymore). It is intuitive that the ficld inten-
sity at the location of QI will decrease significantly due to
the absorption of QD). Here we use the Au-QD nanocom-
posite particle in [2]] as an example. The QD itself has a
core/shell structure, where the core material is CdSe with

36

Miao ef al.

a radius of about 1.5 nm and the shell material is ZnS
with a thickness of about 1 nm. We consider the actual ge-
ometry of QDs in the FINTD simulation and wse the bulk
values of dicleclric funclions fur CdSe aod ZuS. Fur (e
corefshell nanoparticle where the QD is encapsulated, the
core radius and shell thickness are 5 and 2.5 nm, respec-
Lively, The FDTD simulation resull sugpesls (hat te op-
tical intensity enhancement at the location of QD iz only
about 3, which is about a 50% decrease as compared to
the rezult when there is no QD inside the nanoparticle.
Furthermore, the overall emall particle size resnlts in the
small separation distance between QD and metal surface,
‘which thereby induce a strong non-radiative damping in
the metal shell. The radiative quantum yield of the
Ap-QD nanocomposite particle iz only 0.02 at the emis-
sion wavelength of the QD. Overall, the low optical inten-
eity enhancement and low radiative quantum yield result
in the quenching of fluorescence detected in far field,
‘which is in line with the experimental results reported in
[23].

The second approach 1= based on a reverse microemul-
sion process [36], where the fluorescence dye molecules
are encapsulated inside the dielecbric naovpartbicle such
as 5109 and TiOs through doping during the nanoparticle
formation [19-22]. In this case, the dye molecule can exist
auywhers inside e vapoparticle. Wleo the opwiber of
dye molecules is low, we can neglect the influence of mol-
ecules to the internal electric field as the dye molecule has
a much smaller size as compared to the nanoparticle.
Therefore, the perturbative approach to determine the op-
tical intensity in the nanoparticle can be used and all the
dye molecules experience almost the same absorption en-
hancement. The radiative quantum yield of the nanopar-
ticle encapsulated with dye molecules can therefore be av-
eraged among all the molecules, based on the distance
from the moleculs to the metal eurface as shown in Fig. 4.
In [21], Zhang ef al. adopted the above approach to syn-
thesize the Ag-shell Si0y-core nanoparticles with the
Ru(bpy)s> dye molecules encapsulated inside and showed
that the fluorescence emiszion of such nanocomposite
emitters increazes with the shell thickness increase from
3 Lo 30 i when Lhe core radius is Oxed al 100 o, Based
on our analysis, the optimal ratio between the shell thick-
ness and core radius to achieve maximum absorption en-
hapcemenl is 0.57, which corres ponds Lo g shell thick ness
of 57 nm. When the shell thickness increases from a few
nanometers toward this optimal value, the optical inten-
gity enhancement inside the nanoparticle monotonically
increases and the radiative quantum yield remains al-
most the same. This results in the fluorescence enhance-
ment with the shell thickness increases, as observed in
experiment [21]. Interestingly, the reversed trend was obe
served when the dye molecules are attached at the out-
side of the core/shell nanoparticle [13].

The third approach is a penetically driven one based on
virus assembly. A QD encapsulated viruslike particle
(VLP) can be formed by attaching single QD= to hairpin
ribonuclcic acids that dircet the formation of VLPa from
multiple copiez of a protein building block [37]. Such
VLPs are very uniform in size and single QDs can be per-
fectly encapsulated at the center of a VLI [18]. FMurther-
more, the size of VLPs can be modified by using different
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typas nf virnees as templates [37]. Tt i=s partienlarly impor
tant to note that a VLP has a relatively large sizz anc
therefore the QD encapsulated VLP can potentially pos-
sess a much higher optical intensity enhancement and ra-
diative quantum yield.

6. CONCLUSION

In woclusion, we sysbemmbically study Che opliocal proper-
ties of corefshz]l nanocomposice emitters. By encapsulat-
ing o flusrcsecnce cmitter inside the core/zhell nanopar-

ticle, localized surface plasmons of the metal shell can be

hamessed to rreatly enhance the fluorescence intensity of

the emitter. To maximize the light absorption of the emit-
ter, it iz desirable tn chonse =0 optimized ratin hetween
the shell thicknesg and core radius based on the absorp-
tion peak of the emutter. To obtain a large radiative quan-
tum yield of the emitter-nanoparticle complex, it is re-
quired to place the emitter a: a maximal distance from
the inner metal surface. The optical location of the emit-
ter iz therefore at the center of a nanoparticde with as
large a core radius as is pratical for a specific application.

We envision a broad renge of applications based on the
core/shell nanocomposite plasmonic emitters. For in-
stance, these particles can be harnessed as ultra-bright
flucrescence labels in biomedical imaging. 'The low degra-
dation rate of the metal shell, particularly the Au shell, ic
physiological enviranment can enhance the biocompatibil-
ity of fluerescence labels, as well as improve the photosta-
bilily of the emillers, Additiovally, inspired by a recenily
reported plasmonic nanolaser formed by an Au core and =
dye-doped =ilica shell [33], we intend to investigate the
possibility of generating stimulated emigsion of surface
plaemone and therefore realize lasing with the emitier in
side of a dielectric-core metal-shell nanoparticle. Dther
than la=ing, it iz alzo promizing to utilize thess nanocom-
posite particles  for assembling hybrid plasmonie
waveguides [39,40] with both subwzvelergth confinement
and long-range propagation—the metal shells mediate
the energy transport and emitters provide gains to com-
pensate for the energy loss.
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5. Conclusions

From the experimental studies of enhanced emission in photonic microcavities, we
conclude that there is an enhancement mechanism yet to be identified. This mechanism can
be non-radiative energy relaxation within the homogenous width or resonant energy transfer
from the neighboring quantum dots. This is a significant effect and is worth further
investigation.
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