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The enhancement of photoluminescence emission from silicon quantum dots in the near field of cylindrical
silver particles has been calculated using finite integration techniques. This computational method permitted

a quantitative examination of the plasmon resonance frequencies and locally enhanced fields surrounding
coupled arrays of silver particles having arbitrary shapes and finite sizes. We have studied Ag nanoparticles
with diameters in the 56300 nanometer range and array pitches in the range €860 nm, near a plane

of optical emitters spaced @0 nm from the arrays. The calculated and experimental plasmon resonance
frequencies and luminescence enhancements are in good agreement. In the tens-of-nanometers size regime,
for the geometries under investigation, two competing factors affect the photoluminescence enhancement; on
one hand, larger field enhancements, which produce greater emission enhancements, exist around smaller
silver particles. However, as the spacing of such particles is decreased to attain higher surface coverages, the
interparticle coupling draws the enhanced field into the lateral gaps between particles and away from the
emitters, leading to a decrease in the plasmonic emission enhancement. The computations have thus revealed
the limitations of using arbitrarily dense arrays of plasmonic metal particles to enhance the emission from
coplanar arrays of dipole-like emitters. For such a geometry, a maximum sixfold net emission enhancement
is predicted for the situation in which the plasmonic layer is composed of 50 nm diameter Ag particles in an
array having a 300 nm pitch.

Introduction enhanced PL of nc-Si have, however, been performed via far-

Si quantum dots are of interest in potential applications field ensemble measurement techniques that do not provide

ranging from biological sensing to light-emitting devices because _srphatlal_lyrej((j)_lt\_/ed ;nformat;pr;(;)n tthe ontgmofthtienhancerﬁei*ﬂ. Id
the optoelectronic properties of zero-dimensional quantum dot us, In addition to near-ield interactions, other processes cou

silicon nanocrystals are different from the optical properties of POSSIPly contribute to the observed PL enhancement in this
bulk Si. In contrast to the very weak emission from bulk Si, system. A theoretical approach is therefore needed to distinguish
silicon nanocrystals (nc-Si) having dimensions bele® nm between these effects.
emit light efficiently and exhibit emission energies that can be  Previous theoretical treatments used analytical approximations
tuned throughout the visible spectrum by varying the size of to investigate the properties of plasmon-enhanced emission with
the nc-Sit—3 One important advantage of using light emitters electrodynamical theory that provides exact results for spherical
based on silicon is that such systems can be fabricated withparticles* ® These models have recently been improved to
CMOS-compatible methods such as ion implantation. include radiation damping and dynamic depolarizattbwhile

The overall brightness of nc-Si is limited by the low emission the latter model can be generalized for spheroids, it cannot treat
decay rate, 18-10° s71, that results from the indirect band gap metal nanoparticles of arbitrary shape, nor can it account for
of silicon? Plasmonic interactions, which exploit the intense interparticle coupling. In the present work, we are interested in
local field near the surface of a metal particle or a rough metal quantitatively comparing calculated enhancements to experi-
surface, can modify the radiative decay rate and quantum ments that involve arrays of nonspheroidal, coupled particles,
efficiency and thus modify the photoluminescence (PL) intensity and we desire to avoid the approximations required to perform
of an emitter!"® The coupling of dyes and semiconductor an analytical analysis of such a system. Computational ap-
quantum dots to the plasmon modes of silver and gold proaches, such as T-matrix solutidAsthe discrete dipole
nanostructures has been shown to produce increased emissioapproximationts=18 and finite-difference time-domain simula-
due to a plasmon-enhanced PL proce38This approach has  tions2® have been utilized successfully in the past to examine
been extended to control the PL intensity, radiative rate, and the enhanced field about plasmonic metals. Given the lack of
optical polarization properties of nc-5if? and the observed  analytical models, we use a finite-element integration scheme
PL enhancement for nc-Si has been shown to arise from aof Maxwell’s equations to calculate the resonance frequencies
resonant interactiot. Measurements to date of the plasmon- and mode intensity distributions for Ag particle arrays with

arbitrary geometries in complex environments.
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Computationally, the enhancement of the radiative decay rate
of a dipole emitter in close proximity to a metal nanoparticle

can be obtained by comparing the energy flux through a surface
that encloses both the dipole source and the metal particle to
the radiated power of the same dipole source in the metal of
the particle?® Alternatively, by invoking the reciprocity
theoren®! radiative decay rate modifications can be obtained
from the enhancement, at the position of the emitter, of the
electric field intensity generated by plane wave illumination.
In general, this procedure requires averaging over all angles of
incidence. However, for a particle that is much smaller than
the wavelength of light, the electric field intensity generated
by plane wave illumination is independent of the angle of
incidence and depends only on polarizatfér€Consequently,

- finite-difference time-domain (FDTD) simulations of the electric
R field intensity generated by plane wave illumination from one
specific angle can be used to obtain maps of the radiative decay
rate enhancement near a small metal nanostructure. We adopt
such an approach in the present paper and justify the approach
in the Results and Discussion section.
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Figure 1. (a) Schematic of the simulated system showing a periodic
array of Ag nanoparticles with pitctp, and diameterd, situated a
distance A, above a plane where Si quantum dots are located in the ; . . .
experimental configuration. Field intensity maps calculateddfor that were fabricated lithographically, with no need to ap-
135 nm,p = 400 nm, andle = 633 nm are plotted in the center ~ proximate the cylinders as oblate ellipsoids, as is commonly
plane of the np-Ag array (b) and in the plane 10 nm below the np-Ag done to facilitate the use of analytical calculations. The
(c). Four subsequent contour lines represent an order-of-magnitudesimulations accounted for retardation, nonradiative damping by
change in the-component of the field intensity. The arroR, in (b) Ohmic loss, and interparticle coupling.
indicates the polarization direction of the incident plane wave. . . .

The experimental samples of ref 13, to which the calculations
were compared, consisted of 10 by 100um square arrays
of cylindrical silver nanoparticles (np-Ag) that were 20 nm in
height and had a range of diametaispetween 135 and 320
nm. In the experiments, the nanoparticles were adhered, via a
% nm thick amorphous Si wetting layer, onto the surface of a 3
mm thick substrate of fused silica doped with nc-Si at a depth
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Experimental Section

=23
1( 200 nm Three-dimensional full-field electromagnetic simulations
' using finite-difference integration techniques were performed
to solve Maxwell's equation®. This method allowed simula-

tions to be performed on the exact shape of the metal cylinders

in the proximity of an array of lithographically defined silver
particles. Full-field, finite-integration time-domain methods were
used to simulate the frequency-dependent near-field and far-
field optical properties of metal nanoparticle arrays. Specifically,
the spectrum near the plasmon resonance has been simulate
for planes of coupled, cylindrical np-Ag. Additionally, the
enhgncement of thg local Zlectric fieldpintgnsity under tk):e metal of A ~ 10 nm beneath the base of the np-Ag plane.

nanoparticle arrays has been calculated. The spatial distribution . Computatlons_were condu_cted on a system (Figure 1a) that,
of nc-Si in the systems measured in ref 13 have been takendiven the restrictions of the simulation packagbeest emulated

into account in our comparison between the calculated resultsthe expt_enme_ntal samples. The S|.mulated r!p-Ag were cylinders
and the experimental measurements. We have also calculateézo nm in height. The particle dlamgters n eaph array were

the influence of the diameter and interparticle spacing of the chosen to correspond to those examined experimentally, based
Ag nanoparticles on the resonant frequency and electric field ©" Scanning electron microscopy (SEM) data on the samples

enhancements. In addition to verifying the physics that underlie OI int_erz(s)'g3 A fixed pitch.d(pargclle ﬁentgr-tcl)-c_enter_rshpacing).
the experimental observatiofithe electromagnetic simulations orp= nm was considered in the simu ations. € quasi-
have been used to identify other, more optimal geometries thatlnfmlte arrays that were fabricated were simulated by using von

are predicted to exhibit larger field enhancements than the K_arman perlc_>d|_c'boundary conditions_to construct a two-

systems studied experimentally to date. dimensional infinite array of np-Ag. The simulation was
Field Enhancements and Spontaneous Emissior for- performed over the volume of four particles that were arranged

malism for evaluating the decay rate of optical emitters in the in a 300 nm deep, 800 nm by 800 nm box. This volume was

near-field of a metal nanostructure has been developed byd'v'deOI Into 2. * 10° grid cells that were reflned to give th_e
Gersten and Nitzah.The formalism has been extended by greatest detail in the area near thg Ag particles. Simulations
Wokaun et al. to include fully radiationless energy-transfer that have employed similar conditions have been shown

quenchin§and has been more recently restated bynknerlen  Previously to correspond well to experimefits. _
et al® In the limit in which the calculated electric field The dielectric function of Ageag, as a function of radial

distribution is dominated by dipole modes, the enhancement of fféduencyw, was approximated using a modified Drude model
the field intensity, |Eeni2 /|Eof2 is directly related to the that was fitted to tabulated data over the wavelength range of

. .. i 4
photoluminescence radiative decay rate enhancemegtsns interest

that i$ 2
() = 5.45— 0.73——Ag )
Tragenf@pl) = T o(@p) | Eenif@pD) I NEg(@p) (1) Cag\®) = > '
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the angled is measured from the particle plane. The pitch is 400 nm,
and the np-Ag diameters are 100, 200, and 300 nm (squares, circles,
and triangles, respectively).

Figure 2. The np-Ag array plasmon resonance spectrum for a
characteristic arrayd(= 155 nm,p = 400 nm), calculated via a Fourier
transform of the electric field ring-down (shown in the inset).

where the bulk plasmon frequency s, aqg = 1.72 x 10
rad s1, and the plasmon decay rate jigg = 8.35 x 10%

rad s. It was not possible to simulate an interface that laid  To verify whether the 20 nm high cylindrical silver nano-
along a periodic boundady;therefore, the fused silicagio, = particles (np-Ag) having diameters of 5800 nm were small
2.2) under the nanoparticles and the ajj(= 1) around and  enough to justify the reciprocal approdttescribed above, the
above the nanoparticles were represented by a single effectiveglectric field intensity enhancement was calculated in the nc-Si
medium that represented the distribution of the electric field plane for a range of incident angles. Figure 3 shows the electric
above and below the plane of the silicair interface. This  field intensity enhancement generated by plane wave illumina-
approach was justified by iteratively solving for the distri- tion as a function of the angle of incidence relative toztais
bution until a self-consistent solution was achieved. In this (j.e., # = 90° for normal incidence) for three representative
way, 70% of the field emanating from a resonant Ag nanopar- nanoparticle diameters (100, 200, and 300 nm) calculated at
ticle was found to lie above the interface, and 30% was the plasmon resonance frequency for each sample. The incident
found to lie in the substrate. The effective medium was thus plane wave is polarized in thedirection (see Figure 1 for axis
chosen to have a dielectric constantgf = (0.3esio, + 0.7€ai) definition), and therefore, only thecomponent of the electric
= 1.36. field is considered. This is justified by the fact that, since we
The spectral response of the np-Ag array was determined bydetect experimentally only light that propagates normal to the
illuminating the particle assemblies with a plane wave incident plane of the particles, the Si quantum dot emission of interest
normal to the plane of particleg-@xis in Figure 1a). The wave  must originate from in-plane dipoles, which can only couple to
was polarized in the plane of the array (along #axis), as the longitudinal modes of the metal nanoparticles. In Figure 3,
indicated by the arrowR, in Figure 1b. After 75 fs, the incident  the largest variation of field enhancement with angle is found
plane wave was interrupted, and the electric field distribution for the largest particles, as expected. This variation of 15% thus
was allowed to relax. The ring-down of the field was recorded provides an upper limit to the error in the simulation data shown
for 100 fs at specific locations in the array. The inset to Figure hereafter. Since this error is small relative to the dynamic range
2 presents a characteristic ring-down transient, taken at the centenf enhancements in field intensity studied herein, the electric
of a nanoparticle in a np-Ag array witd = 155 nm, for field intensity enhancement, as calculated based on FDTD
excitation on resonance at= 705 nm. Figure 2 presents a simulations at a single angle, is an appropriate measure for the
Fourier transform of this decaying field, which yielded the radiative decay rate enhancement.
corresponding plasmon response spectrum, and indicates the Figure 4 shows the computed plasmon resonance spectra
presence of a resonance peak at 705 nm. (solid lines) recorded in the center of the metal nanoparticle, as
Spatially resolved images of the electric field distribution obtained from simulations of arrays havipg= 400 nm and
around the particles were obtained by illuminating the particles d = 260, 230, 190, 185, 165, and 140 nm, from top to bottom,
at the resonant frequency determined for the correspondingrespectively. Also shown are the measured transmission spectra
array, using a plane wave normal to the sample, and allowing of representative experimental samples (dashed lines) having
the array to store energy for 100 fs. The field distribution was the same set of nanoparticle diameters. The calculations reveal
then recorded in a plane 10 nm below the bottom of the np-Ag a gradual red shift of the resonance spectrum for increasing
array, that is, where the emitters were located. This squaredparticle diameter, as has been observed in the transmission
field amplitude was integrated over a full optical cycle to provide spectra. The changes in resonance frequency are dominated by
the time-averaged value of the local-field intensity, and this size (and aspect ratio) effects, and the red shift can thus be
value was integrated over the plane of the nc-Si emitters to ascribed to the increased particle diameter, although a secondary
provide a comparison between the simulation output data andcontribution is present from the increased interparticle coupling
the experimental measurements. that occurs as particle diameters increase at a fixed pitch.

Results and Discussion



Plasmon-Enhanced PL of Silicon Quantum Dots J. Phys. Chem. C, Vol. 111, No. 36, 20013375

Frequency (THz) 50—
S 600550 500 450 400 350 . = Computation E
8 0002 — 1.0 E 500l o Experiment [{600 =
E -'---\.._‘--‘- '-'.. - 45)
S 0001} *s <5105 2 =
t LN f’ @ 2
g = 2 d~260 & 4501 {700 &
D L 1 ~ - :- nm d’ m
cC 0000 + T + T + T + 00 Lt ;
T 0.004 410
z o 8 400 o
£ 0002 c § 1800 £
c 2 5 ] &
l_';_,‘*I 0.000 g 3 350 i I i i 1 900 $
[ £ o 150 200 250 300 x
L 0.01 s Diameter (nm)
- - Figure 5. Comparison of resonance wavelengths derived from
o 0.00 E computations (squares) to those derived from an average over several
i 002 N (3—8) experimental transmission measurements (circles).
w ©
© £
@ 0.01 5 parallel to the np-Ag plane at a depth of 10 nm below the base
5 < of the nanoparticles, where the nc-Si emitters are located in the
x> 0.00 K experimental samples. In these figures, four subsequent contour
A 0.03 & lines represent an order of magnitude change ixtbemponent
5 £ of the field intensity.
B 3 In the experiments of ref 13, the nc-Si were distributed
8 o000 o uniformly across a plane. A measure of the field intensity
g 0.10 experienced by an average emitter in this plane can be found
Q los by integrating the calculated electric field intensities over the
= 005F : area of the plane. For example, the average field intensity felt
2 gop="_. . d>140nm], by a nc-Si emitter in the plane beneath an arragl sf 135 nm
O 500 600 700 800 900 np-Ag was found by integrating the field intensity plotted in

Wavelength (nm) Figure 1c over the area of that figure. This intensity was further

Figure 4. Calculated plasmon resonance spectra (solid lines) and Onenorlmallzed by the 'r,]C'dent field and time-averaged over. an
representative experimental transmission measurement (dashed linespPtical cycle. According to eq 1, this averaged computed field
for np-Au arrays withd = 260, 230, 190, 185, 165, and 140 nm (from  Intensity enhancement should be directly reflected in a PL
top to bottom). radiative rate enhancement. In the high pump flux regime in
which the experiments were performEdhe steady-state PL
Calculations on isolated individual particles (rather than arrays), intensity is directly proportional to the radiative rate of the PL.
not shown here, yielded spectra that were blue-shifted by up to A measured enhancement of the PL intensity therefore directly
100 nm compared to the spectra calculated for the nanoparticlereflects an increase in the radiative decay rate, regardless of
arrays, verifying that the interaction between particles plays a the existence of nonradiative decay paths. The measured PL
role in determining the observed response of such arrays. intensity enhancemeitshould therefore be equal to the field

Sample-to-sample variation causes subtle disagreementdntensity enhancement computed in the present work.
between experiment and theory for any single experimental Figure 6a shows the computed time-averaged field intensity
sample. For instance, in Figure 4, the measured transmissionenhancement in the nc-Si plane for arrays having a fixed pitch
peak is consistently blue-shifted relative to the calculated of 400 nm, with particle diameters ranging from 20 to 320 nm
enhancement peak. However, when the transmission measurefsquares). Two trends are observed in the calculations. First, at
ments are repeated on several experimental samples, thesemall particle diameters, the average enhancement increased
differences vanish, as illustrated in Figure 5. This figure shows with increasing particle diameter. This effect can be ascribed
the peak wavelength of the calculated resonance spectrum foro the increasing np-Ag surface coverage, which reflects the
p = 400 nm np-Ag arrays having particle diameters in the-135  fraction of nc-Si emitters that coupled to the metal nanoparticles
320 nm range. Experimentally determined minima of transmis- (in the limit of infinitesimal metal particle diameter, all nc-Si
sion spectra are also shown (averaged ove8 4amples for  are uncoupled). The surface coverage effect is removed in Figure
each value ofd). Within the error bars, which arise from the b, in which the computed and experimental field enhancements
sample-to-sample variations in experimental measurements,are normalized by the np-Ag surface coverage. These data
good agreement was observed between the experimental datéherefore represent the local field enhancement under the
and the simulations. nanoparticle. Second, above an optimum diameterXff0 nm,

The electric field intensity throughout the three-dimensional the average enhancement decreases due to the decreasing local
space about each np-Ag array was also computed numerically field in the nc-Si plane with increasing particle diameter. This
As an example, Figure 1b and c shows the field intensity/ behavior can be attributed to two important effects; (1) in the
amplitude distributions for an array havidg= 135 nm excited absence of coupling, the local field enhancement decreases with
at its computed resonance wavelength of 633 nm. The incidentincreasing diameté® and most importantly, (2) as the particles
light was polarized in thex-direction. Figure 1b displays the increase in size at a fixed pitch, the interparticle coupling
electric field intensity at a cut along a plane through the center increases, and a proportionally larger part of the plasmon field
of the Ag particles. Figure 1c shows a cut along the plane lies in the lateral gap between the particles, resulting in a
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Figure 6. (a) Computed (squares) field intensity enhancement factors © & \‘/‘_‘
for arrays of np-Ag with various diameters and experimentally E Or . il

determined (triangles) PL enhancement factors. (b) Computed and 0 200 400 600 800
experimental enhancements normalized by the np-Ag surface coverage. Pitch (nm)
nm

O_'e?reased field _'n_ the nc-Si plane. Though th(_:" present study ISFigure 7. (a) Computed field intensity enhancement in the nc-Si plane
limited to examining arrays of np-Ag 20 nm in height, these for arrays of np-Ag with 50 nm (black squares) and 100 nm (red
principles hold true for all sizes and shapes of nanoparticles; triangles) diameters and with varying pitches. (b) Computed field
the local field enhancement decreases about larger particles, anénhancements normalized by the np-Ag surface coverage. The insets

increased particleparticle coupling draws the field into the — are schematics illustrating the difference in field distribution between
interparticle spaces. closely coupled particles (left side) and distantly coupled particles (right

. . : side), where the blue rectangles are np-Ag, the red dashed line is the
Figure 6a also shows the experimentally determined enhance nc-Si plane, and the black curves represent the enhanced field intensity,

ment of the PL intensity of the nc-Si emitters (triangles). Within ‘which is drawn into the lateral np-Ag gaps as the interparticle coupling
the error bars, good agreement was observed between experimcreases.

ment and calculations. This agreement indicates that eq 1

accurately describes the phenomenon of plasmon-enhance@&nhanced field in to the lateral gaps between Ag nanoparticles
photoluminescence in the size regime under investigation. Theand out of the nc-Si plane that is 10 nm beneath the np-Ag
results depicted in Figure 6 also suggest that an optimum PL plane. Similar effects are observed for the 50 and 100 nm
enhancement can be found by simultaneously optimizing the diameter particles, with a smaller enhancement and a larger
field enhancement and the density of the array. Optimization optimum pitch for the 100 nm diameter particles. The largest
of the PL enhancement thus involves optimization of the metal surface-average field enhancement in the present simulations
particle diameter and the array pitch, keeping in mind that the is a factor 6 for 50 nm diameter particles with a 3850 nm
array resonance frequency will shift with such geometrical pitch. Note that the surface coverage for this geometry is only
changes. 6%.

A maximum field enhancement in the nc-Si plane cannot be  Given the constraints of 20 nm thick cylindrical np-Ag
straightforwardly attained by selecting an array with an arbi- particles arranged in a plane above a plane of emitters, further
trarily high density of very small Ag nanoparticles. Figure 7a modifications within these constraints, such as replacing the
shows the field enhancement in the plane of the nc-Si at a depthcircular np-Ag particles with squares or such as changing the
of 10 nm beneath the bottom of an np-Ag array, for np-Ag arrays array symmetry from a square to a hexagonal lattice arrangement
havingd = 50 and 100 nm. The smallest pitches were 50 and (data not shown), were found computationally to have no
100 nm, respectively (i.e., touching cylinders), and the largest significant effect on the field enhancement in the plane of the
pitch wasp = 800 nm. The results in this figure indicate that, nc-Si emitters. The depth dependence of the field intensity under
despite the decreasing surface coverage upon increasing particléhe arrays has also been evaluated through simulations. Figure
pitch, the field intensity enhancement in the nc-Si plane increases8 depicts the integrated field intensity as a function of depth
with increasing pitch until the pitch becomes much larger than for arrays havingp = 400 nm andd = 100, 135, 185, and 320
the particle diameter. Figure 7b shows this same enhancementm. For all diameters, in the first 20 nm, the field intensity
normalized for surface coverage. In the size regime considereddecreased rapidly with depth. The field enhancement was largest
herein, an increased pitch led to a decrease in the field intensityfor the smallest particles and extended well beyond 40 nm for
enhancement per particle as measured in the nc-Si plane, ashese smallest particles. For smaller distana®s<( 5 nm),
schematically indicated in the insets to Figure 7. This can again quenching to the metal became dominant, and field enhancement
be attributed to the fact that the greater interparticle coupling calculations alone were not sufficient to determine the PL
between more closely spaced (smaller pitch) np-Ag drew the enhancement.
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