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The coupling of semiconductor quantum dots (QDs) to the surface plasmon (SP) modes of nanohole arrays
in a metal film was demonstrated for the first time, showing enhancement in the spontaneous emission by 2
orders of magnitude. The SP-enhanced transmission resonances of the nanohole arrays were tuned around
the photoluminescence (PL) peak of polystyrénrgsly(acrylic acid) (PS-PAA)-stabilized cadmium sulfide

(CdS) quantum dots (QDs) in contact with the arrays. As a result the overall PL from th@[3Bystem

was enhanced by 2 orders of magnitude, even after excluding the enhanced transmission of the nanohole
array without the QDs. The maximum enhancement occurred when the resonance from the nanohole array
matched the QD PL spectrum. Time-resolved PL measurements were used to estimate the relative contribution
of different physical mechanisms to the enhanced spontaneous emission. The increased spontaneous emission
in the SP-QD system is promising for prospective plasmonic light-emitting devices incorporating QDs.

1. Introduction enhancement to favor certain emitted frequencies was not
possible in those systems. Recently, Song et al. have reported
a significant enhancement in the PL efficiency from CdSe/ZnS
QDs in contact with a periodic array of silver nanoparticfes.
The efficient PL emission was assigned to an enhancement in
the excitation field by a combination of propagating and

The coupling between surface plasmons (SPs) and inorganic
semiconductor emitters, such as quantum wells (QWSs), quantum
dots (QDs), and Si nanocrystals, has been a topic of intense
recent interest!3 due to numerous potential device applications.
QDs are more optically robust than organic fluorophores, and )
they present tunable (size-dependent) emission bands and greaté?cahzed SP resonances. . ) )
flexibility in terms of excitationt4 Their chemical behavior can There has also been a lot of interest in the optical and
also be easily manipulated by modifying their surface with the SPectroscopic properties of periodic nanohole arrays, driven by
desired functionalitys Enhanced photoluminescence (PL) yield their potential application in photonic architectutésivhen
from QDs and nanowires in contact with metallic nanoparticles lluminated with white light, it is known that nanohole arrays
has been reporté The surface plasmon (SP) resonances SUpport e_zxtraorgllnary transmission with resonances at specific
mediate an increase in the PL efficiency by either enhancing frequencies, which are related to the spacing bet\_/veen ;helﬁoles.
the local exciting fiel@!6 or providing an alternative pathway ~Several models have been suggested to describe this phenom-
to the spontaneous emissibk Gontijo et als showed that the ~ €non*®~?? Most of these invoke the role of SPs, and indicate
decay rate Of excitons in InGaN QWS iS increased by a factor that the eXtI‘aOI’dInary tl’ansmISSIon occurs When the |nC|dent
of 55 when in the proximity of an ultrathin silver layer due to excitation matches the SP resonances. It has recently been found
the direct transfer of energy into the SP modes. However, sincethat the polarization of light transmitted through nanohole arrays
their system lacked an efficient antenna to transform the SPis dependent on the shape of the nanoh8te®, opening the
into free photons, the end result was an overall decrease in thedoor to the possibility of using these substrates as nanopolarizers
PL efficiency. and subwavelength photonic switches. The adsorption of

The enhanced decay constant of the SE due to the interactioriological species on nanohole arrays can shift the SP resonance,
between the semiconductor QW and the SP was readily producing an SPR sensor that works in transmission ridde.
confirmed by time-resolved PL measurements in a similar The potential application of these substrates in biophotonics was
systen® Enhanced PL emission was later recorded when the further demonstrated by the observation of several enhanced
SP-photon conversion was induced by either coating the metal SPectroscopic responses, including fluorescéficg, infrared
surface with Ag nanoparticlér using a silver film with a  absorptior#*~3¢ and Raman scatterirfg.
rough surfacé.In all these cases, however, random metallic  In the present paper, we describe the first example of coupling
structures were used to convert the SP into free photons. Hencepf the SE of semiconductor QDs to the SP modes from periodic
although an overall enhancement was obtained, tuning thenanchole arrays in a metal film. In this experiment, the PL from
the QDs is emitted into the SP modes of the metal film. For
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TABLE 1: Geometric Characteristics (in nm +5%) of the Laser excltation (410 nm)

Au Nanohole Arrays Investigated ,%é’
array periodicity diameter fill factor (%) "%é’

A 350 86 4.7 «%%» Oblective

B 400 88 3.7

c 400 88 3.7 PS-b-PAA-stabilized CdS QDs - 2

D 430 104 4.6 (PS-QD) in toluene Arvay of

E 500 114 41 - R Al o
F 550 122 3.8 cas:eﬁl:n; »,Y,2 franslation stages

G 610 118 2.9 onto gold fiber optic

H 650 117 2.5 nanchole

I

660 131 3.1 ~4nm array
A ¥

of light through the holes; however, for the QD PL, the SP m spectrometer
modes are directly excited at the surface of the film. The fact AR

that the PL transmission spectrum changes to follow the 3¢ ~100nm

resonance of the array is a main feature of this work, which Figur(_e 1: Schematic of the sample preparation and experimental setup.
allows us to measure the SE enhancement from the coupling@PS Inside the nanoholes are not represented.

between the QD and the SPs. By varying the periodicity of the . . -

array, it is possible to control the enhanced PL from the QDs. Cha'.n. aggregation nu_mbers for a similar block copolymer-
The different contributions to the enhancement were estimated StPilizéd CdS sample in toluene, the calculated average nearest-
from time-resolved PL measurements. neighbor distance between QDs in the polystyrene matrix of

Forthe presntstu, bk copoymercoated Ca QDs i % G 150 nm Wt mosle aisorion e
trap-state emission in the same spectral range as the main S 9 y Q

resonance of several of the arrays of nanoholes were chosenthe nanostructure(_j gold su_bstra_tes would be half thi_s vamé_(
the polystyrene brush layer surrounding each nanoparticle hm), although horizontal distortions due to micelle interactions

afforded easy deposition of transparent Qmlymer films on with the substrate should reduce this average distance signifi-
39 i i i i
the nanohole arrays. Moreover, the energy separation betweer?antly' Along with the prevention of QD aggregation with

the laser excitation and the emission from the trap states couldCaSting and providing uniform and opFicaIIy transparent ﬁlm.s’
potentially allow for conditions where only the emission is in the polystyrene brush spacer should in the future provide fine

resonance with the plasmonic structure. The strategy here Wascontrol over the interactions between QDs and between QDs

therefore to use a fixed emitter (CdS), while varying the structure and' the sub;trate, since QD samples with polystyrene brush
of the plasmonic substrate in order to tune the SP resonances.Chalns of.vanable Iength can be prepared.
Experiments with different types of QDs can be envisaged and A Solution of PS-QD in toluene was drop-coated on the top
should be a natural extension of this work. of various gold arrays, using a fixed volume of 20. A film

of the colloidal QDs dispersed in a polystyrene matrix was

formed after the solvent evaporated. Since all arrays were on
the same gold slide and the distance between then were less
2.1. Materials and Fabrication of the Nanostructures.The than 1 mm, we can assume a homogeneous film thickness and
arrays of subwavelength holes were fabricated and imaged withthe same amount of PS-QDs on each array. Although a small
use of a FEI 235 dual-beam focused ion beam and field emissiondifference in the absolute amount of PS-QDs could arise because
scanning electron microscope. The details of the instrumentthe density of holes illuminated by the laser source is array
setting, fabrication, cleaning, and optical characterization of the dependent, this contribution is not significant due to the small
arrays are presented elsewh&& Nine different square arrays  volume of the holes (ca. 100 nm diameter and 100 nm deep)
with distinct periodicities (distances between the centers of the compared to the overall film thickness. Several initial concentra-
nanoholes) were used in this study (Table 1). The arrays weretions of PS-QD in toluene were used, ranging from 3% to 11%
created in 100-nm-thick gold films deposited on Cr-coated (5 w/w. The more concentrated solutions yielded thicker films, but
nm) glass by evaporation. the spacing between the dots was constant and dictated by the
Films of polystyrends-poly(acrylic acid) (PS-PAA)- aggregation number and characteristic length of the polystyrene
stabilized cadmium sulfide (CdS) QDs were used to coat the brush3® Experiments with normal glass slides (without gold)
gold substrate. CdS was used as an emitter because its PL frongoated with a film of PS-QD were also performed to provide a
trap states matches the SP resonances of the gold nanostructurd®seline for the optical measurements.
investigated in this work. Details on the synthesis of these 2.2. Optical Setup for Transmission and PL Measure-
polymer-stabilized CdS quantum dots (PS-QD) have been ments.An Olympus BHSM metallurgical microscope coupled
published, along with their PL properties in dilute toluene toan Ocean Optics USB-2000 miniature fiber optic spectrometer
solutions®® These composite particles consist of a CdS QD core, was used. All optical measurements were carried out in a
surrounded by an ionic surface layer of poly(cadmium acrylate) collinear geometry, as shown in Figure 1, using a 00
that is covalently linked to an outer brush layer of polystyrene. objective lens (NA= 0.95). The halogen lamp from the
The glassy poly(cadmium acrylate) surface layer provides long- microscope was the light source for the transmission measure-
term stability for the composite particles through its high glass ments?6 The acquisition time was 200 ms and 20 accumulations
transition temperature and &d ionic cross-links between  were recorded. For the PL measurements, the broad-band
carboxylate groups. The polystyrene brush provides solubility halogen lamp was substituted by a laser source. In this case, a
in organic solvents, and acts as both a matrix and a spacermode-locked Ti:Sapphire, pumped by a Coherent Innova 400-
between neighboring QDs (and the QDs and the substrate) in15 Ar+ ion laser was used. The repetition rate was ap-
cast films of PS-QD. On the basis of the molecular weight of proximately 5 MHz, the nominal pulse duration was 200 fs and
the polystyrene brush chains (34 000 g mpland measured  the pulse energy was on the order of 10 nJ. The 820 nm output

2. Experiment



SP-QD Coupling from Arrays of Nanoholes J. Phys. Chem. B, Vol. 110, No. 16, 2008309

Array B Array D Array E
Array A i Array F

N

450 550 650 750 420 520 620 720
Wavelength / nm

Wavelength / nm

Normalized Transmission / a.u.
Intensity / a.u

Figure 2. Normalized white light transmission for uncoated arrays of

nanoholes. The geometric properties of the arrays are described in Tabld 19ure 3. PL spectra of block-copolymer-stabilized CdS QDs: (@) in
1. toluene solution and (b) film immobilized on a glass slide. Excitation

at 410 nm.

of the Mira 900F oscillator was frequency-doubled, using a - .
s requency-dou using between spectrum a and spectrum b in Figure 3 in terms of

pB-barium borate (BBO) nonlinear optical crystal mounted in a distribution in the t tat S . hich
customized housing. The resulting 410 nm laser excitation was ENErgy distribution in heé trap state emission region, whic
isolated by using a concentrated CuS®lution as an optical indicates that the immobilization of PS-QD on glass does not

filter, and then directed into the microscope affect its PL characteristics. A linear relationship was also found
For lifetime measurements, the generated PL was aISObetween the PL from various films of PS-QD on glass and the

collected by the optical fiber using the same arrangement, but casti.ng co.ncentration. in W/V\.” which is directly prqportional to
the output was directed to a single photon counting photomul- the film thickness. This confirms that self-quenching of the PL
tiplier system (Products for Research). The laser line was errgszsgn W?S lngthlmportgntt;or;rce_l_samplif Erﬁstlgar;[etg.
rejected by using an interference filter and the integrated PL I’I‘E;. .so??\lg:l%h lang_es n 4eh r?hnsmlh_te i g?gg €
signal was sent into the detection system. The time-dependenlA. Y “.,,O. es.rigure 2 shows the white ignt transmis-
PL curves were deconvoluted from the instrument responseSlon (Iabg{eq " in all plots) and the transmitted PL spectra
function and fitted to multiexponential decays with FAST (labeled i n al! plots) through a selected set O.f nanoho!e
software (Alango Scientific). After the experiments, the original arrays used in this work (see Table 1 for the details regarding

. o the arrays). Each of the arrays presented in Figure 4 was drop-
thlgg E?,néﬂggsi;Zetﬁgiﬁfnoéfsggv.vg\éel\f,ir:ﬁt?ovf ;iséwas regener coated with a 5% w/w toluene solution of PS-QD. The white

light transmission, labeled “i” in Figure 4 for each array, presents
distinct features when compared to Figure 2. The differences
in the transmission features are related to the shift of the SP

3.1. Optical Characterization of the Arrays and PL resonances due to the changes in the refractive index of the
Characteristics of the QDs.The main geometrical character- material in contact with the gold substrafe'® For instance,
istics of the arrays used in this work are summarized in Table Figure 2 shows only one Atiair resonance peak for each array,
1. The fill factor is the relative surface area occupied by the but multiple peaks are generally presented in the white light
nanoholes. The normalized transmission of white light through transmissions shown in Figure 4 for the PS-QD-coated arrays.
all arrays (without any coating) was obtained, and a representa-The extra peaks in Figure 4 correspond to higher scattering
tive set is shown in Figure 2. All the arrays presented orders of the array. A definitive assignment for the SP
extraordinary transmission at characteristic wavelengths ac-resonances present in Figure 4 would require the precise
cording to their periodicity and the optical properties at the determination of the refractive index of the film and the
metal-air interface®4°The main peak for each array in Figure application of numerical methods. However, we estimate that
2 corresponds to the (1,0) SP resonance at theahuinterface. they are related to the (1,0) and (1,1) resonances at the Au
The (1,0) SP mode for the Atglass interface is not observed PS-QD interface, whereas the (1,0) mode occurs always at
at longer wavelengths since this resonance is known to belonger wavelength.
attenuated by the 5 nm Cr layer between the Au and the glass The white light transmission spectra of polystyrene-coated
slide?® The Au—air (1,0) SP resonance shifted to the red as the nanohole arrays in the absence of QDs were also obtained, and
periodicity increased. This behavior is expected from the phasetheir main features were similar to the ones observed in Figure
matching conditions for SP excitation of periodic metallic 4i, indicating that the presence of QDs does not significantly
nanostructure$t42 change the refractive index of the polymer.

The PL spectra from a solution of the PS-QD in toluene and  The transmitted PL spectra, labeled “ii” for each array, should
from a drop-coated film on a glass slide are presented in Figure be compared to the reference PL from the QD film-coated glass
3. The PL spectrum from PS-QD dispersed in toluene (Figure slide presented in Figure 3b. The strong feature at 820 nm that
3a) presents two distinct bands: a relatively sharp peak centereds present in all transmitted PL spectra is the residual funda-
at 455 nm and a broad envelop centered at 610 nm. The 455-mental radiation from the laser source. A similar feature (not
nm peak is attributed to recombination from near-exciton band- shown) is also observed at 410 nm, corresponding to the residual
edge states. The broad envelope at 610 nm is related to emissiotaser excitation.
from a distribution of states localized at the QD surface (trap It is clear from Figure 4 spectra ii that the PL spectra
statesf® The sharp band-edge transition is not visible in the transmitted through the nanoholes were significantly different
spectrum from the films of PS-QD cast on glass (Figure 3b) from the spectrum obtained from the glass slide coated with
because a long band-pass filter, with a cutoff at 520 nm, was the PS-QD (presented in Figure 3b). Moreover, the PL profile
used in these measurements. There are no significant differencesvas unique for each specific array, matching its characteristic

3. Results and Discussion
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Figure 4. White light extraordinary transmission (spectra i) and transmitted PL (spectra ii) for several arrays covered with a film of block copolymer
stabilized CdS QDs. Details on the geometric properties of the arrays are given in Table 1.

Wavelength / nm

white light transmission. A striking feature of Figure 4 is the plasmonic band gaps were previously reported for an organic
similarities between spectra i and ii, which illustrates that the dye adsorbed on a periodic silver gratitig.
PL is modified to follow the SP structure of the substrate. The Investigations on QW SP coupling*and dye-SP coupling®
differences in relative intensities (between i and ii in Figure 4) have shown that the coupling is in the weak regime, whereas
is related to the almost flat intensity profile of the white light J-aggregateSP has been reported within the strong coupling
source within the wavelength range investigated compared toregime?4-46 Here, the QB-SP coupling appears to be in the
the PL profile before transmission (shown in Figure 3). The linear regime because the observed PL has the same spectrum
modified PL profile reflects the fact that the SE must interact as the SP-enhanced transmission spectrum multiplied by the bare
with the nanostructured gold substrate to be detected in PL spectrum without the array.
transmission mode, and therefore the PL spectrum is combined 3.3. The SP-Mediated PL EnhancementAn important
with the SP resonances of the arrays. aspect in plasmonics is the possibility of an enhancement in
The peaks in the white light transmission in Figure 4 (labeled the emitter PL yield due to the SP excitations via arrays of
“i” for each array) correspond to the SP resonances; hence, thenanoholes. Here we estimate the enhancement for the $pD
array-dependent transmission PL spectrum indicates that the trapnteraction in the presence of the nanoholes. The degree of
state recombination from the PS-QD excites the SP modes ofenhanced recombination rate for emitters in resonant medium
the substrate. The SE from the PQDs located within the SP-  is known as the Purcell effe¢t,and the Purcell factorR) is
field were either enhanced or suppressed depending on thedefined as the ratio of the enhanced SE to the SE in free $pace.
density of accessible plasmonic states in the SE frequency rangeWhile the Purcell factor is calculated from relaxation rates and
It is particularly interesting to point out the effect of band lifetime measurements, or estimated from quenching measure-
gaps in the plasmonic structure of the transmitted PL. When ments3° here we consider a comparable enhancement f&ctor
the band gap occurs within the PL range, emissions at certainas the increase in the amount of luminescent photons transmitted
wavelengths are severely attenuated creating transmitted PLthrough the metallic nanostructure. We define the enhancement
spectra with double bands (see arrays A, D, and E in Figure 4).factor F as the ratio between the integrated PL transmittance
The relative intensities of these two transmitted PL bands are (Tp.) and the separate measurement of the total transmittance
related to the strength of the white light transmission bands (or of white light (Tw.) (not PL) through the arrays coated with
to the density of plasmonic states of the array). Similar the film of PS-QD:
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Unlike other methods, no extra corrections due to fill factors 200

and size of the nanoholes (including a correction from Bethe’s

theory*®) are required, since both transmittances are measured 150

for the same array. Other methods compare the transmission 100

with single holes or disordered arra}s°31Those methods are

designed to demonstrate that more light than expected is 50

transmitted through the nanohofé€! or to illustrate field

localization effect$931 By contrast, our objective is to probe '

how the overall enhancement in the QD recombination process A B CDETFGH I

via SP coupling results in an increase in the amount of photons Array

produced on the other side of the array. To this end, by dividing .

the integrated transmittance of the PL with the total transmit- Fi9uré 5. Enhancement factor$-{values), calculated with eq 1, for
L . .. all arrays investigated.

tance of white light, the effect of pure extraordinary transmission

is eliminated. (a)

Figure 5 shows the integrated enhancement faé&tpfaf all
arrays, calculated with eq Ip_ was calculated from the ratio
between the integrated transmitted PL intensity in the presence
of the arrays (Figure 4, labeled “ii” for all arrays) and the &
integrated PL in the absence of the arrays (Figure BR).is
the total transmittance of the white light through the nanoholes
coated with the QD film, calculated as the ratio between the
integrated white-light spectrum transmitted through the nano-
holes (Figure 4, labeled “i” for each array) and the spectrum of .
the light source obtained without the gold substrate (not shown). et

According to Figure 5, enhanced PL was observed for all ) e
arrays investigated. The enhancement factor was dependent o1 001} TR e
the geometrical characteristics of the individual arrays and Time / ns
ranged from~50 (from array A) to~300 (from array F). It ®) 1
can be concluded from Figures 4 and 5 that a maximum PL
efficiency is achieved when the geometrical characteristics of
the arrays are designed to produce the best overlap betweers P PRI
the SP resonance and the PL emission. Therefore, the enhancez o ; . Usss ) {2460 )
ment factor depends both on the plasmonic properties of the @ '
gold substrate and on the excited states of the QDs.

The larger reflectivity of the gold surface compared to the
glass was also considered, using the optical properties of Au ats 001
410 nm?# Other effects, such as extra excitation due to back
reflection from the polymetair interface and SE into waveguide R T
modes of the asymmetric cavity (metalielectric-air), were T
not considered® 0.0014——

The values foF-factors presented in Figure 5 are comparable
to typical SP-mediated enhanced recombination observed fromFi ure 6. PL decav curves of PS-OD films: (a) on a glass slide and
molecular system&°>* semiconductor QD?S?,lO,lG _and (b? adsorbed on ax array of nanoﬁoles (arra(y)F is p?esented). Triple
QWs?25912Most of the reports, however, deal with a different  anq double exponential fittings are shown in the insets. Relative
situation where only the excitation field is in resonance with contributions of each lifetime to the total decay (obtained from the
the SP mode%55 In those cases, the enhanced emission is area under the exponentials): a)gives 13%,r, gives 10%, ands
attributed to an increase in the local electromagnetic field at gives 77% and (bj, gives 90% and: gives 10%. The red dots indicate
the excitation frequencs? In our case, however, the situation ~the instrument response function (fwhm15 ns).
is more complex and several contributions to the total enhance-
ment may be present. These pathways include simple radiativefitted to multiexponential functions and the resulting fitting
decays followed by photenSP coupling, SP-mediated enhanced parameters are also given in Figure 6. The average lifetimes
excitation fields, and enhanced nonradiative-€&P coupling. for the emissions through glass and through the nanoholes
The relative contributions of each of these pathways are arrayextracted from the fits were (282 10) and (31+£ 4) ns,
dependent, since the SP resonances are closely connected t@spectively. The lifetime decrease observed in Figure 6b is
the geometrical parameters of the nanostructure. typical for emitters in contact with metallic structures. In

3.4. Time-Resolved PL.The relative contributions of the  addition, since the distance between the QDs on glass and on
pathways mentioned above to the overall enhancement can behe gold substrates was kept constant by the polymer layer, the
investigated from PL lifetime measurements. Figure 6 shows lifetime modification cannot be explained by dipeldipole
PL decays for the emitters in contact with the glass slide and interaction3®
in contact with one of the arrays of nanoholes. Similar results A lifetime distribution analysis shows that the greatest
were obtained for other arrays. The data in each curve werecontribution to the PL decay for the film-coated array of

F-values

10

Normalized Counts / a

Normalized C

200 400 600 800 1000 1200 1400 1600

Time / ns
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nanoholes originates from the short lifetime component of the are involved in the SPQD interaction. Therefore, a significant
decay curve, with the lifetime component at around 5 ns making contribution to the overall enhancement is attributed to the
up 90% of the PL (Figure 6b). On the other hand, the decay recovery of energy from quenched QD states as PL photons on
curve for the QD film on glass shown in Figure 6a is dominated the other side of the arrays, which is an important advantage
by lifetime components at ca. 360 ns, which has a 77% for this substrate when compared to other nanostructures that
contribution. The short component in Figure 6b can be assignedsupport SP resonances. The approach employed here is general
to the direct energy transfer from the trap states into SP and can be implemented for different types of emitters and used
excitation. A distribution of lifetimes is observed even for the to explore pure exciton emission from passivated QDs. The
polymer-coated QD films on glass due to an inhomogeneous distance between the particles can also be easily tuned by the
distribution of QD states and nanoparticle sizes. Therefore, the length of the polymeric coat.
assignment suggested above can be regarded as an approxima- The results presented here should have important implications
tion. for the future development of plasmonic-based deviéézor

It is well accepted that the proximity of emitters to metals instance, the SP-mediated increase in the radiative SE from QDs
affects both their radiative and nonradiative rates of relaxation. could yield brighter and faster light-emitting devi®$? The
For instance, Shimizu et &.found a 1400 enhancement in the development of plasmonic-based low-threshold and high-
rate for the nonradiative process and an increase of 70 timesmodulation semiconductor lasers could also benefit from the
for the radiative channel for single QDs adsorbed on rough gold data presented here.
surfaces. On the other hand, we may assume that the quenching
occurs predominantly for QDs located close to the surface Acknowledgment. We gratefully acknowledge funding
(within 10 nm), and corresponds to the direct excitation of SPs support for this work from NSERC, CFI, and BCKDF. This
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