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ne of the work-horses of nano-

optics is the realization of in-

tense and stable light sources,
confined at the nanoscale. To design nano-
scale light sources, different strategies have
been developed. Metal nanoparticles in par-
ticular, have the ability to localize and
strongly enhance the incident electromag-
netic field when excited at their plasmon
resonance.'? This property has been experi-
mentally demonstrated and widely used
for numerous applications such as near field
photopolymerization,? surface enhanced
Raman scattering,* or metal enhanced fluo-
rescence.’ Another route is to use hybrid
systems composed by a metal nanostruc-
ture and fluorophores to increase the lumi-
nescence yield of the resulting hybrid sys-
tem.> An alternative hybrid source is the
spaser approach proposed by Bergman and
Stockman.? The principle is based on the
energy transfer from a fluorophore to the
plasmon state of a metal nanostructure
which induces a stimulated emission of the
amplified plasmon state, as in laser.”® Gen-
erally, the interplay between metal nano-
particle and luminescent species involves
two major phenomena:®~'2 the first one is
an enhancement of the local excitation
field, and the second one is the modifica-
tion of the radiative and nonradiative de-
cay rates of the fluorophores, inducing a
change of fluorescence lifetime and quan-
tum yield.”® The competition between these
processes results in two opposite observa-
tions as reported in the literature: quench-
ing of luminescence or on the contrary its
enhancement.'®""1471¢ Different param-
eters play a determinant role in the quench-
ing and enhancement mechanisms but
their influence is still debated. Particularly,
the spectral position and the influence of
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ABSTRACT We report on the emission of hybrid nanosources composed of gold nanoparticles coupled with

quantum dots. The emission relies on energy transfer from the quantum dots to gold nanoparticles which could

be de-excited through radiative plasmon relaxation. The dependence of the emission efficiency is studied

systematically as a function of the size of gold nanoparticles and interdistance between gold nanoparticles and

quantum dots. We demonstrate a size-dependent transition between quenching and enhancement and a

nonradiative energy transfer from the quantum dots to the gold nanoparticles.
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the localized surface plasmon resonance
(LSPR) compared to the absorption and
emission maximum of luminescent species
is determinant,'"1215-20

In this paper, we report on a systematic
study of the coupling between gold nano-
particles and quantum dots. First, we study
the influence of the spectral position LSPR
with respect to the emission wavelength of
quantum dots (QDs). Second, we report on
the influence of the coupling between the
QDs and the gold nanoparticles (GNPs) by
varying their interdistance. We show that
there is a nonradiative transfer of energy
from the QDs to the GNP, leading to pho-
ton emission if the transferred energy is
resonant with the plasmon state of the
LSPR.

RESULTS AND DISCUSSION

The extinction spectra of GNP with dif-
ferent diameters before (respectively, after)
deposition of the quantum-dot-doped thin
film are shown in Figure 1. By changing the
diameter from 80 to 160 nm, the LSPR
wavelength varies from 580 nm (respec-
tively, 618 nm) to 700 nm (respectively, 732
nm). For each array, the extinction spec-
trum is adjusted using a Lorentzian func-
tion to determine the maximum. Note that
the single apparent mode is the dipolar one.
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Figure 1. (a) Extinction spectrum of GNP with diameter (1) 80, (2) 100, (3)
120, (4) 140, (5) 160 nm, respectively. Inset shows SEM micrograph of typi-
cal GNP array. White bar represents 500 nm. (b) LSPR wavelength as a
function of the gold nanoparticle diameter measured (triangle) in air and
(circle) in PMMA-QD. Lines are guides for the eye.

Figure 1b shows the LSPR peak maximum as a func-
tion of GNP size. Note that the extinction spectrum
maximum, corresponding to the localized surface
plasmon resonance, red-shifts with increasing diam-
eter. This redshift is commonly observed for such
nanoparticles and is attributed to an increase of the
size factor of the GNP."?! To avoid simultaneous ex-
citation of the LSPR and the QDs, we choose CdTe
QDs for their large Stoke shift between absorption
and emission.'6?

Typical photoluminescence spectra measured on
different nanostructures containing CdTe quantum
dots (with and without GNP arrays) are presented in Fig-
ure 2a. Each spectrum has been adjusted using a Gauss-
ian profile.

First of all, we can observe that the photolumi-
nescence (PL) maximum wavelength does not shift
with the GNP diameter indicating that the band
structure of the QDs is not affected by the GNPs
and that there is no self-quenching by nonradiative
energy transfer between QDs.?* To study precisely
the influence of GNPs on the QD photolumines-
cence, the intensity of the signal measured on the
GNPs is normalized by the intensity of the signal
measured on the bare sample (i.e., an area in the QD/
PMMA film without GNPs). Then, we obtained the
PL modification factor F given by F = S./S, where
Sm is the measured signal with the presence of GNPs
and S is the measured signal without any GNPs.

The obtained modification factor of photolumines-
cence F is presented in Figure 2b as a function of the di-
ameter of the considered GNPs. The photolumines-
cence from patterned areas exhibits both quenching
and enhancement compared to that of unpatterned ar-
eas. For particle diameter below 120 nm, we observe a
reduced PL compared to the intensity without the pres-
ence of GNP. At 130 nm diameter, the PL intensity
equals that of the intensity without GNP. Only for a di-
ameter >140 nm, is the PL intensity enhanced com-
pared to the reference situation. Furthermore, the mea-
sured photoluminescence enhancement reaches 260%
for the 160 nm diameter GNPs. To determine how the
LSPR is correlated with the modification of the PL, we
represent the modification factor F as a function of the
difference between the wavelength of the measured
LSPR (corresponding to the peak maximum measured
by extinction spectroscopy in far field in PMMA/QD)
and the wavelength of the QD emission (i.e., Aw = N\ spr
— Aap)- The obtained results are shown Figure 2c. It
clearly appears that the transition between the two
limit behaviors (i.e., quenching and exaltation of photo-
luminescence) is situated around Aw = 40 nm. This re-
sult means that the extinction maximum must be red-
shifted in respect of the QD photoluminescence
wavelength to obtain F > 1. This shift corresponds to
the shift between the absorption and the extinction
spectra of GNPs as previously reported by several
authors.?*?> We therefore infer that the GNPs absorb
the light from the QD and then emit it. To check this as-
sumption, we tune the distance between the GNPs
and the QDs for many GNP sizes. Using an organic
spacer (see Materials and Methods), we increased the
GNP—QD interdistance from 3 nm to 13.5 nm with a
step of about 1.5 nm. Measured spectra for different
GNP—QD interdistances are presented Figure 3a for
GNP of 80 nm (F < 1) and Figure 3b for GNP of 160
nm (F > 1), respectively. In the case of the smaller par-
ticles (i.e., 80 nm), the PL signal increases with the inter-
distance. On the other hand, for the larger ones, the
PL signal decreases with the thickness of the spacer.
The PL modification factor F is represented Figure 4a
as a function of the interdistance for all the samples.
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Figure 2. (a) Photoluminescence spectrum measured in the vicinity of GNP of 80 nm (line), without GNP (dash), and in the
vicinity of GNP of 140 nm (dots), respectively. Note that the spectrum have been smoothed using a Gaussian fit. (b) Modifi-
cation factor of photoluminescence F as a function of the diameter of the GNPs. (c) Modification factor of photoluminescence
F as a function of Aw = A spr — Aqp, the difference between the plasmon resonance wavelength and the QD emission
wavelength.
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F is strongly interdistance dependent except for the
GNPs of 130 nm in diameter for which no variation is
measured. For the small GNPs (diameter <130 nm) the
quenching effect is reduced when the interdistance R is
increased. For the largest GNPs (diameter >130 nm)
the enhancement of luminescence diminishes with the
increasing interdistance. In both cases, the modification
of the PL completely disappears for an interdistance
higher than 12 nm. This result suggests a strong dis-
tance dependent coupling between the GNPs and the
QDs. Then, we represent the factor E(R), corresponding
to the coupling efficiency, as a function of the interdis-
tance R (see Figure 4b), and given by

1 — FR)

R =1—F

| (M
max
where F(R) is the F factor, function of the interdistance
R, and F.. is the maximum value of F(R).

Assuming that both QD and GNP can be consid-
ered as dipoles,?® the experimental data points are fit-
ted using the function described by?28

C
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where C, is a constant, R is the interdistance, and R, is
the interdistance corresponding to 50% of efficiency for
the considered physical process whose nature de-
pends on the integer n (n = 2, 3, 4, or 6). As clearly
shown (Figure 4b) the experimental data points are
well fitted using eq 2 with n = 6. The fit of the differ-
ent curves shows that

1

14 (ﬂ)6
Re

with Rg =~ 7.5 nm. This dependence corresponds to a
nonradiative transfer between dipoles as evidenced by
Forster.? Thus, our results clearly show that there is a
nonradiative transfer (such as FRET) from the QDs to the
GNPs.?

In our experiments, the excitation wavelength is
405 nm. We emphasize that no plasmon mode of the
GNPs is directly excited due to the fact that this excita-
tion wavelength is far from the measured LSPR as
clearly shown Figure 1. Thus, the photoluminescence
enhancement cannot be explained by a local increase
of the incident field intensity due to the LSPR. This
would be characterized by an exponential decay of the
F factor with the interdistance.'® At this wavelength,
the absorption cross section o,ps of the GNPs is higher
than the scattering cross section o.i>* as shown in Fig-
ure 5a. The cross sections were obtained using Mie
theory. The calculated dependence of the modification
of the incident field (Ney)a0s = Oscat/Tans as a function of

E(R) =
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Figure 3. Measured spectra for different GNP—QD interdistances are
presented (a) for GNP of 80 nm and (b) for GNP of 160 nm, respectively.
Black arrows indicate the increasing distance QD—GNP.

the GNP diameter is shown in Figure 5b. (Ney)aos < 1
for all the GNP sizes thus inducing a decrease of the lo-
cal incident excitation field. The variation of N, tends
to significantly reduce the quenching induced by the
smallest GNPs (80m and 100 nm) and slightly increase
the exaltation induced by the biggest ones. Neverthe-
less, the general behavior shown in Figure 2b is not sig-
nificantly modified. Moreover, the incident intensity
used (~120 W -cm~?) is too weak to induce a modifica-
tion of the absorption cross section of the QDs. Contrar-
ily to the experimental configuration used by Wang et
al.’® there is no TM component of the incident field
thus avoiding an excitation of the out of plane plas-
mon. Besides, below 500 nm plasmon resonances are
strongly damped by interband transitions.

The proposed process is schematically illustrated in
Figure 6. The incident light absorbed by the GNPs at
405 nm induces interband transitions situated around
500 nm in gold.?® This interband absorption induces an
excited state (d-band holes with sp-band electrons) of
the gold nanoparticles.

Then, depending on the GNP size, two scenarios
are envisaged: first, for the smallest GNPs (diameter <
130 nm), all the transferred energy from the QDs is dis-
sipated by Joule effect (i.e., the electron—phonon cou-
pling) because the plasmon state is off resonance with
the PL of QDs and the measured signal at this wave-
length is strongly reduced (see Figure 6a). On the other
hand, for the larger GNPs (diameter >130 nm), the plas-
mon state is excited by the energy transferred from
the QDs, thus allowing a new radiative way for the en-
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Figure 4. (a) Modification factor of photoluminescence F as a function of
the interdistance between GNP and the QDs for a diameter of GNP of
about 80 (black circle), 100 (+), 120 (triangle up), 130 ( X), 140 (black
square), and 160 nm (black triangle left). (b) Coupling efficiency E as a
function of the interdistance R for a diameter of GNP of about 80 (black
circle) and 140 nm (square). Red line is a fit obtained using eq 2.
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Figure 5. (a) Calculated (®) absorption cross section o ,,s and (A) scattering cross section o-.,: of the GNPs for all the sizes at

405 nm. (b) Calculated dependence of the modification of the
eter.

ergy dissipation (see Figure 6b, relaxation way (8)). In
that case, the electron—hole pairs will recombine by
emitting a radiative plasmon® at the same frequency
in a process similar to stimulated emission of plasmon
state. The plasmon is excited by the QD PL transferred
energy and the very short lifetime of the plasmon state
(<<100 fs)*' does not induce a measurable modifica-
tion of the spectrum at room temperature (i.e., no no-
ticeable shift or damping of the QD photoluminescence
has been measured at 665 nm). It simply induces a
strong enhancement of the measured signal at the
same apparent wavelength as schematized Figure 6b.
Note that the difference in intensity of the measured
signal between the different GNP comes from the differ-
ent probabilities of radiative emission of the consid-
ered plasmon state. Then, the new emitter system com-
posed by a GNP strongly coupled with several QDs
exhibits a higher brightness than a bare QD in the case
of the largest GNPs.

local field (Ney)aos = O scat/ T aps as a function of the GNP diam-

CONCLUSION

To summarize, we showed the possibility of tuning
under control the emission efficiency of hybrid
semiconductor-metal nanosource for a large range of
gold nanoparticle sizes. We show that the modification
factor of emission of hybrid nanosource compared with
bare quantum dots depends strongly on the GNP size
(i.e., plasmon resonance). Moreover, our results clearly
show a strong nonradiative energy transfer from semi-
conductor quantum dots to gold nanoparticles. Particu-
larly, we show that the distance dependence of this en-
ergy transfer fits perfectly with a dipole—dipole
coupling. Our observations can be explained by the
creation of particle plasmon through interband ab-
sorption which emits photons when excited by the
energy transferred from the quantum dots. These re-
sults bring crucial knowledge to develop bright and
localized nanosources required in future nanophoto-
nic devices.
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Figure 6. Simplified representation of the physical process (

a) in the case of GNPs with a diameter <130 nm and (b)

in case of GNPs with a diameter >130 nm. The different steps are (1) absorption of the incident laser beam by the QD,

(2) emission process of the QD, (3) energy transferred nonr

adiatively from the QD to the GNP, (4) interband absorp-

tion of the incident laser beam by the GNP, (5) scattering of the incident laser beam, (6) nonradiative intraband tran-

sitions, (7) thermal deexcitation by electron—phonon coupl
(PS).

ing, and (8) radiative deexcitation from the plasmon state
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MATERIALS AND METHODS

Preparation of the Samples. Gold nanoparticles were fabricated
by electron beam lithography technique and lift off offering
thus the possibility to control precisely size, shape, and interdis-
tance of metal nanostructures.>? The GNP diameters vary from 80
to 160 nm and the height is 50 nm. The interdistance is kept con-
stant at 200 nm to avoid near field coupling between GNP. The
quantum dots used are core—shell CdTe/CdS (Evident Technolo-
gies) with 665 nm emission wavelength and a quantum yield of
about 30—40% in toluene. The total diameter of QDs is about
8—9 nm, and the core diameter is about 3—4 nm. The QDs are di-
luted in toluene (90 wg/nmol) and added to the PMMA solution
(3 g/L). Quantum-dot-doped PMMA thin film is then spin-coated
on the metal nanoparticles at 3000 rpm. The thickness of the ob-
tained film is 10 = 1.5 nm, as determined by AFM measure-
ments. Thus, a quasi-monolayer of quantum dots above the
GNP arrays is obtained. The QD-GNP distance is controlled
though a layer-by-layer deposition of polyelectrolytes. Polyelec-
trolyte multilayers were deposited by alternate dipping of the
substrate in aqueous solutions (pH = 3, 10 mM in monomer unit,
without salts) of PDDA (poly(diallyldimethylammonium chlo-
ride), M,,= 100 000 to 200 000) and PSS (poly(styrenesulfonate),
M,, = 70000).333*

Optical Characterizations. Visible extinction spectra were mea-
sured using a micro-Raman spectrometer (Labram, Jobin Yvon)
in standard transmission geometry with unpolarized white light.
The transmitted light is collected with a 10X objective (N.A. =
0.25) from an area of 30 X 30 wm?. The extinction spectra were
used to determine the position of the localized surface plasmon
resonance of bare and hybrid nanostructures (i.e., after the com-
posite QD/PMMA deposition). To study the photoluminescence,
quantum dots are excited through a polymer microlens localized
at the extremity of a monomode fiber.3 The distance in the
near field region between the microlens and the sample is con-
trolled by a shear force set up.>® The excitation wavelength is 405
nm. The luminescence is collected at 45° in far field through a
long working distance objective (50X, 0.42 N.A.) and directed on
a spectrophotometer in order to measure quantum dot lumines-
cence spectrum.
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