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I
n addition to producing strong loca-
lized electric fields,1�3 resonant plas-
mons in noble metal nanostructures

are also responsible for the absorption
of photons to create excited or hot elec-
trons in the metal.4�6 These properties
are of great importance in light�matter
interactions, in particular, to enhance the
spontaneous emission of semiconductor
nanomaterials7 or molecules.8 Interest-
ingly, the inverse process, namely, of gen-
erating photons from non-equilibrium
electrons in metal nanostructures them-
selves, can be facilitated by resonant
plasmons, as well. The efficacy of this
resonant effect has been observed in
the photoluminescence (PL) of gold na-
noparticles being several orders of mag-
nitude larger than in the bulk film.9�12

Consequently, PL in gold nanoparticles
has been ascribed to the radiative damp-
ing of particle plasmons generated by
the recombination of sp band electrons
and excited d band holes.10 However,
some doubt remains in the involvement
of plasmons in the PL process,12�15 and
an agreement in a mechanism for the PL
process in nanostructures is lacking.

In this work, we performed a comprehen-
sive study correlating PL with dark-field
scattering spectra of individual lithographi-
cally defined Au nanostructures of different
geometries. Realizing that the effect of plas-
mon coupling between nanostructures on
PL has yet to be investigated, we looked
also at dimers with varying gap sizes, which
have been demonstrated to tune the plas-
mon resonance from the visible to the
infrared wavelengths.16�18 Detailed anal-
ysis on the PL peaks, absolute intensities,
and line widths of the gold nanostructures
was done. We observed that the PL of Au
nanostructures shows a close correlation
for shape, size, and coupling dependences
as do their plasmon resonances. We ob-
served a universal blue shift in the PL peak
position with respect to the plasmon reso-
nance and a preference for PL emission in
the same polarization as that of the inci-
dent laser. These results provide conclusive
evidence that incident photons absorbed
by individual Au nanoparticle/dimer form
excited electrons that result in PL through
the radiative damping of bright plasmon
resonance modes. Our results give insight
into the details of the PL process and

* Address correspondence to
zexiang@ntu.edu.sg,
yangkwj@imre.a-star.edu.sg.

Received for review August 26, 2012
and accepted October 16, 2012.

Published online
10.1021/nn3039066

ABSTRACT In this work, we performed a systematic study on the photoluminescence and scattering

spectra of individual gold nanostructures that were lithographically defined. We identify the role of

plasmons in photoluminescence as modulating the energy transfer between excited electrons and

emitted photons. By comparing photoluminescence spectra with scattering spectra, we observed that

the photoluminescence of individual gold nanostructures showed the same dependencies on shape,

size, and plasmon coupling as the particle plasmon resonances. Our results provide conclusive evidence

that the photoluminescence in gold nanostructures indeed occurs via radiative damping of plasmon

resonances driven by excited electrons in the metal itself. Moreover, we provide new insight on the

underlying mechanism based on our analysis of a reproducible blue shift of the photoluminescence

peak (relative to the scattering peak) and observation of an incomplete depolarization of the

photoluminescence.
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should also remove any doubts of the role of plasmons
in PL.

RESULTS AND DISCUSSION

The plasmon resonances of Au nanostructures
were characterized by dark-field microscopy prior to
the PL measurements. Figure 1 shows the schematic
diagrams of dark-field (DF) scattering (1a) and photo-
luminescence (1b)measurements. In dark-field scatter-
ing, the Au nanostructure was illuminated with a
broadband white light at glancing incidence, as indi-
cated in Figure 1a. The elastically scattered light, as
marked by a colorful wavy arrow, was collected by an
objective positioned above the sample. In the photo-
luminescence setup, a linearly polarized green laser
(λ = 532 nm) excited the photoluminescence of Au
nanostructures at normal incidence. In our experi-
ments, the photoluminescence and scattering spectra
were recorded using the same setup with the only
difference being the excitation source and illumination
angles. Details about the optical measurements of
scattering and photoluminescence spectra and their
analyses are in the Methods section.
To systematically investigate the photolumines-

cence of Au nanostructures and the role of surface
plasmons, we fabricated a set of Au nanostructures
with different shapes, sizes, and gap sizes by electron-
beam lithography (EBL). The thickness of the Au nano-
structure was 30 nm with a 1 nm Cr adhesion layer. A
gold film was also fabricated on the same sample as a
reference for PL measurement (see Methods for fabri-
cation details).
Figure 2 shows the dark-field scattering and PL re-

sults obtained from single Au nanoparticles with three
different geometries. Figure 2a shows SEM images
of the nanodisk, nanotriangle, and nanorod. With the
help of registration marks (Figure S1 in Supporting
Information), we were able to precisely collect the

scattering and PL spectra from the exact Au nano-
structures as imaged in the SEM. Both the white light
source and excitation laser were polarized along the
horizontal direction. In Figure 2b, we see that these
three types of nanoparticles in scattering spectra show
clear plasmon resonances with peaks at 596 nm (disk),
634 nm (triangle), and 661 nm (rod). When excited by
a 532 nm laser, these nanoparticles showed an obvi-
ous shape-dependent PL with peaks appearing at 588
(disk), 621 (triangle), and 653 nm (rod), as illustrated in
Figure 2c.
Close correlations in peak positions and spectral

line widths between the PL and scattering spectra, as
shown in Figure 2d, suggest the dominant role of
plasmon resonances in the generation of photo-
luminescence. The shift of plasmon resonances due
to changing nanostructure shape was closely tracked
in the resulting PL spectra. It is therefore unlikely that
photoluminescence arose solely from the direct re-
combination of sp electrons and d holes,14,19,20 as such
a direct recombination would result in a spectrum that
was shape-independent and depended only on ma-
terial and temperature. On the other hand, the broad
peaks in plasmon resonances asmeasured by their line
widths are known to originate from photon emis-
sion (radiative damping) and absorption (dephasing
or nonradiative damping).21,22 Hence the match in line
width between PL and scattering from these nano-
structures suggests that the PL process indeed occurred
via plasmon generation, hence sharing the same damp-
ing mechanism.
We observed that the photoluminescence peaks

were consistently blue-shifted (∼10 nm inwavelength)
with respect to the scattering peaks, as illustrated in
Figure 2d. We have carefully investigated the origin
of this blue shift to ensure that it is reproducible and
not due to the effect of varying excitation collection
angles23 in dark-field microscopy. We observed no

Figure 1. Schematics illustrating the optical excitation and collection setup for dark-field scattering and photoluminescence.
Measurementsweredone for gold nanostructures fabricatedby electron-beam lithographyon 100nm thick SiO2 dielectric on
Si substrates. (a) In dark-field scattering, a broadband light introduced at glancing angles is elastically scattered and
subsequently collected by an objective lens. The most intense scattering occurs at the plasmon resonance condition of the
nanostructure. (b) In photoluminescence, a continuous wave (CW) excitation laser with the wavelength of 532 nm normal to
the substrate was introduced and induces inelastic processes within the nanostructures. The Stokes-shifted photolumines-
cence from the nanostructures was collected.
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dependence on collection angle in scattering spectra
collected using objective lenses with different numer-
ical apertures (NA = 0.5, 0.75 and 0.9; see Figure S2). We
also show that the blue shift in PL relative to scattering
spectra was systematically larger than the slight shifts
that could result from differences between absorption
and scattering cross sections, which are less than 8 nm,
as shown in Figure S3. The following spectral analysis
offers a possible explanation to this blue shift. Note
that the relative peak intensities for PL of Idisk > Itriangle >
Irod are different from those in scattering where Idisk >
Irod > Itriangle. However, it is surprising that the ratios
of PL to scattering spectra exhibit similar profiles for
all three nanostructures, as shown in Figure 2e(i�iii).
More interestingly, those profiles closely resemble
the photoluminescence spectrum of bulk Au film, as
shown in Figure 2e(iv), which is known to arise from the
thermalization of photoexcited non-equilibrium elec-
trons in the absence of particle plasmons.13,19 The
resemblance can be rationalized by considering
that this “material-dependent” thermalization process
occurs in nanostructures in the same way as in an
unpatterned film, presumably before the electrons
excite particle plasmons. Thus, taking the ratio of
PL to scattering spectra intuitively normalizes out

the contribution of the plasmon antenna scattering
strength from the PL spectra and provides a distribu-
tion of the non-equilibrium electrons available for the
excitation of plasmons that lead to PL emission. Thus,
this admittedly simple analysis suggests that the blue
shift of the observed PL could be due to the higher
availability of excited electrons closer to the initial
energy of the laser excitation. To validate this hypoth-
esis, further solid-state theoretical calculations and
experiments are needed.
We now present another important plasmon effect

on PL, that is, the size of nanostructures. Scattering and
PL measurements were done on single Au nanodisks
with diameters ranging from 60 to 140 nm, as shown in
Figure 3a. The corresponding scattering and PL spectra
are illustrated in Figure 3b,c, respectively. As seen in
Figure 3b, increasing the diameter of the nanodisks,
both intensifiedand red-shifted theplasmon resonance,
as expected. The corresponding PL spectra are dis-
played in Figure 3c, showing similar size dependence
with scattering spectra. The blue shift of PL peaks was
also reproducibly observed here as it was in Figure 2.
Simulation results for the corresponding structures are
shown in Figure 3d, with excellent agreement shown in
Figure 3e together with the blue shift of the PL peaks.

Figure 2. Shape-dependent photoluminescence (PL) of single Au nanoparticles. (a) SEM images of the single Au nanodisk,
nanotriangle, and nanorod used in the measurements. (b,c) Corresponding dark-field scattering spectra and PL spectra of
these particles, respectively, color-coded to the particular nanostructure shape. The excitationwavelength for PLwas 532 nm.
The green arrow in (c) indicates the Rayleigh scattering of the laser, while the sharp peaks marked by the red stars belong to
the first- and second-order Raman scattering of the SiO2/Si substrate. (d) Plot of peak position and fwhm for different
geometries showing the close correlation between PL (red) and scattering (black) spectra in (c) and (b). (e) i�iii: PL/scattering
ratio of the three nanoparticles, showing similar profiles and trends as the PL spectrum of an unpatterned Au film (iv),
suggesting a link between film PL and PL/scattering ratio of nanostructures as described in the text.
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Figure 3f shows the different trends in the PL and
scattering peak intensities. The absolute PL intensity
was highest for the 80 nm nanodisk, while the scatter-
ing intensities showed a monotonically increasing
trend. This decrease in PL for larger nanodisks is rather
surprising for two reasons: (1) the larger nanodisks are
better scatterers, and so should more strongly reradi-
ate the absorbed light through PL; and (2) they absorb
more of the laser light due to their larger absorption
cross sections (see simulation results in Figure S3),
which should also provide more energy for PL. The re-
ason for the decrease in PL can be explained by con-
sidering the energy mismatch between the excitation
laser and the PL peak. With larger nanodisks, the PL

peak occurs at longer wavelengths where there are
fewer non-equilibrium electrons to excite plasmons. To
illustrate this point, we first normalized the PL intensity
by scattering intensity taken at the different PL peak
energies, similar to what was done in Figure 2e, and
obtained the plot shown in Figure 3g. When plotted
as a function of the energy difference between the
excitation and PL peak energy, ΔE, we indeed observe
that the amount of excited plasmons decreases mono-
tonically when the energy match between excitation
and plasmon resonance becomes poorer. It is satisfy-
ing to see a connection between this trend and that of
the PL spectrum in Figure 2e. The resemblance simply
reflects the fact that the non-equilibrium electrons are

Figure 3. PL of Au nanodisks with different sizes to demonstrate dependence of PL intensity on energy mismatch between
excitation laser and plasmon resonance. (a) SEM images of the single Au nanodisks with different diameters from 60 to
140 nm. (b,c) Dark-field scattering and PL spectra of the particles in (a), showing size dependence. (d) Numerical simulation of
scattering spectra using finite-difference time domain (FDTD), closely matching experimental results. (e) Peak positions of
measured (black), simulated (red) scattering, and PL (blue) spectra, indicating the correlation between PL and plasmon
resonance. (f) Scattering (blue curve) and PL (red curve) intensities as a function of the particle size. (g) Plot of the
PL/scattering ratio at the PL peak position of each particle as a function of the energymismatch (ΔE) between excitation laser
and the plasmon resonance energies.
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more highly populated at energies closer to their
initial excited states, that is, at small ΔE, hence leading
to higher PL intensities as there aremore available non-
equilibrium electrons to excite plasmons.
A key feature of plasmons is their coupling behavior

in closely spaced nanostructures, as manifested by
shifts in the resonances as the gap size between the
nanostructures is varied.24 Though plasmon coupling
effects in two-photon photoluminescence (TPPL) have
been demonstrated,25,26 to the best of our knowledge,
the following is the first systematic study of the effect
of plasmon coupling on single-photon luminescence.
A systematic investigation on the PL of coupled plas-
monic structures should provide uswith further insight
into how it modulates the PL process.
Figure 4 shows results of scattering and PL from an

individual and several coupled 80 nm gold nanodisks
with gap sizes from 0 to 90 nm. For comparison, we
first show the scattering spectra of these structures
in Figure 4a (horizontal excitation) and 4b (vertical
excitation), from which the trends for the different
resonant modes as reported in previous studies are
similarly observed.3,27,28 In brief, in the horizontally
polarized excitation, the dipolar bright mode consis-
tently red shifts when decreasing the gap size, which
increases the capacitance of the facing edges of the
disks that get cyclically charged. The peak at∼550 nm
in the connected structure corresponds to a high-
energy quadrupolar mode (see Figure S5). Though a
low-energy charge-transfer mode is supported in the
connected structure, it was beyond the measurement
range of our detectors. In the vertical excitation, the
resonant plasmon mode corresponding to charge

oscillations along the direction of the excitation leaves
the facing edges of the disks uncharged, hence its
independence to gap size variation.
The unpolarized collection of the PL spectrum for

the dimer was much broader than that of the single
nanodisk (see Figure S4). In order to identify the origin
of PL in coupling system, we placed a linear analyzer,
parallel or perpendicular to the laser excitation polar-
ization, in the collection path. Figure 4c,d shows the
corresponding polarized PL spectra of the structures
with fixed horizontal polarized laser excitation but with
different collection polarizations. From Figure 4c, it can
be seen that the PL spectra collected from dimers
along the horizontal polarization are distinct from that
of the single nanodisk. Rather, they show the same
trend as their corresponding scattering spectra in
Figure 4a. Hence, the PL along the horizontal direction
originated from the coupled bright dipolar modes. In
contrast, no energy shift was found in the PL spectra
collected in the vertical polarization, resembling the
corresponding scattering spectra (Figure 4b), as gov-
erned by the transverse plasmon resonances. Though
the excitation was along the horizontal direction, PL
emissions polarized in the orthogonal direction have
previously been reported29�31 and are attributed to
the dephasing or depolarization of the plasmon and
electron scattering events, as discussed later. This set of
experiments demonstrates for the first time that PL
arising from plasmons in coupled structures follows
the resonance shifts of the plasmons. Almost trivially,
an argument that PL was solely due to electronic
processes within a given nanostructure would be in-
correct, as such processes would be unperturbed by

Figure 4. PL and scattering spectra of coupled 80 nm Au nanodisks with varied gap size (shown in the SEM images).
(a) Scattering spectra of the structures at horizontally polarized white light excitation, showing a consistent red shift of the
plasmon peak with decreasing gap size and the appearance of a high-energy plasmon peak in the connected structure.
(b) Scattering spectra of the structures at vertically polarized excitation, with no significant energy shift of the peaks when
changing the gap size. (c) PL spectra of the structures obtained with both horizontal excitation and collection polarization, in
which the peaks show exactly the same trend as these in scattering spectra with horizontal excitation (a). (d) PL spectra of the
structures obtained with horizontal excitation but vertical collection polarization, in which no peak shift was found, same as
the observations in scattering spectra with vertical excitation (b). Note that PL intensities in (c) and (d) are shown at the same
scale. The green double arrows indicate the excitation polarization directions, while the red double arrows indicate the
collection polarization directions.
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the presence of a nearby nanostructure. Rather, the re-
sults here provide further evidence that PL is a con-
sequence of the radiation damping of plasmon reso-
nances, withmodes that are supported across multiple
nanostructures.
To obtain further insight of the depolarization pro-

cess of the incident photons caused by the thermaliza-
tion of photoexcited electrons, we investigated the
excitation and collection polarization dependence of
the PL spectra in terms of peak intensities. A symmetric
nanodisk was selected as an example for this study.
Two different excitation polarizations (0� and 90�) were
used, and the PL was collected also in two different
configurations: 0� and 90� direction. From Figure 5, we
see that, under parallel (0�0� and 90�90�) or ortho-
gonal (0�90� and 90�0�) configuration, the almost
identical polarized PL spectra indicate independence
on the excitation polarization, which confirms that the
incident photons lost their polarization during the
photoluminescence process.
The complete depolarization of photoexcited elec-

trons due to fast thermalization in PL is well-known in
single Au nanorods11,12 and colloidal Au nanospheres,13

accounting for the independence of PL on polarization
of the laser excitation. In other words, once a photon
is absorbed, all “memory” of the polarization of the
photon is lost. However, as demonstrated using the
symmetric nanodisk in Figure 5, we surprisingly found
that the emitted light (through radiative damping of
plasmons) had a tendency (∼25% higher in this
particle) to be polarized in the same direction as the
incident light. This preferential PL from the same
excitation polarization suggests incomplete depolar-
ization of the incident light in the processes prior to
plasmon excitation and radiative damping. To avoid
the possibility of preferential scattering in any parti-
cular direction, wemeasured scattering spectra at the
two orthogonal polarization directions and obtained
identical scattering intensities, as shown on the right
panel in Figure 5.

One hypothesis for this incomplete depolarization is
that the non-equilibrium electrons are not uniformly
distributed within the disk but are instead localized in
the regions of the highest laser field intensities. From
the simulated electric field distribution in the inset
of Figure 5, the continuous wave (CW) green laser
(532 nm) creates strong localized electric fields along
the opposite edges of the disk along the direction
of the laser polarization. These are the edges where
electrons are preferentially photoexcited due to the
stronger electric fields present. Given that the disks are
larger than the electron mean free path of ∼50 nm,32

the excited electrons could remain non-uniformly
distributed within the disk even after thermalization.
Now, as we have learned from electron energy loss
spectroscopy (EELS),24,33,34 the position of the elec-
tron beam determines the plasmon resonance modes
that are excited, with modes having stronger electric
fields in the path of the beam being favorably excited.
Analogously in PL, non-equilibrium electrons would
preferentially excite plasmons that have a high electric
field distribution right where these electrons are loca-
lized. In this particular case, the favored plasmon
resonancemodewould have a similar field distribution
as that shown in the inset of Figure 5, which is along the
polarization of the laser. Hence the incomplete depo-
larization arises due to the non-uniform distribution of
non-equilibrium electrons in the disk.
To provide a visual picture for the plasmon-modulated

PL of gold nanostructures, a simple mechanism diagram
is given in Figure 6, in which the whole PL process is
described by four steps, as indicated by the numbers in
Figure 6a.
(1) Plasmon-enhanced excitation of electrons from

the ground state to the photoexcited states with
energy of 2.33 eV by 532 nm laser.
(2) Excited electrons thermalize to form a population

distribution in the conduction band due to scattering,
leading to a broad and inhomogeneous energy profile
of non-equilibrium electrons. This distribution is the

Figure 5. Excitation polarization dependence of the photoluminescence spectra from a single 80 nm diameter symmetric
Au nanodisk, as shown by the SEM image. The nanodisk shows incomplete depolarization where PL emission occurs
preferentially in the same polarization as the excitation (i.e., red and green lines have higher intensities than blue and pink
lines). The excitation and collection polarization angles relative to the structure are indicated by the blue arrows. In contrast,
the right panel shows near identical scattering spectra of the nanodisks for two orthogonal white light polarizations. Inset
shows the simulated electric field distribution under 532 nm laser excitation.
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reason for the blue shift of PL spectrum with respect to
plasmon resonance in scattering. The population of
electrons at a certain energy state is a function of the
energydifference (ΔE) relative to the initial state, as shown
in Figure 6b, with largerΔE having a lower population, as
determined by the excited electron dynamics29 and also
manifested in the PL spectra from Au film.
(3) Thermalized electrons excite particle plasmon

resonance. Resonant plasmons provide a large local
density of optical states (DOS) that increases the decay
rate of the excited electrons,35,36 suggesting that ex-
cited electrons have a higher probability of exciting
plasmons, in accordance to Fermi's golden rule. This
additional path made available to the electrons com-
petes with the direct recombination of these electrons
with holes, thusmodulating the PL over that of the bulk
metal.
(4) Radiative damping of particle plasmons into

photons, as shown by the red wavy arrow.

Using this model, we can intuitively estimate the PL
spectra by two key processes:

PL ∼ population profile of thermalized electrons� DOS

where the population profile of thermalized electrons
that resembles the PL spectrum from the gold film
(as schematically shown in Figure 6b) provides a broad-
band background37 while the DOS, which is repre-
sented by the scattering spectrum (as schematically
shown by Figure 6c), determines the optical environ-
ment for the resonant decay of the thermalized elec-
trons. This understanding suggests that plasmons are
also excited most probably when (1) a high population
of non-equilibrium electrons exists in the metal and (2)
these electrons are localized where the density of
optical states for the plasmons is highest. With this
simple formula, we can explain our observations of the
blue shift of PL spectra and energy mismatch (ΔE)
effect on the intensity of PL in Figures 2 and 3.

CONCLUSIONS

In conclusion, we presented a systematic study on
photoluminescence (PL) of individual Au nanostruc-
tures, showing that the PL peak position can be mod-
ulated by their plasmon resonances. We show de-
pendence of PL on the shape and size of single Au
nanostructures and for the first time demonstrate PL
from plasmon-coupled nanostructures. We report the
observation of an incomplete depolarization of PL and
hypothesize that it results from an inhomogeneous
distribution of non-equilibrium electrons within the
nanostructures. A simple mechanism was proposed to
illustrate that PL results from the excitation of plasmon
resonances by non-equilibrium electrons. Our results
and analysis provide insights into processes that occur
in PL of gold nanostructures that have implications also
in cathodoluminescence and in the generation of
plasmons in tunnel junctions via hot electrons.

METHODS
Fabrication. PMMA resist (950K molecular weight, 1.67% in

anisole) from MicroChem Corp. was spin-coated at 3k rpm to
be ∼80 nm on SiO2/Si substrates. The thickness of SiO2 was
100 nm. We chose silicon as the substrates as doing so avoids
charging effects during the electron-beam lithography (EBL)
process, while 100 nm SiO2 was used as a spacer layer to reduce
plasmon damping caused by the silicon substrate. After spin-
coating, the substrates were baked on a hot plate at 180 �C for
90 s. EBL was done with an Elionix ELS-7000 system with an
accelerating voltage of 100 kV and a beam current of 50 pA.
Optimized dose was used to obtain the structures we designed
for the measurements. After exposure, the samples were devel-
oped with 1:3 MIBK/IPA developer at low temperature (�15 �C)
for 30 s and then were directly blown dry using with a steady
streamofN2. Low-temperature development of PMMAprovides
higher contrast and pattern resolution.1 Metal deposition was
performed using an electron-beam evaporator (Explorer Coat-
ing System, Denton Vacuum). A 30 nm Au layer was deposited
with 1 nm Cr adhesion layer. The working pressure during the

evaporation was <5� 10�6 Torr. The temperature of the sample
chamber was kept at 20 �C during the entire evaporation
process, with the sample holder rotating at a rate of 50 rpm
to ensure the uniformity of deposition. Lift-off was done by
immersing samples in N-methylpyrrolidone (NMP) solvent at an
elevated temperature of 70 �C.

Optical Measurements. Dark-field scattering and PL measure-
ments of an individual Au nanostructure were performed on a
WITec CRM200 confocal Raman microscopy system. The scat-
tering and PL spectra were dispersed by 150 lines/mm grating
and detected using a TE-cooled CCD (Andor DV 401-BV-351).
High-resolution spectrograph (0.55 nm/pixel) allows peak posi-
tions of scattering and PL to be accurate within (1 nm.

For dark-field scattering measurement, a halogen lamp
(15 V, 150 W, 3150 K) served as the white source and illuminated
the sample via a dark-field objective lens (100�, NA = 0.75), which
was also used to collect the scattering light. The integration time
for scattering spectra was set as 20 s. In our experiments, for all
of the scattering spectra presented, contributions from sub-
strate scattering were excluded. Results were normalized with

Figure 6. Proposed mechanism of plasmon-modulated PL
of gold nanostructures. (a) Schematic diagram of a mecha-
nismtoqualitativelyunderstand thePLofAunanostructures.
The whole process includes four steps: (1) plasmon-enhanced
excitation of electrons shown as the green arrow; (2) therma-
lization of excited electrons, shown by a blue dashed arrow;
(3) excitationof particle plasmonsbynon-equilibrieumelectrons
shownbytheblackarrow; (4) radiationdampingofplasmon into
photon, shown by the red wavy arrow. (b) Population distribu-
tion of thermalizedhot electrons before the formation of surface
plasmon. The probabilities for the forming plasmon resonance
and radiative damping can be represented by the dark-field
scattering spectrum in (c).
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the light source spectrum and the response curve of the entire
optical system. The details of calculation are described in the
formula below:

Iscat(λ) ¼ Iparticle � Isub
Ihalogen � Idark

where Iscat(λ) is the real scattering spectrum of a single nano-
particle; Iparticle and Isub are the original scattering spectra
collected from the nanoparticle and adjacent substrate without
nanoparticle, respectively. Ihalogen and Idark are the spectrum of
the halogen light source and the background count of our
system, respectively. Polarization-dependent scattering spectra
were achieved using the same setup as used in the measure-
ment of photoluminescence.

For PL measurement, a linearly polarized green laser with
the wavelength of 532 nmwas selected as the excitation source
and focused on the single Au nanoparticle via a Zeiss Epiplan
objective lens (100�, NA = 0.75, HD). The laser power was set
as 50 μW to excite the PL. All PL spectra were obtained with an
integration time of 20 s. A piezoelectric stage was used to
approach the maximum luminescence intensity. The lumines-
cence spectra under parallel and perpendicular polarizations
(0 and 90�) were achieved by manually rotating the sample. An
analyzer was placed after the objective lens to record light
polarized along the 0 or 90�.

To verify whether obtaining the PL spectra was a one-
photon process, we investigated the PL intensity as a function
of the excitation laser power, as shown in Figure S5. The results
show that the PL intensity was linearly proportional to the laser
power, suggesting one-photon luminescence, rather than two-
or three-photon luminescence in which PL intensity was pro-
portional to the square or cube of laser power.

FDTD Simulations. Theoretical scattering spectra for individual
Au nanostructures were calculated by commercial 3D finite-
difference time-domain (FDTD) Solutions 7.5 (Lumerical Solu-
tions, Inc.). The Au nanostructure was modeled according to
the size measured from SEM images. The influence of the Si
substrate with a 100 nm SiO2 layer was included to ensure the
scattering signals were real. The complex dielectric constants
for Au, SiO2, and Si were from Johnson-Christy and Palik,
respectively. The Cr adhesion was not included in the simula-
tions for simplification. The mesh size used for the SiO2/Si
substrate region was 5 nm in the z direction and 1 nm in two
in-plane directions. A fine mesh grid was added for the 0.5 nm
Au nanostructure. Perfectly matched layer (PML) boundary con-
dition was set for all three dimensions. Total field and scattering
field source ranging from 400 to 800 nm directed along the
z-axis was illuminated to simulate the absorption, scattering,
and extinction spectra. The electric field distribution of the
single 80 nm nanodisk excited by 532 nm light was simulated.
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