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Light emission from gold nanoparticles was investigated with ultra-narrow-band notch
filters to obtain the complete spectral shape. The anti-Stokes emission band was
observed at all excitation wavelengths. The spectral shape of the anti-Stokes emis-
sion could be well fitted by a Fermi-Dirac-like line shape, while the spectral profile of
the Stokes emission could be fitted by a Lorentzian line shape. The electron distribution
and local surface plasmon resonance jointly determined the spectral shape. Addition-
ally, we found that the anti-Stokes emission intensity increased more rapidly compared
with that of the Stokes emission as illumination power was increased. This phe-
nomenon can be understood from the temperature dependence of the electron distribu-
tion owing to photothermal effects. © 2017 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5008544

INTRODUCTION

Weak luminescence, or photoluminescence (PL), is a well-known phenomenon.l‘3 Photolumi-
nescence was first supposed to arise from interband transitions, and it is enhanced by localized
surface plasmon (LSP) resonance. Later, intraband transitions were proposed to explain strong
infrared emission.*> The PL spectrum of gold nanoparticles invariably follows the plasmon res-
onance band of the particle.® Such spectral coincidence can be tuned from the visible to the
infrared.”® This spectral coincidence has been verified mainly from Stokes emission, whereas
anti-Stokes emission has received little attention. Anti-Stokes emission was reported in 1969, and
attributed to recombination of thermal smearing of the electron and hole.! In recent work, anti-
Stokes emission was defined as an up-converted luminescence process.” Anti-Stokes emission
was found to be enhanced by over three orders of magnitude compared with that of the bulk
gold.'” However, in previous measurements, optical filters with a notch band of tens of meV were
applied to block elastic scattering of the excitation. This approach prevents observation of the
full-spectral line shape close to the excitation wavelength, and different groups have drawn vari-
ous conclusions, with discrepancies in those explanations. For instance, Huang et al. introduced a
Bose-Einstein-like distribution to fit the emission spectra,!! resulting in divergence of the fitting
spectrum at the excitation wavelength. Conversely, He et al. claimed that the electron occupation
followed the Fermi—Dirac distribution and the profile of the anti-Stokes emission could be applied to
probe the localized temperature in principle.'®!? Full spectra might help to elucidate the electron
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and hole occupation, however, it is necessary to reveal the line shape close to the excitation
wavelength.

In this study, we measured the light emission spectra of single gold nanorods (GNRs) using
BragGrate™ notch filters with an ultra-narrow bandwidth based on volume Bragg Grating (VBG),
hereafter denoted as VBG-based notch filters. This approach enabled us to observe both Stokes and
anti-Stokes emission spectra simultaneously with a blocking bandwidth of ~1 meV. We confirmed that
the Stokes emission spectral shape featured a Lorentzian line shape, while the anti-Stokes emission
spectral shape could be fitted well with a Fermi—Dirac-like line shape. A clear anti-Stokes emission
band was present at all excitation wavelengths examined. We also found that the anti-Stokes emission
intensity increased more rapidly than that of Stokes emission as the temperature was increased.

To measure the spectra of single gold nanorods, dark-field scattering and PL spectra methods
were integrated into a microspectroscopy system based on an inverted optical microscope (NTEGRA
Spectra, NT-MDT). As schematically depicted in Fig.1a, the scattering spectra of the nanoparticles
were measured using a white light total internal reflection scattering method based on a high numerical

(a) (b) Spectrometer
-—
= Piezo-Stage Mirror
Objective r
White light %’ BNFs

Dichroic Laser /
Laser

Notch filters —‘y Objective

Mirror I Sample

(@)

1.0

Lens

PMT/Spectrometer

e
rd

0.6

0.4

Intensity/a.u.

0.2

400 500 600 700 800 900
(f) Wavelength/nm

by 532 nm Laser 8

by 633 nm Laser

°.*

by 633 nm Laser

BragGrate

Normalized l/a.u.
~
Normalized l/a.u.
'

~

Scttering

<>
>

600 700 800 600 700 800
Wavelength/nm Wavelength/nm

FIG. 1. (a) Schematic of experiment setup for single nanoparticle spectroscopy with interference notch filters. (b) Schematic
diagram of single monochromator system with three VBG-based notch filters. (c) Representative SEM image of the synthesized
gold nanorods (60-nm scale bar). (d) Extinction spectrum of the gold nanorods solution (e) PL spectra excited by 532- and
633-nm lasers with interference notch filters and corresponding scattering spectrum of the same gold nanorod, fitting curves
of the anti-Stokes emission (black dots are for Fermi—Dirac distribution and red dots for Bose—Einstein distribution). (f) PL
spectra of a single GNR excited by 633-nm laser with VBG-based notch filters.
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aperture oil-immersion objective lens (N.A. 1.49, Olympus). Meanwhile, the microspectroscopy
system could be easily switched from measuring the scattering spectrum to measuring PL. For PL
observations, the samples were excited by a CW laser at A = 532 or 633 nm at room temperature with
interference notch filters (Semrock Inc.). Single nanoparticles were selected by correlating scanning
optical confocal imaging and atomic force microscopy imaging.'> We corrected the PL spectrum of the
GNR by subtracting the spectrum collected from a blank glass substrate near to the particle. To obtain
the full-spectra line shape with an ultra-narrow notch band, VBG-based notch filters (OptiGrate Corp.)
were applied in a Jobin-Y von HR800 Raman system with laser excitation at 633 and 676 nm, as shown
schematically in Fig.1b.!"* This experimental configuration allowed for ultralow frequency Raman
spectroscopy measurements; full details of this technique have been described elsewhere.'* The gold
nanorods were synthesized by a seed-mediated method. All chemicals were obtained from commercial
sources and were used without further purification. The synthesis process has been described in
detail in a previous report.!? Representative SEM images and extinction spectrum of the synthesized
GNRs are shown in Fig.1 ¢ and d, respectively. The gold nanorods were immobilized onto silane
functionalized glass coverslips in a manner similar to our previous report for gold nanospheres with an
average interparticle spacing of several micrometers.'> Such an interparticle spacing is suitable for the
identification of isolated nanorods by the microspectroscopy system because the diffraction-limited
spots are sufficiently separated so as not to overlap.'®

Previous reports on the emission spectra of gold nanoparticles have been collected mainly with
the use of interference optical filters, which prevent extraction of the complete spectral shape near
the excitation wavelength.*!%!! Fig. le shows representative PL and scattering spectra of the same
individual GNR. The PL spectral shape, under excitation by the 532-nm laser, closely resembles the
scattering spectral shape for the GNR’s longitudinal LSP mode. However, there is a considerable
anti-Stoke emission component under excitation at 633 nm. As the excitation wavelength approaches
plasmon resonance, the relative intensity of the anti-Stokes emission increased owing to plasmonic
enhancement effects.'? Huang et al. used a Bose—Einstein-like distribution function to fit the spectral
line shape of the anti-Stokes emission,!! while He et al. claimed that the line shape of anti-Stokes
emission should follow a Fermi-Dirac distribution.!? This controversy can be mainly attributed to
incomplete measurements of the spectral shape. For example, as shown in Fig 1.e, interference notch
filters block the emission over a wavelength ranging from 617 to 645 nm (~87 meV). The exponential
trend of both fitting curves (black dots for Fermi—Dirac-like and red dots for Bose—Einstein-like line
shape in Fig.1e) appears to be reasonable in the range away from the excitation wavelength; however,
the fitting lines deviate from each other near the excitation wavelength. In particular, the emission
intensity was infinite at the excitation wavelength for the Bose—Einstein-like fitting. The use of VBG-
based notch filters in the optical setup considerably improved the ability to obtain an almost complete
spectral shape of the GNR light emission.'* The ultra-narrow blocking bandwidth of the VBG-based
notch filters enabled both Stokes and anti-Stokes emission to be observed simultaneously. The PL
spectra of a GNR measured with VBG-based notch filters is shown in Fig.1f for comparison. The
VBG-based notch filters only blocked emission from 632.6 to 632.9 nm (~ 1 meV). The intensity of
anti-Stokes emission increases exponentially as the excitation wavelength is approached, but remains
at a finite value. This suggests that the PL emission intensity at the excitation wavelength should not
be infinite as predicted by the Bose—Einstein distribution. Conversely, the Fermi—Dirac distribution
fits the spectra well, based on the electron distribution near the Fermi level.

To elucidate the spectral line shape, two spectra of the GNR emission measured with two different
VBG-based filters are shown in Fig.2a, revealing the separation between the LSP band maximum
and the excitation wavelength. The emission spectra were plotted as a function of photon energy,
as shown in Fig. 2b to reveal their line shape. For Stokes emission, the spectral shape followed a
Lorentzian line shape (red and green solid lines), which implies that the LSP mode determinates the
spectral shape of the Stokes emission. However, the emission in the anti-Stokes range could not be
reproduced by the Lorentzian line shape; however, it could be well fitted by an exponential Fermi—
Dirac-like distribution (blue solid lines in Fig.2b). On the basis of these observations, it is reasonable
to claim that the spectrum of the GNR emission obeys a Fermi—Dirac-like distribution rather than a
Bose-Einstein-like distribution. As shown by Fig.2c, the electron distribution near the Fermi level
follows a thermal distribution, which is related to the anti-Stokes emission, whereas the electron
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FIG. 2. (a) Representative PL spectra of two different GNRs measured with VBG-based notch filters. (b) PL spectra measured
with the VBG-based filters shown in (a) plotted as function of photonic energy, solid lines (red and green) are fitted with
Lorentzian line shape, while anti-Stokes emission (blue) is fitted by the Fermi—Dirac distribution. (c) Schematic of electron
Fermi—Dirac distribution, excitation and transition process.

state density is constant under the Fermi level and related to the Stokes emission. Hence, the electron
distribution and LSP mode jointly determines the spectral shape of the PL emission. Notably, multiple
photon processes or electron excitation can also induce luminescence of the metal nanostructures,
here we only focus on one-photon luminescence processes. Furthermore, ultra-narrow-band filters
cannot be applied to extract the ultralow shift spectral information for two-photon luminescence of
the plasmonic nanostructure owing to the spectral width of short pulse lasers.

In general, the light emission of the GNRs after photon excitation can be divided into two parts:
elastic Rayleigh scattering of incident light and inelastic radiation (i.e., PL) based on the concept
of a quantized plasmonic cavity.'> Hence, the intensity of so-called PL emission of the plasmonic
nanostructures at the excitation frequency is finite, and the PL quantum efficiency is several orders of
magnitude lower than that of Rayleigh scattering.!” Considering the energy band theory, light emission
also depends on the electron distribution near the Fermi energy level, as shown in Fig.2c. Anti-Stokes
emission, i.e., at the high-energy side of the laser, owing to thermal smearing of the electron and
hole distributions, can be described well by the Fermi—Dirac distribution function. Furthermore,
the spontaneous radiative transition rate obeys Fermi’s golden rule such that the transition rate is
determined by the electron and photonic density of states. Hence, the PL spectral line shape of the
GNR excited by a CW laser is governed by the LSP mode and the electron distribution.!?

Usually, intraband transitions dominate the light emission processes when gold nanostructures are
excited by a 785-nm CW laser (~1.58 eV).* This effect arises because the energy separation between
d-band holes and the Fermi surface of gold is approximately 1.8 eV near the X point, and 2.4 eV near
the L point, interband transitions is not possible. We also observed the PL of the gold nanostructures
at different excitation wavelengths of 676 nm (1.83 eV), 633 nm (1.96 eV), and 532 nm (2.33 eV).
Representative results are summarized in Fig.3. To match with the 532-nm laser, gold nanoparticles
(nominal spherical shape) with an LSP resonance at ~550 nm were also investigated. A clear and
strong anti-Stokes emission band was present for all the different nanoparticles. This clear anti-
Stokes emission band remained at different excitation wavelengths and even for excitation close to the
interband transition. On the basis of the plasmon emission mechanism, hot electrons in a conductive
band could recombine non-radiatively to emit LSP plasmons. These plasmons subsequently radiate,
giving rise to the observed PL, and the plasmon radiation rate was modified by the photonic states
density.6’18 Howeyver, for the electron states, the electron Fermi—Dirac distribution influences the
spectral shape. For anti-Stokes emission, the electron distribution near the Fermi level is defined by
an exponential function. Thus, the line shape of the anti-Stokes emission has an exponential-like line
shape.

Following rules of the Fermi—Dirac distribution, f(E) = 1/(Ae”*T + 1), the electron distribution
depends on the electron temperature. Thus, the temperature should have a strong influence on the
PL spectral properties. For example, anti-Stokes intensity was shown to increase as temperature was
increased in the pioneer work by Mooradian.! In that report, the anti-Stokes emission intensity was
greater at a high temperature of 300 K than that at 10 K for bulk gold materials.' Recently, Hugall
et al. also reported the temperature dependence of anti-Stokes emission of gold periodic inverted
pyramid in detail.'” Here, the excitation power dependent spectra of the GNR were investigated.
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FIG. 3. PL spectra with excitation by CW lasers at: (a) 676 nm and (b) 633 nm with VBG-based notch filters for six different
GNRs with different detuning frequencies according to the excitation source, and (c) excitation by a 532-nm laser with the
use of interference filters.

The intensity of the anti-Stoke and Stokes emission both increased almost linearly as the power was
increased. However, the intensity of the anti-Stokes emission increased faster than that of the Stokes
emission, indicated clearly by their ratio as a function of the excitation power, as shown in Fig.4c.
Owing to photothermal effects, the temperature of the GNR increased as the excitation power was
increased. This effect was particularly noticeable when the LSP band matched well with the excitation
wavelength, as shown Fig. 4, i.e. on resonant excitation. We noted that the ratio remained constant
or changed slightly if the LSP band was far from the excitation wavelength, because the absorption
cross-section is larger for resonant excitation resulting in higher local temperature of the GNRs.?"
These results imply that the Fermi—Dirac distribution of the electrons in the sp band is the main factor
influencing the spectral shape of light emission from plasmonic nanostructures. %!
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FIG. 4. Excitation power dependent PL spectra of a GNR. (a) PL spectra of a GNR measured under different excitation
powers. (b) Integrated intensity of Stokes and anti-Stokes emission as a function of excitation power; the dash lines show
linear fitting curves. (c) Ratio of anti-Stokes to Stokes emission intensity as a function of excitation power.

In summary, light emission spectra of single gold nanorods was measured with the use of notch
filters with ultra-narrow bandwidths. We confirmed that the Stokes emission spectral shape dominated
by LSP resonance could be fitted by a Lorentzian line shape. In contrast, the anti-Stokes emission
spectral shape could be fitted well with a Fermi—Dirac-like line shape, indicating that this emission
is governed by the electron distribution near the Fermi level. The anti-Stokes emission band could
be observed under different excitation wavelengths. The electron distribution could influence the
spectral shape of anti-Stokes emission for both interband and intraband transitions. We also found that
anti-Stokes emission intensity increased more rapidly as the temperature increased. These findings
contribute to a deeper understanding of light emission from plasmonic nanostructures.
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