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ABSTRACT: Localized surface plasmon resonance (LSPR) on
metallic nanostructures is able to enhance photoluminescence
(PL) emission significantly. However, the mechanism for
anomalous blue-shifted peak of PL emission from metallic
nanostructures, relative to the corresponding scattering spectra,
is still unclear so far. In this paper, we presented the detailed
investigations on both the Lorentz-like PL profile with blue-
shifted peak and Fano-like one with almost unshifted dip, as
observed on dolmen-like metallic nanostructures. Such
anomalous PL emission profile is the product of the density
of plasmon states (DoPS) with Lorentz-/Fano-like profile and
the population distribution of the relaxed collective free
electrons during relaxation. To be more specific, the fast
relaxation process of these collective free electrons contributes
to the PL shifting characteristics of both Lorentz-like and Fano-like emission profiles. We believed that our results provide a
general solid foundation and guidance for analyzing and manipulating the physical processes of the PL emission from various
plasmonic nanostructures.
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hotoluminescence (PL) from bulk noble metals and distinguished peak positions. In semiconductors and bulk
metallic nanostructures has been extensively studied. It metals, the radiative recombation happens between electrons at
reveals that PL from bulk noble metals shares the same the bottom of conduction band and holes on the top of valence
mechanism with semiconductors, where a three-step process is band. It implies that PL emissions are always red-shifted as
involved: (i) Photoexcitation of electron—hole pairs; (ii) compared to the corresponding absorption edge. Similarly, in

Relaxation of excited electrons; and (iii) Recombination of
electron—hole pairs.”” Since the recombination rate of the
electron—hole pairs is much slower than other nonradiative
channels, the quantum efficiency of such luminescence is very
low (in order of ~107'°). On the other hand, PL from metallic
nanostrcutures is interpreted due to the radiative decay of
localized surface plasmon resonance (LSPR),’~'' where the
corresponding quantum efliciency has been strongly enhanced
by million times.'””'* There is also strong evidence that the
time-resolved PL from gold nanoparticles shows ultrafast

metallic nanostructures, the plasmon-contributed PL peak is
also red-shifted relative to the absorption edge of d—sp
interband transitions. Recently, a blue-shifted PL peak with
respect to the corresponding absorption and scattering of LSPR
has been observed in metallic nanostructures.”'*™>' However,
an unambiguous understanding toward such anomalous blue
shift characteristic is still missing in the literature so far.
Therefore, it is important to address this PL shifting behavior
so as to fully understand the PL emission processes on metallic

emission (<50 fs),"”” comparable with the LSPR dephasing nanostructures.
time.' "’

PL and absorption are complementary in nature, and it is Received: January 25, 2016
worth noticing that PL and absorption spectra have Published: April 25, 2016
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In this paper, we presented the detailed investigations on the
PL and dark-field (DF) scattering”*® of dolmen-like
nanostructures that consist of a single rod (monomer),
supporting a dipolar mode, arranged in perpendicular to two
parallel rods (dimer), supporting a quadrupolar mode.”***
When the polarization of the excitation laser is parallel to the
long axis of dimer, we observed Lorentz-like line shape in both
PL and DF scattering spectra, where the PL peak position is
blue-shifted relative to the DF scattering peak. When the
polarization of the excitation laser is along the long axis of
monomer, there is an energy transfer from the radiative dipolar
mode on monomer to the nonradiative quadrupolar mode on
dimer via near-field coupling. As a result, it gives rise to a sharp
quadrupolar resonance in the broad dipolar resonant profile,
that is, Fano-like line shape,”*™*' where the resonant dip in
both PL and DF scattering spectra emerges at nearly the same
wavelength. The transformation of PL from Lorentz-like profile
to Fano-like one could be controlled by the polarization
configurations and it successfully demonstrates that the intrinsic
DoPS will shape the PL proﬁles.‘%z_34 Furthermore, we
demonstrated that the relaxation process of the excited
collective free electrons can be perfectly described by an
exponential function, and the fast relaxation process of excited
collective free electrons contributes to the anomalous shifting
characteristics of both Lorentz-like and Fano-like PL emissions.

B RESULTS AND DISCUSSION

Dolmen-like gold nanostructures were fabricated by electron
beam lithography (EBL)***° on a bare glass coverslip without
any adhesion layer, and the schematic is shown in Figure 1A.
The magnified inset shows the corresponding geometrical
dimensions of each unit cell. The pitch size is set to be 3 ym
along both x- and y-directions, which is much larger than the
focused light spot (~1 um for white light and <0.5 pm for
laser). Thus, both the diffraction and intercoupling effects
between the unit cells will be ignored. Both PL and DF
scattering’’ measurements on the individual dolmen-like
nanostructures were carried out on a WITec CRM200 confocal
Raman microscopy system.19 A continuous wave (CW) laser
with the wavelength of 532 nm and a broadband light source
were used for PL and scattering measurements, respectively.
The polarization angles of 0° and 90° are labeled by the green
arrows, as shown by the insets in Figure 1B,C.

The blue curve in Figure 1B presents the measured PL
spectrum as excited and collected at polarization angle of 0°,
which demonstrates a Lorentz-like line shape. The PL peak
blue shifts ~20 nm relative to the DF scattering peak (see the
red curve in Figure 1B). In comparison, when both excitation
and collection polarization angles are set to 90°, a Fano-like PL
and DF scattering spectra are obtained with an almost same dip
at ~660 nm, as shown by the blue and red curves in Figure 1C.
This observation was further confirmed by the additional
measurements on three different samples (see more details in
Figure S1 of the Supporting Information).

In order to fully understand the blue-shifted peak and almost
unshifted dip in Lorentz-like and Fano-like line shape PL
spectra, a fundamental physical model is proposed here to
visualize the formation process of PL in dolmen-like plasmonic
nanostructures, as displayed in Figure 2A.

i. Excitation. Both the bound electrons and the collective
free electrons under Fermi level are excited to a state with the
same energy level as the excitation laser of 532 nm (~2.33
eV).>'#3% The contribution of the excited bound electrons in
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Figure 1. (A) Schematic of the dolmen-like nanostructures fabricated
on glass substrate with the geometrical parameters: L1 = 120 nm, W1
=50 nm, L2 = 100 nm, W2 = 40 nm, d = 40 nm, g = 1S nm, and h =
40 nm. The pitch size is 3 ym along both x- and y-directions. (B, C)
Measured PL and DF scattering spectra of the individual dolmen-like
nanostructures with excitation-collection polarization of 0—0° and 90—
90°, respectively, as specified by green arrows in the magnified SEM
images with a scale bar of 100 nm.

the d-valence band to this PL spectra is 30 times weaker than
collective free electrons for the 532 nm laser excitation (refer to
Figure S3 for details).

ii. Relaxation. The excited collective free electrons will relax
from the initial excited state into the continuous plasmon states
(including the plasmon resonance state), where the population
of excited collective free electrons will be redistributed with a
relaxation process as illustrated by the blue solid line in Figure
2A,B.

iii. Plasmon-Modulated Emission for Lorentz-Like
Line Shape PL. For the excitation-collection configuration of
0—0°, the excited collective free electrons will relax into the
broad bright plasmon states with Lorentz-like distributed DoPS
(see details in Figure S2a), as represented by the dark green
dashed line in Figure 2A,B. The radiative decay of plasmon
resonance leads to the PL profile following closely to that of the
DF scattering. Hence, the observed PL intensity is proportional
to the product of population redistribution and DoPS, that is,
Ipp ~ DoPS and population. The population redistribution
skewed strongly toward to the high energy side is responsible
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Figure 2. Proposed mechanism for PL emission process on the
dolmen-like plasmonic nanostructures. (A) Schematic illustration on
the physical process of PL on the dolmen-like nanostructures: (i)
Excitation of electrons; (ii) Relaxation of excited collective free
electrons; (iii, iv) Plasmon-modulated light re-emission. The dark
green and pink dashed lines represent the profiles of DoPS and the
grayscale map represents the intensity distribution of DoPS in
frequency space. (B) Qualitative description of the PL spectrum: the
product of DoPS and population redistribution of relaxed collective
free electrons. DoPS with Lorentz-like profile (the dark green dashed
line) and Fano-like profile (the pink dashed line) represents the
probability for PL emission, which can be characterized by the
scattering spectrum. Population redistribution (the blue solid line)
represents the number of relaxed collective electrons as occupied in
different plasmon states, which has an exponential decay as a function
of frequency (wavelength).

for the blue shift of PL peak relative to the corresponding
scattered peak, as shown in Figure 2B.

iv. Plasmon-Modulated Emission for Fano-Like Line
Shape PL. For the excitation-collection configuration of 90—
90°, the radiative emission through the broad bright plasmon
mode sustained in the monomer will be modulated by Fano-
like DoPS. As a perturbation, the narrow dark mode sustained
in the dimer will destructively interact with the bright mode in
monomer to generate a Fano-like DoPS (see details in Figure
S2c), as represented by the pink dashed line in Figure 2A,B. As
a result, the light emission from the monomer will be reshaped,
and the dip position in both PL and scattering spectra occurs in
almost the same position, which is corresponding to the dark
plasmon mode energy.

To demonstrate the proposed physical mechanism is valid
independent of specific plasmon resonant peak and dip
position, we plot the peak and dip shift as a function of
plasmon resonant position (refer to Figure S1d for details).

Based on the physical mechanism proposed above, a model
(@) = L, (®)Nepon(®) was introduced here to quantita-
tively describe the Lorentz-like and Fano-like line shape PL
generation process. I (®) is the scattering spectrum, which
can be used to characterize DoPS. Nj.ron(®) is the strength of
relaxed collective free electrons as occupied in plasmon states.

The measured Lorentz-like PL spectrum can be further
evaluated as the form:
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where the Lorentz function,
1
i
L (@) = I + A| = X © |, indicates the DoP$

(0—w) + (%F)
of the bright plasmon dipolar mode in the dimer. @, is the
plasmon resonant frequency. I' specifies the line width of
scattering spectrum. I and A, represent the background and
amplitude. Then, the DoPS distribution could be obtained via
fitting the measured scattering spectrum, as shown by the red
solid line in Figure 3A, and the corresponding fitted parameters
are listed in the first row of Table 1.
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Figure 3. (A, B) Measured scattering (scat) spectra (red boxes) and
PL spectra (blue circles) under excitation-collection configuration of
0—0° and 90—90°, respectively. The corresponding fitted curves to the
data are indicated by the solid lines.

In particular, the relaxation of the excited collective free
electrons is assumed to be simply exponential and this decay

Table 1. Fitted Parameters of Lorentz-Like Line-Shape
Scattering (scat) and PL Spectrum

I A w. (THz) T (THz) & (THz)
scat 0.03 17.6 464.9 66.0
PL 0.19 219.7 464.9 66.0 474

“The fitting parameter of Ay = Ay X N for PL curve fitting.
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starts immediately after the excitation. The relaxation response
function is described by the second term, N on(®@) = N,
exp~@ /¢ where N, is the initial strength of the excited
collective free electrons. £ is denoted as relaxation parameter
and the initial frequency @, is 564 THz (i.e, 532 nm). This
relaxation response function is also demonstrated to be
applicable in classical individual gold nanorod, as shown in
Figure S4. During the fitting process, we first fixed @, I', and
@, values and fitted the PL curve to obtain other parameters.
The fitted result is shown by the blue solid line in Figure 3A
and the fitted parameters are listed in the second row of Table
1, respectively. Equation 1 clearly illustrates the effect of the
excited collective free electron relaxation on the blue-shifted
optical behaviors (~20 nm) in Lorentz-like line shape PL
spectrum. In addition, the same line width in both PL and
scattering spectra demonstrates that the PL emission process
on dolmen-like gold nanostructures is through plasmon
radiative decay channel, instead of the direct recombination
of electron—hole pairs as in traditional semiconductors and
bulk metals. Nevertheless, the relaxation process on plasmonic
nanostructures is similar to that in bulk metals, as evidenced by
the perfect agreement between the measured data and the fitted
results with an exponential decay as shown in Figure 4.
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Figure 4. Measured PL spectrum of the flat gold film (black triangle).
The corresponding fitted curve to the data is represented by the solid
black line.

Here, the classical two-oscillator model is used to
quantitatively describe the plasmonic Fano-like resonance
properties in our dolmen-like nanostructures.””*' The bright
mode in monomer is regarded as oscillator 1, which will be
driven by incident electromagnetic field E(t). The dark mode in
dimer is represented by oscillator 2, which can only be driven
by oscillator 1 via near-field coupling. Thus, the charge
oscillations x;(t) and x,(t) satisfy the differential function:

(1) + px(t) + 0%, (t) — Kiy(t) = E(t) (2)

#5(1) + 1a(t) + (@ + 8)’xy(t) — Kty (t) = 0 (3)

where x;, x,, and @, (w. + 5) are the amplitudes and the
resonant frequency of the bright and dark mode in oscillators 1
and 2, respectively. y,, 7,, and « are the damping rate and the
coupling strength of the two resonators.”***** After some
manipulation and approximation, we can obtain the amplitude
of oscillator 1. Then, the scattering intensity as a function of
frequency is obtained via modulus square of x;:

L(®) =1+ Ao[[(w -, — 8 +1,/4]

hXn Ky

/@ = @) x (@ — o = 8) - = .

+(g><(w—wc—5)+%x(w—wc))2]]

(4)

The fitted DoPS is described by the red solid line as shown
in Figure 3B and the corresponding fitted parameters are listed
in the first row of Table 2. Using the same treatment as in
Lorentz-like line shape PL data analysis, that is, I (w) =
Lot @) Nectron(@), we successfully fit the Fano-like line shape
PL spectrum with almost the same dip as measured in the
scattering spectrum, as shown by the blue solid line in Figure
3B. Specifically, through comparing the corresponding fitted
values of y; and y,, as listed in Table 2, it is obvious that the
dark mode is much narrower than the bright mode and the
relaxation response function keeps relatively flat in such narrow
frequency span. As a result, it leads to an almost unshifted dip
in the PL spectrum.

Last, we did the PL measurement on the bulk gold film as
excited by 532 nm laser. To be more specific, we introduce the
exponential function, Nj exp_("’_“"’)/ ¢ that is, the second term
as shown in eq 1, to fit the relaxation process of the excited
electrons in bulk metals, where @, is still the excitation laser
frequency. It confirms that the pure electron behavior after
excitation in bulk metals is exponential as a function of energy,
as demonstrated in Figure 4.

B CONCLUSIONS

To conclude, this paper presents that controlling the excitation-
collection polarization configuration is able to achieve both the
Lorentz-like line shape PL with blue-shifted peak and Fano-like
line shape PL with almost unshifted dip, from the dolmen-like
plasmonic nanostructures. A physical model has been presented
to describe that the PL from metallic nanostructures is the
product of DoPS and population redistribution during the
relaxation process of the excited collective free electrons. It was
demonstrated that DoPS, as represented by scattering
spectrum, can reshape the PL emission profile, and the
population distribution of the relaxed collective free electrons
contributes to the blue-shifted peak in Lorentz-like PL emission
and stable dip in Fano-like PL emission. Our results provide a
solid foundation for the further analysis toward plasmon-
dominated light re-emission process in more complex and
hybridized metallic nanostructures.

Table 2. Fitted Parameters of Fano-Like Line-Shape Scattering (scat) and PL Spectrum

Ip Ag* dip (THz) 71 (THz)
scat 0.02 115 453.7 75
PL 0.09 2466.8 453.7 75
“The fitting parameter of Ay = Ay X N, for PL curve fitting.
982

7, (THz) 6 (THz) k (THz) £ (THz)
30 0.5 31
30 0.5 31 64.3
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B METHODS

Fabrication. Gold dolmen-like plasmonic nanostructures
were fabricated on glass substrate with a thickness of 0.17 mm
using electron-beam lithography (EBL) and lift-off process.
First, S0 nm thick PMMA resist was spin-coated onto the
substrate at 4k rpm, and the PMMA resist has a molecular
weight of 950k, with a centration of ~1.67% as dissolved in
anisole solvent. Then, the glass substrate was baked on a hot
plate at 180 °C for 120 s in order to evaporate the residual
solvent. EBL was done in the Elionix ELS-7000 system with an
electron-beam current of 100 pA and an accelerating voltage of
100 kV. An optimized dose was used to expose the PMMA
resist. After exposure, the samples were developed with the
MIBK/IPA (1:3) developer at low temperature of —10 °C for
15 s and followed by the nitrogen blown dry.”® A 40 nm thick
gold layer was deposited by the electron-beam evaporator. The
working pressure of ~5 X 1077 Torr was maintained during the
whole evaporation process, and the temperature of the sample
chamber was kept at 25 °C. To obtain more uniform gold film,
the sample holder was rotated at 50 rpm during evaporation
process. Lift-off process was carried out by immersing samples
in N-methylpyrrolidone (NMP) solvent at elevated temper-
ature of 60 °C.

Optical Measurements. Both the DF scattering and PL
measurements were implemented by the WITec CRM200
confocal Raman microscopy system. For the DF scattering
measurements, a halogen lamp (15 V, 150 W, 3100 K) as the
white light source can illuminate the sample uniformly via a
dark-field objective lens (Zeiss Epiplan, 100X, N.A. = 0.75),
which is also used to collect the elastic scattering light. During
the PL measurements, a linearly polarized CW laser with a
wavelength of 532 nm was focused on the surface of the
individual nanoparticles through the same objective lens as
scattering measurements. The laser power on the sample is 50
HUW. Both the DF scattering and PL spectra were dispersed by a
150 lines/mm grating and detected using a TE-cooled CCD
(Andor DV 401-BV-351). To get a good signal-to-noise ratio,
we set the integration time in scattering measurements as 20 s
and in PL measurements as 10 s, respectively.

Simulation. All the simulations were performed using the
commercial finite-difference time-domain (FDTD) software
Lumerical. In simulations, an isolated dolmen nanostructure on
quartz substrate was enclosed by perfectly matched layers
(PML) along all the directions. Total-field scattered-field
(TFSF) was used as the incidence. The polarization and
incident direction was indicated in Figure S2c for the excitation
of bright mode (red) and dark mode (black). The dielectric
functions of gold and SiO, were described by fitting the gold-
Palik and SiO,-Palik database in Lumerical’s material library.
The corner of each nanorod was rounded with a radius 15 nm
to mimic the real cases. All the charge distributions were
plotted at the surface of structures.
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