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ABSTRACT: We investigate the multiphoton photoluminescence
(MPPL) characteristics of bare and palladium-capped gold nanobipyramid
particles deposited on microfibers with diameters around 1.7 gm. A broad
luminescence emission with two evident peaks is detected when the
coupled gold nanobipyramid particles are illuminated with a femtosecond
laser. By employing multiple peak Lorentz fitting to each PL emission
spectrum and performing nonlinear order analysis of the excitation power-
dependent measurement, we come to the conclusion that four-photon
photoluminescence (4PPL) at around 520 nm and two-photon photo-
luminescence (2PPL) at longer wavelengths are the main constituents of
the broad luminescence emission. Additionally, we observed unexpectedly
that those two emission processes have different polarization character-
istics. These characteristics can be understood and explained by taking into
account the band and crystalline structure of the gold nanobipyramids.
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Furthermore, the L-band-related 4PPL emission is quenched for Au@Pd nanobipyramids due to the fast transfer of electrons from
the gold to the palladium. This provides us with a new way of modifying the photoluminescence in coupled hybrid bimetallic
nanostructures. This deeper understanding of MPPL in gold nanoparticles paves the way to precise control of the luminescence
emission from plasmonic nanoparticles, which is crucial for further applications in biological imaging and photothermal therapy.

KEYWORDS: nonlinear plasmonics, multiphoton photoluminescence, nano-optics, gold nanobipyramids, photoluminescence quenching

Metal nanoantennas have been extensively investigated
not only in the linear, but also in the nonlinear optical
regime when interacting with femtosecond laser pulses.'”>
Recently, nonlinear photoluminescence,”’ especially two-
photon photoluminescence®™'? of noble metallic nanostruc-

On the other hand, photoluminescence quite often overlaps
with the coherent optical response of the nanoantenna systems
in nonlinear spectra, for example, in second- or third-harmonic
generation processes.
hybrid plasmon—fiber cavities, we had clearly seen that the

15—17 .
In our previous research about

tures, is attracting increasing attention because of existent and
potential applications in the areas of theranostic biomarkers,"'
bioimaging,'* and so on. Multiphoton-induced luminescence
from noble metals and its enhancement on roughened surfaces
have first been reported in the pioneering experiments of Boyd
in 1986."° Thereafter, gold nanoparticles became one of the
most promising photostable and nonblinking single optical
biomarkers due to their large extinction cross sections, while
the two-photon absorbing process provides the possibility for
local heating.'*'> However, when compared to the inves-
tigations about coherent nonlinear processes, such as second-
and third-harmonic generation, research about MPPL from
isolated gold nanoantennas is still quite rare, and some more
analysis is necessary to fully understand and utilize this process.
It is mainly limited by its low quantum efficiency. Particularly,
higher-order photoluminescence requires even larger peak
intensities and local fields.

© 2021 American Chemical Society

7 ACS Publications

2088

second-harmonic generation (SHG) peak is located on top of a
broad and pronounced MPPL background in the nonlinear
spectrum. In this case, controlling and modifying the PL
process is required for applications. A comprehensive knowl-
edge of the MPPL characteristics and full understanding of the
mechanisms are the preconditions of the desired precise
control. It is already well-known that 2PPL can be enhanced by
a strong local field."*™*° Our research will offer strong support
for this conclusion. Three-photon absorption from single gold
nanoantennas has been reported.”’ 4PPL has been observed
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Figure 1. Schematic dark-field setup for white light scattering and nonlinear spectroscopy of single bipyramid nanoparticles on tapered fibers. The
schematic diagram and SEM image of the coupling system between an isolated Au nanobipyramid particle and an optical microfiber are shown in

the red dashed frame. The incident light is s-pol.

from resonant gold dipole antennas.”” The dynamics of MPPL
has been investigated in gold nanostructures.”** The two- and
multiphoton photoluminescence in gold nanoparticles with
different shapes and sizes have also been described in
numerous publications.”*™** However, there is still no clear
idea on how to modify them in a controlled manner. In
addition, knowledge of the spectral and polarization character-
istics of MPPL is essential for the control of plasmonic
properties.

In our work, we study the photoluminescence from single
Au and Pd-capped Au nanobipyramids (NBPs) coupled to
silica microfibers. Ultranarrow and enhanced second-harmonic
resonances from a similar coupling system have already been
reported in our previous paper.29 By confining more energy in
the microfiber cavities, strong interaction over some extended
cavity lifetimes between gold nanoparticles and light is
achieved. Such an enhanced interaction leads to an orders of
magnitude increase of the nonlinear emission. A schematic of
this process is presented in the red dashed frame on the left
side in Figure 1. An extremely high SHG yield and a broad
photoluminescence background with two evident peaks are
observed in this plasmon—microfiber hybrid system. By
applying multiple-peak Lorentz fitting to the photolumines-
cence spectra, we clearly find the MPPL in our system to be
2PPL and 4PPL based on the nonlinear order analysis of the
excitation power-dependent measurement. Compared to the
spectrally resolved nonlinear order analysis, it is more precise
to determine the MPPL process. Interestingly, we observe that
those two processes have different polarization characteristics.
Based on the band and crystalline structures, we give a proper
explanation for that, which is very important for designing the
proper nanoantenna structures with modified PL processes.
The different orientations of gold NBPs deposited on the
microfiber induces different peak intensities of linear scattering
due to the different coupling strengths. Naturally, a 2PPL with
different levels of enhancement effect can be expected.
Moreover, the quenching effect of 4PPL is successfully realized
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by fiber-coupled gold core and palladium shell bipyramid
nanostructures. This process is supposed to take place when
the electron transfer from gold to palladium takes place.

B RESULTS AND DISCUSSION

For the experiment, single-crystalline gold nanobipyramids
were synthesized using an optimized seed-mediated method
starting with a thermal treatment of common seeds. Compared
to conventional seeded growth approaches, those seeds can be
stored longer and are more stable for synthesizing bimetallic
structures, for example, Au@Pd NBPs investigated in the later
experiment.”” The Au@Pd NBPs were pre?ared according to a
previous report with slight modifications.”’ Process details are
described in the Supporting Information. By modifying the
aspect ratio of the gold NBPs and the thickness of the
palladium in the Au@Pd NBPs, we are able to control their
localized plasmon resonances in aqueous solution to be in the
same wavelength range centered at around 900 nm (see the
ultraviolet (UV)—visible (VIS) spectrum in Figure Slc of the
Supporting Information). Representative transmission electron
microscopy images (Figure S1b,c) confirm the high uniformity
of the gold NBPs and homogeneous palladium shell coating in
the bimetallic structures. As the optical cavity of coupled
systems, microfibers were fabricated by tapering single mode
fibers with a homemade flame-heated pulling machine. We
could precisely control the diameter and the waist length of the
tapered fiber.”” In order to achieve the best coupling
performance within the working wavelength range of our
laser, we designed and pulled microfibers with diameters of
around 1.7 ym. The coupled systems were prepared by drop-
coating the diluted sample solution onto the hanging tapered
fiber surface and waiting for them to dry in ambient air or on
the hot plate. The scanning electron microscope image of an
isolated coupled gold NBP deposited on the microfiber surface
is shown on the right in the red dashed frame in Figure 1.
The experimental microspectroscopy setup is schematically
depicted in Figure 1. With a flipped mirror shown as the
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Figure 2. (a) Measured scattering and (b) nonlinear emission spectra of a single gold nanobipyramid particle on a tapered fiber surface. The red
and black curves in (b) show the results of multiple (two) peaks Lorentz fitting for the broad PL emission spectra (blue curve) in the range from
425 to 600 nm. The cumulative fitting result (light green curve) excellently fits the measurement spectrum. (c) Integrated intensity of multiphoton
photoluminescence centered at 525 and 600 nm in dependence of the excitation power. Excellent linear fitting at log—log scale shows the

anticipated power law of the nonlinear responses.

dashed profile, the linear and nonlinear microspectroscopic
measurements can easily be realized by switching between a
strong incoherent white light source (Energetiq LDLS EQ-99)
and a mode-locked Ti:sapphire laser. In order to filter out the
scattered light from the microfiber surface, a side-illumination
method is utilized. The same incident angle is kept for the
linear and nonlinear measurement at all times. Afterward, the
samples are imaged by a Nikon LV100 upright microscope and
analyzed spectroscopically by a grating spectrometer (Prince-
ton Instruments IsoPlane 160) and a 2D CCD detector
(Princeton Instruments PIXIS 256). In the nonlinear measure-
ment, the laser offers a wavelength tuning range of 760—850
nm with a pulse duration of around 100 fs at a repetition rate
of 80 MHz. Considering the random orientation of the
nanoparticles deposited on the fiber, a half-wave plate is used
to ensure the illumination light is s-polarized (parallel to the
lab table). In this way, the plasmonic resonance of all the
nanoparticles except the one perfectly deposited parallel with
the axial direction of the fiber can be excited. The laser is shone
onto the sample through a lens with 75 mm focus length at a
typical average power of 150 mW. All the samples in our
experiment are confirmed to be undamaged by comparing the
scattering spectrum before and after the nonlinear measure-
ment. A short-pass filter (FGB37) is placed in the front of the
detector to filter out the resonantly scattered laser light.
Figure 2a,b depicts the linear and nonlinear scattering
spectra of an isolated gold NBP on the tapered fiber surface. A
narrow single band linear resonance is observed due to the
efficient coupling between the plasmon mode and one of the
cavity modes. Some small peaks near the main resonance are
also observed. They are caused by the coupling of the plasmon
mode to other cavity modes that are resonant at the edge or
out of the plasmon resonance wavelength range.”” In nonlinear
emission spectra, besides the narrow second harmonic peak,
two peaks on the broad luminescence background can clearly
be seen in the nonlinear spectrum. Considering these two
distinguished peaks showing up, a representative multiple peak
Lorentz fitting for the luminescence background in the
wavelength range between 425 and 680 nm is depicted as a
green curve (cumulative fitting) in Figure 2b. It shows an
excellent match with the measurement result. In addition, two
spectra centered at 525 and 600 nm generated from the fitting
results are shown as red and black curves in Figure 2b. They
could be considered arising from two different PL processes. In
order to determine which PL process takes place at what
spectral position, we measured and recorded a series of
nonlinear emission spectra excited with laser powers from 140
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to 190 mW. Meanwhile, in this measurement, the incident
laser wavelength is fixed at 830 nm to match the linear
resonance of the coupled system. After applying the multipeak
Lorentz fitting to all the measured nonlinear emission spectra
above in the same wavelength range, we are able to plot
integrated intensities of these two peaks as a function of the
excitation power on a double logarithmic scale. The results are
displayed in Figure 2c as red open circles and black squares,
while the linear fittings for them are depicted as red and black
lines. The slope of fitting lines gives the nonlinear order,
namely, 2.25 for the PL centered at 600 nm and 3.96 for that at
525 nm. Therefore, we can conclude that the PL process at
shorter wavelengths range is mainly dominated by 4PPL, while
that one at longer wavelengths range is mainly 2PPL.

Compared to the method used in our former research®” and
some other studies,” in particular, spectrally resolved analysis
of the nonlinear order, our analysis combined with the multiple
peak Lorentz fitting is appropriate for the case of two PL peaks
arises in the nonlinear response spectra. It provides us with the
most precise information about the nonlinear PL process.
Considering the multipeak Lorentz fitting is carried out in the
wavelength range from 425 to 680 nm to exclude the SHG
effect, the nonlinear order is possibly influenced somehow by
the missing part in the shorter wavelength range. In addition,
there might be a competition between the 2-photon and 4-
photon processes to make a bigger value than 2 for the PL
centered at 600 nm.

In order to investigate the polarization characteristics of the
PL emission, a polarizer is placed in front of the spectrometer
and utilized to perform the emission polarization analysis. As
mentioned before, considering the side illumination and the
random orientation of the gold NBPs on the fiber surface, the
excitation polarization parallel to the optical table is generated
and rotated by a half-wave plate. Figure 3 indicates the
dependence of the nonlinear emission intensity on the
polarizations of the emitted photons. Unexpectedly, the
polarization characteristics of the PL centered at about 525
and 600 nm turn out to be different. In the case of the mixed
two PL processes, multiple peak Lorentz fitting is still essential
for the precise analysis of polarization characteristics. The inset
figure in Figure 3a is a typical fitted result. The upper figure
inside indicates the angle 8 of the polarizer related to the long
axis of fiber. After the multiple peak Lorentz fitting is applied
to all the O-dependent nonlinear emission spectra in the
wavelength range from 425 to 680 nm, the polar plots of the
intensity of fitted PL integrated area as a function of angle 6
are displayed in Figure 3b. It proves unambiguously that the
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Figure 3. Polarization characteristics of the MPPL from the coupled
fiber-gold bipyramid system. (a) Measured nonlinear polarized
emission spectra. Inset figure shows the typical multiple peak Lorenz
fitting for one nonlinear emission spectrum in the range from 425 to
680 nm. (b) Polar plots of the fitted PL area centered at 525 nm (blue
curve) and 600 nm (red curve) as a function of angle 6. The dashed
black curve shows a cos® @ function that is characteristic for linearly
polarized dipolar emission.

4PPL centered at 525 nm (blue triangles) exhibits definite
random polarization, while the 2PPL centered at 600 nm (red
dots) shows an almost perfect linear polarization along a
certain direction, which is the same as that of the linear
scattering emission (Figure S2). This direction is supposed to
be along the long axis of the gold NBP. The black dashed line
in Figure 3b is a theoretical linearly polarized dipolar-emission
generated from a cos” 6 function. It perfectly matches with our
measurement results.

The origin of the broadband luminescence from plasmonic
metals, which is not related to interband radiative recombina-
tion, has also been discussed.>*™>° In those investigations,
rough disordered noble-metal nanoparticle films or continu-
ous-wave lasers with low power densities are utilized which are
not able to excite efficient MPPL. In contrast, high nonlinearity
of our hybrid system is confirmed by the excitation power-
dependent analyses as depicted in Figure 2. Moreover, the

2PPL process in gold nanostructures excited by short pulse
laser sources with strong intensities, which are similar to our
excitation conditions, has been experimentally demonstrated to
be the result of the radiative recombination of the d holes.'"*°
Combined together with several representative studies about
the MPPL, we obtain a complete and convincing scheme of the
MPPL process in our coupled gold NBP system as illustrated
in Figure 4a. It is well-known that in gold crystals optical
transitions preferentially occur near the X and L symmetry
points in the first Brillouin zone, where the density of states is
high. Figure 4a illustrates the band structures mainly including
the sp-conduction band and d-band near the X and L
symmetry points. According to the calculated band structure,
the band gap energy between the d-band and the Fermi surface
near the X and L symmetry points are about 1.9 and 2.4 eV,
respectively.””*® This implies that the peak of PL emission
arising from the electron—hole recombination between sp- and
d-bands should be observed at around wavelengths of 652 and
517 nm. The spectral peak position at shorter wavelengths
observed in Figures 2a and 3a shows perfect agreement with
this expectation, while another peak at longer wavelength
appears blue-shifted compared to the above calculated result.
The main reason is that we use the short-pass filter before the
spectrometer, which rejects the signal longer than 600 nm. In
this case, it turns out to be difficult to reveal a certain peak
position. Meanwhile, the intensity of 2PPL can vary in different
fiber-coupled Au NBPs, since 2PPL is strongly enhanced by
the linear electron oscillation. We will discuss this enhance-
ment effect later. In Figure 2¢, we already determined those
two PL processes to rise with powers around 2 and 4,
corresponding to the peaks at around 600 and 520 nm. Based
on it, we conclude that the 2PPL mainly occurs near the X
symmetry point and 4PPL preferentially occurs near the L
symmetry point. This observation of 4PPL near the L
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Figure 4. (a) Sketch of the MPPL process within the gold band structure near the X and L symmetry point (2PPL near the X symmetry point and
4PPL near the L symmetry point). The density of states of gold is depicted (right) based on ref 41. (b) Symmetry points in the first Brillouin zone
of gold. (c) Schematic structure of the gold nanobipyramid. (d) Measured polarized MPPL spectra (red curve: §=135°, black curve: 6=45°). Green
and blue dashed lines are generated from the two peaks through the Lorentz fitting of the red curve. They correspond to the two processes

illustrated in (a) near the X and L symmetry points, respectively.
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symmetry point provides a solid confirmation of the temporal
dynamics measurement results in resonant nanoantennas as
investigated in ref 6. Namely, near the L symmetry point, 4PPL
takes place instead of 2PPL when the pulse duration of the
excitation laser shortens from >700 to 100 fs. The 2PPL
process near the X symmetry point in gold crystals has been
widely investigated.'””**” There is a consistent model that
2PPL is the result of two sequential one-photon absorption
steps. In detail, the sp-hole is first created by the first photon.
Then the second photon excites an electron from the d-band
to recombine with the sp-hole in the conduction band.
Afterward, the hole in the d-band radiatively recombines with
the electron from the conduction band, generating the emitted
photon. Similar to 2PPL, 4PPL is triggered by sequential steps
of photon absorption. Differently, three intraband transitions
within the sp-conduction band occur in the first step. In fact,
the multiphoton transition process can also result from sp-
direct interband transitions, as illustrated in ref 6. Since a
cascade of indirect absorption events is unlikely, direct
interband transitions are believed to occur more likely. From
our view, both processes are possible. The large near-field
localization in our hybrid system can result in an increase of
higher-order transition moments. In this case, even symmetry
rules no longer prohibit intraband transitions. Thus, we just
present one of the proposed processes of three-photon
transitions in the sp-band in Figure 4a in order to specify
the exact MPPL process at different symmetry points.

Thus, the following question remains: What causes the big
difference in the polarization characteristics of the emitted
photons between the 2PPL and the 4PPL in our coupled
system? We base our explanation on the band and crystal
structure of isolated gold NBPs. The gold NBPs are chemically
synthesized and thus single crystalline. As shown in Figure
4b,c, the gold NBP is growing along the direction [011]. The
side facets are {11n}, where n is an integer depending on the
tip angle. The allowed transitions of the recombination
emission in the X and L regions follow atomic-dipole selection
rules. They are restricted to certain directions.” In detail, the
direction of transition moment in the X region must be parallel
to the xy, yz, or xz planes. Directions of x, y, and z are defined
in Figure 4b. In other words, it can be parallel to the long axis
of the gold NBPs. The observed emitted photons in the X
region are perfectly linearly polarized along the same polarized
direction as the linear scattering emission. It is reasonable to
suppose that it is caused by the electronic oscillation in the
fiber-coupled gold NBP resonantly coupling strongly to the PL
as depicted in Figure 4a (left part with the polarized PL
emission). On the other hand, the transition moment in the L
region only can take the direction parallel to the (111) planes.
In the case of the facets of the gold NBP, the (111) plane is
not parallel to any axis of the particle. It means the electric
vectors of the emitted photons cannot be parallel to the long
axis of the gold NBP. As a result, the PL from the L region is
almost randomly polarized. Figure 4d illustrates this observa-
tion briefly. The red and black curves are the PL emission at
~ 45° and 135°, respectively. The green and blue dashed lines
indicate two PL processes generated from the multiple peak
Lorentz fitting for the red curve. The PL in the X region is
strongly enhanced at 6 ~ 135°. Meanwhile, the PL in the L
region depends on the angle 6 quite only slightly. Hence, the
polarization characteristics are properly explained by the
crystalline structure and the band structure of the gold
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NBPs. Similar analysis and results about the polarization
characteristics has been also described in a different paper.*®

Benefiting from the clarification of the PL process and our
understanding of the polarization characteristics of PL
emission in the system, we designed fiber-coupled Au@Pd
NBP to realize the control of the PL process. Similar to the
fiber-coupled Au NBP, an ultranarrow linear scattering
spectrum is achieved by the coupled Au@Pd NBP, as depicted
in Figure Sa. Figure S5b depicts the excitation power-dependent
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Figure S. (a) Linear scattering spectrum of a single (gold
nanobipyramid core)@(palladium shell) bimetallic nanostructure on
the tapered fiber surface. (b) The nonlinear emission spectra excited
by different laser powers and the power dependence of integrated PL
intensity (inset figure in (b)). (c) Nonlinear emission spectra from
the output analyzer with different polarizations. (d) Polar plots of
linear scattering, second harmonic generation, and integrated PL
intensity as a function of angle 6.

nonlinear emission spectra. Quenching of 4PPL must be
present as the second peak at the wavelength around 525 nm is
absent. On the other hand, the 2PPL at a longer wavelength is
still observed since it is mainly enhanced by the linear electron
oscillation. The nonlinear order of 1.52 is determined by the
inset figure in Figure Sb. It is worth noting that this result is
influenced by the small intensity and the large noise of the PL
signal. Figure Sc indicates the dependence of the nonlinear
emission intensity on the polarization of the emitted photons.
Furthermore, the polar plots of the intensity of linear
scattering, SHG, and PL integrated area as a function of
angle @ are plotted in Figure 5d. The PL at a longer wavelength
is still strongly polarized along the same direction with the
linear scattering and SHG. Similar to the coupled gold NBPs,
the PL at longer wavelengths can also vary with the different
strength of the linear resonance. As shown in Figure S4, a
coupled Au@Pd NBP with weaker linear resonance induces a
much weaker nonlinear response compared to that one
investigated in Figure S. The 4PPL peak at shorter wavelength
is still absent. Meanwhile, a negligible PL peak at longer
wavelength is detected. The quenching of PL from the single
coupled Au@Pd particle reveals the electron transfer from gold
to palladium (see an SEM image of the Au@Pd particles in
Figure 6a, where one can nicely see the Pd covering the surface
of the gold). The process can be explained reasonably with the
band structure of gold and palladium (band structure and
density of states for Pd plotted in Figure 6d). We additionally
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Figure 6. (a) Transmission electron microscope (TEM) image of
(gold nanobipyramid core)@(palladium shell) bimetallic nanostruc-
tures in aqueous solution. Schematic structure of (b) the electron
transfer process in gold@palladium bipyramids and (c) quenching
process within the band structure of the gold@palladium bipyramids.
(d) Sketch of band structure (right panel) and density of states (left
panel) for palladium. Adapted with permission from ref 41. Copyright
2004 American Physical Society.

provide the density of states for Au in the supplement. The d-
band in palladium crosses and even exceeds the Fermi surface
near the L symmetry point. Meanwhile, the band separation
between sp-band and d-band is smaller than that in gold. In
this case, palladium provides a high density of states between 0
and 2.5 eV. Thus, the excited electron in the sp-band of gold
can transfer easily and fast to palladium before the
recombination of electron—hole induces the PL emission.
We depict this electron transfer process in Figure 6b. In Figure
6¢c we indicate in a simplified energy level scheme an
intermediate, lower-energy level in Pd, to which the electrons
can transfer after being excited in the gold. As a result, the
4PPL is quenched. As we discussed before, the 2PPL is
strongly enhanced by the linear electron oscillation. Since the
linear resonance of coupled Au@Pd NBPs exhibits the similar
linear optical properties as that of coupled Au NBPs, the
enhanced 2PPL is still observed in the nonlinear spectra.

In conclusion, a strong nonlinear response, including SHG
and MPPL, is achieved by efficient coupling between the
plasmon resonance of Au and Au@Pd NBPs and the
whispering gallery modes of the tapered fiber. Benefiting
from the high nonlinearities of this coupled system, we
investigated the higher-order PL properties. Unexpected
different polarization characteristics of the two PL processes
have been observed. The analysis based on the band and
crystalline structure of gold NBPs provides us with a deeper
understanding of the MPPL process, demonstrating crystal
structure dependence. Moreover, quenching of 4PPL has been
detected by coating palladium onto the gold NBPs, which are
coupled to the tapered fiber, resulting from fast electron
transfer from Au to Pd. This opens a new door to design
plasmon nanostructures and then modify the MPPL process in
isolated nanoparticles, which is required in potential
biotechnology applications.
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