Downloaded viaUNIV OF STUTTGART on February 4, 2022 at 08:23:54 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

www.acsnano.org

Giant Second Harmonic Generation
Enhancement in a High-Q Doubly Resonant
Hybrid Plasmon—Fiber Cavity System

Qi Ai,* Florian Sterl, Han Zhang, Jianfang Wang, and Harald Giessen*

Cite This: ACS Nano 2021, 15, 19409-19417 I: I Read Online

ACCESS ‘ [l Metrics & More | Article Recommendations | @ Supporting Information

ABSTRACT: A high-quality plasmon—fiber cavity in a doubly resonant 2w
configuration can exhibit second-harmonic generation (SHG) with over
S orders of magnitude enhancement compared to gold nanoparticles on
a fused silica substrate. Through coupling to a fiber cavity with the
proper diameter, a high-quality (Q ~ 160) resonance can be achieved in
combination with a single gold nanoparticle. In a classical picture,
where the incident electric field travels coherently Q times around the
fiber during the nonlinear process, the high Q of the coupled mode aids High-Qsingly-resonant High-Q doubly-resonant
in highly efficient SHG. We accomplish two feats: First, we analyze the . plasmen bercarty plamenbercary
Q factor dependence of the SHG efficiency, proving the expected Q*  onthesubstrate PR, N
dependence and thus confirming coherent E-field amplification in the /S — - 0
fiber cavity. Second, we carefully adjust the fiber size further and tune b
the plasmon response of a gold nanoparticle to a high-Q cavity mode.
We make sure that the second harmonic wavelength is simultaneously in resonance with a higher order fiber cavity mode,
fulfilling the doubly resonant condition. As a result, a giant SH response with conversion efficiency up to 1.6 X 1075 is detected
upon a pump intensity of 5 X 10® W/cm? for 100 fs pump pulses around 840 nm incident wavelength. Additionally, the
importance of the doubly resonant condition is proven by detuning the size of the fiber, which leads to a drastic drop in SHG
efficiency. This disparity of the SHG efficiency can be observed even by eye, when monitoring the intensity changes of the
visible SH light during detuning.

KEYWORDS: nonlinear plasmonics, second-harmonic generation, multiple resonance plasmonics, high quality factor, microcavity

etals were not considered as suitable material for utilizing the interaction between localized and delocalized

l \ / I nonlinear optics research or applications for a long plasmons,”"** coupling plasmonic modes to electronic inter-
time because of their low optical nonlinearities. The subband transitions in semiconductor heterostructures,” etc.

second order nonlinear effect in particular is forbidden in most However, the origin of second harmonic generation (SHG)
metals because of their inversion centrosymmetric structures. and the fundamental mechanism of SH enhancement effects in
However, a second-harmonic (SH) response at a Ag-—air metallic nanostructures are still under debate. Especially, some

interface was reported in 1974." It was found that nonlinear
polarization in metals can be induced by surface plasmon
polaritons at the symmetry-breaking metal—air interface.
Afterward, as nanofabrication techniques advanced and the
ability of probing optical fields at the nanoscale improved,”’
metallic nanostructures that support localized surface plasmon
resonances showed great potential to leverage nonlinear effects
by confining the incident light into a nanoscale volume."™"*
In recent years, a great deal of effort has been put into Received:  July 14, 2021

promoting the nonlinear conversion efficiency, especially the Accepted:  November 30, 2021
SH conversion efficiency of metallic nanostructures, for Published: December 6, 2021
example, by combining nanostructures with highly nonlinear

materials,"* ™' designing special non-centrosymmetric struc-

tures'’~'? or toroidal-resonant plasmonic metasurfaces,”’

unexpected observations emerged when researchers were
trying to enhance the SH responses based on the preconceived
designs. For example, breaking of the centrosymmetry does not
induce an increasing SH intensity in coupled plasmonic
nanoparticles compared to symmetric systems.”* Furthermore,
fewer particles in a cluster can exhibit an even more efficient

© 2021 American Chemical Society https://doi.org/10.1021/acsnano.1c05970

W ACS PUblicationS 19409 ACS Nano 2021, 15, 19409—19417


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qi+Ai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Florian+Sterl"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Han+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jianfang+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Harald+Giessen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsnano.1c05970&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c05970?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c05970?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c05970?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c05970?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c05970?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/ancac3/15/12?ref=pdf
https://pubs.acs.org/toc/ancac3/15/12?ref=pdf
https://pubs.acs.org/toc/ancac3/15/12?ref=pdf
https://pubs.acs.org/toc/ancac3/15/12?ref=pdf
www.acsnano.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsnano.1c05970?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsnano.org?ref=pdf
https://www.acsnano.org?ref=pdf

ACS Nano

www.acsnano.org

2w w 7 2w

1.0f 1.0 10}
S o8t S o8t S o8}
8 8 8
E 06 2 06 206
B 04 S 04} L o4
2 3 5
o 02} ®» 02f ? 02}

00} 00f 00F

400 600 800 1000 400 600 800 1000 400 600 800 1000

Wavelength (nm)

Wavelength (nm)

Wavelength (nm)

Figure 1. Design idea and working principle of the doubly resonant plasmon—fiber cavities. (a) Sketch and TEM image of gold nano-
bipyramids in solution. (b) Typical measured extinction spectrum of the sample shown in panel a. (c) Sketch of a singly resonant hybrid
plasmon—fiber cavity. (d) Typical measured scattering spectrum and schematic electric field profile of a hybrid system as shown in panel c.
(e) Sketch of a doubly resonant hybrid plasmon—fiber cavity. (f) Typical measured scattering spectrum and schematic electric field profiles
at both fundamental and SH wavelength of a doubly resonant plasmon—fiber cavity as shown in panel e.

SH response.”” Despite these unclear effects, it is evident that a
resonance at the fundamental frequency and its quality are
crucial for all harmonic generation processes. This fact is
confirmed by the anharmonic oscillator model that has been
well utilized to predict harmonic signals.%’27 Nevertheless,
systematic Q-dependent measurements were still lacking.

Recently, multiresonant plasmonic structures have been
investigated and have attracted much attention, due to their
potential for augmenting SHG.”*™*' These structures are
composed of several plasmonic building blocks whose
elementary plasmonic modes strongly interact with each
other. Thus, multiple hybridized modes are generated and
can be designed to be resonant at both the fundamental and
the second harmonic frequencies. In this case, the input and
signal fields of nonlinear origin are enhanced simultaneously.
These enhancement mechanisms have also been demonstrated
experimentally.”” However, due to the large damping losses of
the metallic structures, the near-field enhancement of those
multiple resonant systems is still limited.

In fact, dramatically more efficient nonlinear responses in
doubly resonant systems can be expected, when considering
that the quality factor of the resonances can be drastically
improved by designing special coupled systems. For example,
relatively high quality factors of up to 100 can be achieved by
arranging metal nanoparticles into periodic arrays.””** A series
of studies proved that the light—matter interaction is indeed
enhanced in those high-Q plasmon systems.”***™>" Very
recently, the nonlinear responses of multiresonances with high
Q factors in an array of L-shaped aluminum nanoparticles has
been numerically investigated.”® Over one-million-fold en-
hancement of the emitted SH intensity with a conversion
efficiency of 107 has been predicted when compared to an
individual particle.

In this work, we demonstrate a high-Q doubly resonant
plasmon—fiber system to greatly boost the second harmonic
response through the coupling between the plasmon modes
and optical modes in the microfiber cavity. Light can be
confined within the fiber cavities by continuous total internal

reflection, known as whispering gallery mode (WGM), and the
fiber size can be easily modified by flame-heated pulling. It is a
desired and operable method to enhance the interaction
between the light and metallic particles by coupling the gold
nanoparticles to the microfibers. A high-Q multiresonant
coupled system can be achieved when nanoparticles are
deposited onto the surface of microfibers with the proper
diameter. Thanks to the simultaneous realization of high
quality and the doubly resonant case, the second harmonic
generation is successively enhanced by 5—6 orders of
magnitude. This brings nonlinear plasmonics much closer
toward real applications in nonlinear optical elements at the
nanoscale. Plasmon—fiber cavities are also widely applied in a
variety of sensors with high sensitivity.””~*' Our work has huge
potential to develop nonlinear plasmon sensing with even
larger sensitivity based on the nonlinear conversion process.

RESULTS AND DISCUSSION

Working Principle of the Doubly Resonant Plasmon—
Fiber Cavities. The idea of promoting the second harmonic
conversion efficiency in hybrid plasmon—fiber cavities is
illustrated in Figure 1. It mainly includes two steps: The first
step is to coat the nanoparticles onto the surface of tapered
microfibers (see Figure 1c)* to realize efficient coupling
between the plasmon resonance and the WGMs. When
illuminated, the gold nanoparticle on the fiber surface acts as
an antenna interacting with the incident light, while the
tapered fiber acts as an optical microcavity that confines the
light at resonant frequencies, extends the interaction time, and
fundamentally alters the interaction between the light and the
gold nanoparticle. Thus, a high-Q resonance with a large field
enhancement can be achieved (see Figure 1d). The second
step is to decrease the diameter of the microfibers in our
hybrid system to observe higher-order cavity modes. We then
tuned one mode resonantly to the SH wavelength by carefully
adjusting the size of the tapered fibers (see Figure le). In
contrast to former multiresonant systems, in which the second
resonance matched to the SH wavelength is just another
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Figure 2. Linear and nonlinear responses from a singly resonant plasmon—fiber cavity and Q-dependent SHG. (a) Measured scattering
spectrum (red, measurement; blue, Lorentz fit) of a single gold nano-bipyramid on a tapered fiber surface in the singly resonant case. (b)
Nonlinear emission spectrum at the excitation wavelength matched to the central wavelength of the linear scattering resonance in panel a.
(c) Corresponding SHG efficiency as a function of excitation laser wavelength (squares, measurement; blue curve, Lorentz fit). The single
green square corresponds to the nonlinear emission spectrum in panel b. (d) Double-log plot of the Q-dependence of the SHG intensity.
Five squares represent five singly resonant plasmon—fiber cavities with different Q factors. The single red square corresponds to the
plasmon—fiber cavity shown in panels a—c. Linear and nonlinear responses of other plasmon—fiber cavities corresponding to the four black

squares are shown in Figure S3.

hybrid plasmon mode, the second mode in our hybrid system
arises from the coupling between the nanoantenna and the
optical cavity. In this case, both the fundamental and the SH
light circulate and interact dozens of times in a coherent
fashion inside the microcavity. This leads to high-Q resonances
with a strongly enhanced response in both linear and nonlinear
regimes (see Figure 1f). As a result, giant SHG can be achieved
by enhancing the quality factor and tuning the system into the
doubly resonant condition.

In general, gold nanoparticles in aqueous solution or on
fused silica substrates feature only a weak plasmon resonance
with a low quality factor mainly due to the large damping
losses of the metallic nanoparticles. Compared to the gold
nanorods deposited on a tapered fiber surface that were
investigated in our former work, the gold nano-bipyramid
(NBP)-coupled system enables a higher conversion efficiency
of the second-harmonic response. We believe that there are
two reasons: On the one hand, the sharper tips of the gold
nano-bipyramids produce stronger near-field localization. On
the other hand, narrower localized surface plasmon resonances
(LSPRs), which correspond to longer plasmon lifetime, can be
achieved in gold nano-bipyramids.”’ Thus, the longer
interaction time between longitudinal surface plasmon
resonances of gold NBPs and WGM:s of microfibers will lead
to stronger interaction. In the experiment, when comparing
dozens of gold nanorods with gold nano-bipyramids, we found
indeed that we need substantially lower input powers in order
to obtain similar or even much larger nonlinear signals when

19411

switching to gold nano-bipyramids. Single-crystalline gold
nano-bipyramids that are used in this work were synthesized
using an optimized seed-mediated growth method, which is
introduced in the Methods section in detail. High-purity NBPs
with desired longitudinal surface plasmon resonances can be
grown by modifying various parameters in the growth solution.
Synthesis details are described in the Methods section. A
transmission electron microscopy (TEM) image of the gold
nano-bipyramids is displayed in the inset of Figure la. Figure
1b displays the UV—vis spectrum of the corresponding NBPs
in aqueous solution. More details including the finite-difference
time-domain (FDTD) simulated extinction spectrum can be
found in ref S4. Corresponding to the central wavelength (1),
937 nm, and the resonance line width (A1) around 100 nm,
the Q-factor (4/AA4) is less than 10. When the NBPs are coated
onto a fused silica substrate, the central wavelength of the
individual particles will blue shift to around 860 nm (see
Figure S1) due to the change of refractive index of the
surrounding media. The full width at half-maximum (FWHM)
of the scattering spectrum is still broad around 100 nm (see
Figure S1).

The microfibers used in our coupled system are manufac-
tured by tapering single-mode fibers with a home-built flame-
heated pulling machine,"* which enables precise tailoring of
the diameter of the tapered fibers as well as their waist length.
By drop coating properly diluted gold NBPs onto the
microfibers and letting them dry in ambient air, we can create
hybrid plasmon—fiber cavities. When the diameters of fibers
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Figure 3. Linear and nonlinear response for two different particles (upper and lower row) from the doubly resonant plasmon—fiber cavities.
(a, c) Scattering spectra (red, measurement; blue, Lorentz fit) from two gold bipyramids coupled to the same microfiber with diameter about
1.4 pm; (b, d) the corresponding SHG efficiency as a function of excitation laser wavelength (squares, measurement; blue curves, Lorentz
fit). In panels b and d, nonlinear emission spectra at peak wavelength of SHG resonance are shown in the inset (green curves). The FWHM
line widths, AA, of the linear and the second-harmonic resonances are marked in panels a—d.

are smaller than 2 ym, the radiation losses increase quickly.*
In this case, the plasmon resonances of attached gold
nanoparticles can efficiently couple to WGMs of microfibers
via the strong evanescent field. Due to the large interparticle
distance, no dipole—dipole coupling between two gold
nanoparticles occurs. When gold NBPs are deposited on a
microfiber with a diameter around 1.65 um (see Figure 1c), a
very narrow hybrid plasmon—fiber resonance with high Q
factor of up to 160 is detected (see Figure 1d). In fact, the
diameter of 1.65 ym is the proper fiber size to obtain the
narrowest hybrid resonance, which was substantiated by a
series of experiments. As the diameter of the fiber continues to
decrease, the coupling with the light at the fundamental
wavelength gets weaker, while some larger frequency modes
arise. These modes exhibit weaker coupling, as displayed by
the peak with the blue-striped background in Figure 1f. By
carefully tuning the fiber diameter to 1.44 pm, this peak is
matched to the SH wavelength, corresponding to the
fundamental wavelength (as displayed by the peak with the
red-striped background in Figure 1f). In this case, the quality
factor turns out to be smaller due to weaker coupling but is still
as high as 100. More details will be discussed later with regards
to Figure 3.

Quality-Factor-Dependent Second Harmonic Re-
sponse. The attractive properties of this fiber-coupled system
are not only the enhanced optical response but also the tunable
Q factors. Previous studies have already indicated that a
resonance at the fundamental frequency and its quality are
crucial for higher harmonic generation.%’%_48 Here, we
analyze carefully the relationship between the SH intensity
and the system quality.

The coupling strength and thus the quality factor in our
hybrid system are mainly determined by the size of the gold
NBPs and the diameters of the microfibers. Meanwhile, they
also depend on the different orientation of the particles lying
on the fiber surface. This property was nicely demonstrated by
Wang et al.” The tapered fibers have a waist-like shape, which
means that the cavity size changes slightly at different positions
on the fiber surface. Those properties enable us to study the
hybrid systems with different Q factors as expected. It is worth
mentioning that the incident angle influences both the
wavelength position and the line width of the hybrid
resonance.”” Thus, the excitation conditions including the
incident angle and the focus case are kept the same during the
entire measurement process demonstrated in this work.

In order to detect the linear scattering resonance from the
hybrid system without strong scattering from the bare fiber
surface, a side-illumination method is used (see Figure S2). A
dark-field scattering microscopy setup was utilized to perform
linear and nonlinear spectroscopy. With this setup, the white
light in the linear response measurement and the laser source
in the nonlinear response measurement can be easily switched
while maintaining the same incident condition. Figure 2a
depicts the scattering spectrum of a single gold NBP displayed
in Figure la coated on the microfiber with a diameter of 1.65
pum. The FWHM of its Lorentz fitting resonance (blue curve in
Figure 2a) is 8 nm, which corresponds to a high Q factor of
10S. When efficient coupling between the plasmon resonance
of the gold NBP and the cavity mode resonant at 840 nm
occurs, other cavity modes are barely coupled to the plasmonic
particle, and thus no photons at other frequencies are radiated
from the plasmonic antenna. Next, the sample was illuminated
by the laser and its nonlinear response spectrum was detected
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(see Figure 2b). A narrow SHG peak and broad photo-
luminescence (PL) are both observable. The analysis of the
photoluminescence in this system was reported in our recent
work.” By tuning the central wavelength of the excitation laser
over the linear resonance step by step, we obtained a series of
nonlinear emission spectra. For each spectrum, we determined
the integrated SHG area by taking the overall SHG intensity
minus the PL values. After plotting them as a function of
excitation wavelength, we observed that the nonlinear
spectroscopy gave rise to a narrow second-harmonic resonance
as shown in Figure 2¢. The single green square corresponds to
the SHG peak intensity of the nonlinear spectrum in Figure 2b.

The line width, A, of the linear resonance plays a key role
in the nonlinear yield, as has been shown by an anharmonic
oscillator model.”® Combined with the fact that the second-
order nonlinear polarization scales quadratically with the
fundamental field intensity, the anharmonic oscillator model
predicts that the nonlinear efficiency of SHG scales to 1/
Aw**® In order to investigate this power dependence, we
measured five hybrid systems with different Q-factors as
displayed in Figure 2d. The actual measured linear and
corresponding nonlinear scattering spectra are plotted in
Figure S3. The FWHM of the linear scattering spectra in
Figure S3a—e varies from 8.4 to 5.1 nm, which are all smaller
than that of the excitation pulse (~10 nm), and their
corresponding Q-factors range from 98 to 165. Therefore,
the condition of infinite Q does not apply here.’® Their
corresponding SH resonances are displayed in Figure S3f—j.
The green curves in the insets of Figure S3f—j are the
nonlinear response spectra corresponding to the green squares
in the SH resonances, which are the case when the laser
excitation is at the peak wavelength of the linear resonance.
The line width of the SHG peak ranges between half the linear
resonance line width and half the laser spectral width.
Meanwhile, as the line width of the linear resonance decreases,
corresponding to a bigger Q-factor, the SH resonance turns out
to be narrower than expected, while the SHG intensity
increases. In order to investigate the Q-dependent SHG
behavior, we plotted the peak intensity of the SH resonance of
those five systems as a function of their system quality factors
on a double-log plot and fit them by a linear function, as
depicted in Figure 2d. The results clearly demonstrate the Q*
dependence of SHG efficiency as predicted.”® The SHG peak
intensity of the system with a Q factor of 165, as displayed in
Figure S3e,j is enhanced by more than 1 order of magnitude
compared to the system with a Q factor of 95 as seen in Figure
S3af.

Doubly Resonant Plasmon—Fiber Cavities. As men-
tioned before, 1.65 um is the proper fiber size to couple to the
gold NBPs used in this work. The electromagnetic energy of
certain frequencies perfectly matches the modes of this
whispering gallery without too much energy leakage. As the
diameter of the tapered fiber decreases, higher-order cavity
modes appear. By fine-tuning the fiber diameter to 1.44 ym, we
obtain a doubly resonant system as displayed for two different
particles in Figure 3a,c. The FWHM values of those two typical
systems are 11.7 and 9.9 nm, respectively. The corresponding
Q factors are 73 and 86, respectively, which are somewhat
smaller than the perfect coupling systems as depicted in Figure
2 and Figure S3. On the other hand, the higher modes overlap
with the SHG spectral position of the laser (indicated by the
blue vertical stripes). By sweeping the laser wavelength over
the linear resonance range, we obtain a series of nonlinear

emission spectra, and typical ones are plotted as the insets of
Figure 3b,d as green curves. After plotting the SHG peak
intensity as a function of excitation wavelength, we found that
nonlinear spectroscopy revealed narrow second-harmonic
resonances of those two systems. By comparison of the doubly
resonant system (see Figure 3d, normalized to the same
incident power and exposure time) to the singly resonant
system (see Figure S3b), the SHG peak intensity exhibits over
S0-fold enhancement even though the Q-factor is slightly
smaller. Simultaneously, the line widths of the SH resonances
of doubly resonant systems are narrower than those of singly
resonant systems with equal Q-factors. This proves once more
that the doubly resonant case enhances the nonlinear response
by matching the SH light inside of the optical fiber cavities.
Nonlinear Response Comparison between Isolated
Gold NBPs on the Substrate and Singly and Doubly
Resonant Plasmon—Fiber Cavities. In order to confirm the
huge SHG enhancement effect from our tailored high-Q
doubly resonant systems further, we compared the nonlinear
emission spectra from typical doubly and singly resonant
systems with individual gold NBPs on a fused silica substrate.
The excitation conditions and spectroscopy processes
remained exactly the same during this comparison. By
comparing Figure 4a,b, we clearly find that the SHG peak is
orders of magnitude enhanced in the doubly resonant case
while the intensities of the fundamental peaks are at a similar
level. This proves that the second harmonic conversion
efficiency is indeed drastically boosted in the doubly resonant
case. As reference, the nonlinear emission spectrum of a single
gold NBP on the fused silica substrate is displayed in Figure 4c.
As mentioned, the plasmon resonance of the single gold
particles is quite weak due to the large damping losses (see
Figure S1). Hence, the fundamental scattered laser peak in the
spectrum shown in Figure 4c is also quite weak compared to
those in the fiber-coupled systems as displayed in Figure 4a,b.
The nonlinear response spectrum with its SHG peak in the
bottom left of Figure 4c is magnified by a factor of 1000 in that
plot. The exposure time of the detector was 20 min, because
the signal was quite weak. In fact, the SHG peaks in most cases
cannot even be detected with that excitation power (160 mW)
and an exposure time of 20 min. The nonlinear response from
the particles also depends on their orientations on the
substrate under side-illumination conditions. With a fixed
incidence angle and s-polarization, particles with different
orientations on the substrate possess different phase matching
conditions with respect to the excitation light. Considering the
weak nonlinear response, a set of measurements for the
particles on a substrate have been carried out. Typical spectra
are displayed in Figure S4. Comparing the intensity of SHG
peaks in the nonlinear emission spectra of the doubly resonant
system (around 6000 counts per second, see Figure 4a) with a
particle on the substrate (0.055 counts per second, see Figure
4c), over S orders of magnitude enhancement is achieved.
Photographic snapshots of the second-harmonic images of the
particles are displayed as insets of Figure 4a,b and have been
taken with an Allied Vision GC2450c CCD camera behind a
short-pass filter and connected to our dark-field reflection
setup as imaging component (see Figure S2). The observed
green color is created by the wavelength-dependent camera
efficiency. A movie that records the dynamic nonlinear light
from the gold NBPs on the tapered fiber with diameter 1.44
um when the focus area of our excitation laser sweeps from left
to right over the tapered fiber and then turns back is included
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Figure 4. Nonlinear response comparison among single gold NBPs
on the substrate and singly and doubly resonant plasmon—fiber
cavities. (a) Spectrum indicating the fundamental and the SHG
light for the doubly resonant plasmon—fiber cavities. (b) Spectrum
indicating the fundamental and the SHG light for the singly
resonant plasmon—fiber cavities. Insets in panels a and b depict
the fiber—particle image, displaying the SH light, recorded with a
camera. (c) Spectrum showing the fundamental and the SHG light
for the particle on the substrate. The intensity of the left-bottom
spectrum is magnified 1000 times.

as a Supplementary Movie. It was taken with a smartphone
camera through the eyepiece of the microscope.

In order to quantify the real intensity of the SH response, we
used an indirect method to measure and calculate it, which is
described in Methods and the Supporting Information. A
similar method to estimate the SH output power was also
utilized by other groups.”> Conversion between the intensity
and the counts measured by the spectrometer can be
performed throughout the entire wavelength range. By
assuming that almost all the SHG is emitted toward the
objective side and collected by the objective and by

considering the losses due to the transmittance of the objective
(~85%) together with the short-pass filter (~87%) in the
collection path at the SH wavelength, we obtained a SHG peak
power of ~0.28 yW, corresponding to 6000 counts/s shown as
the blue square in Figure SS5. By considering the spot size of
the excitation laser beam impinging onto the sample (an oval
area with long axis ~800 ym and short axis ~100 ym) and an
absorption cross-section of 56000 nm? of the isolated particle,
we estimated a SH conversion efficiency of Pgy/Pp & 1.6 X
107°, where Pgj; and Py are the estimated average power for the
SHG emission and the fundamental wavelength illumination,
respectively (Table S1). This metric is commonly used in the
case that the area of the nanostructure is much smaller than the
excitation spot.”’ Our maximum employed incident power
(~160 mW) yields 5 X 10° W/cm? pump intensity,” which is
well below the experimental nanoparticle damage thresh-
old"**" in our hybrid systems. It was also verified that we had
stable SHG signals with the expected quadratic dependence on
input power (see Figure S5). Compared to the doubly
resonant plasmonic nanoantennas with low Q factor, we have
almost 4 orders of magnitude higher SH conversion efficiency.
By comparison of the coupled gold nano-bipyramids and gold
nano-bipyramids on a bare substrate, our calculated SHG peak
intensity confirms the extraordinarily strong SHG enhance-
ment in our high-Q doubly resonant plasmonic system.

In summary, we have presented a multiresonant high-Q
plasmonic system based on efficient and tailored coupling
between gold nano-bipyramids and tapered microfibers.
Excellent plasmonic properties in the linear as well as the
nonlinear regime have been demonstrated experimentally. In
particular, the giant SHG intensity represents a record of
nonlinear SHG conversion efficiency from single plasmonic
nanoparticles. In our system, it is highly challenging to obtain
exact quantitative conversion efficiencies due to the large size
mismatch between our plasmonic system and the laser spot. By
carefully design and material engineering with optimized
parameters, similar structures such as metasurfaces based on
the same working principle could be realized to precisely
evaluate the resulting SHG power and its conversion efficiency.
Relying on more flexible parameters, even more efficient
coupling strength and higher SHG power could be expected in
high-Q doubly resonant metasurfaces.”® In addition, some
other material that could sustain high temperatures, for
example, titanium nitride,** could be considered to be used
to boost the nonlinear process further with higher excitation
power. For applications, our system with ultranarrow SH
resonances and giant SHG peak intensities is a promising
structure to realize nonlinear hydrogen sensing by replacing
gold nanoparticles with palladium-capped gold nanoparticles in
the future. Furthermore, fiber-coupled nanostructures with a
high nonlinear conversion efficiency offer appealing oppor-
tunities for the development of nonlinear optics-based single-
photon sources.

Sample Preparation. Preparation of the Au Nano-bipyramids.
The Au nano-bipyramids (NBPs) were grown using a seed-mediated
growth method, as reported in previous works.>>™>> Specifically, the
seed solution was prepared by adding a freshly prepared, ice-cold
NaBH, solution (150 wL, 0.01 M) into an aqueous solution
composed of DI water (9.625 mL), HAuCl, (125 uL, 0.01 M), and
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thiosemicarbazide (TSC; 250 uL, 0.01 M). The resultant seed
solution was stirred for 30 s and then left undisturbed at 35 °C for 2 h
before further use. The growth solution was prepared through
sequential addition of HAuCl, (2 mL, 0.01 M), AgNO; (400 uL, 0.01
M), HCI (800 uL, 1 M), and adipic acid (320 pL, 0.1 M) into an
aqueous cetyltrimethylammonium bromide (CTAB) solution (40 mL,
0.1 M). The seed solution (S0 xL) was then added into the growth
solution, followed by inversion mixing for S s. The resultant solution
was kept undisturbed at 35 °C for 6 h.

Purification of the Au NBPs. The as-prepared Au NBP solution
(40 mL, longitudinal plasmon wavelength 950 nm, extinction value at
the longitudinal plasmon peak 4) was centrifuged at S500 rpm for 10
min and redispersed in a cetyltrimethylammonium chloride (CTAC)
solution (30 mL, 0.08 M). AgNO; (8 mL, 0.01 M) and adipic acid (4
mL, 0.1 M) were subsequently added into the CTAC-stabilized Au
NBP solution under gentle shaking. The resultant solution was kept at
60 °C for 6 h, during which Ag was deposited on the Au nanocrystals
to produce bimetallic Au/Ag products. The Au/Ag products were
then centrifuged at 5000 rpm for 10 min and redispersed in CTAB
(30 mL, 0.05 M). The solution was left undisturbed at 35 °C
overnight, during which the Au/Ag hetero-nanorods agglomerated
and precipitated to the bottom of the container while the polyhedral
Au/Ag nanoparticles remained in the supernatant. The Au/Ag hetero-
nanorods were redispersed in DI water (20 mL) and subsequently
mixed with NH;-H,O (400 yL, 30 wt %) and H,0, (300 uL, 0.1 M)
and kept for 4 h. During this process, the Ag segments were gradually
etched away. The clear supernatant was carefully taken out. The
resultant pure Au NBPs were separated by centrifugation (5500 rpm,
10 min) and redispersed in DI water for further use.

Experimental Setup. The linear and nonlinear response
measurements were performed using a dark-field reflection micro-
spectroscopy setup combined with a side-illumination component
(see Figure S2). To study the linear properties, an incoherent white-
light source (Energetiq Laser-Driven Light Source EQ-99) was
utilized. With mirrors and an achromatic lens of 75 mm focal length,
the white light was focused onto the sample with an incident angle of
~30°. The hybrid systems were imaged, and their scattering spectra
were recorded based on a dark-field reflection setup consisting of a
Nikon LV100 upright microscope combined with a grating
monochromator (Princeton Instruments IsoPlane 160, 300 lines/
mm, 500 nm blaze wavelengths) and a 2D Peltier-cooled CCD
detector (Princeton Instruments PIXIS 256). To investigate the
nonlinear behavior of the hybrid cavities, a mode-locked Ti:sapphire
laser was employed as the excitation light source, which delivers 100 fs
optical pulses at 80 MHz repetition rate and allows wavelength
tunability in the range of 770—860 nm. A half wave plate was utilized
to ensure that the illumination light is s-polarized (perpendicular to
the plane of incidence and parallel to the lab table). By using a flip
mirror in the side-illumination component, one can easily switch the
illumination from the white light source to the laser source under the
condition that the incident angle and focus conditions stay the same.
A short-pass filter (FGB37, Thorlabs) is added before the detector to
filter out the intensely scattered fundamental light. A Nikon TU Plan
Fluor ELWD 60X, NA 0.7, objective is used for collecting scattered
and emitted light under side illumination.

Power Calibration of the Spectrometer. Since the measured
SHG signals are quite weak, it is very challenging to directly measure
the corresponding SHG power. In order to estimate the SHG power
from the intensity signal recorded by the spectrometer, we use the
much stronger scattering signal of the fundamental mode and
compare it to a power measurement carried out with a Si amplified
detector (PDA36A2, Thorlabs). The Si detector is attached to the
microscope as shown in Figure S2. The same signal is detected by the
spectrometer through an intensity filter with a certain attenuation
coefficient. The total number of counts per second, integrated over
the full scattering peak width and corrected by the filter transmittance,
is compared to the measured power, resulting in a value for the
spectrometer efficiency at the laser center wavelength. The
corresponding efficiency at the SHG wavelength is then estimated
via the known spectral shape of the photodetector responsivity, the

diffraction grating efficiency, and the CCD detector quantum yield.
Finally, the total number of counts per second corresponding to the
SHG signal is converted into a power value. For a typical SHG
measurement, this yields a power on the order of picowatts. It should
be mentioned that this value represents an average intensity and not a
peak intensity.
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