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ABSTRACT: Well-designed plasmonic nanostructures can Anti-Stokes SEF/SERS SECARS
mediate far and near optical fields and thereby enhance
light—matter interactions. To obtain the best overall enhance-
ment, structural parameters need to be carefully tuned to obtain
the largest enhancement at the input and output frequencies.
This is, however, challenging for nonlinear light—matter
interactions involving multiple frequencies because obtaining
the full picture of structure-dependent enhancement at
individual frequencies is not easy. In this work, we introduce
the platform of plasmonic Doppler grating (PDG) to
experimentally investigate the enhancement effect of plasmonic gratings in the input and output beams of nonlinear
surface-enhanced coherent anti-Stokes Raman scattering (SECARS). PDGs are designable azimuthally chirped gratings that
provide broadband and spatially dispersed plasmonic enhancement. Therefore, they offer the opportunity to observe and
compare the overall enhancement from different combinations of enhancement in individual input and output beams. We first
confirm PDG’s capability of spatially separating the input and output enhancement in linear surface-enhanced fluorescence
and Raman scattering. We then investigate spatially resolved enhancement in nonlinear SECARS, where coherent interaction
of the pump, Stokes, and anti-Stokes beams is enhanced by the plasmonic gratings. By mapping the SECARS signal and
analyzing the azimuthal angle-dependent intensity, we characterize the enhancement at individual frequencies. Together with
theoretical analysis, we show that while simultaneous enhancement in the input and output beams is important for SECARS,
the enhancement in the pump and anti-Stokes beams plays a more critical role in the overall enhancement than that in the
Stokes beam. This work provides an insight into the enhancement mechanism of plasmon-enhanced spectroscopy, which is
important for the design and optimization of plasmonic gratings. The PDG platform may also be applied to study
enhancement mechanisms in other nonlinear light—matter interactions or the impact of plasmonic gratings on the
fluorescence lifetime.

KEYWORDS: plasmonic Doppler gratings, surface-enhanced Raman scattering, surface-enhanced coherent anti-Stokes Raman scattering,
plasmonic nanoantennas, nonlinear spectroscopy

antennas to mediate optical near- and far-field and
thereby enhance specific light—matter interactions.’

l ) lasmonic nanostructures can function as optical nano-

Applications of well-engineered nanostructures include plas- Received: August 26, 2020
mon-enhanced catalysis,2 plasmonic photovoltaic devices,’ Accepted: December 9, 2020
plasmonic sensors,”” and plasmon-enhanced spectroscopy.®™ " Published: December 23, 2020

In plasmon-enhanced spectroscopic methods, the overall optical
signal enhancement is in principle proportional to the
enhancement in the input (excitation) and output (emission

© 2020 American Chemical Society https://dx.doi.org/10.1021/acsnano.0c07198

W ACS Publications 809 ACS Nano 2021, 15, 809-818


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lei+Ouyang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tobias+Meyer-Zedler"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kel-Meng+See"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wei-Liang+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fan-Cheng+Lin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Denis+Akimov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sadaf+Ehtesabi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sadaf+Ehtesabi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Martin+Richter"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michael+Schmitt"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yu-Ming+Chang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stefanie+Gra%CC%88fe"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ju%CC%88rgen+Popp"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jer-Shing+Huang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jer-Shing+Huang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsnano.0c07198&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c07198?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c07198?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c07198?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c07198?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c07198?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/ancac3/15/1?ref=pdf
https://pubs.acs.org/toc/ancac3/15/1?ref=pdf
https://pubs.acs.org/toc/ancac3/15/1?ref=pdf
https://pubs.acs.org/toc/ancac3/15/1?ref=pdf
www.acsnano.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c07198?ref=pdf
https://www.acsnano.org?ref=pdf
https://www.acsnano.org?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/
http://pubs.acs.org/page/policy/authorchoice/index.html

Wwww.acshano.org

ACS Nano
d E Fluorescence b
U)p Wg
input output
E Raman
R CEE
u)p lws Top view
Input output Incident light (X,)
CARS ——
E - //
wp waS h
w U.)S SPs (m<0)
p
Cross-section

inputl input2 output

SPs (m>0)

Figure 1. (a) Schematic illustration of the transitions in the processes of photon-excited fluorescence, Stokes Raman scattering, and two-color
CARS. (b) Design of PDG shown in the top view (upper panel) and the tilted view (lower panel). @ is the in-plane azimuthal and «a is the
incident angle relative to the surface normal. (¢, d) Scanning electron microscope (SEM) images of the PDG structures used in this work for (c)
SEF/SERS with Ar = 450 nm, d = 140 nm and for (d) SECARS with Ar = 700 nm, d = 400 nm. Their optical reflection images are shown in the

insets. All scale bars are 10 gm.

or scattering).'” In practice, a single enhancement factor
determined by the localized surface plasmon resonance
(LSPR) can be used to estimate the overall enhancement if
the LSPR is significantly broad to cover the input and output
frequencies. In this case, the overall enhancement is propor-
tional to the fourth power of the electric field enhancement at
the frequency of the LSPR."* This approximation is, however,
insufficient for light—matter interactions involving multiple
frequencies with large spectral separation or when the
nanostructures exhibit complex resonance spectra. A complete
understanding of the plasmonic enhancement of the structure in
individual beams with respect to critical structural parameters is
important for the design of the best nanostructures. To
understand the roles of enhancements at individual input or
output frequencies, it is necessary to disentangle the enhance-
ment effect so that their contributions to the overall enhance-
ment can be separately quantified. This is particularly important
for plasmon-enhanced nonlinear light—matter interactions
involving coherent interaction of multiple beams at different
frequencies. Coherent anti-Stokes Raman scattering (CARS) is
one such nonlinear light—matter interaction.'*”'® In the
simplest case of two-color CARS, coherent interaction of two
input beams at the frequencies of the pump and the Stokes
results in one output beam at the anti-Stokes frequency. In a
classical model, the enhancement in the CARS signal compared
to spontaneous Raman scattering is due to the coherent
enhancement, i.e., the coherent population of molecules to a
specific vibrational state defined by the energy difference
between the pump and Stokes beams.'® In addition to this
coherent enhancement effect, the CARS signal can be further
increased by chemical enhancement of the substrate'” and
surface enhancement effect from random or well-designed
nanostructures. #7113 1 this work, we focus on the
surface enhancement effect of the plasmonic nanostructures in
surface-enhanced coherent anti-Stokes Raman scattering
(SECARS). The coherent enhancement and chemical enhance-
ment involved in the CARS process are not directly relevant to
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the main observation and thus not discussed in this work. Figure
la schematically summarizes the transitions involved in the
fluorescence, Raman scattering, and CARS.

In principle, a suitable plasmonic nanostructure for SECARS
should serve two purposes. First, it should serve as an efficient
receiving nanoantenna to enhance the input beams, ie., to
concentrate the incoming pump and Stokes beams into
enhanced optical near fields localized at the position of the
molecules. Second, it should serve as a transmitting optical
antenna to enhance the output, i.e., to provide efficient radiative
channels at the anti-Stokes frequency for the radiative decay of
the local energy. The detected SECARS signal is thus
proportional to the field enhancement at the pump (E,), Stokes
(Eg), and anti-Stokes (E,g) frequencies, i.e., Iszcarg |EP|4 X |Egl
2B A" Although this formula is commonly used to account
for the surface enhancement seen in SECARS, it does not reflect
the coherent nature of CARS. From a quantum-mechanical
point of view, the CARS process can be divided into two parts. In
the first part, molecules in the ground state are efliciently
populated to the excited vibrational state by coherent interaction
of the pump and Stokes photons. In the second part, pump
photons are scattered by the coherently vibrating molecules into
photons at the anti-Stokes frequency. According to the pictures
based on antenna theory and quantum mechanics, we can
outline three important points for the design of the
nanostructures to provide the highest surface enhancement in
SECARS. First, since CARS involves coherent interaction of the
pump and Stokes photons, it is important for the nanostructures
to simultaneously provide near-field intensity enhancement for
the pump and Stokes beams. Second, surface enhancement from
the structure in the pump has a greater effect than that in the
Stokes since the pump photons are involved in both parts of the
CARS process. This is also the reason for the quadratic
dependence of the CARS signal on the pump power. Third, the
structure’s enhancement effect in the emission at the anti-Stokes
frequency plays a decisive role in the final CARS signal because it
determines how efficient the local energy on the polarized
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molecules can decay radiatively into the inelastically scattered
anti-Stokes photons.

To verify these principles and design plasmonic nanostruc-
tures with the best near- and far-field properties for SECARS,
one needs to investigate the surface enhancement effect at
individual frequencies with respect to critical geometrical
parameters of the nanostructures. Although a wide diversity of
plasmonic nanostructures has been emploged to provide
enhancement, including rough metallic films,"” colloidal nano-
particles,”*™*>** and rationally designed complex nanostruc-
tures,' *>>*7** most of the works only presented the overall
enhancement without systematic experimental characterization
of the enhancement at individual frequencies with respect to
structural parameters. A clear guideline for nanostructure design
for SECARS is still missing. Several published works on
SECARS even showed different design principles. For example,
Steuwe et al.”> demonstrated CARS signal enhancement by a
factor of 10° by using a nanostructured gold film with three
resonant peaks matching the pump, Stokes, and anti-Stokes
frequencies. Similarly, He et al”® presented a plasmonic
nanoassembly consisting of three asymmetric gold disks to
maximize the enhancement. They also theoretically investigated
a crisscross dimer array for SECARS. The claim is that
nanostructures with scattering peaks matching the three
frequencies of CARS would lead to maximal enhancement.””*"
Differently, Zhang et al.'® used plasmonic nanoquadrumers to
improve the sensitivity of CARS down to the single-molecule
level. Their nanostructure was designed to exhibit Fano-like
resonance due to the interference of narrow subradiant mode
and broad super-radiant mode. The Fano plasmonic resonator
shows two scattering maxima at the Stokes and the anti-Stokes
frequencies and a dip at the pump frequency, instead of a peak
like in He’s works. Although these works all show SECARS, the
design principles are different and the enhancement effect in
individual beams was not experimentally characterized against
critical structural parameters. A complete understanding of the
role of the structure in the enhancement at the pump, Stokes,
and anti-Stokes frequencies is necessary for the optimization of
the structure.

In this work, we employed plasmonic Doppler gratings
(PDGs),”** azimuthally chirped plasmonic gratings, to system-
atically study the effect of different combinations of surface
enhancement at different frequencies. PDGs allow us to spatially
disentangle the enhancement at different frequencies by
observing the angle distribution of the SECARS signal intensity.
With spectral mapping, we spatially resolve the input and output
enhancement in linear surface-enhanced spectroscopy (surface-
enhanced fluorescence, SEF, and surface-enhanced Raman
scattering, SERS). We show that PDG is a perfect platform to
spatially separate different combinations of surface enhance-
ment effects, namely no enhancement, enhancement in either
the input or output, or enhancement in both. Further, we apply
PDG to study the surface enhancement in the more complex
nonlinear SECARS. We map the intensity of SECARS ona PDG
and analyze the intensity with respect to azimuthal angles. This
allows us to attribute the observed SECARS signals to specific
combinations of enhancement in the pump, Stokes, or anti-
Stokes beams.

RESULTS AND DISCUSSION

Working Principle of PDG. Metallic gratings are effective
yet simple nanostructures to couple free-space photons into
surface plasmons. Since metallic gratings offer both the effects of

localized surface plasmon resonance and grating resonance, they
have been used as an ideal platform for enhancing nonlinear
light—matter interactions.””*” >’ The resonance frequency of a
plasmonic grating can be easily tuned by changing its periodicity
and the incident angle of illumination. Compared to a flat gold
surface, a near-field intensity enhancement of more than 3
orders of magnitude has been demonstrated on a gold grating for
four-wave mixing.”* Plasmonic gratings consisting of concentric
rings have also been used to demonstrate the near-field
enhancement effect in SERS.”® However, most reported
plasmonic gratings only have one single periodicity, making it
difficult to simultaneously provide enhancement at multiple
frequencies. To address this issue, we employed PDGs, which
are azimuthally chirped gratings consisting of a series of
nonconcentric circular slits or grooves on a metallic film, to
provide broadband and azimuthally chirped grating periodici-
ties.”*>*" The rings of a PDG mimic the wavefronts of a moving
point source that exhibits the Doppler effect. A PDG thus
provides continuously chirped grating periodicities along the in-
plane azimuthal angle (Figure 1b). The trajectory of the nth ring
of a PDG is

(x — nd)* + y* = (nAr)? (1)
where Ar is the radius increment, d is the center displacement of
a circular ring relative to its adjacent rings, and # is the serial
number of the rings. Here, we focus on the cases with d < Ar.
The PDG thus possesses a chirped periodicity that depends on
the in-plane azimuthal angle (¢)

Py i(@) = ld cosp £ \[(d” cos 29 + 24r* — &%) /21
)

The periodicity of the gratings in a PDG varies continuously
from Ar + d to Ar — d as the in-plane azimuthal angle increases
from 0° to 180°. The range of periodicity can be freely designed
by choosing the suitable Ar and d. Taking this azimuthal angle-
dependent periodicity into the photon-plasmon phase-matching
condition, an azimuthal angle-dependent resonance wavelength
is obtained,™**

_1d cosp £ \/(d2 cos 2¢ + 2Ar* — d%)/21

0
m

2

Smindz — n;sina

&y + ny (3)
where m is the resonance order, @ the incident angle, €, the
permittivity of the metal, and n4 the index of the dielectric
surrounding. Equation 3 allows for analytically predicting the
range of in-plane azimuthal angle for efficient far-to-near field
coupling at a specific frequency and incident/emission angle. If a
finite angle range is allowed for the incident/emission angle ()
due to, for example, the finite numerical aperture (NA) of a
microscope objective, the corresponding azimuthal angle for
photon-plasmon coupling would expand into a sector area.
Depending on the design of PDGs, the sector areas for different
frequencies can overlap, offering the possibility to simulta-
neously provide enhancement for multiple beams at different
frequencies. By imaging the spatial distribution of the SEF/
SERS and SECARS signal and analyzing the enhancement as a
function of the azimuthal angle range, it is possible to spatially
separate the enhancement effect at different frequencies.
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Figure 2. Schematic illustration of the sector areas on a PDG for (a) SEF and SERS (PDG Ar =450 nm, d = 140 nm; Stokes shift = 2400 cm™'; 4,

=633 nm) and (b) SECARS (PDG Ar = 700 nm, d = 400 nm; anti-Stokes shift = 1070 cm™'; A

pump = 98§ nm; AStokes = 1064 nm;j Aanti-Stokes =867

nm). The range of azimuthal angle for each sector area is analytically calculated. The expected situations of enhancement are summarized on the

right side of Figure 2.

Design and Fabrication of PDG. In this work, we designed
and fabricated two PDGs to demonstrate the spatial
disentanglement of the enhancement effects at the input and
output frequencies for linear SEF/SERS and nonlinear
SECARS. For the SEF/SERS, the excitation wavelength is 633
nm and the molecule is rhodamine 6G (R6G), which exhibits a
broad Raman response from 100 to 3000 cm ™!, corresponding
to Stokes Raman scattering in the spectral range between 640
and 770 nm. Accordingly, we have chosen Ar =450 nm and d =
140 nm for the PDG in order to observe all possible
combinations of enhancement effects on one single PDG. For
SECARS, we have chosen 4-aminothiophenol (4-ATP) as the
sample and target to its characteristic peak at 1070 cm™". The
reasons for choosing 4-ATP as the sample molecule are as
follows. First, it is a widely used SECARS probe, which has a
relatively simple Raman spectrum with strong CARS peaks."
Second, 4-ATP molecules bind strongly to the Au surface
through the Au—S bond. This allows the formation of a
molecular monolayer*’ which guarantees the homogeneity of
the molecules. Third, according to our calculations based on
density functional theory (DFT), the binding of the 4-ATP
molecules to the gold surface can greatly enhance the
characteristic Raman peak at 1070 cm™', which is the targeted
peak in our SECARS experiment (see the Supporting
Information). Our laser system provides the pump and Stokes
beams at 955 and 1064 nm, respectively. Therefore, the anti-
Stokes peak at 1070 cm™" of 4-ATP is expected to show up at
867 nm. To cover the wide frequency range from the anti-Stokes
beam at 867 nm to the Stokes beam at 1064 nm with one PDG,
we have chosen Ar = 700 nm and d = 400 nm for the PDG
design to make sure that all the frequencies of interest are
covered. The SEM images of the obtained PDGs are shown in
Figure 1c,d. The reflection images of the PDG structures under
white light illumination show characteristic rainbow color
distributions due to the azimuthally chirped periodicity (insets
of Figure 1¢,d). The color distributions are completely different
because these two PDGs are optimally designed for different
spectral ranges for SEF/SERS and SECARS.

812

Spatially Resolved Enhancement on PDG Structure.
The surface enhancement in surface-enhanced spectroscopy can
be understood as a result of a two-step process. In the first step,
the plasmonic nanostructure acts as a receiving optical antenna,
which localizes the far-field light at the input frequency to a
highly concentrated optical near field. The intense optical near
field enhances the vibrational polarizability of the molecules
within the hot spot by 1—-3 orders of magnitude, mainly due to
the strong mutual excitation between the induced dipole of
molecules and the dipole (and even multipoles) of the
nanostructures.*’ In the second step, the plasmonic structure
serves as a transmitting optical nanoantenna to provide radiative
channels for the near-field optical energy on the molecule to
decay into far-field electromagnetic waves at the fluorescence or
Raman scattering frequency. The overall surface enhancement is
proportional to the square of the local electric field enhancement
at the frequencies of the input and output.*' For linear surface-
enhanced processes such as SEF and SERS, the surface
enhancement (Eg,..) relative to spontaneous emission and
spontaneous Raman scattering is the product of the square of the
local field enhancement at the excitation frequency (E,,) and
emission frequency with a Stokes shift (Eg).

Epee = IEI* X IEg

(4)

For the case of nonlinear SECARS, the surface enhancement
factor can be defined as Igpcars/Icars, which can be obtained by
comparing the signal of SECARS with that of CARS." The
surface enhancement factor Eggcagrs/cars is proportional to the
fourth power of the local field enhancement at the pump
frequency (E,), the square of that at the Stokes frequency (Es)
and anti-Stokes frequency (E,):

surface

4 2 2
Eggcars/cars = Byl X [Eg® X B

©)

To spatially disentangle the contribution from enhancement at
different frequencies, we recorded and analyzed the azimuthal
angle-resolved signal enhancement on the rationally designed
PDGs. According to eq 3, the resonance order m and the
incident angle « also contribute to the determination of the
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Figure 3. (a) Image of reflection of the excitation at 633 nm by the PDG. The dashed line is the horizontal axis of the PDG. The white lines mark
the boundaries of the azimuthal angles between ¢ = +35°. Within this range, the grating periodicity is larger than the size of the excitation focal
spot, and the grooves of PDG are clearly resolved. (b) Analytically predicted coupling sector areas of the 633 nm excitation via grating
resonance orders m = —1 and m = —2. Black arrows point toward the boundaries of the sector areas due to the numerical aperture of the air
objective (NA = 0.9). (c) Confocal intensity map (full-spectrum) of the emission of R6G on the PDG. The black, green, and red hollow arrows
indicate the positions where the spectra shown in (d) were obtained. (d) Emission spectra recorded at three different locations on the PDG
corresponding to strongly enhanced (¢ = 180°, black spectrum, black hollow arrow in (c)) and weakly enhanced grating areas (¢) = 0°, green
spectrum, green hollow arrow in (c)), as well as the unpatterned flat gold surface (red spectrum, red hollow arrow in (c)). (e) Upper panels:
analytically predicted enhancement sector areas for the excitation at 633 nm (green), emission at various Stokes shifts from 400 to 2400 cm™’
(red), and the overlapping areas of the excitation and emission enhancement (violet). Lower panels: experimental emission intensity maps at
various Stokes shifts. The averaged excitation power of the 633 nm CW laser is 0.5 mW.

azimuthal angles for photon-to-plasmon coupling at a specific for enhanced scattering becomes inefficient. As for the
frequency. Since typical objectives without any beam stop at the enhancement at the anti-Stokes frequency, it is independent of
back focal plane provide a full range of incident angle from 0° the enhancement condition of the two input beams. The
(normal incidence) to a (limited by the numerical aperture of nanostructure simply serves as an emitting antenna that provides
the objective), a PDG naturally provides a finite range of additional radiative decay channels and thereby increases the
azimuthal angle (sector areas) for photon-to-plasmon coupling emission efficiency at the anti-Stokes frequency.
at a specific frequency. Figure 2 illustrates such sector areas on SEF/SERS Enhancement on PDGs. To demonstrate
the PDG for SEF/SERS (two frequencies are involved), and for spatially resolved enhancement effect in the input and output
SECARS (three frequencies are involved). The overlapping of linear surface-enhanced spectroscopy, we studied the SEF/
regions between the excitation enhancement sectors and the SERS from R6G molecules in a PMMA film coated on an
emission enhancement sectors are expected to give the highest optlmally designed PDG. The thickness of the film is about 10
signal. For SEF/SERS, there are only three cases of enhance- nm.* This avoids the quenching of the fluorescence because the
ment combinations, namely enhancement in both the input and majority of the R6G molecules are not in direct contact with the
output, enhancement in either one of the two beams, or no gold surface. The focal spot of a circularly polarized CW laser at
enhancement for both, as schematically illustrated in Figure 2a. 633 nm (averaged power: 0.5 mW) was scanned across the area
For SECARS, the situation is more complex. As shown in Figure of PDG and unpatterned flat gold surface. For the enhancement
2b, the PDG is designed to provide an enhancement in the at the input frequency, we first examined the reflection of the
pump, Stokes, and anti-Stokes frequencies. The corresponding excitation laser by the PDG (Figure 3a). Compared to the
sector areas for enhancement at these three frequencies partially analytically calculated coupling angles for 633 nm excitation
overlap, resulting in spatially separated areas for various focused by an air objective with a NA of 0.9 (Figure 3b), the
combinations of the enhancement. The strongest SECARS experimental reflection image shows dark bands at the in-
intensity is expected to be observed in the areas where the coupling azimuthal angles predicted by the analytical model due
gratings promote photon-to-plasmon coupling at all three to effective conversion of the illumination into surface plasmons.
frequencies (the violet sectors in Figure 2b). For the areas Differences between the experimental image and analytical
where pump and Stokes are enhanced but anti-Stokes is not, prediction are found in azimuthal angle range between ¢ =
moderate SECARS enhancement is expected. However, in the +35°. Within this range, the grooves of the grating are clearly
areas where only one of the pump and Stokes beams is resolved because the periodicities (>557 nm) are larger than the
enhanced, the enhancement of the CARS signal is expected to be size of the laser focal spot (~430 nm). This means that the
very low because CARS requires coherent interaction of the incoming light sees individual grooves instead of the grating. As
pump and the Stokes photons at the position of the molecules aresult, the coupling efficiency is low and the reflection intensity
(see Figure 1a). Missing the enhancement in any one of the two restores. The grating within this azimuthal angle range is,
input beams would lead to very weak overall enhancement therefore, not suitable for spatially resolving the enhancement
because the preparation of the coherently vibrating molecules effect. Apart from this, the PDG converts the excitation into an
813 https://dx.doi.org/10.1021/acsnano.0c07198
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Figure 4. (a) Experimental SECARS intensity map recorded at the anti-Stokes wavelength (867 nm), i.e., 1070 cm™" blue-shifted from the pump
at 955 nm. (b) Power dependence of SECARS intensity on the pump (green) and Stokes (red). Laser focal spot is positioned at the location
marked with the black arrow in (a). (c) Simulated enhancement factor at the pump (green, scale to the left) and Stokes frequencies (red, scale to
the left), as well as the enhancement factor in the scattering at the anti-Stokes frequency (light blue, scale to the right). Overall enhancement
calculated using Igzcags E},"'ESZ'EQS2 is also plotted with a separate scale on the right side. (d) Experimental SECARS intensity (red, scale to the
left) and simulated SECARS enhancement factor (violet, scale to the right) as functions of the azimuthal angle.

enhanced optical near field at the expected angles. In the
following, we ignore the signals from gratings within this range.
Next, we performed confocal spectral mapping by recording the
emission spectrum at each excitation position. This allows us to
obtain the overall emission intensity image as well as the
spectrally resolved emission images at wavelengths correspond-
ing to specific Stokes shifts. The emission spectra taken from
three representative locations on the sample are shown in Figure
3d. In the bright region (black arrow, ¢ = 180°, Figure 3c), clear
Raman peaks are observed on a broad continuous fluorescence
background due to strong signal enhancement by the plasmonic
gratings. At the other two positions, i.e., the area with grating
periodicity larger than the focal spot size (green arrow, ¢ = 0°, in
Figure 3c) and the unpatterned area (red arrow in Figure 3c),
the emission intensity is rather weak and the Raman peaks are
difficult to observe. Figure 3e shows the spectrally resolved SEF/
SERS images at various Stokes shifts between 400 and 2400
cm™". The upper panels of Figure 3e show the analytically
predicted sector areas of gratings which provide the enhance-
ment in the excitation and emission at the Stokes shift of 400 to
2400 cm ™. The spatially localized SERS enhancement on PDG
can be classified into four regions: (i) excitation-enhancement
regions (E,,), (ii) emission-enhancement region at specific
Stokes frequencies (Eg), (iii) simultaneous excitation- and
emission-enhancement regions (E,, and Eg), and (iv) no
enhancement region. With the knowledge of the PDG design
(Ar = 450 nm, d = 140 nm), the excitation wavelength (633
nm), and the numerical aperture of the objective (NA = 0.90),
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these four regions can be analytically predicted. The strongest
fluorescence and SERS signal are expected to show up at the
sector regions where both the input and the output beams are
enhanced. It is clear that at the grating area with the smallest
periodicity (¢ = 180°) the PDG enhances the signals up to the
Stokes shift of 2400 cm™!. As the Stokes shift increases, the
grating suitable for enhancing the emission shifts to larger
periodicity, ie., ¢ shifts toward 0. Starting from 2000 cm™,
additional bright bands emerge around ¢ = + 49° (see yellow
arrows in Figure 3e) due to the overlap of the enhancement
sector areas for emission (Eg, m = —1) and excitation (E,,, m =
—2). A movie of the SEF/SERS images as a function of the
Stokes shift is provided in the Supporting Information. The
experimental emission intensity distributions (lower panel of
Figure 3e) agree very well with the analytically predicted
overlapping sector areas (violet areas in the upper panels of
Figure 3e). The difference between the experimental and
analytically predicted intensity angle distributions between ¢ =
+ 35° is because the gratings within this angle range have
periods larger than the focal spot size. Therefore, the excitation
sees individual grooves instead of the gratings, leading to low
enhancement in the excitation and low overall signal. Never-
theless, the PDG demonstrates spatially resolved enhancement
effect and confirms the importance of having enhancement
simultaneously in the input and output for SEF and SERS. Note
that the analytically calculated sector areas in the upper panels of
Figure 3e are calculated based on the photon-to-plasmon
momentum matching equation and thus only indicate the best
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coupling angles. It does not take into account any broadening
effect that can lead to the finite bandwidth of the plasmon
resonance. Therefore, one should keep in mind that the sharp
boundaries of the sectors indeed have a finite width due to the
bandwidth of the plasmon resonance.”” As a result, around 2000
cm™!, the enhancement already emerges in the experimental
before the calculated boundaries overlap.

SECARS Enhancement on PDG. Having demonstrated
PDG’s capability to spatially resolve the enhancement effect in
the input and output, we further study more complex nonlinear
SECARS, where four photons at three different frequencies are
involved. Ideally, the grating should serve as a receiving antenna
for the two input beams and a transmitting antenna for the
output beam. The strongest SECARS signal is thus expected to
be observed at the angles where the gratings enhance the local
field at the pump and Stokes frequencies and promote the
emission at the anti-Stokes frequency. The analytically predicted
resonant sector areas for the pump (955 nm), Stokes (1064 nm),
and anti-Stokes beam (867 nm) are shown in Figure 2b. The
sector areas responsible for enhancing the three beams overlap
between ¢ = 55° and ¢ = 67°, as indicated by the violet sector in
Figure 2b. Therefore, the largest SECARS signal is expected to
be obtained in this angle range. The experimental intensity map
of SECARS of the 4-ATP molecular monolayer on the PDG is
shown in Figure 4a. A clear azimuthal angle-dependent SECARS
intensity distribution is observed between ¢ = 55° and 84°. The
SECARS signal measured in this sector area shows a clear
quadratic dependence on the pump power and linear depend-
ence on the Stokes power (Figure 4b), confirming the
nonlinearity of the CARS signal. To compare with the
analytically predicted angle distributions shown in Figure 2b,
the boundaries of the sector areas responsible for the
enhancement in the pump, Stokes, and anti-Stokes beams are
marked in Figure 4a. The overlap of these three sectors results in
various combinations of enhancement effects, as indicated in
Figure 4a. Clearly, a strong SECARS signal is observed in the
sector area between ¢ = 55° and 67°, where the gratings are
expected to enhance all three beams in CARS. A close look into
the experimental data reveals that the spatial distribution of the
SECARS signal extends counterclockwise into the neighboring
sector between ¢ = 67° and 76°, where pump and anti-Stokes
are enhanced, and vanishes at about ¢ = 84°, which is the
boundary of the sector for anti-Stokes enhancement. Interest-
ingly, in the clockwise direction, the SECARS signal drops
quickly, even though the neighboring sector area between ¢ =
42° and $5° is expected to enhance both the pump and the
Stokes beams. In fact, the SECARS signal is only observed
between ¢ = 55° and 84°, coinciding with the sector area for
enhancement in the anti-Stokes output. Comparing the
SECARS signal from the sector area between 67° and 76° (for
pump and anti-Stokes enhancement) with that from the sector
area between 42° and 55° (for pump and Stokes enhancement),
it becomes obvious that enhancement in the anti-Stokes beams
plays a decisive role in the overall SECARS signal. Another
interesting feature to know is that the SECARS signal from the
sector area between ¢ = 67° and 76° (for pump and anti-Stokes
enhancement) is almost the same as that in the sector between ¢
=55° and 67° (for enhancement in all three beams), suggesting
that the enhancement in the Stokes beam is less significant.

To understand these features, we further perform quantitative
analysis on the enhancement effect. Since the photon-to-
plasmon coupling angles are calculated based on the photon-to-
plasmon phase-matching condition, it does not provide
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quantitative information on the enhancement factor. To obtain
the enhancement factor, one also needs to take into account the
incident/emitting angle and the morphology of the grating
grooves. Therefore, FDTD simulations were performed to
simulate the near-field enhancement for the input beams at
various incident angles and emission enhancement for the
output beam at different emitting angles. The range of the
incident and emitting angle is determined by the numerical
aperture of the objective. For the enhancement in the pump and
Stokes beam, near-field intensity enhancement is simulated
under the illumination of plane waves at all allowed incident
angles. The enhancement factor is then calculated by normal-
izing it to the values obtained on a flat gold surface under the
same illumination condition. For the enhancement in the output
at the anti-Stokes frequency, a dipole source with an in-plane
dipole orientation perpendicular to the grooves is placed in the
close vicinity of the grating, and the emission power within the
collectible emission angle is simulated. The enhancement factor
in the anti-Stokes output is then compared with a single dipole
on the flat gold surface. Details of the FDTD simulations on the
enhancement in SECARS can be found in the Supporting
Information.

Figure 4c shows the simulated input enhancement for the
pump and Stokes beams and the output enhancement at the
anti-Stokes frequency. Note that the scale for the enhancement
in the anti-Stokes beam is on the right side of Figure 4c and is
about 3 orders of magnitude larger than that for the pump and
Stokes beams. The overall field enhancement calculated using
Isgcars & |Ep|4‘|Es|2'|Eas|2 is also plotted in Figure 4c. The
simulations show that the enhancement in the anti-Stokes has a
major contribution to the overall enhancement, whereas the
enhancement in the Stokes beam has a relatively small impact.
This explains the experimental observation that enhancement in
the Stokes beam is less significant. The experimental SECARS
intensity distribution is further transformed into the azimuthal
distribution profile (Supporting Information) and plotted with
the simulated overall enhancement in Figure 4d. The
experimental and simulated angle distribution profiles agree
well in the azimuthal angle and the shape of the intensity angle
profile. According to the simulated enhancement profiles in
Figure 4c, the enhanced signal around azimuthal angle ¢ = + 67°
is mainly due to the enhancement in the pump and anti-Stokes
beams and the SECARS signal seen between ¢ = + 120° and
+180° is majorly due to the emission enhancement at the anti-
Stokes frequency. This confirms the important role in the pump
beam due to the quadratic power dependence of the SECARS on
the pump. It also shows the critical role of the nanostructure as
an emitting antenna to provide the enhancement in the outgoing
anti-Stokes beam. The analysis shown here provides information
on the enhancement contribution from individual input and
output beams and allows us to gain insight into the enhancing
mechanism beyond the overall enhancement.

CONCLUSIONS

We have demonstrated the capability of PDGs as a designable
platform to spatially separate the enhancement in the input and
output in linear (SEF/SERS) and nonlinear surface-enhanced
spectroscopy (SECARS). Due to the azimuthally chirped
grating, various combinations of enhancement in input and
output beams can be found at different angle ranges of a single
PDG, offering the possibility to study the enhancement
mechanism concerning the structural parameters. We demon-
strated the capability of PDG to spatially resolve enhancement in
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the input and output beams in SEF/SERS and SECARS. For
SEF/SERS, the highest signal is obtained from the grating areas
where both the excitation and the emission are enhanced. For
SECARS, we found that the enhancement in the pump beam
and the anti-Stokes beam is decisively important, whereas the
enhancement in the Stokes beam plays a less important role.
PDG is an effective platform to study the impact of the
enhancement in individual input and output beams. A further
study on the plasmonic enhancement effect would be to
introduce the “time” dimension. For example, fluorescence
lifetime imaging can be performed on emitter coated PDGs.
Since the enhancement in the excitation, emission, and
nonradiative quenching would impact the fluorescence lifetime
differently, it is possible to get the full picture of the
enhancement mechanism by comparing the intensity map
with the lifetime map. The platform of PDG helps us gain insight
into the enhancing mechanism beyond the overall enhancement
and provides important information for the design and
optimization of the plasmonic nanostructures for surface-
enhanced linear and nonlinear spectroscopy.

METHODS

PDG Fabrication. The designed PDGs were fabricated on
monocrystalline gold flakes with an atomically flat surface prepared
by chemical synthesis.** The atomically flat surface of the gold flakes is
important because it avoids the noise from unwanted random hot spots
due to surface roughness. The Au flakes were then transferred onto ITO
glass (ITO thickness = 40 nm) substrate for further patterning using
gallium focused ion beam (Helios Nanolab DualBeam G3 UC, FE],
USA). The ion beam current and acceleration voltage were set to 7.7 pA
and 3.0 kV, respectively. The fabricated PDGs on gold flakes were
further covered by R6G and 4-ATP molecules for SEF/SERS and
SECARS, respectively. For SEF/SERS, the R6G doped in a PMMA
solution (10™* M, dissolved in chlorobenzene with 0.5% PMMA) was
spin-coated onto the surface of the PDG. For SECARS, the fabricated
PDG was dipped into a concentric solution of 4-ATP (10 mM,
dissolved in methanol) overnight to form a dense monolayer of 4-ATP
molecules on the PDG® and the unpatterned gold surface. The sample
was then rinsed with methanol to wash out the unabsorbed molecules.

SEF/SERS and SECARS Mapping. For linear SEF/SERS, we
performed spectral mapping on the area including the PDG and the
unpatterned flat gold surface. A circularly polarized CW laser at 633 nm
was focused onto the sample plane of the PDG by an air objective (63 X
, NA = 0.90, N-Achroplan, Carl Zeiss, Germany). The size of the focal
spot is estimated to be about 430 nm. The focal spot was scanned across
the sample by a home-built galvo scanner, and the scattering spectrum
at each excitation position was recorded. Note that circularly polarized
illumination was used to eliminate any possible anisotropy to the
grating direction. The emitted photons were collected by the same
objective and aligned into the entrance slit of a spectrometer (Andor
Shamrock 193i, Oxford Instruments, UK) to record the spectrum at
each excitation position. A notch filter and a long-pass filter were used
to reject the elastic scattering of the excitation laser. The schematics of
the optical setup for SEF/SERS and SECARS mapping can be found in
the Supporting Information. For the SECARS experiment, the sample
was scanned against the fixed laser focal spot by a piezo stage, and the
emission intensity at the anti-Stokes frequency was recorded with
respect to the stage position. The pump and Stokes beams were
produced with a tunable picosecond optical parametric oscillator
(Levante, Berlin, Germany) and a Nd Vanadate laser (picoTrain,
HighQ laser, Rankweil, Austria), respectively. The wavelength of the
pump beam was set at 955 nm (7 ps, 80 MHz) and that of the Stokes
beam at 1064 nm (7 ps, 80 MHz). These two input beams were aligned
into a linear polarizer followed by a Berek compensator to produce
circularly polarized pulses, which were then focused onto the PDG
structure with a 50/50 beam splitter and an IR objective (M Plan Apo
NIR, 20 X , NA = 0.40, Mitutoyo, Japan). A set of two short-pass filters
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(FES0900, Thorlabs, USA) and a bandpass filter (BP850-40, Thorlabs,
USA) was inserted in front of an avalanche photon counter (PDM
series photon counting detector, Micro Photon Devices, Italy) to
record the intensity of light at the anti-Stokes frequency. Since
plasmonic gratings respond best to p-polarized light and the PDG is a
circular grating, it is important to keep a high degree of circular
polarization of the pump and Stokes beams. Deviation from circular
polarization to elliptical polarization would lead to distortion of the
mapping image, i.e,, asymmetry about the middle line of the PDG.>**
The optical setup for SECARS mapping is provided in the Supporting
Information. Note that, for SEF/SERS, we have chosen to scan the focal
spot against the sample by a galvo scanner in the experiment because it
is faster. This is possible for SEF/SERS because the signal intensity is
rather high and the distortion of the focal spot due to the laser scanning
is not critical for SEF/SERS. Differently, for SECARS, we have chosen
to scan the sample against a fixed laser focal spot by a piezo stage. This is
a relatively slow method but allows us to maintain the excitation
condition. This is of critical importance for SECARS because SECARS
requires two beams (pump and Stokes) to be aligned and focused onto
the sample with good spatial and temporal overlap, as well as circular
polarization. Using a galvo scanner to scan the focal spot can lead to an
unwanted variation of the excitation condition (e.g, variation in the
spatial overlap or the spatial phase of the two beams) and thus
systematic error in the CARS signal.
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