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ABSTRACT: The ultrasmall mode volume and ultralarge local field enhancement of compact
plasmonic nanocavities have been widely explored to amplify a variety of optical phenomena at
the nanoscale. Other than passively generating near-field enhancements, dynamic tuning of their
intensity and associated nonlinear optical processes such as second-harmonic generation (SHG)
plays a vital role in the field of active nanophotonics. Here we apply host-guest molecular complex
to construct a photoswitchable molecule-sandwiched metallic particle-on-film nanocavity

(MPoFN) and demonstrate both light-controlled linear and nonlinear optical tuning. Under
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alternating illumination of ultraviolet (UV) and visible lights, the photoactive plasmonic molecular
nanocavity shows reversible switching of both surface-enhanced Raman scattering (SERS) and
plasmon resonance. Surprisingly, we observe more significant modulation of SHG from this
photoactive MPoFN, which can be explained qualitatively by the quantum conductivity theory
(QCT). Our study could pave the way for developing miniaturized integrated optical circuits for

ultrafast all-optical information processing and communication.

KEYWORDS: host-guest molecular complex, metallic particle-on-film nanocavity, second-

harmonic generation, quantum conductivity theory

The last two decades have witnessed a rapid growth of the use of plasmonic nanostructures to
enhance optical signals, with the hope of significantly improving the efficiency and shrinking the
size of traditional optoelectronic devices, which led to the birth of many plasmon-enhanced optical
spectroscopies.!™ Recently, plasmonic nanostructures have been utilized to enhance the nonlinear
optical response of noble metals, including second- and third-harmonic generation (S/THG),>”
four-wave mixing (FWM)!° and two-photon photoluminescence (TPPL).!'"'* It is worth noting
that although the centrosymmetric lattice arrangement of bulk gold and silver forbids the
occurrence of SHG within the electric-dipole approximation, the surface effects of a plasmonic
nanostructure (for example sphere nanoparticles!® or flat metal film'¢) would break the inversion
symmetry of bulk materials and produce observable SH nonlinear signals. This is achieved through
simultaneously enhancing the symmetry-breaking-induced local surface contribution and also
invoking the nonlocal bulk contribution from the magnetic dipoles and electric quadrupoles in the

near-surface region of the nanostructure.



Among all the metal nanostructures that have been studied in the context of nonlinear plasmonics,
of particular interest is the plasmonic nanocavity consisting of a metal nanoparticle separated from
metal film by a nanometer-thick self-assembled monolayer (SAM) of molecules or a dielectric
oxide layer (so-called plasmonic metal particle-on-film nanocavities (MPoFNs)). This system
provides a versatile platform for nonlinear plasmonics.!”?! For instance, efficient SHG and THG
have been demonstrated in this system and used to achieve ultrasensitive nonlinear nanorulers'’
and probe the quantum tunneling limit of plasmonic near-field enhancement.! In addition to the

popularity in nonlinear plasmonics, this fascinating system has also been applied to study plasmon
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resonance tuning and mode hybridization, enhanced Raman scattering, quantum
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plasmonics, single-molecule strong coupling and so forth. However, all these
demonstrations were made in a passive manner. Specifically, the nonlinear optical signals were
modulated passively through simply adjusting the particle-film gap distance. Although active
control of the optical emissions in the MPoFN has been widely demonstrated by using the
electrochemical potential***° as well as thermoresponsive materials.*®3” Up to now, active control
of the nonlinear optical phenomena in such nanocavities using external stimuli such as electric and
magnetic fields, has been seldom investigated. In fact, realization of active modulation of nonlinear
plasmonics in a reversible manner and at ultrafast timescales is of great importance for a variety

of active nanophotonics applications, particularly for information processing®® and designing

highly integrated nanophotonics devices.*

In this study, we demonstrate all-optical control of both linear and nonlinear emissions in a
photoactive molecule-sandwiched MPoFN by using light-controlled molecular conductance
switching. Here, individual gold nanospheres (Au NSs) are firstly functionalized with a

nanometer-thick SAM of a host-guest molecular system (namely the photochromic diarylethene



(DAE) as guest and thiol-B-cyclodextrin (CD) as host), and then the molecular complex-capped
Au NSs are drop-casted onto a gold thin film to form isolated plasmonic molecular nanocavities.
At the single-particle level, we observe light-controlled switching of surface-enhanced Raman
scattering (SERS) signals from the photoactive DAE molecule under alternating ultraviolet (UV)-
visible light illumination, which is correlated with the reversible tuning of the cavity’s vertically
bonding dipolar plasmon resonance mode (more sensitive to the cavity’s dielectric environment).
Specifically, switching the cavity’s molecular junction to the “on” state under UV light
illumination induces a reduction of peak intensity in the vertically coupled plasmon resonance
mode; subsequent visible-light illumination restores the junction to its “off” state and hence
increases the peak intensity to its initial level. More important, we observe even more significant
reversible modulation of SHG from the photoactive MPoFN through light-triggered molecular
conductance switching, potentially enabling tremendous flexibilities in manipulating the nonlinear
response and ultrafast dynamics of plasmonic molecular nanocavities interfaced with molecular

electronics.

Active tuning of optical phenomena in plasmonic nanostructures using photochromic compounds
has become a hot topic under investigation.*>*! It is well known that photochromic molecules can
be classified into two categories, thermally reversible and irreversible compounds.*> Azobenzene
and spirobenzopyran belong to the former; furylfulgide and dithienylethene (thermally irreversible
but photochromic) to the latter. Among the thermally irreversible compounds, diarylethene (DAE)
with heterocyclic aryl groups is a promising candidate for practical applications because of its
exceptional thermal stability and fatigue-resistant characteristics.****> The photochromic reaction
process of DAE is based on the reversible hexatriene-cyclohexadiene type photocyclization.

Unfortunately, the open ring form of DAE has two different conformations, parallel and



antiparallel. The photocyclization can only proceed from the antiparallel conformation while the
parallel conformation is photochemically inactive.*® 47 To assist the antiparallel conformation,
DAE is usually embedded into the bowl-like cyclodextrin (CD) cavities and therefore the

photocyclization quantum yield of DAE is increased.*®

Based on above-mentioned rational, we use DAE (guest) and thiol-B-CD (host) to form active
plasmonic molecular nanocavities. Figure la shows the absorption spectra of the host-guest
molecular complex in dimethylformamide (DMF) solution before and after UV or visible light
illumination. Upon the UV light irradiation for 1 min, the initial colorless solution turns red (Figure
1b), and a new absorption band appears at around 530 nm due to the closed ring form of DAE
molecules with an increased m-conjugation length (Figure 1c).*® The red color completely
disappears after the visible light (4 > 400 nm) irradiation for 1 min, and the spectrum returns to the

initial state, indicating the reversibility of photoswitchable molecular configurations.
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Figure 1. (a) Absorption spectra for the host (thiol--CD)-guest (DAE) molecular complex in DMF
solution upon irradiation with UV (peak wavelength: 365 nm) and visible (A > 400 nm) light. (b)

Reversible color tuning of the host-guest complex in DMF solution after UV and visible light



irradiation. (c) Schematics of the open and closed molecular configurations of DAE encapsulated
in thiol-B-CD under photoirradiation. Exposure to UV light switches the molecular complex into a

photoactive (“on”) state; re-illuminating the systems with visible light recovers to its “off” state.

Next, to demonstrate the light-controlled tuning ability of the photoactive molecule-complex-
sandwiched MPoFNs comprised of Au NSs separated from an Au thin film by a SAM of host
(thiol-B-CD)-guest (DAE) molecular complex as shown in Figure 2a and 2b, SERS spectroscopy
is employed to confirm the switching between different Raman vibrational modes of the molecular
complex under optical stimulus (alternating UV/visible light irradiation). Figure 2¢ shows the
single-particle SERS spectra collected from an individual MPoFN under a UV-visible light
illumination cycle. The original SERS spectra (black line) exhibit several Raman bands between
1200 and 1800 cm! that can be assigned to DAE with different forms. Among them four distinct
Raman bands that centered at 1288, 1371, 1493 and 1587 cm™! have shown reversible tuning after
a UV-visible light exposure cycle. Concretely speaking, two intense bands (centered at 1288 and
1493 cm™) occurred in the spectrum after UV light illumination (red line) are not seen in other two
spectra when the guest molecule is in the open form state. While for Raman bands peaked at 1371
and 1587 cm™!, they only appear in the spectrum under original state and after visible light exposure
(blue line). To verify whether all these Raman bands are from DAE in the molecular complex, we
also measured Raman spectra of solids of guest (DAE) and host (thiol-B-CD) molecules,
respectively (as seen in Figure S2a and S2b), and the result shows great consistency. Note that in
Figure S2b, Raman peak at 2575 cm™! occurs as the evidence of thiol groups bonded in B-CD.*
Moreover, Raman peaks observed in the SERS spectrum can be considered as different vibrational
modes. For example, in the open form of DAE molecules, Raman band at 1587 cm™! corresponds

to the stretching of C=C double bond in the hexafluoro cyclopentene. The band at 1288 cm™ for



DAE molecule in the closed form state is attributed to the combination of four coupling modes:
cyclopentene breathing mode, in-plane C=C-C bending of the central phenyl group, in-plane C=C-
S bending of the thiophene and rocking mode of the methyl group. Note that the relative intensity
of these vibrational modes in the SERS spectrum acquired with a polarized excitation strongly
depends on the symmetry of the modes and the conformation of molecules sitting on the surface
or the particle-film gap region.>® For the molecular complex employed in our system, the transition
moment of DAE in the CD cavity would change by photoirradiation, which is highly related to its
structural symmetry.*® Hence, the distinct Raman bands of DAE with different forms could reflect

the molecular structural changes during the photoswitchable reaction.

(a) Host-guest complex (c) 120

= Original
After UV
After Vis.

1493

80

40

SERS intensity (a. u.)

I v T v T v T —T v T v 1
1200 1300 1400 1500 1600 1700 1800

Raman shift (cm™)

Figure 2. (a) Schematic representation of a photoactive host (thiol-B-CD)-guest (DAE) molecular
complex-sandwiched MPoFN under UV/visible light irradiation. (b) High-resolution SEM image of
individual active plasmonic molecular nanocavities. Inset demonstrates the enlarged view of a
photoactive molecule-sandwiched MPoFN (marked by the red square). (c) SERS spectra (633

nm continuous wave (CW) laser excitation) of the selected photoswitchable molecule-sandwiched



MPoFN after UV and visible light illumination (acquisition time of 20 s for a laser power of about

0.01 mW).

When the molecular configurations of DAE switch under alternating irradiation with UV and
visible light, the corresponding photo-induced refractive index change and conductance switching
in the molecular junction could result in active modulation of plasmon resonance in the photoactive
plasmonic molecular nanocavity. Inspired by this concept, dark-field scattering spectroscopy was
exploited to investigate photoswitching effect of molecular complex on the plasmon resonance.
As depicted in Figure 3a, the gap mode of a representative nanocavity initially peaks at 718 nm.
After UV and visible light exposure, there is no perceivable peak shift in the scattering spectrum
of the photoswitchable molecule-sandwiched nanocavity. To investigate the light-triggered
photochromic effect on linear optical responses quantitatively, dark-field scattering
characterization was carried out on dozens of photoactive molecule-sandwiched MPoFNs. On the
one hand, the measured results show that the statistical wavelengths of the predominated scattering
resonance under original state, after UV and after visible light illumination are nearly the same
(about 722 nm, as shown in Figure S4); On the other hand, it is seen that the statistical peak
intensity of the gap mode (722 nm) in plasmonic molecular nanocavities after UV light
illumination is about 8% lower than that under initial state, and after the visible light illumination
it almost recovers to the original level (Figure 3b). The barely shifted scattering resonance in our
system may result from two parts: One is the non-resonant coupling between the plasmon
resonance and photochromic molecule;’! the other is the lack of functional groups (such as thiol
group) that could provide a steadily conductive path in gold-molecule-gold nanojunctions through
forming strong chemical bond.*: > > To further understand aforementioned phenomena, we

performed full-wave electromagnetic simulations to calculate scattering spectra of the photoactive



molecule-sandwiched MPoFN (see Supporting Information for details). The molecular layer is
modeled as a dielectric layer with thickness d and a complex refractive index n + ik. In the
simulation, we set n = 1.63 for the host-guest complex with both open and closed forms of DAE
molecules according to the reported value.>* For the molecular complex with open form of DAE
molecules we set k£ = 0 because the absorption spectra of the molecular solution under original
state and after visible light illumination are quite low within the measured wavelength range
(Figure 1a). For the molecular nanocavity with open form of DAE molecules, we find that the
predominated resonance wavelength of the scattering spectrum matches well with the statistical
result (around 722 nm) under the experimental measurement when d = 2 nm (determined by the
molecular length of DAE) as shown by the olive line in Figure 3c. For the MPoFN with closed
form of DAE molecules, the calculated scattering spectrum agrees with the experimental
observation when k& = 0.013 (pink line in Figure 3c¢) in terms of about 8% lower peak intensity
compared with the peak intensity when & = 0 and no clear shift of resonance wavelength occurred.
Such non-zero loss of the molecular complex with closed form of DAE molecules is consistent
with the experimental observation regarding that the molecular complex with DAE molecules after
UV light illumination have much higher absorption (red line in Figure 1a). After obtaining the far-
field scattering spectrum, we further calculated the near-field distributions of the MPoFN at three
picked wavelengths (633, 720 and 850 nm) as shown in Figure 3d. Note that the near-field
distributions of the MPoFN with open (k = 0) and closed (k = 0.013) forms of DAE molecules
share same patterns. The surface averaged near-field enhancement factors of the MPoFN with open
and closed forms of DAE molecules are labeled below the distribution patterns as shown in the
second row. Clearly, all the enhancement factors (at picked wavelengths) of the MPoFN with DAE

molecules (closed form) are only slightly smaller than those of the MPoFN with open form of



DAE molecules. This is due to the fact that the loss (k = 0.013) of DAE molecules with closed
form is not large enough to significantly change both the linear far- and near-field optical responses

of the photoactive plasmonic molecular nanocavity.
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Figure 3. (a) Dark-field scattering spectra of the host-guest molecule-complex-sandwiched
MPoFN taken during one UV-visible light exposure cycle. Reversible tuning of the coupled mode
is shown in the inset. (b) Statistics of the measured peak intensities of the gap mode in the
photoactive molecule-sandwiched MPoFN. The error bars represent standard deviations of the
measured peak intensities for twenty plasmonic molecular nanocavities under different states. (c)
Calculated scattering spectra of the MPoFN with open (k = 0) and closed (k = 0.013) forms of
DAE molecules. (d) Distribution profiles of the electric field amplitude |E| at the vertical cut plane
of the MPoFN (first row) and in the horizontal cut plane of the gap between the sphere and

substrate (second row). Surface averaged (on the horizontal cut plane) near-field enhancement



factors |E/Ey| of the MPoFN with open (closed) form of DAE molecules are labeled as former
(latter) values below the distribution patterns as shown in the second row. |E,| is the incident

electric field amplitude.

To demonstrate all-optical control of nonlinear emissions, we carried out nonlinear optical
spectroscopy on the photoactive plasmonic molecular nanocavity and chose SHG as the probe
signal. It is well known that SH emission signals of metallic nanostructures highly depend on their
localized near-field enhancements at fundamental excitation wavelengths: I, « EX .!7- 35 36
Particularly, the distribution of longitudinal vectorial light fields can be mapped using the
nanoprobe (SHG from a metal nanocavity) as reported by our previous work.!® Hence, the SHG
intensity can be modulated through on- and off-plasmon resonance. However, in Figure 3a, no
perceivable peak shift of the coupled mode was observed, which indicates that if we only consider
the effect of plasmonic near-field enhancement on SHG signal, there will be a very limited space
for nonlinear modulation in the plasmonic molecular nanocavity (also verified by numerical results
in Figure 3d). Interestingly, a large modulation of the SHG emission was achieved in the
photoactive molecular nanocavity during one UV-visible light illumination cycle (Figure 4a).
More specifically, when we use 850 nm femtosecond (fs) laser (pulse width ~100 fs, repetition
rate 80 MHz) as the excitation source, SHG intensity of the active plasmonic nanocavity exhibits
a large increase after 15 min illumination of UV light (red dots and fitted curve in Figure 4a), then
after illumination of visible light in the same amount of time, the intensity of SHG signal almost
decreases to the original level (blue dots in Figure 4a). To better quantify the dynamic control of
nonlinear response (SHG) in individual photoactive molecule-sandwiched MPoFNs, we integrated
the area of SHG emission peaks and calculated the integral intensity of SHG signals in fourteen

photochromic molecular nanocavities under different states. The results demonstrated that the

11



average integral intensities of SHG emissions after UV light irradiation are 2- to 3-fold larger than
that under original state. After visible light illumination, SHG intensities decreased by 2 times
compared to that after UV light irradiation, indicating the reversible tuning ability in the
photochromic molecule-sandwiched MPoFN (see Figure 4b and Supporting Information for
details). Note that the dwell time of pump laser at each pixel is extremely short (1.2 ps) during the
scanning process to minimize fs laser-induced damage to the nanostructure. The average power
and corresponding power density of fs laser are 0.3 mW and 3.16x10* W/cm?, respectively (see
Supporting Information for details). In addition, the dark-field scattering spectra of the molecular
nanocavity collected before and after the SHG measurements indicate that there is a minute
modification of particle-film gap morphology under multiple fs laser excitation (Figure S5),%"
giving the perceivable difference between average integral SHG intensities under original state
and after visible light irradiation (Figure 4b). In view of this consideration, we pay more attention
to the variation trend of integral SHG intensities during a UV-visible light exposure cycle rather
than the absolute SHG intensity value under a certain state. It is also worth noting that even under
off-resonance excitation (850 nm), we can still optically modulate the emission intensity of SHG
in this active molecular nanocavity. Therefore, the proposed active plasmonic molecular

nanocavity can function as a versatile nonlinear plasmonics platform for all-optical control of

optical harmonic generation at the nanoscale.
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Figure 4. (a) Active tuning of SHG emissions in a photoactive plasmonic molecular nanocavity.

The black, red and blue symbols represent measured SHG spectra of the nanocavity under

original state, after UV and after visible light illumination, respectively. They are also denoted as

the 1st, 2nd, 3 SHG according to the measurement sequence. The solid line (red) is fitting to the

SHG spectrum after UV light irradiation. Inset shows schematics of SHG excitation configuration

under UV/visible light irradiation. (b) Statistics of the integral 1st, 2", 3 SHG intensities in

photoactive molecule-sandwiched MPoFNs. The error bars refer to standard deviations of the

integral SHG intensities for fourteen plasmonic molecular nanocavities under different states. (c)

Current density /4. as a function of the dc bias V calculated by Simmons model with different

barrier heights. (d) Logarithmic plot (base 10) of the calculated second-order nonlinear

conductivity g,,, as a function of the asymmetric factor (virtual dc bias V) for different junctions

(vacuum, DAE with open and closed forms).
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To gain further insight into the physiochemical mechanism governing the observed SHG
modulation, we calculated the near-field distributions of molecular nanocavities. From the results
shown in Figure 3d, it is seen that at the nonlinear excitation wavelength (850 nm) the near-field
enhancement factor of the junction with closed form of DAE molecules is slightly lower than that
of the off-state junction. Therefore, the observed SHG modulation cannot be explained from the
perspective of near-field enhancement. Instead, we employ the quantum conductivity theory (QCT)
developed by Haus et al. to investigate the second-harmonic quantum conductivity (see Supporting
Information for more details).’® % Within the framework of photon-assisted tunneling (PAT)

theory, the second-harmonic quantum conductivity (o5,,) is given by®’:

ed

020 = (Zhw)z []dc(eV) ~ (Jac(how + eV) + Jae(—hw + V) + 3 Jac2hw + V) + Jac(—2hw + eV))]

(1)

where e is the electron charge, d is the barrier width (here and after we use 2 nm according to the
numerical results shown in Figure 3c), A is the reduced Planck’s constant, w is the angular
frequency of the excitation wave, m is the mass of electron, and /4. is the current density of the
junction under a dc bias. For simplicity, here we assume that charge transport in the MPoFN is in
a direct tunneling manner, where junctions with different molecules can be regarded as Au-
insulator-Au structures with different barrier heights (Figure S6). Based on the Simmons model,

the direct tunneling current density J4. of a metal-insulator-metal junction can be calculated as®!:

Jac = Jof{oaexp(—A\/@a) — (pa + eV) exp(—A\/@a + eV)} (2)

where @, is the average barrier height under a dc bias V, & is the Planck’s constant, J, = e/2mhs?,

where s is the modified barrier width, and A = 4msv2m/h. Figure 4c shows /4. of junctions with

14



different forms of molecules (including vacuum junction) as a function of the applied dc bias V'
(see Supporting Information for details). Firstly, we see that the current densities of the junction
with vacuum and open form of DAE molecules are much lower than that of the junction with
closed form of DAE molecules by noticing that current densities of the former are amplified by 10
times for better visualization (black and olive curves). Secondly, we also note that /4. is an odd
function with respect to the applied dc bias V because both the material and the geometry are
symmetrical in the configuration (Figure S6). On the basis of the second conclusion, we can expect
that o, shall be zero when no dc bias is applied to the junction (i.e. V = 0). However, Huang et
al. have shown that the /-V curve of the junction with DAE molecules is not exactly odd symmetric
with respect to IV = 0 due to the molecule-electrode interaction (see Supporting Information for
details).%? In addition, structural asymmetry in the MPoFN may further result in the difference of
|/ac| at the same V under positive and negative biases.!® Considering above factors, we could
calculate g,,, at the excitation frequency w (4 = 850 nm in our experiment) by involving a virtual
dc bias V in Equation (1) as an asymmetric factor to incorporate the asymmetry in real molecular
junction though no actual dc bias is applied in our experiment. Figure 4d shows a,,, for different
junctions as a function of the virtual dc bias V. Clearly, the value of g, for the nanojunction with
closed form of DAE molecules is several orders of magnitude larger than that with vacuum and
open form of DAE molecules as long as the virtual dc bias V is not zero. This implies that any
broken of the odd symmetry of J4. with respect to V = 0 will lead to dramatic differences of a,,,
in junctions with vacuum, open and closed forms of DAE molecules. As a consequence, the
experimentally observed SHG modulation can be qualitatively explained by the results shown in

Figure 4d.
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In conclusion, we have demonstrated dynamic control of optical responses in individual
photoswitchable molecule-sandwiched MPoFNs under visible regime. To begin with, reversible
tuning of the SERS and scattering resonance in the photoactive plasmonic molecular nanocavity
was realized under a UV-visible light irradiation cycle. Note that the junction conductance can be
controlled based on the light-switched photochromic effect while keeping the molecular length
almost unchanged. Then the intensity of SHG signal was reversibly modulated under UV/visible
light illumination and the mechanism behind this phenomenon was explained by quantum
conductivity theory qualitatively. Overall, the study of this work is expected to open up new
avenues for manipulating both linear and nonlinear plasmonic responses of metal-based
nanophotonics devices with electrical, optical and chemical approaches commonly used in single-
molecule-based nanoelectronics, thereby providing a plethora of opportunities for merging and

reconciling nonlinear plasmonics and active plasmonics at the nanoscale.
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