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The nonlinear optical properties of a D—A (donor—acceptor) conjugated organic molecule with polythio-
phene (PT) as the donor and indene-Cgg bisadduct (ICgoBA) as the acceptor are theoretically investigated,
which exhibits a large two-photon absorption (TPA) cross-section up to 8000 GM at the wavelength of
780 nm. Combining surface plasmon resonances (SPRs) with nonlinear optics, nonlinear properties can
be strongly enhanced. In this paper, an appropriate nonlinear plexciton method by the coupling of Au@Ag
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nanorods and an Ag film is designed, in which the TPA properties of the PT:ICgoBA complex can be
increased by 10° times. The angle dependence on polarization and incidence is investigated to obtain the
maximum of plasmonic enhancement. Our results emphasize the physical mechanism of nonlinear plex-
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1. Introduction

The development of ultrafast lasers promotes the research of
nonlinear optics."”” Two-photon absorption (TPA) is a non-
linear absorption process.® The discussion of TPA can be
traced back to Goppert-Mayer’s doctoral thesis in the 1930s,’
and practical experiments were carried out in the 1960s."
Because of its high photon density and low light damage,
TPA has wide applications in optical data storage,
microprocessors,'>** photodynamic therapy,"*" etc. However,
TPA effects are usually weak as the reaction probability
depends on square irradiance, which limits its optical per-
formance. Recently, researchers combined the subwavelength
electromagnetic field confinement properties of surface
plasmon resonances (SPRs) with nonlinear optics, enabling
weak nonlinear effects to be enhanced in micro-nano struc-
tures, and forming a new research field, named nonlinear
surface plasmonic photonics.'® The localized electric field
associated with localized surface plasmon resonances (LSPRs)
can be intense enough to strongly modify the nonlinear pro-
perties near the surface of metallic nanoparticles. A prime
instance is surface enhanced Raman scattering (SERS), where
plasmonic excitations can enhance the inherently weak
Raman scattering by orders of magnitude, even allowing for
single-molecule detection."”” The plasmonic method can also

School of Mathematics and Physics, Beijing Advanced Innovation Center for
Materials Genome Engineering, University of Science and Technology Beijing, Beijing
100083, China. E-mail: mengtaosun@ustb.edu.cn

tElectronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d1nr08163b

This journal is © The Royal Society of Chemistry 2022

citons and provide a feasible method to improve the nonlinear properties of organic solar cell materials.

work for enhancing the TPA response of molecules. Therefore,
a plausible conjecture lies in the plasmonic-enhanced TPA pro-
perties of solar cells.

Applying TPA to solar cells is promising because it offers an
attractive possibility to overcome the Shockley-Queisser
limit."® Thus, it has generated a demand for developing solar
cell materials with large TPA cross-sections. The research of
organic TPA materials is the frontier of nonlinear optical
materials.">*® Organic molecules with conjugated structures
are more prone to polarization in solar light, and their broad-
spectrum absorption and efficient light-harvesting satisfy the
TPA process.>' >* Therefore, for the selection of TPA organic
solar cell (OSC) materials, fullerenes and their derivatives are
appropriate. A polythiophene:indene-Cq, bisadduct (PT:
IC4oBA) donor-acceptor (D-A) complex with polythiophene
(PT) as the donor and indene-Cg, bisadduct (IC¢BA) as the
acceptor was selected in our theoretical study. Such bulk-het-
erojunction polymer OSCs have attracted more and more atten-
tion owing to their high carrier mobility and strong absorption
in the visible region.>** Fig. 1 shows the molecular structures
of PT and ICgBA. Considering their distinct conjugated
systems, especially IC¢BA as a fullerene derivative, the PT:
IC¢oBA complex may exhibit significant nonlinear optical
properties.

Constrained by unobvious optical nonlinearity, direct appli-
cation of TPA materials to solar cells performs poorly. How to
improve the nonlinear properties of materials has become a
hot issue.*® One such concept is intermediate band (IB) solar
cells, in which the TPA process involves a partially occupied IB
that works as a “stepping stone” for optical transitions.>’” IB
solar cells can be achieved through quantum dots and highly
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Fig. 1 Molecular structures of PT (donor) and ICgoBA (acceptor).

mismatched alloys.”**° However, it is challenging to establish

an IB within a semiconductor material and the experimental
photoelectric conversion efficiency is relatively low.>" In order
to broadly and efficiently enhance optical nonlinearities, SPRs
may be a feasible way. SPRs arise from the coherent oscil-
lations of electrons near the surface of noble metals.**** The
coupling of plasmons with excitons and the formation of plex-
citons typically cause the enhancement of molecular pro-
perties.>® Employing the plasmonic effect to enhance mole-
cular nonlinear properties, such as nonlinear plexcitons, may
be more prominent in solar cells. Fofang et al. reported the
nonlinear mechanism of plexcitons by studying the exciton-
plasmon coupling in J-aggregate-Au nanoshell complexes.’®
Manjavacas et al theoretically investigated the nonlinear
effects of plexcitons under strong optical pumping.*®
Ovchinnikov et al. experimentally observed the nonlinear
absorption enhancement of methylene blue based on the plas-
monic coupling of Au/SiO, core-shell nanoparticles.’”
Furthermore, many studies have proven that nonlinear plas-
monic effects are more likely to induce robust electric field
enhancement.*®*™*® These studies demonstrate the feasibility
and prospect of applying the plasmonic-enhanced two-photon
absorption (PETPA) method to solar cells, where the TPA pro-
perties of photoactive materials may be strongly enhanced
though nonlinear plexcitons.

In this work, we theoretically demonstrate the excellent TPA
behavior of a PT:IC¢,BA D-A structure. The photoinduced CT
and electron-hole coherence of different excitation processes
in TPA are studied. A reasonable PETPA method is employed
based on the theoretical framework. Through the plasmonic
coupling between Au@Ag core-shell nanorods and an Ag
metal film, the enhancement factor can reach up to the order
of 10° which indicates that the TPA property in the OCS
material is increased by 10° times. Furthermore, the incident
angle or polarization direction is adjusted and the results
show that the incident light at a small angle can obtain the
most significant plasmonic enhancement. Our research pro-
vides theoretical guidance for designing high-efficiency solar
cells based on nonlinear plexcitons.
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2. Methods

All quantum calculations were performed using Gaussian 16.
The ground state geometries of monomer and complex struc-
tures were optimized using density functional theory (DFT)
with the B3LYP functional and the 6-31 g(d) basis set.*' The
electronic transitions of structures were investigated with time-
dependent DFT (TDDFT), the CAM-B3LYP functional, and the
6-31 g(d) basis set.*> Multiwfn program was used to draw the
maps of the transition density matrix (TDM) and charge
density difference (CDD).*

Two-photon spectroscopy was studied visually by the
program developed by Sun and Mu et al.***> The full data are
obtained from the Gaussian package. The TPA cross-section
can be defined as:

ar’aya g (w)
7 = T15c

Stp, (1)

where c is the speed of light, I'; is the lifetime of the final state,
a, is the Bohr radius, a is the fine structure constant, w is the
energy of the incident light, and g(w) expresses the spectral
line profile, which is assumed to be a § function. The tran-
sition probability, &, in eqn (1) can be expressed as:
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where |g) represents the ground state, |f) denotes the final
state, and |m) stands for the intermediate state; x is the electri-
cal dipole moment operator, E,, and Ef are the excited state
and final state energy, and Aue, = (flu|f) — (g|ul|g) is the differ-
ence between the excited states’ permanent dipole moments

and that of the ground state; # and ¢ are the angles between
the vectors (flu|m) and (m|u|g) and between the vectors Aug,

(1+2cos®0)+

(1+2cos® )
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and (f|u|g), respectively. This method is essentially a sum-over-
state (SOS) method, which is robust in calculating many non-
linear optical properties.***®*”

The plasmonic-enhanced TPA and electric field distribution
of the nanostructure were simulated by the finite-difference
time-domain (FDTD) method. The alloy nanorod comprised an
Ag shell with a thickness of 5 nm coated on an Au core with a
length of 55 nm and a diameter of 10 nm. The thicknesses of
the molecular layer and the Ag film are 1.5 nm and 40 nm,
respectively, which are arranged on a conductive glass substrate
composed of an indium tin oxide (ITO) film and SiO,. The sche-
matic diagram is shown in Fig. 2. The dielectric constants of
Au, Ag and ITO were taken from ref. 48, 49 and 50, respectively,
and the dielectric constant of the molecular layer was calculated
using the Vienna ab initio simulation package (VASP). More
details on the FDTD simulations are available in the ESL.{

3. Results and discussion

The foundation of a solar cell material lies in its strong absorp-
tion in the visible region. Our previous work has discussed the
linear optical performances of PT, IC4,BA and their D-A struc-

s E
k ll
Au@Ag nanorod
Ag film
ITO substrate

SiO, substrate

Fig. 2 Schematic diagram of the plasmonic-enhanced TPA in OSCs,
where the inset shows the initial light source orientation for all discus-
sions in this paper.
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Fig. 3 OPA spectra of (a) PT:ICgoBA (n = 9) and (b) PT:ICgoBA (n = 17)
complex system.
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ture in detail.>® The PT:ICq,BA (n = 9) system composed of a
PT molecule with a unit number (n) of nine and an IC¢BA
molecule can well represent the material’s performance at the
macro level.>® However, we noticed that, for the shorter mole-
cular chain, the ground state structure of the complex is “semi-
circular”, which cannot represent the infinite length of the
polymer, see the inset in Fig. 3(a). Therefore, we made an
improvement by calculating the PT:IC¢BA (n = 17) complex
structure composed of one PT molecule with n = 17 and two
IC6oBA molecules, see the inset in Fig. 3(b). Their one-photon
absorption (OPA) spectra are similar, proving that our calcu-
lations are correct, see Fig. 3. The absorption spectra show
that the PT:IC4BA complex has a strong optical absorption
from 400 to 500 nm, confirming its feasibility as a photoactive
material. A weak redshift of the absorption peak for the longer
chain is observed, which is explained in the ESL.{

The fast and abundant electron transfer between molecules
is particularly important for solar cells based on the D-A
system. However, intermolecular CT excited states are generally
weak in OPA, which significantly limits the efficiency of solar
cells. In the process of TPA, the “three-state term” offers the
opportunity for both efficient intermolecular CT and strong
optical absorption, simultaneously. One of the origins of the
nonlinear properties of PT and ICs,BA has been demonstrated
owing to the conjugated systems.”>* To thoroughly explore
the role of TPA in the PT:IC4,BA D-A system, we investigated
the TPA spectra of donor PT (n = 17) and acceptor ICgoBA,
respectively. Fig. 4(a) shows the TPA spectrum of the donor
material. According to the characteristic of TPA, the excitation
wavelength should be twice that of OPA. It can be seen that
there are strong TPA excited states from 750 to 1000 nm,
corresponding to S, and S, in the OPA spectrum, which are
contributed from the “three-state terms” in eqn (2), where
[(uliP1G1klg)* and |Aul*|(flulg)|* represent the “three
state” and “two state” terms, respectively. Compared with the
extremely weak absorption of S, and S, in the OPA spectrum,’”
these excited states exhibit strong nonlinear optical properties
in TPA. The near-infrared TPA cross-section of PT is consistent
with previous reports.>*® Fig. 4(b) shows the TPA spectrum of
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, where the insets show the corresponding structures of the PT:ICgoBA
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TPA spectrum of PT:ICc0BA (n=9) can be seen in the Supporting Information.
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Fig. 4 TPA spectra of (a) donor PT (n = 17) and (b) acceptor IC¢oBA, where the inset shows the one at wavelengths from 1100 to 1900 nm. (c) and
(d) TPA spectra of the PT:IC¢oBA complex in different regions, where the inset shows excitations with different transition channels, and the red and
green represent electrons and holes, respectively. 1 and 2 are "three-state terms” and “two-state terms”, respectively. G, M and F represent the

ground, intermediate and final states, respectively.

the acceptor material, and the inset is the one in the long-wave-
length region. The acceptor material has strong TPA response
from 750 to 800 nm and the 6,5« value is 94 GM, which is
similar to ref. 57. As a whole, the experimental and calculated
TPA cross-sections of Cgo/C;, derivatives are in the range of
107*-107*® em® s per photon (1 GM = 107°° cm* s per
photon).***®3° For S; around 1800 nm, only a “one-step” tran-
sition is possible. Note that the S; of IC4BA has a non-negli-
gible TPA cross-section, which seems unreasonable, because
with regard to the nonpolar molecule IC¢BA,* its permanent
dipole moment is very small and S; is weakly absorbing in the
OPA spectrum.”’ According to the “two-state term” formula
| Ausg*|{f11|2) |7, its TPA cross-section of S; should be small. In
fact, IC¢oBA has a larger TPA cross-section in the short-wave-
length region, see Fig. S2} in the ESL{ Although the short-wave-
length TPA is strong, this is not the range of our study, and S, is
only a relatively strong peak in the wavelength range we observe.
Fig. 4(c) shows that PT:IC4,BA (n = 17) has a larger TPA cross-
section up to 8000 GM compared with the bare IC¢,BA molecule
from 750 to 850 nm, which mainly originates from the contri-
butions of Ssg and Sy around 780 nm. In the D-A system, the
donor group, thiophene, is an effective “electron bridge” that
increases the TPA cross-section.®"’®> Moreover, the long-range
excitation from the donor to acceptor could cause a huge TPA

7272 | Nanoscale, 2022,14, 7269-7279

cross-section of the complex molecule.*® As shown in the inset
of Fig. 4(c), Sss is the strong absorption by the “three-state
terms” via two transition channels S, — S;9 — Ssg and Sy — Szo
— Ssg, and S i via two transition channels Sy, — S;9 — S¢o and
So = S39 = Seo, respectively. Furthermore, the transitions from
the ground state to the intermediate states are local excitation
on thiophene, since almost all the electrons and holes are loca-
lized on the thiophene units (the red and green represent elec-
trons and holes, respectively). For the transitions from the inter-
mediate states to the final states, the maps of CDD show that
electrons and holes are distributed on both the donor and
acceptor, but it is difficult to analyze the degree of exciton delo-
calization, which will be discussed later. Fig. 4(d) shows the TPA
spectrum of the complex in the region from 1100 to 1900 nm,
which is mainly contributed from the acceptor, ICs,BA. There
are two near degenerate strong “three-state term” absorption
peaks of S; and Sg, and their optical properties show the local
excitation of IC4,BA on the transitions from the ground state to
the intermediate states; and on the transitions from the inter-
mediate states to the final states, it is intermolecular CT. The
TPA spectrum of PT:IC4,BA (1 = 9) can be seen in the ESL.}

The maps of CDD demonstrate the local excitation from the
ground state to the intermediate states at Ssg and Sy shown in
Fig. 4(c), in which photoinduced excitons localized in the

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 TDMs of different transition channels. The scale bar stands for the strength of electron—hole coherence.

donor thiophene oligomer. In order to further reveal the
degree of exciton delocalization, the TDM is employed, as
shown in Fig. 5. It can be found that for the “three-state term”
process at Ssg and Sgo, the “first step” is the intramolecular
local excitation. Electrons and holes form intense bound states
due to the Coulomb interaction in adjacent units with larger
exciton binding energy, which are typical Frenkel excitons. The
large binding energy can facilitate light-harvesting.”® The
“second step” is the intermolecular CT, which generates CT
excitons. In general, CT excitons can cause large second-order
nonlinear polarizabilities.®*® These mixed Frenkel-CT exci-
tons exhibit the properties of both types of contributing states:
the Frenkel excitons provide a large oscillator strength,
whereas the CT excitons cause a high sensitivity to the external
electric field.®> Actually, hybridized Frenkel-CT exciton states
have been used to analyze the TPA spectrum of the
N,N-dimethylaminobenzylidene  1,3-indandione = (DMABI)
molecule.®®®” The Ssg and S, at around 780 nm can simul-
taneously satisfy the large TPA cross-section and efficient inter-
molecular CT. Therefore, applying SPRs to enhance the electric
field at 780 nm can effectively improve the TPA performance
and intermolecular CT of the PT:IC¢,BA material, which is of
great significance to OCS based on this material. More details
about TDM and CDD can be seen in the ESL ¥

The PT:IC4,BA complex molecule is known to have a huge
nonlinear response at 780 nm. In a nonlinear optical process
such as second harmonic generation (SHG),°® a nanometal

This journal is © The Royal Society of Chemistry 2022

absorbs two low-energy photons resulting in a near-field
enhancement with the corresponding frequency, and simul-
taneously generates a high-energy photon with twice the
energy, forming a dual-enhancement of the fundamental and
double frequencies. This is a multiple SPR effect,®® and the
enhancement factor (EF) can be estimated as”®

EF = |Min|2|Ms0|1: (3)

where |M;,| and |M,| represent the plasmonic enhancement
of the fundamental (incident) and double (scattering) frequen-
cies in TPA, respectively, and |M| = |Ejocal/Ein|, where Ejocq and
E;, are the local and incident electric fields, respectively.
According to eqn (3), the plasmonic nanostructure needs to
obtain simultaneously strong Ej.. at both frequencies to
maximize the PETPA. When the fundamental and double fre-
quencies correspond to 780 nm and 390 nm in TPA, using
metal nanorods is a good choice for such plasmonic-enhanced
configurations. This is because the polarization varies, the
longitudinal and transverse modes of the nanorods will
appear simultaneously, and the SPR peaks shift with the vari-
ation of the nanorods’ aspect ratio, which facilitate the tuning
of the resonance peaks. Considering that solar cells are usually
made of metal films as electrodes, we designh an Au@Ag
nanorod-molecule-Ag film plexciton system and the thickness
of the PT:ICs,BA molecular layer in the cavity is 1.5 nm. We
used Au@Ag nanorods in our calculations due to their strong

Nanoscale, 2022, 14, 7269-7279 | 7273
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plasmonic enhancement and easy-tunability of SPR peaks.””
For metal nanorods, it has been reported that the polarization
angle (¢) and incident angle (¢) increase from 0°, the trans-
verse resonance is enhanced and the longitudinal resonance is
weakened.”””" Fig. 6 shows the absorption spectra of a single
Au@Ag nanorod used in our subsequent calculations with
various polarizations, and the inset shows the geometrical
parameters of the nanorod. The SPR peaks at 580 nm and
340 nm result from the longitudinal and transverse excitations
of the nanorod, respectively. When the nanorod is coupled
with an Ag film, the plasmonic coupling leads to a redshift in
the resonance peaks.”> The absorption spectra of the coupled
structure are shown in the ESL{ Interestingly, the resonance
peaks of the coupled structure just agree with the TPA spec-
troscopy of the PT:IC;,BA material. Therefore, this coupled
structure can be used to enhance the nonlinear properties of
the PT:IC4,BA material.
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Fig. 7(a) shows the plasmonic-enhanced electric fields with
different ¢ values in the molecular layer. There are two strong
SPR peaks corresponding to the transverse and longitudinal
modes of the A u@Ag nanorod at 390 nm and 780 nm, both of
which decrease as the ¢ value increases. The strong electric
field at the fundamental and double frequencies can signifi-
cantly enhance the TPA in the molecular layer. However, the
absorption spectra of the single Au@Ag nanorod shows that
the transverse resonance will be enhanced as the ¢ value
increases, which is different from the results in Fig. 7(a).
Tcherniak et al. reported that hot electron-hole pairs can also
create surface plasmons causing the transverse and longitudi-
nal modes to be orthogonal to each other.”® Fig. 7(b) shows
the EF of PETPA versus ¢. When ¢ = 0°, the strongest EF can be
obtained, and as the ¢ value increases, the intensity of the EF

(a) 200
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S 100

50

T T T T
400 500 600 700 800 900
Wavelength[nm]

View Article Online

Paper

decreases rapidly. When the polarization direction is perpen-
dicular to the nanorod (¢ = 90°), the enhanced TPA is almost
invisible. Fig. 7(c) shows the enhanced electric field when ¢ =
0°, in which the maximum EF is obtained. The insets in
Fig. 7(c) show the electric field distributions in the molecular
layer at 390 and 780 nm. It can be seen that for the fundamen-
tal and double frequencies, the plasmons localized at both
ends of the nanorod exhibit dipole behavior. Fig. 7(d) shows
the distribution of PETPA in the molecular layer. The
maximum EF at both ends of the nanorod can reach the order
of 10° which indicates that the TPA properties can be
enhanced about 10° times.

It is known that the increase of the polarization angle will
lead to an almost linear decrease of the EF in the molecule.
When ¢ = 0° we change the incident angle 6, and the

(b) 14
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Fig. 8 (a) Plasmonic-enhanced electric field with different ¢ values. (b) EF of PETPA versus 6. (c) The plasmonic-enhanced electric field when 6 = 7°,
where the insets show electric field distributions. (d) PETPA distribution when 6 = 7°.
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enhanced electric fields with different 6 values are shown in
Fig. 8(a). At the fundamental frequency of 780 nm, the electric
field intensity decreases as the @ value increases. However, at
the double frequency of 390 nm, as the 6 value increases, the
electric field intensity increases at the small 6 value. Fig. 8(b)
shows the relationship between the EF and 6 in the molecular
layer. It can be seen that the EF increases first and then
decreases, reaching the maximum value around 6 = 7°. Also,
when changing 6, the overall decreasing trend of the EF is
steeper than changing ¢. For the maximum PETPA obtained
when 0 = 7° and ¢ = 0°, the electric field distributions of the
fundamental and double frequencies are studied, as shown in
the insets of Fig. 8(c). At 780 nm, a slight increase in the inci-
dent angle does not result in a drastic decrease for the
enhanced electric field. At 390 nm, the electric field distri-
bution varies greatly, and an asymmetric mode appears when
the 0 value is increased. This is because the change of the inci-
dent angle will cause the symmetry to be broken, and there is
a decaying oscillation process when the wave vector propagates
along the long axis, even the formation of stationary waves.
Such a robust plasmon-aggregation behavior at one end
usually  exhibits  better performance and broader
applications.”*”> According to eqn (3), the EF when 6 = 7° and
@ = 0° is about 1.3 times stronger than that when 6 = 0° and
@ = 0° in the molecular layer, and the PETPA distribution also
exhibits substantial agminated enhancement at one end, as
shown in Fig. 8(d). Note that there is another configuration for
increasing the incident angle while keeping the polarization
angle and rotating the incident light around the longitudinal
axis of the nanorod, which can be seen in Fig. S5 in the ESIL.}
It is known that the properties of the coupling structure
depend greatly on the angle of the light source, but the extent
of dependence on different parameters is indefinite, such as
the influence on the fundamental and double frequencies,
and the dependence of the polarization and incident angles.

[—— ¢-dependence:390 nm
|—— ¢-dependence:780 nm
90° === - 6-dependence:390 nm

200 — 75° |- = =- 6-dependence:780 nm
150 —
= 100
50 - 15°
0 - 0°
| T | T T T I T 1
0 50 100 150 200

IM|

Fig. 9 The electric fields of fundamental and double frequencies in
polar coordinates.
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To solve this, we compared the extent of angle dependence in
polar coordinates. Fig. 9 shows the ¢/6 dependence of the fun-
damental and double frequencies, and the curvature of the arc
can indicate the dependence extent. For the fundamental fre-
quency (red), the curvature of the dotted line is larger than the
solid line, which means that 6 influences the electric field
more at the fundamental frequency. For the double frequency
(black), the increase of 8 will lead to the increase of the electric
field, reaching the maximum at 15°. When the 6 value
increases continuously, the electric field will decrease rapidly
compared with ¢ changes.

4. Conclusion

TPA spectroscopy analyses suggest that a PT:IC¢,BA complex
has a large TPA cross-section. Through the coupling of Au@Ag
nanorods and an Ag film, the EF of PETPA in the molecular
layer can reach the order of 10°, which means that its TPA pro-
perties can be increased by 10° times. Studies on the polariz-
ation and incident angle dependence show that the small inci-
dent angle can result in a stronger nonlinear plasmonic
enhancement. Our results focus on the physical mechanism of
nonlinear plexcitons and provide theoretical guidance for the
plasmonic-enhanced nonlinear properties of OSC materials.
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