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Abstract: Single molecule detection and analysis play important roles in many current biomed-
ical researches. The deep-nanoscale hotspots, being excited and confined in a plasmonic
nanocavity, make it possible to simultaneously enhance the nonlinear light-matter interactions
and molecular Raman scattering for label-free detections. Here, we theoretically show that a
nanocavity formed in a tip-enhanced Raman scattering (TERS) system can also achieve valid
optical trapping as well as TERS signal detection for a single molecule. In addition, the nonlinear
responses of metallic tip and substrate film can change their intrinsic physical properties, leading
to the modulation of the optical trapping force and the TERS signal. The results demonstrate
a new degree of freedom brought by the nonlinearity for effectively modulating the optical
trapping and Raman detection in single molecule level. This proposed platform also shows a
great potential in various fields of research that need high-precision surface imaging.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Label-free single molecule detection is playing a vital role in current scientific researches, as
its great applications in molecular behavior investigations and disease diagnoses at an early
stage [1,2]. In these processes, a precise manipulation of molecule is always essential [3,4].
The optical tweezers technique provides an excellent alternative for this, due to its capability
for non-contacting manipulation of small objects [5]. However, conventional optical tweezers
are limited by the far-field diffraction and are therefore inefficient for trapping a nanometric
single molecule. In contrast, surface plasmons enable the excitation of hotspot much smaller
than the free-space wavelength; with this confinement, the plasmonic field facilitates trapping of
various small objects with a higher precision [6,7]. For many applications, it is necessary to get
stronger plasmonic field enhancement for a larger optical force to exhibit new functionalities.
Nanostructures can be used to enhance the field for these scenarios. Thereinto, the gap plasmons,
which are greatly enhanced and tightly confined in the narrow space between adjacent metallic
structures, underlie a possible direction [8]. The local ultra-high gap plasmonic field is always
much stronger than that on the surface of an isolated structure, and therefore provides a higher
field gradient being conducive to the trapping forces [9,10]. The enhanced electromagnetic
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field achieved due to plasmonic hybridization, meanwhile, provides an opportunity for sensitive
label-free detection of Raman signals for samples located in the gap with high precision [11].

Dynamic modulation is an important requirement for molecular researches [12–14]; however,
it is impossible for the nonadjustable plasmonic gaps. The controllable metallic tip-substrate
configuration, typical as the tip-enhanced Raman scattering (TERS) platform [15,16], becomes
an excellent alternative as it can scan the tip in three dimensions. Taking advantage of the
tip-based plasmonic nanofocusing [17], it forms a hotspot with high field enhancement in the gap
between the tip and substrate. The hotspot can be further optimized by the design of the excitation
source, such as the use of a tightly focused vector beam [18]. Accordingly, it gives a steep
intensity gradient that is beneficial for trapping [19,20], with high dynamic degrees of freedom
at molecular level. Additionally, it strongly enhances the spectrographic and nonlinear optical
signals of trapped samples, promoting numerous applications for qualitative and quantitative
analysis [21,22]. However, maximum achievable enhancement of the hotspot is highly dependent
on the physical properties of metallic structure, being limited by the charge distribution on the
metal surface and also the intrinsic losses. Hence, the distribution and enhancement factor of the
hotspot are always uncontrollable for linear conditions, as the physical parameters of plasmonic
structure appear to be constants under a certain excitation wavelength. Differently, metallic
materials can undergo an obvious nonlinear response in an external pulsed laser field [23,24],
thus providing a possibility to proactively modulate their physical properties by changing the
incident power.

In this work, we propose a nonlinearity-modulated single molecule trapping and enhanced
Raman scattering system based on a bottom-illuminated TERS configuration. A three-dimensional
finite-difference time-domain (3D FDTD) calculation is firstly carried out to get the plasmonic
field distribution in the nanogap. Subsequently, the optical force exerted on a single molecule is
calculated where the results reveal that the localized plasmonic gap-mode can support stable
trapping at a molecular level. We consider the Kerr effect of gold tip and substrate film which can
modulate both of the optical force and trapping potential simply by changing the incident power.
With increased intensification factor of the field, Raman scattering enhancement factor can be
effectively regulated. These results and analysis will greatly deepen and extend the nonlinear
optical trapping technique and its applications in molecular analysis.

2. Results and discussion

2.1. Analytical model

Figure 1(a) shows the schematic diagram of the proposed nonlinearity-modulated single molecule
trapping and enhanced Raman scattering system. A tightly focused radially-polarized laser
beam is able to excite a plasmonic virtual probe with high electromagnetic enhancement on
a flat gold film [25]. When a metallic tip is aligned to the virtual probe, a further enhanced
plasmonic field will be generated in the nanogap between the tip and film [11]. Generally, these
excitation processes also hold for pulsed cases [26,27], and plasmonic pulses are expected to
play an important role in nonlinear interactions. By utilizing femtosecond pulses as excitation, a
plasmonic pulsed field with high peak intensity is produced in the nanogap, providing a possibility
for nonlinear modulations.

For the above system, the optical Kerr effect is the main contribution to nonlinearity. Driven by
the ultra-intense gap plasmon, both the gold tip and substrate film will have a nonlinear dielectric
response

ε = εl + χ(3) |EL |
2, (1)

where EL denotes the local electric field in the nanogap, εl= –3.8128+ 2.3249i is the relative per-
mittivity of gold under a linear excitation at the wavelength of 522 nm [28], and χ(3) = (–76.8+ 4.3i)
× 10−20 m2/V2 is the third-order nonlinear susceptibility [29]. Figure 1(b) shows the nonlinear
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Fig. 1. (a) Schematic diagram of the nonlinearity-modulated single molecule trapping and
enhanced Raman scattering system. (b) Nonlinear dielectric responses of the gold tip and
substrate film to an increased electric field at 522 nm.

dielectric response of gold to an increased local electric field. As indicated by the curves, the
complex permittivity can be effectively modulated when the strength of the electric field reaches
109 V/m, which can be easily achieved by focusing of femtosecond laser pulses. Since surface
plasmon excitation needs to meet strict phase-matching condition, the change of permittivity will
inevitably affect the field distribution in the nanogap and resultant optical forces.

2.2. Nonlinearity-assistant field enhancement

To evaluate the local electric field in the nanogap, a 3D FDTD model was built for numerical
analysis. Referring to an actual experimental situation, a rounded-tip cone with an apex radius
of 25 nm and a conical angle of 30° was modeled as the gold tip. According to our optimized
results previously [25], the thickness of the gold film was set to 45 nm. The distance between
the tip apex and the film surface was taken as 5 nm to form a nanocavity for molecule trapping.
The excitation wavelength is 522 nm which is quite close to the plasmonic resonance frequency,
and consequently, the plasmonic field in the nanocavity shows a relatively high electromagnetic
enhancement and sensitivity to permittivity’s nonlinear changes. To guarantee the numerical
accuracy, a 0.4 nm mesh size was employed, and the perfectly matched layer (PML) boundary
condition was used for all the simulations. Furthermore, the refractive index of the background
was set to 1.33 to match the general experimental liquid conditions of optical tweezers.

Given the above analysis, the high-intensity electric field supported by the gap plasmon can
induce a nonlinear response of gold nanostructures, and thereby forming a feedback mechanism
that changes its own excitation. To quantify the influence of the nonlinearity, and for simplicity,
we defined that |EL |

2 = 5m × 1017 V2/m2 (m= 0, 1, 2, . . . ) in Eq. (1), where m= 0 indicates
a linear dielectric response and m> 0 corresponds to the nonlinear cases. With the FDTD
model, we simulated the electric field distribution in the nanocavity configuration under different
nonlinearity contributions. As illustrated in Fig. 2, the results have been normalized by the
incidence |E0 | to give an intuitive understanding of field enhancement. It is clear that the electric
field is confined in the transverse directions (< 20 nm) and limited by the gap in the vertical
direction. Under the linear regime, a maximal enhancement of ∼4 × 104 can be realized (see
Fig. 2(a)). This enhancement is due to the spatial confinement of the plasmonic field and the
plasmonic hybridization between the gold tip and substrate film. It is also worth noting that
the electric field shows a proportional enhancement with an increased nonlinearity, implying a
process that nonlinearity makes the effective permittivity of gold closer to its plasmonic resonance.
Along with the nonlinearity-assistant field enhancement, the distribution of electric field will also
be slightly broadened. But according to our calculations, such dimension change is negligible for
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a certain plasmonic nanocavity structure, and thus it will not exert impact on trapping accuracy.
It can be concluded that the nonlinearity provides an alternative approach for modulating the
excitation of surface plasmons without changing the excitation wavelength.

Fig. 2. Simulated local electric field enhancement in the nanocavity configuration under
different nonlinearity contributions. (a)–(d) Electric field distribution in the x-z plane at
y= 0. (e)–(h) Electric field distribution in the x-y plane 2 nm below the tip. m depicts the
contribution of nonlinear effect.

2.3. Optical force and trapping potential

The exchange of momentum in electromagnetic scattering and absorption will produce an optical
force for trapping and manipulating small objects. In the quasi-static limit, that is, the geometric
size of the sample is much smaller than the wavelength, the time-averaged optical force and
trapping potential can be written as [30,31]:

⟨F⟩ = 1
4

Re(α)∇|EL |
2 +

nsσext

2c
Re(EL × H∗

L) +
εsε0cσext

4nsωi
∇ × (E∗

L×EL), (2)

U = − ⟨p · EL⟩ = −
1
2

Re(α)|EL |
2, (3)

where α and σext are the polarizability and extinction cross-section of the sample, respectively.
ns is the refractive index of surroundings (ns = 1.33 for water), EL and HL are the local electric
and magnetic vectors, the asterisk ‘*’ represents a conjugate operation, c is the light speed in a
vacuum, ω is the angular frequency of the electromagnetic field, εs is the relative permittivity of
surroundings (εs = n2

s = 1.7689), ε0 is the vacuum permittivity, and p=αEL denotes the induced
dipole moment.

To examine the trapping performance of our platform at the molecular level, we chose a single
molecule with an equivalent radius R= 1.25 nm and a relative permittivity εm = 4 as the sample
[32]. According to the Clausius–Mossotti relation, the molecular polarizability α is determined
by [33]

α = α0/[1 − i(2/3)k3
sα0]; α0 = 4πεsε0R3 εm − εs

εm + 2εs
, (4)

where ks = nsω/c gives the wave number in the medium. Additionally, for a small molecule (R
≪ λ), the extinction cross-section is mainly contributed by its absorption part, and we should
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therefore have [34]
σext = ks · Im(α)/(εsε0). (5)

Based on Eqs. (2)–(5), we then calculated the optical force and trapping potential exerted on
the designated molecule located in the plasmonic nanocavity. Since the nanocavity is physically
confined to a few nanometers in the z-direction, the longitudinal optical force ⟨Fz⟩ is not the
determinant for the trap. When the molecule is attracted to the nanocavity by the transverse
optical force ⟨Fxy⟩, it will inevitably stabilize at the center of the hotspot, with or without a force
balance in the z-direction. Consequently, the transverse optical force is a dominant factor that
tells whether a stable optical trap can be formed. Figures 3(a)–(d) show the transverse optical
forces in the x-y plane (2 nm below the tip) calculated under different nonlinearity contributions.
The background and black arrows give, respectively, the magnitude and direction of the optical
force.

Fig. 3. (a)–(d) Calculated transverse optical forces and (e)–(h) potential wells on a single
molecule located at the x-y plane (2 nm below the tip) when different nonlinearities are
introduced. Here, the single molecule with an equivalent radius R= 1.25 nm and a relative
permittivity εm = 4 can be simplified as an ideal dipole in water under the excitation at 522
nm. Both forces and potential wells are normalized by the incident optical intensity.

In this configuration, when the tip is aligned to the plasmonic virtual probe at the center,
the circularly symmetrical hotspot will be more confined in a nanoscale as shown in Fig. 2.
Therefore, a sharper field gradient will be achieved in this hotspot to provide a higher gradient
force contributing to the trap. Meanwhile, the scattering force for a small molecule is too weak,
as the extinction cross-section is proportional to the third power of molecular equivalent radius.
The transverse force, as a consequence, is mainly contributed by the gradient force. It shows that
the transverse force can reach a few tenths of pN/[W·cm−2] in this hotspot, which is large enough
for the stable trapping of a single molecule. In order to further reveal the stability, Figs. 3(e)–(h)
plot the corresponding potential wells. To form a stable trap in a liquid environment, the potential
well formed by gradient force must be deep enough to overcome the kinetic energy of molecule
due to Brownian motion. Traditionally, an optical trap with a potential depth larger than 1 kBT
can be considered as stable, where kB is the Boltzmann constant and T is the absolute temperature
of the ambience [35,36]. As shown in Fig. 2(e), the potential depth under the linear condition is
the smallest, which is ∼0.09 kBT/[W·cm−2]. Accordingly, a stable trap can be realized when the
incident optical intensity reaches ∼11 W·cm−2, a relatively low value that can be easily achieved
compared to some other plasmon-based optical tweezers [37–41].
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Due to the nonlinear optical responses of gold, in the range studied here as shown in Fig. 4, both
the transverse forces and trapping potentials display a positive relationship with the excitation
intensity. To show the effective contribution of nonlinearity in this process, the maximum forces
and potential depths under unit incident optical intensity are plotted here. It is clear that, a
stronger nonlinearity will give rise to a more stable optical trap. That is, a tunable and tight
capture of molecule in the plasmonic nanocavity is feasible in such TERS based configuration.
It should be noted that, both the optical force and potential depth show a slight decreasing
tendency after the peak (m= 19). Intuitively, this can be explained by the change of permittivity
relative to the plasmonic resonance, which moves to and away from the resonance condition.
The electromagnetic enhancement and trapping performance (optical force and potential depth)
therewith show synchronous changes. The results demonstrate that the nonlinearity provides
a new degree of freedom to modulate the optical force by varying the intensity of the incident
excitation beam.

Fig. 4. Maximum optical force (a) and potential depth (b) on a single molecule located at
the x-y plane (2 nm below the tip) under different system nonlinearities.

2.4. Raman enhancement factor

As discussed above, the gap plasmon can exert sufficient optical force and trapping potential on a
single molecule. From another perspective, it also facilitates sensitive Raman detection due to the
large electromagnetic enhancement [42,43]. In a typical TERS system, the detection sensitivity
is usually characterized by a Raman enhancement factor (EF). For the proposed configuration, it
is [44]

EF =
(︃
IGPR

IVPR
− 1

)︃
VVP

VGP
, (6)

where IGPR and IVPR are the Raman intensities measured with and without the tip, respectively,
assuming that single molecule is trapped in both cases. As the Raman signal is nearly proportional
to the fourth power of local electric field [45], we can rewrite Eq. (6) as

EF ≅

(︃
|EGP |

4

|EVP |
4 − 1

)︃
VVP

VGP
. (7)

In Eqs. (6) and (7), VGP and VVP denote the effective volumes of the gap plasmon and plasmonic
virtual probe (without the tip), respectively. For small nanogaps, the field distribution is almost
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uniform in the vertical direction. With this assumption, the effective volumes are estimated by

VGP = hGP · SGP = d ·
πLGP

2

4
, (8)

VVP = hVP · SVP = δz ·
πLVP

2

4
, (9)

where LGP and LVP correspond to the lateral dimensions of the two plasmonic modes, which are
defined by the full width at half maximum (FWHM) of electric field intensities. Here, the gap
plasmon has a spatial FWHM of LGP= sqrt(2rd/εs) related to the apex radius r and the gap size d
[10], and LVP ≈ 220 nm is obtained from the FDTD results. δz is the penetration depth of the
plasmonic virtual probe in the medium space above the gold film, determined by

δz =
1

Im(kzs)
, (10)

with

kzs =
2π
λ0

√︄
ε2

s
ε + εs

, (11)

where λ0 denotes the excitation wavelength in free-space.
To quantify the contribution of nonlinearity effect to enhanced Raman spectrum detection,

EFs under different nonlinear responses are plotted in Fig. 5. The value of focused plasmonic
virtual probe (without the tip) under the linear condition is employed for quantitative comparison
in all cases. It shows that the nonlinearity-modulated Raman EFs are larger than that of the
linear condition, and an EF as high as 108 can be achieved. Furthermore, the EFs show high
consistency with the nonlinear field enhancement and optical force in the nanocavity, meaning
that the trapping stability and Raman scattering spectrum of the trapped single molecule can
be enhanced synchronously. The results indicate that it is an effective approach for precise
manipulation and label-free detection of a single molecule in a tiny plasmonic nanocavity.

Fig. 5. Dependence of Raman enhancement factor (EF) on the nonlinear responses. The
nonlinear EFs are obtained by comparison with that of the plasmonic virtual probe (without
the tip) excited under the linear condition.
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2.5. Influences of configurable parameters

In addition to the Kerr-nonlinearity, some other configurable parameters of the system, such as
gap size (d), curvature radius (r), and conical angle (ϑ), will also have a certain impact on the
field distribution in the nanocavity and the enhanced Raman signals of the trapped molecule.
As a consequence, it is necessary to find out the influences of these parameters for further
optimization. Crucial parameters are schematized in Fig. 6(a), and Figs. 6(b)–(d) depict the
nonlinearity-modulated potential depths and Raman EFs of the system with different parameters.
Note that only one parameter is changed at a time to avoid mixture influence between parameters.
As shown in Fig. 6(b), the potential depths and Raman EFs of the system are greatly reduced
when the gap size is enlarged to 10 nm. It can be seen that a smaller gap size is conducive to the
molecular trapping and detection. In contrast, the impact of the curvature radius and conical
angle on the system is relatively weak if the parameters are changed in a sufficiently small range,
as demonstrated in Fig. 6(c) and 6(d). It is also worth mentioning that the control of the gap
size in the experiment is much easier than the other two parameters, because it does not require
precise processing of the tip.

Fig. 6. Nonlinearity-modulated potential depths and Raman EFs of the system with different
configurable parameters. (a) Graphical parameters of the configurable system. (b) d= 10
nm, (c) r= 15 nm, and (d) ϑ= 20°. Other parameters are in accordance with Fig. 2.

Furthermore, there are still other parameters that may affect the results in an actual experiment.
For instance, the electromagnetic absorption of the sample and solution will generate a certain
amount of heat, and the resulting a thermal convection will reduce the stability of the optical trap.
Here, fortunately, the heating can be suppressed to some extent for a pulsed excitation due to the
temperature dissipation between pulses. Also, nonlinearities of the sample and solution are not
taken into consideration here. But, because most dielectrics exhibit much weaker third-order
nonlinearities than metallic materials, this simplification will not affect the conclusions. Moreover,
due to strict coupling conditions, only a small portion of the incident light beam satisfies the
critical angle of the surface plasmon excitation thus contributes to the formation of the gap
plasmon in this configuration. To improve the utilization of the incident energy, many schemes
have been proposed such as confining the beam into a narrow annulus satisfying the plasmonic
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excitation [46,47]. In our previous work, it has been demonstrated that the field intensity and
trapping stiffness can be 2.6 times enhanced in experiments with the optimized excitation method
[48]. Therefore, it is reasonable to prospect that the nonlinearity-modulated single molecule
trapping and enhanced Raman scattering system presented in this work will have higher trapping
stiffness and detection sensitivity.

3. Conclusion

In summary, we proposed a nonlinearity-modulated single molecule trapping and enhanced
Raman scattering system based on a bottom-illuminated TERS configuration. Due to the
plasmonic hybridization and spatial confinement, a localized plasmon with high electromagnetic
enhancement can be produced in the nanogap between the gold tip and substrate film, making
it feasible to perform stable trapping and Raman detection at the single-molecule level. Due
to the nonlinearity effect, intrinsic physical properties of the gold tip and substrate film can
be proactively modulated; moreover, the optical force on the single molecule and its Raman
scattering enhancement can response synchronously. The simulation results indicate that the
nonlinearity brings a new modulation freedom for optical trapping and Raman spectroscopic
detection and analysis. Furthermore, since plasmon excitation can respond on the timescales of a
few femtoseconds [49,50], the method allows the plasmonic pulses to be used for monitoring
ultrafast physical phenomena with nanometer spatial resolution and femtosecond time resolution.
We believe that this work will not only provide a feasible all optical strategy for single
molecule trapping and in-situ Raman detection, but also deliver important contributions towards
comprehensive understanding of the ultra-small and ultra-fast light-matter interactions.
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