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Abstract: Biological research requires dynamic and wide-field optical microscopy with
resolution down to nanometer to study the biological process in a sub-cell or single molecular
level. To address this issue, we propose a dynamic wide-field optical nanoimaging method
based on a meta-nanocavity platform (MNCP) model which can be incorporated in
micro/nano-fluidic systems so that the samples to be observed can be confined in a nano-scale
space for the ease of imaging. It is found that this platform can support standing wave surface
plasmons (SW-SPs) interference pattern with a period of 105 nm for a 532 nm incident
wavelength. Furthermore, the potential application of the NCP for wide-field super-resolution
imaging was discussed and the simulation results show that an imaging resolution of sub-80
nm can be achieved.
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OCIS codes: (100.6640) Superresolution; (160.3918) Metamaterials; (180.2520) Fluorescence microscopy;
(240.6680) Surface plasmons.
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1. Introduction

Optical microscopy always plays an important role in biological research especially for
imaging living cells. However, the resolution of conventional optical microscopy is basically
limited by Abbe limit to A/2NA, where 4 is the wavelength of the incident light and NA is the
numerical aperture of the objective lens. In visible domain, this resolution limit is about 200
nm in horizontal dimension. However, increasing demands from biological research require
optical imaging method with resolution down to nanometer to study the structure in
subcellular level. To meet this requirement, various novel imaging techniques have been
proposed, e.g. near-field scanning optical microscopy (NSOM) [1], the far-field superlens
(FSL) [2,3], stimulated emission depletion microscopy (STED) [4,5], single molecular
localization techniques [6], structured illumination microscopy (SIM) [7], and the hyper-lens
[8], etc. Among above methods, SIM is more suitable for high-speed vivo biological imaging
due to its wide-field imaging ability. For SIM, the illumination pattern with a high spatial
frequency is key to improve its resolution. More recently, surface plasmons (SPs) with
intriguing properties such as strong localization and large in-plane momentum have been
widely exploited for a variety of applications, such as biosensing, sub-diffraction limited
imaging, and photolithography and so on [3,9-13]. SP has a higher wave-vector in
comparison with the excited light in some cases and therefore is good candidate for imaging
resolution improvements. At first, the super-resolution application of SPs has been
extensively studied in near-field including superlens, perfect lens and hyperlens [8,14-16].
More recently, SPs were incorporated into SIM method to form the plasmonic structured
illumination microscopy (PSIM) to further improve imaging resolution of SIM [17-21]. In
PSIM, high resolution plasmonic interference pattern was used as the illumination pattern to
achieve a lateral resolution enhancement of fluorescence image by taking advantage the
higher £, of the surface plasmonic wave. A lot of efforts were dedicated to seek for higher
kg, including 2D silver- silicon nitride-air platforms [22], hyperbolic metamaterials [23-25]
and gradient permittivity meta-structure (GPMS) [26], etc. However, above mentioned
methods have their own limitations, such as high permittivity dielectrics will restrict the
interaction between biological specimen and metal film in near field [22], or the
nanofabrication processes of hyperbolic metamaterials is complex and costly [23-25], or it is
hard to tune the period of interference patterns in GPMS [26]. In the meantime, how to image
the dynamical process in a sub-cell or single molecular level becomes very important for
biological researchers to study the mass transportation or other biological process conducted
in cell membrane. Recently, the advances in micro- and nano-fluidic system facilitate the
dynamic detection of a single molecule [27]. Based on microfluidics, C. Yang et al developed
a so called optofluidic microscopy (OFM) method, which is an on-chip microscopy method
with high resolution and low-cost [28-30]. However, the resolution of the OFM system they
can achieve is only about 1 um, which is far away from the required nanometer-resolution.

In view of above mentioned problems, we proposed here an alternative flexible method by
intelligently integrating PSIM into micro/nano-fluidic system to provide a wide-field dynamic
optical imaging method with a super-resolution. In the method, a nano-cavity platform (NCP)
is introduced to achieve a higher k;, which is then explored for imaging resolution
enhancement. The so called NCP consists of two parts with the similar structure: Ag/SiO,.
Through varying the spacing of two parts and the liquid filled in the nano-cavity, the periodic
plasmonic interference patterns can be tuned very flexibly. It is found that the period of
plasmonic interference pattern is 105 nm for a 532 nm incident wavelength by NCP with a 30
nm thick water-cavity. As a result, image with a resolution of 83 nm can be achieved in one
dimension by employing the proposed NCP in PSIM.
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2. Nano-cavity platform and simulation model description

Figure 1 shows the proposed NCP which consists of two parts. In Fig. 1(b), the bottom part
(Part 1) simply contains a SiO, layer named Layer A and a silver film named Layer B.
Similarly, the SiO, and Ag films also form the top part (Part II) with different thickness for
Ag film. After rotating the Part I with 180°and placing it upon the Part I, one form of the
NCP can be obtained, i.e., the nano-air-cavity platform (NACP), as shown in Fig. 1(c). The
gap between the Part I and II will affect the imaging resolution of the NACP. One can let the
observed biological samples pass through the nanocavity by connecting the nanocavity with a
nano-fluid system. In this case, the NACP would be changed to nano-solvent-cavity platform
(NSCP). Models for both NACP and NSCP were built to simulate the standing wave surface
plasmons (SW-SPs) formed in the air or solvent filled nanocavity. In NSCP, water is used to
mimic the aqueous environment for biological samples. Figures 1(c) and 1(d) show the
perspective sectional views of each unit cell of the NACP and NSCP, respectively. To realize
wide-field imaging, the NCPs are designed in a periodic array with a period P = 2100 nm in
both x and y directions. The thickness of the top and bottom SiO, layers is d4, = d = 200 nm.
The bottom Ag film with a thickness of dp = 100 nm is thick enough to block the incident
light from propagating through the NCP. Particularly, in this layer, a SiO, slit with a width W
= 100 nm in x direction and an infinite length in y direction was fabricated and used to couple
the incident light into SPs. Other coupling elements such as half circle slits [22] or special
designed meta-devices [31,32] can also be used to generate additional forms of SPs
interference patterns. The top silver film has a thickness dp = 50 nm. The material of Layer C
(the gap) with a 30 nm thickness is air or water, functioning the object plane in the plasmonic
structure illuminated microscopy.

(a) (c)

120

(b)

@

y(H)

L

Part |

Fig. 1. The schematic diagram of the nano-cavity platform. (a) Part II, and (b) Part I, (c)
schematic diagram of the nano-air-cavity platform: the combination of Part I and Part II with
180° rotation along x-axis, and (d) schematic diagram of the nano-water-cavity platform.
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Both NACP and NSCP were modeled and analyzed by using the commercial-grade
simulator (Lumerical Solutions, Inc.) based on the finite-difference time-domain (FDTD)
method. As can be seen in Fig. 1(d), a TM polarization plane wave with 4, = 532 nm incident
perpendicularly onto silver film in z direction with an incident angle 6, = 0. The inset of Fig.
1(d) shows the direction of incident waves with respect to the proposed NSCP as well as
NACP. Periodic boundary conditions (PBC) were employed for both x and y directions and
perfectly matched layer (PML) boundary condition was employed in z direction. In the
simulation, the permittivity of Ag, SiO, and H,O is set as ¢, = —11.75 + 0.37i [33], g5 = 2.13
and g5 = 1.79 at A, respectively. The simulation domain (FDTD region) size was set as 2.1 X
2.1 x 2 um’. The Mesh region was applied in the regions where SPs exist. This region contain
some finer meshes with small cubes of 2 x 2 x 2nm’ while a coarse meshing was set
elsewhere. By employing the Frequency-domain field and power monitors in the software, the
distributions of the electric field at y = 0 nm and z = 115 nm were investigated.

The distribution of the electric field of NACP/NSCP at different planes is shown in Fig. 2.
Figures 2(a) and 2(b) show the magnitude of electric field at plane y = 0 near the gap between
Ag films, respectively and the color scale bar shows the electric field intensity. We can see
clearly that the standing wave (SW) pattern of SPs are formed in the gap for both platforms
and the period of the SW-SPs is smaller when the gap is filled with water. The intensity of
SW-SPs is more uniform in water cavity in comparison with that in air cavity. This
phenomenon can be explained by the different propagation length of SPs in different medium.
The propagation length of SPs is calculated to be 5.7 um, which is much longer than that in
air, i.e. 2.04 um. This means that the absorptivity of the SPs in water is much higher than that
in air. Therefore, the intensity of SPs in NSCP is stronger than that in NASP. As for the subtle
difference in the uniformity of electric field intensity distribution, it can be attributed to the
difference in refractive index. Since the refractive index difference between water and SiO, is
smaller than that between air and SiO,, the electric field distribution in NSCP is more uniform
than that in NASP. One can apply this difference in different imaging applications. For
instance, NASP can be applied for those imaging applications that require stronger intensity
but with lower resolution, while NSCP can be applied for those imaging applications that
require higher resolution but with relative weaker intensity. The magnitude of the electric
field along vertical dashed lines in Figs. 2(a) and 2(b) is shown in Fig. 2(c). From this figure,
it is found the intensity of electric field is increased abruptly at the Ag and water/air interface
(z = 100 nm) due to SPs are excited and generated at this interface. The electric field is
enhanced for about more than four times than that of the incident light and almost unchanged
in the nano-cavity. Since the nano-cavity functions as a cavity resonator for SPs, this can be
attributed to the Fabry-Perot resonance. This phenomenon was also reported elsewhere
[34,35]. This enhanced and unchanged electric field is beneficial to the imaging of the
immersed fluorescent or biological samples in the nano-cavity.
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Fig. 2. The distribution of the SW-SPs in the nano-cavity of the NCP. (a) and (b) the
distribution of x-component of the electric field in y = 0 plane for NACP and NSCP,
respectively. (c¢) The intensity of the electric field along the vertical dashed lines in (a) and (b):
red for (a) and magenta for (b). (d) and (e) the distribution of x-component of the electric field
in z = 115 nm plane for NACP and NSCP, respectively. (f) The distribution of the electrical
field intensity along the dashed lines, black for (d) and green for (e), respectively.

The distribution of the magnitude of electric field for both NCPs at plane z = 115 nm (the
middle interface of the nano-cavity) is shown in Figs. 2(d) and 2(e), respectively. The electric
field intensity distribution along the black dashed line in Fig. 2(d) and green in Fig. 2(e) was
extracted and shown in Fig. 2(f), respectively. Because of the symmetry of the structure, only
half of the lines are plotted. The period of the SW interference pattern of NSCP (the green
line) is calculated to be only about 105 nm, which is only about 0.2 of the wavelength of the
incident light, and the full width at half maximum (FWHM) is about 72 nm. However, for
NACP, the period of the pattern is larger, i.e. 150 nm, with a 92 nm FWHM (the black line).
Therefore, by simply changing the material of the solvent in nano-cavity, one can tune the
period of the SW interference pattern in the object plane.

3. Analytical computation of the NCP model

In order to further understand the physical mechanism of the NCP, the wavevector of SPs
supported by the NCP was analytically derived. For this purpose, the NCP model is simplified
into a four-layer structure. The analytical computing structure and the permittivity of the
material in each layer are shown in Fig. 3. Since a TM polarized plane wave incidents along z
axis, it is hypothesized that SPs are already excited at the interface of Layer B and Layer C.
From the Maxwell equation, the component of the electric and magnetic fields can be
acquired. Considering the boundary conditions at the interface, i.e. the x-component of the
electric field and the y-component of the magnetic field are continuous, one can get the
following equations:

ke +k, /g

1
k,, /& -k, /g M

ﬂ - e‘2k3z(dz+d3) _(k4z /84 _k3z /83) (2)
k,. /& +k, /&,
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In above equations,

k. =K’ —kje (i=1-4) 4)

where k;, and x stand for the perpendicular and parallel components of the wavevector of SPs
in the ith layer of NCP, respectively. k, represents the wavevector of the incident plane wave
and d; (i = 1-4) stands for the thickness of the itk film.

Z

Pt

Fig. 3. The schematic diagram of the model of NCP used in analytic method. &; and d; stand for
the permittivity and thickness of the material in each layer.

4. The tunability of the period of SW-SPs pattern in NCP

After using above Egs. (1)-(4), the wavevector of SPs in the NACP/NSCP were calculated
and then compared with that of numerical results. For NACP, a wavevector f = 0.02 rad/nm
of SPs was calculated, which corresponds to a plasmonic wavelength of 314 nm. Therefore,
the period of the SW pattern is half of it, i.e. 157 nm (Fig. 4(b), Point A), which is a little bit
larger than 150 nm obtained by the numerical simulation (Point A’). For NSCP, the period of
SW-SPs was calculated to be 113 nm (Point B), which is again a little bit larger than the
numerical result, i.e. 105 nm (Point B’). However, these values are in good agreement in
general. Consequently, the validity of the NCP is verified by both numerical and analytical
methods.
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Fig. 4. The period of SW-SPs as a function of the thickness of nano-cavity. (a) The results for
different dielectric material in nano-cavity of NCP, when the metal in NCP is Ag; (b) Details
of the yellow dashed rectangle in (a). (c) The results for different dielectric material in nano-
cavity of NCP, when the metal in NCP is Au; (d) Details of the green dashed rectangle in (c).

To show the tunability of the NCP model, the effects of different parameters, such as the
thickness and material of nano-cavity on the period of SW-SPs were analyzed and the results
are shown in Fig. 4. As shown in Fig. 4, in general, the period of SW-SPs increases with the
thickness of nano-cavity in an ExpAssoc expression. Figures 4(b) and 4(d) show the details of
comparison between analytical and numerical results in Fig. 4(a) (the orange dashed
rectangle) and Fig. 4(c) (the green dashed rectangle), respectively. From Fig. 4(b), it can be
found that when the dielectric material in nano-cavity is changed to SiO, or Al,O;, the
analytical results also agree with the numerical ones very well. For the metal material of the
NCP is Ag, depicted in Fig. 4(a), the period of SW-SPs is almost the same when the thickness
is larger than 400 nm. In this case, the period SW-SPs in NACP is close to that of the period
of the simple Ag/air interface (Pag.ir = 254 nm) and for NSCP the period is close to Pago
(183 nm). And this phenomenon can also be seen in Fig. 4(c), where the metal is changed to
Au. This can be explained by the analytical methods. From Egs. (2) and (3), one can find that
if the d, is larger enough, such as 500 nm, then « or S almost equals to zero. Equation (1) is
changed to Eq. (5),

ky, /& +k, /g=0 ®)

By combing Egs. (4) and (5), one can get Eq. (6),

K=k, _&& (6)
£ +¢,

It can be found that Eq. (6) gives the wavevector of SPs exited in the simple
metal/dielectric interface. Therefore, when the thickness of nano-cavity is smaller than 200
nm, the NCP can be used to achieve SPs with a higher wave-vector. In another word, the
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dynamic range of the thickness of nano-cavity of NCP is about 200 nm, which is more
suitable for the imaging of cell membrane, fluorescent, etc.

When compared four lines in Figs. 4(a) and 4(c), it can also be seen that when the material
in nano-cavity was changed from air to Al,O3, the period of SW-SPs decreased. Therefore,
the higher the permittivity of dielectric material in the nano-cavity, the smaller the period of
SW interference pattern. Moreover, it is found that when changing the metal material of NCP
from Ag to Au, the period of SW-SPs decreases significantly. However, since the propagation
length of SPs in Au is much smaller than that in Ag [36]. Ag is preferred in NCP model. It
should also be noted that the propagation length of SPs can also be extended by designing
special metasurfaces such as directional surface plasmonic excitation [37-39]. Therefore, one
can use metals in NCP with both small real and imaginary parts of the permittivity to further
increase the wavevector of SPs. Effective materials with the desired permittivity by mixing or
doping dielectrics or semiconductors in metallic films can also be used [40].

5. The verification of the effectiveness of the NCP in fluorescent imaging

It is necessary to prove whether the fluorescent signals can penetrate the upper Ag film with a
thickness of 50 nm or not if one want to NCP for optical imaging. For this purpose, a model
shown in Fig. 5(a) is built to test the propagation of the fluorescent signals excited by surface
plasmonic wave inside the nano-cavity of NCP. In this model, a dipole, placed in the nano-
cavity, was used to simulate point source radiator, such as the radiation from a fluorescent
molecule [41,42]. In order to demonstrate the results clearly, the amplitude of the dipole was
set as 10 and frequency-domain field and power monitor was set at the plane which is 10 nm
away from the top silica substrate of NCP.

(a) (b)
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Fig. 5. The verified results of NCP used in fluorescent imaging. (a) The schematic diagram of
the verified model. (b) The distribution of electric field at the plane 10 nm above the upper
SiO, film. (¢) The SPCE intensity in the far field after near to far field projections. (d) The
electric field from the dipole source at the y = 0 plane.

Figure 5(b) shows the distribution of electric field at the plane 10 nm above the upper
SiO, film. This electric field is the near-field distribution of the dipole source. The near to far
field projection in FDTD software was used to calculate the electromagnetic fields in the far
field. Figure 5(c) shows the result of near to far field projections. Surface Plasmon-Coupled
Directional Emission (SPCE) light intensity distribution can be clearly seen in the figure.
Figure 5(d) shows electric field distribution of the dipole source at y = 0 plane. It is indicated
in the figure that the electric field is highly directed in the SiO, film and the air (see the black
arrow). However, the electric field radiation is blocked by the lower Ag film due to its large
thickness. This phenomenon is similar to the Fig. 2 in [41]. Consequently, the fluorescent
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signal excited from the nano-cavity can penetrate through the upper Ag and SiO, films in a
SPCE form so that it can be detected in free space.

6. The imaging results when NSCP used in PSIM

The proposed NSCP was applied in wide-field super-resolution imaging in a PSIM mode.
Figure 6(a) shows the schematic diagram of the process of NSCP-PSIM imaging. In order to
exhibit its capability in the resolution improvement, the image of some point objects (POs)
were tested. The POs were deposited in the water nano-cavity. Actually, NSCP can be
integrated with nano-fluidic system so that objects to be observed can be passed into the
nano-cavity in real time. The SW-SPs interference pattern shown in Fig. 6(a) is used to
illuminate the POs and then the surface plasmon-coupled emission (SPCE) signals of the POs
can be recorded in far field. The phase shift of SPs can be obtained simply by changing the
incident angle 6 [20, 21, 43] as shown in Fig. 6(b). For different incident angles, the excited
SPs has a different phase so that the interference pattern of the SW-SPs has a different phase
change for different incident angle. This relationship between the SPs phase shift and the
incident angle was clearly shown in Fig. 6(b). When the incident angle changes from 0, 4 to
8.5°, the interference pattern shows 120° mutual phase difference along the lateral direction.
However, when the incident angle becomes larger than 8.5°, the interference pattern of the
SW-SPs starts to deteriorate so that the imaging quality will be affected [43]. To realize a
resolution enhanced image, the same method in our previous work is taken and the details can
be found elsewhere [26]. The numerical post-processing method used to reconstruct the high-
resolution image is the same as that used in standing-wave total internal reflection
fluorescence [44].

(a) SPCE

signals

Far

Nano-fluidi
System

Fig. 6. The schematic diagram of the NCP used in PSIM. (a) Optical configuration of SPs
generated by NCP. The plasmonic interference pattern is generated by two adjacent counter
propagating SPs and used to excite the quantum dots in nano-cavity, and (b) schematic
demonstration of 120° phase shift of the SPs interference pattern with different incident angles
(0, 4, and 8.5°).

In our numerical model, POs with a size of 10 nm and a 600 nm emission wavelength
were placed randomly in nano-cavity to demonstrate the imaging performance of the NSCP.
An immersion oil objective with NA = 1.42, is used to detect the fluorescent signal from the
POs. The simulation results are shown in Figs. 7(a)-7(d). Figure 7(a) shows the reconstructed
image of the POs by NSCP used in PSIM with an incident wavelength of 532 nm. Figure 7(b)
shows the image of POs by using a conventional homogeneous illumination. Comparing these
two pictures, one can find that the significant resolution improvement in NSCP has been
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obtained. Figure 7(c) shows a comparison of the PSF profile across the red and black dash
lines in Figs. 7(a) and 7(b), respectively. As shown in Fig. 7(c), the FWHM of the PSF of the
conventional epi-fluorescence microscopy (black line) is about 218 nm. However, the FWHM
is about 83 nm for PSIM using the NSCP, which means that the imaging resolution
improvement is about 2.63 folds. The PO is 10 nm along x direction. The PSF of two closely
placed POs marked by magenta and green dashed dot lines in Figs. 7(a) and 7(b) is shown in
Fig. 7(d). The true distribution of these two POs also depicted as black rectangles in Fig. 7
(d). From this figure, it can be seen that the POs separated by 65 nm can be resolved by
NSCP-PSIM but cannot be resolved by a conventional homogeneous illumination. Figure 7(e)
shows the cross sectional profile image of two point POs at different separation distances by
using NSCP-PSIM. Based on the Rayleigh criterion, it is shown that NSCP-PSIM has the
capability to resolve objects separated by about 60 nm. Figure 7(e) shows the image of two
POs with 60 nm separations. However, from Figs. 7(a), 7(b) and 7(e), there exist sidelobes
surrounding the centrals and these artifacts can be ecliminated by using appropriate
deconvolution algorithm to further improve the image quality [45—47].
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Fig. 7. The simulation results of the NCP imaging performance. (a) A reconstructed image; (b)
A diffraction-limited image; (c) FWHM comparison between conventional epi-fluorescence
microscopic image (black curve) and the super-resolution image by using the NCP (red line) in
PSIM; (d) The intensity of the imaging of two POs along the dot dashed lines in (a) and (b):
magenta for (a) and green for (b). The black rectangles in (c) and (d) represent the true
distribution of PO. (e) Simulated composite images for NCP-PSIM imaging of two separated
by 30, 40, 50, 60, 70, 80, and 100 nm in x-direction; (f) The reconstructed image of two POs
separated by 60 nm.

7. Conclusions

In summary, a nano-cavity platform (NCP) used in super-resolution microscopy was
demonstrated in this work. This new platform features a nano-cavity that can be integrated
with the nano-fluidic system. NCP is simple and elegant but still can support SPs wave with a
higher wavevector. The ability of the NCP to support short wavelength SPs was proved by
employing both rigorous numerical and analytical methods. Additionally, the period of the
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plasmonic interference pattern can be easily tuned by varying the parameters of the nano-
cavity in NCP. It is found that the period of the SPs interference pattern is only about 0.2 of
the wavelength of the incident light. The effectiveness of the NCP in fluorescent imaging and
the imaging results of this NCP applied in PSIM were also discussed. The numerical results
demonstrate that the reconstructed quantum dots image shows a 2.63-fold improvement on
the resolution in comparison with that of the conventional epi-fluorescence microscopy. All
of these advantages of NCP promise great potential applications in the field of high-speed,
real-timely super-resolution biomedical imaging.
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