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Numerical analysis of wide-field 
optical imaging with a sub-20 nm 
resolution based on a meta-
sandwich structure
Shun Cao1,2, Taisheng Wang1, Jingzhong Yang   1,2, Bingliang Hu3, Uriel Levy4 & Weixing Yu3

Biological research requires wide-field optical imaging techniques with resolution down to the 
nanometer scale to study the biological process in a sub-cell or single molecular level. To meet this 
requirement, wide-field structured illumination method (WFSIM) has been extensively studied. The 
resolution of WFSIM is determined by the period of the optical interference pattern. However, in 
traditional WFSIM this period is diffraction limited so that pattern having periodicity smaller than 
100 nm cannot be generated and as a result achieving an imaging resolution better than 50 nm is a 
great challenge. Here, we demonstrate a wide-field optical nanoimaging method based on a meta-
sandwich structure (MSS) model. It is found that this structure can support standing wave surface 
plasmons interference pattern with a period of only 31 nm for 532 nm wavelength incident light. 
Furthermore, the potential application of the MSS for wide-field super-resolution imaging is discussed 
and the simulation results show an imaging resolution of sub-20 nm can be achieved. The demonstrated 
method paves a new route for the improvement of the wide field optical nanoimaging, which can be 
applied by biological researchers to study biological process conducted in cell membrane, such as mass 
transportation and others.

Surface plasmons (SPs), formed by collective oscillations of free electrons of the metal, are evanescent surface 
electromagnetic waves exists at the interface between a noble metal and a dielectric1, 2. Their unique properties 
such as strong localization and large in-plane momentum have been extensively exploited for applications in a 
variety of fields including biosensing, wave guiding, photolithography, subdiffraction limited imaging, enhanced 
light-matter interactions and so on3–9. Typically, SPs have a higher wave vector (ksp) than that of light excited in 
air (k0) by carefully selecting the permittivity of dielectric and metallic materials. Therefore, the effective wave-
length of SPs can be less than 100 nm in the visible waveband, making SPs good candidates for imaging resolution 
improvements. Recently, the application of SPs in super-resolution has been extensively studied in configura-
tions such as perfect lens, plasmonic superlens and hyperlens10–14. More recently, SPs were introduced in far-field 
microscopy, i.e. plasmonic structured illumination microscopy (PSIM), to improve imaging resolution even 
further15–19. In those works, SP interference pattern was used for illumination, i.e. structured light was used to 
realize a lateral resolution enhancement of a fluorescence image. The resolution of PSIM is determined by λem/
(2NA + 2NAeff)15, 16, in which NAeff = ksp/kem with kem stands for the wave vector of the emitted light. Apparently, 
higher ksp leads to higher resolution. Previous studies show that subwavelength metallic structures can be used to 
excite SPs with a higher frequencies15, 20. In terahertz and infrared domains, graphene with outstanding electric, 
thermal and optical properties was utilized to realize SP wavevector which is much larger than that of the incident 
waves for applications in transformation optics, nano-imaging and tunable metamaterials21–25. In 2014, G. Bartal 
et al. demonstrated a SP focal spot with a size of less than 80 nm, which can be used as a super resolution virtual 
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probe for direct measurements26. Many studies show that a hyperbolic metamaterial, which is essentially an ani-
sotropic metamaterial, is able to support a very high ksp

9, 27–31. Recently, our group designed a gradient permittiv-
ity meta-structure (GPMS), which consists of alternating metallic and dielectric films with a gradient permittivity 
and obtained sub-45 nm resolution32.

In this work, we proposed a simple and tunable meta-sandwich structure (MSS) which can support even 
higher ksp. By incorporating this structure in PSIM, an even higher imaging resolution can be achieved. The so 
called MSS consists of four simple stack of films: Ag/Al2O3/Ag/H2O. This stack is very flexible and allows to tune 
the periodic plasmonic interference pattern by simply changing the material and thickness of the dielectrics. It 
is found that the minimum period of the plasmonic interference pattern which can be obtained is 31 nm for a 
532 nm illumination wavelength. As a result, a resolution of 16 nm could be achieved in one dimension in PSIM 
by employing the proposed MSS structure as the illumination source in plasmonic based microscopy.

Results and Discussion
Structure description and simulation results.  The designed MSS for achieving a high SP wavevector 
of (ksp) in the optical domain, is shown in Fig. 1. Figure 1(a) and (b) show the perspective and the cross sectional 
views of the MSS, respectively. The parameters of the MSS geometry are shown in Fig. 1(b). The silver film in 
Layer B is 100 nm thick. There are periodic slits in the Ag film which are filled by dielectric material of Al2O3 
(εA = 3.138). Figure 1(c) shows this feature of the layer. Layers C and D consist of Al2O3 and Ag with thickness of 
d = 10 nm each. Layer E is water, which is used to mimic aqueous environment for biological samples in structure 
illuminated microscopy. The unit cell is replicated as a periodic array, having period of 600 nm in both x and y 
directions.

The distributions of the electric field in a single unit cell at different planes were calculated by the 
Frequency-domain field solver and the results are shown in Fig. 2. For comparison, another configuration with 
a SiO2 material in Layer C replacing the Al2O3 was also simulated. Figure 2(a) and (b) show the x-component 
of the electric field at plane y = 0 in Layer D (the uppermost silver layer) and Layer E (the water film) for Layer 
C with materials of Al2O3 and SiO2, respectively. The color bar in Fig. 2 denotes electric field intensity. It can 
be seen clearly that the standing wave (SW) pattern of SPs exists for both structures. However, the intensity of 
SW-SPs is not uniform in the water layer. In comparison with Fig. 2(b), the period of the SW-SPs in Fig. 2(a) is 
smaller. Figure 2(c) shows the electric intensity distribution along the lines (red lines in Fig. 2(a) and black lines 
in Fig. 2(b)) for both models. As can be clearly seen, the intensity of the SPs decays exponentially from z = 110 nm 
(the interface between Layer C and Layer D) to z = 120 nm (the interface between Layer D and Layer E). At 
z = 120 nm, the intensity of SP waves show a small peak which serve as an evident for the slight field enhancement 
at this point. This is because of the introduction of the second layer of Ag film which provides free electrons so 
that more SPs are excited and generated at the interface. For z > 120 nm, the intensity of the electric field decreases 
in exponential fashion again. The depth of penetration of the SPs into the water film is about 10 nm, as extracted 
from the curves in Fig. 2(c). The distribution of the x-component of the electric field for both models at plane 
z = 122 nm (2 nm above the interface of the Ag/water film) is shown in Fig. 2(d) and (e), respectively. Figure 2(f) 
is the electric field intensity distribution along the red dashed line in Fig. 2(d) and black dashed line in Fig. 2(e), 
respectively. Only half of the line is plotted due to the symmetry of the structure. It can be calculated from the 
red line that the period of the plasmonic interference pattern (the material of Layer C is Al2O3) is only 31 nm and 
the full width at half maximum (FWHM) is as small as 23 nm. However, when the material in Layer C is changed 
to SiO2, the period of the plasmonic interference pattern becomes larger, i.e. 40 nm, with a 26 nm FWHM (black 
line). Therefore, one can tune the period of the plasmonic interference pattern by simply changing the material 
in Layer C.

Figure 1.  The schematic diagram of the meta-sandwich structure. (a) Perspective view and (b) cross sectional 
view, (c) top view of Layer B, marked as the dashed rectangle in (b).
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The tunability of the period of plasmonic interference pattern in MSS.  Based on the Equations 
of the analytical computation of the MSS model in the Supplementary Information, the wavevector of SPs in the 
MSS can be calculated and compared with the numerical results. For MSS filled with Al2O3 in Layer C, a wave 
vector of β = 0.0849 rad/nm for SPs can be calculated in the water layer, which corresponds to a plasmonic wave-
length of 74 nm. Therefore, the period of the plasmonic interference pattern (half wavelength) is 37 nm, which is a 
bit larger than 31 nm obtained by the rigorous numerical simulation. When Layer C is filled with SiO2, the period 
of plasmonic interference pattern was calculated to be 46 nm, which is again a bit larger than 40 nm obtained by 
numerical simulation. However, these values are in good agreement in general. As a result, the validity of the MSS 
model is confirmed by both numerical and analytical methods. The physical mechanism of MSS is based on the 
symmetrical coupling of two short range surface plasmon polariton (SRSPP) modes in MSS as the model of MSS 
can be simplified to an Insulator-Metal-Insulator-Metal-Insulator (IMIMI) model. From Fig. 2(a) and (b), it can 
be found that electric field profiles are almost symmetric with respect to the center of the Ag slab. Therefore, this 
MSS can support SRSPP due to the mode overlap between modes on both sides of the center Ag slab. As the thick-
ness of Al2O3 dielectric film is only 10 nm, two SRSPP waveguide modes will couple symmetrically in the Al2O3 
dielectric film and therefore generate SPP with ultra-high wave-vector33. And wave-vector that the MSS supports 
can be calculated by the equations in Supplementary Information. The physical mechanism of MSS is different 
from our previous work32, where a multilayer gradient metamaterial film was employed to support the surface 
plasmon mode with a high wavevector and thus mode coupling and splitting effects do not exist.

In order to show the tunability of the MSS model, the effect of different parameters including the thickness 
and material of Layer C on the period of SW-SPs were studied and the results are shown in Fig. 3. Circle and star 
points represent the results obtained by the analytical and numerical methods respectively. As shown in Fig. 3, 
in general the period of SW-SPs increases with the increase in thickness of Layer C and follows an ExpAssoc 
distribution form. We also note that the period is almost invariant as the thickness is larger than 40 nm. It should 
also be noted that the analytical results agree fairly well with the numerical ones for thin layers, but the deviation 
becomes larger with the increase in thickness. One possible explanation is that the analytical method for MSS 
model would be invalid when the thickness of Layer C is larger than 40 nm. Our model assumes that SPs can 
propagate through all the films and the SPs are evanescent waves. However, in practice SPs cannot not propagate 
into the upper films if the thickness of the film is larger than the penetration depth of SPs. When the thickness 
of Al2O3 is 40 nm, the calculated penetration depth of SPs is about 37 nm1, which is a bit shorter than the layer 
thickness. As a result, the analytical result becomes inaccurate. Similar issue occurs for the case of SiO2.

When comparing the blue and the red line in Fig. 3, it can also be found that the period of SW-SPs decreases 
if the permittivity of the material in Layer C reduces. Here, due to its small propagation loss, Ag is chosen as the 
metallic layer and hence SPs with a large propagation length can be supported. Many efforts were devoted to 
extend the propagation length of SPs such as directional surface plasmonic excitation, although they are working 
in a limited space34, 35. Therefore, one can use dielectric materials with a higher permittivity as Layer C and at the 
same time use metals with both small real and imaginary parts of the permittivity to further increase the wavevec-
tor of SPs. By mixing or doping dielectrics or semiconductors in metallic films such as Ag one can realize such 
effective metals with the required permittivitiy36.

Figure 2.  The distribution of the SW-SPs in the water film of the MSS. (a) and (b) The distribution of x-
component of the electric field in y = 0 plane, when the dielectric materials in Layer C is Al2O3 and SiO2, 
respectively. (c) The intensity of the electric field along the vertical lines in (a) and (b): red for (a) and black for 
(b). (d) and (e) the distribution of x-component of the electric field in z = 122 nm plane, when the dielectric 
materials in Layer C is Al2O3 and SiO2, respectively. (f) The distribution of the electrical field intensity along the 
dashed lines, red for (d) and black for (e), respectively.
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In our MSS, metallic slit array was used to generate SW-SPs. Other coupling schemes such as half circle slits26 
or special designed metadevices37 could also be used to generate additional forms of SPs interference patterns. 
From the color bar in Fig. 2(a) and (b), the intensity of the SW-SPs in the water film is about 0.6 I0 (I0 is the inten-
sity of incident light), which is much stronger than that obtained by traditional multilayer metamaterials27. This 
will benefit the application of biological samples imaging. However, the penetration depth of the SW-SPs in the 
water medium is only about 10 nm, which is much smaller than that in the conventional Ag-air structure.

Effect of the fabrication errors on the period of plasmonic interference pattern in 
MSS.  Fabrication errors cannot be avoided so that the MSS structure cannot be perfectly fabricated in reality. 
To investigate the effect of fabrication errors on the period of plasmonic standing wave pattern in MSS, four error 
sources are considered, including surface roughness of the upper silver and Al2O3 layers, slit width, and the thick-
ness of upper and bottom Ag films.

Figure 4(a) shows the distribution of the x-component of the electric field for MSS at plane 2 nm above the 
Ag/water interface under ideal conditions. For surface roughness error, we set the surface roughness (P-V value) 
of the upper silver and Al2O3 films to be less than 0.2 nm. After numerical calculation, the distribution of the 
x-component of electric field at plane z = 122 nm is shown in Fig. 4(b). From this figure, one can clearly find 
that the SW-SPs still exist. The period of SW-SPs is almost identical in comparison with that shown in Fig. 4(a). 

Figure 3.  The period of plasmonic interference pattern as a function of the thickness of Layer C for different 
material combinations of Ag/Al2O3 and Ag/SiO2.

Figure 4.  The distribution of the SW-SPs in the water film of MSS under different parameters errors: (a) no 
fabrication error, (b) the surface roughness of up Ag and Al2O3 films, the width of slits: (c) 45 nm (with 5 nm 
width error) and (d) 55 nm (with 5 nm width error), the thickness of up Ag layer: (e) 8 nm (with 2 nm thickness 
error) and (f) 12 nm (with 2 nm thickness error), and the thickness of bottom Ag layer: (e) 98 nm (with 2 nm 
thickness error) and (f) 102 nm (with 2 nm thickness error).
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However, the maximum intensity of the electric field in water film is about 0.4 I0, which is weaker than that 
obtained for the ideal conditions. Figure 4(c) and (d) show the distribution of the x-component of the electric 
field at plane z = 122 nm when a 5 nm of slit width error is applied, that is to say, the width of the slit is 45 nm or 
55 nm, respectively. From these figures, one can clearly find that the electric field distribution of SW-SPs barely 
changes. In fact, the state of the art of electron beam lithography is able to control the line width within 5 nm. 
Therefore, by carefully controlling the fabrication process, the fabrication tolerance on slit width could have no 
effect on the period of plasmonic interference pattern in the MSS. For the film thickness of the upper silver film, 
an error of 2 nm is applied. Figure 4(e) and (f) show the electric field distribution for Ag film with a thickness of 8 
and 12 nm respectively. As can be seen, the period of SW-SPs was 26 nm in Fig. 4(e), which is smaller than 31 nm 
in Fig. 4(a). On the contrary, the period of SW-SPs in Fig. 4(f) is 36 nm, which is larger. As a result, the error of 
the thickness of upper Ag layer has a significant influence on the period of plasmonic interference pattern in MSS 
and hence on the final imaging resolution. Therefore, the thickness of the upper silver film needs to be controlled 
carefully. However, for bottom silver film the error on the thickness has no effect on the period of SW-SPs as 
shown in Fig. 4(h).

Super-resolution imaging performance of the MSS.  The proposed MSS can be applied in 
super-resolution imaging with a plasmonic structure illumination microscopic mode. Figure 5 shows how the 
proposed MSS is used for SIM imaging. To demonstrate its capability in resolution improvement, the image of a 
single point particle (quantum dot (QD)) was used as the object. The QD object was placed in water on the top 
surface of the Ag film. As can be seen in Fig. 5(a), the plasmonic interference pattern is used as the structured 
light to illuminate the QD object and the surface plasmon-coupled emission (SPCE) signal of the QD is recorded 
in the far field. The phase shift of SPs can be obtained by changing the incident angle θ of the incident light as is 
shown in Fig. 5(b)15, 16. This relationship between the SPs phase shift and the incident angle was clearly shown in 
the simulation results in Fig. 5(b). The QDs is illuminated with SPs with different phase shifts (see Fig. 5(b)), i.e. a 
sequence of three phase shifts of 0°, 120°, −120°. In order to generate a reconstructed image, the same method as 
in our previous work is applied. More details can be found elsewhere32. The numerical algorithm used to recon-
struct the high-resolution image is the same as that used in standing-wave total internal reflection fluorescence38.

In our numerical model, a 10 nm point emitter (PE) model with emission wavelength of 600 nm was used 
to simulate the point spread function (PSF) of the standard system and characterize the resolution of the MSS 
based PSIM. Intensity distribution of the PE is step-function. The fluorescent signal is detected by an immersion 
oil objective with a NA of 1.42 in the simulated model. The results are shown in Fig. 6. Figure 6(a) shows the 
image of the PSF of the PE obtained by a conventional homogeneous illuminating method. Figure 6(b) shows 
the reconstructed image of the PE obtained by PSIM for an incident light with a wavelength of 532 nm. As can 
be seen clearly in Fig. 6(b), there exist sidelobe artifacts surrounding the central spot, which is similar to other 
super-resolution methods based on the interference method39, 40. These artifacts can be eliminated by using appro-
priate post-processing method so that the image quality can be further improved41. Figure 6(c) shows a compar-
ison of the PSF profile across the x-axis of Fig. 6(a) and (b). As can be seen, the FWHM of the conventional 
epi-fluorescence microscopic image is about 218 nm. In contrast, the FWHM is only about 16 nm for the image 
obtained by PSIM with a MSS structure. This means that the imaging resolution has been improved 13.6 fold by 
introducing the MSS structure in PSIM. This result is better than SIM42 and previous reported PSIM15, 16, 32, 43.  
It should be noted that two-dimensional enhancement in imaging resolution of the PE can also be obtained by 
using the SPs pattern generated in MSS to illuminate the PE in both x and y directions. This can be achieved by 

Figure 5.  The schematic diagram of the MSS used in PSIM. (a) Optical configuration of SPs generated by MSS. 
The plasmonic interference pattern is generated by two adjacent counter propagating SPs and used to excite the 
quantum dots (or fluorescent beads) in water film, and (b) schematic demonstration of 120° phase shift of the 
SPs interference pattern with different incident angles (0°, 11°, and 26°).
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using an incident light wave with y-polarized state instead. Moreover, the resolving capability of MSS-PSIM can 
be obtained by imaging two-point emitter objects with different separation distance as shown in Fig. 6(d). Again, 
the processing details can be found elsewhere38. These cross sectional profiles show the imaging enhancement in 
x-direction by using a one-dimensional SPs interference pattern. Based on the Rayleigh criterion, it is shown that 
MSS-PSIM has the capability to resolve two objects with a size of 10 nm and separated by about 16 nm. Figure 
6(e) and (f) show the images of two PEs with 20 nm and 10 nm separations, respectively. We can see from these 
two figures, MSS-PSIM has the ability to resolve two PEs separated by about 20 nm but can not resolve two PEs 
with 10 nm separations.

Conclusions
In this work, a meta-sandwich structure (MSS) was demonstrated theoretically and numerically. The MSS con-
sists of only four layers of alternating dielectric/metallic films. In comparison with traditional multilayer met-
amaterial structure and gradient permittivity meta-structure, MSS is more simple and elegant and it supports 
SPs wave with even higher wavevectors. The validity of the MSS in supporting short wavelength SPs wave was 
proved by employing both rigorous numerical and analytical methods. Good agreement is obtained between 
the two approaches. In addition, the period of the plasmonic interference pattern can be tuned by changing 
the parameters of the MSS. It is found that the period of the SPs interference pattern is only about 1/17 of the 
wavelength of the incident light. The potential application of this deep subwavelength SPs interference pattern 
for super-resolution imaging was discussed. It was shown that the reconstructed quantum dot image provides a 
13.6-fold improvement in resolution in comparison with that of the conventional epifluorescence microscopy. 
All of these advantages of MSS point towards potential applications in the field of super-resolution biomedical 
imaging as well as in nanolithography.

Methods
All the numerical simulations, including modeling and analysis of the MSS were done with commercial 
finite-difference time domain (FDTD)44 software package (Lumerical FDTD Solutions). The three-dimensional 
(3D) simulations were performed with a TM polarization (x-polarized) plane wave source at λ0 = 532 nm incident 
in the z direction. This polarized incident light is used to generate x-dimensional SPs. The y-dimensional SPs can 
be achieved by using an incident light wave with a y-polarized state instead. The incident angle is set as θ0 = 0, i.e. 
normal incidence. Periodical boundary conditions (PBC) in both x and y directions and perfectly matched layers 

Figure 6.  The simulation results of the MSS imaging performance. Point spread function of (a) a diffraction-
limited system, (b) reconstructed image in x-direction, (c) FWHM comparison between conventional epi-
fluorescence microscopic image (blue curve) and the super-resolution image by using the MSS (red line) in 
PSIM. (d) Illustration of resolving capability of MSS-PSIM of two PEs with size of 10 nm and separated with 
different distances of 10, 16, 20, 30 and 40 nm in x-direction. (e) The reconstructed image of two PEs separated 
by 20 nm. (f) The reconstructed image of two PEs separated by 10 nm. The white circles denote the positions and 
distributions of PEs.
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(PML)45 as absorbing boundary conditions in z direction were used. The permittivity of Ag was assumed to be 
−11.75 + 0.37i at λ0 = 532 nm46. The FDTD region was set as 0.6 × 0.6 × 2 μm3. In the regions where SPs exist, 
finer meshes with smaller cubes of 2 × 2 × 2 nm3 was applied while a coarse meshing was constructed elsewhere. 
Frequency-domain field and power monitors were used to investigate the distributions of the electric field at 
y = 0 nm and z = 122 nm in the simulations.

References
	 1.	 Raether, H. Surface plasmons on smooth and rough surfaces and on gratings. Vol. 111 (eds Hohler, G. et al.) 1–57 (Springer Berlin 

Heidelberg, 1988).
	 2.	 Ozbay, E. Plasmonics: merging photonics and electronics at nanoscale dimensions. Science 311, 189–193, doi:10.1126/

science.1114849 (2006).
	 3.	 Anker, J. N. et al. Biosensing with plasmonic nanosensors. Nat. Mater. 7, 442–453, doi:10.1038/nmat2162 (2008).
	 4.	 Li, N. et al. DNA-assembled bimetallic plasmonic nanosensors. Light: Sci. Appl. 3, e226, doi:10.1038/lsa.2014.107 (2014).
	 5.	 Bozhevolnyi, S. I., Volkov, V. S., Devaux, E., Laluet, J. Y. & Ebbesen, T. W. Channel plasmon subwavelength waveguide components 

including interferometers and ring resonators. Nature 440, 508–511, doi:10.1038/nature04594 (2006).
	 6.	 Chen, L. et al. Mode splitting transmission effect of surface wave excitation through a metal hole array. Light: Sci. Appl. 2, e60, 

doi:10.1038/lsa.2013.16 (2013).
	 7.	 Liu, Z. et al. Focusing surface plasmons with a plasmonic lens. Nano Lett. 5, 1726–1729, doi:10.1021/nl051013j (2005).
	 8.	 Hao, X. et al. From microscopy to nanoscopy via visible light. Light: Sci. Appl. 2, e108, doi:10.1038/lsa.2013.64 (2013).
	 9.	 Xiong, Y., Liu, Z., Sun, C. & Zhang, X. Two-dimensional imaging by far-field superlens at visible wavelengths. Nano Lett. 7, 

3360–3365, doi:10.1021/nl0716449 (2007).
	10.	 Pendry, J. B. Negative refraction makes a perfect lens. Phys. Rev. Lett. 85, 3966–3969, doi:10.1103/PhysRevLett.85.3966 (2000).
	11.	 Fang, N., Lee, H., Sun, C. & Zhang, X. Sub-diffraction-limited optical imaging with a silver superlens. Science 308, 534–537, 

doi:10.1126/science.1108759 (2005).
	12.	 Zhang, X. & Liu, Z. Superlenses to overcome the diffraction limit. Nat. Mater. 7, 435–441, doi:10.1038/nmat2141 (2008).
	13.	 Liu, Z., Lee, H., Xiong, Y., Sun, C. & Zhang, X. Far-field optical hyperlens magnifying sub-diffraction-limited Objects. Science 315, 

1686–1686, doi:10.1126/science.1137368 (2007).
	14.	 Yanai, A. & Levy, U. Subdiffraction-limited imaging based on longitudinal modes in a spatially dispersive slab. Phys. Rev. B 90, 

075107, doi:10.1103/PhysRevB.90.075107 (2014).
	15.	 Wei, F. & Liu, Z. Plasmonic structured illumination microscopy. Nano Lett. 10, 2531–2536, doi:10.1021/nl1011068 (2010).
	16.	 Wei, F. et al. Wide field super-resolution surface imaging through plasmonic structured illumination microscopy. Nano Lett. 14, 

4634–4639, doi:10.1021/nl501695c (2014).
	17.	 Chung, E., Kim, Y., Tang, W. T., Sheppard, C. J. R. & So, P. T. C. Wide field extended-resolution fluorescence microscopy with 

standing surface-plasmon-resonance waves. Opt. Lett. 34, 2366–2368, doi:10.1364/OL.34.002366 (2009).
	18.	 Tan, P. S., Yuan, X. C., Yuan, G. H. & Wang, Q. High-resolution wide-field standing-wave surface plasmon resonance fluorescence 

microscopy with optical vortices. Appl. Phys. Lett. 97, 241109, doi:10.1063/1.3525173 (2010).
	19.	 Wang, Q. et al. Subwavelength-sized plasmonic structures for wide-field optical microscopic imaging with super-resolution. 

Plasmonics 7, 427–433, doi:10.1007/s11468-011-9324-2 (2012).
	20.	 Sentenac, A., Belkebir, K., Giovannini, H. & Chaumet, P. C. Subdiffraction resolution in total internal reflection fluorescence 

microscopy with a grating substrate. Opt. Lett. 33, 255–257, doi:10.1364/OL.33.000255 (2008).
	21.	 Vakil, A. & Engheta, N. Transformation optics using grapheme. Science 332, 1291–1294, doi:10.1126/science.1202691 (2011).
	22.	 Apalkov, V. & Stockman, M. I. Proposed graphene nanospaser. Light: Sci. Appl. 3, e191, doi:10.1038/lsa.2014.72 (2014).
	23.	 Fei, Z. et al. Gate-tuning of graphene plasmons revealed by infrared nano-imaging. Nature 487, 82–85, doi:10.1038/nature11253 

(2012).
	24.	 Ju, L. et al. Graphene plasmonics for tunable terahertz metamaterials. Nat. Nanotechnol. 6, 630–634, doi:10.1038/nnano.2011.146 

(2011).
	25.	 Papasimakis, N., Thongrattanasiri, S., Zheludev, N. I. & Abajo, F. J. G. The magnetic response of graphene split-ring metamaterials. 

Light: Sci. Appl. 2, e78, doi:10.1038/lsa.2013.34 (2013).
	26.	 Gjonaj, B. et al. Sub-100 nm focusing of short wavelength plasmons in homogeneous 2D Space. Nano Lett. 14, 5598–5602, 

doi:10.1021/nl502080n (2014).
	27.	 Xiong, Y., Liu, Z. & Zhang, X. Projecting deep-subwavelength patterns from diffraction-limited masks using metal-dielectric 

multilayers. Appl. Phys. Lett. 93, 111116, doi:10.1063/1.2985898 (2008).
	28.	 Jacob, Z., Alekseyev, L. V. & Narimanov, E. Optical hyperlens: far-field imaging beyond the diffraction limit. Opt. Express 14, 

8247–8256, doi:10.1364/OE.14.008247 (2006).
	29.	 Gao, W., Fang, F., Liu, Y. & Zhang, S. Chiral surface waves supported by biaxial hyperbolic metamaterials. Light: Sci. Appl. 4, e328, 

doi:10.1038/lsa.2015.101 (2015).
	30.	 Belov, P. A. & Hao, Y. Subwavelength imaging at optical frequencies using a transmission device formed by a periodic layered metal-

dielectric structure operating in the canalization regime. Phys. Rev. B 73, 113110, doi:10.1103/PhysRevB.73.113110 (2006).
	31.	 Ishii, S., Kildishev, A. V., Narimanov, E., Shalaev, V. M. & Drachev, V. P. Sub-wavelength interference pattern from volume plasmon 

polaritons in a hyperbolic medium. Laser Photonics Rev. 7, 265–271, doi:10.1002/lpor.2013.7.issue-2 (2013).
	32.	 Cao, S. et al. Gradient Permittivity Meta-Structure model for Wide-field Super-resolution imaging with a sub-45nm resolution. Sci. 

Rep. 6, 23460, doi:10.1038/srep23460 (2016).
	33.	 Woolf, D., Loncar, M. & Capasso, F. The forces from coupled surface plasmon polaritons in planar waveguides. Opt. Express 17, 

19996–20011, doi:10.1364/OE.17.019996 (2009).
	34.	 Pors, A., Nielsen, M. G., Bernardin, T., Weeber, J. C. & Bozhevolnyi, S. I. Efficient unidirectional polarization-controlled excitation 

of surface plasmon polaritons. Light: Sci. Appl. 3, e197, doi:10.1038/lsa.2014.78 (2014).
	35.	 Zhang, Y. et al. Unidirectional launching of surface plasmons at the subwavelength scale. Appl. Phys. Lett. 105, 231101, 

doi:10.1063/1.4903057 (2014).
	36.	 Lu, D., Kan, J., Fullerton, E. E. & Liu, Z. Tunable surface plasmon polaritons in Ag composite films by adding dielectrics or 

semiconductors. Appl. Phys. Lett. 98, 243114, doi:10.1063/1.3600661 (2011).
	37.	 Fang, X., MacDonald, K. F. & Zheludev, N. I. Controlling light with light using coherent metadevices: all-optical transistor, 

summator and invertor. Light: Sci. Appl. 4, e292, doi:10.1038/lsa.2015.65 (2015).
	38.	 So, P. T. C., Kwon, H. S. & Dong, C. Y. Resolution enhancement in standing-wave total internal reflection microscopy: a point-

spread-function engineering approach. J. Opt. Soc. Am. A 18, 2833–2845, doi:10.1364/JOSAA.18.002833 (2001).
	39.	 Hell, S. & Stelzer, E. H. K. Properties of a 4Pi confocal fluorescence microscope. J. Opt. Soc. Am. A 9, 2159–2166, doi:10.1364/

JOSAA.9.002159 (1992).
	40.	 Shao, L. et al. I5S: Wide-Field Light Microscopy with 100-nm-Scale Resolution in Three Dimensions. Biophys. J. 94, 4971–83, 

doi:10.1529/biophysj.107.120352 (2008).
	41.	 Hanninen, P. E., Hell, S. W., Salo, J., Soini, E. & Cremer, C. Two-photon excitation 4Pi confocal microscope: Enhanced axial 

resolution microscope for biological research. Appl. Phys. Lett. 66, 1698–1700, doi:10.1063/1.113897 (1995).

http://dx.doi.org/10.1126/science.1114849
http://dx.doi.org/10.1126/science.1114849
http://dx.doi.org/10.1038/nmat2162
http://dx.doi.org/10.1038/lsa.2014.107
http://dx.doi.org/10.1038/nature04594
http://dx.doi.org/10.1038/lsa.2013.16
http://dx.doi.org/10.1021/nl051013j
http://dx.doi.org/10.1038/lsa.2013.64
http://dx.doi.org/10.1021/nl0716449
http://dx.doi.org/10.1103/PhysRevLett.85.3966
http://dx.doi.org/10.1126/science.1108759
http://dx.doi.org/10.1038/nmat2141
http://dx.doi.org/10.1126/science.1137368
http://dx.doi.org/10.1103/PhysRevB.90.075107
http://dx.doi.org/10.1021/nl1011068
http://dx.doi.org/10.1021/nl501695c
http://dx.doi.org/10.1364/OL.34.002366
http://dx.doi.org/10.1063/1.3525173
http://dx.doi.org/10.1007/s11468-011-9324-2
http://dx.doi.org/10.1364/OL.33.000255
http://dx.doi.org/10.1126/science.1202691
http://dx.doi.org/10.1038/lsa.2014.72
http://dx.doi.org/10.1038/nature11253
http://dx.doi.org/10.1038/nnano.2011.146
http://dx.doi.org/10.1038/lsa.2013.34
http://dx.doi.org/10.1021/nl502080n
http://dx.doi.org/10.1063/1.2985898
http://dx.doi.org/10.1364/OE.14.008247
http://dx.doi.org/10.1038/lsa.2015.101
http://dx.doi.org/10.1103/PhysRevB.73.113110
http://dx.doi.org/10.1002/lpor.2013.7.issue-2
http://dx.doi.org/10.1038/srep23460
http://dx.doi.org/10.1364/OE.17.019996
http://dx.doi.org/10.1038/lsa.2014.78
http://dx.doi.org/10.1063/1.4903057
http://dx.doi.org/10.1063/1.3600661
http://dx.doi.org/10.1038/lsa.2015.65
http://dx.doi.org/10.1364/JOSAA.18.002833
http://dx.doi.org/10.1364/JOSAA.9.002159
http://dx.doi.org/10.1364/JOSAA.9.002159
http://dx.doi.org/10.1529/biophysj.107.120352
http://dx.doi.org/10.1063/1.113897


www.nature.com/scientificreports/

8Scientific Reports | 7: 1328  | DOI:10.1038/s41598-017-01521-w

	42.	 Gustafsson, M. G. L. Surpassing the lateral resolution limit by a factor of two using structured illumination microscopy. J. Microsc. 
198, 82–87, doi:10.1046/j.1365-2818.2000.00710.x (2000).

	43.	 Ponsetto, J. L., Wei, F. & Liu, Z. Localized plasmon assisted structured illumination microscopy for wide-field high-speed dispersion 
independent super resolution imaging. Nanoscale 6, 5807–5812, doi:10.1039/c4nr00443d (2014).

	44.	 Yee, K. Numerical solution of initial boundary value problems involving Maxwell’s equations in isotropic media. IEEE T. Antenn. 
Propag. 14, 302–307, doi:10.1109/TAP.1966.1138693 (1966).

	45.	 Berenger, J.-P. A perfectly matched layer for the absorption of electromagnetic waves. J. Comput. Phys. 114, 185–200, doi:10.1006/
jcph.1994.1159 (1994).

	46.	 Johnson, P. B. & Christy, R. W. Optical constants of the noble metals. Phys. Rev. B 6, 4370–4379, doi:10.1103/PhysRevB.6.4370 
(1972).

Acknowledgements
The authors acknowledge the financial supports from Natural Science Foundation of China under grant numbers 
61361166004 and 61475156. Financial supports from Science and Technology Department of Jilin Province 
under grant no. 20140519002JH and from is acknowledged as well.

Author Contributions
S.C. performed the simulation and the analysis of the results, T.W., J.Z., and B.H. contributed to the discussion 
of the results, U.L. contributed to the discussion and improvement of the manuscript, W.Y. supervised this work, 
S.C. and W.Y. prepared the manuscript.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-01521-w
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://dx.doi.org/10.1046/j.1365-2818.2000.00710.x
http://dx.doi.org/10.1039/c4nr00443d
http://dx.doi.org/10.1109/TAP.1966.1138693
http://dx.doi.org/10.1006/jcph.1994.1159
http://dx.doi.org/10.1006/jcph.1994.1159
http://dx.doi.org/10.1103/PhysRevB.6.4370
http://dx.doi.org/10.1038/s41598-017-01521-w
http://creativecommons.org/licenses/by/4.0/

	Numerical analysis of wide-field optical imaging with a sub-20 nm resolution based on a meta-sandwich structure

	Results and Discussion

	Structure description and simulation results. 
	The tunability of the period of plasmonic interference pattern in MSS. 
	Effect of the fabrication errors on the period of plasmonic interference pattern in MSS. 
	Super-resolution imaging performance of the MSS. 

	Conclusions

	Methods

	Acknowledgements

	Figure 1 The schematic diagram of the meta-sandwich structure.
	Figure 2 The distribution of the SW-SPs in the water film of the MSS.
	Figure 3 The period of plasmonic interference pattern as a function of the thickness of Layer C for different material combinations of Ag/Al2O3 and Ag/SiO2.
	Figure 4 The distribution of the SW-SPs in the water film of MSS under different parameters errors: (a) no fabrication error, (b) the surface roughness of up Ag and Al2O3 films, the width of slits: (c) 45 nm (with 5 nm width error) and (d) 55 nm (with 5 n
	Figure 5 The schematic diagram of the MSS used in PSIM.
	Figure 6 The simulation results of the MSS imaging performance.




