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Abstract: Structured illumination microscopy (SIM) is one of the most powerful and versa-
tile super-resolution methods due to its live-cell imaging ability of subcellular structures with
high speed. In this paper, we propose an alternative SIM assisted by Bloch surface wave
(BSW). Through replacing the conventional laser interference fringes with sub-diffraction
BSW counterparts with higher spatial frequency, the imaging resolution of SIM could be
enhanced greatly and the super-resolution imaging capability down to 80 nm could be
achieved. Compared with traditional wide-field fluorescence microscopy, this BSW SIM
demonstrates 2.78 times enhancement in imaging resolution, which surpasses general
SIM with only 2 times improvement. Moreover, the structured illumination intensity could
be boosted drastically, which is beneficial to nonlinear super-resolution imaging techniques,
such as saturated SIM. This BSW SIM would provide a super-resolution, wide field of view
approach for surface super-resolution fluorescent imaging while maintaining high imaging
speed and good bio-compatibility.

Index Terms: Fluorescence microscopy, Photonic crystals, Subwavelength structures.

1. Introduction
Bound by the optical diffraction limit, the conventional optical microscopy just achieves the limited
spatial resolution of around 250 nm in lateral for visible light. This impedes the rapid progress of
subcellular- and even molecular- biology, which requires sub-100 nm and even nano-scale optical
imaging resolution, such as, observation of cell signaling pathways, immune responses, surface
events during cell cycle and adhesion, movement of proteins, and calcium ions inside of live-cells.
Moreover, the imaging speed must fulfill the requirement of living bio-specimen imaging. Overall,
the microscopy which could simultaneously realize super-resolution, high speed, large field of view
(FOV), and good bio-compatibility et al is in great demand.

The invention of stimulated emission depletion microscopy (STED) [1], [2] and single-molecule
localization microscopy (SMLM) usher in an era of the super-resolution imaging technologies. By
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employing the mechanisms that manage the fluorophores switching between on and off states,
the classical optical resolution limit could be overcome, and the spatial resolution down to tens of
nanometers could be realized as expected, which enables the possibility of exploring life secret in
depth. Unfortunately, STED requires the ultra-high optical intensity for depleting fluorescent and the
confocal scanning imaging style leads to the low imaging speed for specimens in a large area. As a
result, the obvious phototoxicity and photobleaching, as well as low imaging speed restrict it to living
cell applications. SMLM such as photoactivated localization microscopy (PALM) [3] and stochastic
optical reconstruction microscopy (STORM) [4] obtains the super-resolution imaging capability by
precise localization of individual fluorescent molecular, and requires capture several ten-thousands
of original sub-images averagely for reconstructing one super-resolution image. Thus, the imaging
speed is limited and SMLM is mainly adopted to fixed cells and specimens.

In parallel with these advancements, structured illumination microscopy (SIM) [5]–[7] has evolved
into one of the most powerful and practical optical super-resolution imaging approaches, mainly
because of it’s high spatial/temporal resolution, low phototoxicity/photobleaching, as well as better
bio-compatibility with live cells and specimens [8], [9]. In principle, under the illumination of struc-
tured light, such as Moiré fringe, the high spatial frequency information of the specimen could be
shifted into the finite passband of the imaging system. After capturing a series of diffraction-limited
sub-images, the super-resolution images could be reconstructed through reshifting the original
high spatial frequency information to their initial positions. Notably, the imaging resolution of
SIM is mainly determined by the spatial frequency of the illumination pattern and the numerical
aperture (NA) of the objective lens. Traditionally, the structured illumination patterns with high
spatial frequency are generated by the laser interference, and hence early SIM just achieves
2-times improvement of imaging resolution than standard optical microscopy. As a result, the spatial
resolution of sub-100 nm could not be realized but is highly demanded all along. Although saturated
SIM (SSIM) [10] could compress the resolution to tens of nanometers, the high illumination intensity
demanded for fluorescence saturation would cause photobleaching and associated photoxicity, and
the advantages of living cell imaging would lose.

In order to enhance the resolution of SIM, the spatial frequency of structured illumination pattern
has been improved substantially by exploiting near field illumination module. Such as total internal
reflection fluorescence (TIRF) based SIM (TIRF-SIM) [11], waveguide chip based SIM (cSIM) [12],
plasmonic SIM (PSIM) [13], [14] and localized plasmonic SIM (LPSIM) [15]–[17]. For TIRF-SIM,
the special objective lens with high NA must be required, meanwhile, the spatial frequency of the
illumination interference fringe is limited by the refractive index n of objective lens and incident
angle, so it is commonly smaller than 2nk0, where k0 is wave vector in vacuum. cSIM is a
two-dimensional SIM approach and reduces the footprint of the light illumination path of SIM, the
spatial frequency could be enhanced to 3.38k0 [12], but the intensity of waveguide mode would
decay along propagation direction, thus the imaging FOV is limited. PSIM could achieve higher
spatial frequency by employing surface plasmon polariton (SPP), while the limited metal medium
restricts the spatial frequency of illumination fringe, such as 2.88k0 for Air/Ag configuration [14]. On
the contrary, LPSIM manifests an ability to attain higher spatial frequency of illumination pattern,
however, speckle illumination patterns increase complexity and time consumption of the iterative
reconstruction algorithm for super-resolution images [18].

In this paper, the SIM with deep subwavelength imaging resolution beyond 100 nm is proposed
by employing Bloch surface wave (BSW) with sub-diffraction spatial frequency. BSW are surface
electromagnetic modes excited at the interface between a truncated periodic dielectric multilayer
with a photonic bandgap and its surrounding medium [19], [20], which is considered as the dielectric
analogue of SPP [21]–[23]. Through carefully design one-dimensional photonic crystal (1D-PC),
the evanescent Bloch wave lying photonic bandgap is launched. Under the symmetrical incident
of two beams via two-dimensional square grating, the excited counter-propagating BSWs interfere
with each other and the sub-diffraction interference fringes near the outgoing interface of 1D-PC are
generated for structured illumination. Simulation results indicate that the spatial frequency could
reach to 3.65k0 for the BSW interference fringes. After adopting the reconstruction algorithm for
traditional SIM, the super-resolution images with resolution down to 80 nm could be achieved
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Fig. 1. BSW SIM imaging setup. (a) Schematic of grating loaded 1D-PC for exciting BSW. (b) Resolution
improvement representation in spatial spectrum space. The blue circle represents the detectable low
spatial frequency components, while the green circle represents the high spatial frequency components
shifted by BSW SIM. The red dotted line corresponds to the total accessible spatial spectrum region of
BSW SIM.

efficiently. Because of the evanescent characteristic of BSW, this approach could get ultra-thin
optical sectioning capability in axial in the meanwhile. This BSW SIM method would pave a new
way for super-resolution fluorescence imaging.

2. BSW Assisted SIM
As shown in Fig. 1(a), under the certain incident angle, the momentum between diffraction wave
from grating and BSW is matched, thus the evanescent BSWs are excited and interfere with each
other near the interface between the truncated outmost layer and surrounding medium (such as
aqueous specimens). As a result, the sub-diffraction illumination fringes could be achieved, thus the
fine information of object with higher spatial frequency could be moved into the detectable regime
of optical imaging system, showing in Fig. 1(b). As a result, the better imaging resolution would
be attained for SIM. Moreover, the phase of interference fringes could be adjusted by changing
the phase difference between two incident beams. Through controlling polarization direction, the
in-plane orientation of interference fringes could be easily altered. The flexible manipulation of
fringes fulfils the requirements of SIM and the super-resolution images would be obtained combing
with optical imaging system.

To support BSW with a subwavelength period, the 1D-PC is designed by optimizing, which
is comprised of two pairs of alternative layers of TiO2 and SiO2, as well as an outmost TiO2

layer. Except for the truncated TiO2 layer, which is 60 nm, the thickness of other TiO2 layers are
120 nm. Each SiO2 layer has the same thickness of 157 nm. The surrounding medium on the BSW
illumination side is an aqueous solution within bio-specimens. The refractive index of TiO2, SiO2,
quartz and aqueous solution at the wavelength of 532 nm are 2.4958 + 0.0007i, 1.4807 + 0.0004i,
1.50, and 1.33, respectively.

The dispersion diagram of the semi-infinite underlying periodic TiO2/SiO2 multilayer under trans-
verse electric (TE) polarized incidence is obtained by the transfer matrix method (TMM) [24] and is
plotted in Fig. 2(a). The first blue band corresponds to the photonic bandgap of 1D-PC and a BSW
would exist in this bandgap, which means BSW could not radiate in multilayer and surrounding
aqueous solution. The dispersion relation of as-designed BSW is calculated [25] and displayed by
a red dotted line. Meanwhile, light curves for aqueous solution and quartz substrate are also shown.
Obviously, the BSW possesses a higher transverse wavevector than that of the light in aqueous
solution. Further, the BSW dispersion relation strongly depends on the surrounding medium and
the truncated topmost layer. Especially, the thickness of the truncated layer determines the location
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Fig. 2. BSW excitation. (a) Photonic bandgap and BSW dispersion relation (red dotted line) for semi-
infinite periodic TiO2/SiO2 multilayer under the incidence of TE-polarized light. Light curves for the
aqueous solution (green line) and quartz substrate (light blue line) are also shown. (b) Transmittance
of TE-polarized light with different transverse wavevector (normalized by k0).

of the dispersion curve of BSW. When increasing the thickness of the truncated layer, the BSW
dispersion curve shifts towards the right edge of the photonic bandgap, meaning the higher spatial
frequency of BSW. Under the half of thickness of the periodic TiO2 layer, the BSW dispersion
curve lies in the middle of the bandgap, and then the highest spatial frequency is attained, which is
beneficial to super-resolution SIM. Raising the truncated layer thickness further, this 1D-PC would
not sustain a BSW. At these conditions, for BSW at 532 nm (2.33 eV), the corresponding transverse
wavevector reaches to 21.39 μm−1, i.e., 1.813k0. To get the transverse wavevector more accurately,
the transmittance at 532 nm is calculated also by TMM and a sharp peak would appear, which is
located in kx = 1.825k0 for aqueous solutions and kx = 1.785k0 for air, as shown in Fig. 2(b). It
indicates the periods of BSW in aqueous solutions and air are respectively 292 nm and 298 nm. As
we know, BSW could exist under both TE and TM (transverse magnetic) polarization. The reason
for choosing TE polarization incidence in this text is as follows: (1) The spatial frequency under TE
polarization is larger than that under TM polarization, (2) the interference fringe contrast under TE
polarization is superior to that under TM polarization, which results from vanishing of electric field
components along the orthogonal directions of interference fringe under TE polarization, which is
another advantage compared with SPP under excitation of TM polarization.

In order to provide a large momentum for exciting BSW in 1D-PC, a two-dimensional square
diffraction grating in a square lattice is selected. When employing the diffraction wave of 1st order
from grating and setting the incident angle as ±7.2°, the grating period should be 325 nm for
matching the momentum of BSW with 1.825k0. After carefully optimizing, the depth of 240 nm
and the duty cycle of 0.7 are obtained for TiO2 grating. It is noteworthy that the two-dimensional
design of grating is to adjust the polarization direction of the incident beam and then the in-plane
illumination orientation of fringes conveniently.

3. Results and Discussion
The field distributions of BSW could be obtained from COMSOL Multiphysics simulations [26].
Under single TE-polarized light incidence with the matched angle of 7.2°, the electric field Ey map
normalized by incident electric field E0 in xz cross-section could be attained, which is shown in
Fig. 3(a). It is clear that the sub-diffraction surface wave is launched in 1D-PC. Moreover, the
normalized electric field and the corresponding intensity is enhanced and confined drastically in the
outmost truncated layer near the surrounding, as illustrated in Fig. 3(b). Further, Fig. 3(c) shows
that optical intensity decays exponentially in the aqueous solution and oscillates damply in the
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Fig. 3. Electric field maps and the corresponding intensity profiles for BSW excited by 2D square grating.
Maps of (a) Ey and (b) Intensity (|E|2/|E0|2) in xz cross-section of the multilayer. (c) Line intensity
(|E|2/|E0|2) profile along z-direction.

Fig. 4. interference intensity profiles for BSW excited by 2D square grating. (a) Interference fringe in
illumination plane (xz) away 20 nm from the topmost layer of the multilayer. (b) Interference intensity
(|E|2/|E0|2) profiles with the phase difference of 0, 2π /3 and 4π /3.

1D-PC, which is an obvious signature of the presence of BSW. The intensity enhancement factor
could reach 364, which is very beneficial to nonlinear SIM [10] requiring an ultra-high illumination
light.

When two TE-polarized light beams impinge on the 2D exciting grating with ±7.2°, two counter-
propagating BSWs are generated and interfere with each other along the truncated layer, and thus a
1D subwavelength standing wave for SIM are produced. Fig. 4(a) displays the normalized intensity
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Fig. 5. Demonstration of BSW SIM imaging capability. (a) Ground truth image of a distribution of
fluorescent microspheres with 40 nm diameter. (b) Conventional diffraction-limited image of (a). (c)
BSW SIM image. (e) and (f) are the magnitude of Fourier transforms of images in (b) and (c),
respectively. (d) and (g) are the diffraction-limited image and the SIM image of the selected central
boxes in (b) and (c), respectively. Normalized intensity profile of image of (h) a single microsphere and
(i) two closed microspheres with 80 nm center distance in the selected boxes. Scale bar is 500 nm for
(a), (b), (c), (d) and (g). Scale bar is 5 μm−1 for (e) and (f).

distribution in the illumination plane away 20 nm from the topmost layer of 1D-PC, demonstrating
the uniform interference fringe is indeed produced as expected. When the polarization direction of
two incident beams is rotated as 90°, the intensity distribution in the illumination plane is nearly the
same as the distribution showing in Fig. 4(a) but the fringe orientation would be rotated as 90° as
well. The corresponding intensity profiles across interference fringe with different phase differences
are shown in Fig. 4(b). One can acquire that the period of this interference fringe is about 146 nm,
which is 1/3.64 times of incident wavelength. Besides, the fringe contrast exceeds 0.4, meeting the
requirements for SIM [27]. By employing these sub-diffraction fringes for structured illumination,
three diffraction-limited sub-images could be captured for each in-plane illumination orientation.

Finally, the super-resolution imaging performance of BSW SIM is verified through simulations.
Dispersive fluorescent microspheres with 40 nm diameter serve as ground truth object (Fig. 5(a))
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for imaging, the minimum center-to-center distance is set as 80 nm for testifying the imaging
resolution. Meanwhile, its excitation and emission wavelengths are λex = 532 nm and λem =
560 nm, respectively. After conventional imaging with NA = 1.45 objective lens and 5% Gaussian
noise added, the diffraction-limited image is obtained, as shown in Fig. 5(b). Two closed fluorescent
microspheres merge into one spot, the reason is that the achieved imaging resolution could not
reach to 80 nm. On the contrary, through adopting the BSW structured illumination with also
5% Gaussian noise added and the corresponding SIM reconstruction algorithm [28], [29], the
imaging resolution could be enhanced drastically, as revealed by Fig. 5(c). Especially, from the
magnified images of two closed fluorescent microspheres (Fig. 5(g)) in the central selected box
in Fig. 5(c), one can distinguish two microspheres clearly after BSW SIM while can not in the
conventional imaging. The Fourier domain of the conventional image (Fig. 5(e)) and SIM image
(Fig. 5(f)) could explain this. It is evident that the cutoff spatial frequency of the imaging system
is extended to 2.32 times. For a more quantitative illustration, Fig. 5(h) shows the transverse
cut of the super-resolution image of a single microsphere (Fig. 5(d)), and also compares it with
that of the corresponding diffraction-limited image. The full width at half maxima (FWHM) of
single microsphere image is compressed from 200 nm to 72 nm, yielding a 2.78-fold resolution
improvement. The counterpart for two-closed microspheres is illustrated in Fig. 5(i). It is more
obvious that two closed microspheres with a center-to-center distance of 80 nm could be clearly
resolved via BSW SIM. This confirms that the sub-diffraction imaging resolution of 80 nm could
be achieved, which is in good agreement with the theoretical prediction of 83 nm, calculated by
λem/(2NA + 2λem/λBSW). Under current design, the orientations of illumination fringe are just 0°
and 90°, thus the gaps would appear in Fourier space with relevant information missing near 45°
orientation, which needs to be solved in the following work.

In comparison with conventional SIM, BSW SIM could suppress out-of-focus fluorescence ef-
fectively and then provide a high signal-to-noise ratio (SNR) because of the evanescent nature of
BSW. For BSW with a transverse wavevector of 1.825k0 in aqueous solutions, the evanescent
field penetration depth is about 68 nm, which is smaller than that of TIRF microscopy. This
means the optical sectioning [30] capability near the BSW illumination surface could be achieved.
This good property makes BSW SIM suitable for studying the dynamic molecular behaviors of
proteins bounded by plasma membrane and the labelled biomolecules on plasma membrane
in vivo, such as vesicle endocytosis and exocytosis [31], [32], plasma membrane heterogeneity
[33], protein stoichiometry [34], neuron structure [35] and cell growth [36]. The investigations
of cell plasma membrane are much valuable for understanding the structures and functions of
bio-specimens because many basic cellular processes occur in the cell plasma membrane with
complex mechanisms.

Among the evanescent wave/mode illuminated SIM methods, BSW SIM has its own advantages.
First, BSW could reach to higher transverse wavevector than that of surface plasmon wave and thus
the imaging resolution could be enhanced. Second, the imaging FOV could be easily expanded by
only enlarging the size of excitation grating and illumination beam. Third, the illumination intensity
could be improved drastically, which would be a good choice for SSIM and other nonlinear based
super-resolution imaging approaches. Certainly, BSW SIM has some limitations. The excitation
conditions for BSW are rigorous, which requires the excitation light path should be carefully
adjusted. Further, fabrication error for grating-loaded 1D-PC should be limited in a certain range.
The detailed comparison among the typical near-field SIM methods is illustrated in Table 1.

BSW could be also employing for label-free surface-sensitive high-resolution imaging, which is
named as BSW Microscopy (BSWM) [38]. When BSWs are used as the optical source to illuminate
the specimens placed on the 1D-PC, the scattering signals from the specimens could be collected
for label-free and real-time imaging. But its imaging resolution is only several hundreds nanometers,
which means the super-resolution imaging capability could not be achieved. As for our BSW
assisted SIM, the specimen for imaging needs to be fluorescent-labelled while the subdiffraction
imaging resolution of sub-100 nm could be attained.
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TABLE 1

Comparison Among the Typical Near-Field SIM Methods

4. Conclusion
In summary, we have presented another super-resolution imaging approach – Bloch Surface
Wave based Structured Illumination Microscopy (BSW SIM). Through adopting 1D-PC, the BSW
in photonic bandgap with high transverse wavevector could be launched. After interfering with
counter-propagating BSWs, the subwavelength fringes could be generated for structured illumina-
tion. Combined with the conventional reconstruction algorithm, the super-resolution images could
be attained. Simulation results show that BSW SIM manifests an ability to achieve higher imaging
resolution than conventional SIM, and shows a 2.78 times enhancement in imaging resolution.
This BSW SIM may find valuable applications in the field of real-time super-resolution biomedical
imaging.
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