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ABSTRACT We propose a super resolution imaging technique called plasmonic structured illumination microscopy (PSIM), which
combines the structured illumination microscopy technique with the tunable surface plasmon interference. Because of the high-
resolution enabled by using surface plasmon interference as an illumination source, PSIM possesses higher image resolving power
compared with conventional structured illumination microscopy. To demonstrate the technique, we present two specific types of
plasmonic structure designs for PSIM. The final images from the simulations show 3-fold and 4-fold resolution improvement compared

with conventional epi-fluorescence microscopy.
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ptical microscopy is an essential imaging technique

in biology because of its ability to image living cells

with negligible perturbations. However, the spatial
resolution of a conventional lens-based optical microscope
is fundamentally limited to ~A/2NA, where 4 is the wave-
length of the light used and NA is the numerical aperture of
the objective. This limits the resolution of an optical micro-
scope image to about 200 nm for visible light; details smaller
than that cannot be resolved. Since more and more biologi-
cal studies require sub-100 nm or even molecular scale
resolution, improving the resolution of optical microscopes
to such scales will enable researchers to perform experi-
ments using visible light without resorting to high-energy
probes such as X-ray or electrons.

Within the last two decades, various techniques that can
achieve subdiffraction limited resolution have been pro-
posed and experimentally demonstrated, for example, near-
field scanning optical microscopy (NSOM),' ™ stimulated
emission depletion microscopy (STED),* single molecular
localization techniques,®” structured illumination micros-
copy (SIM),®~'? the far-field superlens (FSL),'*'° the hyper-
lens,'”~'? and most recently the metamaterial immersion
lens (MIL)*° and plasmonic dark-field microscopy (PDF).*'
Despite their great successes in super resolution, these
techniques still have various limitations.

Among the high-resolution imaging techniques, SIM is a
method of special interest. It is suitable for in vivo biological
imaging applications because it utilizes visible light (low-
energy photon) and it is a highly parallelized scanning
technique, which can potentially achieve high-imaging speed.
SIM with a resolution of about twice the diffraction limit has
already been experimentally demonstrated and used to
acquire 3D multicolor high-resolution images of the nucleus
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of mammalian cells.*”"" In conventional epi-fluorescence

microscopy, only information with spatial frequencies that
reside within the passband of the optical transfer function
(OTF) of the objective can be detected. The OTF corresponds
to a circular region of radius fo.or around the origin in Fourier
space (the gray circle in Figure 1d), where fouofr defines the
maximum resolvable spatial frequency. For conventional
epi-fluorescence microscopes, fouofe is ~2NA/A. SIM utilizes
the so-called “Moiré effect” to couple some of the high spatial
frequency information from outside of the detectable region
to inside the region to improve the resolution. For example,
when an object with spatial frequency f (Figure 1a) overlaps
with an illumination pattern with spatial frequency f; (Figure
1b), a Moiré fringe with spatial frequency f — f; (Figure 1¢)
is generated. If f — fi < feuwotr, the spatial frequency f can be
detected by a microscope. The observed Moir¢ fringe image
contains the contribution of the three components in Fourier
space (represented by the red circles and the gray circle in
Figure 1d) due to the spatial frequency mixing introduced
by the structured illumination. To obtain a faithful high-
resolution image, the three components in Fourier space
need to be solved and moved back to their original positions.
Therefore, multiple images with different illumination phases
should be recorded and used to reconstruct the final high-
resolution image through a numerical algorithm #~'"%2 The
saturated structured illumination microscopy (SSIM), pro-
posed by Heintzmann'? and experimentally demonstrated
by Gustafsson,'” can achieve even higher resolution com-
pared to SIM by utilizing the nonlinear dependence of the
fluorescence emission rate on the illumination intensity. The
SSIM, however, has to cope with additional limitations such
as fluorescence bleaching by strong illumination light inten-
sity and slower imaging speed compared with SIM.

In SIM, fi + feuorr defines the largest spatial frequency that
can be coupled into the passband of the OTF. The resolution
improvement, (f; + feuom)/feuofr, is limited by the ratio fi/feuorr.
If we use the same objective for illumination and detection,
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FIGURE 1. Concept of resolution enhancement in SIM. (a) An example object with small features; (b) a structured illumination pattern; (c)
Moiré fringes formed by superposing structured illumination pattern (b) with object (a); (d) Fourier space representation of the SIM. The gray
circle with radius f..f corresponds to the accessible area of epi-fluorescence microscopes; the area between the red-dotted circle and gray
circle represents the high-spatial frequency information that can be coupled into the detectable region through structured illumination. The
shift in k space is determined by the spatial frequency of the illumination pattern f;.

the spatial frequency shift fi ~2NA/Aexcitation and the cutoff
frequency feuwofr ~2NA/Aemission are all determined by the NA
of the objective. Considering Aexcitation aNd Aemission are close
for most cases, f; usually is close to feuor. Therefore, the
resolution for SIM (1/(fi + feuor) iS about Aemission/4NA,
roughly 2 times improvement compared with conventional
epi-fluorescence microscopy.”'' To achieve a higher resolu-
tion improvement, illumination patterns with spatial fre-
quencies larger than fo.o are needed. Besides light, surface
plasmons (SPs) can also form interference patterns when
multiple SP waves overlap.?>~#® Because the magnitude of
the SP wavevector K| is typically much larger than that of
the corresponding excitation light, the SP interference pat-
terns possess much higher spatial frequency than any pos-
sible fringes formed by light with the same frequency. In
addition, the spatial frequency of SP interference is not
limited by the NA of the objective. Therefore SP interference
is a good candidate to serve as the structured illumination
pattern to further improve the resolution of SIM.

Here, we propose a new high-resolution optical imaging
technique, called plasmonic structured illumination micros-
copy (PSIM), which combines the SP interference with SIM
to achieve subdiffraction limited resolution without signifi-
cantly decreasing the frame rate or utilizing the saturated
fluorescence effect. Surface plasmons (SPs), also known as
surface plasmon polaritons (SPPs), are electromagnetic
waves formed by collective oscillations of electrons at a
metal/dielectric interface.”® The fundamental properties of
SPs have been extensively studied since the 1970s and
widely applied thereafter in many fields.?”>' Recently,
because of the significant advancement in nanoscale fabri-
cation techniques, various fascinating applications of SPs
have been experimentally demonstrated, including subdif-
fraction limited imaging,'**' subwavelength waveguide,”*’
plasmonic lithography, and optical negative refrac-
tion.>* In this paper, we will first describe the physical
principles of PSIM in detail and then numerically demon-
strate its resolution improvement through two types of
plasmonic structure designs. In the end, we will discuss both
the advantages and disadvantages of this technique.

23—=25

v © 2010 American Chemical Society

2532

SPs possess a higher wave vector compared to the
excitation photon. Figure 2 shows two typical dispersion
curves for SPs (green curve and blue curves). The green
curve corresponds to the dispersion relationship of SP modes
at the semi-infinite-metal/dielectric interface, described as
[Kspl = [Kphotonl[(Em€a/(€m + €4)1'2,%* Where [Kpnoton| and |Ksp
are the magnitude of the wave vectors of the excitation light
in vacuum and of the SP, and ¢, and &4 are the permittivity
of the metal and dielectric, respectively. Since the dispersion
curves of SPs always lie on the right side to that of the photon
(red line in Figure 2), |Kyp| is always larger than the corre-
sponding |Kpnowonl. The ratio [Ksp|/[Kprown| can be tuned by
adjusting the frequency of the excitation light, the refractive
index of the surrounding dielectric, or the thickness of the
metal film.?*~2° For instance, as the frequency of the excita-
tion light approaches the SP’s resonant frequency, |Kgpl|/
[Kphoton| DECOMES extremely large (see Figure 2). For excita-
tion light with a specific frequency, the ratio increases if the
refractive index of the dielectric is increased. If both excita-
tion light and surrounding media are fixed, the SP modes
can also be adjusted by changing the thickness of the metal
film. The typical SP dispersion relationship on a thin-metal-
film/dielectric interface is presented as blue curves in Figure
2. All these SP modes possess higher wave vectors than that
of the light. Furthermore, the different modes can be excited
individually or simultaneously to form high-resolution inter-
ference patterns that can be used in PSIM.>®

SPs can be excited by light as long as the momentum
differences with the photons are compensated by coupling
elements such as grating, edges, or slits.*>~*° Edges or slits
are able to couple broadband light into SPs because their
Fourier transforms contain broadband k vectors. Therefore,
we use edges and slits to excite SPs in our simulations. If
two counter propagating SP waves with wavelength A,
overlap, a uniform interference pattern with period equal to
Aspl2 is formed.”>~*° To proceed with the image reconstruc-
tion, the phase of the illumination pattern needs to be
changed multiple times during the image acquisition pro-
cess.® 32 For SP interference, the phase of the pattern can
be changed by tuning the incident angle 0 of the excitation
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FIGURE 2. Typical dispersion curves of SPs on a semi-infinite-metal/
dielectric interface and a thin-metal-film/dielectric interface.

FIGURE 3. Numerical demonstration of the lateral shift of the SP
interference pattern formed by the 563 nm excitation light with
different incident angles. The simulation structure consists of a 1700
nm wide and 100 nm thick silver (Ag, gray area) stripe surrounded
by water (blue area, n = 1.33). (a—c) The time-averaged electrical
energy density distribution of the SP interference pattern with
incident angle equal to 0, 4.6, and 8.0°, respectively. The three
interference patterns show 120° mutual phase difference along the
lateral direction.

light.*® Under different incident angles, the light incident on
the two adjacent edges or slits possesses a phase difference
¢(0); this difference translates to the SPs also having a phase
difference and thus changes the phase of the interference
patterns. The simulation results in Figure 3 clearly show that
the SP interference pattern shifts laterally with various
incident angles.

In the following, we present two specific plasmonic
designs, thick-metal-film/dielectric and thin-metal-film/di-
electric structures, to serve as examples for PSIM demon-
stration and a guide for future development. The final
reconstructed images are also provided to demonstrate the
imaging performance of each design.

The structures of the two designs both consist of a layer
of silver (Ag) film as the metal film and water as the
surrounding dielectric. Ag is chosen as the supporting ma-
terial because the SP frequency on Ag/dielectric interface
covers the entire visible spectrum with relatively little loss.
Water is used as the surrounding dielectric because many

v © 2010 American Chemical Society

2533

Ll 1111

Ag 100um
— WUV | —

(d)

Intensity (a.u.)
-
[9)]
Intensity (a.u.)
S
in

0.0 | P
2-101 2 00-2-1012
k/kcutoff k/kcutoff

FIGURE 4. Numerical demonstrations of the SP interference at thick
film/dielectric interface. (a) Structure configuration; (b,c) time-
averaged electric energy density distribution excited by 563 and 390
nm light; (d,e) Fourier transform of (b,c) respectively.

biological samples are in an aqueous environment. In the
SP interference simulation, the permittivity of Ag and Cr at
different excitation frequencies was calculated by interpolat-
ing data from refs 37 and 38.

Specifically, for the thick-metal-film/dielectric structure,
the thickness of the Ag film was chosen to be 100 nm so
that it is thick enough to be treated as a semi-infinite
interface. Excitation light with wavelengths of 390 and 563
nm were used to excite SP interference patterns. We as-
sumed the fluorescent objects (for example quantum dots)
absorb light at these excitation wavelengths and emit light
at 580 nm. The fluorescent signal is detected by an objective
with NA = 1.4. The distributions of the time-averaged
electric energy density under the two illumination lights are
shown in Figure 4b,c. The Fourier transforms of the il-
lumination patterns, measured 20 nm under the Ag film,
reveal peaks around 1Ky and 2Keyotr, Which is consistent
with the calculated value from the analytical equation |2Kep:|
and [2Kgps|.

In the imaging performance simulations, SP interference
patterns serve as the structured illumination patterns to
illuminate a fluorescent object. For each orientation of
illumination, a sequence of three images taken under il-
lumination with different phases 0, 90, and 180° were used
to solve the zeroth, ffirst order components (gray and red
circles in Figure 1d in Fourier space). The orientation of the
illumination pattern is then rotated three times with a step
of 45° in the x—y plane to cover more areas in the Fourier
space, yielding a total of 12 intermediate images for each
final high-resolution image. The numerical algorithm of

DOI: 10.1021/n11011068 | Nano Lett. 2010, 10, 2531--2536



€))

(e)

@)

(d) T 1.0
0.5
(h) B L
0

FIGURE 5. Point spread function of (a) conventional epi-fluorescence microscopy. (b) PSIM using 563 nm excitation light. (c) PSIM using 390
nm excitation light. (d) PSIM using both 563 and 390 nm excitation light. (e—h) Imaging performance demonstration for the case (a—d).
Notice the scale bar difference between (a—d) and (e—h). (i—1) Corresponding k space representations. The gray circle represents the low-
spatial frequency information that can be acquired through the epi-fluorescence microscope; the red and blue circles represent the high-
spatial frequency information that can be coupled into the passband of the OTF through SP interference illumination excited by 563 and 390

nm light, respectively.

reconstructing high-resolution image from intermediate im-
ages is the same as that of SIM.®*~ %2 In the simulation, a 4
nm quantum dot (emission wavelength 580 nm) is used to
acquire the point spread function (PSF). The full width half-
maximum (FWHM) of the PSF shown in Figure 5a,c are
about 214 and 74 nm respectively. The comparison between
the PSF of conventional epi-fluorescence microscopy (Figure
5a) and that of PSIM (Figure 5b—d) shows an ~3 times
resolution improvement, which is better than the typical
2-fold improvement in SIM.”'" The simulation is also re-
peated for an object formed by randomly positioned 10 nm
quantum dots (emission wavelength 580 nm) to further
illustrate the imaging performance. Compared with the
conventional epi-fluorescence microscopy image (Figure 5e),
the reconstructed PSIM image sourced from 563 nm excita-
tion light (Figure 5f), from 390 nm light (Figure 5h), and from
the combination of the two (Figure 5g) all show drastic
resolution improvements. Such improvement is also obvious
from the coverage in the Fourier space representations
(Figure 5i—1). The resolutions are about the same for Figure
5 panels g and h because the radii of the covered area in
Fourier space are almost the same. However, the process of
getting images (d,h) is twice as fast as that of getting images
(c,9) because SP interference patterns with only one spatial
frequency are used as the illumination source. Moreover, in
principle, the artifacts in (d,h) can be removed by numerical
processes.”! 1337

Since SP modes on thin-metal-film/dielectric interfaces
possess even larger k vector compared with that on semi-
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infinite-metal/dielectric interface, we also designed a thin-
metal-film/dielectric structure for PSIM. As shown in the
structure of a unit cell (Figure 6a), an optimized Cr structure
is used to excite the SP modes in the Ag thin film with
relatively good efficiencies. When two modes (Figure 1 blue
lines) are excited at the same time on the thin-metal-film/
dielectric interface, the counter-propagating SP waves ex-
cited from two adjacent slits can form an interference
pattern containing multiple spatial frequencies.?” The thick-
ness of the Ag film chosen is determined by the SP modes
needed. In general, the larger the SP mode needed, the
thinner the metal film. In this particular design, the thickness
of the Ag film is 17 nm. Excitation light (442 nm) and
fluorescent particles with 508 nm emission wavelength were
used in the simulation. The NA is set to 0.85 so that a dry
objective lens can be used for this design. The time-averaged
electric energy density distribution measured 20 nm under
the Ag film (Figure 6a) shows the multimode interference
pattern. The corresponding Fourier Transform (Figure 6b)
has peaks around 1Keywor, 2Keurorr, and 3Keuwor, Which is
consistent with the first three peaks of the calculated values
from the interference between the two SP modes (|K'sp2| —
[Kopil, 21K spil, IK'sp2l + IK'sp1]). The intensity of the fourth
peak is so weak for this specific design that its contribution
can be reasonably ignored. Using the same method as thick
film simulations, we conducted the PSF simulation and
imaging performance simulation for thin film structure. The
conventional epi-fluorescence microscopy image and recon-
structed images of an object formed by randomly positioned
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FIGURE 6. (a) Structure and SP interference pattern (time-averaged
electric energy density distribution) excited by 442 nm light; (b)
Fourier transform of interference pattern measured 20 nm under
Ag film.

10 nm fluorescent particles are presented in Figure 7. The
FWHM of PSF that corresponds to Figure 7h is about 76 nm,
which corresponds to an ~4 times resolution improvement
compared with the conventional epi-fluorecence microscopy.

One assumption we made in imaging simulations is that
the fluorescence signal is proportional to the SP intensity.
The second assumption is that the change of the SP interfer-
ence patterns is negligible with the presence of the fluores-
cence object, because the existence of the fluorescence dye
will not considerably alter the SP propagation length in
experiment.*® Moreover, we want to emphasize that the
detected light is not the SP interference patterns but the

() (b) (©)

(2

emission light from fluorescent particles or quantum dots.
Therefore, although the SP interference patterns only exist
at the near field of the metallic surface, we can still record
the image from far field. The two designs described above
serve as examples to demonstrate the imaging principles
and performance of PSIM. On the basis of the simulation
results, we can conclude that PSIM can achieve subdiffrac-
tion limit resolution. Moreover, the wave vector of SP mode
is adjustable by changing the structure. Depending on the
applications, various parameters such as the excitation
wavelength, refractive index of the surrounding media,
material, as well as structures can be adjusted in order to
get better improvement in terms of resolution, speed, or
both. While we only showed 1D SP interference pattern in
our numerical simulations, it is possible to acquire 2D SP
interference pattern through proper designs.?*?> There is no
limitation on the imaging size of the PSIM if a periodic
plasmonic structure is utilized, although the period of the
structure should be limited by the SP propagation length.
One of the advantages of PSIM is that the resolution does
not solely depend on the NA of the optical microscope, as
with SIM. The resolution of SIM can be written as Ademission/
[2NA + 2NAAemission/Aexcitation)], Which is approximately Aemis-
sion/4NA when Aemission/Aexcitation 1S @bout 1, while the resolution
of PSIM is Aemission/ @NA + 2NAettective), in Which NAcgsecrive 1S
Aemission/Asp. SINCE Aemission/Asp 1S independent of objectives and
usually larger than a possible NA provided by common
objectives, PSIM can achieve higher resolution than SIM even
with small NA objectives. Also, PSIM has higher resolution
improvement compared with a pure dielectric structure.
Since the dispersion curve of SPs lie on the right side of that
of the photons in the same media, metal/dielectric structures
can always generate interference patterns with larger spatial
frequency compared to a dielectric structure. Moreover,
PSIM can selectively excite fluorescent objects in a thin
region close to the metal surface because the SP exponen-
tially decays along the z direction. Therefore, fluorescent
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0

FIGURE 7. PSIM imaging ability demonstration. (a) Conventional epi-fluorescence microscope image; (b—d) Reconstructed images; (e—h)
Corresponding k space representations. Different colors represents the information obtained from different orders of the illumination

patterns.
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particles that are far from the interface will not contribute
to the strong background as in the case of conventional epi-
fluorescence microscopy. In general, the z direction imaging
depth depends on the resolution improvement along the
x—y directions, and usually decreases as the x—y resolution
increases.”® If the imaging region of interest is only several
tens of nanometers away from the interface, PSIM is a good
imaging tool to use. Multicolor imaging is possible since SP
modes with different frequencies can be generated by
excitation light with the corresponding frequencies on a
properly designed metallic structure. PSIM itself does not
require a high-power laser, but it can also be combined with
the nonlinear dependence of the emission rate on the
illumination intensity. Similarly to SSIM, through utilizing
higher harmonic peaks, saturated PSIM can achieve even
greater resolution improvement.

Besides the various advantages mentioned above, this
technique also has its limitations. PSIM is intrinsically a 2D
imaging technique that can only form a high-resolution
image of objects close to the metal surface. Although a
spacer layer between the object and the metal film can
reduce the quenching effect,*'** the fluorescence efficiency
is less in PSIM than in conventional SIM. Moreover, compli-
cated designs might be needed for higher resolution im-
provement. Since the decay length along both x—y and z
directions gets shorter as the wave vector of the SP in-
creases, researchers may need to find a balance when doing
actual designs.

In conclusion, a new super-resolution imaging technique,
plasmonic structured illumination microscopy (PSIM) is
numerically demonstrated. Simulation results have shown
that a resolution improvement larger than that of SIM can
be achieved without utilizing nonlinear dependence of the
fluorescence emission rate on the illumination intensity. The
reconstructed images using two plasmonic designs show
3-fold and 4-fold resolution improvement compared to epi-
fluorescence microscopy. The PSIM may have important
applications in the field of high-resolution biomedical imaging.
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