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Structured illumination increases the spatial bandwidth of optical microscopes. We demonstrate bandwidth
extension using a physical grating placed close to the sample. This comprises an array of elongated nano-
particles, whose localized surface plasmon resonance is polarization dependent. By arranging the particle
orientation to vary with position the grating can be moved by changing the input polarization. A projected
optical grating provides an additional independent mechanism for bandwidth extension. Experimental re-
sults showing bandwidth improvement in one direction are presented, and the measures necessary to extend

the technique for routine imaging are discussed. © 2009 Optical Society of America
OCIS codes: 180.2520, 180.4243, 050.6624, 110.4850, 250.5403, 350.5730.

Structured illumination fluorescence microscopy
(SIM) is a technique [1] that improves the lateral res-
olution of widefield microscopy. The essential ideas
are summarized in [2]. The technique involves illumi-
nating the sample with an optical grating; this mixes
the object spatial frequencies with the grating fre-
quency so that wave-vector components that are not
normally passed through the objective lens are down-
converted into its passband. The spatial Fourier
transform of the measured image is a superposition
of high- and low-frequency components; to separate
them the grating is moved, typically, three or four
phase steps. The final image may then be recovered
by taking the inverse Fourier transform of the newly
synthesized spatial frequency map.

In its linear form SIM, at best, doubles the band-
width compared with a conventional fluorescence mi-
croscope; this limit arises from the far-field nature of
the projected grating. Heinzmann et al. [3] have pro-
posed nonlinear SIM involving saturation of fluoro-
phores. This distorts the excitation profile and cre-
ates higher-order spatial frequency components,
allowing better resolution. To avoid saturating the
fluorophore, which can induce photobleaching, the
idea of using a movable physical grating has been
studied theoretically [4,5]. Since the physical grating
is near the sample, its periodicity is not limited by
diffraction through the illuminating optics; it can
thus enhance the resolution to a greater degree than
the optical grating. Experimentally, physical gratings
have been used for nonfluorescent microscopy [6]. In
this Letter we show a narrowed point-spread-
function (PSF) using a physical grating in a fluores-
cent microscope.

The physical grating used here relies on the local-
ized surface plasmon resonance (LSPR) of gold nano-
particles. When the frequency of light matches the
LSPR the incident electric field is enhanced and con-
fined to a small volume. Combining physical and op-
tical gratings gives an even larger spatial frequency
enhancement, as these mix to produce sum and
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difference frequencies. We call this system a double-
grating structured-illumination microscope
(DGSIM). The experimental results demonstrate the
feasibility for substantial improvement in spatial
bandwidth and introduce the key ingredients to de-
velop this concept. The proof-of-concept results were
obtained with a modest NA and in only one dimen-
sion. We conclude by discussing approaches that will
extend the results so that it can be applied to routine
imaging.

Figure 1 shows the optical arrangement. The
source was a 633 nm He—Ne laser whose polarization
is controlled using a half-wave plate. The optical
grating is placed conjugate with the object plane. A
spatial filter is placed in the Fourier plane F; to block
undesired orders (such as the zero order). The physi-
cal grating (B) was illuminated through a microscope
objective. The sample substrate consists of a cover-
glass with gold nanostructures arranged as shown in
Fig. 1. The gold nanoparticles were produced by
electron-beam lithography [6] with dimensions of 125
nm X 35 nm and a thickness of 40 nm. In the array,
the long axis of each nanoparticle is rotated by 45° in
successive columns; a complete cycle (180°) is
achieved every four particles. At the incident wave-
length (633 nm) the longitudinal resonance of the
particles dominates the transverse resonance so that
the field enhancement close to the particle is far
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Fig. 1. Schematic of the optical setup. Inset, electron mi-
crograph of the physical grating; period=1 um.
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greater when the incident polarization is oriented
along the long axis.

To demonstrate the spatial phase shifting the grat-
ing was covered with a thin uniform polymer layer
(30-nm-thick PMMA, 950kD) containing 2 wt. % of
the fluorescent dye Oxazine 1 perchlorate. This dye
has been shown to exhibit enhanced emission when
excitation is mediated by LSPR. It has been shown
that the dye is evenly dispersed in PMMA and follows
the profile of the nanoparticles [7]. The fluorescence
image from the grating comprised parallel stripes.
Figure 2 shows the spatial phase of the stripes as po-
larization of the incident light was rotated, corre-
sponding to grating movement. Phase shifting of the
optical grating was achieved by moving the optical
grating (grating A of Fig. 1) with a motorized scan
stage.

The reconstruction of higher-resolution images is
an extension of the standard routine outlined above.
We obtained nine images by moving the optical grat-
ing to its first position then taking three images with
the waveplate at three different angles, 60° apart;
this process was then repeated for two further posi-
tions of the optical grating.

Assuming sinusoidal illumination patterns (we dis-
cuss the implications of this assumption later) the
combination of the two gratings can be represented
by

Imn(x) = [1 +8, COS(kOx + ¢m)]
X[1+g,cos(kyx + i) + ... .1,

(1)

where g,, g,, k,, and k, are the modulation depths
and %k vectors of the two gratings, respectively. ¢,
and ¢, are the mth and nth phase shifts of the grat-
ings. When a sample, S(x), is illuminated by I,,,(x)
the output signal, O,,,,(x) is given by

Opn(x) = [, (6)S (x)] © H(x), (2)

where H(x) is the PSF of the microscope and ® is the
convolution operator. This means that the microscope
objective passes spatial frequencies associated with
the object (“spectral orders”) that would normally not
be passed through the lens. These spectral orders
represent frequency components displaced by pk
+qk,, where p and g take values (for sinusoidal exci-
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Fig. 2. Optical phase shift of light beam after passing
through the physical grating, as a function of the polariza-
tion angle of the incident beam.

tation) of -1, 0, and 1, resulting in a total of nine
spectral orders. We separate these terms with the se-
ries of phase steps described above, which establishes
a set of nine linear equations that are solved by in-
verting the matrix. Once the different spectral orders
are recovered they are shifted to their correct posi-
tions in Fourier space, and the resulting image is ob-
tained by inverse Fourier transformation. Since each
spectral order can be associated with a different
mechanism, conventional microscopy, optical-grating
structured light, physical-grating structured light, or
double-grating structured light, it is a simple matter
to include the appropriate diffracted orders associ-
ated with each mechanism in the reconstruction. For
purposes of clarity the reconstructions presented in
the following were simply summed without any
weighting function. Despite the relatively large size
of the matrix that was inverted, its condition number
for the ideal case of m,=m,=1 is approximately 4,
showing that good-quality data recovers images with
good signal-to-noise ratio.

Experimental results presented below demonstrate
the principle of the DGSIM and also show how the
physical grating provides resolution enhancement.
The objective used was an Olympus Plan N 20X ob-
jective with an NA of 0.4. The period of the optical
grating projected onto the sample was 2 um, a value
expected to give modest but noticeable improvement
in bandwidth. The period of the physical grating was
1 um. The substrate with the physical grating was
sprinkled with fluorescent beads of 1 um diameter
[FluoSphere  carboxylate-modified  microsphere,
Crimson fluorescent (625/645) Invitrogen]; since the
nanoparticles making the grating were considerably
smaller than the bead diameter, the effective diam-
eter of the beads is narrowed, because most of the
fluorescent excitation emerges from the small region
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Fig. 3. Images of two fluorescent beads obtained with (I) a
conventional bright field microscope and (II) with the
double-grating system, both images 9 um in width. Second
row, intermediate processing (top right particle only); third
row, cross-sectional profiles of the distributions in the sec-
ond row. (a) Conventional microscope, (b) optical grating
only, (c) physical grating only, (d) double grating.
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Table 1. Summary of the FWHM Obtained by Applying Different Enhancement Mechanisms

Enhancement Indicator No Enhancement

Optical Grating

Physical Grating Double Grating

FWHM of image 1250 nm+50 nm 950 nm+50 nm 650 nm+50 nm 540 nm+50 nm
in x direction
Normalized FWHM 1 0.76 0.52 0.43

that overlaps the near field of the LSPR. Indeed,
some of the particles that we imaged exhibited im-
provement corresponding to both the physical and
the optical grating, whereas others showed PSF nar-
rowing corresponding to the optical grating only; we
attribute this to the fact that they were not visible to
the field of the physical grating, and moving to
tighter arrays (as discussed in the summary) will
produce a more densely structured field, which will
help overcome this problem. This issue is a physical
manifestation of the fact that we performed the re-
constructions based on the assumption that the illu-
mination is sinusoidal; although this is a good ap-
proximation for the optical grating, it is not for the
physical grating, which contains harmonics resulting
in a strongly peaked intensity at the position of the
nanoparticles. This means that certain spurious fre-
quencies are introduced into the reconstruction, re-
sulting primarily from the harmonics of the grating
frequency. These account for the fact that the full
spectral extension is observed only at regions where
the field from the physical grating changes substan-
tially.

Figure 3 shows images of two fluorescent beads. (I)
is obtained without any enhancement, and (II) is
with the double grating. The second row concentrates
on one of the two particles to illustrate the interme-
diate processing stages, showing images obtained
with no enhancement, optical-grating enhancement
only, physical-grating enhancement, and double-
grating enhancement. The reduction in the PSF ap-
plies in one direction only. These results are tabu-
lated in Table 1.

We have shown experimentally that an optically
addressed physical grating based on particle LSPR
can be used to provide PSF narrowing. The spatial
phase of the structured light coming from the litho-
graphic array can be changed without moving the
particles simply by adjusting the polarization of the
incident light. The period of this grating is not lim-
ited by diffraction. We have also shown how two grat-
ings act together to further increase the bandwidth.
There are still very significant technical challenges
that need addressing; most are centered around fur-
ther development of the physical grating. The use of
a coarse grating necessary to demonstrate the move-
ment meant that the particles were separated so that

the field was somewhat inhomogeneous. The coupling
of field between closely spaced nanoparticles will pro-
duce a much more continuous distribution that will
exhibit uniform spectral extension.

The use of polarization provides an excellent way
of moving the grating but in one direction only; this
problem may be addressed using concepts discussed
in [8], where changing the incident angle or wave-
length of excitation will give the additional degrees of
freedom necessary to move the grating in two dimen-
sions.

Another issue relates to the minimum achievable
grating period. Although the method presented here
is only one possibility, it should be noted that small
particles show lower contrast between the long- and
short-axis resonances. Nevertheless, this approach
should still allow grating periods less than 100 nm to
be used, provided interactions between the metallic
nanoparticles are considered. Such periodicities
when combined with an optical grating give potential
bandwidth extension up to a factor of 5.

Future developments in plasmonics are expected to
provide the technologies to exploit the concepts dis-
cussed in this Letter to the fullest extent.
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