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Theoretical model of the enhanced optical resolution and the principles of subdiffraction imaging using
two-dimensional photonic and plasmon-polaritonic crystals is presented based on the properties of electromag-
netic Bloch waves in periodic structures. The super-resolution is achieved due to coupling of evanescent
components of the diffraction field generated by the object to the propagating Bloch modes of the photonic
crystal space. The resolution enhancement is shown to occur in a general case of photonic-crystal-type mate-
rials with either positive or negative effective refractive index. Both signs of the effective refractive index have
been observed in the imaging experiments with surface polaritonic crystals, in which individual virus imaging
has been achieved.
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I. INTRODUCTION

High-resolution optical imaging attracts constant attention
due to its important applications in material science, biology,
photolithography, etc. Development of far-field optical tech-
niques capable of subdiffraction resolution has recently pro-
gressed fast due to concepts applied to image formation such
as negative refraction materials,1 surface plasmon polariton
assisted imaging,2 and in the case of fluorescent objects,
saturated depletion of stimulated emission.3

One of the approaches applicable to achieving optical
super-resolution is based on the idea of a “perfect lens” made
from an artificial negative refractive index metamaterial �or a
thin silver film�.1,4 The “perfect lens” schemes have not yet
achieved optical magnification in the experiment �however, a
theoretical scheme which exhibits magnification in the elec-
trostatic �near-field� regime has been described5�. Until
metamaterials with negative permeability in the optical spec-
tral range will be developed, an image formed by a “perfect
lens” of thin metallic film can be observable only in the near
field with scanning probe microscopy.

The successful scheme of far-field optical microscopy be-
yond the diffraction limit2,6 is based on the two-dimensional
�2D� surface polaritonic crystals7 and utilizes surface plas-
mon polaritons �SPPs� generated over the periodic nanohole
array made in thin metal film. In this arrangement, a para-
bolic dielectric droplet deposited onto a metal surface be-
haves as a magnifying mirror for large-wave-vector �short-
wavelength� SPPs, which enables imaging not limited by
diffraction of illuminating light.

Both the SPP based and the “perfect lens” microscopy
provide optical resolution of the order of 60 nm. Since the
conceptual designs of both the SPP assisted and the “perfect
lens” microscopy schemes do not look much more compli-
cated than the design of a regular far-field optical microscope
�see Refs. 2 and 6, where the SPP-assisted microscope de-
sign is described in detail�, they promise great potential in
optical nanolithography and medical and biological imaging.
Good understanding of the basic physics of these microscopy

techniques is absolutely essential for making these micro-
scopes into reliable and useful laboratory tools.

In this paper, we discuss the principles of subdiffraction
imaging using 2D and three-dimensional �3D� photonic and
plasmon-polaritonic crystals. First, we consider imaging
properties of photonic and polaritonic crystals that are used
in image formation. The subwavelength optical resolution
can be achieved due to coupling of evanescent components
of the diffraction field generated by the object to the propa-
gating Bloch modes of the photonic crystal. Next, we present
experimental images of various subwavelength test patterns,
which are obtained using 2D plasmon-polaritonic crystals in
both positive and negative refractive index regimes. In these
experiments imaging has been achieved using curved SPP
mirrors and properties of SPP Bloch waves traversing SPP
crystal boundary. Finally, optical visualization of a T4 phage
virus is demonstrated as an example of application of this
technique to biological samples.

II. IMAGING THROUGH PHOTONIC CRYSTAL SPACE

Before we describe any real experimental geometry of
far-field optical microscopy based on 2D photonic crystal
material, let us consider the transmission of electromagnetic
waves with various spatial frequencies generated at a lumi-
nous object by an infinite “photonic crystal space.” In the
following simple numerical example, we use a test object
which consists of two luminous dots separated by a gap �Fig.
1�a��. The Fourier spectrum of this object is shown in Fig.
1�b�. If the angular spectrum of spatial frequencies available
for probing in the far field of the object with an optical ap-
paratus �e.g., microscope objective lens� is limited by some
maximum wave vector kmax �represented by a circle of radius
kmax shown in Fig. 1�b��, the free �empty� space between the
object and the lens behaves as a spatial frequency filter,
which removes the spatial frequencies corresponding to eva-
nescent waves. Thus, whatever optical design is imple-
mented to collect the electromagnetic waves propagating
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from the object, the best image in the far-field region would
result from the inverse Fourier transformation of the portion
of the spectrum falling inside the circle in Fig. 1�b�. As a
result, a smeared image in Fig. 1�c� would be obtained. The
two-dot structure of the original object is lost in this image.

If the same object is placed inside a “photonic crystal
space,” while the same part of the spatial frequency spectrum
�limited by the kmax value� is available for far-field probing
outside the photonic crystal, the points in the Fourier space
separated by integer multiples of the inverse lattice vectors
become equivalent to each other because of the photonic
crystal periodicity. If we assume that the photonic crystal has
a square lattice �Fig. 1�d�� and acts as a spatial filter, an
image shown in Fig. 1�e� can be recovered, which is ob-

tained by the inverse Fourier transformation of the portion of
the original spectrum inside all the circles in Fig. 1�d�. The
original information about the two-dot structure of the object
is recovered in this case �Fig. 1�e�� as seen from the cross
section �Fig. 1�f��.

This simple numerical example demonstrates that a far-
field optical microscope with resolution beyond the � /2 dif-
fraction limit of conventional far-field optics can be built
using photonic crystal materials. However, in order to
achieve subdiffraction-limited resolution an object should be
placed inside or very near the photonic crystal. Such a mi-
croscope can be dubbed “an immersion microscope based on
photonic crystal material.”

The imaging properties of a periodic structure, such as a
photonic crystal slab or surface polaritonic crystal can be
described by considering properties of electromagnetic
Bloch waves in a periodic structure,

�k� = �
K�

Ck�−K� ei�k�−K� �r�, �1�

where k� is the wave vector defined within the first Brillouin

zone, and K� represents all the inverse lattice vectors. The
Bloch wave is capable of carrying spatial frequencies of an
object, which would be evanescent in free space. It does not
matter if the dispersion of some particular Bloch wave is
negative or positive. What is important for microscopy, is
that the Bloch waves should have sufficiently large Ck�−K� co-

efficients at large K� . The Fourier spectrum F�� of the test
object f�r�� described in the example above, can be written in
the usual way as

fr� = �
��

F��e
−i��r�, �2�

where �� is the wave vector in free space. The same spectrum
of the object in terms of the Bloch waves �Eq. �1�� is given
by

Fk� = �
K�

F−k�+K� Ck�−K� . �3�

Thus, high spatial frequencies of the object shape F−k�+K�

are carried into the far-field zone of the object by Ck�−K� com-

ponents with large K� . The limit Ck�−K� �const is the most
beneficial for super-resolution imaging. It corresponds to the
photonic Bloch waves obtained in the tightly bound approxi-
mation, in which the photonic bands are very narrow. In this
approximation, the amplitude of Bloch modes is most sig-
nificant in the lattice nodes and simple considerations similar
to spatial filtering through the holes placed in the lattice
nodes can be applied as discussed above �Fig. 1�.

In the case of imaging with surface plasmon polaritonic
crystals based on SPP optics2,6 this Bloch wave description
agrees well with the model of short-wavelength SPPs2,8

which are excited by the periodic nanohole array. Near the
surface plasmon resonance the SPP dispersion is almost flat.

In order to be useful in far-field microscopy, a given pho-
tonic crystal geometry must exhibit image magnification to
the extent that the image size should surpass the � /2 diffrac-
tion limit of the usual far-field optics. Such a magnified im-

FIG. 1. �Color online� �a� A test object which consists of two
luminous dots separated by a gap. �b� The Fourier transform of the
object shown in �a�. An area of the spatial frequency spectrum of
electromagnetic waves available to probe is shown by a circle. �c�
The inverse Fourier transform of the portion of the spectrum inside
the circle in �b�. �d� The pass band of the “photonic crystal space”
with square photonic crystal lattice. �e� The inverse Fourier trans-
form of the spatial frequency spectrum inside the photonic crystal
pass band. �f� Cross section of the image in �e� indicates recovery of
the two-dot structure of the object.
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age can be transferred to a free space region and viewed by a
regular microscope. This means that some curved photonic
crystal boundary should be used. Since refraction of photonic
crystals depends very strongly on frequency, propagation di-
rection, and other parameters �a superprism effect is well-
known in photonic crystal geometries, see, for example,
Refs. 9 and 10�, a reliable photonic crystal lens geometry
would be very difficult to predict theoretically and realize in
the experiment. On the other hand, a reflective optics geom-
etry seems to be a good practical solution. The law of reflec-
tion is observed for almost all wave vectors k� within the first
Brillouin zone for Bloch wave reflection from a planar pho-
tonic crystal boundary �Fig. 2�. The Umklapp processes
which occur in the corners of the Brillouin zone do not spoil
the geometrical optics reflection picture because in a periodic
lattice the k�r and k�r

* directions are physically equivalent, and
they correspond to the same Bloch wave. If the reflecting
boundary is slightly curved �so that the curvature radius is
much larger than the period of the photonic crystal lattice�
geometrical optics picture of reflection remains valid. Thus, a
magnifying mirror can be designed using photonic crystal
materials. This has been demonstrated in the experiments
with surface plasmon polaritons described in Refs. 2 and 6
where the role of the mirror is played by the boundary of the
dielectric droplet, which is placed on the surface of the pe-
riodic nanohole array in a gold film.

Once the image is magnified, it should be projected into
free space �3D or 2D� outside the photonic crystal optical
element �photonic crystal mirror, photonic crystal slab, etc.�
so that it can be viewed. At this stage the refractive proper-
ties of the photonic crystal play an important role in image
formation. As we shall see in the following sections of this
paper, the sign of the effective refractive index of the photo-
nic crystal defines the character of image magnification of
the 2D optical system based on photonic crystal mirror.

III. THE ROLE OF EFFECTIVE REFRACTIVE INDEX OF
PHOTONIC CRYSTAL MIRROR IN IMAGE

MAGNIFICATION

Since both 2D photonic crystal materials and surface po-
laritonic crystals exhibit similar electromagnetic band struc-
tures, we will consider SPP crystal to illustrate the behavior
of the magnifying mirror �since it is directly related to the
experiments discussed below�. A typical dispersion of the
SPP modes on a periodically modulated surface of a metal
film in the vicinity of the surface plasmon resonance is
shown schematically in Fig. 3. The examples of surface po-
lariton dispersion on various 2D SPP crystals may be found
in Refs. 11 and 12. It appears that the sign of the SPP group
velocity may be either positive or negative depending on the
Brillouin zone structure and SPP Bloch wave frequency �in
fact, the SPP dispersion can be almost flat, especially in
higher Brillouin zones which lie near the surface plasmon
resonance frequency�. As was shown above, the latter cir-
cumstance Ck�−K� �const is advantageous for high-resolution
imaging applications. On the other hand, the sign of the SPP
group velocity defines the effective refractive index of the
photonic crystal material in this frequency range.13 Accord-
ing to calculations in Ref. 11, the sign of the SPP group
velocity for a particular SPP Bloch mode branch is rather
insensitive to the propagation angle, which means that the
model of geometrical optics refraction �the Snell’s law� is
applicable to SPP propagation across the interface between
the nanohole array region and a smooth metal film.

Let us consider the effect of this refraction on the image
formation in the SPP-assisted microscope described in Refs.
2 and 6. As may be seen from Fig. 4, positive effective
refractive index of the nanohole array causes some shift in
the location of the image, which is formed by the SPP crystal
mirror. On the other hand, negative refractive index would
produce a much more drastic effect on the imaging proper-
ties of the mirror. A real image produced by the mirror,
which would be located outside the nanohole array, becomes
a virtual image due to negative refraction at the photonic
crystal boundary �Fig. 4�. However, if a real image produced

FIG. 2. �Color online� A Bloch wave reflection from a photonic
crystal boundary. For incident wave vectors k�i inside the dashed
circle the wave vector of the reflected Bloch wave k�r obeys the law
of reflection. In the case of incident wave vectors located in the
corners of the first Brillouin zone �outside the dashed circle� the k�r

vector obtained according to the law of reflection must be shifted
inside the first Brillouin zone by an addition of an inverse lattice
vector. However, the obtained k�r

* and k�r directions of the Bloch
wave propagation are physically equivalent in a periodic lattice.

FIG. 3. Schematic view of the SPP dispersion in the first Bril-
louin zone.
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by the mirror is located inside the nanohole array, negative
refraction at the interface produces a second real image over
the unperturbed metal film �Fig. 5�a��. The character of re-
fraction at the nanohole array boundary is clearly identifiable
in the experiment. While positive refraction produces image
magnification which grows with distance from the mirror
along the optical axis of the system �this behavior has been

observed in our earlier experiments2,14�, negative refraction
produces an opposite behavior of magnification, image mag-
nification is the highest in the immediate vicinity of the
nanohole array boundary, and becomes smaller at larger dis-
tances along the optical axis. This may be seen from Fig.
5�b�, which has been calculated in the case of a triplet nano-
hole array, which has a negative effective refractive index
�compare this figure with Figs. 4�b� and 4�f� from Ref. 2,
where experimental and theoretical images of a triplet nano-
hole array with positive refractive index were presented�.
“Negative” behavior of the image magnification for some
nanohole arrays has been indeed observed in our experi-
ments, as described below.

IV. EXPERIMENTAL OBSERVATIONS

The design and operation of our SPP-assisted immersion
microscope is described in detail in Refs. 2, 6, and 14. We
have used a two-stage microscope design in which a magni-
fied planar image produced originally by surface plasmon
polaritons in the metal surface plane is observed with a con-
ventional optical microscope due to SPP coupling to light via
random surface roughness or tailored surface of the periodic
nanohole array. Glycerin microdroplets have been used as
2D magnifying mirrors for SPPs. Experiments were con-
ducted using light of various wavelengths of an Ar-ion laser
in the vicinity of 500 nm wavelength in air, which are lo-
cated very close to the frequency of the surface plasmon
resonance for a gold-glycerin interface. Since the SPP wave-
length and the nanohole array period are much smaller than
the droplet sizes, the image formation in such a magnifying
mirror can be analyzed by simple geometrical optics. To
check the imaging properties of the microscope, various ar-
rangements of periodic nanohole arrays in metal films were
studied. Illuminated by light at appropriate wavelength nano-
hole arrays excite the SPP modes on a structured surface of
metal film.7

Resolution test of the microscope has been performed us-
ing 30�30 �m2 arrays of singlet, doublet, and triplet nano-
holes �Fig. 6� made in a gold film using focused ion beam
milling �FIB� technique. In this experimental geometry the
arrays exhibited positive refraction. All the test patterns
shown in Fig. 6 had 100 nm hole diameter with 40 nm dis-
tance between the hole edges in the doublet and triplet struc-
tures, and 500 nm lattice period. All the structures were re-
solved in the optical images obtained using SPP-assisted
microscopy. Cross-sectional analysis of these images per-
formed in Refs. 2 and 14 indicates spatial resolution of the
order of 60 nm. However, when the illuminating light wave-
length is such that no SPP Bloch modes can be excited on the
periodic arrays, the resolution is lost as should be expected.2

In the next series of experiments SPP-assisted imaging of
aperiodic test samples has been studied. The aperiodic
sample in Fig. 7�a� was made to emulate various nanometer-
scale shapes, which may occur in real-life biological appli-
cations. Similar to earlier experiments, the boundary of the
SPP mirror was positioned over the array of nanoscale holes

FIG. 4. �Color online� Effect of the sign of the effective refrac-
tive index of the SPP crystal on the image formation. Positive re-
fractive index causes small shift in image location, while negative
refractive index converts real images outside the SPP crystal into
virtual ones.

FIG. 5. �Color online� �a� The dependence of the magnification
in images produced by the SPP crystal mirror with negative refrac-
tive index on the distance from the mirror edge. �b� Theoretical
image of a triplet array of nanoholes �rectangular area at the bottom
of the image� in the case of negative effective refractive index of
the SPP crystal.
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used as objects in the experiment. Illuminated with light,
these nanoholes generate SPPs, which upon reflection from
the droplet edge form magnified images of individual nano-
holes over the unmodified area of the gold film �Fig. 7�b��.
Zoom of the image area, which is adjacent to the square
array of nanoholes �Fig. 7�c�� indicates that individual ele-
ments of the aperiodic array have been imaged with various
degree of success �image quality appears to be the best on
the right-hand side of Fig. 7�c� where the shapes of indi-
vidual nanoholes are clearly recognizable�. The images of
the elements of the array are somewhat distorted due to their
position with respect to the mirror �the same as in a conven-
tional parabolic or elliptical mirror� and the degree of distor-

tion is different for different elements depending on their
position and orientation. Using the known mirror geometry,
the shapes of the test pattern �Fig. 7�a��, and the position of
the array with respect to the mirror, the distorted images of
the array elements formed by the SPP mirror can be modeled
and compared with the experiment �Fig. 7�d��. These images
show good agreement with each other. The SPP-formed im-
ages are rotated and stretched/compressed compared to the
initial structure, but the shapes of the individual elements of
the array can be clearly recognized. The additional broaden-
ing in the experimental image is related to the finite resolu-
tion of the microscope �the test pattern sizes of the order of
50 nm are comparable to the optical resolution of the appa-

FIG. 6. �Color online� Resolu-
tion test of the microscope. The
30�30 �m2 arrays of singlet,
doublet, and triplet nanoholes
�100 nm hole diameter, 40 nm
distance between the hole edges in
the doublet and triplet, 500 nm
period� shown in the left column
are imaged using a SPP mirror
formed by a glycerine droplet.
The optical images on the right-
hand column are obtained at �0

=502 nm �singlets and doublets�
and at �0=515 nm �triplets�.
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ratus�, aberrations due to the imperfect mirror shape, and
glycerin boundary quality.

A remarkable feature of the SPP-induced image in Fig.
7�b� is the apparent inverse character of magnification in this
image. This behavior is clear from the comparison of Fig.
7�b� with Figs. 5�a� and 5�b�, and also from Fig. 8 in which
the magnification in this image is compared with a previ-
ously observed SPP-induced image of the triplet nanohole
pattern. While in the SPP-induced image of the triplet array
magnification grows with distance along the optical axis
�which is consistent with a positive effective refractive index
of the nanohole array�, in the image of the aperiodic array
magnification distribution is reversed. This behavior is con-
sistent with negative sign of the effective refractive index of
the nanohole array in Fig. 7�a�. Thus, both signs of the re-
fractive index may be realized in a magnifying SPP crystal
mirror.

SPP-assisted microscope has the potential to become an
invaluable tool in medical and biological imaging, where far-
field optical imaging of individual viruses and DNA mol-
ecules may become a reality. Water droplets on a metal sur-
face can be used as elements of 2D SPP optics in
measurements where aqueous environment is essential for
biological studies. The following experiments have been per-
formed in order to illustrate these points. The SPP crystal
mirror was used to image the T4 phage viruses15 �Fig. 9�a��
and nanoscale polysterene spheres deposited onto the gold
film patterned with a periodic array of doublet nanoholes.

Initial test experiments were performed with polystyrene
spheres of various diameters in the nanometer-scale range.
200 nm diameter polystyrene spheres deposited on a metal
surface were studied under the illumination with 502 nm
light. The images taken in reflection �Fig. 9�b�� and transmis-
sion �Fig. 9�c�� shows that individual spheres, which have
attached to the nanohole array surface as a result of the depo-
sition process are clearly visible as standard luminous fea-
tures. They appear to be bright in the transmission image

FIG. 7. �Color online� �a� SEM image of the aperiodic array in
the metal film. �b� Large-scale image of the array obtained with
SPP-assisted microscopy. Total size of the array is 20�20 �m2.
Droplet edge position is shown by the dashed line. Zoom of the
marked area is shown at higher magnification in �c� together with
the calculated image of the array using known position of the SPP
mirror �d�.

FIG. 8. �Color online� Comparison of magnification dependen-
cies on the distance form the mirror edge in the SPP-induced image
of the aperiodic array �a� and in the image of the triplet array �b�. �c�
and �d� show cross sections of the SPP-induced images. The cross-
section directions are shown in �a� and �b�, respectively. The corre-
sponding plots of feature sizes in the images are shown in �e� and
�f�.
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because they efficiently scatter SPP waves into photons. On
the other hand, because they efficiently scatter SPPs in light,
they must appear as dark features in the 2D SPP-induced
images. Dark features of appropriate size indeed appeared in
the SPP-formed images taken with the polysterene spheres
�the same as T4 phage viruses�. The size of the scatterers
deposited onto a nanohole array can be estimated from the
SPP-induced image via comparison with the periodicity of
the nanohole array in the image. However, the quality of the
SPP image of the nanoholes in the array appears to be some-
what worse in this case, compared to the images in Fig. 6
because of the increased scattering by the polystyrene
spheres in glycerin.

Similar technique has been implemented in the experi-
ments with the T4 phage viruses. Direct visualization of vi-
ruses by using far-field microscopy techniques would consti-
tute an important development in biosensing. A typical T4
virus is around 200 nm long and 80–100 nm wide �Fig. 9�a�
copied from Ref. 15�. In our experiments individual T4 vi-
ruses were deposited onto an array of doublet nanoholes
�Fig. 6�. After the glycerin droplet has been placed over the
array �Fig. 9�d�� the SPP image demonstrates resolution of
the individual 100 nm nanoholes separated by 40 nm gaps,
as evidenced by the image cross sections �Figs. 9�g� and
9�h�� of the SPP image performed in the two orthogonal

directions, as shown in Fig. 9�e�. In addition, the SPP-
induced image contains dark features that are similar to the
one shown in Figs. 9�e� and 9�f�. While the surface density
of these features was consistent with the T4 phage concen-
tration in the deposited solution, the size of these features
and their appearance was consistent with the way a T4 phage
should look under a microscope with 50 nm resolution.
Thus, the size, image sign �T4 phages appear as dark fea-
tures�, and image resolution in these experiments is consis-
tent with the known geometry of the T4 phage viruses and
the resolution of the SPP-assisted microscope.

V. CONCLUSION

We have developed a theoretical model of the enhanced
optical resolution of a far-field microscope based on optical
elements made of 2D photonic and plasmon-polaritonic crys-
tal materials, which uses propagating electromagnetic Bloch
waves. The super-resolution is achieved due to coupling of
evanescent components of the diffraction field generated by
the object to the propagating Bloch modes of the photonic
crystal space. The image magnification can be achieved by
either using curved dielectric mirrors deposited onto the 2D
photonic crystal, or by using the crystal boundary that is
appropriately shaped to provide magnification for Bloch
waves reflected from or refracted at the boundary. Both signs
of the effective refractive index of a photonic crystal mirror
have been observed in the experiments with SPP-assisted
imaging. The technique was applied for imaging of various
test patterns as well as viruses.

We should also point out that while 2D configuration of
the SPP-assisted microscopy based on 2D photonic or SPP
crystal mirrors offers some important advantages, such as
relative ease of the structure fabrication, strong interaction
between biological samples and SPP Bloch waves, etc., a 3D
configuration of a microscope based on photonic crystal mir-
ror is also possible. In this case, the evanescent components
of the diffraction field generated by the object is coupled to
the 3D photonic crystal Bloch modes but in contrast to the
2D case, the image is formed out of the surface plane. One of
the potentially interesting configurations is shown in Fig. 10.
In this configuration a photonic crystal mirror would consist
of two parts, a substrate and a cover part, which would work
together as a photonic crystal mirror. The plane separating
these two parts should be close to the focal plane of the

FIG. 9. �Color online� �a� Electron microscope image of the T4
phage. �b�, �c� Optical images of the nanohole array with polysty-
rene spheres in reflection �b� and transmission �c� under illumina-
tion with 502 nm light. �d� The droplet used to form SPP mirror for
imaging T4 phage. �e�, �f� The images of T4 phage viruses visible
as dark features �indicated by an arrow� in the SPP-induced image.
Orthogonal cross sections �g� and �h� indicate resolving of the dou-
blets in the SPP-induced image �e�.

FIG. 10. �Color online� Schematic of a 3D magnifying photonic
crystal mirror, which may be used in a 3D configuration of an
immersion microscope based on photonic crystal materials.

SUPER-RESOLUTION OPTICAL MICROSCOPY BASED… PHYSICAL REVIEW B 72, 085442 �2005�

085442-7



mirror and filled with a very thin layer of index matching
gel. If an object is positioned on the substrate and covered
with the top mirror part, a magnified image of the object
would be formed in free space, which may be viewed by a
regular optical microscope. Operation of such microscope
would be very similar to operation of a regular microscope.
However, practical realization of this 3D microscope idea in

the optical frequency range would require fabrication of high
quality 3D photonic crystal materials.
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