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Abstract Since the 1960s the minimum feature size of litho-
graphic fabrication has shrunk from tens of micrometers to now
a few nanometers, i.e. by one order of magnitude per decade.
With the adaptation of lithographic techniques to the fabrication
of optical elements, first micro- and more recently nanostruc-
tured optics was shown to be both feasible and useful. However,
the incredibly shrinking feature size down to the scale of the opti-
cal wavelength and below does not only represent a quantitative
measure, but it stands for qualitatively different optical phe-
nomena that occur in the subwavelength regime. In that regard,
micro- and nanooptics are two different worlds. Their common
feature, however, is the succession of steps: computer-based
design, modeling and simulation, fabrication and technology,
characterization and application. We review recent progress in
micro- and nanooptics by describing the state-of-the art and by
emphasizing specific areas of interest.

A photon sieve is a novel diffractive element which consists of
many pinholes suitably arranged according to the ring pattern of
a Fresnel zone plate (also shown here for instructive purposes).
Position, size and density of the pinholes can be used as design
parameters.
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1. From plotters to nanoholes — a brief
historical overview since the 1960s

Until the 1960s, optical technology was essentially based

on the classical triad of cutting, grinding and polishing.

These techniques had been invented already in ancient
times: “Take 60 parts sand, 180 parts ash from sea plants,
5 parts chalk — and you get glass.” [1]. Glass is still the

dominant material for optics. The traditional methods for
the processing of glass are grinding and polishing. Grinding
is a mechanical process to remove material. The purpose
of the grinding process is to obtain a surface profile that
is as close as possible to the desired shape. Polishing is a
mechanical as well as a chemical process. By polishing, the
final shape and optical surface quality are obtained with
tolerances well in the nanometer range.
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Figure 1 Examples for micro- and nanoscale optical elements. a) 1960: computer-generated hologram drawn by a plotter, minimum
feature size ~10 um. b) 1980: diffractive element (mask lithography, 1 um). ¢) 2000: photonic crystal device fabricated by electron beam

lithography, resolution is 0.1 pm. (Permission granted by IEEE).

Of course, these techniques are still used today, highly
optimized, and allow one to make optical elements of
macroscopic dimensions like lenses and prisms with ex-
cellent surface quality. With the advent of computer tech-
nology, however, semiconductor processing technologies
entered the stage. This has led to two implications: on the
one hand, lithographic fabrication was developed as a tech-
nology for mass production, first for electronic devices. Fur-
thermore, computers became available as powerful tools for
optical design, modeling and simulation. In the meantime,
lithographic techniques were adapted to the fabrication of
optical and mechanical devices, first at the micro- and since
several years at the nanoscale [2,3]. The downscaling of
optical devices and systems has essentially the same mo-
tivation as in electronics, namely the miniaturization and
integration of elements and systems with the purpose of
improving performance and reducing cost.

The terms micro- and nanooptics refer to the typical
lateral feature size in an optical element. In the 1960s, the
minimum feature size of lithographic fabrication was of
the order of tens of micrometers. Fabrication of optical
elements was often achieved by using plotters, generating
huge patterns on paper or on film that were photoreduced
in a subsequent step. The optical elements were called
“computer-generated holograms” (Fig. 1a) and used, e.g.,
for analog optical signal processing [4].

An enormous push towards microoptics came in the
1980s (although the forerunners were from the 1960s and
1970s). At that time, standard lithography offered a feature
size of about 1 micrometer. But, importantly, dry etching
techniques were adopted to make microoptical devices like,
in particular, diffractive optical elements in glass or silicon
(Fig. 1b). Newly developed iterative design techniques al-
lowed one to generate novel types of optical elements such
as 1xN beamsplitters and lenslet arrays [5]. Meanwhile,
microoptics is a well-established and mature technology.
Microoptical components can be found in various applica-
tions, for example, as lens arrays in cameras and displays,
as beam splitters and homogenizers in laser systems, as mi-
crospectrometers in analytics, etc. Recently, new potential
applications like microfluidics, optical manipulation, and

biosensing, for example, have caused novel interest and
generated a variety of new technological approaches.

Since around the year 2000, technology has entered the
nanoscale on a broad basis: currently, electronic circuits
for processors and memory chips routinely use a minimum
feature size of 65 nm or less [6] (Fig. 1¢). The availability
of nanofabrication has stimulated research in optics and
photonics tremendously. This is due to the fact that in the
subwavelength regime (which happens to coincide with the
nanodomain for many optical applications) nanostructures
lead to new physical phenomena. Three research areas that
have attracted particularly strong interest in recent years
are photonic crystals, a phenomenon called enhanced trans-
mission of light through arrays of nanoapertures in metal
films, and negative-index materials.

Photonic crystals are characterized by a propagation
medium with an index of refraction that is periodic with A /2
in one, two or all three spatial dimensions [7, 8]. The term
“photonic crystal” was chosen in analogy to the periodic
structure of a crystal lattice. Furthermore, the periodically
modulated refractive index leads to a theoretical description
that is analogous to the concept of the band structure for
semiconductor materials. In particular, the occurrence of a
“photonic bandgap” (i.e. a range of forbidden propagation
angles) is of interest to implement novel types of very
compact waveguide structures, for example.

The presence of arrays of subwavelength apertures in
an opaque metal film leads to a strongly enhanced transmis-
sion of light through the holes and wavelength filtering [?].
This effect is opening up exciting new opportunities in
applications ranging from subwavelength optics and op-
toelectronics to chemical sensing and biophysics. The un-
derlying physical mechanism has attracted much interest.
In particular, the role of surface plasmon in the enhanced
transmission is being intensively discussed.

Periodic nanostructures might exhibit unexpected prop-
erties like the phenomenon of a negative index. These ma-
terials are also known as left-handed materials [10]. The
effect of a negative refractive index is associated with the
simultaneous occurrence of a negative electric permittivity
€ and magnetic permeability p. It is said that this may be
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Figure 2 (online color at: www.lpr-journal.org) a) The two fundamental approaches to lithographic structuring are shown, namely mask
and scanning lithography. b) shows a continuous phase profile (red curve) as is typical for refractive or reflective elements, while the
quantized curve represents a diffractive element with discrete phase levels (here shown with four phase levels). Obviously, scanning (or
analog) lithography is best suited for continuous profiles, while mask lithography is optimal for diffractive elements.

caused by the excitation of surface plasmon-polaritons. The
inductive properties of nanoparticles may be tailored in
such a way as to oppose the magnetic field of an incident
light wave. As a result, an optical material consisting of
an array of nanoscale electrical circuits appears to have
a negative-valued p. When coupled with a negative ¢ the
material is expected to have a negative refractive index.

Nanostructured optical elements can also be larger than
the wavelength. One example is diffractive optical elements
that are used for the nanofocusing and nanoimaging of soft
X-ray and EUV (extreme ultraviolet) radiation. In contrast
to subwavelength nanostructured elements, we call them su-
perwavelength nanostructured elements. Correspondingly,
the related optics is called “superwavelength nanooptics.”
Some novel diffractive optical elements, like the photon
sieve and modified Fresnel zone plates, have been suggested
in the past several years for nanofocusing and nanoimag-
ing of soft X-ray and EUV radiation and will be discussed
below.

2. Microoptics

2.1. Technology and components

The most important tool for the fabrication of micro- and
nanooptics is lithography, although nonlithographic tech-
niques are of increasing interest, as we will discuss later.
Lithography comprises a sequence of processing steps for
structuring the surfaces of planar substrates. Two basic
types of lithographic fabrication can be distinguished: mask-
based lithography and scanning lithography (see, for ex-
ample, [3]). In conventional mask lithography, a binary-
amplitude pattern on a mask is used for the exposure of
a photosensitive resist layer on a substrate (Fig. 2a). After

development the photoresist layer is structured with the
mask pattern. This pattern is then transferred into the sub-
strate, usually by some etching technique. With scanning
lithography a laser or electron beam is scanned across the
photoresist-coated substrate. By variation of the exposure
and suitable processing it is possible to obtain a contin-
uous surface profile in the photoresist layer. Obviously,
this allows one to generate refractive elements since they
have smooth continuous surfaces (red curve in Fig.2b).
In contrast, mask-based lithography is a suitable tool for
making binary or multilevel diffractive elements where the
geometry of the steps is important. Multilevel structures
are generated by subsequent application of several mask
layers. The minimum feature size depends mostly on the
wavelength of the light used for the lithographic exposure.

Efficiency and design flexibility are two major char-
acteristics of microoptical elements. Diffractive elements
offer a very high degree of design flexibility, however, some-
times at the cost of relatively low efficiency. Losses are due
to the phase quantization shown in the figure [11-13]. This
causes unwanted diffraction orders and therefore a loss of
power in the desired diffraction order. Refractive and re-
flective elements, on the other hand, have a high efficiency.
However, usually there are limitations to functionality.

For the purpose of achieving a high efficiency, there
is a strong interest in the fabrication of continuous or at
least piecewise-continuous surface profiles. Thus, for mi-
crooptics fabrication, lithographic fabrication techniques
have been adapted to approximate such profiles as binary
multilevel structures by multimask techniques or through
analog grayscale lithography. Both approaches, however,
result in a significant increase in fabrication effort and cost
as compared to binary optical elements and the usage of
standard lithography. We will return to the issue of design
flexibility and efficiency in a later section.
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Figure 3 Implementation of blazed profiles through subwave-
length structuring: a) pulse-density modulation; b) pulse-width
modulation.

Since the early 1990s, the application of binary sub-
wavelength structures for the implementation of efficient
blazed micro- or nanooptical elements has become an in-
teresting alternative to analog lithography. Continuous im-
provement of lithographic fabrication technology has led to
standard minimum feature sizes of several tens of nanome-
ters, i.e. well in the subwavelength range also for visible
wavelengths. For periodic gratings with such feature sizes
all nonzero diffraction orders become evanescent. Conse-
quently, all the light is propagating along the direction of
the zeroth diffraction order. Therefore, the name zero-order
gratings has been coined for such subwavelength gratings.
The effect of the subwavelength structures on the properties
of the propagated wave can be conveniently understood by
what is called effective medium theory. For this purpose,
an “artificial refractive index” is assigned to the structured
substrate that is calculated by averaging over feature sizes
and depths (Fig. 3). Consequently, the refractive index of
the substrate can be modulated locally by a variation of
the local lithographic profiling. This allows for the fabri-
cation of efficient blazed artificial gradient index elements.
Zero-order gratings were first demonstrated for long wave-
lengths, i.e. water waves [14] and IR applications [15].
Later, significant improvements were suggested concern-
ing the design, the understanding of the possible gain in
diffraction efficiency with respect to conventional blazed
diffraction gratings [16] as well as feasible approaches to
the realization [17].
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An alternative to the two standard techniques just de-
scribed is holographic lithography. It has been success-
fully applied to the fabrication of blazed diffractive optical
elements. Instead of using grayscale masks, the continu-
ous illumination profile for photoresist exposure in this
case is generated holographically, i.e. by interference of
an object and a reference wavefront [18]. The use of artifi-
cially generated object wavefronts in such a configuration
helps to significantly improve the bandwidth of diffrac-
tive elements fabricated with this technique [19]. Arbitrary
computer-generated object wavefronts can nowadays be
realized dynamically with the help of high-quality spatial
light modulators such as liquid crystal on silicon (LCOS)
or micromirror devices. After a spatial filtering process,
which helps to achieve, e.g., precisely controlled object
wavefronts that are free from higher diffraction orders, the
interference pattern with the reference wavefront is used for
the holographic exposure. The phase ambiguity, which in
classical holography generally leads to the formation of the
twin image, can be avoided by adjusting the phase values in
the dynamically generated diffractive element according to
specific mapping instructions. Compact illumination setups
related to phase-contrast imaging have been suggested in
order to minimize the problems with instabilities during the
interferometric illumination process (Fig. 4) [20]. For the
analog resist processing a detailed characterization of the
resist properties such as e.g. absorption and bleaching, is
necessary and allows a subsequent numerical simulation
and optimization of the resulting profiles [21]. This very
challenging task of analog photoresist processing along
with the so far rather complex optical illumination setups
are the main reasons why thus far in the industrial envi-
ronment holographic lithography is only applied for very
specific, unique solutions [22,23].

During past years classical mechanical machining tech-
niques for the fabrication of optical elements have been
refined and optimized for the fabrication of miniature opti-
cal elements with diameters in the range of a few millime-
ters and have become an alternative for certain applications.
This development was not only triggered by miniaturization
but also by the increasing need for aspherical optical ele-
ments for optimized (macro-)optical systems. Specifically
for the fabrication of aspherical optical elements precisely
controlled “single point” grinding and polishing techniques

Figure 4 Schematic of a com-
pact optical setup for holo-
graphic illumination with arbi-
trary computer-generated ob-
ject wavefronts implemented
on a liquid crystal on silicon
device (LCoS). The reference
wavefront is generated by the
beam splitter (BS) at the en-
trance of the optical system
and thus passes the same opti-
cal systems as the object wave-
front.

L, plane of holographic
illumination

o

————

object wave front
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Figure 5 (online color at: www.lpr-journal.org) Schematic illus-
trating the difference between conventional optical polishing and
single-point techniques.

have been developed. “Single point” in this case means
that the mechanical ablation can be performed with high
spatial resolution, thus allowing almost arbitrarily shaped
profiles (Fig. 5). This represents an important technological
development compared to the global mechanical treatment
generally applied for fabrication of optical elements with
spherical or planar surfaces. There, the optical surface qual-
ity to a large extent is a result of the statistical polishing
process. In single-point fabrication processes, however, the
optical precision can only be achieved with extremely high
precision of the mechanical positioning system [24,25].

Nowadays, the precision and stability of mechanical
micromachining systems reaches remarkable performance.
Thus techniques like “diamond turning” or “fly-cutting”
have been applied for (micro-)optics fabrication already
since the 1980s. In diamond turning the optical substrate
is spinning at high speed and a diamond tool, which is
mounted ruggedly, is then moved along precisely con-
trolled paths. Thus, the stability of the substrate is achieved
through the fast rotation so that optical surface quality with
roughness in the nm range can be achieved. Single-point
diamond turning is ideally suited to the fabrication of ro-
tationally symmetric optical elements. The spectrum of
profiles that can be fabricated mostly depends on the shape
and diameter of the processing tools. With diamond tools
of diameters as small as a few tens of micrometers even
microoptical elements such as blazed diffraction gratings
have been demonstrated [26]. However, the challenges for
an adaptation of the technique to freeform optics remain
significant since this requires additional fast and complex
movements of the substrate or the tool during the fabrica-
tion process. Since these additional movements introduce
additional stability problems one can consider this as a
trade-off between flexibility in the achievable surface pro-
files and surface quality.

In fly-cutting, the substrate is mounted ruggedly while
the processing tool is fixed on a spindle, which is rotating
at high angular speeds and moved across the substrate for
structuring. Again, since the absolute speed of the tool de-
termines the stability of the movement, the surface quality
(typical values for the surface roughness: R, < 10nm)
in fly-cutting results from the fact that the diamond tool
is mounted at a large radius off the center of rotation. In
this case, however, again geometrical constraints limit the
variety of surface profiles that can be processed with this
approach. Fly-cutting so far has been used mostly for the

500 um

Figure 6 (online color at: www.lpr-journal.org) Multiple images
captured through a section of an array of microlenses fabricated by
ultraprecision micromilling. The precision of the shape is mostly
determined by the single-point diamond tool.

fabrication of metallic mirrors, e.g. for IR laser applica-
tions.

The largest flexibility in the variety of surface pro-
files can be achieved through ultraprecision micromilling.
Systems and automatic control engineering only recently
reached a state of development where one can think of
using ultraprecision micromilling for optical applications.
In this case, the single-point diamond tool is rotating on
the rotation axis of the processing spindle. For profiling it
is moved across the substrate along optimized trajectories.
High rotation speed (up to 200,000 rpm), constant moni-
toring and control of the movement as well as optimized
positioning units allow extremely precise surface profiling
and surface roughness of a few tens of nm. Fig. 6 shows
an array of microlenses fabricated through micromilling.
Recently, ultraprecision micromilling has been successfully
applied for the fabrication of a nonrotationally symmetric
beam-shaping element in planar optically integrated sys-
tems [27]. In this application a peak-to-peak deviation from
the desired shape of about 300 nm and a surface roughness
of R, < 40nm has been measured. Further optimization
of the fabrication process is likely to result in even better
quality of the elements in the near future and thus promote
the field of freeform (micro-)optics. Although micromilling
is not perfectly suited to the fabrication of large arrays of
symmetric microoptical elements, the example illustrates
the achievable optical quality. Generally, the micromilling
approach will only be used for aspheric, freeform or one-
dimensional cylindrical optical profiles where fabrication
techniques for regular microlens arrays cannot be applied.

2.2. Microoptical systems

One of the central issues of microtechnologies, in general,
is the integration of functional systems. Integrated microop-
tical systems are the key to real-world applications in sens-
ing, communications and computing. It would be beyond

www.lpr-journal.org
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the scope of this paper, however, to go into the details here.
Instead, we consider two points that exemplify the ongoing
research work. One is the optimization of the performance
of optical microsystems that are used for interconnection
purposes. Then, in the next section, we describe optomi-
crofluidics as a novel systems-oriented concept relevant
for the implementation of adaptive optical solutions, for
example, in biosensing.

Optical interconnection is an area of particular interest
for advanced high-performance computing systems. Optics
offers large temporal and spatial bandwidth. Much work
has been done in this area over the past 20 years [28, 29].
Recently, the approach of silicon integrated optics has been
pushed forward strongly [30], which implies that all func-
tionality including light emission, propagation and detec-
tion are implemented in a monolithic fashion. The alterna-
tive is hybrid integration of different optical functionalities.
One of the main steps that still needs to be taken with regard
to systems optimization relates to the optimization of fabri-
cation and packaging. Improved optical performance can be
achieved, for example, by a combination of refractive and
diffractive elements. This is particularly important for mi-
crooptical systems. We have mentioned that diffractive and
reflective elements are almost complementary to each other.
Refractive elements usually have a high efficiency, but their
functionality is limited to simple functions such as prisms
and lenses. On the other hand, diffractive elements allow
one a high design flexibility, but their efficiency may some-
times be low. This suggests the following design approach:
the use of refractive elements for simple functionality but
high efficiency, for example, for coupling, and the use of
diffractive optics where specific functionality is required
(e.g., beam splitting, wavefront correction). Recently, an
integrated microoptical system was built and demonstrated
based on this design concept [31]. It implements an optical
interconnect between two MT-fiber connectors (Fig. 7a).
(Remark: The MT connector is a multifiber connector hous-
ing up to 24 fibers in a single ferrule.) In particular, the
combined use of binary and analog lithography was demon-
strated. A grayscale mask was generated by e-beam expo-
sure of a HEBS (high-energy beam sensitive) glass mask
with a variable shape beam e-beam writer. Contact lithog-
raphy was carried out by using a special resist (Clariant

Figure 7 (online color at: www.lpr-
journal.org) a) Planar-integrated microop-
tical system for fiber coupling combining
refractive coupling elements and diffrac-
tive imaging optics. b) Replicated array
b of coupling lenses (after [22]).

AZA4562). The resist has to have a certain thickness so that
continuous profiles can be generated. Here, a resist thick-
ness of about 50 um was used. The lenses were then repli-
cated into a thin layer of ORMOCER® [32]. Fig. 7b shows a
section of a replicated array of refractive microlenses, each
optimized for a specific coupling angle. An insertion loss
of approximately 4.5 dB was demonstrated for coupling the
light from one connector to the other.

2.3. Microopto fluidics

Recently, the combination of microfluidic systems with
microoptical functionality has triggered a large amount of
interest [33]. The reasons for this are two-fold and can be
found in the potential applications of the resulting optoflu-
idic systems. Firstly, the control of a liquid in appropriately
designed optical microsystems can be applied for the con-
trol of the optical properties of the system. The second
aspect promoting optofluidic systems relates to the integra-
tion of optical functionality in microfluidic systems, e.g.
for biomedical applications [34-36].

Active or adaptive (micro-) optical systems often rely
on the reconfigurable behavior of liquid or semiliquid mate-
rial. The most prominent examples for this are liquid crystal
devices, which are applied in mass products for display pur-
poses and have been applied in adaptive optical elements.
Liquid crystals consist of long chain-like molecules in a
liquid environment. Upon application of an electric field
a properly designed liquid crystal cell changes its optical
properties, i.e. the effect on the polarization or the refrac-
tive index. This allows one to build either variable absorber
cells or variable-phase elements such as lenses, prisms or
even phase gratings like computer-generated holograms.
So-called modal lenses or prisms that allow the implemen-
tation of continuous, i.e. nonpixelated phase functions by
addressing the liquid crystal cells with a high-frequency
electric field have been demonstrated [37] and successfully
applied in adaptive optical systems, e.g. for astronomy [38]
as well as in integrated planar optical systems [39].

Other examples of adaptive optofluidic systems are ac-
tive microlenses controlled electronically, e.g. through a
variation of the pressure inside the microfluidic system,

© 2008 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 8 (online color at: www.lpr-journal.org) Concepts for the integration of optical functionality in microfluidic systems for a

precise definition of the interfaces.

which changes the form of a (micro-)optical element fab-
ricated on a flexible substrate [40,41] or through the con-
cept of electrowetting, where the surface tension of a lens-
forming liquid is varied through the application of an elec-
tric field [42,43]. Another example for adaptive optofluidic
elements are optical filters based on micro- and nanostruc-
tured gratings that are filled with varying liquids, e.g. for
wavelength tuning of distributed feedback lasers [44].

The integration aspect of optofluidic systems is of
specific interest for applications in life science such as
biomedicine or bioanalytics [45]. For these applications
microfluidic systems are of specific interest since they can
be designed to provide small highly efficient reaction cham-
bers for cell or germ breeding or drug testing [46,47]. It
is generally necessary to use optical techniques for ana-
lytical purposes or in more sophisticated applications for
optical trapping and micromanipulation [48]. The efficient
integration of optical functionality directly into in the mi-
crofluidic channel systems, e.g. through soft lithography
(i.e. the replication of microoptical surface profiles into soft
materials like PDMS (polydimethylsiloxane) often used for
microfluidic channel fabrication) is an efficient approach
towards the definition of the interface between the fluidic
and the optical systems (Fig. 8) [49].

The potential of the optofluidic integration concept has
been demonstrated in [S0] where a highly integrated optoflu-
idic microscope was fabricated on a chip. In principle, an
ultracompact scanning microscope was implemented where
the liquid flow through the microfluidic channel provides
automatic scanning. High spatial resolution is achieved by
the application of an array of pinholes and a corresponding
detector array.

2.4. Microoptics for ultrashort pulse technology

Optical short-pulse technology using pico-/femtosecond
(ps/fs) pulses is of increasing interest for communications

and processing of information as well as materials pro-
cessing [51]. The handling of ultrashort pulses requires
different tasks such as beam shaping, splitting and filter-
ing in the time domain, for which microoptics can offer
many interesting solutions. A specific approach to filtering
is based on the use of tapped delay line filters. A tapped
delay line splits an incoming signal into /N branches that
are delayed relative to each other and weighted differently,
in general. The time delay of the nth branch relative to
the first is usually n7. Two different areas of application
can be envisioned depending on whether 7 is smaller than
the duration 7, of the optical pulse or if 7 > 7. In the
first case, one can implement a linear filter by giving a
different weight to the different facets of the array. In the
second case, one can use the array, for example, as a tempo-
ral beamsplitter generating separated output pulses. For a
pulse duration of typically 7, = 100 fs, the time delays that
need to be generated lie in the range of 10-1000 fs. Since
in free-space, the speed of light is ¢ = 3 x 10'* pm/s, one
needs optical structures with depth dimension in the range
from 3-300 um. These are microoptical dimensions that
may, however, sometimes require rather deep profiles. Pro-
files with several hundreds of micrometers of depth can be
generated by deep etching in silicon, by the LIGA process
or by ultraprecision micromachining.

Here, we show as an example a simple implementa-
tion of a tapped delay-line using a retroreflector array. The
array was cut into a block of aluminum with a pitch of
p = 640um. The operation as a tapped delay line was
suggested in [52] is shown in Fig.9. By rotating the ar-
ray slightly around its axis, a time delay occurs between
the beamlets reflected from neighboring facets. The de-
lay 7 is determined by the rotation angle o according to
¢t = 2psin(a). The maximum number of pulses that can
be generated depends on the practical implementation of the
setup. The use of the tapped delay-line as a filter was shown
in [52], its use as a temporal beamsplitter was demonstrated
in [53]. An interesting feature is that the microoptical de-
vice is simple and compact and used in reflection. The latter
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Figure 9 (online color at: www.lpr-journal.org) a) Retroreflector array as a basic element in an optical tapped delay-line for ultrashort
optical pulses. A time delay between incoming pulses in two neighbouring facets when the array is slightly tilted around its axis of
orientation. b) Experimental demonstration of the device as a temporal beam splitter (after [40], courtesy Optical Society of America).
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Figure 10 (online color at: www.Ipr-journal.org) a) Profile of a refractive microaxicon with very shallow depth (after [42], courtesy
Optical Society of America) b) Measured beam profile of the generated fs-Bessel beam (courtesy R. Grunwald).

point is of importance for fs applications in order to avoid
material dispersion.

Microoptical elements can be used for the shaping of
laser beams, in time and in space. Of particular theoretical
and practical interest are so-called Bessel or “nondiffract-
ing” beams. These are beams that propagate for a large
distance (significantly larger than the Rayleigh distance)
while keeping their lateral profile. This property may make
them useful tools, for example, for the implementation of
optical tweezers. An ideal Bessel beam is characterized
by an amplitude profile given by the zeroth-order Bessel

function, Jy. Bessel beams can be generated by a special
class of microoptical elements, the axicon. An axicon is a
conical phase element with radial symmetry. The classical
axicon is implemented as a refractive element. Refractive
microaxicons were demonstrated by applying special thin-
film deposition techniques to their fabrication [54]. Based
on such elements, the generation of Bessel beams was also
shown for fs pulses [55]. Fig. 10a shows the profile of a mi-
croaxicon generated by this technology and Fig. 10b shows
the measured beam profile of a 10-fs Bessel beam as it
propagates in the z-direction.
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3. Nanooptics

As mentioned in our introduction, light can interact with
nanoscale structures, regardless of subwavelength or su-
perwavelength cases. Here, we present three examples for
subwavelength nanooptics and one example of superwave-
length nanooptics.

3.1. Photonic crystals

It is well known that there exist forbidden bands for elec-
trons in periodic semiconductor materials. This kind of
material is called an electronic crystal. In fact, the modern
semiconductor industry is based on the concept of elec-
tronic crystals. Corresponding to electronic crystals, there
also exist photonic crystals. A photonic crystal is a kind
of periodic structure in which the propagation of light is
forbidden for some certain frequency bands. This property
can be used to confine light inside a small region, possi-
bly even smaller than the wavelength. It has been known
for a very long time that a quarter-wave stack can be used
as antireflective film. In fact, a simple quarter-wave stack
is a one-dimensional photonic crystal. It is said that the
one-dimensional photonic crystal was first investigated by
Rayleigh in 1887. One-dimensional photonic crystals have
many applications ranging from Bragg mirrors, distributed
feedback (DFB) lasers, and omnidirectional reflectors. In
the 1970s and 1980s, various scientists began to investigate
two-dimensional photonic crystals.

In 1987, Yablonovitch introduced the general concept
of photonic crystals [7], especially the three-dimensional
photonic crystals. Since then, photonic crystals have been
attracting much interest, from both fundamental and applied
researches. Extensive research works, including theoretical
and experimental work has followed. A particular aspect
is the simulation of these structures. Photonic crystals can
be simulated by various numerical methods, such as the
finite-difference time-domain (FDTD) method [56,57], the
plane-wave method, the rigorous coupled-wave method
(RCWA) [58-60], and the method of lines [61, 62]. Up
to now, many applications of photonic crystals have been
suggested. Among them, photonic crystal waveguides and
photonic crystal fibers [63—-65] are extremely attractive.

One can construct a two-dimensional photonic crystal
waveguide by fabricating a two-dimensional hole array in a
transparent solid material. By removing certain holes, the
light will be guided along the defect. This kind of waveg-
uide is called a photonic crystal waveguide. Unlike tradi-
tional optical waveguides that use total internal reflection,
photonic crystal waveguides use the bandgap effect to guide
light. Because light cannot go into the region of photonic
crystal, light may propagate along a subwavelength waveg-
uide channel surrounded by the photonic crystal. Unlike a
ridge waveguide, in which light is guided by total internal
reflection, photonic crystal waveguides use the bandgap
effect. Therefore, it is possible to create sharp bends inside

a photonic crystal waveguide, disregarding here the practi-
cal difficulties with the realization of such sharp bends. It
is worth mentioning that, in the third direction, i.e. in the
vertical direction, light is still constrained by the traditional
total internal reflection. Due to the special constraint mech-
anism, photonic crystal waveguides have the potential for
next-generation circuits with very small dimensions.

In 1991, Russell proposed the novel idea of photonic
crystal fibers [63]. Similar to photonic crystal waveguides,
photonic crystal fibers also use the bandgap effect to guide
light. However, unlike photonic crystal waveguides, pho-
tonic crystal fibers are uniform along the propagation di-
rection. That is to say, the patterns at any transverse planes
are the same. There are two kinds of photonic crystal fibers.
One has a solid core with high refractive index in the cen-
ter [64]. The other has an air hole with low refractive index
in the center [65]. Light in a solid-core photonic crystal fiber
is guided by both the bandgap effect and the total internal
reflection. The effective index n. s of a solid-core photonic
crystal fiber is larger than 1 (i.e. the refractive index of air)
but smaller than the refractive index of the solid material.
Solid-core photonic crystal fibers were first experimentally
demonstrated in 1996. Light in an air-core photonic crystal
fiber is guided purely by the bandgap effect. The effective
index n.sy of an air-core photonic crystal fiber is smaller
than one. Photonic crystal fibers have special applications
in many areas, such as in gas-based nonlinear optics, in
atom and particle guidance, and in ultrahigh nonlinearities.

3.2. Enhanced transmission

Classical aperture theory states that the transmission
through a subwavelength pinhole in metal is very low [66,
67]. Accordingly, the structure of a single pinhole in metal
seems not so attractive. In 1998, it was found [68], however,
that the transmission through an array of subwavelength pin-
holes in metal is much higher than one could expect from
the transmission of a single subwavelength pinhole. This
finding has attracted a lot of interest on both the physical
mechanism and the applications of these structures [69-90].

In the same year of 1998, Schroter and Heitmann [71]
found that the enhanced transmission can also happen for a
one-dimensional subwavelength slit array in metal in the
case of TM polarization. Porto, et al. [72] also simulated
the enhanced transmission through a subwavelength slit
array in metal. They showed that the transmittance can be
more than 80 per cent of the incident energy in the near-
infrared region. At that time, it was generally assumed
that surface plasmons play a crucial positive role in the
enhanced transmission, regardless of the two-dimensional
hole array or the one-dimensional slit array. One exception
is the work of Treacy [69]. He suggested that it is not the
surface plasmon but dynamic diffraction that leads to the
enhanced transmission, although the surface plasmon is an
intrinsic part of dynamic diffraction. Cao and Lalanne [70]
found and confirmed that there always appear transmis-
sion minima rather than transmission maxima when surface
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plasmon resonances are most strongly excited. This surpris-
ing finding initiated a very important debate about the role
of surface plasmons for enhanced transmission. Cao and
Lalanne considered a subwavelength metallic grating in
which the imaginary part of the relative permittivity € can
continuously change. With this kind of change, the resonant
wavelength of the surface plasmon resonance also changes
continuously. By using rigorous coupled wave analysis
(RCWA) [91,92], Cao and Lalanne found that the transmis-
sion minima always happen at the resonant wavelengths of
surface plasmon resonances. This result strongly implies
that surface plasmons actually play a negative role in the
enhanced transmission of one-dimensional subwavelength
metallic gratings.

The nearly null transmission at the resonant wavelength
of a surface plasmon has also been checked by many other
authors, from both theoretical and the experimental aspects.
For example, Xie et al. [73] repeated the simulation re-
sults by use of the finite-difference time-domain (FDTD)
method. Pacifici et al. [74] experimentally confirmed the
transmission minima at the resonances of surface plasmons.

Up to now, various enhanced transmission experiments
through various materials, metallic and nonmetallic, have
been reported [75]. It should be emphasized that for Cr,
perfect conductors, and nonmetallic materials, there is no
surface plasmon. In addition, the enhanced transmission
for the TE polarization [76, 77], for which there is no
surface plasmon at all, has also been reported. Quite re-
cently [78], the enhanced transmission of acoustic waves
through a subwavelength slit array was also found. For this
subwavelength structure of an acoustic wave, there is also,
of course, no surface plasmon. Obviously, these research
works present new materials for the ongoing debate about
the role of surface plasmons in the enhanced transmission.

3.3. Left-handed materials and superlenses

In nature, all materials have a positive electric permittiv-
ity € and magnetic permeability p. All these materials are
called right-handed materials and the related electromag-
netic properties can be described by Maxwell’s equations.
In 1968, Veselago [10] showed theoretically that Maxwell’s
equations can also be satisfied if the electric permittivity €
and the magnetic permeability ;. are both negative at the
same time. Those materials with negative electric permittiv-
ity € and negative magnetic permeability y are called left-
handed materials. There is no left-handed material in nature.
It was predicted that left-handed materials can be made by
periodic metallic structures. One interesting property of
left-handed materials is the so-called negative refraction:
in this case, the angle of the light refracted at an interface
between a right-handed material and a left-handed material
is negative. The idea of the superlens [93] is based on the
so-called negative refraction.

It is well known that there are two limits for the resolu-
tion of imaging. The first one comes from the diffraction
limit, which is related to the numerical aperture. One may

increase the resolution by increasing the numerical aperture.
The second limit results from the property that evanescent
waves cannot propagate to the far field. This means that one
cannot get a resolution better than half of the wavelength in
the far field. In 2000, Pendry [93] claimed that a superlens
that is composed of left-handed material can overcome the
limit due to the lacking evanescent waves. He argued that
evanescent waves can be amplified by using a left-handed
material. As a consequence, he claimed that one can build
a “superlens” and get a perfect image. Pendry’s work has
attracted a lot of interest. In 2005 it was reported that the
concept of the superlens was experimentally demonstrated
by use of a very thin silver film [94].

3.4. Diffractive nanofocusing and imaging

Similar to subwavelength nanooptics, as explained in our
introduction, superwavelength nanooptics has also made
significant progress during the past decade. One important
area is diffractive nanofocusing and nanoimaging of soft
X-ray and extreme ultraviolet (EUV) radiation [95-105].
For focusing and imaging in the visible spectral region,
one can use refractive lenses with high efficiency. In this
spectral region, many transparent materials can be used to
make lenses. However, in the spectral regions of soft X-rays
and EUV radiation, all solid materials are strongly absorb-
ing. As a consequence, one cannot make any refractive
lens in these spectral regions. However, one can use Bragg
reflectors with many alternate layers to realize focusing
and imaging in these spectral regions. It was reported that
Bragg reflectors with alternate dielectric and metallic layers
were used in the SOHO (Solar and Heliospheric Observa-
tory) experiment [106]. Recently, it was also reported that
Bragg reflectors were used for the experiments for nano-
lithography in the EUV region. Another possibility is the
use of diffractive optical elements. For example, traditional
Fresnel zone plates can be used for the nanofocusing and
nanoimaging of soft X-ray and EUV radiation [101-103].
The Fresnel zone plate was first proposed by Rayleigh in
an unpublished work. The first published literature on this
kind of element was written by Soret [107]. Therefore, the
traditional Fresnel zone plate is also called a “Soret lens.”
The traditional Fresnel zone plate has been employed
successfully in soft X-ray microscopy for about 40 years.
A schematic view of a soft X-ray microscope is shown in
Fig. 11. A partially coherent light beam from a synchrotron
radiation source is first focused by a large condenser zone
plate. The focused beam, after passing a small pinhole, is
used as the illuminating light beam for the sample. The
illuminated sample is then imaged onto the CCD detector
by a microzone plate. Usually, the magnification is about
thousands of times. The resolution of a traditional Fresnel
zone plate is about the order of the width of the outermost
open ring. Currently, the minimum feature size that can be
fabricated is about 15-40 nm. By using a zone plate with
a minimum feature size of about 15 nm and the partially
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coherent illumination, Lawrence Berkeley National Labora-
tory has reached a resolution that is better than 15 nm [100].

To achieve higher resolution, recently, Kipp et al. [95]
proposed the novel idea of the photon sieve. As shown in
Fig. 12, unlike a zone plate that is composed of concentric
rings, a photon sieve is composed of a great number of pin-
holes. Their positions and radii have to be properly chosen.
By allowing the sizes of the pinholes to be larger than the
sizes of the local half-zones of the underlying traditional
Fresnel zone plate, a photon sieve can resolve a spot that
is much smaller than the minimum feature size. This can
be achieved because of an increased value of the numerical
aperture (i.e. a larger total radius for a fixed focal length f).
In addition, by use of a smooth filtering on the population
of the pinholes, the sidelobes of the focal spot shape can
also be significantly suppressed.

Cao and Jahns [96, 97] established an individual far-
field model for photon sieves. This model is based on the
fact that, at the focal plane, the individual diffracted fields
have already reached their own far fields, even though the
total diffracted field distribution has not reached the far field.

with kinematic mounts = Sample \
; stage |

Figure 11 (online color at: www.lpr-
journal.org) Schematic view of a soft X-
ray microscope (courtesy of Dr. E. H. An-
derson, Lawrence Berkeley National Lab-
oratory).

Figure 12 a) Photograph [after G. An-
dersen, Opt. Lett. 30, 2976-2978 (2005)]
and b) schematic view of a photon sieve.
In the schematic rendering b), the posi-
tions of the pinholes are shown in front
of the rings of a Fresnel zone plate. The
amplitude of the light passing through a
specific pinhole is given by its area, the
phase by its position. Positions in front of
light and dark rings differ in phase by 7.

Because the far field of a circular pinhole can be analytically
described by the Airy-pattern distribution, this model is
simple and accurate. It can be used, on the one hand, for
the focusing analysis and the design of a photon sieve, and
on the other hand, for accurate and fast simulation of a
photon sieve.

Cao and Jahns [98] also proposed a modified Fresnel
zone plate to produce a sharp Gaussian focal spot. This kind
of diffractive optical element can realize the same functions
as a photon sieve. More recently, Cao and Jahns [99] further
established a general theory for general modified Fresnel
zone plates and the related fast simulation method. With the
help of this simple and fast simulation method, Vaschenko
et al. [105] have generated an ablation of only 82 nm by
focusing the laser beam of a tabletop soft X-ray laser. It
should be mentioned that Andersen [108] has suggested the
novel photon sieve space telescope, though this work is not
in the field of nanooptics (because the minimum feature
size is much larger than the nanometer scale). This kind
of space telescope can be as large as 20 m, which is much
larger than the famous Hubble space telescope.
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4. Conclusion

We have presented a review of micro- and nanooptics and
showed that these are areas of active and intensive research.
There is tremendous potential applying the new technolo-
gies and phenomena for many areas of application. Notable
are novel approaches to classical areas of optics such as
high-resolution imaging and sensing. Also of interest are
new concepts like, for example, the use of microoptics for
femtosecond-pulse technology as well as compact devices
for integrated optical circuits and systems. There are, of
course, numerous interesting areas of research that we have
not been able to touch on here. Among them is the wide
and rapidly growing field where the “mechanical properties”
of light are exploited, for example, in the manipulation of
particles by optical tweezers and optical traps [109, 110] or
in the context of the orbital angular momentum [111, 112].
With regards to the aspect of optical fabrication and tech-
nology, an area too big to be included here is the field of
gradient-index optics and its applications [113-115]. The
interested reader is referred to the literature for also finding
out about those areas.
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