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Three-dimensional laser microfabrication blends microscopy, optical nonlinear phenomena, photomodification,
laser trapping, and creates novel possibilities for fabrication of micro- and nano-structures in a wide range of materials.
This work reviews various implementations of laser photo-structuring and micromanipulation applied to photo-modifi-
cation of various materials: glasses, crystals, polymers, gels, and liquid crystals.

1. Introduction

High-resolution three-dimensional (3D) optical structuring
of materials is an actively developing area of fundamental
and applied materials research. Although still in its infancy,
it has nevertheless produced some practical contributions to
modern science and technology by supplying high-quality
nano-/micro-structures defined with high spatial resolution.1

Optical fabrication in three dimensions has especially benefit-
ed from the advent of high-power ultrafast picosecond and
femtosecond lasers, because shorter pulses invoke stronger
nonlinearities, which enable one to induce more efficient and
better-localized photomodification of 3D materials.

Photomodified materials are expected to open new applica-
tion fields in chemistry and material science due to their al-
tered physical and chemical properties, e.g., crystalline materi-
als such as sapphire and quartz become amorphous and wet-
etchable after modification induced by micro-explosion at the
focal region of a tightly focused ultra-short pulse. The shock-
modified materials can possess a different crystalline structure
and form high-pressure phases with properties never used
before for practical applications.2–7 Control over phase transi-
tions and, especially glass transition, becomes feasible due
to very fast thermal quenching rates when sub-1 ps pulses
are employed. Ultra-fast thermal quenching is expected to
create new ceramics, glasses, and new composite nano-struc-
tured materials.

Tightly focused laser beam have been successfully applied
to cell transfection, perforation, and gene transfer.8,9 This tech-
nique also relies on a phase transformation at the focus of a
laser beams/pulse where a bubble is formed by micro-explo-
sion. The pressure generated by the micro-explosion can be
used for a precise modification of bio-objects, organelles, and
cells. This technique can be incorporated into micro-fluidic

chips and micro-total analysis systems with variety of biolog-
ical and chemical applications.

Photonic crystals (PhCs)10,11 (see, Ref. 12 for a recent re-
view) are yet another 3D micro-structures which are expected
to impact modern science and technology. In chemistry, con-
trol over the rate of chemical reactions can be achieved via
modifications of spontaneous emission in a 3D PhC cavity
with a full photonic bandgap (similarly to the Purcell effect
in a 1D cavity13). Also, new pathways of reactions via excited
states can become feasible.

Currently, femtosecond laser fabrication has achieved reso-
lution of surface patterning by self-organized ripple structures
and controlled photo-polymerization at the 20–200 nm feature
size. At these dimensions the local field enhancement effects
begin to play an important role14 and such nano-structures
are prospective in sensor applications based on surface en-
hanced Raman scattering. At even smaller �1{10 nm feature
size and correspondingly larger enhancements of local field,
the sensitivity required to achieve a detection level of single
molecular emission can be achieved. This is expected to open
new directions in analytical chemistry. Recent advances in
plasmonics, where light field localization enters nanometer
dimensions is very promising in this regard.12 New light har-
vesting schemes based on nano-structured materials are highly
expected in photo-voltaics for sustainable solar energetics and
reduction of carbon footprint.15 Materials with engineered
electrical and magnetic properties, the metamaterials, are
emerging with new optical properties and prospects to manip-
ulate light propagation do to their particular nano-structure.16

Here, we outline the basic physical principles of high-reso-
lution 3D optical photo-structuring techniques and present
some of the results achieved in practice. It is shown that photo-
modification with resolution of tens-of-nanometers in all three
dimensions has been achieved. Also, the mechanisms of laser
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nano-micro-manipulation and structuring of soft matter gels
and liquid crystals is presented. An optical control of local
structure of gels and liquid crystals on a nanometer scale
allows the creation of a non-local response with an effect ex-
tending up to tens-of-micrometers. The effects of self-organi-
zation allows the achievement of macro-size effect after im-
pact on a micro-scale and, hence, have potential for practical
applications.

2. Principles of Laser Photo-Modification of Materials

Currently, several methods of three-dimensional optical
structuring of materials are known. To explain their most
common principles we have chosen as an example the so-
called direct laser writing (DLW) technique, which is schemat-
ically illustrated in Figure 1. As an example, we have chosen a
negative photoresist SU-817 as the initial material for fabrica-
tion. Figure 1a shows a laser beam, tightly focused inside the
film of SU-8 deposited on a glass substrate. The processes un-
derlying 3D laser photo-structuring occur in the waist of the
laser beam, where local intensity of the optical field is highest.
The latter region can be reasonably well approximated by an
ellipsoid, as is illustrated in Figure 1b. Use of focusing optics
with high numerical aperture (NA), such as microscope oil
immersion objectives with NA � 1:4 typically allows the re-
duction of the lateral dimensions of the ellipsoid to dxy � � ,
where � is the laser wavelength. The use of highly localized
irradiation brings conceptual elements of microscopy into laser
photo-structuring. Returning to Figure 1a, one may note that in
this scheme laser beam is depicted as being transmitted more
or less freely through the sample. Hence, the sample is trans-
parent at the laser wavelength (otherwise it would not pene-
trate the sample) everywhere, except for the focal region,
where high-intensity radiation induces non-linear optical re-
sponse, including absorption. SU-8 is transparent at wave-
lengths � > 360{400 nm, and if laser wavelength is in near-
infrared (NIR) spectral range, nonlinear two-photon absorption

(TPA) or multi-photon absorption (MPA) processes are needed
for photomodification. Due to nonlinearity, the size of absorb-
ing region is even smaller than that of the focal spot. With mod-
ern high-power and pulsed laser systems, optical nonlinearities
can be induced in a wide range of materials. Thus, elements of
nonlinear optics enter the field of laser photo-structuring. The
absorption can induce various kinds of permanent photomodi-
fication, for example, defects’ generation at lower pulse energy
and even void formation at high energy after an optical break-
down of the initial material at the location of the focal point. In
the case of photoresist SU-8 considered here, photomodifica-
tion occurs first as optical photoacid generation and later, dur-
ing post-processing stages as thermal cross-linking of SU-8
constituent polymer. These changes remain latent until chemi-
cal development, which removes unexposed SU-8, leaving only
the hard, cross-linked regions is applied.18 By translating the
laser beam inside the sample, complex patterns consisting of
photomodified regions are recorded as illustrated in Figure 1c,
which after development become transformed into correspond-
ing solid features (Figure 1d). If photomodification occurs as
optical damage, chemical development is generally not re-
quired, and patterns consisting of linear regions of less-dense
material (or voids) are obtained immediately. Due to the tight
focusing and optical nonlinearities, lateral size of the recorded
features may be significantly smaller than the laser wavelength.
For lasers operating at near-infrared and visible wavelengths,
feature size of 200–300 nm is easily achievable and the fabri-
cated structures are mechanically stable, provided that topology
of the structure favors mechanical stability necessary to with-
stand capillary forces during development.19 Photo-polymer-
ized 3D structures with cross-sections comparable with tens
of molecular diameters were demonstrated.20

3. Experimental Implementations of
Laser Photo-Structuring

According to the previous section, 3D drawing is achieved

Figure 1. The principle of direct laser writing. (a) Tightly focused laser pulses induce permanent photomodification in the high-
intensity region at the focal spot, in this case the material is photoresist SU-8, where photomodification is of latent nature and
occurs as photoacid generation which subsequently triggers cross-linking of the underlying polymeric base. (b) Shape of the focal
region defined by a constant-intensity surface is ellipsoidal, with major (axial) and minor (lateral) diameters dz and dxy, respec-
tively. For tight focusing with an objective lens NA ¼ 1:35{1:4, the elongation ratio is dz=dxy � 2:8. (c) Drawing continuous lines
in SU-8 by sample (or focal spot) translation results in photomodification patterns. (d) After development these patterns become
transformed into solid features. Their diameter can be adjusted by varying the laser beam intensity. In SU-8, features with lateral
size of 200–300 nm are typically achievable and allow fabrication of extended, mechanically stable microstructures.
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by translating the tip of a sharp ‘‘optical pen.’’ The ‘‘pen’’ can
access points inside the material due its transparency, and can
fabricate the material due to its optical nonlinearity. Other
elements, like sample/laser beam translation are optional,
and in other implementations of laser microfabrication can
be realized differently, or may be not needed at all. Below
we will briefly describe DLW setup used in our studies.

A derivative of DLW, mostly aimed at parallelization of the
drawing process, uses a micro-lens array (MLA) instead of a
single lens. Drawing is then achieved simultaneously by multi-
ple focal regions and allow fast fabrication of large periodic
structures.

Another widely used method for parallelized fabrication
is by multiple-beam interference (also known as holographic
recording). In this technique the material is exposed to periodic
intensity field of multiple interfering laser beams, which can
simultaneously irradiate relatively large areas (�mm2). This
technique is mostly used with materials exhibiting non-
destructive photomodification, such as photoresist SU-8. Since
interference recording differs somewhat from the DLW,
its practical implementation will be briefly described in this
Section.

3.1 Implementation of Direct Laser Photo-Structuring.
The photo-structuring of materials carried out in our studies
was made using a basic DLW setup which with some modifi-
cations has been presented in our earlier work.21–34 Its optical
layout is shown in Figure 2. The same setup can be used for
spectroscopic characterization of the processes within small
focal volumes whose cross-sections are smaller than several
micrometers.35,36 As a laser source for photo-structuring a
Hurricane X system (Spectra-Physics) operating at a variable
repetition rate of up to 1 kHz, and having pulse duration and
central wavelength �pulse ¼ 120 fs and �pulse ¼ 800 nm, corre-
spondingly was used. When needed, second harmonic of the
same laser with central wavelength of 400 nm can be also used.
The laser beam can be opened or blocked by an electro-
mechanical shutter (not shown), and is coupled to Olympus
IX71 optical microscope equipped with a dry or oil-immersion
objective lenses. As high-resolution recording requires tight
focusing, most often oil-immersion lenses with high numerical
aperture of NA � 1:0{1:4 are used. The laser beam is coupled
to the objective lens using a dichroic mirror, highly reflective

at the laser wavelength(s), but transmissive at other spectral
positions. Such setup enables one to collect photoexcited fluo-
rescence, induced broadband continuum or transmitted radia-
tion of an external illumination source mounted above the
sample (not shown) for in situ imaging or spectral analysis.
Rejection of unwanted radiation can be improved by using
an excitation absorption filter, mounted below the dichroic
mirror. The sample is mounted on a piezo-electric transducer
(PZT)-controlled high precision 3D translation stage, which
ensures positioning within the range of hundreds of micro-
meters with accuracy of a few nanometers. We have used a
combination of P-517.2CL and P-518.ZCL stages from Physik
Instrumente with a positioning range of up to 100mm along
each coordinate. The trajectory and speed of the stage motion
as well as opening and closing of the shutter are controlled
synchronously with the arrival of laser pulses by customized
software running on a personal computer. As a result, the sys-
tem can create discrete or contiguous exposure traces accord-
ing to need. Discrete traces consist of non-connecting smallest
exposed volumes (voxels), while continuous traces consist of
overlapping voxels arranged into lines. The schematic picture
in Figure 2 illustrates recording of discrete traces by optical
damage. The possible range of samples may include dielec-
trics, semiconductors, or other materials transparent at the
laser wavelength (mostly suitable for fabrication by optical
damage), as well as photoresists and resins (mostly suitable
for fabrication by optical cross-linking of polymers).

3.2 Implementation of a Multiple-Beam Interference
Method. Various optical schemes used in fabrication by
multiple-beam interference usually differ in ways the multiple
interfering beams are obtained and converged on the sample.
The most straightforward approach is to use multiple beam-
splitters for obtaining a set of coherent beamlets, and a set
of optical delay lines to ensure their temporal matching. How-
ever, such setups are cumbersome to align and are highly
susceptible to mechanical disturbances.

In our studies, we use an optical scheme based on a diffrac-
tive beam splitter (DBS), which is highly suited for obtaining
multiple, perfectly synchronized beamlets. Layout of micro-
fabrication setup which uses DBS is shown in Figure 3.19,37–42

The beam from the same femtosecond Ti:Sapphire laser sys-
tem as in the previous Figure is passed through the DBS,
which can be represented by a stack of parallel diffraction
gratings having different groove orientations (most often the
grooves are mutually perpendicular). Transmitted and diffract-
ed orders of the first grating in the stack are further diffracted
by the subsequent grating(s), and as a result a set of diverging
beamlets is obtained. In practice, instead of stacked gratings,
a single plate with complex transmission function of several
gratings, recorded holographically, is used. Our setup em-
ployed various DBS elements, of which G1023A (from MEMS
Optical, Inc.) can be mentioned as a typical example. The set
of beamlets is subsequently collimated by achromatic lens and
passed through the amplitude mask which selects the beamlets
required for obtaining the desired 3D structure. Optical path
length between the DOE and the sample is typically 20 cm.
As the beamlets propagate in free space, they can be optionally
passed through variable phase retarder (PR) plates (not shown)
which set their mutual phases, helping to create complex 3D

Figure 2. Schematic layout of experimental setup for DLW
(see text for explanations).
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interference patterns. The parallel, phase-controlled set of
beamlets is then focused into the sample using a focusing lens
having numerical aperture NA ¼ 0:5{0:75. In this setup focus-
ing is not as tight as in the case of DLW setup considered
earlier. Although focusing is not essential for multiple-beam
recording, it is helpful in achieving two goals: first, a moder-
ately elevated average exposure needed for photomodification,
and second, a relatively uniformly exposed area with lateral
size of hundreds of micrometers. Typical samples used for
interference recording technique are thin films of SU-8 photo-
resist, spin-coated on glass substrates to the thickness of about
10–50mm.

DBS-based setup is highly suitable for use with pulsed ultra-
fast lasers. DBS produces so-called tilted laser pulses whose
mutual coherency and zero time delay are maintained across
the entire cross-sectional plane of their overlap on the sample,
despite their different incidence directions. Therefore, the
region of their spatial interference coincides with the region
of overlap. For non-tilted pulses, such as those obtained with
reflective beamsplitters, the interference region size is limited
due to the requirement for the optical path difference not to
exceed the pulse (coherence) length. When such pulses overlap
with large mutual angles, this condition may be only met near
the central part of the region of their spatial overlap.

Dimensionality and topology of the interference pattern
depends on the number of interfering beams, their amplitudes
and phases as well as incidence angles. A simple illustration of
these circumstances is also given in Figure 3. For example,
three interfering beams selected by the beam-selector plate
as illustrated in the figure can create a 2D interference pattern
with triangular periodic lattice in the x–y plane. To obtain 3D
interference patterns, one needs a fourth beam coincident with
the optical axis of the optical setup. In such case, triangular

periodic lattice in the x–y plane is obtained, on which periodic
modulation along the z axis direction is imposed. More com-
plex intensity patterns can be obtained by adding more beams
and by controlling their amplitudes and phases.

By mounting a CCD sensor in the sample plane and using a
focusing lens with smaller magnification (compared to the lens
used for the fabrication), one can monitor 2D intensity patterns
at various positions along the z axis, and thus verify the qual-
itative correspondence between the patterns expected from
numerical simulations and the actual intensity patterns without
the need to actually record the structures.

4. Resolution of Laser Photo-Structuring

The maximum resolution of laser photo-structuring, achiev-
ed in the eventual recorded structures depends on several
factors. The most important of them are listed below:

1. Spatial localization of the incident radiation. In DLW the
degree of localization depends directly on the tightness of
focusing. In multiple-beam interference recording the degree
of localization depends on the period of interference pattern,
which in turn depends on the mutual angles between the re-
cording beams. In both cases theoretical limit of localization
is close to the central wavelength of the laser.

2. Type and order of the optical nonlinearity defines the de-
gree of spatial localization of nonlinear absorption. Nonlinear
absorption first of all depends on the local intensity of the
optical field, and due to nonlinearities spatial variation of the
absorption is sharper than the intensity variation. Since perma-
nent photomodification usually occurs above certain threshold
exposure, by careful adjustment of the laser intensity photo-
modification can be localized within regions much smaller
than the optical field. In DLW, this circumstance enables one
to surpass the diffraction-limited resolution. In multiple-beam

Figure 3. Schematic layout of experimental setup based on DBS for multiple-beam interference recording (top), three-beam con-
figuration as seen on the beam selector plane, and their theoretically calculated interference intensity pattern (bottom left), the
same for the case of four-beam interference (bottom right). In the calculated patterns the distances are calibrated in units of wave-
length, � ; the angle of side beams with an optical axis was 60�.
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interference recording, size of the recorded features can be also
reduced due to the nonlinearities.

3. Spatial spreading of excitation region can occur due to
processes like thermal conduction, photoexcited carrier diffu-
sion, and secondary excitation of the material, for example by
fluorescence or broadband continuum. These processes usually
decrease the resolution and are therefore unwanted.

4. Mechanical stability of the structures. In structures re-
corded by optical damage, destruction of significant volume
fraction of the initial material may lead to strains, and their
relaxation may induce structural collapse, thus rendering the
structures unsuitable. For structures recorded by polymer
cross-linking, mechanically weaker samples may be destroyed
by the action of capillary forces during drying. All these pro-
cesses are unwanted, as they limit the eventual achievable
resolution.

Optical resolution achievable by a tightly focusing micro-
scope objective lens with NA ¼ 1:35 is illustrated by the fol-
lowing experimental example. Figure 4a shows schematic pic-
ture of a metallic mask, consisting of metal-coated square re-
gions with side length of 500 nm, separated by gaps of 300 nm.
Such mask was fabricated on a glass substrate using electron-
beam lithography (EBL) and lift-off techniques. For the reso-
lution test, the mask was mounted in place of the sample in
the DLW setup (see Figure 2). On top of the mask, a thin layer
of fluorescent dye dissolved in toluene was deposited by drop-
ping; the dye was transparent at the laser wavelength of 800
nm, but fluorescence still could be excited via two-photon ab-
sorption (TPA). The laser beam was focused on the mask, and
its focal spot was scanned with step of 75 nm in the sample
plane, simultaneously recording the spectrally integrated inten-
sity of dye fluorescence. Thus, this experiment essentially im-
plemented imaging of the metallic mask by two-photon laser
scanning microscopy. The fluorescence intensity maps ac-
quired using linearly and circularly polarized laser pulses are
shown in Figures 4b and 4c. In both images the gaps in the
mask are resolved, which illustrates that resolution of the
imaging is comparable to the gap width (300 nm), which is
somewhat smaller than the laser wavelength. Comparison be-
tween the images in Figures 4b and 4c also shows that for a
linearly polarized radiation the optical resolution is non-iso-
tropic, and is higher along the direction perpendicular to the
polarization direction. This feature is a consequence of elliptic-

ity with elongation parallel to the incident beam polarization
direction, seen in cross-sectional shapes of tightly focused,
polarized laser beams according to vectorial Debye theory.40

Circularly polarized beam, which contain both linear polariza-
tions, have isotropic resolution as can be seen from Figure 4c.
Numerical analysis of these images reveals that for circular po-
larization the resolution is about 350� 15 nm. This value is
better than half of the laser wavelength and therefore clearly
falls into the category of sub-diffraction limited resolution.
As will be demonstrated later, practical recording in SU-8 by
DLW typically provides resolution within the 200–400 nm
range, which is very close to the above estimate.

4.1 Beam Delivery and Spatio-Temporal Distortions.
For a plane wave with wavelength � , focused by a lens with
numerical aperture NA, transverse diameter of the focal spot
can be roughly estimated as d ¼ 1:22�=NA, where � is the
wavelength of irradiation. This expression defines basic optical
resolution of the DLW process.

To be more precise, intensity distribution at the focus can
calculated using textbook expressions,43 and the result is plot-
ted in Figure 5 where the radial and axial optical coordinates
v, u are given by:
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Figure 4. (a) A pattern of gold squares with a ¼ 0:5mm and b ¼ 0:3mm sputtered on cover glass substrate, (b) photoluminescence
map of the dye excited and imaged through the above pattern using objective lens of NA ¼ 1:35, acquired with a spatial scan step of
75 nm using horizontally polarized laser pulses with a central wavelength of 800 nm, (c) the same for circularly polarized pulses.
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Figure 5. Cross-sectional maps of the laser beam intensity
near the focal spot of the lens (waist of the beam), (a) in
x–y plane, (b) in x–z or y–z planes. The intensity scale is
logarithmic, the spatial coordinates are given in optical
units of (v; u), the contour lines mark the 0.5, expð�1Þ,
and expð�2Þ levels.
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where r, z are the radial and axial coordinates in the focal
plane, F is the focal length of the lens, R is the radius of the
uniformly illuminated pupil, and � is the wavelength. The
point-spread function (PSF) shown in Figure 5 is presented
in normalized optical coordinates and the actual r, z dimen-
sions of the focus can be found for the specific R, F values (the
numerical aperture is NA ¼ n sinð�Þ ’ nR=F, here n is the
refractive index).

More precise estimations of the focal spot size would re-
quire accounting for the spatial profile of the laser beam, its
clipping by the aperture of the objective lens,44 vectorial nature
of electromagnetic radiation20,40 and spatio-temporal distor-
tions of the laser radiation.45,46 These factors typically reduce
the resolution of DLW process. For interference recording, in-
fluence of beam and focusing imperfections is less important,
compared with DLW. Nevertheless, the distortions may create
unwanted variations in the average intensity and contrast of the
interference fringes, and therefore should be minimized.

Minimization of spatial distortions requires elimination of
aberrations introduced by the beam-guiding inaccuracy (for
example off-axis propagation, koma and other third-order
aberrations) and pulse tilt. This basically involves optimization
of the linear optical system, which is widely studied and exten-
sively covered by the existing literature.47

Elimination of temporal distortions is somewhat more diffi-
cult, especially with ultrafast lasers whose pulse shape can not
be directly monitored in time-domain. For example, after pass-
ing through an Olympus oil-immersion microscope objective
lens with NA ¼ 1:35, the pulse length increases from 165�
10 fs to 258� 10 fs.48 It is helpful to remember that most of
the modern multi-component microscope objective lenses are
optimized for image formation during observation, and not
for focusing of ultra-short pulses. Microscope objectives com-
prise significant thickness of optical glass, and therefore pro-
vide a favorable environment for dispersive effects, which
may stretch and distort temporal envelopes of even perfect
Fourier transform-limited pulses. This situation is further com-
plicated by frequency chirp, which is often present in laser
pulses. Ultrashort pulses having high instantaneous intensities
may undergo a variety of linear and non-linear spatio-temporal
transformations, which in the extreme case may even lead to
optical damage of the objective. Tilt of the pulse front which
inevitably occurs upon propagation of pulse through prisms
or reflection from gratings (present in setup and in stretcher-
compressor of a regenerative amplifier) is equivalent to the
axial aberration when different spatial wings of the same pulse
are focused axially at different locations, thus smearing focal
intensity. Measurement and compensation for a pulse tilt
should be considered for high precision laser nano-/micro-
structuring.49

In these circumstances one has to pay special attention to
maintaining relatively low pulse energy during the experi-
ments, and to use indirect monitoring techniques of the tempo-
ral shape of the pulses. Measurements of the pulse spectrum
and autocorrelation function are the most widely available
monitoring techniques, which allow determination of the pulse
length, and verification of their transform-limited character.
Another technique, which is currently gaining some popularity
is a new implementation of a frequency-resolved optical gating

(FROG) using a simplified device.50 FROG allows simultane-
ous estimates of temporal and spectral parameters of pulses
from the same experimental measurement, and can directly
reveal pulse chirp and tilting. Thus, temporal optimization of
laser output typically involves observation of the pulse spec-
trum and autocorrelation function or its FROG trace and ad-
justment of the optical system. In laser systems with regener-
ative amplifier (such as Spectra Physics’ Spitfire or Hurricane
systems used in our experiments), pulse parameters can be
optimized by adjusting the pulse compressor.

Measurements of the pulse parameters are most easily con-
ducted in front of the focusing lens, in which case they ignore
the actual temporal shape of the pulses at the focus. Autocor-
relation and FROG measurements after passing through the
objective (or at the focus) are much more difficult and not
always accurate, since they require one to use additional optics
for recollimating the beam, or detectors adapted for measure-
ments directly at the focal spot. As a crude practical measure,
one can determine the conditions for optimal spatio-temporal
focusing of ultrashort pulses by in situ observation of the
broadband continuum or nonlinear photoluminescence at the
focal spot. The optimum conditions can usually be identified
by minimum energy of the incident pulses at which broadband
continuum or emission can still be observed.

Recent years have seen increasingly active attempts to use
active control of pulse parameters for laser photo-modification
and structuring of materials. In these experiments, femtosec-
ond laser pulses are spectrally modified using pulse shaper;
in amplified laser systems this is done prior to pulse injection
into the amplifier. Pulse shapers use liquid crystal or acousto-
optical grating-based spectral modulation techniques. In our
experiments, we use Dazzler acousto-optical pulse shaper
(from Fastlite).51 For example, by creating a spectral intensity
envelope with a dip at the maximum, so called gain narrowing
occurs in regenerative amplifier as shown in Figure 6. This
pulse shaping technique can be further extended to produce
multiple amplified pulses with different slopes, amplitudes,
and phases from a single seed pulse. The threshold of photo-
modification inside crystalline sapphire was demonstrated to
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Figure 6. Comparison between the spectra of laser pulses
from Spitfire (Spectra Physics) laser system (gray profile):
nearly transform-limited pulse of 45 fs duration (line): gain-
narrowed 40 fs duration pulse modulated using Dazzler pri-
or to amplification. On the left their corresponding time-
spectrum FROG traces are shown A spectral hole of 15%
was an optimal condition for producing the shortest pulses.
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be dependent on the relative phase of two pulses produced
from a single femtosecond pulse using Dazzler.49

4.2 Role of Thermal Photo-Modification of Materials. It
would be difficult to discuss extensively the rich variety of
mechanisms of interaction between light and matter (see,
Section 7 for detailed description of interaction between light
and ionised solid or plasma). Therefore, here we will only
briefly describe some of thermal phenomena accompanying
exposure of materials to ultrashort laser radiation.

As a crude approximation, optical damage occurring at the
focus of a lens can be regarded as analogous to the well-known
burning of materials induced by a beam of focused sunlight.
However, radiation of ultrafast lasers arrives to the material
as a short pulse of nearly monochromatic and coherent radia-
tion, capable of inducing nonlinear optical effects. Since ther-
mal conductivity across the distances close to the lateral size of
the focal region (�1mm) during subpicosecond time interval is
insignificant, the optical damage is almost independent of the
pulse duration. Such regime of optical damage is often termed
as non-thermal. An illustration of this regime is given in
Figure 7, which shows a match, with the head cut through
without ignition using a femtosecond laser beam. However,
this fact does not prove the eventual non-thermal nature of op-
tical damaging. Absent during the action of the laser pulse, in

some materials thermal excitation may still occur during the
later stages as a result of energy relaxation in which the opti-
cally delivered energy is transferred to the underlying lattice,
and may become crucially important for the generation of
high-pressure micro-regions and micro-explosions.46,52

The above processes are important mostly for inorganic
solid glasses and fabrication by optical damage. Photoresists
and liquid photo-curing resins are typically fabricated without
structural damage. Nevertheless, thermal effects may be
strongly present even in this regime. Thermal excitation typi-
cally comes from electrons, which are heated up by sub-pico-
second pulses to temperatures close to 1000K. Their emission
according to Wien’s law has a maximum at �max ¼ �=T , with
� ¼ 2:9� 10�3 K. This is secondary emission at wavelengths
of 2–3mm, corresponding to the relaxation of internal degrees
of freedom of organic molecules. It can be reabsorbed, thus
effectively heating the resist and facilitating cross-linking
(See eq 2 in Section 5.6).53

3D photo-polymerization can be also achieved via one pho-
ton absorption when irradiation is tightly focused.54–56 The
required nonlinearity of the polymerization occurs via temper-
ature increase at the focal region.55 Figure 8 shows 3D struc-
tures photo-polymerized by DLW using 355 nm and 20 ps laser
pulses.54 In order to achieve higher resolution and to exploit
3D character of photo-polymerization a two-photon absorption
is necessary as was demonstrated in Ref. 57 by measuring the
intensity dependence of transmission. The power law �I2 for
the feature size was established when femtosecond pulses at
400 nm central wavelength were scanned in Nopcocure800
(San Nopco, Inc.) at slow 1 kHz repetition rate which excluded
thermal accumulation. Obviously, thermal excitation was also
important for photo-polymerization in this case due to absorp-
tion into upper energy levels of polymer (see, absorption
spectra shown in Figure 8).

5. Microstructures Produced by
Direct Laser Photo-Structuring

In this Section, we will present examples of 3D microstruc-
tures fabricated in different materials by the DLW technique.
The fabricated samples are mostly periodic structures intended
for applications as photonic band gap (PBG) materials, also
known as photonic crystals (PhC). Beside these structures,
we will also demonstrate recording of single features in photo-
resist SU-8 with ultra-high resolution.

Figure 7. Laser cutting across a match head without igni-
tion by femtosecond laser pulses with wavelength of 795
nm, temporal length of 150 fs, and a repetition rate of
1 kHz. Average power in the beam was 240mW, focusing
by a spherical lens with focal length of f ¼ 10 cm, the cut-
ting was done by manual scanning of the focal point. The
ruler is calibrated in divisions of 1mm.
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Figure 8. Absorption spectra of several acrylic resins: Nopcocure800 (1), SCR701 (2), SCR751 (3), and HS671 (4). Optical den-
sity, OD, was measured in a 1 cm cuvette filled with 1wt% 1-methoxy-2-propanol solution of resin. SEM images of 3D structures
solidified by 355 nm wavelength laser pulses of 20 ps duration in Nopcocure800.54
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5.1 Photo-Structuring by Optical Damage in Polymers.
At an appropriately chosen laser pulse intensity, exposure of
transparent solids to tightly focused laser pulses leads to a
micro-explosion, which obliterates the material at the center
of the focal region, leaving a void, and compresses the remain-
ing material towards the periphery of the focal region, thus
creating a thin shell of densified material.58,59 Thus, voids with
densified shell are recorded. The variation in material density
is followed by variation in optical density, or refractive index,
n. By recording periodic arrays of separated or overlapping
voids it is possible to create periodic refractive index modula-
tion, which may lead to opening of PBG, or of incomplete
PBG, which are also called photonic stop-gaps (PSG), because
they create spectral optical reflectivity and transmissivity var-
iations along a single direction (in contrast to PBG in which
reflectivity and transmissivity variations are omnidirectional).

Figure 9a shows image of a top layer of a PhC with wood-
pile structure, acquired using a scanning optical confocal mi-
croscope in reflection. Figure 9b shows optical transmission
and reflection spectra of the structure at infrared wavelengths.
Woodpile structures are highly sought in photonics because of
their strong tendency towards opening a complete PBG at
low refractive index contrast.60 The initial material in which
woodpiles were recorded, poly(methyl methacrylate) (PMMA),
is widely used in everyday life with addition of ingredients that
improve its structural and chemical stability, and is known
as plexiglas. For our experiments raw PMMA samples were
prepared by casting chloroform solutions on cover-glass sub-
strates and drying them in desiccator. The PhC structures were
recorded by scanning the focal spot along the lines of which
woodpile structure is comprised. PMMA is relatively soft
and melts easily under moderate optical exposure. As a result,
the recorded channels have smooth shapes. This can be seen in
the image shown in Figure 9a. The photo-modified volumes
inside PMMA, especially in the form of discrete voids can
be used in 3D optical memory.61 On the other hand, empty mi-
crochannels, or structures composed of microchannels can be
interesting, besides photonic, for sensor applications in micro-
fluidics.

Infrared transmission and reflection spectra of the woodpile
structure recorded along the woodpile stacking direction (per-

pendicular to the image plane in Figure 9a) are shown in
Figure 9b. Near the wavelength of � � 2:8mm spectrally
matched transmissivity dip and reflectivity peak can be seen.
Their spectral coincidence is a clear indication of a PSG in
the structure at this wavelength along the measurement direc-
tion, as the low refractive index contrast of 1.6:1 in the
PMMA:air structure does not warrant expectation of a com-
plete omnidirectional PBG).

5.2 Photo-Structuring by Optical Damage in Glasses.
Inorganic glasses of which silica glass (SiO2) is the best exam-
ple, are widely used in modern science and technology. There-
fore, microstructuring of glasses by lasers is of interest to
many areas of application. Inorganic glasses typically are
much harder than their organic counterparts, and achieving
optical damage usually requires higher instantaneous power
levels. Damaging by femtosecond pulses is also more disrup-
tive to surrounding regions of glass, and is often described
as an optically induced ‘‘microexplosion’’ which leads to for-
mation of a void (or a region with reduced mass and optical
densities) surrounded by a thin shell of densified material.
The explosion and obliteration of material also sends powerful
shock-waves, which may interact with neighboring optically
damaged areas, thus creating additional structural damage in
the form of cracks. Thus, attempts at 3D structuring of glasses
by femtosecond laser irradiation were carried out aimed at di-
rect recording of PhC lattices in silica21 and in a high refractive
index glass.62 However, due to the processes outlined above
structural quality of the samples consisting of closely packed
periodic arrays of voids was degraded, and the samples served
only as a proof-of-principle demonstration of PSG formation.

A better result was achieved in attempt to record diffraction
gratings consisting of hollow core lines in silica glass. Gratings
recorded by linear translation of the focal spot position63 have
exhibited distinct diffracted orders and moderate random
scattering. In should be noted that residual disorder remaining
after recording by femtosecond pulses can be reduced signifi-
cantly by thermal annealing.64,65 The photoluminescence spec-
tra of high purity silica damaged by tightly focused picosecond
pulses looked similar to the spectra of the same silica glass
damaged by femtosecond pulses and afterwards annealed.66

Besides thermal treatment, post processing of optically

Figure 9. (a) Top plane of a woodpile structure in PMMA imaged by confocal laser scanning microcopy. DLW was done using
800 nm/150 fs pulses focused by NA ¼ 1:4 objective lens. Separation between the nearest exposure points (scanning step size) is
�l ¼ 0:2mm, distance between the neighboring woodpile rods is �x ¼ 1:5mm, distance between the neighboring woodpile planes
is �z ¼ 1:0mm, the number of woodpile layers is m ¼ 15. The pulse energy measured at the entrance of the microscope was
I ¼ 74 nJ. (b) Transmission and reflection spectra of the structure.
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recorded structures by chemical etching is possible. Optically
modified regions of silica glass are more susceptible to etching
in HF aqueous solution.32,67,68 Channels inside high purity
silica and sapphire are required for electrophoresis applications
where impurity ions are hampering high-resolution measure-
ments of DNA fragmentation via electrical screening of an
applied field and due to background emission intervening with
photo-detection of photoluminescence.69 It was demonstrated
that faster etching occurs in densified silica by formation of
Lewis base structure in which Si–O–Si angle is decreased. The
decrease of the intensity ratio of a D1 Raman line at 495 cm�1

to the D2 at 606 cm
�1 signifies decrease of 4-ring with respect

to 3-ring structures. This is illustrated in Figure 10. However,
the collective network vibration band at 800 cm�1 is clearly not
affected by optical damaging (Figure 10). These findings are
consistent with the concept of a denser phase formation by in-
creased relative weight of 3-ring structures after the dielectric
breakdown at the focus.70 The same mechanism accounts for
the enhanced wet etching rates in crystalline quartz.71

Optically induced defects in glasses28,64,65 can be also utiliz-
ed for creation of 3D optical memory elements.26,72–75 The de-
fect sites possess characteristic photoluminescence (PL) lines
which can be utilized for the readout of optical memory. The
PL spectrum can be especially strongly modified by thermal
post-annealing, which activates movement of oxygen atoms
displaced by femtosecond laser irradiation.64,65 In Figure 11
lines recorded in silica glass are clearly seen in the PL image.

5.3 Photo-Structuring of Glasses and Crystals without
Optical Damage. In addition to the experiments described
above, DLW is possible in glasses at intensities below the
optical damage threshold, where very mild refractive index
changes of the order of 10�4–10�2 are induced.76 Extended
lines recorded in glass in this regime can be used for optical
waveguiding.77

Even more versatile recording is possible in anisotropic pho-
torefractive crystals like LiNbO3, where single femtosecond
pulses were demonstrated to induce index changes due to
photovoltaic effects.78,79 The modification is reversible, and
recorded regions can be erased optically. This finding already
demonstrates the basic functionality required for realization

of ultrafast 3D rewritable all-optical memory elements. Optical
recording of photo-darkening by femtosecond pulses has been
demonstrated in chalcogenide glass.80 The photo-darkening is
rewritable and can be erased by annealing at 150–200 �C.

5.4 Photo-Structuring by Optical Damage inside Crys-
tals. Unlike random glasses, crystals possess well-ordered
crystalline lattice, which may be very sensitive to optically in-
duced structural defects. Therefore, optical structuring of crys-
talline solids may be more difficult than that of glasses, and
should be done at carefully chosen irradiation conditions,
avoiding extensive damage. Refinement of the recorded
features may be possible during post-processing, for example
by wet etching.

Regions of quartz and sapphire become susceptible to wet
etching after irradiation by femtosecond pulses via generation
of amorphous phase of the solid, which can be afterwards re-
moved by etching. Using such approach, discrete features hav-
ing cross-sectional size in sub-micrometer range, or patterns
consisting of such features were recorded and subsequently
etched in HF aqueous solution.71 Figure 12 shows topology
of a region with amorphous phase recorded in quartz. Similar
phenomenon was also observed in sapphire, which in crystal-
line phase is chemically resistant to HF.81 The amorphous
phase, which can result from irradiation by a single femtosec-
ond pulse is, however, susceptible to etching, which allows
recording with subsequent etching of arbitrary patterns in sap-
phire, simultaneously avoiding crack formation. Boundaries
between the amorphous and crystalline phases are very sharp,
with transitional region between them having thickness of
about 1–2 nm.82 The surface separating amorphous and crystal-
line regions corresponds to the location where shock waves are
transformed into conventional acoustic waves.46,52 Figure 13
shows the top-view of the pattern of voids recorded inside sap-
phire after polishing by a focused ion beam (FIB), and sub-
sequent wet etching. The image reveals clearly the extent of
amorphous region. It is noteworthy, that such sharp edge and
debris free ablation was observed in GaN by focused femtosec-
ond pulses at 400 nm central wavelength.30
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Figure 10. Raman spectra of silica glass before (1 for VH
and 2 for VV polarizations) and after (3 for VH polariza-
tion) optical damaging; the notation VV means that verti-
cal polarization was used for excitation and the same V-
pol. response was monitored. Synthetic silica with OH
and Cl concentrations below 100 ppm was used. Fluores-
cence background was subtracted from the spectra.70

Figure 11. 3D photoluminescence map of a non-bridging
oxygen hole center (NBOHC) in low-OH silica (ED-C
brand from Nippon Silica Glass) detected at 650 nm and
excited by an Ar-ion laser emission line at 514 nm. The
linear features seen in the image were recorded by transla-
tion of the focal spot position using 800 nm/150 fs pulsed
laser radiation focused by an NA ¼ 1:35 objective lens.
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5.5 Special Cases of Direct Laser Photo-Structuring.
5.5.1 Photo-Structuring by Gauss–Bessel Beams in
Glasses: Gauss–Bessel (GB) beams83 can be generated
from Gaussian beam output by standard laser systems using
a conical lens, also known as axicon.84 The key feature of
GB beams is their propagation free of diffraction effects pres-
ent in Gaussian beams. GB beams have a central intensity
maximum (which can be also understood as an axially extend-
ed focal region) surrounded by cylindrical side lobes (see
Figure 14a). Geometrical parameters of the axicon and the
beam diameter define the length of the focus. During propaga-

tion the energy loss of the central maximum is constantly re-
plenished at the expense of side lobes. Due to this circum-
stance GB beams are not obscured by the structural damage in-
duced along their propagation path. Hence, multi-pulse expo-
sure with high pulse energy can be used for the recording
of elongated features, which would be impossible to achieve
using Gaussian pulses without lengthy scanning of the focal
point in space.86,87

Figure 14b illustrates optical damage induced by a GB
beam in PMMA at different energies of femtosecond laser
pulses. The axial length of non-diffracting propagation of the
central intensity maximum was approximately 4mm under
the conditions of the experiment. Extended damage was in-
duced using lateral translation of the sample, as is illustrated
in the figure.

5.5.2 Parallel Multi-Focal Direct Laser Photo-Struc-
turing: Laser processing of materials with a higher practical
throughput can be achieved by increasing the number of simul-
taneously formed focal spots in the material. To this aim a
multi-lens array88 or optical diffractive element (DOE)80 can
be used. By lateral scanning the sample or the laser beam,
scanning marking, cutting, and dicing can be implemented.

5.6 Direct Photo-Polymerization in Photoresists. Photo-
polymerization is optically induced cross-linking of monomers
and oligomers. The initial materials in which photopolymeri-
zation can be utilized for recording 3D micro- and nano-struc-
tures are usually liquid resins and solid photoresists. Below we
will mostly concentrate on the latter materials. The principles
enabling DLW in photoresist SU-8 were already briefly ex-
plained in Section 2. Photoresists are usually photo-sensitized
for particular wavelengths of excitation, which are typically
in the ultraviolet (UV) spectral range to match eximer laser
(at 308 nm) or I-line of Hg-lamp (365 nm wavelength) output.
Direct monomer/oligomer absorption becomes significant at
wavelengths shorter than 360 nm. Despite different mech-
anisms of initiation of the photo-polymerization, for a thermal-
ly activated process the cross-linking reaction can be described
by the following reaction rate equation:89

d�

dt
¼ A exp �

Ea

RT

� �
ð1� �Þn; ð2Þ

C

A

C

A

Figure 12. TEM image of a (h1�1100i)-plane of an amorph-
ized quartz, and electron diffraction patterns of the amor-
phous (A) and crystalline (C) regions. The arrow marks
the direction of the pulse propagation (along the crystal-
line c-axis). The ellipsis marks the amorphous region of
approximately 500 nm lateral diameter. The sample was
exposed to a single 800 nm/150 fs pulse with energy at
the focus of approximately 30 nJ.
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268 nm
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Figure 13. (a,b) Top-view SEM images of voids recorded
by single 800 nm/180 fs pulses in sapphire, after FIB pol-
ishing. (c,d) The same sample after wet etching for 20min
in a 10% aqueous solution of HF. The recording pulse en-
ergy was approximately 100 nJ at the focus.

6 µm

(a) (b) 

Figure 14. (a) Cross-sectional image of the Gauss–Bessel
beam used in fabrication.84 (b) The linear damage
patterns recorded in a block of plexiglas (industrial-scale
PMMA) at different pulse energies. The fluence per pulse
which corresponded to the critical power of self-focusing,
PCR, was 0.9 J cm�2; pulse duration 170 fs, the central
wavelength was 805 nm.85
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where � is the rate of reaction, Ea is the activation energy, R is
the gas constant, T is the absolute temperature, n is the empir-
ical order of reaction, and A is the empirical frequency factor.
This expression shows that thermal effects play significant role
along with photo-initiation via nonlinear absorption. In SU-8
photoresist the reaction order is important for photo-polymer-
ization which proceeds with so-called chemical amplification,
where several photo-acid generators are released upon cross-
linking of two monomers (each having eight cross-linking sites
per molecule), thus amplifying the overall propagation of poly-
merization. The polymerization occurs most effectively be-
tween two closely spaced exposed regions of resist, as is illus-
trated in the following material (see Figure 15c where a bead-
like structure was fabricated when intra-pulse separation was
larger than the radius of the focal spot (Figure 4)). Such prop-
agation of polymerization occurs mostly during post-bake
processing of SU-8 after exposure, and can be used to form
sub-100 nm connections between larger exposed and cross-
linked structures.90

Uniform cross-linking is essential for obtaining stress-free
and mechanically stable 3D structures. To this aim the proce-
dures of sample preparation and development are critical. For
resists, removal of solvent and densification are the most
important as well as post-exposure bake used to saturate the
cross-linking. Well-compacted SU-8 films were used to obtain
3D photonic crystal structures without significant distortions
due to polymer shrinkage.22–24,91 Moreover, stress-free 3D
structures with cross-sectional size comprising of a few tens of
SU-8 constituent molecules were obtained20 (for more details
see the next Section).

5.6.1 Record-High Resolution of Photo-Polymerization
in SU-8: Figure 15 presents DLW of discrete linear features
in SU-8 with record-high resolution of tens of nanometers,20

which equals to approximately ten monomer diameters (2 nm
per molecule). The lateral size of recorded features, about
30 nm constitutes 1/25th of the recording laser wavelength.
The resolution is mostly determined by the laser pulse energy
stability during the recording. Shape and geometry of the re-
corded SU-8 nanorods is not altered by cutting through their
middle parts with an electron beam, which indicates absence
of strain.

Strain-free structures were obtained partly due to uniform

cross-linking of SU-8, and partly due to the use of modified
post-processing aimed at reducing the action of capillary
forces during the drying of the samples. The modifications in-
volved using non-wetting rinse agents with lower surface ten-
sion.19 The capillary force can be eliminated by using super-
critical drying, but practical use of this approach is difficult.
The 3D photo-polymerized structures can be coated by Au,
Ag, or Cu for plasmonic applications were currently the struc-
tures made by planar electron beam lithography and lift-off
procedures are utilized where large area patterning and high
uniformity are required.92–94

5.6.2 Photonic Crystal Structures with Woodpile and
Spiral Architectures in SU-8: The improvements described
above have allowed fabrication by DLW of extended photonic
crystal structures with woodpile and spiral architectures in
SU-8.22–24,91,95

Figure 16 shows typical woodpile structures in SU-8 which
are self-supporting and open to infiltration by other materials
for subsequent enhancement of their refractive index contrast.
Structures composed of linear features with lateral diameters
of 200 nm and above are mechanically stable and show negli-
gible shrinkage, unlike their counterparts fabricated in liquid
resins.96 For woodpile rods with smaller lateral diameter,
achieving mechanical stability of 3D structures often becomes
an issue, as retrieval of structures after wet development leads
to destructive action of capillary forces. These circumstances

after
cut
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100 nm

glass

(a) (b) 

1 µm
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Figure 15. (a) Schematic explanation of recording with ultrahigh resolution in SU-8: at first, thin exposure lines are recorded at a
low laser pulse energy (0.3 nm) a few micrometers above the substrate, and later a perpendicularly oriented set of thick lines at-
tached to the surface of the substrate is recorded at a high pulse energy, and acts as a support for the thin lines (or nano-bridges).
For both sets of lines, separation between the neighboring exposure sites was 20 nm. (b) SEM image of a nano-bridge having a width
of 30� 10 nm at the waist, and the same bridge after cutting by a high-energy electron beam.20 (c) Air-suspended nano-beads re-
corded near the surface of the glass substrate by a linear scan of the position with 250 nm step at the laser pulse energy of 0.8 nJ.

Figure 16. Typical woodpile structures recorded by DLW
in SU-8. The inset shows the smallest lateral width of
woodpile rods at which extended 3D structure can still be
retrieved after development and rinse.
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must be addressed, for example by reducing the action of
capillary forces.

Examination of optical properties of the woodpile structures
(not shown) has revealed both fundamental (lowest frequency)
and higher-order PSG in these structures. Since second
and higher-order PSGs are very sensitive to refractive index
changes of the environment, these structures can be adapted
for sensor applications, i.e., when immersed into liquid or
gas they will reveal subtle changes in their composition by
spectral transmission/reflection changes at the PSG wave-
length.

Figure 17 illustrates schematically the topology and main

structural parameters of 3D circular spiral structures as well
as shows examples of spiral structures recorded by DLW in
SU-8. Figures 18a and 18b show more examples of the spiral
structures together with their optical properties at infrared
wavelengths in Figures 18c and 18d. These structures exhibit
both fundamental and second-order PSGs, which indicate their
high structural and optical quality and homogeneity. Notice,
that in Figure 18a the neighboring spirals have mutual phase
shifts of �. This feature is important for optimization of the
optical properties of spiral structures. Currently DLW is the
only fabrication technique capable of delivering phase-shifted
spiral structures.

Figure 17. (Left) schematic explanation of parameters of the spiral structure, (middle and right) SEM images of a spiral structure
recorded in SU-8 by DLW at optimal exposure conditions.

(a) 

(b) 

(c)

(d)

Figure 18. SEM images of 3D PhC structures with spiral architecture in SU-8, (a) with a half-period (� or c=2) phase shift between
the neighboring spirals, (b) without the phase shift. (c) The measured transmission and reflection spectra of these structures, and
(d) the same spectra obtain from numerical simulations.
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5.6.3 Infiltration of SU-8 Structures by Other Materials:
Due to the low index contrast between SU-8 and the surround-
ing air (1.6 to 1), omnidirectional PBG can not open in SU-8
periodic structures, which nevertheless can be highly suitable
as templates for subsequent infiltration by other materials
having a higher refractive index.

Figure 19 shows the PhC structure where initial square-
spiral SU-8 template was replaced by Si using double-infiltra-
tion technique.98 The top surface of the woodpile seen in the
SEM image in Figure 19 corresponds to the top of the cover
glass substrate, etched-out after Si growth. Replication of
PhC structure in Si was confirmed by SEM observation of
FIB cut of the structure.

Figure 20 gives an example of a woodpile structure coated
by a film of nickel using electroless coating. Metallic coating
of periodic dielectric structures enables fabrication of metallo-
dielectric photonic crystals (MDPhC).99 The coating was car-
ried out as follows. First, the SU-8 templates were sensitized
in a solution of SnCl2, then activated in solution of PdCl2
and subjected to electroless plating of Ni in solution of NiCl2,
NH4Cl, NaH2PO2, and NH4OH with pH 9.2, at a temperature
of t ¼ 40 �C. As Figure 20 illustrates, areas coated by Ni are
predominantly smooth and grainless, with some partially or
fully ‘‘bare’’ uncoated SU-8 areas and some Ni debris filling
gaps between the rods. Such defects are unwanted as they de-
grade optical quality of the samples. Despite these defects, the
samples reveal clear signatures of photonic zero-order gap
(characteristic exclusive to metallic PhCs, and a first-order
gap near the wavelength of 3.3m, in qualitative agreement with
theoretical finite-difference time-domain (FDTD) calculations,
as is illustrated in the Figure.

6. Photo-Structuring by Multiple-Beam
Interference Technique

Practical implementation of fabrication by multiple-beam
interference was described earlier in Section 3.2. Here, we will
describe structures obtained using this flexible and versatile
method of microstructuring.

In general, the interference field intensity distribution IðrÞ
can be expressed superposition of plane coherent waves:

IðrÞ ¼
X
n;m

Ene
�iðkn�rþ�nÞ�E�meiðkm�rþ�mÞ; ð3Þ

where E is the complex electric field vector, r is the radius

vector, k is the wavevector, and n ¼ m represents the number
of interfering beams. The phases of beams are given by
�n;m ¼ 0. Simple 2D and 3D periodic intensity patterns ob-
tained for three and four interfering beams, calculated using
eq 3, were already shown in Figure 3.

Illustration of a more complex 3D pattern is given in
Figure 21. The configuration of interfering beams is shown
schematically in Figure 21a, and involves four beams, like in
one of the examples in Figure 3. Symmetric four-beam ar-
rangement results in a body-centered-tetragonal (bct) 3D lat-
tice.41 However, if two of the beams are asymmetrically locat-
ed as in Figure 21a, the asymmetry leads to a noticeable tilt of
the interference pattern, which is visible in the calculated re-
sult shown in the same panel. Figure 21b shows SEM images
of the structure fabricated in SU-8 at a pulse energy of 20mJ
after exposure for several tens of seconds at a 1 kHz laser rep-
etition rate. The total diameter of the fabricated structure was
0.8mm, although near the edges, where exposure dose was
lower and connectivity between the cross-linked regions was
poorer, significant disorder in the form of peeling layers result-
ed. Near the center of the sample the recorded pattern resem-
bles closely that following from theoretical calculations.

Another example of complex patterning by multiple-beam
interference field is shown in Figure 22. Here, eight beams, ar-
ranged according to the scheme shown in Figure 22a are used
to create a very complex interference pattern, whose calculated
intensity distribution is depicted in Figure 22b. The crucial
feature of this layout, not obvious from the scheme, is phase
difference of �=2 between the two nearest beams. As can be
seen, the resulting pattern forms a 2D quasi-periodic lattice,
and can be used in fabrication of quasi-periodic photonic struc-

Figure 19. PhC structure with a square-spiral architecture
initially fabricated by DLW in SU-8, and subsequently
transformed into a Si structure by double infiltration.
The SEM images feature top-view (left) and perspective-
view of a structure cut by a focused-ion beam (right).97
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Figure 20. Woodpile structure coated by Ni film (top), and
its measured and theoretically calculated optical reflectiv-
ity spectra at infrared wavelengths (bottom). The rod-to-
rod distance was 3mm and layer-to-layer was 1mm.
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tures. Figure 22c shows top-view SEM image of the structure
fabricated in SU-8 under conditions similar to those used for
the fabrication of the previously discussed sample. As can be
seen, the recorded pattern resembles closely the theoretical
expectation.

More examples of various 2D and 3D patterns fabricated by
multiple-beam interference in polymers and As2S3 glass can
be found in our earlier publications.39,41,42,80,101 Just like the
structures recorded in SU-8 by DLW, these structures can be
infiltrated by high refractive index materials or metals, and
are potentially suitable as photonic band gap (or stop gap) ma-
terials. Other possible areas of application for such structures
include biotechnology, for example scaffolds composed of
bio-compatible photo-polymers for cell culture incubation.

7. Mechanism of Light-Matter Interaction:
Ultra-Fast Laser Pulses

Since thermal conductivity over the dimensions of the focal
volume is negligible on a sub-1 ps time scale, laser microfab-
rication becomes independent of pulse duration (a change of
the diffusional / ffiffiffiffiffi

�p
p

dependence of the dielectric breakdown
on pulse duration �p). It is sometimes erroneously called
non-thermal process since there is a small heat affected zone
(HAZ) around the laser fabricated region (Figure 7). Despite
the change of

ffiffiffiffiffi
�p

p
dependence, the energy delivered during

the pulse into the focal volume turns into thermal excitation
on a later stage after the pulse has passed throughout the focal
region. Then, the thermal processes becomes important and
can even generate high pressure and micro-explosion46,52 when

energy delivered to the electron sub-system is returned to the
atoms/ion. The material is turned into fully ionized plasma
by dielectric an optical breakdown switching light-matter
into light-plasma interaction. The optical properties of plasma
determine this interaction.

7.1 Dielectric Function of Ionized Solid. The optical pa-
rameters of matter upon ionization are defined via a dielectric
function, " ¼ "1 þ i"2. The plasma can be properly described
in the Drude approximation when the ions are considered as a
neutralizing background:102

"1 ¼ 1�
!2

p

!2 þ �2eff
; ð4Þ

"2 ¼
!2

p

!2 þ �2eff

�eff
!

; ð5Þ

where the �eff is the effective electron–ion collision frequency.
By assuming �eff � !p, the real and imaginary parts of di-
electric function and the refractive index N �

ffiffiffi
"

p
¼ nþ i�

are expressed:

"1 ’
!2

!2
p

;"2 ’
!p

!
1þ

!2

!2
p

 !�1

; n ’ k ¼
ffiffiffiffiffiffi
"2
2

r
: ð6Þ

Assuming single ionization early in the laser pulse ne � na �
1023 cm�3, one obtains !2

p ’ 3:74� 1032 s�2. Then, the imag-
inary part of the dielectric function equals "2 ’ 8:2, therefore
real and imaginary parts of the refractive index are the same,
n � k ’ 2:02. The absorption length is described by ls ¼

(a) (b)

Figure 21. (a) Four-beam asymmetric alignment, as seen on the plane of the beam selector, and its calculated intensity distribu-
tion,41 (b) SEM images of the pattern fabricated in SU-8 using such alignment.

(a) (b) (c) 

Figure 22. (a) Eight-beam arrangement with phases of two neighboring beams shifted by an amount of �=2, (b) the calculated
interference pattern, (c) top-view SEM image of the structure recorded in SU-8.100
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c=ð!kÞ, where c is speed of light, k ¼ 2�=�0 is the wave-
vector. For normal incidence the absorption, A, depends on
the reflection, R (Aþ R ¼ 1), as A ¼ 1� R ’ 4n=ððn2 þ 1Þ þ
n2Þ ’ 0:61.
For laser pulse energy effectively absorbed in a volume that

is significantly smaller than the focal volume, Vabs ¼ ls �
�r21=2 (here r1=2 is the waist of beam at focus at FWHM and
ls is the Rayleigh length). The optical breakdown converts
transparent dielectric into a metal-like medium reducing the
energy deposition volume by two orders of magnitude and
correspondingly massively increasing the absorbed energy
density. The absorbed energy upon equilibration creates high
density and temperature plasma which generates shock wave
and emits X-rays via bremsstrahlung.

7.2 Absorption by Plasma. The maximum plasma con-
centration to be reached by optical excitation in continuous
wave irradiation is defined by a plasma frequency, which is
determined by the critical concentration of free carriers, Nc,
by !2

p ¼ Nce
2="0me, where me is the effective mass of elec-

tron (in mass units), e is the electron charge, and "0 vacuum
permeability. When this frequency is equal to that of laser ir-
radiation, the material reflects the laser light (the reflection co-
efficient R ! 1). This is correct for homogeneous plasma and
at a normal incidence. However, in the case on a non-homoge-
neous plasma and in the presence of a longitudinal light field
component, as it is for an oblique incidence of a p-polarized
light (at a tight focusing), the light energy can be further deliv-
ered to the plasma region by absorption. This is called a reso-
nant absorption widely used in experiments on laser-induced
nuclear fusion where longitudinal energy transfer from light
to target is implemented. The resonant absorption is particular-
ly important for tightly focused (by the use a microscope ob-
jective lens of NA > 0:2) laser pulses, since the polarization
is not uniform at the focal region103 and the longitudinal com-
ponent is present. This is a possibility to reach electron con-
centrations, at which the stability of lattice is undermined,
typically at Ne 	 1022 cm�3 104 and, so called, a non-thermal
melting of material can be observed at time duration much
shorter than 1 ps.105

Paraxial approximation is not adequate to describe the beam
trace and focal geometry for a tightly focused beam/pulse. At
the exact focus, at the waist of a Gaussian beam, there is an
E-field, which is parallel to the beam propagation. Hence,
for intensity:

E2
l ¼ TðEi sin�Þ2; ð7Þ

where T is the transmission coefficient of the lens, and the
half-angle of the focusing cone is � ¼ 16:3� for NA ¼ 0:28
with focus in air (n ¼ 1), Ei is the incident field strength,
and El is the longitudinal field component at focus responsible
for resonant absorption and, correspondingly, to higher elec-
tron densities.

In order to separate concentration from temperature depend-
encies in plasma absorption, the absorption coefficient, �, can
be presented in such a form:106

� ¼
N2
0ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� N0

p �c; ð8Þ

where N0 ¼ Ne=Nc, Ne,c is the electron density and critical

plasma density, respectively, and the only temperature-de-
pendent plasma absorption coefficient, �c, is given by:106

�c ’
9

8c

ffiffiffiffiffiffiffi
2�

me

s
Ze4Nc

ðkTeÞ3=2
; ð9Þ

where Z is the ionization number (here we are considering
Z ¼ 1). Equations 8 and 9 are plotted in Figure 23. It shows
that the most effective absorption is taking place at the loca-
tions where plasma density is approaching critical and that the
plasma is getting more transparent at high temperatures.

7.3 Self-Focusing and Filamentation. When pulse power
exceeds the critical value of self-focusing, Pcr, the pulse will
collapse to a singularity (blowup) point after propagating a
self-focusing distance, Lsf . The value of Pcr is determined by
the non-linear part of refractive index, n2, (n ¼ n0 þ n2I):

107

Pcr ¼
2�2

8�n0n2
: ð10Þ

The Gaussian beam under above condition self-focuses after
propagating along the distance, Lsf :

108

Lsf ¼
2�n0r2min

�

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
P0

Pcr

� 1

s
: ð11Þ

For example, in a fused silica (n0 ¼ 1:45; n2 ¼ 3:54�
10�16 cm2 W�1) and for � ¼ 0:8mm, the critical power com-
prises �1MW. Assuming P0 ¼ 100Pcr and rmin � 10� , one
estimates the self-focusing distance to be 31:6� .

Self-focusing of femtosecond pulses with presence of strong
ionization is currently actively investigated in relation to pulse
filamentation phenomenon.109 There are no analytical solu-
tions available in this case, especially, for tight focusing. Ex-
tended focal regions with filament-like structures and spherical
breakdown regions were observed even at focusing with a
NA ¼ 1:35 objective lens inside silica.110

The ponderomotive force acting on an electron at irradiance
of tens-of-PW/cm2 at the focus or during pulse self-focusing
also leads to disruption of targeted pulse delivery required
for well-controlled X-ray generation. The intensity distribution
due to ponderomotive effect leads to filamentation via a favor-
able refractive index modulation as discussed below. The on-
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Figure 23. Wavelength dependence of plasma absorption
coefficient � ¼ ½N2

0=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� N0

p

 � �c (eq 8). (a) Electron

density, Ne, dependence of the factor N2
0=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� N0

p
.

(b) Wavelength dependence of absorption coefficient,
�c (eq 9), at the critical electron density Nc for the dif-
ferent electron temperatures of 1000 �C or 0.11 eV (1),
5000 �C or 0.454 eV (2), 1 eV (3), and 10 eV (4).
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axis lateral refractive index in the presence of Kerr and free
electron contributions is given by:111

nðrÞ ¼ n0 þ n2IðrÞ �
!pðrÞ2

2!2
; ð12Þ

where, n0 is the unperturbed refractive index, n2 is the nonlin-
ear refractive index [cm2 W�1], ! ¼ kc is the laser frequency,
and !pðrÞ is the radially dependent plasma frequency given by:

!pðrÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
NeðrÞe2

"0me

s
; ð13Þ

where the lateral distribution of the electron density is (in
cylindrical coordinates):112

NeðrÞ
Nb

¼ 1þ
d2

dr2
þ

1

r

d

dr

� � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ IðrÞ2

q
; ð14Þ

where Nb is the background electron density. Figure 24 shows
effective electron density profiles at the focus at different
irradiance/intensity. When a non physical (negative) value
of Ne=Nb is obtained it corresponds to electron depletion from
the center of laser beam/pulse by ponderomotive force and
is called electron cavitation. The decrease of electron density
creates a region of increased refractive index where light can
be guided. The ponderomotive effect distorts the energy de-
livery to the aimed focal location at high intensity.

7.4 Optically Induced Dielectric Breakdown. The nature
of optical breakdown is still under active investigation despite
bulk of experimental and theoretical work accomplished. An
exact quantitative description of the dielectric breakdown
and subsequent material modification is not currently avail-
able, though qualitative scenarios are well understood in terms
of multi-photon and avalanche ionization and subsequent high
temperature and pressure modification of surrounding material.
The time-resolved measurements of dielectric function dynam-
ics together with material movement are highly necessary. It is
a challenging task requiring tight focusing and time-resolved
X-ray measurements applied simultaneously.

Material excitation leading to breakdown is discussed theo-
retically along few scenarios. The most accepted view is that
multi-photon and avalanche ionization creates a critical elec-
tron density via an inter-coupled sequential process of electron

multiplication. Once the critical density is attained an instanta-
neous ionization (occurring within few optical cycles) of the
entire focal volume ensue. The multi-photon absorption is
most important in providing seeding electrons, while the ava-
lanche makes the most effective multiplication. It is notewor-
thy, that the absorption takes place at the skin depth of ionized
volume once the dielectric breakdown occurs. The skin depth
is <100 nm and the light-field is effectively shielded (exponen-
tial decay) inside the region of dielectric breakdown, which
makes the multi-photon process of electron multiplication
highly ineffective. However, the avalanche still provides an ef-
fective mechanism, since it is linearly dependent on intensity
and is effective within the skin depth.

The tight focusing creates conditions when approximately
one optical cycle is present at the waist region. At the irradi-
ance �1013 Wcm�2 the breakdown, a full ionization of the
focal volume, effectively occurs in few optical cycles. For ex-
perimental detection of the breakdown by optical plasma emis-
sion, it appears as an instant step-like event.113 This apparent
instantaneous dielectric-to-metal transition was explained as
analogous to the Mott transition:113 an effective increase of
outer electron orbitals due to strong electric light field causes
a loss of correlation between the ions and electrons since the
orbitals become overlapping. This randomization creates un-
correlated electrons at certain strength of E-field (irradiance)
in a step-like fashion. This qualitative explanation is similar
to that of a conductivity jump in Bi under compression when
the electrons switch into metallic uncorrelated state due to
mechanical compression.

A step-like switch of dielectric into a metallic state has been
proposed as a bandgap collapse model103,114 which explains
the breakdown as a collective response of the pulse-affected
volume of crystals. The physical mechanism is the Bragg-
type reflections of oscillating electrons at boundaries of the
first Brillouin zone. The flattening of the bands at high in-
tensity causes a sharp increase in the probability of electronic
transitions eventually causing breakdown. The theoretically
expected scaling of the dielectric breakdown on the bandgap
energy was indeed observed in fluorides. Table 1 shows the
experimentally determined light-induced damage threshold
(LIDT).115 The fact of LIDT was judged by statistical analysis
of an optical contrast change (see, Ref. 44 for details). It is
well established that for fluorides the bandgap can be ex-
pressed in the universal form:116

Eg ¼ 	g

h�
2

m
d2nn; ð15Þ

where dnn is the distance to the nearest neighbor (dnn ¼ 2:36,
2.70, and 2.33 Å in CaF2, BaF2, and CdF2, respectively), m
is electron mass, h� is Plank’s constant, and 	g ’ 9:1 is a
compound-dependent parameter. This equation represents the
calculations of the bandgap structure by the linear combina-
tions of atomic orbitals (LCAO) taking into account only near-
est neighbors. As one can see, the product Const ¼ 1

Eg
� d2nn is

constant. Interestingly, we found that for several fluorides the
product LIDT � d2 was indeed constant, where d represents
the average distance between atoms (Table 1). This product
can be used as a figure of merit for evaluation whether the
LIDT scales with Eg as LIDT � 1

Eg
. The figure LIDT � d2
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Figure 24. Visualization of eq 14: the normalized electron
density vs. the normalized lateral coordinate r for the
waist of r0 ¼ 2:5 (1), 5 (2), and 7 (3). The Gaussian inten-
sity distribution of the form IðrÞ ¼ I0 expð�4 ln 2ðr=r0Þ2Þ
was taken for calculations; r0 is the FWHM radius (waist)
of the beam/pulse, r is the cylindrical coordinate.
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was constant in fluorides with high fidelity (<5% distribution).
Since, the bandgap of most transparent dielectric crystals and
glasses is in the UV and VUV spectral region where mea-
surements require specialized vacuum UV-spectrometry, the
breakdown measurement can provide a reliable estimate of
the bandgap energy.

A tunneling mechanism has also been proposed recently117

based on the experimental results of surface ablation118 by
femtosecond pulses at 400 nm. It should be noted, that the
values of threshold irradiance were overestimated since the
power meter used was not calibrated for measurements at
low repetition rate. However, the relative ablation thresholds
determined in the same measurement showed an experimental
dependence Th � E
g with 
 ¼ 3:1, very close to the expected
value 
 ¼ 3 for the tunneling breakdown (Eg is the effective
bandgap energy). Usually, it is not possible to make a clear
distinction between the two: pure tunneling and multi-photon
multiplication of electrons, since the dielectric breakdown
used in most experiments and practical applications occurs
at the irradiance where both mechanisms are present. The
Keldysh parameter 
 ¼

ffiffiffiffiffiffiffiffiffi
2mJ

p
!=ðeE0Þ (valid when J=ðh�!Þ >

1) draws the distinction between the two mechanisms, here e

and m are the charge and mass of an electron, E0 is the ampli-
tude of electrical field, and J is the ionisation potential.119 For

the ionization potential J ¼ 8 eV for a silica and irradiance
I ¼ 4� 1014 Wcm�2 at 800 nm wavelength one could find

 ’ 0:5. When 
 � 1 (a condition called the strong field
and small frequency) the multi-photon ionization is described
by the tunneling formula. At 
 
 1 (a condition called the
low field and high frequency) the multi-photon ionization
dominates.

Finally, models of bandgap re-normalization and coherent
phonons should be considered at the dielectric breakdown
based on recent studies.120 The importance of coherent light-
matter interaction is illustrated in Figure 25, where the cumu-
lative energy of a two-pulse dielectric breakdown threshold,
E1 þ E2, vs. time separation, �t, is plotted at two different
relative phases, �, between the two pulses.49 The pulses were
produced by a Dazzler (Femtolite, Inc.) phase modulator, had
the same polarization, and were introduced coaxially into
the microscope and delivered into a sapphire sample at tight
focusing. Clear dependence of the breakdown on the relative
phases was observed (see, Figure 25 at small �t). The dielec-
tric breakdown is related to various phenomenon, e.g., chirp,
tilt of the pulse,121 X-ray, white light continuum (WLC), or
third harmonic generation,76 and filamentation.86,109 All these
optically nonlinear phenomena occur at approximately 1–10
TWcm�2 irradiance. The short wavelength emission of the

Table 1. The Intrinsic Light-Induced Damage Threshold (LIDT) for a Single 220 fs 800 nm
Pulse at 10mm Depth in Crystalline Fluoridesa)

Material LIDT Density Molar mass Separationb) Figure of Refractived)

� M d ¼ ffiffiffiffiffi
na3

p
merit index at

/nJ /g cm�3 /g /Å LIDT � d2 � ¼ 800 nm

CaF2 89 3.18 78.08 3.44 1055 1.435
SrF2 80 4.24 125.62 3.67 1075 1.439(@550 nm)
BaF2 68 4.83 175.33 3.92 1045 1.470
MgF2

c) 105 3.16 62.31 3.20 1076 1.39(@560 nm)

a) Focusing was made by a NA ¼ 1:3 objective lens at 100� magnification. b) Separation
represents the average distance between neighboring atoms; na ¼ �NA=M is the atomic
number density with NA being the Avogadro number. c) MgF2 is birefringent; the given
value of refractive index is an average. d) Refractive indexes were taken from catalogues
of Crystran Ltd., UK and Almaz Optics, Inc., USA.
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Figure 25. (a) Schematics of two pulses of energy E1 ¼ E2 produced by Dazzler modulator49 with controlled chirp, energy,
temporal separation, and phase. (b) The cumulative energy E1 þ E2 at which the dielectric breakdown took place was measured
at different pulse separations and at different relative phases between the two pulses.49 The inset shows the time-spectrum map
(measured by frequency resolved optical gating (FROG)50) of the tp ¼ 50 fs pulse at the laser output. The pulse was split into
two pulselets by Dazzler.
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breakdown plasma delivers energy along a laser pulse propaga-
tion into a depth considerably larger than the absorption length
in metals.122 This principle allowed the achievement of ultra-
deep structuring. Also, the IR part of the electron emission of
plasma provides an effective light source for photo-polymeriza-
tion of resins which absorb well at 2–3mm wavelengths.53 The
experimental research field of light-matter interaction when
sub-ps pulses are used is currently very active and theoretical
description of light-matter interaction in various complex geo-
metries are expected to be established in near future.

8. Laser Manipulation of Nano-/Micro-Objects: Principles

Laser trapping and manipulation has been developed into a
solid branch of modern science and technology. Laser tweez-
ers can be seen as a tool to apply force or transfer momentum
to (nano-)microscopic objects. Here, we consider an object to
be ‘‘nano’’ when its dimensions are smaller that 100 nm.126

Laser tweezers are applied to get insight into a sub-micrometer
world, to measure forces of biomachinery with anticipated new
applications in science and technology. There are two princi-
ples to manufacturing on the molecular scale:127 self-assembly
of structures from basic chemical building blocks the biomi-
metic or a ‘‘bottom up’’ approach and assembly by manipulat-
ing components with much larger devices a ‘‘top-down’’ ap-
proach. The former is considered to be ideal through which
nanotechnology will ultimately be implemented, however,
the latter approach is more readily achievable using current
technology. Laser micro-manipulation is already serving as a
research tool for the ‘‘top-down’’approach.

8.1 The Optical Gradient Force. Most frequently light-
material interaction is considered in terms of energy transfer.
Light can transfer an impulse as well, that causes mechanical,
i.e. ponderomotive action of light. This was demonstrated
theoretically by Maxwell in the middle of the 19th century
and experimentally by Lebedev in 1901.128 A single photon
carries an impulse p � Energy=speed ¼ h�!=c ¼ h�k, where h�
is the Plank constant, !, c, k are angular frequency, speed
and wave vector of light in vacuum, respectively.

Despite theoretical complexity the calculations of laser trap-
ping force are feasible when a laser trapping beam is focused
to its diffraction limited size.129 For a highly focused beam the
relevant length scale for interaction is the spot size ! and not
the particle diameter 2R. This reduces interference effects and
renders this approach applicable to particles of any size. The
force due to the interaction of the electromagnetic field with
a particle is given by the integral of the Maxwell stress tensor
on its surface. The following derivations follow Ref. 129,
where practical formulas were demonstrated to describe well
experimental data.

For isotropic dielectrics which are not strongly polarized
(i.e. the dielectric susceptibility 	 � 1) and for a linear re-
sponse the dipole density relates to the electric field by P ¼
	E ’ 	E0, where E0 is the unperturbed electric field. Then,
the dipole interaction energy of the particle, W , is defined by
the integral:

W ¼ ��
Z

I0 dV ; ð16Þ

where I0 ¼ "0E2
0=ð8�Þ is the volume energy density of the

light and � ¼ "p="0 � 1 accounts for the relative difference
of the dielectric constants of the particle, "p and the surround-
ing medium, "0. The optical gradient force is simply given
by the change of W in response to a change of particle’s coor-
dinates.

It is assumed that the localized electromagnetic field near
the focal point is a three-dimensional Gaussian with axial
symmetry and its energy density is given by:

Ið�; zÞ ¼ I0e
� �2

2w2�
z2

2w2
2 ; ð17Þ

where w and w
 are the dimensions of the beam waist in the
transverse and axial dimensions, respectively, and the eccen-
tricity is 
.

First, an isotropic potential well with 
 ¼ 1 is considered.
Taking the gradient of the dipole energy (eq 16) of the
Gaussian beam (eq 17), the central restoring force is
defined as:

FðrÞ ¼
@WðrÞ
@r

¼ �I0w2�4�e�a2þu2

2 ðau cosh au� sinh auÞ; ð18Þ

where a ¼ R=w and u ¼ r=w is the normalized radius and co-
ordinate, respectively. For small particles R � w, Equation 18
reduces to the product of the particle volume and the gradient
of the beam intensity,

FðuÞ ’ �I0w2 4�

3
a3ue�u2=2: ð19Þ

Near the equilibrium position, r ¼ 0, the restoring force is
harmonic and increases to its peak value at the position of
maximal gradient at r ¼ w. An illustration of the eqs 18 and
19 is shown in Figure 26, where typical experimental condi-
tions for laser trapping biological objects (with low refractive
index) were implemented.130

In most practical situations, focused beams are not isotropic
having eccentricity 
 	 3. The central restoring force can
be calculated and it was shown that analytical expressions
are available when the spherical particle is approximated by
a cube of the same volume.129 The resulting radial force curve
for a general eccentricity, 
, is

F�ð�Þ
�I0w2

¼ Að
Þe�
u2

2 sinhðacuÞ: ð20Þ

The anisotropy effects are embedded in a prefactor Að
Þ

Að
Þ ¼ 4�
Erf
bcffiffiffi
2

p
� �

Erf
bcffiffiffi
2

p



� �
e�

a2c
2 ; ð21Þ

where ac ¼ bc ¼ R
w

ffiffiffiffiffiffiffiffi
�=63

p
, and u ¼ �=w. The axial force curve

is similarly defined

FzðzÞ
�I0w2

¼ Azð
Þe�
u2z
2 sinhðacuzÞ; where uz ¼ z=ðw
Þ; ð22Þ

Azð
Þ ¼ 4�
Erf2
bcffiffiffi
2

p
� �

e�
a2c
2
2 : ð23Þ

In the vicinity of equilibrium position the laser-trapped par-
ticle can be considered as a harmonic oscillator with Hookian
linear response. For this region it is useful to define the force
constant by the curvature of the potential. For a Gaussian
beam the resulting force constant �z;� for a general eccentricity
can be calculated analytically for a sphere as @2W=@x2ðx ¼ 0Þ
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(here x � �; z):131

�� ¼ �I0w�e�a2

2
�


�3

�
�2a
�e�

a2�2

2
2

þ
ffiffiffiffiffiffi
2�

p
ð
2 þ a2�2ÞErf

a�ffiffiffi
2

p



� ��
; ð24Þ

�z ¼ �I0w� 2�
�3

2a�2e�
a2

2
2 �
ffiffiffiffiffiffi
2�

p

e�

a2

2 Erf
a�ffiffiffi
2

p



� �� �
; ð25Þ

where � ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 
2

p
. The force acting on a particle is then

given by F�;z ¼ ��;zw. Figure 27 shows the dependence of the
force constants on a particle size and geometry of focal spot (a
prolate 
 > 1 case is considered as it is in a real experiment).

The approach presented above129,131 describes reliably the
spatial extent of a focal region by analysis of laser trapping
of a smectic liquid crystal droplet132 as well as the trapping
force of a nematic liquid crystal microsphere.130

8.2 Transfer of Angular Momentum from Laser Beam to
Particle. The angular momentum carried by light can be
characterized by the ‘‘spin’’ angular momentum associated
with circular polarization133 and the ‘‘orbital’’ angular momen-

tum associated with the spatial distribution of the wave.134

Each photon of Gaussian circularly polarized beam has an
angular momentum �h� , where � ¼ �1 left-handed and right-
handed circular polarization, respectively. The Laguerre–
Gaussian (LG) beam has, additionally, an angular dependence
of expð�il�Þ, where l is the azimuthal mode index or charge.
The LG modes can be seen as eigenmodes of the angular-mo-
mentum operator Lz and thus carry an orbital angular momen-
tum lh� (l ¼ �1).134 The total angular momentum carried by a
photon of LG beam is ðlþ �Þh� . When this is multiplied by the
number of photons absorbed per second, the same resulting
torque is obtained as that found using electromagnetic theory.
The torque due to the angular momentum of the light on a
particle that absorbs power P is � ¼ Pðlþ �Þ=!.

The momentum and angular momentum of light can be
transferred to an object not only by light absorption, but by
refraction as well (by a change of propagation direction). The
reflection from or propagation through a birefringent object
can effectively transfer momentum and angular momentum
to that object. This principle can be used in development of
optically driven micro-mechanical devices.
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Figure 26. (a) Optical gradient force of isotropic potential well (
 ¼ 1). Curve 1 plotted according to eq 18 and curve 2 by eq 19.
The lateral radius of a focal spot (the waist) is defined by the numerical aperture, NA ¼ 0:8, of objective lens and the laser wave-
length, � ¼ 1:064mm, according to w � 0:61�=NA ’ 0:81mm. The refractive indexes of the laser-trapped particle and its envi-
ronment (water) were

ffiffiffiffiffi
"p

p
¼ 1:370 and

ffiffiffiffiffi
"0

p
¼ 1:326, respectively, and the laser trapping power was 0.7W or in terms of volume

energy density I0 ¼ 7:69� 10�3 J cm�3. The square marks the maximum value of the gradient force Fm ¼ �I0w2ð4�=3
ffiffiffi
e

p
Þa3.

(b) Radial (curve 1) and axial (2) gradient forces exerted on a cube-shaped particle trapped in a prolate (
 ¼ 3) focus (curve 1
is plotted by eqs 20 and 21, and curve 2 by eqs 22 and 23). Experimental conditions are the same as for (a).130
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Figure 27. Radial/transverse (a) and axial/longitudinal (b) force constants of a laser trap calculated for a prolate (
 > 1) focus.
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8.3 Prototypes of Optically Driven Micro-Devices. The
method of torque application to a micro-object constitutes the
principle of an optically driven micro-device. The element
torque is expressed as d� ¼ r� dF, where dF is the element
force and r is the vector from the pivot point to the location
where force is applied. The equation of motion which links
torque � exerted on the object with its angular velocity �

and moment of inertia I is then

� ¼ I
d�

dt
þ D�; ð26Þ

where D is the damping factor (the drag coefficient for the
rotational movement). For a spinning sphere D ¼ 8��r3 and
D ¼ 32

3
�r3 for a disk of radius r in a medium of viscosity �.

In the steady state the time derivative in eq 26 drops out
and the terminal angular velocity is proportional to the torque
divided by the damping factor, which is highly dependent on
object’s shape and the properties of the environment where
the object moves.

Gauthier135 evaluated numerically the torque acting on an
object shaped as a four-wing windmill trapped by single-beam
laser tweezers. The derivation was based on ray optics and was
evaluated for an object of 13mm span. Calculations well ex-
plained the earlier reported experimental results on spinning
of such an object in a laser trap made by using a linearly po-
larized lowest order Gaussian (TEM00) beam.136 The rotation
at 0.37Hz was observed for laser power of 80mW. The direc-
tion of spinning can be reversed by inverting optical contrast
nrel ¼ ns=nm, which is the ratio of refractive index of sample,
ns, and that of surrounding media, nm.

135 If nrel < 1 the object
is pushed out of the focus along the direction of light propaga-
tion and the windmill must be supported for a sustainable ro-
tation. The theory was extended to deal with the different wing
shape, which has an inclination of the front surface.137 It pre-
dicts control over the direction of rotation via an illumination
spot size.

Another approach was introduced for the fabrication of
optically driven rotor.138 Two polystyrene beads of 2 and
0.94mm in diameter were linked via avidin-biotin binding.
The smaller bead was half-coated with gold/palladium. This
geometry allowed the harvest of the gradient pressure of laser
trap made by a focused linearly polarized beam and to convert
it into a spin torque. An average rotation frequency of 2.6Hz
was observed at 29mW laser power (� ’ 10�19 Nm). Even
higher rotation frequencies of 10Hz were reported for 3–4mm
windmill-type structure at 20mW.139 The structure was photo-
polymerized by laser scanning and even the engaged cogwheel
structure was made and driven by single beam laser trap.

9. Laser Manipulation of Liquid Crystals

Liquid crystals are among materials of highest optical non-
linearity, however, since it is related to molecular reorientation
it is a slow ms–ms process. When liquid crystals are prepared
as spherical micro-particles by dispersing them in water, the
droplets can be optically trapped and manipulated by laser
tweezers.140 The birefringent particles can be controlled by
polarization of impinging light: their orientation follows the
linear polarization of laser tweezers or, in the case of circularly
polarized light, are put in constant spinning.141–143 This can be
used as a viscosimetry probe of micro-environment revealing

changes of reordering at water–liquid crystal boundaries in-
duced by starting and stoping of the droplet.130,144

Molecular ordering defines local refractive index and bire-
fringence. It is possible to induce re-alignment of liquid crystal
molecules inside adroplet and by doing this to optically induce
birefringence.132,145,146 Then, the droplet can be laser actuated
or spined by changing the laser trapping power of a linearly
polarized beam or by setting up circularly polarized laser
tweezers, respectively. Such mechanical movement of a drop-
let due to a laser irradiance which modified its optical proper-
ties can be considered as a manifestation of a nonlinear optical
effect used to laser manipulate a microscopic object.145

9.1 Laser Tweezers Acting on Birefringent Particles.
Light-induced rotation of absorbing microscopic particles by
transfer of angular momentum from light to the material has
its shortcomings for practical applications due to overheating
and unwanted axial forces, limiting the achievable rotation
rates to a, typically, few hertz. Higher rotation frequencies
can be obtained when birefringent particles are used as it was
demonstrated in the case of ground calcite particles147 and
nematic liquid crystal (LC) droplets141,142 laser manipulated
in water.

Let us consider an elliptically polarized laser beam
incident on a particle (the following description is based on
Ref. 147). Elliptically polarized light can be described by
E ¼ E0e

i!t cos��xþ iE0e
i!t sin��y, where ! is the angular

frequency and E is the electric field of light and x with y are
Cartesian coordinates defining the lateral spot size. Here, �
describes the degree of ellipticity of the light (� ¼ 0;�=2
indicates plane-polarized and � ¼ �=4 circularly polarized
light).

To calculate change in angular momentum of light after
the passage through birefringent material, the incident ellipti-
cally polarized light is first expressed in terms of components
parallel and perpendicular to the optical axis of the material:

E ¼ E0e
i!tðcos� cos � � i sin� sin �Þi

þ E0e
i!tðcos� sin � þ i sin� cos �ÞjÞ;

ð27Þ

where � is the angle between the fast axis of the quarter-wave
plate producing the elliptically polarized light and the optical
axis of birefringent material. The phase shift due to passing
through a thickness d with refractive index n is kdn, where k ¼
2�=� is the free space wavenumber. So, the emergent light
field will be:

E ¼ E0e
i!teikdne ðcos� cos � � i sin� sin �Þi

þ E0e
i!teikdno ðcos� sin � þ i sin� cos �ÞjÞ;

ð28Þ

where ne,o are the refractive indexes of extraordinary and or-
dinary rays, respectively. The angular momentum of a plane
electromagnetic wave is defined as J ¼ ð
=ð2i!ÞÞ

R
d3rE�E,

where E� marks the complex conjugate of electric field vector
E and integration is made over all spatial elements d3r. The
changes in the angular momentum of the light cause a reaction
torque per unit area on the thickness d of material:

� ¼ �



2!
E2
0 sin kdðn0 � neÞ cos 2� sin 2�

þ



2!
E2
0ð1� cos kdðn0 � neÞÞ sin 2�: ð29Þ
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The first term in eq 29 is the torque due to the plane-polarized
component of elliptically polarized light or, we can call it, the
alignment torque. While the second term of eq 29 is due to the
change in polarization caused by passage through a birefrin-
gent media. For plane-polarized light, � ¼ 0 or �=2, the tor-
que on the particle is proportional to sin 2�. The particle will
experience torque as long as � 6¼ 0, and will be at equilibrium

when the fast axis of the crystal is aligned with the plane po-
larization (� ¼ 0).

For a steady state spinning particle the torque exerted on
particle by light (eq 29) is counter balanced by the environ-
ment’s drag torque (eq 26) according to � ¼ D� ¼ D�
2� f . The frequency of particle’s rotation, f , for a trapping
power P and optical frequency ! is:

f ðd; �Þ ¼
P

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1� cos kdðn0 � neÞÞ2 sin2 2�� sin2 kdðn0 � neÞ cos2 2�

p
2�!D

: ð30Þ

Figure 28 shows the calculated frequency dependencies of a
birefringent spherical particle according to eq 30. The fastest
spinning is observed when particle thickness corresponds to
a �=2-plate. This is the reason for the periodic dependence
of frequency vs. particle size (Figure 28b). Every local maxi-
mum in the rotation frequency obeys the dependence on parti-
cle size f / r�3, which follows from Stokes law (Figure 28b).
The rotation of birefringent calcite micro-particles of ca. 6mm
radius was demonstrated147 at 50mW laser trapping, but the
rotation frequencies were only few hertz. The large viscous
drag due to an irregular particle shape was the main obstacle
to achieve higher speed. The frequency limit for the smaller
particles is actually imposed by the size of the laser spot,
which at its diffraction limit approaches diameter 1:22�=NA
(NA is the numerical aperture of the objective lens, typically
NA ¼ 0:8{1:3) and due to increased light scattering, which

decreases the efficiency of torque transfer from laser beam to
a particle (the efficiency factor is discussed in Section 9.2).

9.2 Rotation of Liquid Crystal Droplets. Typical
setup to perform all-optical switching experiments by laser
trapped droplets of liquid crystals (LCs) is shown in
Figure 29.141,143,148,149 A combined angular tuning of �=2
and �=4 plates allows precise control of the polarization of the
laser beam at the focus (the polarization is analyzed by a Nikol
prism at point A before the objective lens). The laser trapping
force is calibrated by measuring the speed at which the laser
trapped micro-sphere of radius, r, is released in liquid of
known viscosity, �, using Stokes’ law.150 Typically, a 50mW
laser power corresponded to 10–30 pN trapping force.150

Nematic liquid crystal is self-organized into droplets of
0.5–4mm diameter when dispersed in water. Most droplets
possess a polar-like structure of molecular arrangement due
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to the so-called anchoring effect (shown schematically in
Figure 30a). The molecules of the outer regions tend to be ori-
ented along the surface of the droplet, while the inner regions
tend to sustain their bulk-like orientation. This brings about the
final polar-like structure of the droplet. However, some of LC
droplets have a radial or irregular structure. When imaged
through a pair of cross-polarized Nikol prisms, the iconoscopic
picture, so-called ‘‘Maltese cross,’’ is observed (Figure 30).
The dark regions correspond to those areas where the passing
light was least scattered, and vice versa, the brightest ones
where the scattering was strongest. However, the distinction
between the polar and radial structures is not straightforward
from such an image. As is schematically shown in Figure 30a,
both molecular alignments cause similar iconoscopic image.
Further distinction on the internal molecular arrangement can
be done on the basis of the response of a LC droplet to laser
manipulation. The underlying mechanism of the response
can be understood in terms of a birefringence of the droplet
outlined above in Section 8.2. If the structure of LC droplet
is radial the birefringence is negligible and the droplet will
not respond to a change of polarization of the trapping beam.
The birefringent particles with a polar internal structure can be
efficiently laser manipulated. Even if at the first moment, when

laser trap is set at the droplet, its orientation is such that it is
seen as radial (top view on a polar structure looks like a radial
one), such an orientation is metastable and typically within a
few tens-of-milliseconds the LC droplets of 2–5mm are re-ori-
ented to a stable trapping with the director of the droplet
aligned perpendicularly to the propagation of trapping laser
beam.

Particles with a polar orientation can be easily laser manip-
ulated (orientated to a preset angle or spined) by polarization
control of a laser beam as shown in Figure 31.141,142 The dif-
ferent iconoscopic images in Figure 31a correspond to differ-
ent orientation of a laser trapped LC droplet. Once the polar-
ization of a laser trap is set to circular, nematic LC droplet be-
gins to spin (Figure 31b). The spinning is evidenced viscous
drag of the nearby floating LC droplet.

The frequency of optical switching can be measured exper-
imentally by a setup shown in Figure 29, where the frequency
of optical transmission modulation is four-fold that of droplet’s
rotation:

fopt ¼ ��4 f ðd; �Þ; ð31Þ

here the factor � accounts for the efficiency of torque transfer
from light to a droplet and f ðd; �Þ is given by eq 30.

(b) (c) (d)

(e) (f) (g)

(a)

polar

axial

Figure 30. (a) The simplest polar and radial molecular alignments of a nematic LC. The darker regions correspond to the Maltese
cross figure observed in the cross-polarized setup. Images in cross-polarized observation of the laser trapped different LC droplets.
(b) Typical image of large LC droplets, which usually have complex internal molecular structure. (c) nematic E-44 LC, (d) smectic
SmCA� CS-4001 LC, (e) smectic SmC CS-1017 LC, (f) SmC CS-1029 LC, and (g) SmC CS-1023 LC. Scale bar, 10 mm.

1 2 3 4 5 1 2 3

4 5 6

(a) (b)

Figure 31. Alignment (a) and rotation (b) of nematic liquid crystal E-44 droplets in water by polarization control of light. Sche-
matic presentation of the molecular order inside a droplet is shown on the bottom (a). The director of the droplet is following the
polarization of the light (1�!5(a)). Spinning of a droplet by a beam of circularly polarized light was evidenced by the drag of a
neighboring free-floating droplet (enclosed in a dashed circle(b)). Time interval between images 1�!6 was ca. 30ms (b). Scale
bars, 10mm.
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Typical refractive index contrast for the ordinary and extra-
ordinary rays in a birefrigent nematic LC is �n ¼ 0:2
(�n ¼ 0:256 for E-44 nematic LC). When nematic LC has a
spherical shape its molecular arrangement changes and the ef-
fective refractive index contrast �n needs to be established ex-
perimentally. This can be done by measuring the ellipticity of
a laser beam (angle �) at which birefringent particle starts to
spin. This can be found from eq 29 for the case when the align-
ment torque (first term of equation) is maximum and the total
torque is zero. This is when

�rot ¼ ½�m�� kd�n
=4; where m ¼ 1; 3; 5; . . . : ð32Þ

The best fit of experimentally measured �rot gives the value of
effective refractive index, �n ¼ 0:11 with a precision better
than 10�2 (Figure 32a). With this established value of �n

the experimentally observed dependence of optical switching
frequency fopt on the degree of ellipticity of a laser beam
can be fitted by eq 31 as shown in Figure 32b, where the curve
1 is plotted for an ideal 100% torque transfer from laser light
to a spherical droplet. The experimental data of fopt can be

fitted by eq 31 with efficiency factor � ¼ 0:7 (curve 2 in
Figure 32b). It is noteworthy, that a better fit of experimental
data at the maximum rotation speed can be achieved with
� ¼ 0:58,130 however, then the theoretical and experimental
angles of the onset of rotation, �rot, become different. This dif-
ference can be discussed as a result of an actual surface drag
(kind of change of static into dynamic friction) during starting
and stopping of the spinning.130

High frequency and contrast of optical switching
(Figure 33a) can be further improved by decreasing viscous
drag of a rotating LC droplet or/and by increasing the laser
power as required by eq 30. In order to avoid absorption at ele-
vated laser powers heavy water, D2O, is a preferable environ-
ment for a laser manipulation, since the absorption at ca. 1mm
is almost by an order of magnitude lower than that in H2O.
Typical experimental results of the dependence of optical
switching on laser power are summarized in Figure 33b. Addi-
tion of a surfactant TWEEN20 increased the frequency of LC
droplet rotation (Figure 33c). As can be seen, the revolution
frequencies of the LC droplet over 1 kHz (4 kHz of optical
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Figure 32. (a) Determination of effective refractive index change of a birefringent spherical particle (eq 32). (b) Frequency of op-
tical switching by a laser manipulated liquid crystal droplet vs. the ellipticity of light, � (eqs 30 and 31). The ellipticity phase
angle � is related to the experimentally measured eccentricity of the laser beam by � ¼ tan�1 
, where 
 ¼
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Pmin=Pmax

p
is defined

by the ratio of minimum and maximum laser power passed through Nikol polarizer (the angular dependence of the passed laser
power is measured). The diameter of droplet was d ¼ 2:45� 0:08mm, the laser power at focal point was 198mW, and the envi-
ronment water.143
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Figure 33. (a) All-optical switching (modulation of transmission) by a rotating nematic LC droplet of 1.8mm diameter. Droplet
was laser trapped by circularly polarized 1064 nm illumination of 0.6W in pure water. (b) Dependence of the frequency of optical
transmission modulation on the trapping laser power for nematic E-44 LC droplets of different sizes. LC droplets were laser
manipulated in D2O (heavy water was used to exclude any absorption at 1064 nm). (c) Same as (b) but the rotation was carried
out in a mixture of D2O:surfactant TWEEN20 (500:1).
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switching rate) can be reached in the case of 0.3W laser trap-
ping power and surfactant-modified 1.5mm diameter droplets.
This power level is approximately half of that required to
achieve such a frequency in pure D2O.

142 However, at larger
surfactant concentrations and at high laser power the rotating
particle stops. This phenomenon can be explained by a change
of surface tension over the LC droplet which in turn changes
the anchoring energy at a pre-surface area of the droplet as
illustrated in Figure 34.151 Such internal rearrangement of
LC might prove useful for the application of monitoring the
ambience of a laser-manipulated particle via control of the
LC droplet rotation, which is governed by the interaction at
the droplet’s surface–liquid interface.

Apart from structural changes of the internal structure of
liquid crystal droplets by surface tension effects discussed
above, optically induced internal molecular reordering is also
possible by laser trapping of droplets with linearly and circu-
larly polarized laser beam.145,146,151 Such molecular reordering
is illustrated in Figure 35 taking place inside laser-trapped
radial 5CB liquid crystal droplet at increasing laser power of
circularly polarized tweezers. The radial droplet is optically
isotropic and its spinning is not possible due to absence of bi-

refringence. However, with increasing laser power the molecu-
lar alignment changes and the induced birefringence causes
onset of rotation (right-side image in Figure 35). This is man-
ifestation of ponderomotive action of optical nonlinearity.

9.3 Texture Control of Liquid Crystals via Optical
Alignment. When the optical alignment of LC droplets
cannot be controlled by changing the polarization of the light
due to their internal close-to-radial or irregular structure, other
phenomenon can be observed. Namely, an internal molecular
re-orientation takes place on a time scale of tens-of-minutes
(Figure 36). Since LC materials usually do not absorb at
1mm the structural changes observed are caused by dipole
re-orientation rather than by absorption-induced heating. There
is another indirect proof of the non-thermal character of such
an internal re-structuring of LC droplets. Most LC materials
undergo the phase transition from the ordered to isotropic
state, which is optically isotropic, too, at ca. 100 �C, (for E-44
at 100 �C, CS-1017 at 68.7 �C, CS-1023 at 94 �C, CS-1029 at
92 �C, and CS-4001 at 86.6 �C). Once isotropic, the droplet do
not rotate under circular polarization. However, for nematic
LC droplets partly ordered into a polar structure, the experi-
ments did not show any changes in the rotation frequency over
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Figure 34. (a) Optical polariscope images of 5CB liquid crystal droplet having a radial (top) and polar (bottom) structural com-
positions, respectively. Inset schematically show the effect of surface covered by surfactant CTAB molecules. (b) Probability of a
5CB droplet having radial internal alignment versus the concentration of cationic surfactant CTAB. The region from 4 to 10 mM is
transitional, in which smaller particles are bipolar and the larger are radial.151
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Figure 35. Optical polariscope images of a 5CB droplet at different laser power of circularly polarized laser tweezers. The inset
shows schematic molecular alignment inside the droplet. The central circle marks the approximate diameter of the focal spot.
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a time scale of more than an hour. This exclude the heating and
material convection inside the LC droplet as being the cause of
the internal molecular reorientation.

The rearrangement of internal molecular structure orienta-
tion occurs as a result of dipole reordering in the electric field
of the light. No causal dependence was found between the size
of the LC droplets (2–5mm) and the time required for the mod-
ification. In SmC LC the restructuring was found to take place
non-monotonously (Figure 36). This is most likely related to
the restructuring of the domains inside the droplet. Usually,
SmC LC material in water will preferentially self-arrange into
a droplet with an internal structure (the usual structure is a
radial one), which does not satisfy the occurrence of torque
when the LC droplet is laser-trapped by circularly polarized
light. However, few droplets can be found to be rotatable by
circularly polarized light, but usually at very low frequency
(�0:1Hz).152 Most probably, their internal structure has do-
mains, which were partly polar.

10. Volume-Phase Transitions Induced by
Laser Tweezers in Gels

Laser tweezers can trap and manipulate (a spatial transfer or
alignment by linearly polarized laser beam) objects as small as
10 nm as well as tens-of-micrometers in cross section. Namely,
the gradient force of laser tweezers is responsible for immobi-
lization of objects at the focal position. The acting principle of
laser tweezers is the optically induced dipole force for nano-
objects or an integral force generated by the impulse change
when rays are traversing the micro-object.

In polymeric networks such as gels the gradient force causes

compaction of the coils. When laser tweezers are set into gel
immersed in heavy water the volume-phase transition can be
triggered when gel is formed from molecules having hydro-
phobic and hydrophilic segments.153 This is a fully reversible
process triggered by laser compaction only.

10.1 Light Control over Weak Interactions in Polymers.
Laser trapping154 has been developed into a mature experimen-
tal technique, which allows measurement of extremely weak
interactions of pico-/femto-newtons and detection of move-
ments as small as few nanometers.155,156 Radiation force of a
laser trap acting on sub-mm-sized particles immobilize them
inside a parabolic potential well and suppress their Brownian
motion as it was confirmed by evanescent light scattering157

and by Kramers theory158 of thermally activated transition
rates in a double-well laser-trap.159 A single-beam laser trap
affects particles as small as 10 nm.154 Molecular assembling
of 60–100 nm poly(N-isopropylacrylamide) (p-NIPAM build-
ing block is shown in Figure 37a) polymer fragments, which
are of the typical globule-coil size of p-NIPAM was demon-
strated in water solution by radiation force.160,161 Heating via
direct or solvent absorption of the laser trapping illumination
can cause the volume-phase transition of p-NIPAM gel as
well.162 It was found that absorption of 1064 nm laser illumi-
nation by an overtone of O–H vibration of water molecules
was responsible for local temperature increase and a coil-to-
globule transition of polymers in the vicinity of the focus.163

Much theoretical and experimental work has been accom-
plished to understand the conformational modifications of
polymer gels under different conditions, such as pH,164 heating
by light,162 solvent composition,165 and ionic content,166 in

(a) (b) (c) (d) (e) (f)

10 µm

Figure 36. Texture manipulation of liquid crystal. Rearrangement of internal structure of a CS-1017 LC droplet in time. LC droplet
was laser trapped by linearly polarized light of 1064 nm. (a) at 0–20min, (b) 23min, (c) 24min, (d) 25min, (e) 26min, and
(f) 26–30min. Trapping laser power on the particle was 0.4W. Scale bar, 10mm.
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Figure 37. NIPAM molecular structure (a) showing the hydrophilic amido and hydrophobic isopropyl groups. Three-dimensional
conformation of a single polymer building block was calculated by ChemDraw. (b) Volume-phase transition of a p-NIPAM gel
rod induced by radiation force. Gel was immersed in D2O, light intensity was 1W. The dashed profile in (b) corresponds to the
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ent diameters. D0 is the equilibrium diameter of the rod in D2O.
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order to elucidate the roles of the different, mostly short-range
weak interactions in gels.167,168 It was experimentally demon-
strated that long-range Coulomb forces can cause a frustrated
volume phase transition in polyampholyte gel169 as well.
Shape/volume transformations have been proven to be respon-
sible for the selectivity of chemical reactions,170 where, as a
matrix, the p-NIPAM gel was doped by compound responsible
for a selective multi-point adsorption of target molecules.
Polymer gels are good prototypes to mimic biomolecular
machinery governed by short-range interactions such as hydro-
gen bonding, hydrophobic, van der Waals, and long-range
Coulomb force in some proteins.

Yet another example of light control over the mechanical
properties of material is the radiation force driven volume-
phase transition of p-NIPAM gels (Figure 37b) immersed in
D2O.

153 When tightly focused light illuminates the p-NIPAM
gel rod, the resulting volume-phase transition leads to the
expulsion of the solvent D2O out of the collapsed gel rod
(Figure 37b). The coexistence of the hydrophilic amido and
hydrophobic isopropyl groups in close vicinity inside p-NI-
PAM gel is responsible for the phenomenon of volume-phase
transition. Phase separation during volume-phase transition
takes place via the diffusion,171 as can be seen from approxi-
mately linear D /

ffiffi
t

p
dependence (Figure 37c), where D is

the diameter of gel rod and t stands for time. Factor 1.7 de-
scribed well the difference in diffusion coefficient of phase
separation in the case of 10 and 50mm diameter gels (see
the difference in the slopes of curves representing a collapse
of gel rods in Figure 37c).

Volume-phase transition of p-NIPAM gel can be induced
by the radiation force alone without a local temperature rise
(Section 10.2), which itself could cause the transition.162 The
radiation force induces a local compaction of a metastable
gel around the focal point (Section 10.3), which is enough to
drive locally a volume-phase transition. The extension of col-
lapsed phase is defined by elastic properties of gel’s polymer
network (Section 10.4) and can be explained by the collective
diffusion theory of gels.171,172

10.2 Measurement of Local Temperature inside Gel.
To validate the mechanism of volume-phase transition the
local temperature at the focal point inside a gel needs to be

measured. First, a laser trap was established at the focus of ob-
jective lens (40� magnification; numerical aperture NA ¼
0:85) by illumination of continuous wave (cw)-YAG laser
light at 1064 nm inside a gel sample. Rods and films of a p-
NIPAM gel were prepared by free radical polymerization of
a D2O solution of NIPAM at 27 �C for 1 h (according to the
procedure described in Ref. 166). A p-NIPAM gel was formed
in a glass capillary tube or was cast over a cover glass slip to
form the rod or film, respectively.

To evaluate the actual temperature at the focus inside gel,
we measured the intensity ratio of the photoluminescence
(PL) bands of 1-pyrenesulfonic acid sodium salt (PS-Na) dye
at the monomers and eximers PL bands at 415 and 485 nm,
respectively, in D2O and H2O solutions (Figure 38). PL of
PS-Na was excited by a 380 nm wavelength laser illumination
at 82MHz repetition rate with pulse duration of 100 fs, which
was introduced into a microscope and focused on a dye-perme-
ated gel sample. Back-scattered PL was collected by the same
objective lens and recorded by spectrometer. Linear depen-
dence of the PL ratio was found valid over the temperature
range from 22 to 55 �C (Figure 38b). The precision of temper-
ature evaluation was better than 2 �C and it was higher for
D2O solution as compared with that of H2O. The optical den-
sity of D2O at 1064 nm OD ¼ 5� 10�2 (1 cm cuvette) is al-
most ten times lower than that of H2O, while the absorption
of p-NIPAM was negligible in a swollen state. Since the vol-
ume of p-NIPAM is changing at the focal point during the vol-
ume-phase transition, the eventual judgement of the actual
temperature at the focus was carried out by the PL measure-
ment of a PS-Na dye dispersed inside p-NIPAM gel. Two
spectra recorded with the laser radiation switched on and off
showed no local change of temperature at illumination power
of 1.2W, which was already 2–3 times larger than that neces-
sary to trigger a volume-phase transition of gel kept at an
ambient temperature of 27 �C.

The occurrence of volume-phase transition was judged by
the direct CCD camera imaging as it is shown in Figure 37b,
where the rod-shaped gel is seen collapsed around the irradia-
tion point. An expected local temperature distribution can
be evaluated numerically for a Gaussian light beam (heat
source)173 due to D2O absorption at 1064 nm. An expected
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Figure 38. (a) Temperature dependence of PS-Na (1-pyrenesulfonic acid sodium salt) photoluminescence in D2O. (b) The ratio of
PL of monomers at 415 nm to that of eximers at 485 nm as a function of temperature in H2O and D2O, measured under the micro-
scope excitation-detection conditions. Lines in (b) are the linear fits.
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temperature rise would be less than (1:7� 0:2) K for an irradi-
ation power of 1.2W. It is well-established fact that a temper-
ature rise at the focal point is not a critical issue for two-photon
microscopy where the intensities similar to those we have
employed are routinely used.174 Thus, the rise of temperature
at the focus was negligible and can be excluded from consid-
eration as a probable cause of a volume-phase transition of
p-NIPAM gel at typical laser powers of 0.75–1W.153

10.3 Radiation Force-Induced Compaction of Gel. Local
compaction of gels induced by tightly focused non-absorbing
illumination at the focal point is a universal property and
was demonstrated in the case of thermally insensitive acrylo-
amide (AA) gels, too.153 Initial compaction of gel is induced
by the optical gradient force and, in the case of p-NIPAM, is
driving a metastable gel towards the volume-phase transition.
The fluorescent probe 8-anilino-1-naphthalenesulfonic acid so-
dium salt (ANS-Na), which is sensitive to the hydrophobicity
of its micro-environment, was chosen to check a radiation
force-induced compaction of gels by measuring a dye’s PL at
400–550 nm under Hg-lamp irradiation at 365 nm. p-NIPAM
gel was soaked in a D2O solution of the dye,153 the PL of
which is more intense in less polar environments or/and in
the absence of water (inset to Figure 39a). A glass capillary
containing a gel (Figure 39a) was chemically modified by a si-
lane-coupler, which immobilized and prevented gel rod from
collapsing under the conditions of volume-phase transition.
In such a case, the internal morphological restructuring of
gel could be observed by measuring the PL of dye. PL of
ANS-Na was invisible at temperatures lower than that of vol-
ume-phase transition, TVP � 34 �C, and became strong at tem-
peratures over the TVP (Figures 39b and 39c) in H2O. In D2O
the enhancement of ANS-Na PL was observed from the illumi-

nated area at high temperatures (Figure 39d) or when laser
tweezers were set to a gel (Figure 39e). Spectral shape of PL
was similar in both cases (Figure 39f). This shows that a com-
paction of gel on a sub-micrometer scale can be induced by ei-
ther heating or by a radiation force and is due to a segment–
segment interaction of the polymer coils. This interaction ex-
pels solvent and a solid(gel)–liquid(solvent) phase separation
takes place. The dye entrapped in the ‘‘drier’’ regions contrib-
utes to the PL.

10.4 Mechanism of Gel Compaction. The phenomenon of
polymer gel collapse has similarities to a coil-to-globule tran-
sition in polymer solutions (not necessarily gels), which is ex-
plained as follows:175 the water molecules arrange themselves
into hydrogen-bonding networks, which surround hydrophobic
isopropyl segments of p-NIPAM and help to keep it in an ex-
tended coil state. With an increase of temperature, attractive
forces eventually overcome the stiffness of the water network,
which is hindered by increased thermal energy, and the coil
collapses into a globule. For example, van der Waals forces be-
tween equal monomers (polymer–polymer affinity) are known
to be higher than those between unlike pairs and dominate at
separations of tens-of-nm according to FVDW / x�7,176 where
x is the distance between interacting particles. Gel is a cross-
linked network of polymers immersed in fluid, which can un-
dergo a volume-phase transition in response to changes in ex-
ternal conditions such as temperature solvent, pH, electric field,
light. The competing forces which act on a gel are: rubber elas-
ticity, polymer–polymer affinity, and hydrogen ion pressure.
Competition between these forces, collectively called osmotic
pressure, determine the equilibrium of gels. Volume-phase
transition has been analyzed in terms of the mean field theory
and the osmotic pressure is given by Flory’s equation:166
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Figure 39. (a) Image of p-NIPAM gel doped with a fluorescent probe ANS-Na (8-anilino-1-naphthalenesulfonic acid sodium salt)
soaked in H2O inside a glass capillary. In the inset: PL of ANS-Na in H2O (1; multiplied by 10), ethylene glycol (2), methanol (3),
ethanol (4), 2-propanol (5), and 1-octanol (6). Image of the dye-doped gel under Hg-lamp excitation at 26 �C (b) and at 36 �C (c),
respectively. Image of ANS-Na doped p-NIPAM gel (with PL maximum at 485 nm) in D2O was imaged at T ¼ 35 �C > TVP with-
out (d) and at T ¼ 27 �C < TVP with (e) 1.2W laser illumination at 1064 nm. (f) PL of ANS-Na doped gel in D2O measured under
microscope conditions at 27 �C without (1) and with (2 as in (e)) laser irradiation. PL without laser illumination at 1064 nm at
35 �C is given by curve 3. p-NIPAM gel was formed inside a silane-modified capillary to avoid a collapse of gel at the
conditions of volume-phase transition. Capillary walls are marked by dashed lines in (b,e).
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where � is the volume fraction of polymer network; f is the
number of counter ions per chain (’ ¼ 0 was used for undoped
p-NIPAM gel); �l is the molar volume of D2O; NA, Avogadro
number; k, Boltzmann constant; and T , the absolute tempera-
ture. The parameters: enthalpy �H, entropy �S, total number
of chains in gel �, were evaluated from the fit of experimental
data of gel’s rod diameter D change vs. temperature. The
value of the final volume fraction of polymer network �0 ¼
0:096 was estimated from experimental asymptotic value of
V=V0 (here V is for volume), using approximation V=V0 ¼
ðD=D0Þ1=3. One can find that the light-induced shrinkage of
about 0.11 (the change of D=D0Þ at 20 �C can be expressed
in terms of osmotic pressure of 45MPa, which is equivalent
to an increase of temperature by �T � 7 �C (Figure 40).

Though gels can be described as a small amount of polymer
in a large amount of solvent, the dynamics of polymer solu-
tions are not suitable for gels. The elasticity of inter-connected
polymer network needs to be considered. The theory of collec-
tive diffusion was developed to describe the dynamics of gel
networks.171,172 The equation of motion for small displace-
ment, uðr; tÞ, in gel of mass density, �, can be expressed as:

�
@2

@t2
uðr; tÞ ¼ r ~�� � f

@

@t
uðr; tÞ; ð34Þ

where f is the friction coefficient between the network and
the solvent, ~�� is the stress tensor, and r with t are space and
time coordinates, respectively. In most cases the left side,
the acceleration term in eq 34 is much smaller than the stress
produced by volume deformation (the first right-side term) and
the polymer network solvent friction (the second term) terms.
Equation 34 has three solutions corresponding to one longitu-
dinal and two transverse modes, which describe the collective
diffusion of gel:177
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where x is the coordinate along the wave vector of the mode.
The diffusion coefficient Ddif ¼ ðK þ 4�=3Þ= f corresponds to
volume dynamics of a spherical gel. In the case of cylindrical
and disk shaped gels the diffusion coefficient is time and posi-
tion dependent. For example DcylinderðcenterÞ ¼ 0:9Ddif and
decreasing towards the edge where it is 2Ddif=3; for disk
DdiskðcenterÞ ¼ 0:78Ddif and Ddif=3, respectively.177 The
consequence of collective diffusion is that asymmetric gels
(cylinder or disk shaped) have the same swelling/shrinkage
ratios along both their axial and radial directions, i.e.:

uaxialðz; tÞ
z

¼
uradialðr; tÞ

r
: ð37Þ

This is a key point for stimulus-sensitive response of gels.
Once a volume-phase transition in gel is triggered, its shape
will follow transformations defined by eq 37, which governs
a liquid–solid phase separation within a gel. If the transition
is triggered locally by radiation force of a tightly focused laser
beam with focus size comparable to its wavelength, then the
volume of the collapsed state can be much larger that the ini-
tially illuminated point, the stimulus. This phenomenon can be
explained by diffusion-shear deformation of gel,177 which is a
direct consequence of collective diffusion model. The total
energy of a gel can be separated into bulk energy and shear en-
ergy. The bulk energy is related to the volume change, which
is controlled by diffusion. Meanwhile the build-up of shear
energy can be minimized by readjusting the shape of gel177

at no volume change (no solvent-polymer friction is involved
in this case).

Local illumination of a 1.5mm spot was found to trigger a
large compaction over tens-of-mm along the axis of a cylindri-
cal gel153 or tens-of-mm area around the illumination spot in a
gel film. The shrunken part of the gel can be moved along a
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Figure 40. (a) Volume-phase transition of p-NIPAM gel rod induced without (open markers) and with (solid) laser illumination of
0.75W vs. temperature plotted together with theoretical simulations.166 (b) Osmotic pressure (by eq 33), �, of gel at 20 �C vs.
diameter change, D=D0, where D0 is the initial diameter of gel rod. Parameters to calculate a theoretical curve in (b) where ob-
tained by regression fitting of experimental data (a). The osmotic pressure at volume-phase transition is ca. 4.1GPa. Gel compac-
tion at 20 �C induced by radiation force corresponds to the �� ¼ 45MPa osmotic pressure (the points laser ON, OFF in (b)).
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rod with the velocities of microns per second. The speed is
limited by a diffusional process of phase separation of solvent
(D2O) and polymer. The contraction/expansion rate is defined
as tc ¼ cdD

2
0,
171 where cd / 1=Ddif is the contraction rate con-

stant reciprocal to the diffusion coefficient (cd ¼ 2� 10�9

sm�2 for p-NIPAM) and D0 is the initial diameter of the gel
rod. Laser beams can scan at much higher frequency, which
allows transfer of the pre-programmed patterns of swollen-
shrunken states on gel rods or films. The high Poisson ratio
of gels � � 0:45,178 facilitates the triggering of a volume-
phase transition, since the initial impact at the focal point
delivers perturbation centro-symmetrically. The present field
of gel-based applications167 could be extended by adding an
actuator, which could move 10�6–10�3 mm as a result of de-
scribed laser beam scanning. A gel membrane, the properties
of which can be locally modified by laser scanning is possible.
Such stimulus-sensitive gels can be considered as a kind of
‘‘artificial muscle,’’ which can be manipulated (flexed) locally
by laser irradiation without local temperature increase.

The gradient field at the focal point of a laser trap, which
measures 1:22�=NA � 1:5mm in diameter under our experi-
mental conditions (marked by a circle in Figure 37b), was
found to induce a compaction of 220mm-thick p-NIPAM film,
similarly as in a gel rod. Laser focus was set to the middle of a
gel film and switched on and off. The time necessary to ac-
complish volume-phase transition was tens-of-seconds. This
is larger by approximately an order of magnitude as compared
with that of a p-NIPAM gel rod, where the 20–30mm diameter
gels were collapsing/swelling with a time constant of sec-
onds153 (Figure 37c). This pinching of the gel film was done
reversibly at the same point without observable degradation
for more than 200 cycles.

Here, we have demonstrated how a radiation force of a
single beam laser trap can trigger volume-phase transition in
the gels of p-NIPAM. The trap acts on sub-mm-sized coils of
a polymer network by their immobilization against Brownian
motion and by a gradient force-induced compaction. These
two factors trigger volume-phase transition when proper ther-
mal conditions are met (gel is at a temperature 5–10 degrees
bellow that of transition). It is noteworthy that in a very differ-
ent field, the volume-phase transition can be used to change
patterns pre-recorded inside plastic by annealing.59

11. Photo-Structuring by Laser Tweezers:
Ablation, Assembly, and Welding

Functionalization of materials by laser ablation (removal of
material from the surface by laser irradiation) is a fast growing
field of science and technology. In Latin the ‘‘ablatio’’ means
to take out, remove. Laser trapping can be combined with
laser microfabrication by ablation as well. A micrometer-sized
‘‘workpiece’’ can be laser trapped and can be modified by irra-
diation with additional high fluence laser pulse.179 An exten-
sion of this technique was introduced180 where separate parti-
cles were laser trapped and manipulated. The additional pulsed
laser exposure made an assembly by laser-induced melting at
the joint points, welding single polymer beads into a complex
structure. Among the possible applications of laser trapping in
microfabrication140 we could mention: controlled ablation of
micro-capsules181 for drug delivery systems, microfabrication
of flexible joints between laser-trapped objects by controlled
gelification (polymerization),54 marking and drilling of a
‘‘workpiece’’ by a laser-trapped diamond particle,182 etc.

11.1 Photo-Structuring by Using a Single Laser Trap.
Let us consider the laser ablation of a spherical polymer [poly-
(methyl methacrylate) (PMMA)] microbead in more details.183

First, a droplet is laser trapped by 150–200mW cw-illumina-
tion at 1064 nm. Then, the trapped droplet is coaxially irradi-
ated to by a single pulse of 7 ns (FWHM value) at 355 nm.
After again the trapping the droplet, an in situ observation of
the ablation site was made by in microscope. Three distinct
ablation patterns were observed: (i) a throughout ablation of
a PMMA microsphere, (ii) two-side ablation along the propa-
gation of the beam, and (iii) ablation of the opposite side to
that irradiated (Figures 41a–41c). The most stable laser trap-
ping conditions corresponded to the orientation of a micro-
sphere when an ablated structure was perpendicular to the op-
tical axis of laser tweezers. This facilitated an observation of
the ablation channel. The laser fluence in a single pulse needed
to make the throughout channel in a droplet is shown in
Figure 41d.

The minimal laser power at 355 nm necessary for a through-
out ablation of a microsphere of PMMA was measured. The
diameter of ablated micro-channel was constant in the range
of laser fluencies employed and was about 0.67mm or / 2� .
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Figure 41. (a) Video frame of a laser-ablated PMMA particle in water. Scale bar, 5mm. (b) Power dependence of a through-out
ablation of PMMA particles. Ablation was made by a single 7 ns pulse at 355 nm. (c) Video frame of a partly laser-ablated PMMA
particle in water.179,183 Arrow marks the direction of pulsed irradiation, which made an ablation.
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The fluence dependence of the length of a throughout ablated
channel is shown in Figure 41d. Dependence is plotted in a
form adopted from the laser ablation studies, where the thresh-
old of ablation for a Gaussian beam can be determined by fit-
ting the experimental results with:

Fth ¼ F0 exp�
L

l0

� �2

; ð38Þ

where Fth,0 are the threshold and incident fluencies, respective-
ly, l0 is the length of the Gaussian beam waist, and L is the
depth of ablated dip. Fitting the experimental results yielded
in the overestimated values for the ablation threshold fluence
Fth ¼ 3:75 J cm�2 and l0 ¼ 7:5mm. Ablation threshold for
PMMA film was found at <1 J cm�2 and the waist length of
Gaussian beam can be calculated as the two Rayleigh lengths
2zR ¼ 2n�!2

0=� , where n ’ 1:5 is the refractive index at the
focus for the wavelength � and the Gaussian beam waist is
given by !0 ’ 0:61�=NA with NA ¼ 1:3 being the numerical
aperture of the objective lens. For our experimental conditions
the theoretical beam waist was 2!0 ¼ 0:33mm and its length
2zR ¼ 0:74mm. Thus, experimental data can not be explained
by laser ablation in the waist of a Gaussian pulse. The effect
of self-focusing also is irrelevant at the region of employed
pulse powers, since 10 J cm�2 corresponds to 1.25W/pulse
and is much smaller than the critical power of self-focusing,
which we can estimate from the constants of borosilicate glass
by184 Pcr ¼ "0c�2=ð4�
Þ ’ 3:1MW, where "0 is the vacuum
permittivity, c speed of light, and the nonlinear refractive
index is 
 ¼ 0:68� 10�22 m2 V�2.

The discussion above considered an ideal diffraction limited
focusing free from aberrations and was based on the known
parameters of borosilicate glass (similar to those of PMMA
glass). In reality, focusing of light inside a microsphere is
subject to spherical aberration. However, the difference is too
large (more than four orders of magnitude) between the evalu-
ated experimental value Pcr and that required for the effects on

nonlinear pulse propagation to become significant.183 Aberra-
tions primarily change the axial location of the focus, however,
ablation of the interior of microsphere was never observed
before ablation of the rear surface (Figure 41c). These consid-
erations allow us to exclude the aberrations and nonlinear
pulse propagation as being responsible for the observed pattern
of ablation.183

11.2 Photo-Structuring by Using Two Laser Tweezers.
Two laser tweezers can be easily set by combining co-axially
two beams of different polarizations at the same wavelength
and introducing them into a microscope. This kind of ‘‘two-
hand’’ manipulator is a useful tool to trap and modify micro-
meter-sized objects.180 Pulsed laser irradiation can be addition-
ally introduced and delivered to the focus where welding or
polymerization of two trapped microparticles can be carried
out as shown in Figure 42.

Two polystyrene beads were trapped by two separate laser
traps using laser power of 100–150mW per beam, as shown
in Figure 42a. The beads were drawn close to each other,
and welded together at the point of contact by a single 20 ps
355 nm laser pulse. The energy density was 2 J cm�2. After-
wards, the newly fabricated two-bead structure was re-trapped
several times to make three- and multi-bead structures, respec-
tively (Figure 42a). At any step of fabrication two-beams laser
tweezers made it possible to hold and manipulate the structure
as shown in Figure 42b.

This type of micro-welding by a single pulse ablation is
technically similar to a multibeam laser manipulation and
fixation technique where the assembly of several laser-trapped
latex particles was achieved via polymerization. In water solu-
tion of acrylic acids, photo-polymerization results in a gelled
material. Very low friction forces existing between gels as
well as between gels and solid surfaces, make them interesting
candidates for applications in artificial joint implants. In the
experiments silica beads were laser trapped and manipulated
in aqueous solution of the acrylic acid monomers (AA, 2

(a)

5 µm

(b) 

5 µm 5 µm
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Figure 42. (a) Optical images of welded structure of polystyrene beads in water. The welding of beads was made by a single 20 ps
355 nm laser pulse pointed to a contact spot between beads. Fabrication was carried out by adding one additional bead at a time
(top-to-bottom images). (b) Clockwise rotation of an integrated microstructure of polystyrene beads by using two-beam laser
tweezers (overlaid image). Laser trapping power was 290mW and the circular scan rate was 120� s�1. (c) Optical images
of laser manipulated flexible silica—AA-gel structure. One-photon photoinitiator DHBP was used for polymerization at
532 nm.54,179,180,185
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mol dm�3), photoinitiator, and conjugator/crosslinker. For
initiation of polymerization by two-photon absorption, 2,2-di-
ethoxy-1-phenylethanone (DEPE, 0.1mol dm�3, with absorp-
tion at wavelengths <270 nm) was used as photoinitiator.
We have also found that a single-photon photoinitiator, 4,40-di-
hydroxybenzophenone (DHBP, 0.8mol dm�3), can be used as
well at the same wavelength of 532 nm. The conjugator in both
cases was N,N0-methylenebisacrylamide (MBA) at a concen-
tration of 0.03mol dm�3 for two-photon, and 0.1mol dm�3 for
single-photon initiation reactions.

The trapped beads were synchronously moved along the
axis aligned through their centers, and illuminated by laser
pulses at 532 nm (Figure 42c). As a result, an AA-gel formed
between the silica beads. The surface of the silica beads re-
mained chemically unmodified, and the gel–silica contact was
maintained solely by physical forces. However, the contact
was strong enough to withstand laser manipulation forces over
250 pN.

11.3 Mie Scattering and Ponderomotive Forces Acting
on a Microsphere. The actual light intensity distribution
around a micrometer-sized particle is a key factor for laser fab-
rication by ablation. At this particular particle size relevant to
most laser trapping experiments (0.1–10mm in diameter), the
Rayleigh scattering according to Is / ��4 (Is is the intensity
of scattered light) is not valid and one needs to consider the
more general Mie scattering.184 We have implemented the
code developed by Barber and Hill186 for calculation of Mie
scattering by a spherical dielectric particle with relative refrac-
tion index m. This index is defined as a ratio between the index
of a particle to that of the surroundings. The entire scope of an-
gular intensity distribution of the scattered light field is shown
in Figure 43 for the inside and outside of a dielectric sphere.
Localization of the light inside the sphere is clearly seen. Ad-
ditional absorption by a microsphere accounted for by the
imaginary part of the relative refractive index did not change

considerably the pattern of light localization on the surface
and inside of the microspheres (Figures 43c, 43d, 43g, and
43h). These figures can explain consistently the ablation of
the two opposite sides of the microsphere without damaging
the inside region of the microparticle. Also, ablation of the op-
posite side to that irradiated (Figure 41c) can be understood
from light focusing by a sphere (Figure 43).

Formation of a throughout microchannel in PMMA micro-
sphere (Figure 41) by ablation should be discussed in more de-
tail. First, let us evaluate ponderomotive forces exerted on a
laser-trapped PMMA particle. It was demonstrated how ductile
(small Young’s modulus, E < 103 Pa) particles such as red
blood cells, can be stretched in laser tweezers.187 The reason
for stretching is the light impulse changes during passage
through boundaries between different refractive indices as
shown in Figure 44. When the light enters the material of high-
er refractive index, n, it gains the impulse (p ¼ n�Energy=c)
and vice versa. Let us consider the indexes are n0 ¼ 1:326
(water-like) and n1 ¼ 1:370 (dielectric particle) at the wave-
length of laser tweezers at 1064 nm. Then, at right angle
incidence the reflection coefficient is just R ¼ ðn1 � n0Þ2=
ðn1 þ n0Þ2 ’ 0:027%. The forces acting on the front and
back planes can be found from the impulse change according
to:187

Ffront ¼ ðn0 � ð1� RÞn1 þ Rn0ÞP=c; ð39Þ
Fback ¼ ðn1 � ð1� RÞn0 þ Rn1Þð1� RÞP=c: ð40Þ

For a laser trapping power of P ¼ 0:75W the light pressure
or the scattering force is given by Fback � Ffront ¼ 3:6 pN,
while the stretching force, ðFback þ FfrontÞ=2 ¼ 110 pN, is
much larger. As was demonstrated,187 such a stretching force
when doubled by adding a second counter-propagating beam
was enough to introduce observable shape deformations of
an erythrocyte. This simple model described quantitatively
well the shape changes of an erythrocyte.187

(a) (b) (c) (d)

(e) (f) (g) (h)

Figure 43. Calculated scattered light intensity distributions around a dielectric sphere with size parameter x ¼ ð2�=�Þr ¼ 10 (up-
per row) and inside the particle itself (lower row) in a XZ-plane.183 The radius of the particle is normalized r ¼ 1. Relative re-
fraction index employed for calculations was m ¼ 1:5þ 0i (a, b, e, and f) and m ¼ 1:5þ 0:1i (c, d, g, and h), respectively.
The sphere was irradiated by light of intensity 1 (bottom-up direction in the images) which was parallel (k in XZ-plane for (a,
c, e, and g)) or perpendicular (? to the image plane for (b, d, f, and h)). Color encoding represents the logarithmic scale of in-
tensity given on the colorbars (note the different scales). The intensities higher or lower than those presented by bars are rendered
in colors corresponding to maximum and minimum intensity, respectively.
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Similar ponderomotive stretching force would act on a laser
trapped particle during ablation by a single pulse. Let us eval-
uate this force for an ablation pulse fluence of 10 J cm�2

(Figure 41a), which in terms of power per pulse is 1.25W.
Elongation of the laser trapped polymer particle by passage
of an ablation pulse can be estimated from Hook’s law
� ¼ "E, where stress is � ¼ Force=Area and strain " ¼ �l=l
is defined by the change of length, �l, and length, l, respec-
tively. E is Young’s modulus, which is small E ¼ 1{10MPa
for ductile rubber-type materials and typically 1–4GPa for
polymers. Stretching of an l ¼ 10mm particle by a laser pulse
of 1.25 W tightly focused to a spot area of �!2

0 on a ductile
material with E ¼ 1MPa exerts a tensile stress of � ’ 10 kPa.
Such a stress would cause just a 1% axial elongation of a par-
ticle, too small to be relevant for the formation of a microchan-
nel, even if the yield stress, which has very strong thermal
dependence in polymer materials,188 is small.

High ablation pressure and temperature are necessary to
evaporate and melt the material. Also, it triggers a shock wave,
which is a part of the removal mechanism of material along the
channel.183

The complexity of the forward (� ¼ 0) and backward (� ¼
�) scattered light intensity vs. size parameter x ¼ ð2�=�Þr
is illustrated by Mie scattering calculations186 as given in
Figure 44b, where r is the diameter of a spherical particle
and � is the wavelength. A distinct transition from the
Rayleigh regime to Mie scattering is seen at size parameters
larger than x ¼ 1. In fact, one needs to consider an actual in-
tensity distribution around and inside the particle to evaluate
the ponderomotive forces exerted upon the particle.

Mie scattering can be effectively utilized to deliver excita-
tion at a particular wavelength inside a spherical micro-parti-
cle. This principle was used to excite lasing whispering gallery
modes (or morphology dependent resonances (MDR)) in dye-
doped spherical and elliptical micro-particles.149 The micro-
cavity of a particle can provide necessary feedback for lasing
in the case of active media (usually a dye) being inside the
cavity or even outside. In the later case the dye emission enters
the cavity as an evanescent field and is amplified via the MDR
mechanism. The principles of such laser are given in Ref. 189.
Laser-manipulated active lasing micro-spheres are utilized for

basic studies of quantum electrodynamics190 as well as being
potential light-sources in micro-mechanical and micro-fluidic
applications.

Spherical cavities store light energy predominantly in a sub-
surface layer,189,190 where spatial and spectral concentration of
electromagnetic energy takes place. Inelastic light scattering is
proportional to the square of the Purcell factor, which accounts
for an increase of photon density of states at the resonance
frequency. For a silica glass spherical microcavity with quality
Q ¼ 5� 109 the enhancement becomes f 2 ’ 1014.191 Spheri-
cal microcavities available in practice with lower Q-factors
of the order of 108, leading to Purcell factors of f ¼ 2�
105, and consequently, can enhance scattering by a factor of
f 2 ’ 4� 1010. This is much higher than enhancement achiev-
able with noble metal nanoparticles, approximately 106. This
makes micro-spheres attractive for sensor applications were
micro-cavity and nanoparticle enhancements of local light
field can be utilized.

11.4 Laser Manipulation by Complex Light Fields.
Apart of the classical laser tweezers considered to date
(Sections 9, 10, and 11), which are based on Gaussian beams
for laser trapping and manipulation, there is a growing interest
in the use of more complicated light fields. Burns et al. pro-
posed to use multi-beam interference patterns to arrange
microspheres into 3D patterns called ‘‘optical matter.’’192 It
was demonstrated that all fourteen Bravais lattices can be sim-
ulated by the interference of just four non-coplanar light
beams.193 The other approach in multi-beam laser manipula-
tion is to use a diffractive beam splitter to generate multi-focus
arrays at the focus of a conventional microscope.194

Bessel beams83 can be used to trap microparticles and
to guide them along the non-diffracting core of the beam
due to light pressure.195 By changing the divergence of the
Gaussian incident beam on the Bessel-beam-generating axicon
lens a tilted-periodic (‘‘washboard’’) potential can be control-
led. This allows a size selective capture, manipulation and
guiding of microparticles.196 The stochastic resonance is con-
sidered as being a cause of size-selective capture into the
ring-structure of the Bessel beam. Similar size-selective gath-
ering of microspheres was reported in a Newton ring interfer-
ence pattern.197
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Figure 44. (a) Schematic presentation of the forces acting on an object by light passage through it (see text for explanation). (b)
Forward (� ¼ 0) and backward (� ¼ �) scattered light intensity as a function of size parameter x ¼ ð2�=�Þr, where � is the angle
of scattering, r = diameter of spherical particle, and � = wavelength. The relative refractive index, m, was taken: m ¼ 1:2þ 0i

for curves 1 (� ¼ 0) and 2 (� ¼ �), m ¼ 1:2þ 0:05i for curves 3 (� ¼ 0) and 4 (� ¼ �), and m ¼ 1:5þ 0i for curves 5 (� ¼ 0)
and 6 (� ¼ �).
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In the field of optically driven micromechanical systems,
angular momentum transfer to a laser trapped absorbing parti-
cles was demonstrated using a doughnut laser beam with hel-
ical wave-front structure.198 Controlled formation of complex
patterns and their manipulation can be achieved in the interfer-
ence fields of two annular Laguerre–Gaussian (LG) beams199

or in the interference field between a Gaussian and annular
beam.200 In these cases too, the mechanism of torque is a trans-
fer of an angular momentum of the helical wave-front. Direc-
tion of rotation can be controlled by introducing frequency
shifts into the interfering beams.201

The range of applications of laser tweezers reviewed in
Sections 9, 10, and 11 does not cover the entire scope of this
fast growing field. Here, we focused on applications which
are based on combination of laser trapping and laser micro-
fabrication (ablation and photopolymerization) techniques for
future microtechnology applications. Future micro-fluidic and
nano-/micro-mechanical systems (NEMS and MEMS) will
most probably include optically driven motors of different
kinds. Nematic liquid crystals are among the candidates for
high efficiency torque harnessing optically driven rotors. We
also believe in a wider application of laser tweezers in basic
research on weak forces in bio-/bio-compatible materials such
as gels, since this technique is indispensable due to its unique
domain of applicability in the small dimensions of 10–104 nm
and weak fN–pN forces.

12. Overall Conclusions and Outlook

Very different applications of 3D laser structuring of mate-
rials have been overviewed by presenting particular examples.
The batch processing approach of exposure and development
of the recorded patterns is expected to become a working prin-
ciple for practical implementation of nano-/micro-technology.
Fabrication of 3D photonic crystal templates and wet etching
of channels for micro-fluidics are just two examples of this
method.87,202 The optical control of phase transitions in mate-
rials is one of the underlying principles of the laser nano-
micro-fabrication discussed here. Materials are laser photo-
modified and then the chemically, structurally, or optically al-
tered regions provides new functionality or the possibility of
further post-processing. This approach can be applied to chem-
ically inert materials such as wide bandgap glasses and crystals
widely used in UV optical applications by wet processing of
photo-modified regions. Hence, the phase transformations of
materials induced optically render them processable or deliver
new functionality. Such phase transformations have been dis-
cussed here in the case of crystals, gels, and liquid crys-
tals.145,153,203 The volume-phase transition of gels and optical
control of internal molecular ordering of liquid crystals are
expected to add new functionalities to micro-mechanical and
micro-fluidic applications.

Future progress of 3D laser photo-structuring will be based
on novel methods of beam delivery; wavelength, pulse dura-
tion, repetition rate, polarization, wave front, lateral and axial
intensity distributions should be flexibly controlled in order to
make them most suitable for photo-structuring. The laser struc-
turing is expected to be based on implementation of self-learn-
ing algorithms by monitoring, controlling, and changing expo-
sure parameters via feedback loop for a required outcome. This

also allows the adoption of processing sequences to different
materials. The 3D structures of required parameters and func-
tions should be recorded by a simple and fast process, prefer-
ably, in a single processing step to make such 3D photo-struc-
turing approaches practical.

The impact of the advanced 3D laser writing and hologra-
phy for the chemistry field is expected in several directions.
The surfaces patterned with nanostructures by ablation or
photo-polymerization can provide new substrates which can
be funcionalized for practical sensor applications and be useful
in development of new analytical methods and tools. The pla-
nar and volumetric 3D structures are prospective in catalytic
and fuel cell applications.

In micro-/nano-fluidics and sequencing applications where
pure dielectric materials are increasingly required in order to
avoid screening of the applied electrophoretic fields by mova-
ble ions, the demonstrated wet etching of structures amorph-
ised or photo-modified by laser irradiation in sapphire, quartz,
or glass204 can be adopted. Similar laser irradiation conditions
can be used to process samples immersed in water,205,206 then,
the channels can be formed by scanning laser beam in a direct
laser writing fashion.207 This is expected to provide micro-
channels for sequencing at the ultimate one base pair resolu-
tion on a miniaturized micro-fluidic chip. The micro-fluidic de-
vices for assay applications can be made by light-induced
back-side wet etching (LIBWE) which has recently achieved
a high aspect ratio processing of large areas of transparent
glass and crystal materials.208–210 All the above-mentioned
laser fabrication methods are expected to guide development
of fast and accurate analytical techniques and sensor applica-
tions.

It is expect that recent fast development of micro-devices
(micro/nano-electro-mechanical systems MEMS/NEMS)
where new principles of nano-/micro-object manipulation and
actuation are constantly emerging will promote research in
photo-responsive materials based on soft-materials: polymers,
liquid crystals, and gels.211 New materials chemically designed
and purified with a required nano-structure and funcionality
can be incorporated into MEMS/NEMS. This direction of
merging top-down and bottom-up approaches in nanotechnol-
ogy already can be discerned from current scientific publica-
tions. New principles of energy conversion, i.e., light-to-
mechanical, light-to-electrical (and vice versa), etc., can be-
come efficient on a particular size scale do to scaling laws of
interactions.212 The inherent 3D character of the methods
discussed here makes them applicable for a highly required
miniaturization of micro-fluidic devices and creation of new
3D-structured cellular materials. Merger of fluidic, electrical,
photonic, and mechanical technologies is a promising route
of modern applied and basic science.
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master and bachelor students T. Ebisui, Y. Tabuchi, K.
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co-authors.
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