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Chemical and physical processes driven by multiphoton absorption
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make possible the fabrication of complex, 3D structures with feature

sizes as small as 100 nm. Since its inception less than a decade ago, the
field of multiphoton fabrication has progressed rapidly, and multi-

photon techniques are now being used to create functional micro-

devices. In this Review we discuss the techniques and materials used
for multiphoton fabrication, the applications that have been demon-
strated, as well as those being pursued. We also consider the outlook
for this field, both in the laboratory and in industrial settings.

1. Introduction

Technological developments in microscopic pattern gen-
eration have driven the information revolution. The control
processors of state-of-the-art computers will soon contain
more than 1 billion transistors per square centimeter, with
individual features on the scale of tens of nanometers. A
comparable revolution is brewing for microtechnology of a
different sort. What if all the benefits of speed, cost, and
portability of microelectronics could be extended to mechan-
ical, chemical, and medical systems? This is the basic concept
behind emergent technologies such as microelectromechan-
ical systems!'" (MEMS) and micro total analysis systems®*
(LTAS), which are poised to make major leaps in a broad
range of applications in the near future.

Photolithography has been the dominant technique for
microscale patterning for the past fifty years. By shrinking the
size of electronic components and fabricating them in batches,
huge leaps have been made in portability, speed, and cost.
Recent improvements in the resolution of 193-nm immersion
lithography have pushed feature sizes below a half pitch of
32 nm, which had been thought to be the limit of the
technique."® This achievement is a technological marvel;
however, a number of facets of conventional photolithogra-
phy still pose constraints in its expansion into areas such as
MEMS and pTAS. One problem is that the materials
commonly used for photolithography require processing
conditions that can be severe, including etching with harsh
agents such as HF or reactive ions. Another issue is that
photolithography is essentially a planar technique. By com-
bining layers or using special release techniques, patterns can
extend into the third dimension. However, the control
currently available in the vertical dimension does not begin
to approach what can be achieved in the other two dimen-
sions.

To extend the range of materials that can be used in
lithography, alternative patterning techniques have been
developed, including dip-pen nanolithography,” nanoimprint
lithography,'” and soft lithography.'"'? These techniques
have some advantages over photolithography, such as higher
resolution, more materials options, and gentler processing
conditions. However, these techniques are also essentially
two-dimensional.

Efforts to extend patterning capabilities into the third
dimension have made the development of new techniques for
3D micro- and nanofabrication a highly active area of
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research. The most important approaches include ink-based
writing,1*¥ self-assembly,’> layer-by-layer assembly,['!7
LIGA (lithography, electroplating, and molding),"*!! and
laser-based photolithographic techniques.

Writing with ink can be performed by either drop- or
filament-based techniques, which are referred to as ink-jet
printing® 2! and robotic deposition,?” respectively. A nozzle
can deliver inks composed of colloids, polymers, or polyelec-
trolytes, whose rheological parameters can be tailored for the
particular deposition technique. Structures can span a range
of sizes, with the resolution of individual features ranging
from roughly 1 to 100 pm. Although 3D control is possible in
principle, in practice the inks are not rigid enough to create
structures of arbitrary geometries. For example, ink-based
writing of lattice-type scaffolds has been demonstrated, but,
without the structural support of a lattice, freestanding
individual lines cannot be created.

Self-assembly of 3D microstructures with arbitrary con-
trol of geometry is currently beyond reach in the laboratory,
although its ultimate feasibility is clearly demonstrated by the
countless examples provided in biological systems. Self-
assembly techniques are currently best-suited for the creation
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of periodic structures. For example, colloidal solutions can be
dried carefully to yield close-packed colloidal crystals that can
have optical properties similar to those of opals or inverse
opals.”! Block copolymers also self-assemble into useful
periodic patterns in three dimensions.? DNA has also been
used to great advantage in the self-assembly of 2D structures
in recent years.) Research into self-assembly of nonperiodic,
3D microstructures is still in its infancy.

Layer-by-layer assembly creates 3D structures by stacking
planar patterns, which can be made by using the 2D
patterning techniques discussed above. A variety of materials
can be used for layer-by-layer assembly. However, the 3D
structures that are produced have geometric limitations that
arise from mechanical constraints. For example, in many
layer-by-layer techniques, each point fabricated in a layer
must be attached either to another point in the layer or to a
point in the layer below. This means that some features, such
as the downward serif at the top right of the letter “I'”, cannot
be fabricated in a layer-by-layer approach. Layer-by-layer
techniques also require a large number of processing steps
and suffer from problems of registration.”!

Another process that can extend fabrication into the third
dimension was developed in the early 1980s and is now known
as LIGA.”"® LIGA is a German acronym for X-ray
lithography (Lithographie), electroplating (Galvanofor-
mung), and molding (Abformung). In this method, X-rays
are used to create patterns. Synchrotron-generated X-rays
have small divergence angles owing to their extremely short
wavelength, which allows patterning in photoresists with
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micrometer resolution and depths that can exceed 1 cm. The
result is high-aspect-ratio patterns, such as channels and gears,
that can be used as molds to electrodeposit metals, such as
nickel. The metal pattern can be used as is, or its shape can be
inverted again by using the metal pattern as a mold for
polymer parts. Structures made by LIGA have smooth
surfaces and sharp vertical features, but are of limited 3D
complexity because of the line-of-sight nature of the X-ray
exposure.

Laser-based techniques such as holographic lithography
and phase-mask lithography have also been developed to
create periodic 3D patterns. In holographic lithography,
which is also known as multibeam interference lithography
(MBIL), two or more nonparallel laser beams are incident on
a photoresist.”>! The resulting light intensity distribution is
captured within the photoresist, resulting in periodic voids
based on the interference pattern of the light. Phase-mask
lithography also relies on interference to generate a periodic
pattern within a photoresist but, instead of using multiple
beams, a single beam is transmitted through a phase mask,
which creates a complex 3D distribution of light to expose the
photoresist.’”l Both of these techniques are promising meth-
ods for the rapid preparation of 3D patterns; however, they
are inherently restricted to locally periodic patterns because
they take advantage of the periodic nature of light to define
the features and therefore are not capable of arbitrary
patterning in three dimensions.

Unlike the previous techniques described, fabrication by a
focused laser can allow for true 3D control. Laser chemical
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machining, for example, is capable of etching or depositing
material in a liquid or gaseous environment.’**! Micro-
stereolithography uses a laser to harden the surface of a
prepolymer resin into 2D pattern.”>*’) Additional resin is
then flowed onto the pattern to create a new surface, and the
process is repeated until the part is finished. Any unhardened
resin is washed away with solvent. 3D parts of considerable
complexity can be created with this technique, although the
fabrication is slow and high precision is required in the resin
reflow step.

Multiphoton absorption (MPA) offers another means of
fabricating 3D structures. Because MPA depends nonlinearly
upon intensity, it is possible to localize photochemical or
photophysical material transformations within the focal
volume of a laser beam that has passed through a microscope
objective. Complex structures can be fabricated by moving
the laser focus in three dimensions relative to the substrate.
Multiphoton techniques offer true 3D fabrication capability
at resolutions lower than 100 nm with a straightforward
experimental setup.

In this Review we summarize the principles of MPA-
based fabrication. We discuss the fundamental principles of
MPA, the types of materials that have been patterned, as well
as applications and future prospects for the technology.

2. Multiphoton Absorption

The process of MPA was first predicted theoretically in
1931 by Maria Goppert-Mayer.*”! Because of the high photon
intensities required, even two-photon absorption (TPA) was
not demonstrated until the advent of the laser.*'! The basic
requirement for MPA is that an absorption event is caused by
the collective action of two or more photons, all of which must
be present simultaneously to impart enough energy to drive a
transition. For example, in TPA the sum of the two photon
energies is resonant with the energy of the transition that is
driven. The most common implementation of TPA in
fabrication is for both photons to have the same energy, but
this need not be the case.

There is a strong analogy between MPA of n photons and
the rate of a concerted chemical reaction involving n
molecules. For the reaction n A—A, to occur concertedly, n
molecules of A must be in the same place at the same time. As
aresult, the rate of the reaction is proportional to [A]". By the
same token, the rate of MPA for n photons is proportional to
the concentration of photons (i.e., the intensity) to the nth
power.

It is common to employ ultrafast lasers to drive MPA. A
typical ultrafast Ti:sapphire laser produces pulses that are a
few tens of femtoseconds in duration at a repetition rate of
approximately 80 MHz, which corresponds to an interpulse
separation of about 12 ns. The instantaneous intensity during
a pulse is quite high, which is favorable for MPA. However,
because the pulses are five to six orders of magnitude shorter
than the repetition period of the laser, the average power is
low.

The nonlinear intensity dependence of the absorption
process allows the excitation to be localized within the focal
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volume of a laser beam. To see how this process works,
consider a sample in which the absorbing molecules are
distributed homogeneously. The rate of absorption in a
transverse cross section of a laser beam depends upon the
product of the intensity (number of photons per time per
area) and the number of molecules in the cross section (which
is proportional to the area). Thus, the absorption rate does not
depend upon area. The number of molecules excited by
single-photon absorption is constant in any transverse plane
of a focused laser beam, and so there is no localization of
excitation in the focal region (Figure 1, left).

i
1
]
'

|
|

Figure 1. Fluorescence from a solution of rhodamine B caused by
single-photon excitation from a UV lamp (left) and by two-photon
excitation from a mode-locked Ti:sapphire laser operating at a wave-
length of 800 nm (right). The integrated intensity in each transverse
section of the beam does not depend upon position for single-photon
excitation, but is tightly peaked in the focal region for two-photon
excitation.

In the case of TPA, the rate of absorption in a transverse
cross section of a laser beam is proportional to the intensity
squared times the number of molecules in the cross section.
The absorption rate therefore scales inversely with area. The
greatest density of excited molecules will therefore be in the
region in which the laser beam is focused most tightly
(Figure 1, right). This localization was first utilized in 1990 by
Denk, Strickler, and Webb in two-photon fluorescence
microscopy (TPFM).* In TPFM, the excitation wavelength
used is usually approximately double the peak absorption
wavelength of a given fluorophore. TPA occurs at the focal
point, inducing fluorescence that can be imaged. Since this
seminal work, hundreds of groups around the world have used
MPA for fluorescence imaging techniques,™*! 3D data
storage,™ photodynamic therapy,* and microfabrica-
tion.7-52]

In almost all of these applications of MPA, objectives with
high numerical aperture (NA) are employed to create the
photon density needed for nonlinear absorption. For an
ultrafast laser with a pulse duration 7 and a pulse repetition
rate f,, the number of photons absorbed per molecule per
pulse is given by Equation (1), in which p, is the time-
averaged laser power, 1 is the excitation wavelength, and ¢ is
the two-photon absorption cross section.

<22 (AT "

~ 2

The units for § are named Goppert-Mayer (GM), after the
Nobel-laureate physicist, and are defined in SI units as
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1 GM =10"% m*sphoton'. As an example, o for fluorescein,
a good two-photon-absorbing fluorophore, is 38 GM.

Figure 2 shows a typical experimental setup for multi-
photon fabrication. The excitation source is a mode-locked
Ti:sapphire laser, which typically produces pulses with a

Ti: sapphire

- PDC
oscillator

isolator

Figure 2. Schematic of a typical experimental setup for multiphoton
fabrication. PDC= prism dispersion compensator, AOM = acoustooptic
modulator, VBE =variable beam expander, CCD = charge-coupled
device camera.

duration of tens to hundreds of femtoseconds and a center
wavelength of 800 nm. The repetition rates for these lasers is
on the order of 80 MHz, and the average output power can
range from hundreds of milliwatts to more than a watt. An
isolator, such as a Faraday rotator, is often placed in the beam
path to prevent interference from reflected light. Dispersion
of the laser pulses can be compensated for by a pair of prisms
to obtain the shortest possible pulses at the sample. The
intensity of the laser can also be controlled by a device such as
an acoustooptic modulator, an electrooptic modulator, or a
shutter. The beam is generally expanded so as to overfill the
back aperture of the objective, although a variable beam
expander can be used if one wishes to control the degree of
focusing to manipulate the dimensions of the region in which
fabrication occurs.

Although a mounted objective is sufficient for fabrication
purposes, using a microscope is convenient for sample
positioning and viewing and for being able to switch
objectives rapidly. In the experimental setup shown in
Figure 2, the laser beam enters through the reflected-light
port of an upright microscope and is directed into the
objective by a beam splitter. The sample rests on a computer-
controlled stage that can be translated in three dimensions
relative to the focus of the laser beam; an alternative
approach is to employ scanning mirrors to move the focal
point relative to the sample. Transmitted light is used to view
the sample with a CCD camera and a video screen, simplify-
ing the positioning of the sample and making it possible to
monitor fabrication in real time.

3. Multiphoton Absorption Polymerization

The most well developed of multiphoton fabrication
techniques is multiphoton absorption polymerization
(MAP). In this method, the sample is a prepolymer resin
containing a photoinitiator that can that can be excited by
MPA. The resins most commonly used act as negative-tone
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photoresists, that is, polymerization occurs in the regions that
are exposed. However, MAP prepolymer resins that act as
positive-tone photoresists, that is, ones in which the unex-
posed regions are hardened, have also been demonstrated.
After exposure, a development process is used to remove any
unhardened material. Development generally involves wash-
ing with one or more solvents, and can also involve additional
processing steps such as baking.

In this section we examine the photoinitiators and
polymers that have been used in MAP fabrication and discuss
the physical properties of the structures produced.

3.1. MAP Materials
3.1.1. The Prepolymer Resin

To prevent components from moving during fabrication,
the prepolymer resin used for MAP is usually a viscous liquid,
an amorphous solid, or a gel. Each of these options has its own
advantages and disadvantages. Liquid samples are simple to
prepare and process, but can allow undesired motion of
structures during fabrication. Solids and gels are more
difficult and time-consuming to prepare and process, but the
complete restriction of motion in these media facilitates the
fabrication of complex structures, such as those with free-
moving parts.

There are two crucial components in a prepolymer resin
for MAP: the photoinitiator and the monomers. Other
components can include polymerization inhibitors (to stabi-
lize the resin and influence the feature size), solvents (to assist
in casting), filler polymers (to create gels or increase the
viscosity of liquid resins), and other additives (such as dye
molecules) that introduce new function to polymerized
structures. In the following subsections we discuss the types
of polymer systems that have found the greatest use in MAP.

3.1.2. Radical Polymerization

The majority of the MAP research reported to date has
involved radical polymerization. The popularity of radical
polymerization in MAP stems from a combination of high
reaction rates, ease of processing, and wide availability of
photoinitiators and monomers for this type of chemistry.

3.1.2.1. Radical Photoinitiators

The first step in radical polymerization is the nonlinear
excitation of a photoinitiator, which can either cleave
homolytically or transfer its energy to a coinitiator to create
the radicals that begin the polymerization reaction. Photo-
initiators that operate by these mechanisms are classified as
type I and type II, respectively, although type I initiators can
also be used as type II initiators. One requirement for either
type of photoinitiator, if it to be useful in MAP, is that it not
absorb light in the near-infrared and in the red portion of the
spectrum.

The utility of a radical photoinitiator for MAP depends
upon a balance among a number of different parameters.
Efficient polymerization is promoted by a high value of 9, a
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high radical yield (@,), and a high initiation velocity. How-
ever, solubility is also an important consideration. A highly
soluble photoinitiator of modest efficiency may be preferable
to a sparingly soluble initiator of high efficiency, for example.

We first consider Norrish type I radical initiators. Several
groups have synthesized custom type I photoinitiators that
are optimized for TPA, making fabrication possible at low
laser powers. Similar molecules engineered in this manner can
be used for other applications that take advantage of TPA,
such as optical data storage, optical limiting, photodynamic
therapy, and two-photon imaging. Work in this field centers
on molecules composed of a conjugated central region
flanked by electron-donating (D) or -accepting (A) groups.
The various core moieties that have been used for MAP
initiators include (E)-stilbene, bis(stryl)benzene, naphtha-
lene, biphenyl, and fluorene.

Marder, Perry, and co-workers have done extensive work
on the (E)-stilbene and bis(stryl)benzene systems, symmetri-
cally altering the strength and positions of electron-donating
and -accepting groups.’*** Configurations such as D-n-D, D-
n-A-m-D, and A-rt-D-7-A (7 represents a conjugated bridge)
have been tested, and molecules with O values as high as
1250 GM have been synthesized.” Studies show that sym-
metric charge transfer from the molecular center to the ends
(or vice versa) is responsible for high 6 values. Extending the
conjugation length increases the value of d, as does increasing
the electron-donating or -accepting strength. A side effect of
these changes is a shift of the TPA maximum to longer
wavelengths with increasing conjugation length. This shift
allows molecules to be optimized for different wavelengths,
but for the most common case of 800-nm excitation, shifted
TPA spectra also lead to inefficient pumping. After this type
of molecule has been excited by TPA it is thought to undergo
direct electron transfer to an acrylate monomer/oligomer,
initiating the polymerization reaction. Thanks to its high
o0 value, 4,4'bis(N,N-di-n-butylamino)-(E)-stilbene has been
used for MAP at powers as low as a few hundred microwatts
with a Ti:sapphire oscillator.” Since the polymerization
efficiency is proportional to the product of § and @,, the high
TPA cross sections of these molecules evidently more than
compensate for low radical yields.

Building on the work of Marder, Perry, and co-workers,
Watanabe and co-workers showed that a custom photoinitia-
tor with a cyano-substituted imino core could effectively
initiate MAP with a tightly focused Ti:sapphire oscillator.’”!
They also confirmed, by comparing different photoinitiators,
that a high J value alone is not sufficient for rapid polymer-
ization.

Prasad, Reinhardt, and co-workers developed the initiator
6-benzothiazol-2-yl-2-naphthyl diphenylamine (AF183) and
incorporated it into a mixture of commercial resins NOA 72
(Norland Products) and EPO-TEK 301 (Epoxy Technology)
for use in MAP.P®! AF183, an unsymmetric molecule with a
o0 value of 6840 GM, is part of series of molecules optimized
for strong TPA at 800 nm.

The biphenyl and fluorene systems have also been studied
by Prasad, Reinhardt, and co-workers™ ! and have been
applied to MAP by Belfield, Van Stryland, and co-workers./*”
Like the (E)-stilbene and naphthalene systems, these con-
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jugated units provide a bridge for charge transfer. It has been
found that locking the planarity of the biphenyl system by
bridging it into a fluorene system can enhance this charge
transfer. The initiator used by Belfield and co-workers was a
diphenylaminobenzothiazolylfluorene analogue of the form
D-n-A. This asymmetric motif takes advantage of the fact
that polar molecules have a large change in dipole moment
during excitation through a virtual state and therefore have a
correspondingly high value of 6. This initiator was used to
polymerize acrylic monomers by using an amplified Ti:sap-
phire system with an average power of a few milliwatts and a
repetition rate of 1 kHz.[*!

Andraud and co-workers have also used a substituted
fluorenyl system to initiate MAP.” They used this initiator to
demonstrate fabrication with an inexpensive, frequency-
doubled Nd:YAG microlaser that produces 0.5-ns pulses at
532 nm with a repetition rate of 6.5 kHz.**®! The amino-
biphenyl-substituted fluorene is of the D-m-D type and has a
o value of 80 GM at 532 nm. Acrylic monomers have been
polymerized with an average power of around 1 mW. This
group has also reported TPA of 1064-nm light in symmetric
photoinitiator molecules composed of a central ketone
electron-accepting group attached to two electron-donating
groups by conjugated bridges. The J value for such molecules
is about 100 GM at 1064 nm, and the intensity threshold for
fabrication is roughly twice that for initiation at 532 nm.

There are many commercially available examples of
type I initiators, most of which are aromatic carbonyl com-
pounds. Electronic excitation of these molecules generally
leads to the creation of a singlet *C-O" diradical that under-
goes intersystem crossing to a triplet diradical state with a
lifetime on the order of 100 ps and subsequent rapid
homolytic a-cleavage.®

SCR500 (Japan Synthetic Rubber Co.) is a popular MAP
resin composed of urethane acrylate oligomers (molecular
weights 480 and 1200) and two type I photoinitiators (Irga-
cure 369 and Irgacure 184).1¥1 This resin has been polymer-
ized with just a few milliwatts of average power from a
Ti:sapphire oscillator through a high-NA objective. Irga-
cure 369 and 184 both have two-photon cross sections of
approximately 20 GM, which is a typical value for the
commercial compounds that have been measured.”!

Another commercial acrylic resin that has been used for
MAP is Nopcocure 800 (Japan Synthetic Rubber Co.).[5"1
Frequency-doubled light from a regeneratively amplified
Ti:sapphire laser operating near 800 nm was used to make
gears’" and photonic crystal structures!®®®! using this resin.

An alternative to using a premixed commercial resin is to
use a commercially available photoinitiator combined with
selected monomers or oligomers to create a tailored resin
with specific properties. Photoinitiators such as Irgacure 819
(bis(2,4,6-trimethylbenzoyl)phenylphosphine oxide), BME
(2-methoxy-1,2-diphenylethanone), and ITX (2-/4-isopro-
pylthioxanthone) have been used for MAP with custom
acrylate or methacrylate resins.[**"

Our group has worked extensively with a commercially
available acylphosphine oxide photoinitiator known as
Lucirin TPO-L.”™ The UV/Vis absorption of Lucirin
TPO-L arises from an n—m* transition. Upon excitation
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and intersystem crossing the molecule photocleaves to form
carbonyl and phosphinoyl radicals, resulting in the efficient
initiation of the polymerization chain reaction. Although the
TPA cross section of Lucirin TPO-L is small,/’1 MAP with this
photoinitiator generally requires only a few milliwatts of
average power from a Ti:sapphire oscillator. The high
efficiency of Lucirin TPO-L as a photoinitiator results from
a combination of its high radical yield, highly reactive radical
products, and high solubility. Another advantage of Lucirin
TPO-L is that it is a liquid at room temperature and so can be
mixed quickly, and at high weight percentages, with high-
viscosity monomer or oligomer components. Thus, samples
can be prepared in a few minutes or hours; in contrast,
dissolving solid photoinitiators is a slow process that can take
as long as days or even weeks.

Several groups have also demonstrated type II radical
polymerization by using custom resins. Type II photoinitiators
are used with a coinitiator, which is generally a bulky tertiary
amine. This reaction takes place when the excited photo-
initiator forms an exciplex and abstracts an a-hydrogen atom
from the amine, which is followed by electron transfer.

Campagnola, Pitts, and co-workers have used several
xanthene-based chromophores, including Rose Bengal, eryth-
rosin, and eosin, in combination with the coinitiator trietha-
nolamine, for the radical polymerization of acrylates, acryl-
amides, and biopolymers."®” These chromophores all have
O values of about 10 GM at 800 nm, and approximately
100 mW of the output of a Ti:sapphire oscillator was required
with a 0.75-NA objective to create structures. Campagnola
and co-workers also performed MAP using 9-fluorenone-2-
carboxylic acid with triethanolamine at an excitation wave-
length of 780 nm, which is approximately three times its
maximum single-photon absorption wavelength (260 nm).["”!
This is the first clear demonstration of three-photon poly-
merization.

Belfield and co-workers used the commercial fluorone
dye H-NU 470, along with the aryl amine N,N-dimethyl-2,6-
diisopropylaniline (DIDMA), for type II radical polymeri-
zation of acrylates and methacrylates® Single-photon
absorption studies suggest the mechanism of initiation
involves electron transfer from the aryl amine to the excited
H-NU 470 followed by proton transfer from the aryl amine
radical cation to H-NU 470; the resulting radical aryl amine
initiates the polymerization reaction. ITX has also been used
as a type II initiator in combination with DIDMA.[®*! Both
this system and H-NU 470 have been used for MAP with an
amplified Ti:sapphire laser.

Li et al. reported the use of 7-diethylamino-3-(2'-benzi-
midazolyl)coumarin with a coinitiator of diphenyliodonium
hexafluorophosphate.®™ They were able to achieve fabrica-
tion at average powers of less than 1 mW with a Ti:sapphire
oscillator tuned to 800 nm. Watanabe and co-workers have
used this iodonium coinitiator with their cyano-substituted,
imino-backbone chromophore and a tertiary amine to enable
fabrication with acrylates in dioxane.®!

The photoinitiators that have been used for radical MAP
vary from small molecules to large conjugated molecules to
ternary systems. Many groups have designed custom photo-
initiators that require low threshold powers and allow less
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expensive laser systems to be employed. Although the
benefits of custom initiators are clear, their availability is
limited. Commercial resins or resins that employ commercial
photoinitiators have the benefit of accessibility but generally
have slightly higher power thresholds for fabrication. How-
ever, the fabrication threshold for all of the systems discussed
herein is well below the available power of the lasers used,
and therefore the use of commercial photoinitiators is entirely
practical.

3.1.2.2. Materials for Radical Polymerization

The majority of the resins used in the studies described
above employed acrylate monomers. Acrylic resins have a
number of properties that make them attractive for MAP.
Acrylates are used extensively in industry and so are
commercially available in a wide assortment of functional-
ities, sizes, and compositions. They are easily processed by
spin coating or drop casting. The nonpolymerized resins are
soluble in common solvents such as ethanol. Polyfunctional
acrylates result in polymeric solids that are highly cross-linked
and are therefore able to resist swelling during the develop-
ment step after fabrication. Acrylic structures are also inert
enough to withstand many harsh solvents as well as elevated
temperatures. Acrylic microstructures exhibit low shrinkage
and have favorable mechanical properties. The polymerized
solids are transparent in the visible region and are of high
optical quality. Perhaps the most important quality of
acrylates, however, is the high speed at which they polymer-
ize. Rapid polymerization enables the use of fast scanning
speeds, which is of fundamental importance in a serial process
such as MAP.

Electron micrographs of typical structures created from
acrylic resins are shown in Figure 3a—c. The interpenetrating
microcoils in Figure 3a demonstrate the complexity of the
structures that can be created with MAP. Figure 3b shows a
cantilever with a high aspect ratio, a structure that could be
created only with great difficulty by using conventional
microstereolithography. The microbull in Figure 3 ¢ is perhaps
the most famous structure created with MAP.®? The degree of
detail on this structure underscores the high resolution of this
technique.

Acrylic resins are usually used in a pure liquid form, and a
sample can be prepared by simply putting a drop onto a cover
glass. Binders can also be combined with the acrylate
monomers to form a gel. As an example, equal parts of the
alkoxylated trifunctional acrylates (SR9008) and tris(2-
hydroxyethyl)isocyanurate triacrylate (SR368) can be mixed
with approximately 1% w/w photoinitiator and then com-
bined with a poly(styrene-co-acrylonitrile) polymer binder in
a 3:1 ratio.P**7%#1 The binder is dissolved in dioxane and
mixed with the monomers, after which the sample is cast.
After the solvent evaporates, the resulting film is rigid,
allowing structures such as links on a chain to be made
without fear of the resin reflowing (Figure 3d). Reflowing
otherwise occurs easily if the resin is sandwiched between a
coverslip and a slide with an oil-immersion objective pressing
on it. Although the binder allows the creation of a sample that
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Figure 3. Scanning electron micrographs of structures created by
MAP: a) interpenetrating microcoils, b) a cantilever, c) a microbull
(reproduced from reference [82]), and d) a chain with interlocking
rings (reproduced from reference [83]). The scale bars are 10 um in (a)
and (b), 2 um in (c), and 100 pm in (d).

cannot flow, its preparation is time-consuming because
solvent evaporation may take days.

Hydrogel materials made of acryloylacetone, acrylamide,
and N,N'-bisacrylamide have also been fabricated by MAP.*
These materials undergo a tautomerization after exposure to
UV light, resulting in controllable shrinkage of the structures.
Watanabe et al. produced a cantilever by using this material
with an irreversible photoactuated process.®

Organically modified ceramics (ORMOCERs or ceram-
ers) have also been used in MAP! These silicate-based
materials combine the best features of sol-gel processing and
organic polymers.® They have an inorganic (-Si-O-Si-)
backbone functionalized with organic groups such as acyrlates
or epoxides. The organic side chains can cross-link the resin
into a durable, biocompatible solid. In fact, such compounds
are often used as photocurable dental composites.

Another material that has been used in MAP is polydi-
methylsiloxane (PDMS). This material is ubiquitous in soft
lithography, where it is used for making 2D patterns with
nanometer resolution.” Ober and co-workers reported
photopolymerization of PDMS by two distinct methods.[*"!
The first was a photohydrosilylation reaction using a photo-
active platinum catalyst. This method suffers from undesired
thermal polymerization, which adversely affects the resolu-
tion that can be attained. The second method employed ITX
to initiate cross-linking of the dimethylvinyl-terminated
siloxane components, and did not exhibit any thermal
polymerization.

3.1.3. Cationic Polymerization

An alternative mechanism to radical polymerization is
cationic polymerization. A cationic photoinitiator works by
generating a strong Brgnsted acid that is capable of polymer-
izing epoxides and vinyl ethers. This photoacid is catalytic,
and so each photoacid generator (PAG) molecule can initiate
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multiple polymerizations. Although singlet oxygen can
quench radical polymerization, it does not affect cationic
polymerization.

3.1.3.1. Cationic Photoinitiators

Diaryl iodonium and triaryl sulfonium salts are two classes
of commercial PAG molecules that have been used in MAP.
Both can be used alone or with a photosensitizer. Belfield
et al.® used these salts alone to polymerize a diepoxide resin
(Sartomer K-126).) Boiko etal. added ITX to diaryl
iodonium hexafluoroantimonate and reported threshold
polymerization intensities of around 1 GWcm™ with a
Ti:sapphire oscillator.[*>!

Two groups have reported the use of custom-made PAGs.
Ober and co-workers™ used the coumarin iodonium salt first
reported by Li et al.®™ because of its high TPA cross section.
Marder, Perry, and co-workers adapted their high-0 mole-
cules with the bis(styryl)benzene core into PAGs by changing
the pendant groups to contain sulfonium moieties.”” The
resulting molecule, labeled BSB-S,, has a d value of 690 GM
and is more than ten times as sensitive as commercial cationic
photoinitiators.

3.1.3.2. Materials for Cationic Polymerization

Epon SU-8, the most widely used epoxy polymerized by
MAP,*" has eight epoxy groups per monomer and contains
a triaryl sulfonium salt PAG. SU-8 is used extensively in the
conventional photolithography of MEMS because of its
ability to be cast in films up to 500 um thick that can yield
structures with high aspect ratios. The availability and well-
documented use of SU-8 make it a convenient choice as a
cationic resin. For example, Teh et al.”” have performed an
extensive study of MAP with SU-8. Using a low-NA objective
it was shown that structures with high aspect ratios (50:1)
could be made with pulse energies of about 1.0 nJ. Generally,
SU-8 requires additional processing steps, such as a pre- and
postexposure baking; however, Misawa and co-workers
showed recently that the postexposure baking can be
eliminated because of the heating during exposure. The
resulting features are approximately twice as small as those
that underwent a postexposure treatment.[

Another commercial epoxy resin that has been used is
SCR-701 (Japanese Rubber Co.). Originally designed for
microstereolithography, SCR-701 has been used to make
microgears and nanotweezers by Maruo et al.””

The PAGs used for cationic polymerization can also be
used in positive-tone photoresists, which promises to be a
useful way to fabricate 3D microfluidic devices. Marder,
Perry, and co-workers demonstrated positive-tone MAP with
the initiator BSB-S, in a random copolymer consisting of
tetrahydropyranyl methacrylate, methylmethacrylate, and
methacrylic acid units.**” The tetrahydropyranyl ester
groups are converted into carboxylic acids after the photoacid
protolysis, causing them to be soluble in a basic developer.
Channels 4 um x 4 um in cross section have been made 10 um
below a surface by using an average power of 40 pW from a
Ti:sapphire oscillator.
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3.2. Physical Properties of Structures Fabricated with MAP
3.2.1. Resolution

One important aspect in many applications of MAP is the
size and shape of the volume elements (voxels). The accurate
measurement of voxel dimensions is a considerable challenge.
An issue that must always be considered is the truncation
effect. For a structure (or an individual voxel) to remain after
washing, it must be in contact with the substrate. Such contact
requires that the focal point of the beam be partially
submerged in the substrate. Under such conditions only a
partial voxel is created. If more than half of the focal volume
is below the substrate, the observed voxel is only the “tip of
the iceberg.” This problem is exacerbated by the fact that the
smallest voxels that can be created cannot be viewed during
the fabrication process, but rather must be imaged later by
electron microscopy. To obtain an accurate representation of
an individual voxel, an ascending scan must be performed. In
this technique, identical voxels are made at different heights
that range from submerged within the substrate to suspended
above it.”® In the intermediate range, the voxel will be only
loosely connected to the substrate and will therefore topple
over after washing, giving a clear perspective of its true size
and shape (Figure 4).

As a result of the combination of optical and chemical
nonlinearity, MAP can achieve a resolution that is consid-
erably better than that predicted by the diffraction limit. The
smallest individual voxel thus far reported with 800-nm
excitation was 100 nm in diameter.’”! Suspended lines with
widths as small as 30 nm have also been fabricated in SU-8,
although this kind of resolution has not yet been achieved for
more complex structures.'"”! Voxels are generally ellipsoidal,
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Figure 4. The ascending scan technique for measuring voxel dimen-
sions. a) The laser is focused partly within the substrate, so that only a
portion of the voxel is fabricated. b) The stage is translated to a new
position and lowered slightly for the fabrication of each subsequent
voxel. c) At a certain height of the focal point above the substrate, the
voxels will barely adhere to the surface and will tip over during
development, making their dimensions readily visible by electron
microscopy. The scale bar in (c) is 10 um.
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and the two minor axes perpendicular to the optical axis are
about 3-5 times smaller than the major axis.”®! This shape is
determined in part by the point-spread function (PSF) of the
light intensity near the focus.

The probability for TPA is proportional to I?, which
effectively narrows the PSF of the beam near the focal point
so that it is smaller than the diffraction limit at the excitation
wavelength. However, this narrowing alone is not sufficient to
explain the decrease in voxel size that is observed exper-
imentally.'""!! In fact, voxels of comparable size have also been
fabricated by using single-photon absorption.””! The real
benefit of the optical nonlinearity of TPA lies in the negligible
absorption away from the focal point. Photoinitiator concen-
trations can be employed that are approximately ten times
higher than would be feasible for single-photon excitation, yet
without any fear of out-of-plane polymerization.

Chemical nonlinearity is also an important factor in the
creation of voxels that are smaller than the diffraction limit.
Because of quenching processes, there is a threshold intensity
below which the polymerization reaction cannot be sustained
to create a solid structure. By careful control of the laser
intensity, this threshold can be exceeded in only a small
fraction of the focal volume. For example, a beam that is
focused to a 400-nm diffraction-limited spot may exceed the
intensity threshold in only a 100-nm-wide region in the center
of the spot.

The ultimate dimensions of a voxel are governed by
factors such as the photoinitiator concentration, the radical
quantum yield, the viscosity of the resin, and the concen-
tration of any inhibitors, such as dissolved oxygen. Although
no rigorous theory has been put forth that covers all of these
parameters, Chichkov and co-workers have developed a
simple model that fits many of the available experimental
data.®™ Their model assumes a laser beam with a Gaussian
profile and a square temporal pulse shape. It is further
assumed that a threshold concentration of radicals is required
to form a sustainable, solid polymer voxel. The model predicts
the rate of change of radical concentration as a function of
position and time, and defines a voxel as the volume within
which the radical concentration is above the survival thresh-
old.

The above model does not take into account diffusion,
which should play an important role in determining the voxel
shape in liquid resins. The incorporation of viscosity in a
realistic model is challenging, as this parameter changes over
the course of the polymerization reaction. Linear-exposure
theory predicts that if all other parameters are kept constant,
the voxel dimensions should depend only on the product of
the exposure time and the square of the laser power. DeVoe
etall' and Sun etal. "™ in studying the scaling laws for
voxel dimensions, have demonstrated deviations from this
theory. Sun et al. proposed that voxels grow by two different
mechanisms."" One mechanism, which they named “focal-
spot duplication”, depends on the PSF of the focused laser
beam. The other mechanism, which they named “voxel
growth”, depends upon the diffusion of radicals and mono-
mers. On short time scales, it was proposed that focal-spot
duplication is responsible for the aspect ratio of the voxels.
On longer time scales, the growth of the aspect ratio saturates.
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Continued exposure is believed to result in slower growth,
driven by diffusion, which is analogous to dark growth in
cationic polymerization.'™ DeVoe et al. made similar obser-
vations for an acrylic resin."® In contrast, for SU-8 they
observed that the aspect ratio is constant for short exposures,
increases rapidly above a certain exposure dose, and then
levels out for higher exposures.'® The fact that similar
behavior is observed in a solid resin indicates that a more
complex model is needed to understand the dependence of
voxel shape on exposure. DeVoe et al. also suggest that in
media such as acrylates, in which polymerization occurs
immediately (rather than in a postexposure step, as is the case
for SU-8), waveguiding by voxels may be an important
mechanism for voxel growth.!%?!

In the case of radical polymerization, quenching is
another phenomenon that must be incorporated into a
realistic model. Although the inclusion of a radical inhibitor
in a resin increases the fabrication threshold, it has also been
shown to reduce the minimum voxel dimension.”” The exact
mechanism of this action is not well understood.

3.2.2. Mechanical Properties

Because MAP fabrication occurs in a voxel-by-voxel
fashion, there is some question as to whether the mechanical
properties of polymers created with this technique are
comparable to those of the same materials when polymerized
in a more conventional manner. The challenge in making such
a comparison is finding a reliable technique for measuring the
mechanical properties of microscopic structures.

To give a qualitative sense of the mechanical strength of
structures created with MAP, in Figure 5 we show a tower that
is 20 um wide and 1.6 mm tall. Micrometer-sized iron filings
were glued to the top of the tower so that it bent in proximity
to a strong magnet. Despite the small area of adhesion of the
tower to the substrate and the large forces to which it was
subjected repeatedly, the tower always returned to its upright
equilibrium position when the magnet was withdrawn.

The first technique to be applied to make more-quanti-
tative measurements of the mechanical properties of a
structure created with MAP was optical tweezing. Optical
tweezers take advantage of photon momentum to apply
forces in the piconewton range to microscopic objects.'* Sun,
Takada, and Kawata used this technique to displace and
release a microcoil, and thereby measured its spring con-

-‘;“

Figure 5. A 1.6 mmx20 umx 20 pum tower fabricated with MAP. Micro-
meter-sized iron filings were attached to the top of the tower. When a
strong magnet is brought into close proximity (a), the tower bends.
When the magnet is withdrawn (b), the tower snaps back to its
original position.
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stant.l%! The four-turn coil with a diameter of 2 um was
anchored on one end to a polymer block. The other end of the
coil was attached a polymer bead that was trapped with the
optical tweezers. Upon release, the coil acted as an over-
damped oscillator with a spring constant of 10 nNm . This
value is three to five orders of magnitude smaller than would
be predicted on the basis of the macroscopic Young’s modulus
of SCR500 (0.46 GPa). The authors attributed this discrep-
ancy to a difference in Young’s modulus between polymers
cured with MAP and those cured with ultraviolet light. As the
dwell time per voxel in creating the microcoil was approx-
imately 1 ms, they theorized that the MAP samples were
cross-linked to a lesser degree than the UV-cured samples. In
addition, these experiments were performed in ethanol, which
is a good solvent for acrylates and so presumably swelled the
polymer in the microcoil. The difference in stiffness between
dry and wet sponges underscores the degree to which such
swelling can affect mechanical properties.

The second technique to be applied to measuring the
mechanical properties of objects created by MAP was atomic
force microscopy (AFM). Polymer cantilevers that were
fabricated with MAP were deflected with calibrated AFM
cantilevers. Force versus displacement curves were obtained,
allowing the spring constant of the polymer cantilever to be
measured in air.""”! The Young’s modulus of a cantilever can
be calculated from its physical dimensions and its force
constant.'®® Measurements were made on a series of canti-
levers of varying dimensions, and a Young’s modulus of
0.44 GPa was obtained. This modulus is comparable to that
measured for a bulk sample of the same polymer that was UV
cured (2 GPa).""”

The fact that the Young’s modulus of the cantilevers is
smaller than that of the UV-cured polymer probably indicates
that the MAP-fabricated polymers are not fully cross-linked.
It will be interesting to study the effects that parameters such
as exposure time, postexposure UV curing, and solvent have
on the mechanical properties of structures fabricated with
MAP.

3.2.3. Optical Properties

Structures fabricated by MAP have many potential
applications in optics. Achieving the necessary high optical
quality requires that the polymer volume be spatially
homogeneous and that any optical surfaces have a roughness
that is small relative to the wavelength of the light to be
employed.

Attaining polymer homogeneity, and thereby optical
transparency, does not present significant difficulties so long
as the scanning conditions are similar throughout a structure.
Figure 6a shows an electron micrograph of a complex tunnel
created with MAP. Despite the significant surface roughness
of this tunnel, as demonstrated by the optical micrographs in
Figure 6b—d, the transparency of the tunnel is sufficient that a
glass microbead can be optically trapped and transported
through the structure.

Because the minimum feature size attainable in MAP is so
small, it is possible with some effort to create optically smooth
surfaces. The creation of flat surfaces requires smooth
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Figure 6. a) Electron micrograph of a complex tunnel created with
MAP. b—d) images of a glass bead in water being optically trapped and
transported through the tunnel. The scale bar in (a) is 10 pm.

scanning of the laser or sample and high laser stability, both in
terms of intensity and direction. The voxel size and degree of
overlap are also critical parameters in creating smooth
surfaces. Takada, Sun, and Kawata demonstrated that surfa-
ces with a mean roughness of around 8 nm can be fabricated if
the distance between voxels is about 20 % of the voxel size.”
Itis also believed that resins with higher viscosity tend to yield
smoother structures. To illustrate the smoothness that can be
achieved, Figure 7 shows a representative image of a short
section of an optical waveguide.

Figure 7. Section of a curved optical waveguide created with MAP,
demonstrating the degree of smoothness achievable for optical
applications. The scale bar is 5 um.

4. Multiphoton Fabrication with Other Materials

Although an impressive range of structures can be created
with MPA, most 3D microdevices will require the incorpo-
ration of materials other than polymers. Virtually any photo-
chemical or photophysical process has the potential to be
localized in three dimensions by using MPA. The fact that
there are still relatively few demonstrations of 3D patterning
of materials other than polymers by MPA is a testament to the
practical difficulties that are often encountered in such
processes. In this section we review the patterning of other
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materials either directly by MPA or onto structures that were
created with MAP.

4.1. Metals

A crucial element of many applications of 3D micro-
fabrication is the ability to interface devices with electrical
circuits. Thus, it is essential to be able to incorporate metallic
components into 3D microstructures. There are two basic
approaches for using MPA to create 3D structures that
include metals. The first approach is to use MPA to deposit
metal directly and the second is to use selective chemistry to
deposit metals on desired regions of 3D structures created by
using MAP.

4.1.1. Direct Multiphoton Deposition of Metals

Numerous reports describe chemistry that can be used to
deposit metal by either photoreduction of metal ions or
photodecomposition of neutral metal-containing molecules.
The most famous example of this type of chemistry is the
silver halide photoreduction used in photographic processes,
but there are many other metals that can be deposited with
light, all of which are also candidates for patterning with
MPA. A natural division for such direct deposition techniques
is whether the source of metal atoms is in free solution or is
held in some sort of matrix.

4.1.1.1. Deposition of Metals from Solution

Figure 8 shows two examples of 2D metal patterns that
have been deposited from liquids. Following the single-
photon precedents, iron metal has been deposited directly
from neat iron pentacarbonyl!®!% and gold has been
deposited from a solution containing dimethylgoldhexafluor-
oacetylacetonate.!" We have also reported the deposition of
silver nanoparticles from a solution of silver perchlorate by
using a photoreducing agent.""? Similarly, Kawata and co-
workers have demonstrated the fabrication of 2D and 3D
patterns of silver and 2D patterns of gold from aqueous
solutions of AgNO; and HAuCl,, respectively."™> In all
instances the patterns are granular, but in some cases they still
show good electrical conductivity.

Figure 8. Two examples of the deposition of metals from liquids by
TPA. a) Iron pattern deposited from neat [Fe(CO)s]; the scale bar is
1 mm. b) Gold pattern deposited from dimethylgoldhexafluoroacetyl-
acetonate in ethanol; the scale bar is 150 pm.
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A number of significant problems limit the applicability of
the fabrication of metallic structures from solution. The first
difficulty is the above-mentioned granularity, which arises
primarily because diffusion cannot replenish metal-generat-
ing species as fast as they are reduced. Thus, the concentration
in the focal volume is depleted rapidly, which can terminate
fabrication until the focal spot is moved to a fresh region of
the solution. The second problem is that the solutions tend to
boil owing to absorption of the incident laser by the deposited
metal, which leads to further roughening of features and even
to delamination of deposited structures. Third, metal depos-
ited by photoreduction or photodecomposition in solution
can have numerous impurities. Finally, because of the rough-
ness of the structures and the poor mechanical properties of
many easily deposited metals, freestanding structures are
often not stable. For these reasons it is quite challenging to
use solution-phase deposition to create high-quality 2D
metallic structures, much less 3D structures.

4.1.1.2. Deposition of Metals from Matrices

An alternative technique to fabrication from metal
solutions is to suspend the metal atom source in a transparent
matrix. The matrix serves to support fabricated structures and
can also act as a reducing agent. The first demonstration of
this approach, by Wu et al., used AgNO; suspended in a
silicate sol-gel matrix.!'"” After fabrication, the 3D pattern of
silver particles was further developed by AgClO, into dark,
solid lines. The conductivity of these patterns was not
measured and no attempt was made to remove the glassy
matrix.

Stellacci et al. used a polyvinylcarbazole matrix infused
with an organic-solvent-soluble silver salt (AgBF,) and
alkanethiol-coated silver nanoparticles to act as seeds for
metal growth.''! The reaction was initiated by a bis-
(styryl)benzene derivative, which acted as a TPA photo-
reducing dye sensitizer. Using this system, they demonstrated
the fabrication of a log-pile-type structure of silver lines,
which was significantly deformed upon removal of the matrix.
The conductivity of the metallic features was roughly three
orders of magnitude lower than that of bulk silver. Copper
and gold structures were also formed using salts of those
metals in a poly(methyl methacrylate) matrix.

Kaneko et al. demonstrated the reduction of HAuCl, to
gold in a poly(vinyl alcohol) film."" By interfering two
ultrafast pulses in a film containing HAuCl,, photoreduction
resulted in the periodic patterning of gold nanoparticles over
a large area. The metal patterns were not continuous or
conductive, but nanoparticles were clearly formed in areas of
constructive interference.

We have demonstrated a different MPA-based technique
for patterning 2D metallic features on surfaces.'*®! Mixing
AgNO; with an ethanol-based solution of polyvinylpyrroli-
done (PVP) leads to the reduction of some of the silver salt to
form silver nanoparticles. This suspension can be used to cast
a polymer film on a substrate, and MPA can be used to deposit
smooth silver features. The polymer can then be dissolved to
leave only the metallic features, which adhere strongly to the
substrate. The patterns formed are granular and are not
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electrically conductive, but they are effective for optical
applications such as the creation of efficient microscopic
diffraction gratings.''®!

This work on silver patterning has been extended with the
demonstration that enhancement with copper can be used to
render the metallic patterns electrically conductive."" The
conductivity could be increased to within a factor of four of
that of the bulk metal. Although it was not possible to cast
thick enough films of PVP to create 3D silver patterns, we
have demonstrated the use of this technique to create
conductive metal patterns on 3D microstructures produced
with MAP!!

4.1.2. Chemical Deposition of Metals on 3D Microstructures

The third alternative to patterning metal in three dimen-
sions is to deposit it chemically on an existing 3D structure. A
common way to coat polymers with metal is to use an
adhesion promoting agent such as SnCl,. Formanek et al.
demonstrated that silver can be bound to a styrene-modified
SCR500 resin that is treated with SnCl, after fabrica-
tion.'?*12ll By making the substrate surface hydrophobic,
silver can be reduced selectively onto polymeric microstruc-
tures from an aqueous solution. The conductivity of the
coating is only about a factor of five lower than that of bulk
silver.

Kuebler and co-workers used the strong nucleophile
NH,(CH;),NHLi to modify the surfaces of acrylate, meth-
acrylate, and epoxy polymers by amide-bond formation to
give surface-bound primary amines.'”” These amines can be
used to form gold seeds by reduction, and the gold can then
catalyze electroless silver reduction. As granular structures
are formed by the electroless deposition, the silver coating has
a conductivity that is about 1.5% of that of bulk silver.

More-general approaches to selective surface modifica-
tion of polymers have also been employed for metallization.
We have shown that acrylates and methacrylates have differ-
ent enough reactivities to enable the selective functionaliza-
tion of the former polymer.'” Polymer microstructures with
some acrylic features and some methacrylic features were
fabricated by MAP. The structures were treated with ethylene
diamine, which reacts selectively with non-cross-linked acryl-
ates by Michael addition to leave the methacrylates unfunc-
tionalized (Figure 9). The amine groups on the acrylates can
then be used either to reduce metal directly, as was

Figure 9. Selective metallization of microstructures created with MAP.
The “U” and the “D” were created from an acrylic polymer and the
“M” from a methacrylic polymer. Copper was deposited selectively on
the acrylic structures.
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demonstrated with HAuCl,, or to complex a catalytic metal
such as palladium, which can be used to deposit a variety of
species. Palladium was used to catalyze electroless copper
enhancement, forming highly conductive metallic regions on
microstructures. A functional microinductor was created in
this manner.['”!

Our selective functionalization scheme is quite general.
Amine groups can be used to facilitate the deposition or
localized synthesis of many other materials, including metal
oxides and biomolecules. Furthermore, there are numerous
other choices of reagents that can functionalize either
methacrylates or acrylates with high selectivity.

4.2. Biomolecules

Biomolecular applications are likely to be a rapid growth
area in multiphoton fabrication in the near future. There is
great interest, for example, in being able to create 3D
biomolecular scaffolds with spatially varying properties, an
application for which multiphoton techniques are well suited.
Such structures are of interest for studying the growth and
interactions of cells as well as for applications in tissue
engineering.

Campagnola and co-workers demonstrated the cross-
linking of proteins such as bovine serum albumin (BSA),
fibrinogen, and alkaline phosphatase (AP) by two- and three-
photon absorption with Rose Bengal as a photosensitizer.[7!
AP has been shown to retain enzymatic activity after cross-
linking, and the degree of cross-linking, as measured by
fluorescence recovery, is controllable by exposure
dosage.['**12] This technique has the potential to allow the
creation of tailorable delivery devices on the micrometer
scale.

Another biopolymer, collagen, has been cross-linked by
using a benzophenone dimer as photosensitizer.'”® This
dimer was developed as an alternative to Rose Bengal,
which because of its acidity cannot be used with some proteins
(such as typel and typeIl collagen). Two-dimensional
collagen scaffolds were fabricated and used to influence
dermal fibroblast growth. Campognola and co-workers also
showed that the degree of cross-linking in these collagen
structures could be measured by the rate of enzymatic
degradation. The degradation rates are consistent with that
of native collagen and can be tuned by changing the
fabrication conditions.!"!

Campagnola and co-workers also demonstrated that MPA
can be used to polymerize cytoplasmic proteins inside a living
cell.'?) This technique could be applied as a means of
physically separating intracellular components for experi-
ments in cell biology.

Shear and co-workers have also demonstrated biological
applications of MPA-based fabrication. To avoid the cytotox-
icity associated with Rose Bengal, flavin adenine dinucleotide
was developed as an alternative photosensitizer for cross-
linking proteins.'® This photosensitizer has been demon-
strated with a number of proteins, including BSA, cyto-
chromec, glutamate dehydrogenase, and (neutr)avidin.'*!
Avidin structures cross-linked with MPA retain the ability
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to bind biotin, which implies that cross-linking does not lead
to denaturation. BSA structures were used to steer inter-
actions during neurite growth. Voxels made of BSA have also
been optically trapped and translocated through the plasma
membrane of a live cell.'™! Particles of avidin were shown to
retain the ability to bind biotin after trapping.

An important facet of the cross-linking of proteins is that
it can be accomplished with a micro-YAG laser.™! Shear and
co-workers demonstrated the cross-linking of BSA with
pulses of 532-nm light. The ability to create 3D biomolecular
structures with a compact, inexpensive, turnkey laser system
will facilitate the spread of this technology in biological
applications.

Shear and co-workers also demonstrated a technique for
metallization of cross-linked protein structures."*! Au nano-
particles coated with biotinylated BSA bind to cytosine C
microstructures through electrostatic interactions, resulting in
gold-coated structures. The structures can be further devel-
oped with metal, rendering them electrically conductive. This
approach may offer a means to incorporate electrical
monitoring and stimulation in microbiological systems.

4.3. Other Materials

Although examples are limited so far, it is also possible to
use MPA to deposit inorganic materials. Photocurable “spin-
on” glasses have been reported,*? and it is possible to create
2D patterns of these materials by using MPA. Chalcogenide
glass has also been patterned with MPA.'**l Ag,S; has an
index of refraction close to 2.5 and is transparent in the near-
infrared region. This transparency allows the starting mate-
rial, As,Ss cage molecules, to be patterned by using a
Ti:sapphire laser. Upon multiphoton excitation, these mole-
cules photopolymerize into As,S; glass. The unpolymerized
molecules can then be etched away chemically. This reaction
does not change the density of the material. The high index of
refraction makes this material particularly attractive for the
creation of photonic band-gap structures, but it also compli-
cates fabrication by causing defocusing of the laser beam.

5. Applications

Although the development of MPA-based fabrication
techniques is still at an early stage, quite a few applications
have already been demonstrated. The majority of the
applications reported so far have been in the field of optics,
although interest in applications in biology, micromanipula-
tion, and electronics is also growing.

5.1. Optics

Because it can create 3D, optically flat structures, MAP is
an ideal technique for creating both planar and nonplanar
components of waveguide structures. Klein et al. fabricated
suspended waveguide structures between and among optical
fibers,"* including linear couplers, Y-splitters, and Mach—
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Zehnder interferometers. Individual microlenses and Fresnel
lenses have also been fabricated.!'*!

Sherwood etal. applied MAP to fiber optics: They
polished the side of a fiber to remove the cladding and then
fabricated a polymeric microring resonator directly on the
surface of the core." The guided light inside the core
couples to the microring with sharp resonances seen as dips in
the transmission spectrum. The reported microring was 5 um
thick, had inner and outer diameters of 40 and 50 pm,
respectively, and was robust enough to be transferred from a
separate substrate to the polished fiber. The position of the
microring midway along the fiber eliminates the need for
external coupling to the resonator and enables multiple
microrings to be placed on the same fiber. This novel design
has advantages for fiber-based sensors and telecommunica-
tions devices.

Kawata and co-workers demonstrated the doping of
fluorescent dyes into polymeric structures created with
MAP™ and Yokoyama etal. ™ used these types of
materials as a gain medium in a distributed feedback laser
with a footprint of 100 x 200 um?.

The optical application of MAP that has received the
greatest attention is the fabrication of photonic crystals
(Figure 10).9813-196] The creation of these devices requires
fabrication of 3D structures with subwavelength features. The
ability of MAP to create 3D patterns with completely
controllable geometries makes it an attractive approach to
the fabrication of photonic crystals. Furthermore, MAP can
be used to place defects, cavities, or waveguides in arbitrary
locations within photonic crystals, which represents a signifi-
cant advantage over other techniques that can only create
periodic structures, such as colloidal self-assembly®! or
holographic pattering.*”!

NeGooEssEEoEaTaE
SEGESRSEEczaEe®
EECETSTETESESEsEE
CETESESsEssoEEw
CEESECCCETICSscasm
CEEECEESEEEESEEE
sSgZsgSsSTEsEsEEa
SessssssEss sss
- -lnmugu—_ '
Figure 10. Examples of photonic crystals created by using MAP. a) SU-
8, log-stack photonic crystal with a band gap in the near-infrared
region (scale bar 10 pm; reproduced from reference [142]). b) Photonic
crystal with a spiral architecture created with SU-8 (scale bar 2 pm;
reproduced from reference [149]). c) Titanium-doped photonic crystal
(scale bar 1 pm; image courtesy of Juan-Ming Duan). d) Silicon
photonic crystal created by double inversion (scale bar 5 um; repro-
duced from reference [154]).
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The production of photonic crystals with MAP was first
reported in 1999 by Misawa and co-workers!®! and Cumpston
et al.;?¥ both groups created log-stack structures. The former
group measured a photonic band gap (PBG) in their
structures at a wavelength near 4.0 um, and as expected the
gap red-shifted with increasing lattice spacing.*”) Wegener
and co-workers demonstrated the use of SU-8 for the
fabrication of a functional photonic crystal at telecommuni-
cations wavelengths (Figure 10a).*?! This photonic crystal
required large side walls for support against shrinkage. Sun
et al. also demonstrated the use of selective defects (missing
“logs”) to create a resonant cavity within a photonic crystal.[*]
Braun and co-workers used MAP to polymerize structures
within a colloidal photonic crystal.'*1#l Recently, more
complex crystal geometries have been demonstrated, such as
a diamond unit cell,™” a spiral unit cell (Figure 10b),014*130
and a photonic crystal with a slanted pore structure.[>*'>!]

Although the structures discussed above all show PBGs,
the low index contrast between the polymer and the
surrounding medium limits the change in transmission in
the gap to typically less than 50 % . The creation of a full “stop
band” will require the incorporation of higher-index materi-
als. Refractive-index contrast is a recurring problem with
MAP-fabricated photonic crystals, and much effort has been
devoted to solving it. One approach is to develop polymer
systems with a high refractive index. For example, Ober and
co-workers have demonstrated that the cationic polymeri-
zation of a brominated epoxide or of a thiirane molecule can
produce materials with refractive indices of 1.62 and 1.68,
respectively.®

Another approach to improving refractive-index contrast
is the incorporation of metal oxides, such as TiO,. These
materials can be introduced into the polymer by either
prefabrication doping or postfabrication infiltration with
subsequent “inversion”. As an example of the first approach,
Kawata and co-workers used SCRS500 resin doped with
titanuim(IV) ethoxide to create structures with notably
improved band gaps (Figure 10c¢).'*?! Chichkov and co-work-
ers demonstrated the infiltration of TiO, into 3D structures
created from SU-8.* To accomplish infiltration, a log-stack
photonic crystal was placed in a solution of titanium(IV)
isopropoxide in ethanol and allowed to react with water to
form nanoporous TiO, inside the pores of the master photonic
crystal. The original SU-8 template was then removed by
calcination at 600°C to yield an inverted TiO, photonic
crystal.

A similar, but more complex, inversion scheme was also
demonstrated by Wegener and co-workers for the creation of
a pure silicon photonic crystal (Figure 10d):'* This double
inversion is a multistep process involving fabrication of an
SU-8 template, infiltration with SiO,, removal of the SU-8 by
calcination, infiltration of the silica matrix by disilane (Si,Hj),
and removal of SiO, by HF. The resulting silicon photonic
crystal is a faithful replica of the SU-8 master and the high
refractive index of the silicon (3.7) results in a reduction in
transmission by a factor of approximately 100 in the band gap
at 1=2.35 pum. This wavelength can be lowered into the
window for telecommunications applications at 1.55 pm by
using a smaller lattice spacing, as has already been demon-
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strated in an SU-8 photonic crystal.'*?! One issue that should
not be overlooked is the 7.5% shrinkage of SU-8 upon
development. To avoid lattice distortion, photonic crystals of
SU-8 must have retaining walls for structural support.

5.2. Biology

The ability to fabricate and control structures on the
microscale is fundamental in the study of biological micro-
systems. Recent advances in MPA patterning of biopolymers
and in the use of surface modification to make synthetic
polymers biocompatible have already led to some remarkable
results in areas such as the in situ scaffolding of cells,"* %" ag
discussed in Section 4.2. Tissue scaffolding is a major growth
area in MPA fabrication.

Another biologically relevant application of devices
created with MAP is the manipulation of microscopic
structures. Maruo, Ikuta, and Korogi fabricated microme-
chanical devices such as microtweezers and microneedles that
can be controlled by optical trapping.”>>>1%1 With a tip
diameter of only 250 nm and a positioning accuracy of 15 nm,
optically actuated microtweezers offer substantially better
control than do electrostatic tweezers. Moreover, rastering of
the trapping beam allows a number of devices to be controlled
simultaneously. Optical actuation of devices will be useful in
many other complex applications, including micropumps,
valves, and other components of microfluidic systems.!>

5.3. Electronics

The ability to create conductive metal coatings on
structures fabricated with MAP is a recent development, so
there is only one electrical application that has been reported
to date. We have used MAP to create 100-um-long functional
microinductors.'”! The resonance frequencies of such induc-
tors are in the GHz range, which is useful for communications
devices, and can be lowered into the MHz range for
applications in magnetic resonance. Inductors have numerous
applications in electronics as filters, transformers, and com-
ponents of oscillator circuits. They can also be used to
generate magnetic fields for mechanical actuation or sensing,
as in magnetic resonance force microscopy.!>*1%)

6. Mass Production

One drawback of MPA-based fabrication techniques is
that they are inherently serial processes. Structures are
created on a voxel-by-voxel basis, and scaling up production
to a viable level is a daunting task. Nevertheless, substantial
progress has been made toward mass production.

6.1. Multipoint Fabrication

If fabrication can be accomplished at low enough laser
power, one approach to mass production is to split the output
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of a laser into many beams that can be used to fabricate
structures at different points simultaneously. Kawata and co-
workers have implemented such an approach by splitting up
their laser beam with a microlens array (MLA).[20-121.160]
Placing the MLA in the beam path before the objective
creates hundreds of focal spots, each of which can be used for
MAP fabrication. The resolution of fabrication at each focal
point is similar to that of the objective. This method is well-
suited for the creation of periodic structures or of arrays of
identical structures. However, to deliver enough power to
each focal spot, an amplified laser system must be employed.
Furthermore, nonuniformities in the intensity across the
MLA can cause the voxel size to vary from focal point to focal
point.

It is technically feasible to create a multipoint fabrication
system in which the intensity of each focal point can be
controlled independently by a spatial light modulator (SLM).
With such a system it would be possible to fabricate non-
periodic structures in a highly parallel fashion. It should be
possible to increase throughput by three orders of magnitude
or more with an efficient enough photoinitiator.

6.2. Interference Lithography

Interference lithography techniques offer another means
of creating complex 3D structures. Although interference
techniques can be implemented with single-photon absorp-
tion,**! the use of MPA can lead to significant improve-
ments in feature size. The most common such technique is
multibeam interference lithography (MBIL).['*"-1%! In MBIL,
three or more laser beams approach a photoresist from
different directions. The polarization of each beam can be
controlled independently. Together the beams create a
complex, 3D interference pattern that can be used to
expose the photoresist. If an amplified laser is used, large
beam diameters can be employed so that sizeable sample
areas can be exposed in a short period of time. MBIL
necessarily creates periodic 3D structures, and so is well-
suited for fabrication of photonic crystal materials. If defects
are desired, they can be fabricated subsequently in the
photonic crystals by conventional MAP.

Rogers and co-workers developed an alternative type of
interference lithography, which they call proximity-field
nanopatterning (PnP).['*:1%41%] In this technique, a relief
pattern is created on the surface of a piece of polydimethyl-
siloxane (PDMS) elastomer. The PDMS is then pressed
against a thick layer of photoresist on a substrate. The relief
pattern in the elastomer acts as a phase mask to create a
complex (but calculable) 3D interference pattern that is used
to expose the photoresist. As with MBIL, PnP was originally
implemented with single-photon absorption, but its resolution
can be improved substantially with MPA.["*") One advantage
of PnP over MBIL is that the relief pattern can vary over the
surface of the mask, which can potentially be as large as a
silicon wafer. Thus, although the patterns created must be at
least quasiperiodic on a local scale, they can vary considerably
over a distance scale as small as 10 um.
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6.3. Molding

Another approach to mass production is the use of MAP
to fabricate master structures that are then replicated in a
parallel manner. This approach is analogous to conventional
photolithography, which also begins with the slow, serial
process of mask writing. Masks enable rapid, parallel
patterning on the wafer scale.

With this idea in mind, we explored the use of a soft-
lithographic technique known as microtransfer molding
(UTM)™! for the replication of structures created with
MAP.! [n yTM, PDMS is cured over master structures to
create an elastomeric mold. This mold is released from the
master structures, filled with a molding material, and pressed
against a new substrate. The molding material is then cured
and the mold is released once again. Many molds can be
created from a single set of master structures, and each mold
can be used to create many replicas.

Although uTM enables the rapid replication of structures
created with MAP, one might suppose that there are
significant topological limitations to the sort of structures
that can be replicated. For example, structures with high
aspect ratios would be expected to be difficult to release, and
structures with overhangs should be impossible to release.
However, the elasticity of PDMS makes possible the replica-
tion of a far greater range of structures than might be
imagined.'*! As an example, Figure 11a shows a structure

Figure 11. a) A master structure created with MAP featuring opposing
overhangs with 30° open angles. b) A replica of this structure created
with WTM. The scale bars are 10 um (reproduced from reference [166]).

with two opposing overhangs with open angles of 30°. Not
only can the mold be released from this structure, but, as
shown in Figure 11b, the structure can also be replicated
reproducibly. The PDMS is able to deform to release from
these structures and then to snap back to its original shape. It
is similarly possible to replicate structures with extremely
high aspect ratios, such as a 300-um tower that has a cross
section of 10 x 10 um?1"%%)

Despite the surprising range of structures that can be
replicated by pTM, it is still a “2.5-dimensional” technique, as
it cannot be used to replicate structures that contain closed
loops. Consider, for example, attempting to replicate a tunnel.
In creating the mold, PDMS will flow into the tunnel and be
cured there, locking the tunnel into the mold so that it cannot
be released. We have recently developed a technique called
membrane-assisted microtrasnfer molding (MA-uTM) that
circumvents this “mold-lock” problem.!'®” Imagine that in the
middle of the tunnel master structure there is a thin
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membrane that stops the PDMS from making a complete
loop. The PDMS, due to its elasticity, can then be released
from the master structure. Flat PDMS surfaces that are in
close proximity have a tendency to stick together, so by
compressing the mold slightly the PDMS can adhere to itself
in the membrane region. The remainder of the molding
process is as usual, and the adhesion of the PDMS to itself is
weak enough that the replica can be released from the mold
readily. The replica differs from the original in that it now
contains a closed loop. Figure 12 a shows an example of a five-

Figure 12. a) A five-turn coil master structure created with MAP. There
is @ membrane inside of each turn of the coil. b) Replica of the coll
created by using MA-UTM. The membranes have not been replicated,
leaving a structure with closed loops. The scale bars are 10 um
(reproduced from reference [167]).

turn coil with a membrane in each turn. This master structure
was used to create the replica in Figure 12b in which all of the
loops are open. MA-uTM makes possible the replication of a
wide range of structures with closed loops, including struc-
tures with interlocking parts."®” Furthermore, if the mold is
expanded rather than compressed, it is possible to create
replica structures that do contain membranes.

Not all 3D structures can be replicated with MA-uTM.
There remain some topological restrictions related to mold
release,'*”) and any feature to be replicated must be a factor of
roughly three or more thicker than the membranes. Complex
structures with large numbers of small closed loops, such as
photonic crystals, are not likely to be able to be replicated
with MA-uTM. However, this technique does vastly expand
the range of structures that can be replicated, and when
combined with a suitable technique for creating wafer-scale
masters MA-uTM promises to open the door to rapid mass
production of structures created with MAP.

7. Outlook

The work discussed above only scratches the surface of
what will one day be accomplished with MPA-based fabrica-
tion. In this section we discuss some of the major challenges in
MPA-based fabrication and some of the improvements that
are on the horizon.

7.1. Materials

There are many materials improvements that would be
useful for specific applications of MPA-based fabrication,
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such as increasing the refractive-index contrast for photonic
crystals. Herein we will focus on more general materials
challenges that affect a broad range of applications.

Although there are many excellent photoinitiators for
MAP, there is still progress to be made. An ideal photo-
initiator should be highly soluble, so that samples can be
prepared quickly. It should have a high TPA cross section at
800 nm, so that a Ti:sapphire oscillator can be employed for
fabrication. It should also have a high yield of reactive
radicals, so that fabrication is efficient. Finding a photo-
initiator that meets all of these criteria will open the door to
many new applications.

Another significant materials challenge is the shrinkage
that occurs in polymeric structures during the development
step. For structures created with MAP to survive washing,
they need to be highly cross-linked, but this cross-linking
generally leads to shrinkage. Removal of unpolymerized
material by solvent further augments shrinkage. It is possible
in many applications to precompensate for shrinkage in the
initial design, but this can be a difficult task near the substrate,
where structures are tethered and cannot shrink. For some
applications, such as photonic crystals, currently the only
solution is to add a supporting structure to prevent shrinkage.
Ultimately, overcoming the shrinkage problem will require
the development of highly cross-linked materials that do not
change volume appreciably during development.

The development of new patterning techniques for a
broader range of materials will greatly expand the potential
applications of MPA-based fabrication. The techniques dis-
cussed above have made possible the incorporation of
materials such as metals into 3D structures, but means of
incorporating many other materials of interest (or even
multiple metals) at selected locations have yet to be
demonstrated.

7.2. Resolution

The ability of MAP to create features with a resolution of
100 nm from 800-nm light is undeniably impressive. However,
being able to create even smaller features is crucial to many
applications, such as the creation of photonic crystals with
band gaps at higher energies. Furthermore, it would be
desirable to be able to create voxels that are spheres rather
than prolate spheroids (see Section 3.2.1).

Part of the solution to the resolution problem may be
chemical. For example, as mentioned in Section 3.2.1, the
addition of radical inhibitors to a resin appears to decrease
the voxel size.” Careful control of the polymerization
chemistry may yield further decreases in voxel size, although
probably only in the range of 10 to 20 %. It is unclear whether
chemistry can be used to improve the voxel shape as well.

Optical techniques probably offer the greatest hope for
significant reductions in voxel volumes and significant
improvements in voxel shapes. Optical approaches to con-
trolling the excitation volume that may allow for modest
improvements in voxel size include optimizing the focal
length of the tube lens used,'®! employing annular amplitude
filters,'®) and using radially polarized light.'” Another
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promising technique, which has been developed in the context
of fluorescence microscopy, is stimulated emission depletion
(STED).'" STED employs two laser beams, one to excite the
molecules and one, which is tuned to the red of the absorption
spectrum, to stimulate emission back down to the ground
state. The depletion beam passes through a phase mask that
causes it to be dark in the center of the focal region, so that no
emission is stimulated there. As a result, it has proven possible
to attain resolution of tens of nanometers in fluorescence
microscopy with visible light.’ STED also assists in creating
a considerably more-spherical PSF than with standard
focused laser excitation.

STED should be directly applicable to MAP. Typical
radical photoinitiators become singlet diradicals upon exci-
tation, and it is only after intersystem crossing that homolysis
occurs and polymerization can be initiated.!'” The intersys-
tem crossing time is in the range of 100 ps, so there is plenty of
opportunity to stimulate emission before polymerization is
initiated. In fluorescence microscopy, ideally more than 95 %
of molecules should be deexcited to improve resolution. In
MAP it is only necessary to deexcite enough molecules to fall
below the polymerization threshold; thus, stimulating emis-
sion from even 10% of the molecules may be sufficient to
reduce voxel size significantly. STED may ultimately enable
the creation of 20-nm voxels with 800-nm light.

7.3. Fabrication Systems

It is desirable to be able to make MPA fabrication systems
more compact and less expensive. Both of these goals rely to a
great extent on some of the improvements in materials
discussed in Section 7.1. Beyond that, the desirable improve-
ments in fabrication systems depend on the fabrication goals.

In a laboratory setting, it would be desirable to have a
single-point fabrication system consisting of nothing more
than a microscope, a laptop computer, and an inexpensive,
compact, turnkey laser system. Such a fabrication system
could easily fit on top of a desk or a lab bench. The use of
inexpensive microlasers in place of ultrafast Ti:sapphire
systems for MPA-based fabrication has already been demon-
strated (Sections 3.1.2.1 and 4.2). Compact ultrafast laser
systems with tens of milliwatts of power at 800 nm are also
available, albeit at a somewhat greater cost. The commercial
availability of highly efficient photoinitiators would make
either of these laser options quite attractive.

In an industrial setting, high throughput and multipoint
fabrication would be highly desirable. With efficient enough
photoinitiators, such a system should be possible with a
Ti:sapphire oscillator rather than an amplified laser system.
The development of an SLM-based multipoint fabrication
system (see Section 6.1) should then enable independent and
simultaneous fabrication at 1000 or more points in a sample.

8. Conclusions

Multiphoton fabrication techniques make possible the
creation of arbitrarily complex, 3D structures with sub-
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micrometer feature sizes. Thanks to the efforts of research
groups worldwide, the basic “toolbox” of these techniques in
nearly complete. Efficient, photopolymerizable systems with
a wide range of properties are now available, and it is possible
to incorporate a wide variety of additional materials into
microstructures. Although some additional developmental
work is needed, this technology is mature enough that the
focus is now shifting to applications, and we expect to see
many more examples of functional devices that have been
created with MPA-based techniques in the near future. As
soon as the remaining obstacles to mass production are
overcome, multiphoton fabrication has the potential to
become an important tool in industry as well.

Abbreviations

AFM atomic force microscopy

AP alkaline phosphatase

BME 2-methoxy-1,2-diphenylethanone

BS bovine serum albumin

GM Goppert-Mayer

ITX 2-/4-isopropylthioxanthone

LIGA Lithographie, Galvanoformung und
Abformung

MA-uTM membrane-assisted microtransfer molding

MAP multiphoton absorption polymerization

MBIL multibeam interference lithography

MEMS microelectromechanical systems

MLA microlens array

MPA multiphoton absorption

LTAS micro total analysis systems

uwIT™M microtransfer molding

NA numerical aperture

PAG photoacid generator

PDMS polydimethylsiloxane

PnP proximity-field nanopatterning

PSF point-spread function

PVP polyvinylpyrrolidone

SLM spatial light modulator

STED stimulated emission depletion

TPA two-photon absorption

TPFM two-photon fluorescence microscopy

YAG Yttrium aluminum garnet
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