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Preface

Over the past 25 years or so there has been a revolution in the develop-
ment of functional polymers. While many polymers as commodities represent
huge markets, new materials with a high degree of functionality have been
developed. Such specialty polymers play important roles in our day-to-day
lives. The current volumes 213 and 214 of Advances in Polymer Science focus
on photoresponsive polymers. In particular polymers that can either change
the properties of a beam of light that passes through them or who change
their properties in response to light. Volume 213 starts with an introduc-
tion to two-photon absorption by Rumi, Barlow, Wang, Perry, and Marder.
In this chapter they develop the basic concepts of two-photon absorption,
and describe structure-property relationships for a variety of symmetrical
and unsymmetrical molecules. The applications of these materials in 3D mi-
crofabrication of polymers, metals, and oxide materials are detailed in the
chapter entitled “Two-Photon Absorber and Two-Photon Induced Chemistry”
contributed by the same group of authors. Then Belfield, Bondar, and Yao
describe the molecules, dendrimers, oligomers, and polymers that can be ex-
cited by two-photon absorption and their application in processing materials
with three-dimensional spatial control in their chapter entitled “Two-Photon
Absorbing Photonic Materials.” Specifically they describe the development of
symmetrical and polar conjugated materials for two-photon absorption and
their use as photo-initiators for 3D microfabrication. Juodkazis, Mizeikis, and
Misawa also explore multiphoton processing of materials in their chapter, and
provide more focus on the processing aspects of these materials and discuss
the state-of-the-art in resolution.

In Volume 214, Hoppe and Sariciftci describe how organic semiconduct-
ing polymers can be used to produce electrical power when excited by light
in the chapter entitled “Polymeric Photovoltaic Devices.” In particular the
authors review approaches based upon blends of conjugated polymers with
small molecules that are approaching a point where they can be considered for
commercialization. This is followed by a chapter by McGrath and D’Ambru-
oso entitled “Energy Harvesting in Synthetic Dendritic Materials” where they
describe dendritic materials that can absorb light across various parts of the
UV-visible spectrum and funnel energy down to a low energy absorber, which
can be useful for a variety of applications including photovoltaics. Finally,



x Preface

Baldeck and Andraud provide a chapter entitled “Exitonic Coupled Oligomers
and Dendrimers for Two-Photon Absorption,” wherein the concepts of exci-
tonic coupling are developed and their relevance to multi-photon absorption
processes are described.

The editors hope that these volumes will provide the reader with an overview
of various aspects of photoresponsive polymers. We recommend that readers
also examine other volumes in this series to learn more about related topics.
In addition the editors thank the authors of the chapters in these volumes
and the staff of Springer for their contribution to these volumes and accept
responsibility for any errors or inaccuracies.

Atlanta & Daejeon, May 2008 S. R. Marder and K.-S. Lee
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Abstract Two-photon absorption, the process by which an excited molecule or material
is produced by the simultaneous absorption of two photons, has been studied extensively
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in recent years, from both fundamental and application points of view. On one side, the
field has been expanded with the measurement of two-photon absorption spectra and
cross sections for a wide range of conjugated molecules. In this contribution, we will re-
view the two-photon properties of some of these classes of materials, and we will discuss
structure/property relationships that have been developed from these investigations. On
the other side, two-photon absorption has been exploited as a means to activate a var-
iety of chemical and physical processes with sub-diffraction-limited resolution, because
three-dimensional spatial confinement of the excitation volume in a material irradiated
by a tightly focused laser beam can be achieved via two-photon or, more generally, multi-
photon absorption processes. This characteristic has led to applications in a number of
technological fields, such as microfabrication and laser scanning fluorescence microscopy.
Here, we will survey material systems that have been developed to activate radical or
cationic polymerization reactions, deprotection of functional groups, and singlet oxygen
generation via two-photon excitation of one of the components in the system.

Keywords Structure/property relationships - Two-photon absorption -
Two-photon chromophores - Two-photon deprotection -
Two-photon-induced chemistry - Two-photon polymerization

1
Introduction

Over the last 15 years, interest in two-photon absorption (2PA) has been revi-
talized by the demonstration that some aspects of the two-photon absorption
process, specifically the fact that the excitation produced by a tightly focused
laser beam in a 2PA active material can be confined in three dimensions (3D),
could be exploited in practical applications with far-reaching technological
potential. This volume confinement translates, for example, into the ability
to probe or modify a specific point inside a material with 3D control over
its position with sub-diffraction limited resolution. For example, Rentzepis
et al. [1] and Strickler et al. [2] applied the localization principle to the crea-
tion of 3D optical memories, in which multiple layers in a material can be
independently used to store and retrieve information, with the potential to
achieve overall data density on the order of 10'? bits/cm?. Similarly, chemical
modifications occurring selectively in the excited volume can be used to se-
quentially write patterns and features in the material, while not affecting the
unexposed sections. Webb and collaborators have shown that “objects” can be
fabricated in this way with lateral dimension on the micron scale [3, 4]. Webb
and collaborators have also exploited the localization of the excitation as an
imaging tool, by collecting the fluorescence emitted by the selected volume
element [3, 5]. Optical microscopes based on the imaging of the fluorescence
emitted after 2PA are now commercially available and the technique has since
become a powerful new tool in the field of cell and molecular biology.

In this chapter, we will first provide an introduction to the process of 2PA
(Sect. 2) and then a description of the 2PA spectroscopy of various classes
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of small organic molecules (Sect. 3). We will then survey the basic struc-
ture/property relationships for 2PA in r-conjugated molecules and how these
can be exploited for the design of new materials with enhanced 2PA cross
sections (Sect. 4). Finally, we will provide a brief overview of chemical pro-
cesses which can be enabled by 2PA (Sect. 5). This chapter is not intended
to be an exhaustive review of the two-photon absorbers which have been
investigated or of the two-photon microfabrication literature. Instead, this
chapter is an introduction to the materials and chemistries used in appli-
cations based on two-photon absorption, providing context to several other
chapters in this volume. In particular, the work of Belfield, Baldeck, and An-
draud is discussed in detail in other chapters of this volume. Other reviews on
2PA chromophores [6], microfabrication [7-9], and two-photon fluorescence
microscopy [10, 11] can be found in the recent literature.

2
The Two-Photon Absorption Process

Two-photon absorption is a process in which a molecule or material simul-
taneously absorbs two photons [12]. In the case of degenerate (or one-color)
2PA, the two photons have the same energy, which is approximately half the
energy (twice the wavelength) normally required to reach an excited state
in the same material. This is illustrated schematically in Fig. 1, where g is
the ground state of a molecule, e is the lowest excited state, and the dashed
lines represent the manifold of rovibrational levels in each electronic state.
In general, a molecule can be excited to state e by absorbing a photon (one-
photon absorption, 1PA) with energy equal to the energy difference between
states g and e (thick arrow in the figure), assuming that this transition is al-
lowed by the selection rules of the process. In the case illustrated in the left
panel of the figure, the same state can be reached through the absorption of

e SP==#=== Excited-state o’ SS==#z=:
"""" processes ¥
e Excited-state
processes
A
g Z3=-=-3-¥%- g
1PA 2PA

Fig.1 Energy diagrams illustrating the process of one-photon absorption (1PA) and
two-photon absorption (2PA) for: (left) a molecule without an inversion center; (right)
a molecule with an inversion center. The length of each arrow is proportional to the
photon energy. The dotted arrows represent possible deexcitation pathways
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two identical photons, each with half the energy of the spacing between the
states. This description applies to the behavior of many molecules without an
inversion center. However, because the selection rules for 1PA and 2PA are dif-
ferent [13, 14], if a molecule is centrosymmetric, a 1PA-allowed state e cannot
also be reached directly by 2PA. In these systems, the lowest electronic state
accessible through 2PA usually lies at higher energy than the 1PA-allowed
state e (state ¢’ in the right panel of Fig. 1). After being excited by either 1PA
or 2PA, a molecule typically undergoes rapid (ps timescale) internal conver-
sion until the system reaches the lowest level of the e manifold. From this
level, the system can relax back to the ground state radiatively or nonradia-
tively (dotted downward arrows in the figure), typically on a ns timescale [15].
Additionally, the molecule can lose the excess energy though other processes
that can take place from the excited state, for example, energy transfer or elec-
tron transfer, or can react with other molecular species in its surroundings. In
Sect. 5, we will discuss some examples of chemical processes that have been
accomplished using 2PA.! In general, in centrosymmetric molecules, there is
an exclusivity between the states that can be reached directly by 1PA and 2PA
from the ground state. In fact, only transitions between states with different
parity with respect to the inversion center (that is transition between a state
of gerade and a state of ungerade parity, or vice versa), can be one-photon
allowed in centrosymmetric molecules, while 2PA can only occur between
states with the same parity (from gerade to gerade, or from ungerade to unger-
ade) [14, 16]. For molecules with high symmetry, some transitions are neither
one-photon nor two-photon allowed. For noncentrosymmetric molecules, the
selection rules for 1PA and 2PA are not mutually exclusive, and excited states
exist that can be reached by either type of transition from the ground state
(although, depending on the symmetry, some states may still not be allowed
for either or both of the processes). Overall, within the dipole approximation
and for molecules with a totally symmetric ground state, 2PA transitions from
the ground state can access only excited states with the same symmetry as one
of the products i x j, where i, j = x, y, z (this selection rule is reminiscent of
that for Raman activity).

The probability of a molecule absorbing one photon is proportional to the
intensity of the excitation beam:

I
W =5 (W)N, 1
n=o(W)Ng, 1)

where n(1) is the number of molecules excited by 1PA per unit time and unit
volume in the material, o is the cross section of the absorption process at
frequency v, Ny is the density of molecules in the ground state g, I is the in-

! For most molecules, the energy level reached after internal conversion is the same irrespective
of the order of the absorption process used to generate the excited species. As a consequence, all
photo-induced processes traditionally activated by 1PA can also be accomplished using 2PA.
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tensity of the excitation source (in energy per unit time and area), and hv is
the photon energy.

In contrast, the probability of a molecule absorbing two photons simultan-
eously is proportional to the square of the intensity of the excitation beam:

2
n® = ;S(U)Ng (th) , (2)

where n?) is now the number of molecules excited by 2PA in the unit vol-
ume per unit time and §(v) is the 2PA cross section for a photon of energy hv.
The prefactor of 1/2 reflects the fact that two photons are needed to excite one
molecule.?

As a result of this intensity dependence, 2PA provides a mechanism by
which chemical or physical processes can be activated with high spatial reso-
lution in three dimensions, with excitation being confined to widths down
to ~60 nm. The ability of 2PA to excite molecules with this 3D spatial reso-
lution results from the fact that the intensity of a focused laser beam decreases
approximately as the square of the distance, z, from the focus. Thus, since
2PA scales quadratically with light intensity (see Eq. 2), the number of excited
states formed by 2PA is proportional to z™*, whereas the number of excited
states formed by one-photon absorption is proportional to z=2. This is illus-
trated in Fig. 2, where the dependence of the intensity and of the square of
the intensity for a laser beam with a Gaussian profile is graphed as a func-
tion of z, the distance from the focal plane. As mentioned above, the 2PA
transition requires photons with approximately half the energy (twice the
wavelength) of that of the photons needed for 1PA into the lowest excited state
of a molecule. If the beams at wavelengths A and 2A have the same waist at
the focus, wy, the excitation rate follows the trend of the solid line in the fig-
ure for the 1PA case and the dashed line in the 2PA case. It can be seen that
the width of the peak is narrower in the latter situation.® The much stronger
distance dependence of 2PA means that excitation can be essentially confined
to a volume on the order of A%, where A is the wavelength of the excitation
light.

The 2PA process is very weak relative to one-photon excitation, in the sense
that the ratio n® /n" (from Eqs. 1 and 2) is typically small for intensities be-
low about 10 GW/cm? and for the absorption cross sections seen in typical

2 However, the use of the 1/2 factor is not universal and some authors define the 2PA cross section
based on the equation:

® I\’
2 *

=§*N, )
8 g<hV>

3 In practical applications, it should be kept in mind that the beam waist itself usually depends on
the wavelength (at the diffraction limit, wy is proportional to 1) and, therefore, that the comparison
between 1PA and 2PA excitation rates may not be as straightforward as that shown in Fig. 2. In
general, the 2PA excitation volume depends on the focusing conditions and beam parameters used
for the material excitation.
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Fig.2 Relative excitation rates for the 1PA and 2PA process along the beam propagation
direction. (Solid line): On-axis intensity for a Gaussian beam with waist wy and wave-
length A; (dotted line): on-axis square of the intensity a Gaussian beam with waist wp
and wavelength A; (dashed line): on-axis square of the intensity a Gaussian beam with
waist wp and wavelength 2. In all cases, the ordinate is normalized to the value at the
focus

organic molecules. Usually, pulsed lasers with high peak power are needed to
study 2PA in materials and for applications based on this process.

In addition to spatial confinement, another feature of 2PA is the possibility
of excitation of molecules at increased depth relative to one-photon absorp-
tion in a nominally high-absorbing medium, because the photon energy lies
well below that at which the medium absorbs via 1PA. Due to these two fea-
tures, 2PA has enabled the realization of 3D optical data storage [1,2, 17, 18],
lithographic microfabrication [4, 19-23], and imaging [3, 5, 24-26] via pulsed
laser excitation. By computer-controlled scanning of the focus of a laser beam
within a photochemically active precursor material, many complex 3D struc-
tures can be fabricated with submicron resolution using both negative- and
positive-tone resists. A negative-tone resist is a type of photoresist in which
the portion that is exposed to light becomes relatively insoluble in a devel-
oper, for example, due to polymerization or crosslinking, and the unexposed
portion remains soluble in the developer. A positive-tone resist, in contrast,
is a type of photoresist in which the portion that is exposed to light be-
comes more soluble in a developer, for example due to decomposition of
a polymer, than the unexposed portion. Examples of structures and materials
systems used for 3D lithographic microfabrication (3DLM) will be presented
in Sect. 5.
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3
Early Studies of Two-Photon Absorption in Organic Molecules

3.1
Introduction

Interest in the study of molecules exhibiting two-photon absorption in the
visible and near-infrared range of the electromagnetic spectrum has in-
creased significantly since the late 1990s, with the identification of a few
classes of chromophores with larger cross sections than materials which were
previously available (see Sect. 4). This interest was partly stimulated by the
demonstration of various practical applications of two-photon absorption,
such as three-dimensional fluorescence imaging, optical data storage, and
microfabrication, as described above. All these applications benefited from
improvements in laser technology, which made tunable ultrafast laser sys-
tems commercially available around that time. Following these discoveries,
research in 2PA focused mainly on identifying organic materials with increas-
ingly large 2PA cross sections, as these would either allow improvement of
the signal-to-noise ratio or the process efficiency for a given laser intensity,
or achievement of the same excitation rate in the material using lower laser
intensities.

However, before the 1990s a significant number of papers on 2PA spec-
troscopy had already been published. Many of these are worth mentioning,
not only because they laid the foundations for the field, but also because they
addressed interesting spectroscopic issues for a variety of organic molecules.
Indeed, at that time, 2PA was mainly used as a spectroscopic tool, in combi-
nation with the more traditional 1PA and fluorescence approaches.

The examples discussed in this section are not intended to be an exhaus-
tive review of the early literature in the field, but should provide a taste for
the range of molecular systems and experimental techniques used in two-
photon spectroscopy. Often these studies involved the measurement not only
of the 2PA spectrum,? which can be obtained, for example, by monitoring
the intensity of a 2P-induced fluorescence signal as a function of wavelength
(this signal being proportional to the number of molecules excited by 2PA
and thus to the square of the laser intensity or the photon flux, as seen in
Eq. 2), but also of the polarization ratio (§2), defined as the ratio between the
2PA cross section for linearly and circularly polarized light. It is well known,
in fact, that the probability for a 2PA transition depends on the polarization

4 The term “2PA spectrum” will be used here and in the rest of the chapter to indicate the variation
of the two-photon cross section as a function of wavelength, even when the data were obtained by
monitoring the intensity of the fluorescence emission induced by two-photon absorption (that is
when, strictly speaking, the two-photon induced fluorescence excitation spectrum was obtained).
Also, unless otherwise specified, the spectra are reported as a function of the wavelength of the
excitation beam and are degenerate 2PA spectra.
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vectors of the two photons absorbed, even for an isotropic sample, such as
a solution [16, 27, 28]. As a consequence of this, information on the symme-
try of the final state in the transition can be derived from measurements of
the 2PA cross section for different polarizations of the excitation beam. This
is in contrast to the case of 1PA, for which the transition probabilities do not
depend on the polarization state of the excitation beam, unless the sample is
anisotropic.

In addition to providing a brief tutorial on 2PA spectroscopy, some of the
examples discussed here can be useful in understanding the origin of the
2P activity and in estimating approximate 2PA cross sections of so-called
“conventional” initiators which have been used by some investigators in mi-
crofabrication applications (see Sect. 5).

3.2
Benzene Derivatives

One of the first classes of organic compounds to be investigated in depth by
two-photon spectroscopy was that of benzene and its derivatives. A review
of the field prior to 1979 can be found in [29]. This early work was mainly
prompted by interest in understanding the characteristics of electronic states
and the way in which these affect the chemical and physical properties of the
substituted benzene. In systems of high symmetry, such as benzene, the pic-
ture of the electronic structure that can be obtained by the more conventional
1PA spectroscopic approaches is definitely incomplete, as only transitions to
states within a subset of the possible symmetries are formally dipole-allowed
(although electronically forbidden transitions could still be observed in some
cases, if sufficient oscillator strength is obtained through vibronic coupling).
In addition, benzene and its derivatives have also been used as benchmarks
to test theoretical predictions of spectroscopic properties at various levels of
approximation.

Benzene belongs to the Dg; point group and 1PA transitions from the
ground state (A symmetry)® are dipole-allowed only to states of Ej,, and A,
symmetry [30]. 2PA transitions from the ground state are allowed to A1y, Ejg,
and Eg states. Transitions to all other states are forbidden.

The lowest excited states of benzene are actually of B, and B, symme-
try, and they can be reached directly by neither one-photon nor two-photon
purely electronic transitions (the 0-0 band at energy Eo-o, the origin of the
transition, is absent from the spectra). However, excitation into these states
can be obtained through vibronic coupling (VC), if a vibrational mode of an
appropriate symmetry is coupled to the electronic transition. The 1PA or 2PA
spectra can then show a series of narrow peaks shifted from the 0-0 band

5 In this contribution, only singlet states will be explicitly discussed and the multiplicity superscript
of the symmetry labels of electronic states will be omitted.
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by the energy of the coupling mode/modes (Evc = Eg—¢ + hv,, v, being the
frequency of the coupling mode). A Franck-Condon progression can also be
present, appearing in the spectrum as a series of equally spaced bands on
the high-energy side of Eyc (at Eyc + nhv,, where v, is now the frequency
of a totally symmetric mode). The 1PA and 2PA spectra of liquid benzene
in the range of the B,, transition (often called the Ly, band, using the Platt
notation [31, 32]) are shown in Fig. 3 [33].

In substituted benzenes, the symmetry is lowered and the transitions into
the states that correlate to the By, and B, states of benzene become allowed
by 1PA, 2PA, or both. However, when the substituents induce only a weak per-
turbation on the benzene m-electron system, the 1PA or 2PA spectra of the
substituted compounds often closely resemble the spectrum of the unsubsti-
tuted parent molecule. Various theoretical models have been developed in an
attempt to predict the type of change in the band intensity and characteristics
in the 2PA spectra of substituted benzenes and, more generally, of alternant
hydrocarbons [34-36]. It was found that the effect of a perturbation is quite
different for 1P and 2P allowed transitions. In particular, 2P transitions to the
state correlated to the benzene B,, state (L) are affected more by vibronic
coupling than transitions to the state correlated to the benzene B, state (L,
in Platt notation [31, 32]). In contrast, inductive perturbations enhance the L,
band more than the L}, band. The effects of vibronic coupling and inductive
substituents are reversed for 1P transitions into these states. Experimental
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Fig.3 1PA (dashed line) and 2PA (solid line) spectra of liquid benzene. The 2PA spec-
trum was obtained by the thermal lensing method. The units on the energy scale are
kilokaysers (1kK = 1000 cm™') and refer to the total energy of the transition. 0-0 is the
origin of the Ly, band, 18, 14, and 1 are indices for the vibrational modes (the superscript
and subscript are the quantum numbers for the mode in the excited state and ground
state, respectively). Reproduced with permission from [33]. © 1986, American Chemical
Society
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results, overall, are consistent with this description. A few examples are dis-
cussed here.

In the 2PA spectra of benzene and ﬂuorobenzene (neat liquids) [33] the
L, band, which is observed in the range Aexc A 470-530 nm (for benzene,
see Fig. 3), has a clear vibronic structure with peaks at similar energies, its
0-0 component is absent or very weak, and the integrated intensity of the
whole Ly, band is on the same order (and is essentially due to vibronic coup-
ling). In the 1PA spectrum, in contrast, the 0-0 band is more intense in
fluorobenzene than in benzene. The 2PA spectrum of benzene in the L, re-
gion (ng)c ~ 400-450 nm) shows a band that is less structured and weaker
than the L}, band. In contrast, the L, band of fluorobenzene is significantly
stronger than the Lj, band, because of the increase in the electronic contribu-
tion to the transition probability. For phenol, the intensity of the L, transition
in the 2PA spectrum is even larger than in fluorobenzene, and both the Ly
and L, bands are red-shifted with respect to benzene and fluorobenzene [33].
Even if the L, and L, transitions in substituted benzenes can in some cases be
identified by the appearance of weak bands in the 1PA spectrum of these com-
pounds, only the use of a combination of linear and nonlinear spectroscopic
techniques (including the measurement of the 2P polarization ratio, §2) per-
mitted more rigorous symmetry assignments to be made for the electronic
states involved in the transitions.

Benzene has also been studied at higher excitation energies (total energy
> 6.3 €V), mostly in the vapor phase or in the crystalline state at low tem-
peratures, in an attempt to locate the valence Ey, state, which should be
two-photon allowed and was predicted by molecular orbital theoretical ap-
proaches to be the excited state lying immediately above the B,, and By,
states. Experimentally, this state has not been located at energies below 7 éV.
However, a resonance in the multiphoton ionization spectrum of benzene va-
por indicated the presence of the 3s Ei, Rydberg state at 6.33 eV above the
ground state (corresponding to )\gx)c =392 nm) [29, 37].

The 2PA cross section for some of the bands in benzene and its derivatives
has been estimated using a variety of experimental methods. At 400 nm (in
the L, band region), the 2PA cross section of benzene was reported to be less
than 0.1 GM (this value being the detection limit of the experimental method
used, a two-color nonlinear transmission measurement [27]), while for the
main vibrational component of the L, band at 510 nm (sometimes referred
to as the “14(1)” band, see Fig. 3), values from 0.060 GM [38] (using a 2P-
induced fluorescence method) to 8.7 GM (using a Coherent Antistokes Raman
Spectroscopy, or CARS, method [39]) have been measured. Some investiga-
tors have used the strength of this transition as an internal standard in the
measurement of the 2PA cross section of other substituted benzenes [40, 41],
under the assumption that the intensity of this band is almost constant in this
class of molecules (in light of the fact that substituents only weakly affect the
Ly transition, as discussed above). However, the intensity of this band was
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found to be about 5 times smaller in toluene than in benzene in one study [38]
and 2.5 times larger in another [33].

It should be noted that the selected results just mentioned for absolute
or relative cross sections span a wide range of numerical values. The ex-
periments required to measure these quantities are very delicate and rely on
a range of assumptions and approximations that are often difficult to test on
specific materials systems. In the case of small organic molecules, one addi-
tional difficulty lays in the fact that the 2PA cross sections in question are all
quite small, requiring the use of very large photon fluxes to obtain data with
acceptable signal-to-noise ratios. On the other hand, benzene derivatives are
typically liquid at room temperature and, thus, the study of their properties
can take advantage of the large number density of molecules in neat materials.

For aniline, the 2PA spectrum is significantly red- shlfted with respect to
benzene (the 0-0 band of Ly, in the liquid is observed for Aexc =604 nm) and
the vibronic features are not well-resolved (at least in the liquid phase) [33].
In addition, there is a large increase (about two orders of magnitude) in the
intensity of the L, and L}, bands with respect to benzene and derivatives with
substituents that affect the 7-system less strongly, an increase that is larger
than predicted based on pseudoparity and inductive effects [33,40]. The re-
sults are consistent with aniline having molecular 7-orbitals that extend over
the whole molecule and that are not confined to the benzene ring. A weak
perturbation approach starting from the states of benzene is thus no longer
sufficient to describe the substituted molecule.

Similarly, in benzene derivatives with unsaturated substituents, such as
styrene and phenylacetylene, the m-electron systems are often delocalized
over the whole molecule. To describe the substituent effect on the 2PA spectra
in this case, models which include resonance contributions from charge-
transfer configurations [40,41] have been developed. Spectral features and
band intensities in the 2PA spectrum of phenylacetylene vapor can be ex-
plained in the context of these models. In particular, an intense 0-0 compon-
ent is observed at 558 nm, indicating that the transition is strongly electroni-
cally allowed (the 1PA spectrum at the corresponding wavelength of 279 nm is
mostly due to vibronic coupling instead). The overall intensity of the Ly, tran-
sition is found to be about eight times larger than in benzene (but is smaller
than in aniline) [41].

Aromatic amino acids are an interesting group of substituted benzenes,
because of the ever-increasing use of 2P-induced fluorescence as a microscopy
tool to study systems of biological relevance. The knowledge of the 2PA prop-
erties of these amino acids could be useful either to exploit directly the
auto-fluorescence of proteins or to distinguish the background fluorescence
signal when an external probe is introduced in the sample. The 2PA spectra
of phenylalanine and tyrosinamide, both containing a substituted benzene in
their structure, together with that of tryptophan (a substituted indole) have
been measured in aqueous phosphate buffer (see Fig. 4) [42]. For phenylalan-
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Fig.4 1PA (dashed line) and 2PA (solid line) spectra, and two-photon polarization ratio,
§2 (light dotted line) for: phenylalanine, tyrosinamide, tryptophan. The abscissa corres-
ponds to the excitation wavelength of the 2PA case. The 1PA spectra are plotted at twice
their excitation wavelength. The molecular structures are shown as insets in each graph.
Reproduced with permission from [42]. © 1993, Elsevier

ine, both the 1PA and 2PA spectra exhibit a rich vibronic structure, which is
different in the two spectra due to the coupling of a different normal mode
with the electronic state in each case (in the 2PA case, the longest wavelength
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band is detected at 535 nm), and are similar to the spectrum of the toluene
Ly transition. For tyrosinamide, no vibronic structure is seen (due to solvent
interactions with the OH group) and the 2PA spectrum is blue-shifted with
respect to the corresponding 1PA band, in parallel to what is observed for
phenol. The 2PA cross section is approximately the same in these two com-
pounds (only relative values of the cross sections have been reported in this
study).

The situation is different for tryptophan: the 1PA and 2PA spectra almost
overlap, the transition being strongly electronically allowed in both cases.
The 2PA peak is located at 560 nm and the polarization ratio near the red
edge of the band indicates that for this molecule the energy of the L, tran-
sition is lower than for the L;, transition. The 2PA cross section is at least an
order of magnitude larger for tryptophan than for the benzene-based amino
acids. This difference in transition intensity and position could offer a way
to selectively interrogate one type of amino acid or the other in a natural or
synthetic protein. It should be mentioned that these spectra were obtained
by a 2P-induced fluorescence method which explicitly took into account and
corrected for changes in the spatial and temporal beam characteristics with
excitation wavelength [43].

33
Larger Aromatic Molecules

Studies on the 2PA properties of organic materials have been extended from
the early days to a large group of aromatic compounds beyond benzene
derivatives. Here, we will focus on a few examples in which studies on series
of molecules under the same experimental conditions are available and were
used to gain insight into the relationship between the observed properties and
the molecular structure of the systems.

3.3.1
Naphthalenes

In the case of naphthalene, transitions to the two lowest excited states (again,
often indicated with L, and L,) are two-photon forbidden, as in benzene.
However, due to vibronic coupling, the L}, band is visible in the 2PA spectrum
of naphthalene in the 575-650 nm region (see Fig. 5), while L, gains intensity
in the 1PA spectrum and peaks around 275 nm [44-46], but is basically ab-
sent from the 2PA spectrum,; this is again in line with predictions based on the
pseudoparity of the states. Polarization ratio data were used to aid the band
assignment. A weak 0-0 peak of the L;, band can actually be seen in the 2PA
spectrum (at 630.5 nm for naphthalene in cyclohexane [45] and at 631.8 nm
in carbon tetrachloride [47]), probably because of local perturbation of the
symmetry due to the solvent environment or other effects [44, 45]. The 2PA
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Fig.5 Bottom: 2PA spectrum for linearly polarized light (intensity in arbitrary units) and
(top) polarization ratio of naphthalene in ethanol. 0-0 is the origin of the Ly, band (I),
the L, band (II) is not visible, and the numbers III-VI identify transitions to higher elec-
tronic states. The abscissa, representing the total excitation energy, is in units of cm™.
Reproduced with permission from [46]. © 1981, Elsevier

cross section is at least an order of magnitude larger below 500 nm than in the
Ly, band region and a broad peak can be seen at 449-451 nm, corresponding
to a transition to an excited state with gerade symmetry, which is two-photon
allowed [45, 46].

It should be pointed out, however, that the details of the vibronic struc-
ture of the L, band are significantly different in some of the spectra which
have appeared in the literature and which have been mentioned above. For
example, while Jones et al. [44] and Dick et al. [46] have reported only one
relatively strong peak in the range 600-625 nm, Mikami et al. [45] observed
two peaks. There are also differences in the relative intensities of the Ly, tran-
sition and the transition to the gerade state around 450 nm. In [44, 45], the
spectra were obtained in the same solvent (cyclohexane) and for similar con-
centrations (0.05 M in one case, 0.1 M in the other), while in [46] the solvent
used was ethanol. In all three cases the experiments utilized linearly polar-
ized light and detected the 2P-induced fluorescence. The observed differences
are probably ascribable to some other experimental condition or a source
of error that was not accounted for. This is another example of the repro-
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ducibility issues encountered in the measurements of 2PA spectra in different
laboratories or using different techniques, which, to some extent, still exist
today. This problem can affect the interpretation of the spectra, especially
in cases where data on the fine structure of 2PA bands are analyzed in de-
tail to obtain, for example, information on which of the vibrational modes
provide intensity to the band by vibronic coupling or appear in a progres-
sion.

The effect of substitutions on the 2PA spectrum of naphthalene is similar
to that in benzene. For example, chloro-substitution and fluoro-substitution
at the 1-position and, more so, at the 2-position, leads to an increase in the in-
tensity in the L, band in the 2PA spectrum (and, conversely, to an increase of
the Ly, intensity in the 1PA spectrum), while the L, transition changes little in
shape and intensity. Overall, both bands are still weak with respect to transi-
tions to higher-lying states related to totally symmetric states of naphthalene,
even though the L, and Ly, 2PA transitions are dipole-allowed in these sub-
stituted naphthalenes [44]. In the case of isoquinoline, in which the carbon
atom in position 2 is replaced by a nitrogen atom, the effect of the inductive
substituent is stronger and the L, and L}, bands have comparable intensity in
both the 1PA and 2PA spectra. However, the 0-0 component of the L, band
is still very weak in the 2PA case, indicating that most of the intensity to this
band derives from vibronic coupling [44].

3.3.2
Indoles and Derivatives

In indole, benzimidazole, and their derivatives, all symmetry restrictions on
the 1PA and 2PA allowedness of transitions are lifted. In these molecules, L,
and Ly, transitions are not formally defined. However, bands in the low-energy
portion of the 1PA and 2PA spectra can be assigned to transitions which have
similar characteristics to the L, and L, transitions of benzene (although they
are red-shifted with respect to benzene or toluene), so the nomenclature is
often extended to these systems.

For indole and methylindoles, the 0-0 component of the Ly-type band is
quite strong in the 2PA as well as in the 1PA spectrum, indicating that the in-
tensity of the band has a significant electronic contribution [48]. Even if there
are some differences in the relative intensities of some of the vibronic compo-
nents of the L,- and Ly,-type transitions, the 1PA and 2PA spectra look quite
similar for each compound (when represented as a function of the total tran-
sition energy) [48]. For these molecules, then, vibrational modes with similar
frequencies couple with a given electronic state and give rise to the observed
vibronic structure of the corresponding 1PA and 2PA bands. This may not
happen in other classes of chromophores. The assignment of the observed
peaks in the 2PA spectrum of these compounds is complicated by the fact that
the L,- and Ly,-type transitions are affected differently by the solvent envi-
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ronment, and the order of the corresponding electronic states can change on
switching between polar and nonpolar solvents [48, 49].

The 2PA spectrum of benzimidazole is blue-shifted significantly with re-
spect to indole, the 0-0 band appearing at 569 nm for benzimidazole in
isopropanol [50] and at 591 nm for indole in butanol [48] (and at 585 in hex-
ane [50]). It should also be mentioned that the intensity of the 2PA bands for
benzimidazole is only slightly stronger than that for toluene, while the peak
2PA cross section for indole is at least five times larger than for toluene (al-
though cross section values were not measured in this study) [50]. This is in
agreement with the observation, mentioned above (see Sect. 3.2), that tryp-
tophan, which is a substituted derivative of the indole 7-system, has much
larger 2PA cross section than the other aromatic amino acids discussed.

3.3.3
Biphenyls

A series of biphenyls has also been investigated by 2P-induced fluorescence.
This particular experiment was designed in such a way that the polarization
ratio could be obtained from the simultaneous measurement of the fluores-
cence signal for linearly and circularly polarized light [51, 52]. Two bands can
be observed in the lowest energy portion of the 2PA spectrum of biphenyl
(in carbon tetrachloride), one peaking at 565 nm, the other at 536 nm. It is
interesting to note that both bands correspond to transitions into states at
lower energy than the main band in the 1PA spectrum (= 250 nm). The po-
larization ratio data also indicate that these states have different symmetry
from one another, the lowest energy state belonging to one of the B species,
the other being possibly of A-type. The electronic origin of the B-type state
can be seen (at 604 nm) in the 2PA spectrum of biphenyl crystals, as expected
for an allowed transition [53]. A much stronger 2PA peak than the two men-
tioned above is observed at 445 nm in solution [51]. In 4,4’-dichloro- and
4,4'-difluoro-biphenyl, the same two low-energy bands can still be seen in
the 2PA spectrum and have approximately the same relative intensity as for
biphenyl. This is because the inductive effect of the substituents is small and
the twist angle between the rings is similar to that in biphenyl (biphenyl is not
planar in solution). Steric hindrance is probably responsible for a decrease,
with respect to biphenyl, in the intensity of the transition into the B band for
2,2'-difluorobiphenyl, for which the twist angle is much larger.

In biphenyls bridged at the 2 and 2’ positions, the inversion center of the
ideal planar biphenyl is removed and transitions can be allowed in both 1PA
and 2PA cases. As a consequence, the 1PA and 2PA peaks are observed at ap-
proximately the same energy for fluorene (the lowest 2PA peak is located at
586 nm) [52]. Similar observations hold true for carbazole, dibenzofuran, and
dibenzothiophene. However, the fine details of the spectra are hard to inter-
pret. In a number of cases, 2PA peaks actually appear at the edge of the tuning
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range of a given laser dye used to operate the laser. Therefore, doubt can arise
suggesting that some of the spectral features may be artifacts of the experi-
mental method (due to variations in the second-order coherence or spatial
profile of the laser) and not actual 2PA peaks.

Even if all transitions are formally allowed in these noncentrosymmetic
molecules, their relative intensity in the 1PA and 2PA spectra can be differ-
ent. In fact, in the case of alternant hydrocarbons, transitions to a state of “~”
pseudoparity are weak in the 1PA spectrum and strong in the 2PA spectrum,
while transitions to a “+” state are strong in the 1PA and weak in the 2PA
spectrum [40]. This can easily be seen in the spectrum of phenanthrene, with
a relatively strong 2PA band at 658 nm (A; state) and a weak one at 587 nm
(B, state) [54]. Conversely, the transition to the B, state is more intense than
that to A; in the 1PA spectrum. Higher-energy 2PA states with large 2PA cross
sections can also be seen for this compound in the range Aex)c =440-530 nm .

34
Polyenes

A class of materials that received considerable attention in the early days
of this research field, and that still remains of interest, is that of polyenes.
Studying the properties of polyenes was and is relevant, for example, because
they can be considered as prototypes for many organic semiconductors and
nonlinear optical materials, and because derivatives of the polyene retinal
are involved in the vision process in biological systems. Their characteris-
tic properties are due to the highly polarizable -electrons in the conjugated
backbone of these chromophores. Results of spectroscopic investigations in-
dicated that the ordering of the excited states of most linear polyenes, except
the shortest elements of the series, is different from that predicted by simple
molecular orbital theory at the Hartree-Fock level [55, 56]. In particular, large
gaps between absorption and fluorescence bands, different effects of solvent
polarity on absorption and fluorescence spectra, low fluorescence quantum
yields, long fluorescence lifetimes, and dual fluorescence emission, among
other evidence obtained by researchers, suggested that in many polyenes the
lowest-lying electronic state is not a strongly 1P-allowed B, state, but a 1P-
forbidden A, state. If the effect of electron correlation is taken into account in
quantum chemical calculations by the inclusion of double-excitation configu-
ration interaction, an A, state is indeed predicted to be at lower energy than
the first B, state in butadiene and longer polyenes [57].

It was mentioned above (see Sect. 2) that for centrosymmetic molecules,
such as all-trans polyenes and «,w-disubstituted trans-polyenes, there is
a complementarity between the selection rules for 1P- and 2P-allowed transi-
tions. Transitions from the ground state (which is of gerade type) to a B, state
are visible in the 1PA spectrum, while transitions from the ground state to
an A, state appear in the 2PA spectrum. For this reason, 2P spectroscopy has
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been the tool of choice to investigate the nature of the low-lying A, electronic
state of polyenes. Some of the findings are discussed below.

In the case of trans-stilbene, it was found that the 2PA spectrum in
methylcyclohexane is relatively broad and unstructured, with a maximum at
476-500 nm [58]. The value of the two-photon polarization ratio £2 is consis-
tent with an A state and with a transition tensor that lies in the plane of the
double bond. The lowest 2P electronic state is thus located between those that
give rise to the two main bands in the 1PA spectrum of this compound in the
ultraviolet range (294 and 229 nm). The 2PA cross section of stilbene in cy-
clohexane has been measured by a three-wave mixing technique at 514.5 nm
and found to be 12.1£0.9 GM [59, 60]. From this value of the cross section
and the shape of the 2PA spectrum reported by Stachelek et al. [58], the 2PA
cross section at the maximum of the lowest 2P band, Sax, Of stilbene can be
estimated to be around 18 GM. However, the estimate for §max would be a sig-
nificantly larger number (=~ 60 GM) if the stilbene 2PA spectrum were scaled
using the 2PA cross section® measured at 532 nm by an absolute 2P-induced
fluorescence method implemented by Chen et al. [61].

The 2PA spectrum of E,E-1,4-diphenyl-1,3-butadiene has been measured
by 2P induced fluorescence in the range 670-730 nm (in cyclohexane) [62]
and by thermal lensing in the range 570-660 nm (in chloroform) [47]. In this
case, a feature observed at 709 nm in the 2PA spectrum is assigned to an A,
state that is slightly lower in energy than the B, state (the lowest-energy state
in the 1PA spectrum, which is observed at 347 nm). The 2PA cross section
is estimated to be about 1.0 GM at 707.7 nm and increases at shorter exci-
tation wavelengths, but no clear peaks are visible in the spectrum down to
570 nm [47, 62]. Based on the cross section at 707.7 nm and the spectral shape
obtained by splicing the data reported in Refs. [62] and [47], the cross sec-
tion at 600 nm could be estimated to be larger than 100 GM. However, the 2PA
cross sections actually measured are significantly lower: 30 GM at 600 nm [47]
and 14.4+£2.0 GM at 608 nm [60].

As briefly mentioned in Sect. 3.2, the disagreement between cross section
values obtained by different experimental techniques and different research
groups is not unusual and it is mainly ascribable to the difficulty in ac-
counting for all the sources of error in the experiments and in assessing the
applicability of underlying assumptions. For example, it is usually very dif-
ficult to describe the spatial and temporal characteristics of the laser beam
and how these vary with wavelength. For this reason, it is often assumed that
either they do not change with wavelength or that they can be described by
simple analytical expressions [63-65]. This approximation can lead to errors
in single wavelength measurements of cross section or to artifacts in spectral

6 Due to a difference in the definition of the cross section in the work by Chen et al. [61], the value
of 8 GM that appears in the paper actually corresponds to § = 16 GM in the conventions utilized in
the present contribution, which follow Eq. 2.
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features [43]. However, all the measurements for diphenylbutadiene indicate
that the observed 2PA transitions are to electronically allowed states.

In a separate study, the cross section of diphenylbutadiene in chloroform
has been measured at 532 nm by two different methods and reported to be
40+ 8 GM by degenerate four-wave mixing, and 34+ 12 GM by nonlinear
transmission [66]. It should be pointed out that both results were obtained
using ns excitation pulses, but that the cross sections obtained by the two
methods are comparable one to the other and on the same order of the cross
sections listed earlier (although those were obtained in a different wavelength
range).

Longer all-trans a, w-diphenylpolyenes also exhibit an A, state close to or
below the 1P-allowed B, state: the lowest 2P state is observed in cyclohex-
ane solutions at 769 nm for diphenylhexatriene (n = 3) and around 885 nm in
diphenyloctatetraene (n = 4) [67]. In both cases, the 2PA spectra in solution
do not exhibit a strong and sharp origin and are relatively featureless, with
cross sections that increase towards shorter excitation wavelengths. How-
ever, measurements at low temperature and in solid matrices allowed the
assignment of the origin of the 2A, state to the peak observed at 798 nm
for n=3 [68], 990 cm™! below the origin of the 1B, state. Various vibronic
components of the same transition can also be resolved in the low tempera-
ture spectrum. Similarly, a progression of vibronic bands is present in the low
temperature spectrum of diphenyloctatetraene, the 2A, origin in this case be-
ing at 894 nm (about 2000 cm™! below the origin of 1B,) [69]. Typically, the
energy difference between the 2A, and 1B, state increases with increasing
chain length. The cross sections at 608 nm are 43.3+4.0 and 61.0 £23.0 GM
for the n = 3 and 4 cases, respectively [60]. Overall, an increase in cross sec-
tion with the length of the conjugated bridge is observed in this class of
compounds. However, because the measurements were performed at a sin-
gle wavelength and this was located outside the region where the spectral
shape had been satisfactorily investigated, it is not possible to obtain quan-
titative structure/property relationships and to estimate the cross section for
the lowest lying state from these data.

In the case of all-trans-1,3,5,7-octatetraene, the confirmation that the low-
est excited state is of A; symmetry was first obtained by measuring the 1PA
and 2PA spectra of the compound at very low temperature (4.2K) in n-
octane [70]. As no local asymmetries or distortions are introduced by the
host material, the full symmetry of the polyene is preserved in this experi-
ment. It was then possible to determine the position of the origin (0-0 band)
for the lowest transition in the 2PA spectrum, observed for this compound at
700.2 nm. No features were observed at the corresponding wavelength in the
1PA spectrum, while a band was observed at 348.9 nm. This band corresponds
to a transition to the same state, but is shifted (by about 100 cm™!) because
of vibronic coupling. As a consequence of the complete absence of the ori-
gin of the transition in the 1PA case, it is possible to conclude that the final
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state is of A type. From measurements at higher temperature or in hosts in
which the molecules could be located in asymmetric or disordered sites, it
would not be possible to make state assignments conclusively, either because
of the broadness of the bands or because the asymmetry renders the transi-
tion allowed. A wealth of other information on the electronic states involved
in the transition can actually be obtained from low-temperature 2PA spectra.
An illustrative example is displayed in Fig. 6 for the same molecule [71]. In the
wavelength range included in the figure, corresponding to A2 =490-703 nm,
a multitude of narrow peaks of various intensities can be seen. The origin
of the transition occurs at 700.2 nm, as discussed above. All the other peaks
(72 in total), however, have been assigned to vibronic components of the
same transition. It is worth noticing, in particular, that various progressions
are visible, for example for the vibrational mode with frequency of about
1750 cm™' (at least six overtones of this mode can be identified). This means
that only one 2P-allowed excited state exists in this wavelength range. The
next excited state has been identified at 447 nm (not shown in the figure), that
is 2.0 eV above the 2A, state (higher lying A, states are sometimes generically
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Fig.6 2PA spectrum of octatetraene in n-octane at 1.8 K. The total excitation energy is
given by the sum of the number in the upper right corner of each strip and the values
in the abscissa (both are in cm™). There is an overlap of about 300 cm™ between two
consecutive strips. The numbers after “x” in each panel are magnification factors for the
ordinate. Reproduced with permission from [71]. © 1996, American Institute of Physics
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called mA, states in the literature). The band for the 2PA transition to this
state in octatetraene is relatively broad even at 1.8 K and its intensity 2.3 times
that of the 2A, origin [71].

Finally, it should be mentioned that the vibrational modes responsible for
the sub-structure in the 2PA spectrum are those for the final state of the tran-
sition, that is the excited state 2A, in the case of Fig. 6. It has been noticed for
this compound and other polyenes, that the frequency for the mode typically
assigned to the symmetric C=C stretching is higher in the excited state than
in the ground state (for octatetraene, the frequencies are 1753 and 1608 cm™},
respectively) [72]. This trend is not predicted by molecular orbital theory
at the Hartree-Fock level. Various explanations have been proposed for the
experimental observation, including vibronic coupling between ground and
excited state, an increase in the C=C bond order in the excited state with
respect to the ground state, and the mixing of other modes with the C=C
stretching in the two states.

3.5
Xanthenes and Other Laser Dyes

Xanthenes and other deeply colored highly fluorescent dyes have been ex-
tensively used in tunable dye lasers to provide emission with wavelength
spanning most of the visible and the near-infrared range. Despite the easy
access to this class of materials and the number of papers relating to some
aspects of their 2PA properties, the nonlinear spectroscopy of these chro-
mophores has not been fully explored. Indeed, most of the reports are limited
to the measurement of the 2PA cross section at one wavelength (typically
532 nm, 694 nm, or 1.06 pm) for one compound or a limited number of com-
pounds. In many cases, these molecules were systems of choice to test new
experimental setups for the measurement of 2PA cross sections. The level
of agreement between the results from independent investigation is not al-
ways satisfactory, but it is hard, in general, to assess whether the differences
are due to experimental uncertainties and systematic errors, or due to vari-
ations of the material properties with solvent, concentration, temperature,
etc. A few investigators, however, have reported 2PA spectra of selected com-
pounds (mainly rhodamines, fluoresceins, and coumarins) over a range of
excitation wavelengths sufficiently wide to identify transitions to one or two
electronic excited states. A complete review of the literature on these com-
pounds is outside the scope of this contribution. We will focus here on a few
interesting examples.”>8

7 Many of the studies discussed here contain critical reviews of the prior literature on specific
compounds and the interested reader is referred to them.

8 A few other compounds for which 2PA studies appeared in the literature are: coumarin 480, 450,
and 6H in [61]; acridine in [73]; acridine red in [74]; rhodamine 560 and 640, oxazine 725 in [75];
and malachite green in [76].
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Many of the rhodamines and a few other laser dyes have been shown to
have relatively large 2PA cross sections at 1064 nm. For example, the cross
sections for rhodamine B, rhodamine 6G, and DODCI have been reported
as: 14, 5.5, and 22 GM, respectively, by Bradley et al. [74], and as: 12, 11,
and 38 GM, respectively, by Li et al. [75]° If the uncertainties reported by
the authors are taken into account, the two sets of data are in reasonable
agreement (although different solvents were used in the two studies). For
rhodamine B and 6G, for the 1064 nm excitation wavelength, the final state
of the transition is one of the vibrational levels of the lowest excited state,
which is two-photon allowed for chromophores lacking an inversion center.
To a first approximation, the 2PA cross section for this transition depends on
the change in dipole moment between ground and excited state and the tran-
sition dipole moment between these two states (see Eq. 5 below). The latter is
large for rhodamines, so even a small change in dipole moments would lead
to a significant cross section. The magnitude of the cross section and the high
fluorescence quantum yield partly explain the extensive use of rhodamine
derivatives in 2P fluorescence imaging applications.

The cross sections reported above for rhodamine B and 6G are also in
good agreement with the measurements by Hermann et al. [77], which were
performed using an absolute 2P-induced fluorescence method which is inde-
pendent of changes in the spatial and temporal coherence of the laser. These
authors have also shown that the cross section for rhodamine B and 6G is
much larger at 694 nm than at 1064 nm. Based on the polarization ratio at
694 nm (~ 3/2), this transition has been assigned to an A; state. An addi-
tional excited state, intermediate in energy between the two discussed above,
has actually been identified and it gives rise to a peak in the 2PA spectra
around 800-820 nm [76, 78, 79]. Most of these compounds can thus be used
for 2PA applications in a relatively large range of excitation wavelengths in
the near-infrared region (specifically in the typical tuning range of Ti:sapphire
femtosecond lasers).

In xanthenes, even if all one-photon allowed transitions are also two-
photon allowed, the shape of the bands and their relative intensities are very
different in the 1PA and 2PA spectra [76,78]. This is not the case for other
laser dyes and chromophores, for which the two spectra are almost identical
(if represented as a function of the total transition energy), showing peaks
in the same position and with very similar band shapes. Some example of
chromophores in this category are: coumarin 307 [78], coumarin 102 [80],
7-hydroxycoumarin [81], lucifer yellow [78], and cascade blue [78].

It is generally assumed that the fluorescence emission spectrum of a com-
pound is the same after the compound undergoes 1PA or 2PA excitation. This
has been confirmed experimentally in a number of cases [74, 78], but there

° These are the 2PA cross section values as reported in the two original papers. Due to a difference
in the definition of § used by those authors, the numerical values should be multiplied by two if the
definition of Eq. 2 is used instead.
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are few instances where the situation is different. For example, the emission
spectrum of 7-hydroxycoumarin exhibits two distinct bands in the case of
1PA, but only one of them appears in the 2PA-induced fluorescence spec-
trum [82]. This could introduce additional difficulties in the measurement
of 2PA cross sections [81], and is a reminder that the shape of the emission
spectrum should always be checked.

Because of the fact that laser dyes are highly fluorescent, are often ther-
mally and photochemically stable, and many exhibit significant 2PA cross
section, as discussed above, they have been used to test the dependence of
2P-induced fluorescence signals on the laser intensity'® over wide ranges of in-
tensities and to identify processes responsible for deviations from the expected
quadratic dependence. In many cases, the dependence becomes subquadratic
above a critical intensity. In cases where saturation of 2PA absorption can be
excluded and if only a small fraction of the incident photons are absorbed
by the material (such that the pulse energy effectively does not change in the
sample), the subquadratic behavior can be due to stimulated emission, which
reduces the fluorescence intensity [77, 83, 84]. The effect is more significant
the closer the excitation wavelength is to the peak of the fluorescence spec-
trum, because the stimulated emission cross section is proportional to the ratio
F()Lg)c /F(Amax ) (where F()) is the fluorescence intensity at wavelength A, )\g()c
the wavelength of the excitation beam, and A,y r the wavelength of the fluo-
rescence maximum). A subquadratic behavior at high photon flux can also be
due to excited state absorption (taking place before the molecules relax to the
ground state), if the relaxation process from the final state to the state e is less
efficient than from the 2P-allowed state, because of the existence of other deex-
citation pathways or because the molecule undergoes dissociation [84]. Finally,
a subquadratic dependence on laser flux can also be observed at low fluxes if

the 1PA cross section at Ag()c is not negligible [77].

3.6
Absolute Two-Photon Absorption Cross Sections and Spectra

Absolute measurements of the 2PA cross section of chromophores are ex-
perimentally very demanding and difficult to implement for routine studies
of new materials. This is mainly due to the fact that the 2PA excitation rate
in a sample does not depend simply on the square of the average intensity,
(I(r,1))?, but on the average of the square of the intensity, (I(r,t)?) (r and ¢
are the special and temporal coordinate) [63, 64, 78]. These two quantities are
not the same if the laser pulse has substructure in space and time [85, 86].
Thus, absolute 2PA determinations that rely on the measurements of sig-
nals proportional to the excitation rate, such as the 2P-induced fluorescence
19 More precisely, the quantity of interest is the photon flux, or the number of photons arriving at

the sample per unit area and time. The photon energy is the proportionality factor between the two
quantities.
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Fig.7 Selected 2PA spectra obtained by absolute fluorescence-based methods. a Spectra
for fluorescein, rhodamine B, coumarin 307, and E,E-p-bis(o-methylstyryl)benzene (the
solvent is indicated in the legend) obtained by Xu and Webb [78]. In the case of
coumarin 307, the ordinate displays the quantity n8, where 1 is the fluorescence quantum
yield. b Spectrum for E,E-p-bis(o-methylstyryl)benzene (this spectrum is obtained from
the tabulated values for the band shape reported by Kennedy and Lytle [90] and the cross
section at 585 nm reported by Fisher et al. [80], to correct for a typographical error in the
1986 paper). Part (a) reproduced with permission from [78]. © 1996, Optical Society of

America
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method, require an independent measurement of the (I(r,t)?) quantity or,
equivalently, of the second-order coherence factor, g'») [64, 78, 87]. Due to the
difficulty in characterizing these experimental parameters, for many of the
examples discussed in Sects. 3.3-3.5, 2PA cross sections were determined for
few selected wavelengths, or spectra were obtained assuming that g was
independent of wavelength (and, in some cases, it was assumed to be equal
to 1). Experimental techniques based on the measurement of the beam at-
tenuation due to 2PA, instead of the excitation rate, may not depend directly
on the g factor, but still require an accurate characterization of the pulse
spatial and temporal characteristics [88, 89].

Nonetheless, absolute 2PA spectra have been reported for a limited num-
ber of chromophores. Figure 7 displays 2PA spectra measured by an absolute
2P-induced fluorescence (2PIF) technique for four compounds: fluorescein,
coumarin 307, rhodamine B, and E,E-p-bis(o-methylstyryl)benzene [78, 80,
90]. These materials are commercially available, have relatively broad 2PA
bands and sizable peak cross sections, and have been widely used in recent
years as internal standards in 2PA spectroscopy. It should be mentioned that
the uncertainty for the cross section obtained by Xu and Webb were reported
to be between 25% and 33% [78]. Kennedy and Lytle did not report the un-
certainty in their result for § [90]. Also, some discontinuities can be seen in
the spectra of Fig. 7a, usually in connection with wavelengths at which differ-
ent mirror sets were needed to tune the laser. The field of 2PA spectroscopy
could benefit from the availability of absolute 2PA cross sections for a wider
range of chromophores or of excitation wavelengths and from an improve-
ment in the precision of the absolute values. Nonetheless, the availability of
the data in Fig. 7, and wavelength-dependent 2PA cross section values for
a few other compounds published in the late 1990s, has facilitated the devel-
opment of the field, effectively providing reference materials and data that
can be used for relative measurements of 2PA cross section, which can be
implemented more readily than absolute measurements. Although efforts to
improve measurement techniques and test new detection schemes have con-
tinued to the present day, subsequent research in the field of 2PA has mainly
focused on identifying and studying chromophores with increasingly large
cross sections, as discussed in the next section.

4
Structure/Property Relationships

4.1
Introduction

All the practical applications of 2PA mentioned in Sect. 1 would benefit from
the availability of compounds with large 2PA cross section, because this will
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either reduce the exposure time or the photon flux required to obtain a cer-
tain change in the material or collect a signal of a given magnitude, with the
excitation rate for the 2PA process being proportional to the cross section
(see Eq. 2). As such, intensive research efforts have been devoted to the iden-
tification of molecules with large 2PA cross sections and of general “rules”
for the design of such molecules. Obviously, a candidate material for a spe-
cific application cannot be chosen solely based on the magnitude of the 2PA
cross section at the wavelength of interest, because it also needs to be char-
acterized by a high efficiency for the desired chemical or physical process
that takes place after the excitation (such as fluorescence emission or chem-
ical reactivity). Some of these additional requirements and the way they were
included in the design of 2PA chromophores will be discussed in Sects. 5.2
and 5.3.

Based on experimental and theoretical results on model compounds and
interpretative models derived from simplified sum-over-state expressions, it
has been possible to identify specific relationships between the magnitude of
the 2PA cross section and the molecular structure of the chromophore. This
knowledge is invaluable in guiding the search for subsequent generations of
materials with improved performance. The number of molecules specifically
synthesized following these initial guidelines and investigated for 2PA appli-
cations continues to increase. In the sections below, we will discuss the main
findings for various classes of chromophores.

4.2
Quadrupolar Dyes

The class of compounds that has been most extensively investigated from
the point of view of two-photon absorption is that of so-called quadrupo-
lar chromophores. In essence, these molecules are linear conjugated chains
with electron donating or withdrawing substituents arranged symmetrically
with respect to the center of the molecule (Fig. 8, classes I-IV). With the in-
version center being preserved, the lowest order moment supported by these
molecules is the quadrupole moment.

Restricting the sum-over-states equations, which in general cases need to
include all states of the system [91, 92], to include only terms relating to three
states of a quadrupolar molecule, the ground state (g), the lowest one-photon
allowed excited state (e), and the lowest two-photon-allowed state (f), which
are the states depicted in Fig. 1 when f = ¢/, the maximum two-photon cross
section can be expressed as follows [93, 94]:

hw?L* MéeMgf
56362;12 (Ege - hw)2I*

(3)

Omax =
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V: = +(A)

Fig.8 Schematics of various linear (one-dimensional) chromophores classified based on
the substitution pattern. I-IV: quadrupolar molecules; V: dipolar molecules (D = donor
group; m = m-conjugated bridge; A = acceptor group)

(with all quantities expressed in S.I. units) or:
1672 hw? L* Méesz

> 4
5c¢2n2  (Ege - hw)?T @

Omax =
(in cgs units). In Egs. 3,4, Mg, and M,y are, respectively, the transition dipole
moments between the states g and e and between e and f. Eg. is the energy of
state e with respect to g, hiw is the energy of the excitation photon (A2 is the
corresponding wavelength) at the 2PA resonance (i.e., 2hw = 2hc/ xﬁﬁﬁ,x = Egf,
with Egr equal to the energy of state f with respect to g), and I" is an energy
damping term for the transition g — f. The quantity Eg, - hw is often called
detuning energy, AE.

It is evident from Egs. 3,4 that 6max should be largest for compounds char-
acterized by large values of Mg, and/or M,s. The cross section also increases
when the detuning energy decreases. One strategy to increase the magnitude
of dmax is to build molecules with electron-rich groups at the termini of the
conjugated bridge (as in class I of Fig. 8). It was shown that this substitution
affects mostly the transition moment M. For example, for trans-stilbene,
q.1, 8max ~ 18 GM!! and for E-4,4' -bis(dibutylamino)stilbene (q.2 in Table 1)
Smax ~ 2.0 x 102 GM!?  [95]; that is, the bis-donor substitution leads to an
increase in cross section of an order of magnitude. The values of M, cal-
culated from an INDO-MRD-CI approach are 3.1 and 7.2 D for q.1 and q.2,
respectively [95]. Quantum chemical calculations also showed that the charge
distribution in q.2 is significantly different in states g and e, the transition

U Value obtained using the result at 514.5 nm by Anderson et al. [59] to scale the spectrum reported
by Stachelek [58] (see Sect. 3.4).

2In view of the typical experimental uncertainty in the measurement of 2PA cross sections
(10-20%), we choose in this section to report only two significant digits for all § values and not
to include the errors in the measurements, even when specified in the original work.
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Fig.9 Two photon absorption spectra (from 2PIF measurements) of distyrylbenzene
derivatives with various substitution patterns. q.3: data from [80, 90]; q.4 from [94]; q.5
from [95, 96]

g — e being characterized by a charge transfer from the amino groups toward
the central double bond. Structural modifications and substitutions that facil-
itate this charge transfer and increase the change in quadrupole moment are
expected to result in an increase in dmax [95].

A similar trend can be observed in quadrupolar molecules with a dis-
tyrylbenzene bridge, as shown in Fig. 9. In the molecule without 7-donor or
acceptor substituents, q.3, Smax = 70 GM at 568 nm,!3 while for chromophore
q.4 (belonging to class I in Fig. 8) the 2PA band shifts to longer wavelength,
745 nm, and increases in magnitude (Smax = 8.0 X 10> GM). When electron
withdrawing groups are present in the center of the w-bridge, creating a D-
A-D pattern (as in class III of Fig. 8), the cross section is even larger, with
Smax = 1.9 x 10> GM at 835 nm for q.5 [95]. Once again, the increase is mostly
due to a change in the transition moment M,r, which increases in the order:
2.8D, 12D [94], and 15.5 D [96] for q.3, .4, and q.5.1*

The 2PA cross section also increases when the 7-conjugated bridge is ex-
tended, as shown for D-7-D «, w-diphenylpolyenes q.2, q.6-q.9 in Table 1:
the value of S,y increases from 2.0 x 102 to 1.3 x 10> GM going from 1 to 5
double bonds in the chain [94]. A red shift in the position of the 2PA peak
accompanies the increase in cross section. A similar trend in Ag;x and Smax
is observed when the chain length is increased from q.2 to q.10 and q.12 by
adding phenylene-vinylene units (Table 2). The increase in cross section is

13 Value obtained by rescaling the spectrum reported by Kennedy et al. [90] with the result at
585nm, 8 = 69 GM, as reported by Fisher et al. [80]. This corrects for a typographical error in the
earlier paper. See also Fig. 7.

!4 These values were obtained solving Eq. 4 for M, and using experimental results for all the other
parameters of the equation, except I', which was assumed to be 0.1V for all compounds. This
procedure is described in [94].
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rationalized by the fact that charge separation between the terminal donors
and the center of the molecule leads to larger change in quadrupole mo-
ments in longer conjugated bridges, assuming that all other properties of the
donor remain unchanged. For longer chain lengths, dmax is expected to ap-
proach saturation, because the terminal groups could become decoupled. For
the molecules in Tables 1 and 2, the parameter from Eq. (3) most directly
related to the increase in cross section as a function of conjugation length
is Mge, while the value of M, is hardly affected [94]. The correlation be-
tween Omax and Mg, is illustrated in Fig. 10 for diphenylpolyenes and D-7-D
phenylene-vinylene oligomers with various conjugation lengths. It can be no-
ticed that for each series of molecules the §iax vs. Mg, data fall approximately
on a straight line, except for the point corresponding to q.9 (the longest
diphenylpolyene), for which the increment in cross section with respect to the
shorter molecules is significantly larger (and which probably reflects a change
in the nature of the two-photon state [94]). It is also evident that the slope of
the straight line in Fig. 10 is much larger in the phenylene-vinylene case than
in the diphenylpolyene one, indicating that the degree of charge transfer for
a given donor is mediated by the bridge.

Apart from its length, the influence of the conjugated bridge on 22, and
dmax is more complicated to describe, because, in general, Mg, Mef, Ege,
and E,s depend on the nature of the bridge. A few examples of other conju-
gated skeletons or building blocks explored in the literature are (see Table 3):
fluorene (q.13) and oligofluorenes [98], dithienothiophene (q.14) [99], di-
hydrophenanthrene (q.15 and q.16) [100, 101], thiophene (q.16) [100], fused

1500 . : . —
[ o< q.12

1250 [ P>Q ¢ g .
1000 [ q.10 >, 1
= [ e ]
S 750 | q4 > 3
g r 1
© r b
500 | ]
[ o O‘ q,8 ]
L o A S ]
250 : q2>e “%gg q.7 .
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Transition dipole moment M » (D)
Fig.10 Maximum 2PA cross section as a function of transition dipole moment Mg, for
D-7-D diphenylpolyenes (open circles) and D--D distyrylbenzenes (filled circles). Data
from [94, 97]. Data points for the molecules in Tables 1 and 2 are marked by the corres-
ponding acronym
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aromatic rings (q.17-19) [102], and ethynylene (q.18-20) [102, 103]. Among
these, a particularly large cross section (8max = 2.6 X 10°> GM [100]) was ob-
tained for q.16, while chromophores containing triple bonds displayed mod-
est cross sections [102,103] when compared with phenylene-vinylene ana-
logues with similar chain length. The type and length of the conjugated
bridge can also influence the position of )LHZI;X. In many cases, shifts in ,\SQX
lead to shifts in Aiﬁ;,(, but the magnitude of the shift can be hard to predict
in centrosymmetric molecules, because the dependence of the excited state
energy on molecular structure could be different for states e and f.

To summarize, the two general guidelines for increasing the 2PA cross sec-
tion in quadrupolar molecules are: (1) increase the length of the molecule;
(2) use electron donating and withdrawing substituents to facilitate in-
tramolecular charge transfer. However, it should be noted that these changes
also lead to changes in the position of the 2PA peak.

43
Dipolar Dyes

When electron-rich and -poor groups are substituted at the opposite termini
of a w-backbone (class V in Fig. 8), an intramolecular charge transfer leads
to the appearance of a dipole moment in the ground and/or excited states,
hence the name dipolar for molecules of this type. Dipolar chromophores
do not have an inversion center and one-photon allowed states can, there-
fore, be also two-photon allowed. This implies that the lowest-energy two-
photon band can be observed for an excitation wavelength xiﬁ;,( = ZASQX,
where A\l is the wavelength of the one-photon absorption band. Many of
the studies devoted to the 2PA properties of dipolar chromophores focused on
derivatives of E-4-amino-4’-nitrostilbene (d.1) and of N,N-diphenyl-7-[2-(4-
pyridinyl)ethenyl]-9,9-di-n-decylfluoren-2-amine, a chromophore which has
become known in the literature as AF-50 (d.2, Fig. 11).

The simplest description of compounds of this type is obtained limiting
the sum-over-state equations to terms depending only on the properties of
the ground state g and the first excited state e (two-state model) [93]. This is
analogous to the two-level model introduced to describe other nonlinear op-
tical properties, for example the nonlinear polarizability 8(- w; w;,w;) [104].
In the case of 2PA, this two-state, or dipolar, contribution to the cross section
is, on resonance:

2 2
5= L4 Mge (/-’l‘e - Mg)
5(gocn)?h r
2
16721 My, (ke - 1g)
5¢2n?h r

(ST units) (5)

(cgs units) , (6)
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) QQO
\ O NO. C}N N
H21C10 ClOH21

d.1 d.2
Fig. 11 Molecular structure of d.1 and AF-50 (d.2)

where j1, and g are the dipole moments of states e and g, respectively, and
the other parameters have the same meaning as in Egs. 3,4. The resonance
condition in this case is given by: Eg = 2hw. For transitions to higher-lying
excited states, the 2PA cross section contains, in general, a contribution of the
type represented by Egs. 5,6 and one of the type represented by Eqs. 3,4 (with
state e being the intermediate state in the latter case).

In dipolar molecules, the 2PA cross section is expected to increase with
conjugation length, because this leads to an increase in Mg, (as was the case
for quadrupolar molecules) and to a decrease of the energy gap, Eg. A few
examples will be discussed below (Table 4). The cross section should also in-
crease when the molecules exhibit a large change in dipole moment between
the ground and excited state. The relationships between molecular properties,
such as the degree of ground-state charge transfer and bond-length alter-
nation (the difference between adjacent single C—C and double C=C bond
lengths in polyene-type bridging groups) and values of dipole and transition
dipole moments, have been discussed extensively in the past in the context of
off-resonance values of the hyperpolarizabilities § and y [105-108]. The de-
sign guidelines developed in those cases should also be applicable to 2PA, as
the same fundamental quantities appear in Egs. 5,6.

An early paper by Reinhardt et al. described the investigation of a large
number of chromophores with general structure D-w-A for 2PA applica-
tions [109]. However, due to the fact that the measurements were carried out
at a single wavelength and relied on the nonlinear transmission method using
ns pulses, a method which is not selective for 2PA, it is not possible to ex-
tract detailed relationships between the structure of the chromophores and
the position and magnitude of their 2PA band from that study. Nonetheless,
some general trends for the effective cross section at 800 nm were identified
with changes in the conjugation length of the molecule and the strength of
the donor/acceptor substituents [109]. For compound d.2 the cross section
obtained from ultrafast measurements, which should approach the true 2PA
cross section, is § =20-30 GM at 790-800 nm [99, 110, 111].

The effect of conjugation length was addressed in various other studies,
in which the cross sections were measured either by the 2P-induced fluores-
cence or by the z-scan methods with ps or fs pulses. For example (Table 4),
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going from compound d.3, in which the bridge is a simple phenylene ring,
to compound d.4 with a stilbene bridge, dmax increases from 8.5 GM [112] to
1.9 x 10> GM [113] (a similar cross section was obtained for the dibutylamino
equivalent of d.4 using the Kerr ellipsometry technique [114]). Approximately
the same increase is obtained for an azobenzene bridge, as in compound d.5:
Smax = 1.8 x 102 GM [113].

In a series of diphenylpolyenes with a dimethylamino donor group at-
tached to one phenylene ring and a penta-fluoro substitution on the other
phenylene acting as an electron acceptor (d.6-8), the position of the 2PA
peak shifts to longer wavelength and the cross section increases from 1.2
to 5.0 x 10> GM as the number of double bonds is increased from one to
three (Table 4) [115]. This increase in cross section with the addition of
double bonds is slightly larger for this series of dipolar diphenylpolyenes
than for the centrosymmetric q.2, q.6, q.7 discussed earlier (from 2.0 to
3.2 x 102 GM). However, compounds d.6-8 have very low fluorescence quan-
tum yields (2-3%), so their use in applications based on induced fluorescence
could be limited.

The effect of substituent strength can be more difficult to predict in
dipolar molecules, because the degree of charge separation in the ground
and excited states can, in principle, affect the parameters Mg, fte, and jig
appearing in Eq.5 in different ways and can influence the peak position
through Eg. Compounds d.3, d.9, and d.10 are characterized by the same
conjugated bridge (phenylene) and acceptor group (NO;), but have differ-
ent donors (see Table 5). The peak cross section is 8.5GM in d.3 [112],
with an amine donor group, and about 5GM in d.9 [112], in which the
donor, the maleimide functionality, is weaker than NH; [116]. However, the
dipole moment . is similar for the amino and maleimide derivatives, but
the quantity (u. - ig) is actually larger in d.9 [116]. Thus, in this case, the
change in cross section from d.3 to d.9 appears to be due to other fac-
tors and the two-level description may not be adequate. Compound d.10
also has a weaker donor than d.3, as the lone pair of the nitrogen can par-
ticipate in the delocalization within the pyrrole ring. In this case, even if
the lowest energy transition is significantly blue-shifted (A8 =391 nm in
d.3 and 291 nm in d.10), the 2PA cross section is actually larger in d.10
(6max = 14 GM) [112]. When the chain length is extended to azobenzene,
there seems to be a more direct correlation between the substituent strength
and the magnitude of §max. For example, replacing the dimethylamino group
of d.5 with the weaker maleimide as in d.11, the cross section decreases
from ca. 1.8 x 102 GM [112,113] to 84 GM [112] (and the peak position
blue-shifts). A similar decrease is observed when the acceptor group of d.5
(NO,) is replaced by the weaker cyano group, with §max being 77 GM in
d.12 [113].
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44
Octupolar and Other Multibranched Dyes

Octupolar chromophores can offer an alternative design strategy for 2PA ma-
terials, and various structures belonging to this general category have been
investigated. In many cases, these structures consist of a central unit on
which electron rich or poor substituents and/or conjugated segments can be
attached in a trigonal arrangement. Compounds of this type have been ex-
tensively studied in the past (and the interest continues to the present day)
for nonlinear optical applications related to the second order susceptibility,
x@ [117]; since they lack an inversion center, these molecules can exhibit
nonzero second-order polarizability (- w; w,w3).

A prototype for octupolar molecules is crystal violet, oc.1 (see Table 6).
Beljonne et al. [118] have shown that oc.1 has a 2PA peak for Xg;x =752 nm,
with a cross section of 2.0 x 10> GM, a value in agreement with quantum
chemical calculations presented in the same work. The magnitude of 8,4« for
this compound is quite remarkable, considering the relatively small size of
the molecule. The band at 752 nm was assigned to the transition to the ex-
cited state 2A’, which is formally one-photon forbidden (but appears as a very
weak feature in the absorption spectrum of oc.1), and two-photon allowed.
The cross section for the transition to the lowest excited state (of 1E’ symme-
try and one-photon allowed) was predicted to be about an order of magnitude
smaller. Two-photon induced fluorescence was observed for oc.1 in the wave-
length range corresponding to this transition, A‘® 221200 nm, but the cross
section could not be quantified [118].

The most common choices for the core of octupolar chromophores for 2PA
are 4,4',4”-substituted triphenylamine and 1,3,5-substituted benzene. Cho
et al. [119] have investigated the effect of chain length and donor groups
(dialkylamine, diphenylamine, piperidine) in a series of compounds with
a 2,4,6-substituted 1,3,5-tricyanobenzene core (oc.2 in Table 6). It was found
that, in general, §max increases with chain length. For example, in the case of
R; branches, dmax is in the range 2.0-3.0 x 102 GM, depending on the type
of donor, while the range was 0.14-2.5 x 10° GM for the longer branches
Ry [119]. In all cases, this band corresponds to a transition into the lowest
excited state of the molecule, )\g;x R 2x§§;x, which is both one-photon and
two-photon allowed in noncentrosymmetric molecules such as these. How-
ever, for the molecule with the longest branch, R3 (only one type of donor was
considered in this study, D = N(phenyl);), dmax (1.6 X 10> GM) in the same
wavelength range is smaller than for the shorter analogue, R;, with the same
donor end group (6max = 2.5 X 10°> GM).'® The reduction in cross section was
assigned to an increase in the conformational disorder of the structure going

15 However, for molecule oc.2 with R; and diphenylamine donors the largest cross section (Smax =
2.6 x 10° GM) was observed at 800 nm, for the transition into a higher-lying state [119].
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from R, to R3 [119]. Compound oc.4 has the same core as the oc.2 series,
but a different type of branch that includes ethynylene instead of vinylene
units and is longer overall. Two peaks are observed in the 2PA spectra [120].
The one at 990 nm corresponds to the transition into the lowest excited state
and has 8yax = 8.2 x 102 GM, the other is observed at 780 nm, in a region
where the one-photon absorption spectrum does not have distinct features,
and has comparable cross section. Comparing the results for oc.4 and oc.2, it
can be observed that conjugated linkers containing triple bonds are less ef-
fective than those containing double bonds in enhancing 2PA properties, as
also discussed above for quadrupolar chromophores (Sect. 4.2). In order to
assess the effect of the number of branches attached to a common core on
the magnitude of the cross section, Yang et al. also studied compound oc.3,
where only one branch and one acceptor group (CN) are present [120]. The
2PA spectrum has similar shape to that of oc.4, with §pax = 3.5 X 102 GM at
990 nm. It was concluded that, for this molecular design, combining three lin-
ear chromophores of the type oc.3 in the octupolar structure oc.4 does not
lead to an increase in Smax, When this quantity is normalized to the number
of branches (in fact, 8.2 x 10> GM/3 = 2.7 x 10* GM, which is slightly smaller
than §pax of 0c.3).

The degree of intermolecular charge transfer can be expected to be smaller
in compound oc.5 than in compounds oc.2 and oc.4, because oc.5 does not
have the three cyano substituents. The 2PA spectrum of oc.5 shows a broad
band around 770 nm, with §max = 3.8 x 10> GM [121]. Even if a direct com-
parison with the oc.2 series [119] is not possible because of the different
nature of the conjugated linker and of the solvent used in the experiment, the
cross section of oc.5 is significantly smaller than for oc.2 with the R, branch
(which is shorter than the branch in oc.5) and a dialkylamino substituent
(8max = 1.4 x 10> GM [119]).

Table 6 contains two other examples of multibranched structures consist-
ing of one, two, or three branches around a common electron-rich tripheny-
lamine core. In the first case, 0c.6-8, the linear units belong to class III of
Fig. 8 and share one of the terminal amine groups'¢ [122]. The 2PA spec-
tra of these three compounds, studied by Yoo et al., exhibit a peak at the
same wavelength (/\ﬁ;x = 840 nm), while a small red shift was observed in
the position of the one-photon absorption band (473, 492, and 495 nm for
0c.6, oc.7, and oc.8, respectively) [122]. The authors also reported an en-
hancement in the 2PA cross section going from one to three branches, by
a factor larger than the increase in the number of branches (the ratio of dmax
for 0c.6, oc.7, and oc.8 are 1:2.3:3.7, while the number of branches increases
as 1:2:3).

The second series of molecules, 0c.9-11, was described by Katan et al. and
is characterized by arms with a D-7-A structure (class V of Fig. 8), where the

16 Compound oc.6 is the same as g.5.
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acceptor is a sulfonyl group and stilbene the linker [123]. It was found that in
all three molecules the lowest energy 2PA peak is located at kg;x ~ ZAS;X and
has a band shape very close to that of the corresponding band in the 1PA spec-
trum, as expected for non-centrosymmetric molecules (but that oc.10 and
oc.11 have a second, stronger peak at higher energy). The cross sections for
this band are 0.90, 2.0, and 2.9 x 10> GM for oc.9, oc.10, and oc.11, respec-
tively, and the increase with the number of branches is 1:2.2:3.2 [123]. These
numbers indicate either a very small cooperative enhancement (3.2/3 = 1.07)
in the cross section when the number of branches is increased or a simple
additivity of the properties of the linear units (because the uncertainty in
the measurement of § for this study was reported to be 10%). However, the
authors point out that metrics other than the mere number of branches can
be used to compare the results and assess the cooperativity of the branches.
For example, if the molecular weight of the molecules is used as normal-
izing factor, compounds o0c.10 and oc.11 display an enhancement in Smax
of about 1.5 with respect to 0c.9 [123]. Alternatively, the cross sections can
be normalized to the effective number of -electrons in the system, Neg, as
defined by Kuzyk [124]. In this case, the value of dmax/Nesr increases signifi-
cantly going from oc.9 to oc.10 and to oc.11 (5.0, 8.3, and 10 GM, respectively)
and the enhancement is even larger when other spectral regions are com-
pared [123].

4.5
Dendrimers

Dendritic structures could present potential advantages in various applica-
tions with respect to isolated molecules and polymers, because large chro-
mophoric densities can be achieved by increasing the dendrimer generation,
they are monodisperse macromolecules, and their design is flexible and could
include multiple functionalities. In a few cases, dendrimers have been synthe-
sized and investigated specifically for use in 2PA applications. We will discuss
here the 2PA properties of two classes of dendrimers: (i) structures in which
chromophoric units are linked together by branching groups that are not fully
conjugated; and (ii) structures in which the branching points are integral part
of the design of 2PA chromophores.

In the first case, dendrimers containing the chromophoric unit dm.1 (see
Fig. 12) on the periphery were synthesized up to generation 3 (in each gener-
ation the number of chromophore units doubles, so that generation 3 contains
8 chromophores) [125]. The 2PA cross section at 796 nm was found to in-
crease by approximately a factor of 2 going from one generation to the next. It
should be mentioned that the measurements were performed at a single wave-
length in this case. However, due to the fact that the band in the 1PA spectrum
does not exhibit a significant shift with generation number, the trend in §
values at 796 nm is likely to be similar to that of dmax.
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X
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=N
dm.1

Fig.12 Molecular structure of the chromophoric unit in the dendrimer investigated by
Adronov et al. [125]. X is the attachment point to the dendrimer

In the second case, the branching point of the dendrimers is usually
a tertiary amine, which also serves as a donor group for 2PA dyes belong-
ing to class I of Fig. 8. Drobizhev et al. investigated dendrimers based on
this scheme and having stilbene or distyrylbenzene moieties as the conju-
gated groups between branching points [126-128]. It was shown that $max
initially scales with N2, where N is the number of triphenylamine units in
the dendrimer,!” and the position of the band red-shifts, up to the com-
pound with N = 6 (dm.2-4, see Table 7) [127]. This behavior was attributed to
interchromophore coupling and the extension of the 7-conjugation through-
out the dendrimer, leading to a cooperative enhancement of the 2PA cross
section [127]. For larger dendrimers, though, dmax increases only linearly
with N and kg;x does not change further [126,127]. For compound dm.6,
with N = 30, Smax at 690 nm was found to be 1.1 x 10* GM. The change in
trend was attributed to an increase in conformational disorder in the larger
dendrimers in the series, specifically to deviation from planarity between
adjacent units.!® When the linking unit between branching points in the den-
drimer is changed from stilbene to distyrylbenzene, the peak cross section is
found to increase at a lower rate for N between 2 (8max = 1.9 X 10> GM) and

17 The triphenylamine group was chosen as the element on which to measure the size of the den-
drimers in this series, because it was found that the 1PA oscillator strength is proportional to their
number [127].

18 1t should be mentioned, however, that if the size of the dendrimer is gauged not by N, but by the
number of diarylaminostilbene units (N - 1), the data can be fitted reasonably well by a straight
line going through the origin, only the compound dm.4 lying significantly more than one standard
deviation from the line (if the 10% uncertainty reported in [126] can be extended also to the data
described in [127]).
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[127, 128]

Refs.

amax
(GM)
2.7 x 10°

2
22
(nm)
694

Molecule

Table 7 (continued)

dm.4

N
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6 (8max = 9.9 x 10> GM), following a power law of the type N%'35 , Where N is
the total number of -electrons in the dendrimer!'® [128].

In conclusion, for most of the molecules discussed here and for others
reported in the literature (and for which full spectral characterization is avail-
able), the cross section of multi-branched chromophores is either found to
scale linearly with the number of branches or exhibit a small enhancement
when the molecular size is increased (or the evidence for the enhancement
depends on the choice of normalization factors). The enhancement factor can
be larger if cross sections at the same wavelength are compared, instead of
the dmax values, if there is a change in the band shape or position. These fac-
tors could be relevant for applications that have limitations on the operational
excitation wavelength.

4.6
Polymers

We have seen above that the 2PA cross section scales with the conjugation
length of the chromophores (even if the specific rate of increase depends on
the type of bridge and substitution pattern). Conjugated polymers can then
be of interest for 2PA application, as relatively long chain and/or conjuga-
tion lengths can be obtained. One difficulty in the characterization of the
2PA properties of polymers is due to the polydispersity of the materials ob-
tained under many of the available polymerization methods. The measured
2PA cross sections, as well as other physical properties, are weighted averages
over the composition of the polymer. However, the type of average could de-
pend on the method used to measure the cross section (for example, the 2PIF
signal under typical experimental conditions is proportional to the sample
concentration, while the change in transmittance in nonlinear transmission
and z-scan measurement is usually not proportional to the concentration,
unless that change is very small).

A systematic study of 2PA properties of polymers as a function of degree
of polymerization and polymerization conditions is not yet available. Table 8
contains a few examples of polymers whose 2PA spectra have been inves-
tigated. In some cases, design strategies identified in low-molecular weight
molecules have been incorporated in the polymer structure. For example,
pol.3 contains unit of the type D-A-D (class III in Fig. 8), where triph-
enylamines are the donor groups, shared by two adjacent units, and cyano
groups are the acceptors. In this case, Smax per repeat unit was found to
be 1.0 x 10> GM [129], a value slightly smaller than for monomer q.12 with
the same distance between donor groups, even without the acceptors (see

19 However, counting again the number of chromophore units, instead of the m-electrons or the
amine groups, the increase in dmax is approximately linear (the ratio of cross sections between the
largest dendrimer in the series, containing 5 distyrylbenzene units, and the parent compound, with
one unit, is 9.9 x 10> GM/1.9 x 10> GM = 5.2).
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Table 1). This could suggest that there is a relatively high conformational dis-
order in the polymer, that the adjacent chromophores cannot be regarded as
independent, or that the effective donor strength of the amine is different
in the isolated chromophores and in the polymer, where it is shared by two
chromophoric units.

In the case of pol.4, dmax per repeat unit, 1.47 x 10 GM, is significantly
larger than for the corresponding monomer, which has a octupolar struc-
ture similar to the oc.2 series (with aminostyryl units in 1, 3, and 5 pos-
itions and cyano groups in 2, 4, and 6 positions of the benzene core)
and Smax ~ 5.4 x 10> GM [130]. Other polymers with the same octupolar
monomer but connected by non-conjugated linkers have 6, comparable to
that of the monomer [130].

On a per chain basis, large 2PA cross sections have been reported even
for polymers without donor and/or acceptor substitution [131-133]. For the
polyfluorene pol.1, the contribution per repeat unit, 3.3 x 10> GM [131], is
much larger and the peak position, A2 = 625nm, is red-shifted with re-
spect to a shorter analogue that contains onlg two repeat units, 2,2'-(9,9-
dihexyl)bifluorene, (8max per unit =28 GM, xiﬁax =534 nm) [134]. These re-
sults are consistent with a cross section that scales with x? for short chain
lengths and with x for long chains, the transition between the two regimes
occurring for x=~ 12 [131]. In polymer pol.2, which has a repeat unit with
a length similar to that in pol.1, but more rigid, the contribution per unit is
even larger, 6.0 x 10° GM [132]. The reduced conformation disorder in this
ladder-type polymer is also reflected in the shape of the 2PA spectrum, which
exhibits a clear vibronic structure, with two peaks separated by 0.16 €V [132].

4.7
Cyanines, Squaraines and Derivatives

Cyanines and squaraines are another class of linear conjugated molecules
that have received attention for their peculiar nonlinear optical properties.
Even though these molecular types are almost quadrupolar and quadrupolar,
respectively, their properties are distinct from those of the quadrupolar chro-
mophores discussed in Sect. 4.2. For example, cyanines exhibit small bond
length alternation (at least for chain lengths below a limiting value) and have
been predicted [135,136] and found experimentally [137-139] to have off-
resonance hyperpolarizability y values that are negative and that scale as
a function of chain length by a power law with an exponent larger than in
other classes of conjugated molecules [140]. The ground state of squaraines,
like that of cyanines, can also be represented in terms of two degenerate
valence-bond structures (for squaraines, these are characterized by a large
degree of intramolecular charge transfer between the central electron poor
squarylium group and the electron rich end groups), and can show nega-
tive off-resonance second-order hyperpolarizability [136]. Information on the
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position of two-photon allowed states for some chromophores belonging to
these classes have been deduced from studies of other components of y, for
example the one relevant in the third-harmonic generation process, as the
presence of two-photon resonances can modify the frequency dependence
and the sign of y [141, 142].

As discussed above, the degree of intramolecular charge transfer is re-
lated to the magnitude of the 2PA cross section, and, as such, cyanines and
squaraines could also have interesting 2PA properties.

In compounds cy.1, cy.2, sq.1, sq.2 (Table 9) the lowest energy two-
photon transition is observed just above (A 0.15¢€V) the one-photon state,
close in energy to the shoulder observed in the 1PA spectra of these
compounds [143, 144]. The nature of this two-photon state has not yet been
unambiguously assigned. According to Scherer et al., the final state of this
transition is a vibronic level of the lowest B, state of the molecule, with
the transition being allowed through vibronic coupling only [144]. This is
supported by the observation that theoretical calculations on other cya-
nines predict the lowest two-photon state to be at a much higher energy
(>0.5eV) [135]. However, the relatively large cross section for this 2PA transi-
tion (2.0 x 10? GM for sq.1 [144] and 1.4 x 10> GM for cy.2 [145] at 1180 nm,
see Table 9) and significant transition dipole moment M, estimated from
other nonlinear optical measurements (e.g., 4.8 D for the squaraine usually
referred to as ISQ [141], which has an indoline derivative as donor group)
could suggest a fully allowed 2PA state. The next 2PA band is observed 1.1 eV
and 0.57 eV above the one-photon state for sq.1 and sq.2, respectively, and
is also present in longer oligomers [144]. The 2PA cross section is larger for
this transition than for the lower energy one and increases with the length
of the conjugated chain (§max = 3.3 X 102 GM for sq.1 and 4.7 x 10°> GM for
sq.2), mainly because of the increase in the transition dipole moment Mg,
but the contribution per repeating unit levels off after the trimer [144]. Simi-
lar spectral features are observed in cy.2, for which the cross section for
the higher excited state is 7.2 x 10? GM, five times that for the transition at
1180 nm [145].

In the case of the pseudocyamne cy.3, however, the lowest energy 2PA tran-
sition was observed for )Lin;x =760 nm (no 2PA was observed near 2)\§nz)ix),
with 8max & 5.0 x 10> GM [146]. It was also observed that when this com-
pounds forms aggregates, a large increase in the 2PA cross section takes place
below 640 nm, 8yax increasing from 1.0 x 10° to 1.0 x 10* GM at 600 nm (be-
cause the detuning term is smaller and the transition moment Mg, larger for
the aggregate than the isolated molecules), while only a small change occurs
near the 760 nm peak [146].

Very large cross sections (up to 3.3 x 10 GM) have been reported by
Chung et al. for a series of squaraines that differ from sq.1-2 in the type of
terminal donor and conjugated linker [147]. Two examples are compounds
sq.3 and sq.4 in Table 9. The state corresponding to this transition lies about
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0.9 eV above state e and has been identified as state 3Ag, using the results
of quantum chemical calculations (in this study, the energy range extend-
ing down to state e had been specifically investigated only for compound
sq.3, and no significant 2PA activity was detected) [147]. Using a three-state
equation equivalent to Eq. 3, the authors ascribe the large cross sections
of these chromophores to the large values of Mg, and the small detuning
energies, (AE =0.2-0.3 eV) [147]. When compared to substituted distyryl-
benzenes with comparable conjugation length (see, for example, q.10-12 in
Table 2), for which AE~ 1.2 €V, the detuning term alone can be responsible
for an enhancement in 8m,x for sq.3-4 of an order of magnitude. However, the
comparison with the quadrupolar chromophores discussed earlier or other
quadrupolar dyes is not straightforward from a structure/property point of
view, because in the distyrylbenzene case the transition investigated was typ-
ically only that to the 2A,. In addition to a possible difference in the nature
of the 2A, and 3A, states, distyrylbenzenes could also have higher lying
2PA-allowed states that may “benefit” from a small detuning energy. For ex-
ample, there is evidence that a high-lying totally symmetric state, mAg, can
be strongly coupled with state e [135, 148, 149]. A large transition moment for
this state in conjunction with a small AE would lead to very large cross sec-
tions also in quadrupolar molecules. On the other hand, the relatively sharp
onsets of 1PA in squaraines can allow one to probe more readily states with
small detuning energies.

4.8
Macrocycles (Porphyrins and Phthalocyanines)

Porphyrins, phthalocyanines, and related larger macrocycles are character-
ized by a framework of conjugated 7-electrons which extends in two dimen-
sions and they represent an alternative type of building block for the study of
nonlinear optical properties. In addition to interest arising from the involve-
ment of chromophores in this category in photosynthesis and other natural
processes, tetrapyrrolic compounds are currently of interest in photodynamic
therapy (where they are used as photosensitizers for singlet oxygen gener-
ation, see Sect. 5.6) and in optical pulse suppression (because of the large
cross section for triplet-triplet transitions in spectral regions of weak linear
absorption) [150]. Their 2PA properties have only recently been addressed.
Here we will primarily discuss reports on porphyrins (see Table 10), although
other macrocycles have also been investigated.

It has been shown that the 2PA cross section of porphyrin derivatives
is relatively small, given the large size of the macrocycle, in the spectral
range Ag;x ~ ZA(QI), where Ag) is the wavelength at which the Q band is ob-
served by 1PA spectroscopy [151]. For example, compound mac.1 exhibits
a weak band with dmax =4 GM at 1150 nm, corresponding to a state energy
about 1300 cm™! higher than the lowest energy Q band [152]. For other por-
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phyrins, for example, 5,10,15,20-tetraphenylporphine, a weak 2PA activity
(~1 GM) can also be seen at the energy of the Q band, possibly indicating
a lowering of the symmetry of the chromophores to a non-centrosymmetric
one [151].

Drobizhev et al. have also measured the 2PA spectra in the 700-800 nm
range and shown that the 2PA cross section is larger by approximately an
order of magnitude here than near 2.0, For example, § = 85 GM at 715 nm,
for mac.1 [152]. In many of the chromophores originally investigated, this
range includes or approaches A(?) & 2)\8), where )»g is the one-photon exci-
tation wavelength for the B band. In general, the 2PA spectrum has not been
found to follow the shape of the corresponding 1PA band or to exhibit a dis-
tinct peak. Instead, the cross section increased with decreasing wavelength
and the behavior was explained as an effect of the decrease in the detuning
energy AE (see Eq. 4) when hw approaches a one-photon resonance, which,
in the case of porphyrins, is that associated with the Q band [151, 152]. The
authors have shown that, using three-level equations similar to Eq. 4, it is
possible to factor out the terms affected by the resonance enhancement and
assess the existence of a transition to an A, state in this energy range [151].
Cross sections of the same order of magnitude as mac.1 have been recorded
for alkyl- and alkoxy-substituted phthalocyanines in the Q and B band re-
gions [153].

When the periphery of the tetrapyrrolic cycle bears electron withdraw-
ing groups, as in mac.2, instead of alkyl substituents, as in mac.1, the cross
section in the B band region increases further (§ = 1.6 x 10> at 770 nm for
mac.2), because of a decrease in AE and an increase in M,s, and the cross
section was found to be proportional to the Hammett constant of the sub-
stituents [152].

Another strategy pursued for increasing the cross section in tetrapyrrolic
materials has been that of extending the length of the chromophores by link-
ing macrocycles by conjugated bridges. For example, in the B band region,
the cross section increases by over two orders of magnitude going from the
monomer mac.3 (8max =20 GM) to a dimer with an acetylene linker, mac.4
(8max = 8.5 x 10°> GM) [154,155]. In this case, a clear peak can be seen for
all the molecules in the series at a transition energy on the blue side of the
B band. In the same study it was shown that the magnitude of the increase de-
pends on the nature of the conjugated bridge, and that longer linkers do not
always lead to larger cross sections. In this series of molecules, the three-level
model of Eq. 4 was again used to help in the interpretation of the results. It
was shown that, while all the parameters in Eq. 4 contribute to the enhance-
ment in the cross section going from mac.3 to mac.4, the largest contribution
actually comes from M,y [154]. This is in contrast with results on quadrupolar
chromophores (see Fig. 10), for which a change in chain length mostly affects
the value of M.
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The dimer units of mac.6 have been designed [156] such that the 1-methyl-
imidazolyl group in the meso position of one molecule can coordinate the
metal center in another unit, forming a supramolecular dimer (the second
porphyrin unit in the building block is a free base). If 1-methylimidazole,
a competitive ligand, is added to the solution in sufficient concentration, the
dimers can be dissociated into the monomer mac.5 (which itself contains
two phorphyrin cycles covalently linked). It was found that the formation
of the dimer has a positive effect on the 2PA cross section for a transi-
tion energy in the range of the B band, dmax per porphyrin unit being
0.9 x 10> GM for mac.5 and 1.9 x 10> GM for mac.6 (the overall cross sec-
tions per molecular or supramolecular unit are included in Table 10) [156].
When a bis-zinc analogue of mac.5 is used as a building block, the two por-
phyrins in each dimer can be coordinated by the terminal imidazolyl groups
belonging to two distinct dimers, forming a polymer. The value of dpax per
porphyrin, 2.0 x 10 GM, is, however, comparable to that of mac.6, indicating
that mac.6 is already close to the saturation regime for this type of struc-
ture [156].

In a different supramolecular approach, zinc porphyrin oligomers with
butadiyne linkers can form the ladder structure of mac.7 when a bidentate
ligand, such as 4,4’-bipyridyl, is used [157]. Oligomers with different chain
lengths were synthesized and it was found that §max/N, where N is the num-
ber of macrocycles in the oligomers or in the ladder structure, decreases
slightly going from the linear to the ladder structure up to N = 4, after which
an increase is observed [158]. In all cases except N = 2, the formation of the
ladder structure leads to a large red-shift in A2 For the longest oligomer
in the series, Smax/N was measured to be 8.9 x 10°> GM, so that the total cross
section for the structure is above 1 x 10°> GM [158].

4.9
Organometallics

In organometallic complexes, the 1PA spectrum in the visible and near-
infrared range is often dominated by a strong band assigned to charge trans-
fer between the metal centers and the conjugated ligands. While a number
of studies investigated the nonlinear properties of this type of materials at
individual wavelengths [159-161], which may be of interest for specific appli-
cations, spectral information is available only on few compounds.

In the case of the platinum ethynyl compound om.1, for which A =
360 nm, a broad 2PA band was observed around 630 nm, with Spax &
3.0 x 102 GM [162,163]. In dendritic-type compounds containing multiple
metal centers but still with phenylene ethynylene ligands, larger 2PA cross
sections were reported. For example, om.3 displays dmax A~ 3.5 x 10° GM for
the peak at 740 nm, but no 2PA activity was detected into the lowest one-
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photon state, e (Ag;x =469 nm) [164]. In om.2, which has shorter inner
branching unit and a lower number of metal centers, the magnitude of the
cross section is approximately the same, but the peak is red-shifted with
respect to om.3, and this corresponds to the transition into state e [165].

Compounds om.4 and om.5 have the same metal center as om.1, but longer
conjugated linkers, which also incorporate fluorene units, and they have ter-
minal donor groups. 2PA spectra of these molecules are characterized by
two bands [166]. One was observed at kg;x’&' ZASQX (780-790 nm), with
Smax = 1.6 and 3.0 x 102 GM for om.4 and om.5, respectively, the other for
Ag;x ~ 630-640 nm, with a cross section about a factor of three larger [166].
For both bands the cross section is larger in the longer chromophore, om.5.
The higher-energy band was assigned to the transition to a totally symmet-
ric electronic state, as no strong features were observed in the 1PA spectrum
in the 300-350 nm range. The appearance of the lowest energy band was in-
stead interpreted as due to the presence of noncentrosymmetric conformers
in solution [166].

5
Two-Photon Chemistry

5.1
Introduction

As discussed in the introduction, two-photon absorption offers the ability
to create excited states with high spatial resolution in three dimensions.
For some applications, the purely photophysical properties of these excited
states, such as fluorescence or excited-state absorption, are important. Alter-
natively, the excited states populated by 2PA may be used to activate chemical
processes with three-dimensional resolution. This can occur either through
energy or electron transfer from the chromophore to another species, or by
a direct chemical reaction involving the excited chromophore. In general,
most organic chromophores obey Kasha’s rule; i.e., regardless of which ex-
cited states are accessed by 1PA and 2PA, relaxation from these states typically
occurs on a sub-ps timescale, leading to the population of the lowest vibra-
tional level of the first singlet excited state (state e of Fig. 1, often denoted
as S1). Subsequent photophysics and photochemistry generally occur from S;
(or from the lowest triplet state, T, reached from S; by intersystem crossing),
and is the same independent of whether 1PA or 2PA is the initial excitation
mechanism used. Thus, to some extent, one can design materials for 2P-
induced chemistry based on systems with well-established 1P photochemistry
while, in addition, incorporating structural features that can provide large
2PA cross sections.
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As introduced in Sects. 1 and 2, 2P-induced chemistry has attracted inter-
est for applications in two main areas: in medicine, where it can enable the
generation or release of biologically active species in the desired region, even
deep in tissues; and in the fabrication of three-dimensional microstructures
from polymeric, metallic, biological, and hybrid materials. In this section, we
will mainly focus on the chemistries initiated by two-photon and, more gen-
erally, multi-photon absorption that have been used in microfabrication: first
we will consider the use of multi-photon absorption to initiate radical reac-
tions and the use of these reactions in microfabrication (Sect. 5.2), followed
by the use of multi-photon absorption to pattern polymers through pho-
toacid generation (Sect. 5.3). We will also survey other material classes that
have been patterned using multi-photon absorption (Sect. 5.4). For a more
detailed account of the properties and applications of microfabricated struc-
tures, we refer the reader to other recent reviews [7, 9]. Finally, we will briefly
consider the use of 2PA in the photorelease of a variety of functional groups
(Sect. 5.5) and in generating singlet O, for biological and medical applica-
tions (Sect. 5.6).

5.2
Two-Photon-Induced Radical Chemistry

2P-induced radical chemistry may be achieved either through the direct cre-
ation of reactive intermediates from the photoexcited species, or following
electron or energy transfer from the 2P-excited species to another moiety,
which can then initiate radical reactions; both methods are being increas-
ingly used for the microfabrication and nanofabrication of 3D objects, and
have also been exploited as a means of creating high-density memory sys-
tems.

Resins containing acrylate monomers and/or oligomers are among those
that can undergo 2P-induced radical polymerization. 2P-initiated polymer-
ization of acrylates was first demonstrated using commercial negative-tone
resists, i.e., materials which become less soluble on irradiation, incorporating
“conventional” photoinitiators, i.e., initiators developed and used for 1PA-
based applications [3,4]. This work using conventional photoinitiators has
been extended to the fabrication of complex three-dimensional microstruc-
tures by two-photon-induced polymerization.

A 1997 study by Kawata and co-workers used a commercial resin, SCR500
from Japan Synthetic Rubber Company, consisting of urethane-acrylate
monomers, some of which contain more than one acrylate group, and two
conventional photoinitiators, ¢.1 and c.2 (Fig. 13, top), and a 790 nm/200 fs
laser [20]. These initiators are known to undergo photocleavage of the PhCO-R
bond to give PhCO" and R’ radicals upon irradiation; these radicals can then
initiate acrylate polymerization. Due to the presence in the resin of species
containing more than one polymerizable acrylate group, the polymerization
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process leads to crosslinking of the polymer chains and yields an insoluble ma-
terial in the irradiated volume around the focus of the laser beam (this volume
is often referred to as voxel). The film can then be developed using a solvent
(ethanol, in this particular case) to remove the resin from the unexposed areas.
The microstructure demonstrated in this study was a helical coil of 7 um diam-
eter and 50 pm length with a line cross section 1.3 umx2.2 wm (Fig. 14, top).
Subsequent work by the same group [167, 168] using SCR500 includes fabri-
cation of microscale model of a bull with a height of ~7 um and a length of
~10 pm (Fig. 14, bottom) using a 780 nm/150 fs laser.

Many of these conventional initiators have rather low 2PA cross sections;
indeed, a recent study of a range of conventional initiators, including c.1-
c4 (Fig. 13, first row), reports that these chromophores have 2PA maxima
at photon wavelengths ranging from 530 to 760 nm, and peak cross sections
of between 5 and 23 GM, as obtained with the z-scan measurement tech-
nique [169]. This is consistent with the fact that initiators such as c.1-c.4
have relatively small -electron systems, which typically posses only modest
2PA cross section, as seen in Sect. 3. Microfabrication of a log-stack structure
from acrylates with an 800 nm/120 fs laser has also been accomplished using
a coumarin derivative, c.5 (Fig. 13), the cross section of which has been de-
termined using 2P-induced fluorescence to be ca. 30 GM at this wavelength,
in conjunction with [Ph,I]*[PF¢]", as a 2P-initiator system [170]. The one-
photon studies of this initiation system [171] suggest that photoexcited c.5
transfers an electron to the diphenyliodonium ion to give [Ph,I], which then
decomposes to give Phl and phenyl radical [170].

As discussed in Sect. 4, chromophores with significantly higher cross sec-
tions than cl.-c.5 have been identified and developed in recent years. The
use of photoinitiators with larger 2PA cross sections than the conventional
ones can potentially permit the use of lower concentrations of initiator, faster
fabrication speeds, and/or lower laser intensities. It was demonstrated that
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2.2um

Fig. 14 Scanning electron microscopic (SEM) images of a spiral coil (top) [20] and a mi-
croscale bull (bottom) [7, 167] made by two-photon radical polymerization of the SCR500
resin. Reproduced from [7,20] with kind permission of Springer Science and Business
Media, and of the Optical Society of America

chromophores such as q.2, q.11 (Table 2), and r.1 (Fig. 13), which have peak
cross sections of 200-1300 GM in the range 600-730 nm, can be used to
initiate the polymerization of acrylate monomer via a radical process [21,
172]. These chromophores have been used in conjunction with crosslink-
able triacrylates (SR9008 and SR368, from Sartomer) and an inert poly-
mer binder for 2P-fabrication of a range of structures, including photonic
crystals, waveguides, cantilevers, and interconnected chain links (see Fig. 15
for examples) [21, 172, 173]. Several subsequent studies of multiphoton rad-
ical polymerizations have also made use of specifically designed 2P chro-
mophores [174-176].

The efficiency of the 2P-induced polymerization process in SR9008 using q.2
as an initiator has been compared to that using conventional radical photoini-
tiators, including benzil, benzophenone, bis(N,N-dimethylamino)benzil, 4,4'-
bis(N,N-dimethylamino)benzophenone, ¢3, and c4. The threshold power20 for

20 In this context, the threshold power is the minimum power necessary to obtain a well formed struc-
ture which is not deformed or washed away during the developing step. As the 2P-excitation rate does
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Fig.15 Three-dimensional microstructures produced by 2P-initiated radical polymeriza-
tion of triacrylates using q.11 or r.1 as initiators: a photonic bandgap structure; b close-up
view of the structure in (a); ¢ tapered waveguide structure; and d array of cantilevers.
Reproduced with permission from [21]

polymerization at 600 nm with 5 nm pulses focused to a 2.5 um spot size using
q.2 was found to be 30% of that using the most effective conventional initiators,
c.3, and 4,4'-bis(N,N-dimethylamino)benzophenone [21,172]. At the longer
photon wavelength of 730 nm and using 150 fs pulses focused to a 0.35 um
spot size, r.1 was found to show an order-of-magnitude improvement in the
dynamic power range for polymerization of a resins based on monomers
SR9008 and SR368 (that is the range between the threshold power and the
power at which the material is damaged) relative to benzil, 4,4'-bis(N,N-
dimethylamino)benzophenone, and c.3. This increased sensitivity depends on
both the 2P cross section at the wavelength in question and on the efficiency
of the radical generation process. The threshold power for compound q.11 at
800 nm is about 50% larger than that for r.1 at 730 nm [21, 177].

The mechanism for radical initiation by chromophores such as q.2 is be-
lieved to begin with electron transfer from the excited chromophores to an
acrylate group [21]. Electrochemical measurements suggest that this electron

not depend simply on the average or peak power, but more specifically on the local intensity of the
beam (see Eq. 2), and, thus, on the beam focusing conditions, threshold values are only valid in relative
terms and need to be obtained under the same excitation conditions for different resins.
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transfer is energetically feasible; further support for intermolecular electron
transfer from photoexcited q.2 to acrylates comes from experiments indi-
cating steady-state fluorescence quenching, fluorescence-lifetime shortening,
and the appearance of absorption bands characteristic of q.2°* [21, 172, 173].
Intramolecular photoinduced electron transfer also takes place in related co-
valently tethered systems, such as r.2.

The kinetics of acrylate polymerization using this type of initiators have
also been studied [172,177]; in addition to allowing comparison of the effec-
tiveness of different initiators, the kinetic behavior also provides support for
a 2P mechanism for initiation with excitation in the visible and near-infrared
range. The rate of a radical polymerization, Ry, is given by [178]:

R;
Rp = kP[M]\/Zk > (7)
t

where k;, and k; are the polymerization and termination rate constants, which
are dependent on the nature of the monomer, [M] is the monomer concentra-
tion, and R; is the rate of initiation. If the initiation is governed by 2PA, R; is
given by [177]:

R ! DioN, Iy 8
1,2PA—2 i g(hv) > ()
where @; is the quantum efficiency of initiation, hv is the photon energy, 4
is the two-photon cross section at the excitation wavelength, Ny is the con-
centration of the two-photon chromophore (molecules/volume), and I is the
incident intensity (the electron-transfer rate-constant for chromophores such
as q.2, where electron-transfer is apparently the first step, is included in &;).
From Egs. 7 and 8, it is clear that the rate of polymerization should depend
linearly on the incident intensity for two-photon initiation. In contrast, for the
case of one-photon initiation, the initiation rate is [178]:

I
Riipa = GDiGNghv , )

where o is the 1PA cross section at the excitation wavelength and, thus, R in
this case depends on the square root of the intensity. Figure 16 shows the R,
(as measured from the volume of polymerized resin as a function of exposure
conditions) for SR9008 initiated by compound q.2 under excitation at 600 nm
(top panel), which is the 2PA maximum of this compound (see Table 1) and
under excitation at 355 nm (bottom panel), within its 1PA band; the intensity
dependence at the two wavelengths is consistent with two- and one-photon
initiation, respectively.

The most effective wavelength for 2P-microfabrication in acrylates de-
pends on the 2PA spectra of the chromophores used as initiators, as the
initiation rate is proportional to the 2PA cross section (see Eq. 8). In the case
of polymerization of SR9008 by q.2, it was shown that R, has approximately
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Fig.16 Rate of polymerization, Rp, of SR9008 initiated by q.2: (top) as a function of I
at 600 nm (5 ns pulses, 20 Hz) and (bottom) as a function of 1%5 at 355nm (8 ns pulses,
10 Hz). Reproduced from [172] with permission of the Materials Research Society

the same wavelength dependence as § [177]. Compounds q.2, r.1, and q.11
have 2PA maxima of 600, 730, and 775 nm, respectively, so this class of ma-
terials can be used with a wide range of laser sources. More recently, r.3
(Fig. 13) has also been studied; this chromophore shows a peak cross sec-
tion of ca. 200 GM at ca. 520 nm [179]. Since the diffraction-limited focal
volume is proportional to the third power of the excitation wavelength, de-
creasing the excitation wavelength can lead to smaller focal volumes, which
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Fig.177 SEM images of structures fabricated in a triacrylate resin at threshold powers
using a 730 nm excitation of r.1 and b 520 nm excitation of r.3. The lower panels show the
dimensions, transversal to the beam propagation direction, of single lines of the struc-
tures for each excitation wavelength. Reproduced with permission from [179]. © 2007,
Optical Society of America

can improve 3D resolution and enable the fabrication of structures with
smaller feature sizes. The size of the polymerized features also critically de-
pends on the exposure conditions (such as the dwell time, in addition to
the beam intensity) [173, 180, 181]. Figure 17 compares the width of lines be-
tween supporting structures written in triacrylate resins using 2P-excitation
of r.1 at 730nm and of r3 at 520 nm (the pulse duration was ~100 fs
in both cases), and demonstrates the greater spatial resolution (~80 nm)
achievable with shorter wavelength excitation than with excitation at 730 nm
(~200 nm)?! [179]. Even smaller features (down to 60 nm) were written using
r.3 with further optimization of writing conditions. 2P-induced polymeriza-
tion of acrylate resins has also been demonstrated at 532 nm using a sub-
stituted fluorene and a 0.5 ns pulsed laser, and lateral feature sizes of about
160 nm were obtained [182].

On the other hand, 2P-radical polymerization at longer wavelengths (up to
1064 nm) has recently been facilitated by developing extended vinylogues of
Michler’s ketone (4,4'-bis(N,N-dimethylamino)benzophenone), such as r.4-
r.6 (Fig. 13) [183,184]; these exhibit peak cross sections from 200-325 GM
at 800-950 nm, with appreciable 2P cross section extending to ca. 1100 nm.
Waveguides and optical circuitry have been written in acrylate materials
using r.6 [185].

2 The height of the polymerized lines, which is the feature size along the beam propagation
direction, was found to be five to seven times larger than their width under the same conditions.
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Belfield and co-workers have also fabricated structures from acrylate ma-
terials (SR349 from Sartomer) with 775nm/150 fs laser irradiation using
a mixture of c.6 and c.7 (Fig. 13) as initiator system [186]. The 5,7-diiodo-
3-butoxy-6-fluorone, c.6, acts as a two-photon chromophore and, in analogy
to the previously investigated 1P mechanism for this system [187], photoex-
cited c.6 in the triplet state is then thought to accept an electron from the
amine donor ¢.7 [175,186]. Subsequent proton transfer from the amine rad-
ical cation methyl group to the fluorone radical anion gives a radical of the
form [ArMeNCH;]* {Ar = 2,6—iPr2C6H3}, which can then add to an acrylate
monomer unit and initiate the polymerization. Belfield’s work is described in
more detail in another chapter of this book. The 2P radical polymerization
of acrylates at 800 nm using another two-component sensitizer, rose Ben-
gal (c.8, Fig. 13)/triethanolamine, is believed to be initiated in a similar way,
with electron-transfer from the amine to the triplet state of the dye being the
first step [188]. Rose Bengal has also been used for microfabrication using
biomolecules (bovine serum albumin and fibrinogen); however, this reaction
is inhibited by triethanolamine and proceeds by a different mechanism (see
Sect. 5.6) [188-190].

In addition to multi-photon patterning using ! 0,-sensitizing dyes such as
rose Bengal (discussed in Sect. 5.6), biomolecules have been patterned using
multi-photon-induced radical chemistry. Three-photon excitation at 780 nm
of a dimeric benzophenone derivative [191], ¢.9 (Fig. 13), has been used to
fabricate model tissue-engineering scaffolds directly from collagens [190].
The ketyl diradical formed by excitation of the benzophenone moiety is be-
lieved to undergo a radical reaction with a protein; the presence of two
benzophenone groups in the molecule leads to crosslinking. Unlike rose Ben-
gal (see Sect. 5.6), this chromophore can be used in acidic conditions, which
is important due to the solubility of collagens in such environments. These
proteins retained some of their activity and were shown to display highly
specific cell adhesion. Flavin adenine dinucleotide, a less cytotoxic alterna-
tive to rose Bengal and benzophenone derivatives and, thus, more suitable for
use in vivo, has been used as a 2PA chromophore for patterning of various
proteins with laser excitation at 750-790 nm [192-194]. The initiation mech-
anism is not clear, since O,~, 10,, and flavin radicals have all been observed
as photoproducts of flavins, but radical processes are likely to play a role in
the crosslinking [195, 196].

Another area of potential application for 2P-induced radical reactions is in
the generation of high-density 3D optical memories; these could offer large
increases in data capacity relative to traditional 2D magnetic or optical me-
dia. One such scheme has been demonstrated based on 2PA in chromophore
r.2 (Fig. 13); “bits” were written using 600 nm/4 ps laser irradiation in a film
consisting of r.2, a triacrylate, and an inert polymer binder [21]. The un-
written areas are nonfluorescent due to intramolecular quenching of the
fluorescence of the chromophore by the acrylate side groups. However, when
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these acrylate groups are incorporated in the polymer chains, they are not
as readily reduced as acrylate monomers, and they do not quench the flu-
orescence of the chromophore as effectively; therefore, the fluorescence of
the bis(dialkylamino)stilbene portion is “turned on” in the written areas by
radical polymerization of the acrylates [21, 197]. Many other schemes for 2P-
induced memory have been demonstrated [1,2,17,18,198-208], several of
which involved the use of high-6 chromophores [201, 204, 206, 208]. Besides
the radical chemistry highlighted in the example at the beginning of the para-
graph, different chemistries have been used; several studies have been based
on 2P-excitation of photochromic molecules [1, 199], although photochromic
chromophores with cross sections comparable to chromophores discussed in
Sect. 4 have not yet been developed, while another involves 2P excitation of
a photoacid [17, 206]. In addition, alternative “read-out” mechanisms include
“turning off” fluorescence by photobleaching of a fluorescence 2PA chro-
mophore [204] and mechanisms in which fluorescence is not involved at all,
but in which information is stored and retrieved exploiting refractive-index
changes in the recording medium [2].

53
Two-Photon Acid Generation

Much of the multi-photon microfabrication reported to date is based on rad-
ical polymerization, as discussed in the previous section. However, cationic
polymerization using two-photon excitation of photoacid generators has also
been demonstrated; one potential advantage is the low shrinkage that oc-
curs on cationic polymerization of some classes of monomers (e.g., epoxides)
and which facilitates the high fidelity writing of structures [7]. In addition,
cationic polymerization is generally less sensitive than radical polymeriza-
tion to the presence of oxygen. Photoacids also make possible the use of
two-photon microfabrication in positive-tone resists, i.e., materials whose
solubility increases on irradiation.

As with radical polymerization, some studies have used well-established
1P-initiators under 2P excitation conditions. For example, the commercially
available photoacid generator p.1 (Fig. 18), which has a peak cross section of
only 16 GM at a photon wavelength of 530 nm [169], has been used to fabricate
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Fig.18 Structures discussed in the context of 2P-photoacid chemistry
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microstructures of lines in commercial epoxide resins (K126 from Sartomer)
under 775 nm/150 fs excitation [175]. The dye c.4 (Fig. 13) has a 2PA peak at
760 nm, red-shifted relative to that of p.1 [169], and has been used to sensitize
p.1 (presumably through 2P-induced electron-transfer to p.1) for the polymer-
ization of the epoxide K126 at 710 nm/150 fs; while this epoxide resin could
be polymerized with a wide range of powers between the polymerization and
damage thresholds, the polymerization rate was limited by the still low cross
section of c.4 [209]. In the same study, it was shown that the intensity depen-
dence of Ry, for cationic polymerization of K126 is different for excitation at
710 nm (2PA case) and at 365 nm (1PA case), as expected. Also this depen-
dence is different for cationic and radical polymerization at the same order of
absorption process, as Eq. 7 is not directly applicable to the former case. The
initiator system of coumarin derivative, ¢.5 (Fig. 13), and [Ph,1]* [PFs]~, previ-
ously mentioned in Sect. 5.2 in the context of radical polymerization, has also
been used to initiate cationic polymerizations [210]. It was also mentioned that
optical memory systems based on 2PA-write and/or 2PA-read schemes using
conventional photoacids have been reported [17, 206].

Saeva et al. have extensively studied 1P photoacid generation by aryl dialkyl
sulfonium salts; variation of the aryl group or attachment to other chro-
mophores can be used to tune the wavelength at which these chromophores
undergo cleavage [211]. The proposed mechanism of photocleavage [212, 213]
is that a 77" excited state is formed on photoexcitation; an electron is then
transferred from the 7* orbital to a S-R (R = alkyl) o* orbital, leading to ho-
molytic cleavage of the S-R bond. Attack of the resulting alkyl radical on the
aryl group gives a cationic species which can then lose a proton. The same
basic design principle has been used to develop a new photoacid generator,
p.2 (Fig. 18), with a large 2PA cross section and a high quantum yield for
acid generation (0.50 0.05) [214, 215]. The 2PA spectrum of p.2 is shown in
Fig. 19 (top) and exhibits strong (> 100 GM) 2PA at photon wavelengths from
705 to 850 nm with the highest cross section measured being 690 GM at ca.
710 nm, similar to findings for other bis(aminostyryl)benzene chromophores
(see Sect. 4.2). The acid-yield efficiency spectrum, also shown in Fig. 19 (top)
and representing the relative concentration of acid produced by irradiation of
a solution of p.2 in acetonitrile for 30 min at different excitation wavelengths,
is similar to the 2PA spectrum of the material, indicating a direct connec-
tion between the 2P excitation of p.2 and the acid generation. In addition,
the acid concentration after irradiation at 745 nm increases quadratically with
excitation power (Fig. 19 (bottom)), as expected for a photochemical process
activated by 2PA [214, 215]. The 2P-photoacid p.2, has been used for the 2P-
induced cationic polymerization of crosslinkable epoxide-based photoresists,
including SU-8, under ns and fslaser irradiation. The polymerization threshold
at 710 and 760 nm was at least an order of magnitude lower for p.2 than for p.1
or for the p.1/c.4 systemin the resin Araldite CY179MA (from Cyba). Patterning
of positive-tone resists based on the polymer p.3 (Fig. 18) with the photoacid
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Fig.19 Top: One-photon absorption (solid line), two-photon excitation (L), and relative
acid-yield efficiency (o) spectra of p.2 plotted versus transition wavelength. Bottom: Log-
arithmic plot of [H*] against power of the excitation beam at 745 nm/80 fs pulses; the
best-fit line has a slope of 2.3, indicating an approximate quadratic increase of acid yield
with excitation intensity. Reproduced from [214] with permission from AAAS
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Fig.20 Top left: Schematic of a buried channels structure fabricated using photoacid p.2
and positive-resist p.3 (745 nm/80 fs). Top right: Two-photon fluorescence micrograph of
a vertical cross section, perpendicular to the channels (the channel-to-channel spacing is
8 wm); Bottom: Two-photon micrographs of the structure at the surface and at a depth of
10 um (the length of the channels is 50 um). The sections where the polymer has been
removed appear dark in the images. Adapted from [214]. Reproduced with permission
from AAAS

p-2 has also been demonstrated at 745 nm. The exposed areas are soluble in
aqueous [MesN]*[OH]~ due to the photoacid-induced cleavage of the tetrahy-
dropyranyl esters to unmask carboxylic acids. An example of channel structure
“excavated” in this fashion is shown in Fig. 20 [214].

5.4
Two-Photon Patterning of Inorganic and Hybrid Materials

The fabrication of structures in a variety of materials besides polymers, in-
cluding metals, semiconductors, and inorganic-organic hybrids, is desirable
for a variety of applications. For example, in photonic crystals, complete band
gaps can be obtained only if the refractive index of the material is above
a minimum value, usually larger than achievable with organic polymers [216].
A variety of strategies have been applied to patterning materials in each of
these classes by multiphoton processes.
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One strategy is to fabricate a template structure using polymeric ma-
terial (thus, using the same chemistry as described in Sects. 5.2 and 5.3)
and back-fill or coat this structure with inorganic materials. For example,
surface modification, followed by electroless deposition of Ag [217-219] or
Cu [220], or by chemical reduction of Au'! solutions by surface functional-
ities [220], has been used to obtain metallized structures, while infiltration
of polymeric photonic bandgap-type structures with Ti(O'Pr)4 solution, fol-
lowed by hydrolysis and calcination, has been used to obtain highly refractive
inverted TiO; structures [221]. Au has also been deposited onto multiphoton-
patterned matrices of biomaterials [194].

Direct multi-photon patterning of inorganic materials has been achieved
in a variety of ways. As;S3 has been patterned at 800 nm, the key pro-
cess being the polymerization of As;S¢ molecules [222]. Metallic Fe, Ag,
and Au have all been deposited from solutions of their compounds or
ions [223-228], although there are a number of technical difficulties which
limit the scope of solution methods [9]. Metallic Ag structures have been
created at 800 nm through a three-step photographic-type approach based
on multiphoton creation of a latent Ag nanoparticle image from reduction
of aqueous AgNO;3 within a silica matrix, followed by additional fixing and
developing steps [229]. Metallic Ag has been patterned in two-dimensions
in Ag-nanoparticle-containing films obtained from mixing AgNO3; with
poly(vinylpyrrolidone) [230], while metallic Au patterns have been obtained
from HAuCly/poly(vinylalcohol) films [231]. For some of these systems the
nature of the multiphoton process is not known; for example, for the Ag depo-
sition in silica matrices, the authors suggested either multiphoton excitation
of Ag* or multiphoton ionization of water could be the key nonlinear optical
process [229]. Also, in some cases, high laser intensities are required, due to
the absence of a strongly multiphoton-absorbing chromophore.

The use of organic dyes with high 2PA cross section in the writing of in-
organic structures has been much more limited; however, dyes i1 and i.2
(Fig. 21) have been used to write wires of group-10 metals, especially Ag.
In this case, donor-substituted dyes, such as q.1, are unsuitable, since the
ground state molecule, as well as the excited state, is capable of reducing
Ag*. However, acceptor-substituted quadrupolar dyes, such as i.1 and i.2,

Fig.21 Structures of 2PA dyes used for the deposition of metallic silver
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which are much less easily oxidized than species such as q.1 and have peak
cross sections of 360 GM at 700 nm and ca. 530 GM at ca. 710 nm, respec-
tively, have been used for 2P writing of Ag lines from a resin composed of
2PA dye, thiol-coated Ag nanoparticles, AgBF,, poly(N-vinylcarbazole), and
N-ethylcarbazole at 730-800 nm [232, 233].

Organic-silica hybrid materials have been used for multi-photon mi-
crofabrication. These include the acrylate-functionalized oligosiloxanes
known as ORMOCERs, which have been polymerized by radical pro-
cesses using conventional 1P radical iniatitors, such as c.2 [221,234].
Commercial poly(dimethylsiloxane)-based resists containing vinyl and Si-
H functionalities use two different 2PA-induced processes: hydrosilylation
catalyzed by the photodecomposition products of Cp'PtMe; (Cp’ = n°-
methylcyclopentadienyl) and radical initiation by c.4 (Fig. 13) [235]. The
former process was complicated by thermally-induced polymerization.

5.5
Two-Photon Deprotection

The 2P-induced photorelease of protons has been discussed in Sect. 5.3;
clearly, the 2P-induced photorelease of other functional groups might facili-
tate the use of different chemistries and materials in microfabrication. More-
over, the photorelease or deprotection of functional molecules is a subject
of considerable interest in biology and medicine; use of 2PA makes possible
this release in highly localized volumes (ca. 1 um?®, which is about the size
of a typical bacterium cell, and is smaller than the size of a typical mam-
malian cell or neuron). For biological and medical applications, it is desirable
to excite chromophores in the 700-1100 nm window between the electronic
absorption of various biological molecules and absorption by vibrational
overtones of water. Light scattering is also reduced in this wavelength range
relative to the visible.

While 2P-induced photorelease of a wide variety of functional groups has
been demonstrated, systems studied to date have generally used conventional
1P deprotection systems with low near-infrared 2PA cross sections [236-239],

~
| ? L
AN _ L
~o NO, NO, N -0 N
NO, L O 0"~ o Br

dp.1 dp.2 dp.3 dp.4 dp.5
0.03 GM at 740 nm 0.019 GM at 640 nm 0.06 GM at 720 nm 0.72 GM at 740 nm 0.59 GM at 740 nm

Fig.22 Some photoremovable protecting groups for which near-infrared two-photon
uncaging cross sections have been measured at the wavelength specified [236-239]. In all
cases, L represents the protected group
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although it has been suggested that 2P-uncaging cross sections as small
as 0.1 GM are biologically useful [236]. Some examples, along with their
uncaging cross sections, i.e., the product of the 2PA cross section and quan-
tum yield for the photodeprotection reaction, at near-infrared wavelengths
are shown in Fig. 22. Coumaryl protecting groups (dp.4 and similar struc-
tures), have the best uncaging cross sections of the widely studied examples
and have been used for the photorelease of a wide variety of molecules includ-
ing glutamates [236], DNA and RNA [240], diols [241, 242], alcohols [243],
cyclic nucleotide monophosphates [244], ketones and aldehydes [245], an
inhibitor of nitric oxide synthase [246,247], carboxylates [242], and phos-
phates [242]. A challenge for future work will be to develop photodeprotec-
tion systems with both high near-infrared cross sections (based, for example,
on the molecular structures discussed in Sect. 4) and efficient photodeprotec-
tion quantum yields.

5.6
Singlet-Oxygen Generation

Another area of biomedical interest in 2PA is in 2P photodynamic ther-
apy, in which 2PA is used to generate cytotoxic singlet O, to destroy cancer
cells [248]. The lowest singlet state of molecular oxygen lies 94.2 k] mol~!
(ca. 1 eV) above the triplet ground state. Singlet O, is typically photogener-
ated by energy transfer from the lowest triplet excited state (T;) of a dye to
the triplet ground state (Ty) of O, the dye relaxing back to its singlet ground
state (Sp). Thus, chromophores of interest should have a So-T; separation of
greater than 94.2 k] mol~! and should form the T} state in reasonable yield on
photoexcitation, i.e., should exhibit an intersystem crossing rate that is com-
petitive with other processes that can deactivate S; (such as fluorescence and
internal conversion). As with biologically targeted 2P-photorelease (Sect. 5.5),
the 2PA process should take place in the near-infrared window of tissue trans-
parency.

2P-induced singlet O, generation has been demonstrated with several
chromophores with high near-infrared 2PA cross sections including q.5
(Fig. 9), for which the quantum yield of !0, generation was found to be
0.11 [249]. Replacement of the cyano groups of q.5 with bromine atoms leads
to an increased !0, quantum yield of 0.46 [249, 250], presumably due to the
high spin-orbit coupling constant associated with the heavy bromine atom.
Subsequently, water-soluble analogues of the bromine-substituted species,
more suitable for use in biological media, have been developed [251]. 10,
production has been demonstrated for a range of other 2P-absorbing chro-
mophore systems, in some cases in vivo. Acceptor-substituted fluorenes [252-
254] and porphyrin- and porphycene-based systems [155,255-258] have
been among the most widely studied. In other systems, less direct mechan-
isms of 2PA 10, generation have been employed, in which energy transfer
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takes place from the excited 2PA chromophore to a second chromophore. The
second chromophore then undergoes intersystem crossing to give a triplet
which can then transfer energy to *0,. The 2PA and !0,-generating chro-
mophores have been kept in proximity by incorporating both chromophores
into dendrimers [259], by encapsulation of one chromophore into micelles
formed by a polymer of the other [260], or by encapsulation of both compo-
nents into silica nanoparticles [261].

One-photon studies of the reaction of photoexcited rose Bengal, c.8
(Fig. 13), with proteins indicate that the triplet state of c.8 sensitizes the
production of 10, [262,263], which in turn reacts with the proteins, result-
ing in their crosslinking. This !0, chemistry has been utilized for the 2PA
patterning of biomaterials using rose Bengal [188-190]. Scaffolds and extra-
cellular matrices of fibrinogen, fibronectin, and concanavalin A have been
fabricated; these proteins retained their bioactivity following the crosslink-
ing process [189]. Methylene blue has also been used for the 2PA-induced 10,
crosslinking of proteins [193, 194].
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Abstract This chapter first reviews the fundamental aspects of the two-photon absorb-
ing materials developed in our group. The design strategies and syntheses of a variety of
fluorene-based conjugated molecules as two-photon absorbing materials, along with their
photochemical and photophysical properties are described. The methodology of synthesis
of these 2PA chromophores designed with various donor or acceptor groups, conjuga-
tion lengths and symmetries and the effects of the structure on the 2PA properties are
demonstrated. This is followed by presentation of detailed studies of their linear absorp-
tion, steady-state and time-resolved fluorescence, fluorescence life time and anisotropy,
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excited-state absorption, and two-photon absorption measurements. The photostabilities
of these chromophores are also investigated due to importance of this parameter in sev-
eral emerging applications. The last part of the chapter provides a description of the
application of these materials in fluorescence imaging, 3D data storage, photodynamic

therapy, and 3D microfabrication.

Keywords Two-photon absorption - Fluorescence anisotropy - Fluorine derivatives -

Two-photon 3D data storage - Two-photon dynamic therapy -
Two-photon 3D microfabrication
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PTI Photon Technology International
QY Quantum yield

SOS Sum-over-state
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TRES Time-resolved emission spectra
uv Ultraviolet

WLC White-light continuum

WORM Write once read many

1

Introduction

The theory of the simultaneous absorption of two photons was first developed
by Goeppert-Mayer in 1931 [1], but remained mainly an intellectual curios-
ity until the advent of the pulsed laser provided very high-intensity light. For
simplicity, two-photon absorption (2PA) can be conceptualized from a semi-
classical perspective [1]. In the 2PA process, molecules exposed to high inten-
sity light can undergo near simultaneous absorption of two photons mediated
by a so-called ‘virtual state’ which has no classical analog. The combined en-
ergy of the two photons accesses a stable excited state of the molecule. If the
two photons are of the same energy or wavelength, the process is referred
to as degenerate 2PA. On the other hand, if the two photons are of different
energy or wavelength, the process is non-degenerate 2PA.

As light passes through a molecule, the virtual state may form, persisting
for a very short duration on the order of a few femtoseconds. 2PA can result if
a second photon arrives before decay of this virtual state, with the probability
of 2PA scaling with the square of the light intensity. This process is generally
termed simultaneous two-photon absorption. Two-photon absorption thus
involves the concerted interaction of both photons that combine their energies
to produce an electronic excitation analogous to that conventionally caused
by a single photon of a correspondingly shorter wavelength. Unlike single-
photon absorption, whose probability is linearly proportional to the incident
intensity, the 2PA process depends on both a spatial and temporal overlap of
the incident photons and takes on a quadratic (non-linear) dependence on the
incident intensity, resulting in highly localized photoexcitation with a focused
beam (Fig. 1).

Due to the need to use expensive and complicated laser pump systems, early
development occurred primarily by physicists. Two-photon absorption proper-
ties of existing materials were extensively studied in this stage. In early 1990s,
some potential applications with this technique were demonstrated, such as
two-photon fluorescence (2PF) 3D data storage [2] and 2PF microscopy [3].
However, the 2PA efficiency of the materials is the bottleneck for these applica-
tions, and this has triggered the effort to search for new materials with higher
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Fig.1 Demonstration of the spatial selectivity of one-photon excitation (left) vs. two-
photon excitation (right) in a fluorescein solution

2PA efficiency. Breakthrough work conducted by Prasad [4-6], Marder [7-9]
and others then opened the door for new design of better 2PA materials. Since
then, 2PA remains a very active field both in chemistry and physics. The un-
derstanding of fundamental aspects such as relationships between molecular
structure and nonlinear absorption properties and two-photon induced photo-
dynamics have greatly advanced the field and provided the tenets for practical
applications for this technology in several areas.

The 2PA research in our group began in 1996, involving a number of facets,
from fundamental to applications. This review summarizes about 10 years
of research efforts on 2PA materials and applications in our group. The first
section includes the design and synthesis of novel 2PA chromophores and
the chemistry involved in their preparation. The second section is concerned
with the linear and nonlinear optical properties of these chromophores as
well as their photodynamic behavior. In the last section, further optimization
of the chromophores for several intriguing applications is discussed, as are
the principles of these applications.

2
Materials Design and Synthesis

2.1
Structures of 2PA Fluorene Derivatives

The materials studied for 2PA properties involve a number of types of conju-
gated structures with donor and acceptor groups from stryl to cyanine dyes.
Our group is particularly interested in conjugated fluorene derivatives. Flu-
orene derivatives have been used in conducting polymers, more recently in
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Fig.2 The structures of fluorene derivatives designed and synthesized for studying mo-
lecular structure-2PA property relationships



102 K.D. Belfield et al.

OLEDs as luminescent sources, especially as blue light emitters characterized
by their high fluorescence quantum yields.

As shown in Fig. 2, the biphenyl unit locked into the fluorenyl ring pro-
vides a rigid, flat system. As a consequence, the structure provides increased
7 molecular orbital overlap between the rings giving greater electron delocal-
ization, which serves as a thermally and photochemically stable 7-conjugated
analogue of the 4,4'-disubstituted biphenyl derivatives. Importantly, fluorene
can be readily functionalized in the 2, 4, 7 and/or 9-positions. The reactive
2, 4, and 7 positions have been used to extend the conjugation length, cru-
cial to achieve high 2PA nonlinearity. The reactive 9-position facilitates the
introduction of solubilizing groups such as alkyl chains, or in the case of bi-
ological probes, more hydrophilic groups such as ethylene-oxy moieties. Our
research showed that the various substituents at the 9 position have no effect
on the electrooptic properties of the conjugation system, facilitating the mod-
ification of the molecules to meet requirements of particular applications.

Since first reported by Reinhardt’s group [6, 10, 11], fluorene derivatives
have been extensively studied as 2PA materials. The representative struc-
tures prepared in our group are shown in Fig. 2. Four factors were sys-
tematically varied according to molecular symmetry, electronic character,
m-conjugation length and geometry. Linear structures are the basis of the
understanding of the 2PA structure-properties relationships, therefore, dyes
1-19 were designed whose structures are shown in Fig. 2. Within these basic
structures, they can be classified as symmetric D-7-D or A-7-A (D = donor;
A =acceptor) and unsymmetric D-r-A architectures. The molecular symme-
try has significant influence on the A2PA | which is governed by the different
selection rules of 2PA relative to single-photon absorption.

It is also evident that from 1-19, different donor or acceptor groups were
systematically varied to evaluate the effect of electronic character on the 2PA
properties. Additionally, it is well-known that the conjugation length exhibits
a large enhancement of the 2PA absorptivity. Variation of the conjugation
length in 1-19 was designed to further confirm these principles. In addition
to linear structures, it has been reported that branched structures may ex-
hibit cooperative effects on 2PA efficiency. The branched structures 22-24
(Fig. 2) were synthesized to probe this effect. It was also desirable to see if the
cooperative effect was observable in linear oligomers, which was the motiva-
tion for preparation of 20 and 21 (Fig. 2).

2.2
Methodology for Synthesis of Fluorene Derivatives

The syntheses of the dyes are presented in Figs. 3 and 4. There are three ma-
jor aspects of the synthesis of fluorene-based 2PA derivatives. The first is the
introduction of donor or acceptor groups into the conjugation system. The
second is the construction of the conjugation backbone and the third is the
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Fig.3 Synthetic scheme for 1-4, 8 and 9. a HNO3, HOAc, 60 °C; b I, HOAc, H,SO4,
NaNO,, 115 °C; ¢ BrC;oH,;, KOH, KI, DMSO, 25 °C;d CuCN, DME reflux; e NH,NH,-2H, 0,
graphite, THF/EtOH, reflux; f PhI or Ph,NH, Cu-bronze, 18-crown-6, K,CO3, 1,2-di-
chlorobenzene, 180 °C; g 2-(tributylstannyl)benzothiazole, Pd(PPh3),Cly, toluene, 110 °C;
h 1-Iodo-4-methylbenzene, Cu-bronze, 18-crown-6, K,CO3, 1,2-dichlorobenzene, 180 °C;
i (CH5CO),0, CS;, AlCl3, reﬁux;j CH;3COCI Et3N, CH,Cl,, r.t.

attachment of the solubilizing groups. The first two aspects normally involve
chemistry at the 2, 4, and 7 positions of fluorene while the last function-
alization involves the 9 position (Fig. 3). The introduction of the donor or
acceptor groups has two possibilities, i.e. directly attaching the donor or ac-
ceptor groups to the fluorenyl ring or using known intermediates with donor
or acceptor groups, especially phenyl-based motifs. In the latter case, the flu-
orenyl group may function as the conjugation bridge.

The choice of donor and acceptor groups for our work were diphenylamino
as donor and benzothiazole as acceptor, after systematic comparison of the
2PA results of compounds with a variety of donor and acceptor groups, as pre-
sented in Fig. 3. The phenyl-based diphenylamino or benzothiazole derivatives
have been extensively employed in conjugated materials and their syntheses
have been well documented. However, when the chemistry involves attach-
ment directly to fluorene, it becomes much more difficult. The approach used
in our group for formation of diphenylaminofluorene first involved an effi-
cient nitration reaction of fluorene, as shown in Fig. 3, followed by reduction
to a free amino group using hydrazine hydrate. The reaction is normally very
efficient with a yield around 90%. The Ullmann reaction of iodobenzene,
catalyzed by Cu powder in the present of a base, typically K,CO3 and 18-
crown-6, gave satisfactory yields in most cases, e.g. the preparation of dyes
1-4 [12]. In the synthesis of dye 5, a similar Ullmann reaction was performed
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Fig.4 Synthetic scheme for 5-7 and 10-24. a BrC;oH;;, KOH, KI, DMSO, 25 °C; b BrC,;Hs,
KOH, KI, DMSO, 25 °C; ¢ I, HOAc, H,SO4, NaNO,, 115 °C; d NBS, benzoyl peroxide,
CCly, reflux; e 2-(tributylstannyl)benzothiazole, Pd(PPh3),Cl,, toluene, 110°C; f vinyl
intermediates (2-(4-vinylphenyl)benzo[d]thiazole, diethyl 4-vinylphenylphosphonate, 1-
nitro-4-vinylbenzene, 2-(9,9-didecyl-7-vinyl-9H-fluoren-2-yl)benzothiazole, 9,9-didecyl-
2-nitro-7-vinyl-9H-fluorene or 2-(4-(2-(9,9-didecyl-7-vinyl-9H-fluoren-2-yl)vinyl) phenyl)
benzothiazole), Pd(OAc),, P(o-tolyl);, DMFE, Et3N, 75°C; g aniline or diphenylamine,
Cu-bronze, 18-crown-6, K,COs3, 1,2-dichlorobenzene, 180 °C; h 36 or 37, Cu-bronze, 18-
crown-6, K,CO3, 1,2-dichlorobenzene, 180 °C; i CuCN, DMEF, reflux; j paraformaldehyde
(2.2 equiv.), 33% HBr in HOAc, 70°C, 20h; k paraformaldehyde (10 equiv.), 33%
HBr in HOAc, 70°C, 22h; | (EtO)3P, reflux; m 4-(diphenylamino)benzaldehyde or 4-
nitrobenzaldehyde, NaH, DME, r.t.; n NaOAc, Ac;0, HOAc, 90 °C; o NaOH, EtOH, 40 °C;
p pyridinium chlorochromate, CH,Cly, r.t.

successfully using diiodofluorene and diphenylamine instead. Similar method-
ology has been applied in the synthesis of 20 and 21. The introduction of
benzothiazole was achieved by Pd-catalyzed Stille coupling of iodofluorene
derivatives with tributylstanousbenzothiazole in refluxing toluene with either



Two-photon Absorbing Photonic Materials 105

tetrakis(triphenylphosphine) palladium or dichlorobis(triphenylphosphine)-
palladium. The coupling afforded higher yields when an electronic withdraw-
ing group was present at the 7-position relative to those with donor groups. All
benzothiazole groups in dyes 3, 6, and 9 were introduced by this method.

Normally, the dialkyl groups at the 9-position of the fluorenyl ring were in-
troduced in the early stage of the synthesis to increase the solubility of the
compounds, hence facilitating the purification process. A typical process for
functionalizing the 9-position with the solubilizing group is demonstrated
in Fig. 3 by dialkylation of 7-iodo-2-nitrofluorene, which can be easily ac-
complished by generation of the fluorenyl anion with KOH in DMSO and
subsequent dialkylation with 1-bromoalkane in the presence of KI at room
temperature. This reaction works well regardless of the substituents at the
2- and 7-positions. This observation is of importance since, for preparation
of hydrophilic fluorene derivatives, it is helpful that functionalization of the
9-position with hydrophilic chains was conducted at a late stage of the syn-
thesis. These hydrophilic substituents may have detrimental effects on the
coupling reactions, especially when metal catalysts are involved.

The extension of the conjugation system was accomplished by Pd-
catalyzed Heck coupling or Horner-Emmons reactions. The conjugated back-
bones of 10-15, and 17 were formed by Heck coupling of the bromo- or
iodofluorene derivatives 43 and 36 with a phenyl or fluorenyl vinyl interme-
diate. The vinyl compounds were normally converted from corresponding
benzaldehyde using classical condensation methods or using Stille coup-
ling from iodofluorene and vinylstannous chloride. Another efficient method
to form the phenylene-vinyl bridge is by Horner-Emmons coupling. The
phosphates were converted from bromomethyl fluorene, which in turn was
directly bromomethylated from a dialkylfluorene, such as 39 in Fig. 4. In-
terestingly, besides the common dibromomethylfluorene that was widely re-
ported in literature, a trisbromomethylated compound 41 was also identified
and further prepared with good yield after optimizing reaction conditions. By
reacting the corresponding phosphonates with aldehydes in DMF and a base
such as NaH, not only linear dyes 16, 17, and 19 but also branched dyes 22-24
were obtained.

3
Photophysical and Photochemical Properties of Fluorene Derivatives

3.1
Linear Absorption and Steady-state Fluorescence

Linear spectral properties of symmetrical and unsymmetrical fluorenes
with different electronic structures were investigated. Electron-donating
or electron-withdrawal character of the end substituents of the fluorene
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molecules and the symmetry of the electron density distribution play an
important role in their optical properties. These structures can be repre-
sented as D-7-D, A-w-A and D-7-A molecules, where D, A, and 7 refer to
electron donor, electron acceptor, and w-electron bridges, respectively. Ab-
sorption and fluorescence spectra for symmetrical D-7-D (5), A--A (6) and
unsymmetrical D-7-A (3, 11) fluorenes in the solvents of different polarity
are shown in Fig. 5. The main linear spectral characteristics of these com-
pounds (absorption and fluorescence maxima, full width at half maximum
(FWHM) of their bands, Stoke’s shifts and quantum yields) are summarized
in Table 1 as a function of solvent polarity. It is known that solvent polarity or
orientation polarizability, Af, can be expressed as [13]:

s-1 n?-1
2¢e+1 n2+1°

Af = (1)
where ¢ and n are the dielectric constant and refraction indices of the sol-
vent, respectively. As follows from Table 1, absorption spectra are nearly
solvent invariant: the differences between 1225 did not exceed 5-8 nm and
were primarily determined by their molecular structure. The changes in the
electronic properties of the end substituents resulted in spectral shifts of
22bs  For example, the replacement of one diphenylamino-group in 5 l‘?y
abs

styrylphenylphosphoric acid diethyl ester (11) resulted in a red-shift of A2>°
by 12-16 nm.
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Fig.5 Absorption (1,1’), steady-state fluorescence (2,2') and excitation anisotropy (3)
spectra of 3 (a), 5 (b), 6 (c) and 11 (d) in hexane (1,2), THF (1’,2) and polyTHF (3)
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The fluorescence spectra of the investigated fluorene derivatives were in-
dependent of the excitation wavelength Aexc over the entire absorption re-
gion, indicative of the homogeneous spectral distribution of the emitting
chromophores in the liquid solution. In contrast to absorption, the fluores-
cence spectra may exhibit a considerable dependence on the solvent polarity
(Fig. 5b,d). This well-known solvent effect on fluorescence emission is asso-
ciated with the dipolar rearrangement of the solvent shell in the excited state
of the molecule [13,14]. This spectral behavior is typical for unsymmetrical
molecules that undergo a large change in dipole moment upon electronic ex-
citation. For nonpolar solvents such as hexane, the fluorescence spectra of 3,
5, 6, and 11 exhibited well-defined vibronic structure and small Stoke’s shifts.
In polar solvents such as ACN, CH,Cl,, THF, and polyTHE, only a single broad
band was observed for unsymmetrical molecules (3 and 11) with Stoke’s shifts
up to 170 nm (see Table 1). The values of the Stoke’s shifts for compound 3,
5, 6, and 11 exhibited nearly linear dependence on Af in accordance with the
Lippert equation [13], although it was difficult to expect linear dependencies
due to the changes in the shape of fluorescence spectra with corresponding
changes in solvent polarity. These changes are presented in Fig. 6 for unsym-
metrical fluorenes 9 and 22 [15].

Gradual changes in the shape and position of the fluorescence spectra with
solvent polarity are typical for unsymmetrical fluorenes and allow considera-
tion of the first excited singlet state of the molecule, S;, as a quantum mixing
of the Franck-Condon excited state with delocalized electronic density along
the molecular axis and charge transfer state [15, 16]. Theoretically, the na-
ture of S; can be characterized by the gradual change in the corresponding
molecular wave function from the delocalized to the charge transfer state as
a function of the solvent-controlled reaction coordinate. More details can be
found in the literature [17-19].

Fluorescence quantum yields, @gr, of the investigated fluorene derivatives
(see Table 1) are relatively high (®p;~0.4-1.0), and typically increase with
solvent polarity (an exception is compound 3 in THF) [20, 21]. The replace-
ment of one of the diphenylamino end groups in the symmetric molecule 5
by benzothiazole (3) or styryl phenylphosphoric acid diethyl ester (11) led
to an increase in the fluorescence quantum yield in all investigated solvents.
The extended symmetrical compound 16 and branched 22 also exhibited
high values of ®r;~0.9-1.0 in all solvents, i.e. lengthening of mw-conjugation
may result in an increase in the fluorescence quantum yield, independent of
solvent properties. The concentration dependencies of @y, for the fluorene
compounds were investigated [20] and essentially exhibited a decrease in @,
(up to 2-3 times) at high concentration ~5 x 10~ M in CH,Cl,. This behavior
may be explained by the formation of nonfluorescent aggregates (e.g. dimers),
however no direct evidence of aggregation of the fluorene derivatives at high
concentrations was found. The absorption spectra and fluorescence lifetimes
were concentration independent [20].
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Fig.6 Absorption (1) and fluorescence (1'-5’) spectra of 9 (a) and 22 (b) in hexane (1,1'),
THF and hexane-THF mixtures (in volume percent): 80-20; 60-40; 40-60

Additional information about the nature of the absorption bands of flu-
orenes can be revealed from their excitation anisotropy spectra [17,21-23].
The values of fluorescence anisotropy are commonly determined as [13]:

_ -1

r= , 2
I +2I, )

where I); and I are the intensities of fluorescence polarized parallel and per-
pendicular to the excitation light, respectively. Excitation anisotropy spectra
of compounds 3, 5, 6, and 11 obtained under one-photon excitation are pre-
sented in Fig. 5, curve 3. In viscous polyTHF molecular ensembles reach their
limiting values [13,17]:
2
PR Fipn = 3cos” Bem - 1 ’ 3)
5

where B is the angle between absorption and emission transition dipoles.
This expression can be used for determination of the spectral position and
orientation of several dominant electronic transitions. Constant values of
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Fig.7 Dependence of the limiting excitation anisotropy ripa on solvent polarity Af for
compounds 6 (a) and 9 (b) for excitation into the first S; (1), and second S, (2) electronic
excited states (£5%) accuracy for each point

anisotropies in the spectral region of excitation wavelengths Aexc > 360 nm
(compounds 3, 5, and 11) and Aexc > 340 nm (6) correspond to the main ab-
sorption band So —S; (Sp and S; are the ground and first excited states,
respectively). The minimum anisotropy values of 3, 5, 6, and 11 in the short
wavelength region at A &~ 305 nm (3, 5, and 11), and 295 nm (6), indicate the
spectral position of the higher excited electronic transitions So — S;. These
transitions for 3, 5, and 11 correspond to the short wavelength absorption
bands at A & 305 nm, associated with the diphenylamino substituents (see
Fig. 5). Thelimiting values of excitation anisotropy rpa exhibited a dependence
on solvent polarity Af, and noticeably increased in polar solvents at the S —S;
excitation (Fig. 5, curves 1). Meanwhile, weaker dependences of rips on Af were
observed for excitation into the second, S;, electronic state (curves 2).

3.2
Time-resolved Emission Spectra
and Fluorescence Lifetimes of Fluorene Molecules

The time-resolved emission spectra (TRES) and fluorescence lifetimes, 7,
of the fluorene derivatives were measured in liquid solutions at room tem-
perature with a PTT QuantaMaster spectrofluorimeter with ~0.1 ns temporal
resolution [20]. At this resolution, all investigated fluorenes exhibited TRES
which were coincident with the corresponding steady-state fluorescence spec-
tra. As an example, TRES for compounds 3 and 11 in hexane, THE, and ACN
are presented in Fig. 8 for different nanosecond delays: 0 ns (curves 2, 4, 6) and
5 ns, which modeled the steady-state condition (curves 3, 5,7). No differences in
the fluorescence spectra for these two delays were observed, indicating that all
relaxation processes in the first excited state S; are sufficiently fast for fluorene
molecules and did not exceed the time resolution of the PTI system (~0.1 ns).

The experimental values of 7;, natural radiative lifetimes tgr (calculated
using the Bircks and Dyson formula [16], which is based on Strickler and
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Fig.8 Normalized absorption spectra (1) and TRES corrected on the spectral sensitiv-
ity of PMT (2-7) for compounds 3 (a) and 11 (b) for 0 ns delay (2, 4, 6) and 5 ns delay
(3, 5, 7) in hexane (2, 3), THF (4, 5) and ACN (1, 6, 7)

Berg theory [24]), and calculated fluorescence lifetimes, rlcal = 1R Pf1, are
presented in Table 2. The observed fluorescence decays for fluorene com-
pounds in all investigated solvents correspond to a single exponential pro-
cess with typical goodness-of-fit parameters x2 < 1.1 [13].The experimental
values of the fluorescence lifetimes t; were in reasonable agreement with cal-
culated values 'cfal only for the nonpolar solvent (hexane). The values of 7
and ¢ for polar solvents differ by 50-80% (for example, 3 in THF and 5
in ACN). This suggests that the solvent relaxation of the fluorene molecules
in the first excited state (for polar solvents) may noticeably shift molecular
electronic levels, so the fluorescence spectrum of this new electronic structure
does not correspond to the observed absorption So—S; (even for symmetri-
cal compound 5). After the excitation, there is a considerable change in the
excited state dipole moment (and hence, in electronic distribution) of the
fluorene derivative. The solvent then reorients around this new electronic dis-
tribution, resulting in a new excited state energy level lower in energy than
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the original S;. The observed fluorescence then corresponds to this new level,
not the original excited state.

In Strickler and Berg theory, it is assumed that fluorescence occurs from
the original excited state without taking into account possible solvent re-
orientation and subsequent formation of a new lower energy excited state.
Hence, the relationships between absorption and emission spectra may be
more complicated than simply following Strickler and Berg theory, and 7
may differ from ¢, These results indicate the importance of considering the

effect of medium on fluorescence properties for these compounds.

33
Lasing Potential of the Fluorene Compounds

High fluorescence quantum yields and large values of Stoke’s shifts, which
are known to be an important parameters for the efficient stimulated emis-
sion of organic molecules, were observed for fluorene molecules in polar
solvent [17,20,22,25]. Therefore, stimulated emission may be expected in
these compounds and employed for practical use. The potential of lasing in
the fluorene derivatives 3, 11, and 17 was comprehensively investigated [25]
under pumping by the third harmonic of a picosecond Nd:YAG laser (pump
wavelength, Ap = 355nm). An open aperture Z-scan method for nonlinear
transmission measurements [26] and a picosecond pump-probe method (ex-
perimental setup is shown in Fig. 9) for excited state absorption (ESA) spec-
tra [27] were used. In order to estimate the loss of pumping energy, the
curves of nonlinear transmittance at Ap = 355 nm were obtained for fluorene
compounds 3, 11, and 17. The experimental results are shown in Fig. 10. An
increase in the transmittance at high irradiance indicates that ground state
absorption cross sections, og; (Ap), were larger than ESA S; — S, (n=2,3,...)
cross sections, o1,(Ap), i.e. o1(Ap) > 01,(Ap) [28]. Therefore, pump energy
losses due to excited state absorption processes were small for investigated
fluorenes, and the laser threshold can be achieved.

The losses in the gain region of 3, 11, and 17 were estimated from pump-
probe measurements. An intensive pump pulse at Ap = 355 nm populates the
fluorescence level S;, from which stimulated transitions in both absorption
(S1 — S;) and emission (S; — Sp) can occur. The efficiency of these transi-
tions was probed by a weak probe pulse tuned to the fluorescence spectral
region of 3, 11, and 17 (440-630 nm). The ESA and the optical gain spectra
for a probe pulse passing simultaneously with the strong pump through the
solution of investigated fluorenes are displayed in Fig. 11 (curves 1-3). The
same experiments were performed for Rhodamine 6G in ethanol for com-
parison (curve 4). From these experiments, no gain was observed for 3 and
11 in ACN over a broad spectral region, i.e. transient optical density, AD >0
(see curves 1, 2). The minima in these spectra at &~ 520 nm (curve 1) and
~ 560 nm (curve 2) are the result of two competing processes due to ESA
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Fig.9 Experimental setup for pump-probe measurements: 1 - beam splitters; 2 - sil-
ver mirrors; 3 - time delay line; 4 - lenses; 5 - filters; Dy, D;, D, - photodetectors;
P - polarizers; 1/2 - wave plate
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Fig.10 Nonlinear transmittance vs. input irradiance for 3 (1), 11 (2) in ACN, and 17 (3)
in THF

S1 — S, and stimulated emission S; — Sp. These minima correspond to the
maxima of the fluorescence bands (curves 1/, 2), i.e. the maxima for poten-
tial amplification. In contrast to 3 and 11, compound 17 in THF exhibited
weak amplification (AD < 0, curve 3). Relatively strong amplification for the
well-known laser dye Rhodamine 6G in ethanol (curve 4) was observed. The
linear optical density, D, of the investigated solutions in a 1 mm path length
cuvette was the same for all compounds (D ~ 0.5 at Ap = 355 nm). These data
indicate that there is no possibility to obtain superfluorescence and lasing ef-
fects in the spectral region 440-630 nm for fluorenes 3 and 11 in ACN, due to
the negative value in one-pass amplification. Small optical gain for 17 in THF
(Fig. 11, curve 3) afforded lasing on the surfaces of a 1 mm cuvette (threshold
irradiance I ~ 0.5 GW/cm?; D(Ap) ~ 2.8).
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Fig. 11 Excited state absorption spectra of 3 (1) and 11 (2) in ACN, 17 (3) in THF and
Rhodamine 6G (4) in ethanol. Normalized fluorescence of 3, 11 in ACN, and 17 in THE
Fluorescence spectrum of Rhodamine 6G in ethanol is normalized to its maximum of
amplification (curve 4). Pump energy Ep~350 ] at excitation wavelength Ap = 355 nm

The absence of optical gain for 3 and 11 in ACN can be explained by the
relatively large excited state absorption of the emitted fluorescence photons
from the singlet state S;: 01,(AF) > 010(Ar), where o1,(Ar) and o19(Ap) are
ESA and stimulated emission cross sections at the fluorescence wavelength
Ar. Note that ESA spectra strongly overlap the entire fluorescence region of
3 and 11 (Fig. 11, curves 1', 2').

Other possible reasons for the absence of the optical gain in compounds 3
and 11 were also analyzed. One of them is the population of the triplet states
with the following triplet-triplet reabsorption. However, estimated intersys-
tem crossing rates for these compounds are < 3 x 107 s71, and picosecond
excitation can not lead to efficient population of the triplet states. Thus, this
channel of loss is negligible. Another possible reason could be formation of
photochemical products with the absorption in the fluorescence spectral re-
gion 440-630 nm of 3 and 11. However, no absorption in this region was
found experimentally by probing with a weak beam in the absence of a strong
pump pulse.

The results presented above indicate that the unsymmetrical fluorene
derivatives with diphenylamino substituents, in spite of large Stoke’s shifts
and high fluorescence quantum yields, do not exhibit superfluorescence and
lasing effects. On the other hand, this result shows the potential of fluorene
derivatives for their use in photon counting devices, where a linear depen-
dence of fluorescence intensity on pump energy is needed. Figure 12 shows
the dependence of the relative fluorescence intensity, Irr, on the absorbed en-
ergy of the excitation pulse for 11 in ACN. The solution was excited in a 1 mm
path length quartz cuvette at Ap = 355 nm. The optical density of this solution
was nearly D(Ap) ~ 4 and corresponded to the full absorption of pump energy
over the entire range of pump energies. The relative intensity of the fluo-
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Fig.12 Dependence of the relative fluorescence intensity Ir;, on the absorbed pump en-
ergy Ep at Ap = 355 nm for compound 11 in ACN

rescence Iy, was measured in the transverse direction relative to the pump
beam [20,29]. The linear dependence provides the ability to determine the
number of photons in one excitation pulse at a high pump irradiance from 1
to 4 GW/cm?. Thus, unsymmetrical fluorene derivatives can be used as pho-
ton counters for high intensity laser pulses.

34
Excited-state Absorption and Anisotropy Properties of Fluorene Derivatives

The electronic structure of fluorenes and the development of their linear
and nonlinear optical structure-property relationships have been the subject
of intense investigation [20-22, 25, 30, 31]. Important parameters that deter-
mine optical properties of the molecules are the magnitude and alignment of
the electronic transition dipole moments [30,31]. These parameters can be
obtained from ESA and absorption anisotropy spectra [32, 33] using the same
pump-probe laser techniques described above (see Fig.9). A comprehen-
sive theoretical analysis of a two beam (pump and probe) laser experiment
was performed [34], where a general case of induced saturated absorption
anisotropy was considered. From this work, measurement of the absorption
anisotropy of molecules in an isotropic ensemble facilitates the determination
of the angle between the Sy — S; (pump) and S; — S, (probe) transitions.
The excited state absorption anisotropy, ., is expressed as [13]:

ki -k

= , 4
k||+2kL )

Tabs
where k|| and k| are the excited state absorption coefficients of the probe
pulse for parallel and perpendicular orientations with respect to the pump
beam polarization. The ESA spectra were obtained as a transient optical
density, ADj, | = (kj,1 -L)/In10, where L = 1 mm (the path length of the
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cuvettes in all pump-probe measurements). The excited state absorption co-
efficients of the probe pulse, k(), for an arbitrary angle, 6, between the pump
and probe polarization can be derived in the case of unsaturated absorption
as [22,34]:

k(8) = ko[cos? 0-(3 cos? Baps — 1) — c0s? Baps + 2] » (5)

where ko is a constant value and B, is the angle between Sy — S; and
S1 — S, transition dipoles. As follows from Eq. 5, the function k(6) remains
symmetrical for the whole range of angles 0° < f,,s < 90°, and direct angu-
lar measurements of the shape of k(9) do not give any information on S,ps.
Taking into account that k(0°) = k|| and k(90°) = k, substitution of Eq. 5
into Eq. 4 gives an expression identical to Eq. 3, well-known for fluorescence
anisotropy:

3c08% Babs — 1

Tabs = 5 (6)
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Fig. 13 Excited-state absorption (AD) (1), ADy (2)) and absorption anisotropy (3) spec-
tra of compounds 6 (a) and 9 (b) in polyTHF
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The values of B,ps were determined from the experimentally measured ab-
sorption anisotropy with Eq. 6. In viscous polyTHE, the rotational movement
of dye molecules on a & 100 ps time scale is assumed to be negligible, and
thus, does not reduce the limiting value of anisotropy. For the concentrated
fluorene solutions (5 x 10~ M, 1 mm cuvette), the anisotropy 7,,s was not af-
fected by Forster depolarization mechanisms [13] due to the short time delay,
7p, between probe and pump pulses when p/7; < 1 [35].

The ESA and absorption anisotropy spectra of fluorenes 6, 9, 16, 22 are pre-
sented in Figs. 13-14. According to this data, compounds 6 and 9 exhibited
broad ESA bands in the spectral region from 1300-1700 nm. These bands can
be attributed to one or several electronic transitions. The ESA anisotropy spec-
tra of 6 and 9 revealed a possible range of angles between So—S; and S; — S,
electronic transitions in this spectral region of 25° < B, < 35°. In addition,
fluorene 6 exhibited a strong ESA band at A ~ 720 nm with a relatively small
value of absorption anisotropy r,ps &~ 0.15 corresponding to Baps & 40°.

The ESA spectra of 16 and 22 (Fig. 14, curves 1, 2) exhibited strong bands
at & &~ 900 nm with rpps < 0.1. These absorption bands were assigned to elec-
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Fig. 14 Excited state absorption (AD) (1), AD, (2)) and absorption anisotropy (3) spec-
tra of compounds 16 (a) and 22 (b) in polyTHF
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tronic transitions involving the diphenylamino substituents. Another weak
ESA band of 7 was observed at A &~ 1750 nm (with r,ps & 0.26) and extracted
from the excitation anisotropy spectrum. The angles between the So — §;
and S; — S, electronic transitions of 7 in polyTHEF: 35° < B,y < 50° in-
dicated a preference for a nonparallel orientation. The excitation of 22 at
A =355 nm primarily corresponded to the second electronic transition So —
S, revealed in the steady-state excitation anisotropy spectrum (r,,s ~ 0.08 at
330 nm < A < 370 nm) [22]. The orientation of this transition was B,ps &~ 45°
relative to the ESA dipole S; — S,. In this case the alignment of the So — S;
and S; — S, transition dipole moments in 22 can not be determined from
these experimental data. Thus, ESA and absorption anisotropy spectra re-
vealed some features of the electronic molecular structures which can be used
for optimization of the investigated fluorene derivatives for nonlinear optical
applications.

3.5
Two-photon Absorption Properties of Fluorene Derivatives

3.5.1
General Aspects of Two-photon Absorption

The phenomenon of two-photon absorption (2PA) can be presented as a pro-
cess of simultaneous absorption of two photons under high intensity ir-
radiation, resulting in one excited molecule [1]. The investigations of 2PA
previously undertaken are of great interest for a wide variety of emerging
applications [3,36-42]. The nature of 2PA can be described based on the in-
teraction of molecular electrons with an optical field. On a microscopic level
the displacement of molecular electronic charge under the electric field, E, is
related to the induced molecular dipole moment u:

1 1
u=a~E+2,B-E~E+6y~E-E~E+..., (7)

where « is a linear (first order) molecular polarizability, 8 and y are the sec-
ond and third order polarizabilities, respectively. It can be shown that only
the imaginary parts of odd-order terms of polarizabilities («,y,...) in Eq. 7
contribute to the dissipative processes, such as one-photon (&) or two-photon
(y) absorption [43, 44]. This means that the lowest-order nonlinear absorp-
tion (i.e. 2PA) will be described by the imaginary part of y. In the case of
isotropically oriented molecules and parallel polarization of photons with
equal frequencies, @ (degenerate 2PA), the value of y is related to the 2PA
absorption cross section, d,pa, as [44-46]:

3L4ha?

Im(y (- w; 0, - w, w)) , 8
rzcze IO ) (8)

O2pA =



120 K.D. Belfield et al.

where 1 and c are the refractive index of the medium and the speed of light
in a vacuum, respectively, eois the permittivity of free space and L is the
local field factor. The latter describes the interaction between neighboring
molecules (brackets indicate an average of y over isotropic medium) [47].

In order to establish the relationship between the molecular structure and
its 2PA parameters, the tensor components of the third order polarizability,
Yijkl> need to be determined. Several quantum-chemical approaches are em-
ployed to calculate tensor components y;jx; and corresponding cross sections
82pa [48-50]. One of the most widely used methods is the Sum-Over-State
(SOS) approach developed by Orr and Ward [51], which involves the cal-
culation of the molecular wavefunctions and the values of permanent and
transition dipole moments for all electronic states which contribute to the po-
larizability. These contributions from the excited states can then be summed
based on time-dependent perturbation theory, and the tensor components
Yijki can be determined. In the general case the expression for y;j; is rela-
tively complicated [51] due to summation over all of the excited states of the
molecule. Therefore, for practical use a simplified model expression for y;j
can be obtained from the full SOS expression. According to this simplified
model, the ground state of the molecule |g) is strongly coupled to a single
one-photon allowed state |e), and there are also several two-photon allowed
states |¢’) that are strongly coupled to |e). In the case of degenerate 2PA, when
considering only resonant terms and xxxx-component of y;i; the full SOS
expression can be reduced to the positive dipolar, two-photon and negative
terms [8]:

Mge ’ 'ai‘ce ’ /’_Liece ’ 'U“i‘cg
-y W, — W, w) =2 D
Y ( ) : (Eeg ~ hw)z(Eeg ~ 2hw)
" ng ’ ﬂge ’ /life ’ ,u,fjg D
(Ejg - hw)(Eeg — 2hw)(Eeq - hiw)
(Eeg - hw)?
_ Hge Hog* Hge " Ieg N
(Etg - hw)(Eeg - haw)?
Mge : l’_LJeCe/ : l’_vz/e : I'L}ecg T

(Eeg - hw)z(Ee’g - 2hw)

S N I
(% hw)(Ee g - 277,0))(Eeg how) ’

where ,ug. (i,j = g, e) are the x-components of the transition dipole moments
between corresponding electronic states, ;1;;. = MZ - 5ij,u,§g (hj=e¢, 8 is
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a Kronecker symbol) are the changes in the permanent dipole moments rela-
tive to the ground state, and Ejg = Ej - Eg - il g (j =6, ¢,and E;, Eg and g are
the energy of corresponding electronic states and damping factors, respec-
tively) [52]. Only D and T terms contain two-photon resonances with |e) and
|} states and, therefore, can contribute to 2PA cross section. As follows from
Egs. 7 and 8, in the case of ITesonance two-photon excitation into the |e) state
(ho ~ Fs and Teg «F g)

/-’Lge'A/-’Lge

, (10)
Teg

Sopa~
where Ajfige = [Lee - [Lgg is the change of the permanent dipole moment be-
tween the ground state |g) and the excited state |e). It is obvious from the
equation that for centrosymmetric molecules which are characterized by zero
values of Ajige, two-photon excitation into the |e) state is strictly forbidden.
In contrast, unsymmetric compounds with strong one-photon absorption
and large values of Apug can exhibit efficient 2PA under excitation into the
first excited |e) state [53].

For the case of resonance, two-photon excitation into the two-photon al-
lowed states |€)(hw ~ Ee/z_Eg and I < Be-Eg- (E/ ~Eg)/ 2), the value of 2PA
cross section can be expressed as:

2 2
/’Lge : /-’l’ee/

Fe’g(Ee - Eg - (Ee - Eg)/z)2 .

As follows from the equation, the efficiency of 2PA depends on the values
of the corresponding one-photon transition dipoles and the detuning energy
E. - Eg - (Ey - Eg)/2.

The above description of 2PA processes corresponds to a simplified es-
sential state model which is widely used to analyze the structure-properties
relationship of 2PA materials [8]. In practice, this theoretical approach is in
a good agreement with experimental data for different types of organic com-
pounds [54-56].

(11)

82pA™

3.5.2
Two-photon Absorption Efficiency of Fluorenes

Comprehensive experimental investigations of 2PA processes in fluorene
derivatives were performed by Hales et al. [53,56-59] with open aperture
Z-scan [26], two-photon induced fluorescence [60] and femtosecond white-
light continuum pump-probe methods [61]. For degenerate two-photon ex-
citation, the experimental 2PA spectra of symmetrical and asymmetrical
fluorenes are presented in Figs. 15 and 16. These spectra were obtained
with the combination of open aperture Z-scan and two-photon fluorescence
methods [57]. For centrosymmetric molecules, two-photon transitions from
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Fig. 15 Degenerate 2PA spectra of compounds 3 (1), 5 (2), 6 (3), and 11 (4) in hexane
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Fig.16 Degenerate 2PA spectra of compounds 17 in CH,Cl, (1), 16 (2) and 22 (3) in
cyclohexane

the ground (Ag) to the first excited electronic state (as a rule, 1By) are strictly
forbidden in accordance with the dipole selection rules [62]. Therefore, sym-
metrical fluorene derivatives 5 and 6, which are close to a centrosymmetric
structural type, exhibited relatively weak 2PA (10-30 GM) in the spectral
range of the main one-photon allowed absorption band Sy—S; (see Figs. 5, 6
and 15, curves 1, 4). Under two-photon excitation into the second electronic
state So — S, (two-photon allowed), the efficiency of 2PA increased up to
100 GM for 5 and 450 GM for 6. The spectral position of the second electronic
state can be estimated from the one-photon excitation anisotropy spectra
(Fig. 5a,c, curves 3). Unsymmetrical fluorenes 3 and 11 possess comparable
values of 2PA (100-200 GM) in the broad spectral range corresponding to
both So — S; and Sp — S, two-photon excitations (Fig. 15, curves 2, 3). Long
symmetrical 16, 17, and branched 22 fluorene derivatives exhibited a compli-
cated 2PA spectrum without well defined absorption maxima in the measured
spectral range, which overlaps at least two electronic transitions.
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Fig. 17 Degenerate 2PA spectra of compound 3 in hexane (1), CH,Cl, (2) and ACN (3)

For the investigated fluorene compounds, the values of 2PA cross sections
82pa increased with the lengthening of the conjugated system, which is typ-
ical for many 2PA chromophores [53, 55, 63]. The comparison of §,ps for 6
and 17 (with the same benzothiazole end substituents and different lengths
of the conjugated chains) revealed a nearly 10-fold increase in §pa for the
whole range of excitation wavelengths. One of the possible explanations of
this effect concerns the number of 7 electrons in chromophore system par-
ticipating in 2PA process [64]. An increase in the number of m electrons
leads to an increase in §;pa . Electron affinities of the terminal groups in fluo-
renes structure also determine the efficiency of 2PA. As can be seen in Fig. 15
(curves 1, 3), electron- withdrawing (benzothiazole) end substituents in flu-
orene 6 resulted in 3-4 times larger &,p4 in comparison to corresponding
values for compound 5 with electron- donating (diphenylamino) end groups.
This suggests that under the excitation, center-to-periphery charge transfer
in symmetrical compound 6 corresponds to the larger transition dipole mo-
ment and higher efficiency of 2PA relative to the corresponding parameters of
5 with periphery-to-center charge transfer. Finally, the polarity of the solvent
can also effect 8;pa. 2PA spectra of 3 in the solvents of different polarity (Af)
are shown in Fig. 17 [57]. As follows from these data, the efficiency of 2PA can
increase with solvent polarity 2 - 3 times. A more pronounced effect was ob-
served for unsymmetrical molecules. The most probable explanation of this
behavior concerns the possibility of larger intramolecular charge transfers
produced upon excitation of fluorenes in more polar solvents. This can lead to
the enhanced values of dipole moments .. of the higher electron transitions
and larger changes in the permanent dipoles Aug, [57]. According to equa-
tions from Sect. 3.5.1, the value of dps is quadratically dependent on Apug,
and gy, therefore, a noticeable increase in 2PA efficiency can be observed in
the polar solvents.
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3.53
Fluorescence Anisotropy of Fluorenes under Two-photon Excitation

Anisotropy properties of the molecular fluorescence under two-photon ex-
citation reflect the nature of 2PA processes and may provide additional in-
formation on the electronic structure of the molecules, including the pecu-
liarities of the 2PA mechanism. In general, the measurements of two-photon
fluorescence anisotropy are more sensitive than at one-photon excitation due
to a broader range of anisotropy values [13] that in some cases provide extra
advantages for practical applications of 2PA [65].

As was shown above, the 2PA spectra of symmetrical and unsymmetrical
fluorene derivatives exhibit a complex nature of 2PA bands in the spectral re-
gion 280-420 nm (see Figs. 15, 16). In general, the nature of 2PA processes
should be reflected in anisotropy spectra. These spectra, r2pa (Aexc), can be ob-
tained with Eq. 1 in the same way as r1pa (Aexc), however, with two-fold longer
excitation wavelengths (560-840 nm).

The excitation anisotropy spectra r;pa(iexc) obtained for symmetrical
(6, 17) and unsymmetrical (9, 11) fluorenes under two-photon excitation
are presented in Fig. 18 (curves 1, 1’). As follows from these experimental
data, the anisotropy values are relatively high and remain nearly constant
over the entire spectral region (covering at least two electronic transitions):
72pa ~ 0.53 (6), r2pa &~ 0.51 (9), 0.38 < rypa < 0.47 (11) and 0.40 < rypp < 0.55
(17). Observed values of ryps(lexc) differ from the one-photon anisotropy
values 71pa(Aexc) Which exhibited considerable changes at excitation into the
different electronic states (see Fig.5). A possible explanation of this un-
usually invariant behavior of rypa(Aexc) can be provided based on the sim-
plest 2PA mechanism with only one intermediate |e) and final |e’) electronic
state [65].

For this three-state model the values of §,ps can be determined by the
Egs. 10 and 11. In this simple model the chromophore system of the molecule
can be modeled by two arbitrarily oriented linear oscillators, ug and Apge
(for excitation into the first excited electronic state S), or by the mg and
Ree (for excitation into the final electronic state Sy), which simultaneously ab-
sorb two photons and transfer their energy to the emission oscillator, [Leﬂg. It
has been shown that the limiting value of fluorescence anisotropy r,ps can be
written as [23]:

_ 18 cos(£/2 - B')-cos(£/2 + B) - cos(£) - 7 cos?(£) + 1

7[2 cos2(&) + 1] (12)

T2PA
where & are the angles between the absorption dipoles pge, fee (Or frge,
Apg), and B’ is the angle between the emission dipole ;Lf}g and the bisect-

ing line of the angle &. In the case of parallel orientation of the absorption
oscillatorsé =0, and B’ becomes equal to the angle between absorption and
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Fig. 18 Two-photon excitation anisotropy spectra (1, 1', top scales) for compound 6 (a, 1),
11 (a, 1'), 9 (b, 1) in polyTHF and 17 (b, 1) in silicon oil. Solid lines (2, 2’) are the
corresponding linear absorption spectra

emission dipoles Bem. Then Eq. 9 reduces to the well-known expression [13]:

2

rpa = 6 cos” fem -2 . (13)

7
As can be seen from the Eq. 12, the two-photon anisotropy magnitude range
of -0.29 < ryps < 0.57 at 0° < Bem < 90° is broader as compared to the corres-
ponding one-photon anisotropy range of 0.2 < rjpy < 0.4 (see Eq. 3).

The values of two-photon anisotropy as a function of &, calculated by Eq. 9
at several angles Bem = B’ + &/2, are shown in Fig. 19. The parameters fem
were chosen in accordance with the experimentally observed range of the cor-
responding angles for fluorene derivatives in polyTHF [15, 21, 22, 25]. As fol-
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lows from Fig. 19, a broad range of £ between 0° and ~ 40° corresponds to the
relatively small changes in ryps from 0.45 to 0.6 (i.e. relative changes < 25%).
This means good agreement between the calculated anisotropy values of
three-state model and the experimental data for symmetrical and unsymmet-
rical fluorenes at the excitation into the second (final) electronic state.

Two-photon excitation into the main absorption band, however, is ex-
pected to reveal a different behavior for symmetrical and unsymmetrical
molecules. It is known that for symmetrical fluorenes po; is oriented perpen-
dicular to Ap (i.e. £ = 90°), which should lead to the low values of r,ps = 0.14
(see Eq. 9 and Fig. 19), in contradiction to the experimental results. For un-
symmetrical fluorenes, the calculated angles between Ap and po; typically
show a large deviation from the perpendicular orientation (30° < & < 40°),
and theoretical values of rypa are in a good agreement with the experimental
data. Thus, the three-state model approximation can be used for the de-
scription of two-photon anisotropy of asymmetrical fluorenes under So—S;
excitation, but it is inadequate to model the symmetrical ones. High values
of rypa (0.4-0.55) for symmetrical molecules for excitation into the main ab-
sorption band can be explained by taking into account the effect of vibronic
coupling, which can partly break the symmetry of the molecule, resulting in
the noticeable changes of the angle £ between absorption oscillators. The de-
viation of £ from 90° can be sufficiently large (up to & = 40°) [23] due to
large differences between the values of uo; and Ap (o1~10D and Ap <1D
for chromophores close to centrosymmetric) [66,67]. In this case, a small
change in the orientation of po; may cause a relatively large deviation in
the orientation of Ap. Thus, this deviation from a perpendicular orientation
may explain the disagreement between experimental (0.4-0.55) and calcu-
lated (0.14) values of rypsy for symmetrical fluorenes at So—S; excitation.
Comprehensive quantum-chemical calculations and further experimental in-
vestigations are needed for a deeper understanding of the observed invariant
two-photon anisotropy behavior.
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Fig.19 Dependences rypa = f(&) calculated for the three-state model at: Sem = 0° (1);
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3.6
Photochemical Properties of Fluorene Derivatives

Photochemical stability of organic molecules at high intensity irradiation
is one of the important issues in the development of linear and nonlinear-
optical technologies. Therefore, the main photochemical parameters of new
optical materials need to be determined for their possible applications.
Photodecomposition of the molecules can occur as a result of one-photon,
two-photon, or two-step successive absorption within a single pulse of laser
excitation. Under these conditions, organic molecules can be excited into
high electronic states and undergo different photochemical reactions, such as
photoionization and bond fission [68]. In general, these photoprocesses may
differ from the reactions of the molecule in its lowest excited state produced
by low intensity irradiation. The comparison of photobleaching processes
under one- and two-photon excitation may help to reveal their natures and
determine the peculiarities of their photochemical behaviors. In general, rela-
tively little is known about the photochemical reactivity of fluorenes, even
though a number of fluorene derivatives have potential use in nonlinear op-
tical technologies [53, 58, 59, 63]. Thus, the investigation of the photostability
of new 2PA fluorene derivatives is important to understand their possible ap-
plications and limitations.

3.6.1
Photochemical Properties of Fluorenes Under One-photon Excitation

The photochemical stability of the molecules is characterized by the quan-
tum yield of photodecomposition, @ = N/Q [69], where N and Q are the
numbers of decomposed molecules and absorbed photons, respectively. The
photochemical properties of the fluorene derivatives were investigated in
different organic solvents (hexane, CH,Cl,, ACN, and polyTHF) at room tem-
perature by the absorption and fluorescence methods and comprehensively
described [70-72]. These methods are based on measurements of the tem-
poral changes in the steady-state absorption and fluorescence spectra during
irradiation. For the absorption method, the quantum yield of the photo-
decomposition under one-photon excitation, @ipa, can be obtained by the
equation [73]:

o= NAPRO-DGW] "

103¢(2) - [ [ To(M)[1 - 10-P*D]dx de
A0

where Ny is Avogadro’s number, D(A,0), D(A, ), e(1), t and A are the ini-
tial and final optical densities of the solution, the extinction coefficient (in
M~ cm™), the irradiation time, and the excitation wavelength, respectively,
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to is the total time of irradiation, and Iy(A) is the irradiance of excitation. In
the case of the fluorescence method, ®@;ps can be determined as [64]:

Dipa = 1= Fw)/F , (15)

fo

[ [ To(\)o(\)[F/F]dxrde
A0

where F and F(fy) are the initial and final fluorescence intensities (in relative
arbitrary units) and o (}) is the one-photon absorption cross section (in cm?).
It should be noted that some additional requirements for the experimental
conditions need to be fitted for these measurements (for details see [70-72]).

The experimental data on the photodecomposition quantum yields of the
fluorene derivatives under one-photon excitation into the main absorption
band are presented in Table 3. The values of @;ps were obtained for the range
of molecular concentrations 10> M < C < 107° M, as well as for air-saturated
and deoxygenated solutions [70, 71, 73, 74]. As follows from Table 3, the values
of @1pa strongly depend on the solvent properties. In polar aprotic ACN, the
values of @1ps exhibit dependence on fluorene concentration and the oxy-
gen content in the solvent, indicative of second order photoreactions with an
important role of the singlet and triplet molecular oxygen [71]. The highest
photochemical stability in ACN was observed for compound 3 in the deoxy-
genated solution, with cDIdPA A 3-107°. The quantum yields of photobleaching
in nonpolar hexane exhibited an unexpected opposite dependence on the
oxygen content in the solutions, i.e. a 2-3 times increase in deoxygenated
solutions. This is suggestive of efficient quenching of potentially reactive
excited state species, such as a triplet state of the fluorene molecule [70].
The lowest photostability was observed for compound 5 in CH,Cl,, with
®1pa ~ (1.0-1.5)-1072. The values of the photochemical quantum yields in
CH,Cl;, were independent of fluorene and oxygen concentrations, consistent
with first order photoreactions. Thus, in this case, the main mechanism can
be associated with an electron transfer process from the amine group leading
to formation of stable cation radicals [68]. This mechanism is nearly inde-
pendent of oxygen concentration, resulting in many different photoproducts
with broad absorption in the visible and near-IR range. Long linear fluo-
rene derivative 16 and branched 22 unexpectedly exhibited the highest level
of photostability, with @py ~ 2- 107 in polyTHE, which increased more than
10-fold in deoxygenated solutions, revealing an important role of molecular
oxygen in the photoreactions.

3.6.2
Photochemical Properties of Fluorenes Under Two-photon Excitation

The photochemical stability of the fluorene derivatives under two-photon ex-
citation into the main absorption band was investigated by the fluorescence
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method described above, with the use of a Clark-MXR, CPA2010 femtosecond
laser, an optical parametric generator/amplifier (TOPAS 4/800, Light Conver-
sion) for the excitation and a PTI spectrofluorimeter for the detection [73].
The quantum yields of photodecomposition were calculated from the ex-
perimental data in a Gaussian spatial and temporal beam profile approxima-
tion [70, 75] and are presented in Table 4. The analysis of these data revealed
a weak dependence of ®,ps on fluorene concentration in hexane and CH;,Cly,
very similar to the photochemical behavior of 3 and 5 upon one-photon ex-
citation (see Table 3). Thus, a dominant role of the first order photoreactions
can also be assumed. The values of photodecomposition quantum yields

Table3 Quantum yields of the fluorenes photodecomposition under one-photon excita-
tion into the main absorption band (Aexc = 360 nm and 420 nm*), in air saturated (®@;pa)
and deoxygenated (@) solutions with different concentrations C

Compound Solvent Concentration ~ ®pps - 10° dbldpA -10°
C-10° M
3 Hexane 0.3 35+1 14+4
2 5.0£1.5 12+4
8 40+1.3 15+5
30 45+1.5 12+4
130 5.0£2.0 -
CH,Cl, 0.3 2.54+0.8 8.0+2.5
2 3.0+1.3 10+£3
8 40+1.2 13+4
30 35+1 12+4
130 4.0£1.5 -
ACN 2.4 3548 0.27 £0.06
0.16 3+1 -
5 Hexane 0.3 35+8 50+12
2 3448 60115
8 40+10 150450
30 46112 100 +£25
130 3448 -
CH,Cl, 0.3 1500 + 500 1500 + 500
2 1200 =400 1200 =400
8 1000 =300 1000 =300
30 1000 + 300 1300 +400
130 1000 + 300 -
ACN 4.5 65+15 18+5
0.24 6.5+1.5 -
11 ACN 2.5 394+10 1.6+04
0.16 2346 -
16 pOlyTHF 1.8 0.20 +0.05* 0.012+0.003*

22 polyTHF 1.9 0.2140.05* 0.02+0.05*
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Table4 Quantum yields @,ps of photodecomposition under two-photon excitation into
the main absorption band (Aexc = 720 nm and 840 nm*) in air saturated solutions with
different concentrations C

Compound Solvent Concentration Dopy - 10°
C10° M
3 Hexane 0.3 3.0£1.0
2 35+1.2
8 3.0+1.0
30 4.54+2.0
130 5.0+2.2
CH,Cl, 0.3 90+45
2 80+40
8 2004100
30 150£50
130 200100
5 Hexane 0.3 23410
2 20410
8 22+10
30 2010
130 3015
CH,Cl, 0.3 700+ 300
2 1000 4= 500
8 1700 £ 800
30 800 4400
130 1400 4700
7 polyTHF 1.8 0.1940.07*
8 polyTHF 1.9 0.1540.06*

of fluorenes under one- and two-photon excitation were sufficiently close,
indicating similar mechanisms of the photochemical reactions. Only one ex-
ception was observed for compound 3 in CH,Cl,, when the values of ®;pa
were 30-50 times larger than those obtained for low intensity one-photon ir-
radiation. This photochemical behavior can be explained by an additional
one-photon reabsorption process from the first excited state followed by ef-
ficient photoreaction from a higher electronically excited state [70].

In conclusion, it should be noted that fluorene derivatives 16 and 22,
with large two-photon absorption cross sections, high fluorescence quantum
yields and high photochemical stability under one- and two-photon exci-
tation are outstanding candidates for various linear and nonlinear optical
applications, especially 3D fluorescence bioimaging.
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4
Applications

4.1
Two-photon Fluorescence Imaging

Two-photon fluorescence microscopy (2PFM), first demonstrated by Denk
et al. [3] in 1990, is based on the condition of a fluorophore to simultan-
eously absorb two lower energy photons in a single quantum event to induce
an electronic excitation that is normally accomplished by a single higher en-
ergy photon. 2PFM is inherently characterized by the high spatial localization
of this excitation event via the quadratic relationship or nonlinear depen-
dence of two-photon absorption and fluorescence on the intensity of the
incident light. Practically, this means fluorescence occurs only at the focal vol-
ume, and as near-IR laser irradiation is used as the excitation source, deeper
imaging into optically thick tissue, with spatially restricted photobleaching
and phototoxicity of the imaging specimen are achieved. In a medium con-
taining one-photon absorbing chromophores, significant absorption occurs
all along the path of a focused beam of suitable wavelength light. This can
lead to out-of focus excitation. In a two-photon process, negligible absorp-
tion occurs except in the immediate vicinity of the focal volume of a light
beam of appropriate energy. This allows spatial resolution about the beam
axis as well as radially, which circumvents out-of-focus absorption and is the
principle reason for two-photon fluorescence imaging [3]. The tenets of 2PA
enable investigations of complex biological problems and experiments on liv-
ing samples not possible with other imaging techniques.

Two-photon and higher multiphoton microscopies, utilizing judicious
choices of optical probes, have yielded sophisticated and unparalleled imag-
ing methods and techniques relative to what is achievable from linear fluo-
rescence imaging methods. In the case of laser-scanning two-photon excited
fluorescence microscopy, selecting the optimal fluorophore is critical, and
data of the 2PA and emission spectra for commonly used fluorophores and
bioindicators have been generated to facilitate the selection process [60, 76].
Particular molecules can undergo upconverted fluorescence through non-
resonant two-photon absorption using near-IR radiation, resulting in an
energy emission greater than that of the individual photons involved (up-
conversion). The use of a longer wavelength excitation source for fluorescence
emission affords advantages not feasible using conventional UV or visible
fluorescence techniques, e.g. deeper penetration of the excitation beam and
reduction of photobleaching. Argon ion (488 nm) and frequency-doubled
Nd:YAG (532 nm) lasers are the commonly used light sources for conven-
tional (single-photon) laser scanning confocal microscopy due to their ready
availability and low cost. Such light sources require fluorophores with strong
absorbance near these wavelengths.
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Two-photon laser scanning fluorescence microscopy systems, on the other
hand, are generally configured with a Ti:sapphire laser with 80-120 fs pulse
output in the near-IR region (700-900 nm). A reasonable absorption max-
imum for such chromophores is 380-420 nm (facilitating the use of near-IR
femtosecond sources in the range 760-840 nm), since the 2PA Ap,x will be
approximately twice the wavelength of the single-photon Amsx. Commercial
fluorophores are far from being optimized for use in two-photon fluorescence
microscopy. Many of these compounds are conventional UV-excitable fluo-
rophores, exhibiting low 2PA cross sections §, of the order of ~10 GM units
with a few exhibiting ~100 GM units in this wavelength area. Only recently has
research been reported on the design and development of very efficient 2PA
dyes possessing between 100 and several thousand GM units [7, 55, 77]. A more
salient feature of a fluorophore for its use in 2PFM is its two-photon excited flu-
orescence action cross section 1é, the product of the 2PA cross section § and the
fluorescence quantum yield 5. Usually expressed in GM units, the action cross
sections of these dyes are typically lower than the 2PA cross section.

Higher values of né enable detection of lower dye concentrations with
reduced laser power required for imaging, resulting in improved signal col-
lection due to suppressed autofluorescence and less phototoxic effects on the
sample. Hence, synthetic efforts focused on preparing new nonlinear optical
probes specifically engineered to exhibit higher § are expected to outperform
standard fluorophores currently in use for 2PFM imaging. For these appli-
cations, more criteria need to be met. They must be photostable and able
to withstand high irradiances under one-photon excitation (1PE) and two-
photon excitation (2PE). They must be nontoxic, having minimal cytotoxic
effects, especially on living samples, and they must be hydrophilic, or aque-
ous compatible. Currently, efforts are increasingly directed toward developing
and evaluating analogous compounds with greater compatibility or relevance
to biological environments, such as increasing hydrophilicity as well as speci-
ficity.

The well-characterized 2PA fluorene dye 3 has been proven to be a very
efficient 2PA and fluorescence compound. Recently it has also been success-
fully used as a 2PF probe for biological imaging [78]. Two-photon excited
fluorescence microscopy images of 3 staining fixed rat cardiomyoblasts is
demonstrated in Fig. 20. The fluorescent image of the fluorophore-stained
cells in Fig. 20D reveals higher contrast and greater signal under the same
excitation and power exposure as that of the control cells without fluo-
rophore, which only showed modest autofluorescence, as shown in Fig. 20C.
Two-photon induced fluorescence was observed predominantly from the cy-
toplasmic region, consistent with the images collected with epi-fluorescence
in Fig. 20B. These results lend credence to our motivation toward developing
fluorene-based reagents for multiphoton bioimaging applications.

Probe 3 is a highly hydrophobic compound that only achieved limited solu-
bility in a DMSO/water mixture. To prepare a more hydrophilic version of dye
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Fig.20 A Bright field transmission, B epi-fluorescent microscopy images of H9c2 cells
stained with 2PA dye 3. C 2PFM images of a blank containing no fluorophore and exhibit-
ing some autofluorescence and D cells stained with fluorene 3 upon 800 nm fs excitation.
Red spots demark signal saturation. Bright field transmission and epi-fluorescence micro-
scope images were collected on a Nikon Eclipse E600 upright microscope. Two-photon
excited fluorescence microscopy images were obtained on a modified Olympus IX 70
inverted microscope and Fluoview laser scanning unit accommodating a 10-W Verdi
pumping a Ti:sapphire crystal of a Mira 900 [79]

3, a similar conjugated system was functionalized by ethylene-oxy chains to
form 49 (Fig. 21), which possesses improved solubility in polar solvents, es-
pecially DMSO/water mixtures. This dye was successfully used to stain NT2
cells, a human cancer cell line. Fluorescent images of NT2 cells incubated with
fluorophore 49 were collected through a modified CFP filter set (DAPI exciter
Ex377/50 with CFP 458DM, Em483/32) to accommodate the spectral profile
of this dye using an Olympus X81 DSU microscopy system. The fluorescence
appeared predominately in the cytoplasmic region as punctuated structures,
possibly exhibiting preferential staining for cytoplasmic organelles such as
mitochondria. This was further confirmed by observation of the fluorescence
overlapping in the live NT2 cells co-stained with 49 and a mitochondria fluor-
escent probe MitoTracker Red CMXRos [80]. The preferential staining for
organelles of dye 49 may extend its utility in fluorescence imaging of animal
cells. A two-photon induced fluorescence image of the fixed NT2 cells, incu-
bated with compound 2 upon exposure to 800 nm excitation (160 fs, 10 mW,
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Fig.21 Structures of hydrophilic 2PA fluorophores 49 used for cell staining, and confocal
microscopy images of live NT2 cells incubated with a two-photon absorbing hydrophilic
probe 49 and two-photon induced fluorescence image of fixed NT2 cells (60x oil) stained
with the hydrophilic probe 49

76 MHz, 60x oil objective) using a modified Olympus IX70 microscope, is
shown in Fig. 21. Red spots in the image indicate signal saturation. The ob-
served fluorescence appeared predominantly in the cytoplasmic region. This
reiterates the utility of this compound as an efficient 2PA fluorescent contrast
agent for cellular imaging.

Currently, amine reactive fluorescent probes specifically used to covalently
label biomolecules that exhibit high 2PA cross sections and sufficient action
cross sections are rare and appear to be limited to dipyrrylmetheneboron
difluoride dyes [81, 82]. Therefore, the necessity to incorporate efficient re-
active 2PA fluorophores with high action cross sections for covalent attach-
ment to biomolecules within the fluorophore design strategy is timely and
fulfills an appropriate requirement that coincides with increasing usage of
two-photon excitation fluorescence imaging methods and techniques in the
life sciences. Efforts directed toward preparing reactive fluorescent reagents
have been initiated with the synthesis of an amine-reactive tag 50 (Fig. 22).
The isothiocyanate functionality reacts with aliphatic amine groups, includ-
ing the N-terminus of proteins and the e-amino groups of lysines. A model
probe adduct 51 was first prepared by reacting 50 with n-butylamine to test
its reactivity as an amine-reactive fluorescent label, and its spectroscopic and
labeling properties have been determined. The conjugate exhibits a high flu-
orescence quantum yield of 0.74 in DMSO, while the fluorescence quantum
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Fig.22 Preparation of the model adduct and bioconjugate 51 and 52 with the amine-
reactive fluorenyl reagent. a CSCl,, CaCO3, H,O/CHCl3, 0°C; b n-butylamine, r.t.;
¢ BSA, r.t.

yield of the reactive, unconjugated reagent 50 in the same solvent was only
0.02.

Finally, a model protein bioconjugate 52 was prepared with the reactive
fluorophore 50 and bovine serum albumin (BSA). The conjugate was identi-
fied spectrophotometrically and its steady state fluorescence emission spectra
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Fig.23 Normalized absorption spectra of the free BSA protein (1), BSA-dye 50 conjugate
(2) and steady state fluorescence emission spectrum of the BSA-dye conjugate (2')
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subsequently obtained. Different molar ratios of the reactive dye to protein
under different reaction times were performed to assess the reactivity of the
dye for its degree of labeling (DOL). The DOL is a key parameter to establish,
as over-labeling of a fluorescent tag may interfere with the biological activ-
ity of a particular protein. A DOL value of 2.2 to 3.4 was obtained with 50,
a typical range for amine-reactive probes.

The normalized absorption and steady state fluorescence emission spec-
tra of the BSA-dye conjugate in PBS buffer (pH 7.2) are shown in Fig. 23. The
conjugate displays absorption peaks corresponding to that of the BSA pro-
tein in the shorter wavelength range Amax = 280 nm, as well as that of the
fluorescent tag in the longer absorption range A maxima = 360 and 380 nm. The
fluorescence emission of the bioconjugate is broad and exhibits an appre-
ciable Stokes shift. A bathochromic shift in the fluorescence emission was
observed in the BSA-dye conjugate, relative to that of the free reactive fluo-
rophore. Initial demonstration of the fluorenyl tag 50 as an amine-reactive
2PA fluorophore is part of our continuing program toward developing more
hydrophilic fluorene derivatives with higher action cross sections.

4.2
Two-photon 3D Data Storage

Recently, with the increase of storage data density both magnetic and conven-
tional optical data storage technologies, in which individual bits are stored as
distinct magnetic or optical changes on the surface of a recording medium,
are approaching physical limits beyond which individual bits may be too
small or too difficult to store and retrieve. Storing information throughout
the volume of a medium, not just on its 2D surface, offers an intriguing high-
capacity alternative, achievable by using many layers with relatively large
marks (i.e. greater than 1 micrometer). This approach can potentially provide
efficient storage at densities significantly higher than those that are likely to
be available from magnetic media. Two-photon 3D data storage is one of the
most promising techniques to meet these demands.

The premise of the technology is that 2PA of laser light can be used to initi-
ate photochemical processes that alter the local optical properties of a material.
The 2PA is confined to the focus volume (voxel), resulting in 2PA induced
modulation of optical properties that is highly localized within the focal vol-
ume. Thus, 3D spatial control is achievable with high precision. Demonstrated
capabilities include the recording and reading of media with more than 100
data layers, recording tracks of 2 x 2 um? data marks, and the construction
of several proof-of-principle portable readout systems. Two-photon recorded
3D optical storage technology development has been predicted to provide disk
drive systems with high capacity (100-1000 GB/disk) and data transfer rates
of 1-10 GB/sec, using inexpensive, easily manufactured polymer media [83].
A range of different materials and processes has been investigated for 2PA-
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based 3D data storage since the Rentzepis’ pioneering work of 1989 [2].The
first compound attempted in our group for two-photon 3D data storage is
a well-documented fulgide compound 53 [84, 85], as shown in Fig. 24.
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Fig.24 Photoisomerization of indolylfulgide 53 (open form Amax = 385 nm, closed form
Amax = 590 nm)

Fulgide-type compounds are known to undergo photoisomerization from
a colorless to highly colored isomer [86]. The thermally and photochemically
stable fulgide-type compounds have been reported that underwent numer-
ous single-photon photochemical isomerization (color) and reversion cycles
without significant degradation [87]. Optical data recording potentials as
high as 108 bits cm™ have been reported for fulgide-type materials. Under
two-photon excitation, formation of the fulgide photoisomer 53 closed form
was monitored as a function of time. Plots of absorbance at 585 nm (log Iy/I)
versus time were linear for the formation of the ring-closed photoisomer.
The two-photon induced photoisomerization rate constants were 2.53 x 107~
0.3 x 107 and 6.99 x 107°-0.5 x 10 s7! at irradiation intensities of 3.5 and
7.0 mW, respectively. We have demonstrated 2-D interferometric recording
using a Mach-Zehnder interferometry setup and a Clark CPA2001 775 nm
femtosecond laser as the irradiation source (Fig. 25). Photoinduced changes
were observed in the regions of high light intensity (bright interference
fringes) in a thin film of poly(styrene)-fulgide 53 composite, demonstrating
a proof-of-principle for effecting photochromic transformations in localized
regions (Fig. 25) as a model for holographic information storage.

Recently, a new photochromic system, diarylethene, was investigated for
two-photon data storage application [88] due to its excellent fatigue resist-
ance, picosecond switching time, high photoisomerization quantum yields,
and absence of thermal isomerization [89,90]. The novel system is based
on the modulation of the fluorescence emission of a highly efficient two-
photon absorbing fluorescent dye and a photochromic diarylethene, provid-
ing a non-destructive readout method with >10* readout cycles. The storage
medium consists of a photochromic compound (diarylethene 1), 1,2-bis(2-
methylbenzo[b]thiophen-3-yl)hexafluorocyclopentene, and an efficient two-
photon absorbing dye 17 (Fig. 26) [88].

Interestingly, neither the open nor the closed form of 54 displays signifi-
cant fluorescence (fluorescence QYor = 0.02, QYcg<0.02). In a manner similar
to that reported by Castellano [91], however, the closed form of diarylethene
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Fig.25 Schematic of a Mach-Zehnder interferometer (upper) for 2-D recording via two-
photon photochromism (beam splitters are 50 : 50 at 45°, laser exposure time) 0.5-3 min,
output beam angle 2°. Dark lines in image (lower) result from high intensity bright
fringe-induced photoisomerization of fulgide 1 in a polymeric film (13 jum line width and
155 pm line spacing)
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Fig.26 Molecular structures of the open and closed forms of the diarylethene 54 and the
2PA fluorene derivative 17

54 can be used as a photochromic energy transfer quencher of the emission
of fluorescent dye 17 (Fig. 27). Compared to previously reported diarylethene
fluorescent switches (in which fluorescent dyes are covalently linked to the
diarylethene) [92], fluorescence modulation from non-covalently attached
fluorescent dyes is a particularly intriguing approach due to the relative syn-
thetic ease and versatility in materials selection.

Stable uniform films were obtained by mixing closed form diarylethene
54 and fluorene 17 with poly[methylmethacrylate-co-(diethylvinylbenzyl-
phosphonate)] (PMMA-co-VBP) [93]. The deep red films coated on glass
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Fig.27 Normalized absorption spectra of the open form (—) and photostationary state
(M) of diarylethene 54 (irradiating at 254 nm), and absorption (- - -) and emission spectra
(A) of fluorene derivative 17 (Aexc = 400 nm)

slides were approximately 40 um. The fluorescence from fluorene 17 was
effectively quenched in this film, and the fluorescence was recovered after
photo ring-opening of 54, giving the fluorescence contrast for readout. Films
containing 22 wt % of diarylethene 54 and 1 wt % fluorene 17 (relative to the
polymer) afforded the best contrast for a given exposure time and thickness.
Shown in Fig. 28 are the single-photon and two-photon readout data recorded
by single-photon writing.

Using a modified Olympus Fluoview FV300 two-photon microscope
equipped with a tunable femtosecond laser (tuned to 800 nm in this ex-
periment), two-photon readout was convincingly demonstrated (Fig. 28). In
particular, reading of the memory (data) is achieved by measuring the two-
photon up-converted fluorescence of fluorene 17 at 800 nm as a function of
position. At this wavelength, fluorene 17 has a d;ps of 1185 GM, while the
8spa of the closed form of diarylethene 54 (~120 GM from picosecond Z-
scan experiments) is one order of magnitude lower than that of fluorene 17.
Thus, when a weak 800 nm femtosecond laser (<10 mW) was utilized for
the readout process, strong two-photon fluorescence from 17 was obtained.
Meanwhile, this incident intensity is too weak to cause the closed form of di-
arylethene 54 to undergo significant photochemical reaction, which is related
to data erasing. For future practical application of this two-photon readout
system, the relatively expensive femtosecond Ti:sapphire laser can be replaced
with cheaper nanosecond laser diodes (A = 785 nm) with comparable output
laser intensity [94].

Figure 28e suggests that fluorene 17 indeed underwent 2PA as evidenced
by the slope of the plot of fluorescence emission intensity vs. several pump
powers. It is particularly noteworthy that with this method of two-photon
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Fig.28 a Single-photon fluorescence readout of data recorded by single-photon writing
(scale bar: 100 um); b intensity profile (the direction is shown by the arrows) of (a);
¢ two-photon fluorescence readout of data recorded by single-photon writing (scale bar:
100 um); d intensity profile (the direction is shown by the arrows) of (c); e quadratic de-
pendence of up-converted fluorescence of fluorene 17 on the input intensity. The smallest
readout pattern achieved in this system was ~3.5 um

read-out, data was read out up to 10* times with only a negligible decrease in
the contrast and fluorescence intensity of the original image. Therefore this
method may be considered to be practically non-destructive. One can easily
imagine binary data storage based on this system in which a fluorescence in-
tensity threshold is set (e.g., in Fig. 28) with anything below this intensity a
“0” and anything above it a “1”. Moreover, thirty-eight layers of recorded data
was read out without cross talk between adjacent layers, as shown in Fig. 29,
demonstrating the potential of this methodology.

Due to the small §,pa of the closed form of 54, the two-photon writing was
accomplished by using high incident intensity at the focus (90 mW). A rect-
angular pattern (consisting of 445 x 345 bits) was recorded in the storage
medium, by repeated scanning of the laser beam across the rectangular area
for 1.2 s/scan. The total exposure time of each bit was estimated to be about
2 ms. Data was then read by the same two-photon fluorescence microscopy
method described above using a low incident intensity of 7 mW (Fig. 30b) and
essentially remains unchanged during the readout process. Furthermore, the
quadratic relationship between fluorescence emission intensity and incident
power provides strong evidence that the data readout in Fig. 30b is, indeed,
a result of two-photon induced fluorescence (Fig. 30a).

Another interesting system that was studied for two-photon 3D data stor-
age in our group is based on the modulation of fluorescent properties of 2PA
chromophores by protonation [95]. For example, due to differences in basicity
(pKyp), fluorene 3 undergoes selective, stepwise protonation, first by proto-
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Fig.29 Two-photon readout of 38 consecutive layers. The layer intervals were 5 um

nation of the benzothiazolyl nitrogen (pKp, = 13) and then the triarylamino
nitrogen (pKyp, = 19). This leads to a mixture of three species in Fig. 31 (3, 3a,
and 3b), each with distinct UV-visible absorption and fluorescence emission
properties. Time-dependent UV-visible absorption spectra for a solution con-
taining 3 and the photoacid generator (PAG) CD1010 (a triarylsulfonium salt)
illustrate this nicely, as shown in Fig. 31.

Upon irradiation with broadband UV light (300-400 nm, 0.57 mW/cm?),
3 undergoes protonation, resulting in the formation of 3a, whose absorption
spectrum is red-shifted by about 100 nm relative to that of 3. The conver-
sion of the neutral fluorophore 3 at early irradiation times (10 s) results in
decreasing absorbance at its maximum at 390 nm and increasing absorbance
at 500 nm upon generation of the protonated form, 3a. The red shift was
expected since fluorene 3 is of an electron donor-r-acceptor construct and
protonation of the benzothiazolyl acceptor increases the electron deficiency
of this group, affording a greater dipole moment and polarizability. When
3a undergoes protonation, a new absorption that is blue-shifted relative to
both 3 and 3a was observed due to the fact that the once electron-donating
diphenylamino group in 3 and 3a was converted to an electron-accepting
moiety (quaternary ammonium salt) in 3b. Changes in the fluorescence emis-
sion spectra corresponded to the observed changes in the absorption spectra.
Protonation of 3 also resulted in a reduction of its fluorescence emission,
while emission at longer wavelengths was observed due to excitation of the
longer wavelength absorbing monoprotonated 3a. The fluorescence emission
intensity at ~490 nm (390 nm excitation wavelength) decreases with irradi-
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Fig.30 Two-photon fluorescence image of storage medium before (a) and after (b) two-
photon recording, ¢ DIC readout of the storage data after two-photon recording, and d
input intensity dependent up-converted fluorescence of fluorene 17

ation while, at early exposure times, emission at ca. 625 nm appears, which
then blue shifts upon further protonation to 3b. The emission at 625 nm is
from monoprotonated 3a upon excitation at 500 nm. Eventually, diprotona-
tion results in a relatively weak, blue-shifted emission at ca. 445 nm (from 3b).
Thus, in addition to observing fluorescence quenching at ca. 490 nm, fluores-
cence enhancement (creation) at longer wavelengths (ca. 625 nm) is observed
upon short irradiation times.

This behavior facilitates two-channel fluorescence imaging, resulting in
contrast due to fluorescence quenching at the shorter wavelengths (Aem of
3 from 425 to 620 nm) and fluorescence enhancement at longer wavelengths
(Aem of 3a from 520 to 700 nm) as presented in Fig. 32.

Both writing and recording were accomplished by two-photon excitation
of a spin-coated film containing fluorene 3, the photoacid generator, and
polystyrene or, alternatively, in which writing was accomplished by xy scans
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Fig.31 Time-dependent UV-visible absorption spectra of the photolysis of 3 and photo-
acid generator at photolysis times from £ =0 to 120s

at 740 nm (115 fs, 76 MHz). The written image was read by two-photon flu-
orescence imaging at 800 nm (115 fs, 76 MHz), as shown in Fig. 33. The be-
havior and relative stability of 3 makes this compound a good candidate for
WORM three-dimensional memory systems with writing and reading accom-
plished via two-photon fluorescence imaging.

4.3
Two-photon Photodynamic Therapy

Photodynamic therapy (PDT) is a treatment that kills cells by irradiating
a photosensitizer or photosensitizing agent by a particular type of light.
When photosensitizers are exposed to a specific wavelength of light, they
produce molecular singlet oxygen, O, (*A,), that destroys nearby cells. The
mechanism of production of O, (lAg) is shown in Fig. 34. O, (lAg) can be
generated by excitation of a photosensitizer (PS) molecule under linear (one-
photon) or nonlinear (two-photon) excitation followed by intermolecular
energy transfer to triplet molecular oxygen, O, (* 2;) [96]. Relative to sin-
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Fig.33 Two-photon fluorescent images of photosensitive films developed (via 350-nm
broadband exposure, 4.4 mW/cm?) using an Air Force resolution target mask. a Image
recorded by channel 1, b image recorded by channel 2, and ¢ fluorescence intensity by
scanning an xy line across one set of three-membered elements (line across set 5)

gle photon excitation, two-photon excitation again possesses the advantage of
higher spatial resolution, and the longer excitation wavelength allowing for
deeper penetration into biological media. This is an area that has attracted
increased attention. Some recent examples of two-photon photosensitized
production of singlet oxygen are difuranonaphthalenes [97], porphyrin [98,
99], phenylene-vinylene-based molecules [100], and fluorene [75] derivatives.
However, these PS either possess low efficiency of 2PA or poor compatibility
with the biological environment. In general, it is difficult to design a molecule
with high singlet oxygen quantum yield generation, a large 2PA cross section,
and good biocompatibility. Significant efforts are still needed to attain these
goals. In our work, we found that certain fluorene derivatives are promis-
ing for this application. The results of singlet oxygen quantum yields of four
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Fig. 34 Photosensitized singlet oxygen production: 1/!7 is the general (radiative and non-
radiative) rate constant of the transition S;— So; kst is the rate constant of singlet-triplet
conversion; 7t is the lifetime of the triplet, T, electronic state of PS; k? is the second-
order rate constant of singlet oxygen quenching of the T; state of PS; 7, and kg are the
radiative lifetime and rate constant of all intramolecular nonradiative energy relaxation
processes of O (lAg)

fluorene derivatives are listed in Table 5 as well as those of three standard
photosensitizers (Rose Bengal, methylene blue, and hematoporphyrin HP).
The structures of the PS are shown in Fig. 35. The results are encouraging,
prompting us to further pursue two-photon induced singlet oxygen gener-
ation of the most promising candidates. We have developed two methods for
singlet oxygen determination under near-IR two-photon excitation, and the
efficiency of these compoundsin terms of quantum yield was found to be very
high.

For the development of the measurement methodology, it is anticipated
that the same mechanism of O (! Ag) generation occurs under both one- and
two-photon excitation. This expectation is reasonable due to the very short
duration of the femtosecond laser pulse used for two-photon excitation. Thus,

Table 5 Singlet oxygen quantum yields (@) of different PS in ethanol obtained by chem-
ical quenching of DPBF and published values

Compound Amax Pa Published values of @A obtained by
(nm) measured DPBF method SOLM (%0.05) Other methods
(DPBF)
Rose bengal 560 0.80£0.08 0.79+0.06/0.86 0.79£0.05 0.68
Methylene blue 660 0.5040.05 0.49/0.49 0.42 0.52/0.50
HP 400 0.55+0.05 0.57 +0.04
28 344 0.354+0.03
29 362 0.53+£0.05
55 357  0.53+£0.05

56 314 0.75£0.08
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Fig.35 Molecular structures of singlet oxygen generating fluorene derivatives

it can be expected that all photochemical processes start from the same re-
laxed first electronic excited state of the PS. Our first method for two-photon
singlet oxygen quantum yield measurement was based on an established
photochemical method involving the reaction of 0, (*A,) with a singlet
oxygen-sensitive compound (quencher) [101] in combination with accurate,
time-dependent spectrofluorimetric determination of quencher concentra-
tion. 1,3-Diphenylisobenzofuran (DPBF) was used as an efficient chemical
quencher.

The DPBF-photooxidative product quantum yield @pppro,, and singlet
oxygen quantum yield of the PS, @2, are related according to the literature
as [102]:

1 1 B

®ppgro, PR ’ D3PA-Cppr (1o
where B =kgy/k, is constant for the DPBF decomposition in certain sol-
vents [102]. Equation 16 was used to obtain the value of @5 and § from the
Stern-Volmer plot, (1/@pppro,) versus (1/Cppgg). With this method, a two-
photon generated singlet oxygen quantum yield of 0.4 £0.1 was determined
for compound 29 in ethanol at excitation wavelength 720 nm, which coincides
with the corresponding singlet oxygen quantum yield determined under one-
photon excitation of @ ~ 0.53 +0.05, as listed in Table 5.

Although the above indirect method provided relatively accurate results,
a new method of direct measurement of the IR phosphorescence of O, (*Ag)
at 1270 nm was expected to improve the measurement [103]. The quantum
yield of two-photon singlet oxygen generation, 2*2®, was calculated from
Eq. 17:

2PA
P2PA In 5R

q)ZPA —
b
A AR IAR SZPA

(17)

2PA 2PA
5 52

where I, Iag, and are the average steady-state phosphorescence
emissions of singlet oxygen from the PS solutions and 2PA cross sections of
the sample and reference PS at the excitation wavelength (Aexc = 775 nm), re-
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spectively, and @3 is the quantum yield of O, (' Ag) sensitization under
two-photon excitation of the reference PS.

The typical phosphorescence signal of O, (*A,) produced under single-
photon excitation of PS 60 in ACN is shown in Fig. 36. These signals are
proportional to I and were used for the determination of @2, The value of
I exhibited a linear dependence on the square of excitation power for all the
investigated PS, indicating pure 2PA processes and low quenching efficiency
with rate constants kQ and k(AZ. 2PA cross sections, §2F2, of PS 57-60 in ACN
were measured at 775 nm by the open aperture Z-scan method and are pre-
sented in Table 6. Relatively low values of §2"* were obtained for PS 57 and
58 at 775 nm. This wavelength corresponds to the long wavelength edge of
their main absorption band. Although 775 nm is not optimal for two-photon
photosensitization, this wavelength was used since it is the fundamental out-
put of the Clark-MXR Ti:sapphire laser and possessed sufficient intensity
for 2PA-induced singlet oxygen quantum yield determination. Under exci-
tation in two-photon allowed electronic states, fluorene derivatives exhibit
8?PA > 200-300 GM and can be successfully utilized. The quantum yields,
GDZAPA, were determined from Eq. 14 for PS 1-4 in ACN and are presented in
Table 6. As can be seen from these data, PS 57-58 all possessed relatively high
two-photon quantum yields, 3" ~ 0.3-0.45, which are nearly equal to half
of the corresponding @ values obtained under linear, one-photon, excita-
tion. This indicates that the processes of singlet oxygen production for all the
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Fig.36 Phosphorescence signal of singlet oxygen produced by PS 60 in ACN under steady-
state one-photon excitation at abs) oo
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Table 6 Two-photon absorption cross sections, ;ps, and quantum yields of singlet oxygen
generation, @2, under single and two-photon excitation of 57-60 at 775 nm in ACN

Compound Amax Dp §2PA GM <D2APA

57 34041 0.6540.07 9+4 0.4+£0.2
58 34241 0.74+0.08 10+4 0.340.15
59 362+1 0.93+0.1 50+15 0.35+0.1
60 36441 0.92+0.1 60420 0.4540.15

fluorenyl PS start from the same vibronic levels of S; and are nearly indepen-
dent of the type of excitation.

4.4
Two-photon 3D Microfabrication

Emerging device technologies such as microelectromechanical systems and
integrated sensors are placing increased demands on the development of 3D
materials processing and fabrication techniques. Traditional 3D microfabri-
cation techniques for microscale free-form fabrication include microstere-
olithography, electrochemical fabrication (EFAB), microphotoforming, spa-
tial forming, microtransfer molding, localized electrochemical deposition,
etc [104]. With these techniques, 3D objects were successfully fabricated from
the various materials, including polymer, ceramic, metal, etc. Most of these
techniques build 3D structures using layer-by-layer photopolymerization. For
example, in a typical microstereolithographic process a CAD model of the de-
sired object is first generated, and then the 3D model is sliced into a series
of closely spaced horizontal planes and converted into computer-executable
codes. Controlled by these codes, the desired polymer object is built by
computer-directed laser scanning on the surface of a photocurable liquid
resin in a layer-by-layer additive fashion. In contrast, due to the character-
istic 3D spatial resolution of the simultaneous 2PA process, polymerization
induced by 2PA can be harnessed to directly write 3D objects in photocur-
able materials. This is facilitated by the unique properties associated with
simultaneous absorption of two-photon relative to single-photon mediated
processes.

While a more detailed review of two-photon 3D microfabrication can
be found in another chapter of this issue, this chapter will concentrate on
our work on characterization and application of commercial photoinitiators.
The development of better 2PA photoinitiators would be expected to facili-
tate 3D photopolymerization technologies. Efficient 2PA compounds based
on phenylethenyl constructs bearing electron-donating and/or electron-
withdrawing moieties have been reported [105-107]. Among these are
electron-rich derivatives that have been found to undergo a presumed two-
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photon induced electron transfer to acrylate monomers or a proposed
fluorescence energy transfer to a photoinitiator of polymerization. The re-
portedly efficient two-photon photoinitiators, although more photosensitive
than previously studied UV photoinitiators, are not commercially available
and require rather involved syntheses. As such, many 2PA-induced polymer-
izations directed towards micro- and optical-component fabrication continue
to employ conventional, commercially available UV-visible photoinitiators.
There have been a limited number of reports of two-photon photopolymer-
ization of commercial acrylate monomer systems, pre-formulated with UV
photoinitiators [85,108]. Additionally, previous 2PA microfabrication efforts
using commercial UV resins and photopolymerizable systems reveal little in-
formation pertaining to the photophysical properties of the photoinitiators
used. As these initiators are in current and continual use, information on their
2PA properties may facilitate optimization of 2PA-induced polymerization
conditions. Given this, the 2PA photophysical properties of several common
photoinitiators were measured [58]. Their structures are shown in Fig. 37.

In the linear absorption measurements of these photolabile compounds,
there is a concern that during the measurement of the 2PA cross sections
the photoinitiators may photodecompose, which would in turn affect the
observed cross section, especially when the Z-scan technique is used. The Z-
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Fig.37 Structures of commercial photoinitiators
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scan technique requires higher irradiances (50-400 GW/cm?), consequently
resulting in higher probabilities of photodegradation compared to the use of
the white-light continuum (WLC) method (<50 GW/cm?). Furthermore, in
the WLC method, there is no degenerate 2PA of the strong pump beam, only
simultaneous non-degenerate 2PA of the pump and probe beams. Since the
monitored change in transmittance is of the weak probe beam, this guaran-
tees that the population promoted into the excited state is small. Typical 2PA
spectra of three photoinitiators ITX, Irgacure 369 and Irgacure OXEO1 using
the WLC method are presented in Fig. 38.

For the results from the Z-scan method, the effect of the potential pho-
todegradation was carefully evaluated by performing the measurement on
solutions in an enclosed cuvette as well as in a flow cell (both with 1 mm
path length). In the flow cell geometry, the flow rate was set to assure that
a fresh volume of solution was measured with nearly every laser pulse. The
nonlinear signal from the flow cell geometry for Irgacure OXE01 was 3.5 times
larger than that of the stationary solution, indicating that photodegradation
can interfere with the measurement of the 2PA cross section if precautions
are not taken to avoid this. This also suggests that Irgacure OXE01 should
be an effective 2PA photoinitiator since it readily undergoes photolysis upon
near-IR two-photon excitation. Listed in Table 7 are two-photon absorption
cross sections of a number of commercial photoinitiators by two methods,
i.e. by the Z-scan technique using the flow cell and by the femtosecond WLC
pump-probe method.

In addition to these examples, an electron-transfer free radical photoini-
tiator H-Nu 470 (5,7-diiodo-3-butoxy-6-fluorone) has been also successfully
used for 3D microfabrication by near-IR two-photon induced polymerization
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Fig.38 2PA spectra via the WLC method. ITX spectrum has been enlarged (5x) for ease
of viewing. Lines indicate UV-visible linear absorption spectra: ITX (dot), Irgacure 369
(dash-dot), and Irgacure OXEO1 (dash)
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Table7 Peak 2PA cross sections for photoinitiators using Z-scan and WLC methods

Compound Amax Z-scan WLC-2PA

)"1(’3121}( Bmeas )"1(’3121}( Smeas
Irgacure 184 246 265 23 250 <20
Irgacure 261 242 265 <20 250 <20
Irgacure 369 324 335 7 318 27
Irgacure 651 254 265 28 250 <20
Irgacure 754 253 265 21 250 10
Irgacure 819 295 300 <4 300 <5
Irgacure 907 306 300 4 300 <5
Irgacure OXEO1 328 330 31 330 38
Darocure TPO 299 300 <4 300 <5
Darocure MBF 255 265 27 250 <20
Darocure 1173 244 265 <20 250 <20
CD 1012 247 265 16 273 14
ITX 382 38 5 377 4

of (meth)acrylate monomers. The polymerization was initiated at 775 nm
via direct excitation of H-Nu 470 in the presence of an arylamine, and
(meth)acrylate monomer. The formation of polymeric microstructures with
a variety of dimensions was accomplished. In simple line scans, line widths
were reproducibly produced with uniform line widths ranging from 7 to
15 wm, spaced 20-50 wm apart. Microstructures were readily examined by
optical reflection microscopy. Figure 2 depicts the microstructure formed in
which the line width is 9 um with relatively uniform 50 pum line spacing. Elec-

Fig.39 Micrograph of polymerized uniform submicrostructure with 9 um line width and
50 um line spacing. The structure was written by two-photon initiated electron-transfer
free radical polymerization of diacrylate monomer Sartomer SR 349 at 775 nm via direct
excitation of dye 5,7-diiodo-3-butoxy-6-fluorone(H-Nu 470) for (A) and dye 3 for (B) in
the presence of N,N-dimethyl-2,6-diisopropylaniline
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tron transfer from the aromatic amine (N,N-dimethyl-2,6-diisopropylaniline)
to the fluorone derivative, followed by proton transfer from the amine to the
fluorone, resulted in formation of an arylamine bearing a free radical lo-
calized on the a-methylene carbon. This free radical species then initiated
polymerization of (meth)acrylate derivatives. A diaryliodonium salt can be
added to accelerate the rate of polymerization [108].

As another example, fluorene 3 was found to be an effective initiator for
an acrylate (SR349) polymerization via 2PE at 775 nm, presumably by means
of an electron transfer process. The resulting microstructure had 18 um line
widths of uniform spacing as shown in Fig. 39B [85].

5
Conclusion

The last decade of the 20th century and the first decade of the 21st century
has witnessed growing interest in two-photon, nonlinear optical materials
and applications. The highly advantageous properties associated with long
wavelength, two-photon absorption will continue to inspire this activity. Ap-
plications that employ two-photon absorption are making their way from
the laboratory to the market and will continue to do so. As part of our ef-
forts in this field, appropriately functionalized fluorene derivates have been
prepared that possess high two-photon absorptivity and high photostability
under both one-photon and two-photon excitation. Furthermore, derivatives
can be molecularly engineered to exhibit high fluorescence quantum yield or
high rates of intersystem crossing to the triplet state and subsequent sing-
let oxygen generation (singlet oxygen photosensitizers). Biocompatibility can
be readily imparted to the fluorine derivatives by introduction of hydrophilic
substituents at the 9-position, providing outstanding two-photon fluorescent
probes for organelle-specific bioimaging and photodynamic therapy. The in-
herent three-dimensional spatial resolution inherent in 2PE, along with the
use of near-IR light, affords unprecedented opportunities in the development
of photonic materials and devices for a number of technologically import-
ant applications such as high density 3D data storage and 3D lithography and
microfabrication.

As more sensitive materials with specifically tailored properties and sound
theoretical method development progress, scientists and engineers should
have a predictive capability to rationally design tailor-made multiphoton ab-
sorbing materials for particular applications. This should help propel the
numerous applications of two-photon and higher order multiphoton absorb-
ing materials described above, along with emerging areas such as optical
signal processing and quantum computing. The continued dependence on
the interdisciplinary expertise of materials chemists, spectroscopists, the-
orists, and engineers makes the field of multiphoton based research and
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device development an exciting and virile field for the next generation of
researchers.
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Abstract Optical techniques for three-dimensional micro- and nanostructuring of trans-
parent and photo-sensitive materials are reviewed with emphasis on methods of ma-
nipulation of the optical field, such as beam focusing, the use of ultrashort pulses, and
plasmonic and near-field effects. The linear and nonlinear optical response of materials
to classical optical fields as well as exploitation of the advantages of quantum lithography

are discussed.

Keywords Laser lithography - Optical nonlinearities - Optical structuring -
Photopolymerization - Quantum lithography
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DOE
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FROG
FWHM
GRENOUILLE

GM
GVD
E

G

IR

k
MBAPB
MPA
MEMS
NEMS
NA
PhC
PBG
PSB
PSF

One-dimensional
Two-dimensional
Three-dimensional

Entanglement area

Speed of light

Charge coupled device
Continuous-wave (refers to lasers)
Diffractive optical element

Direct laser writing
Electron-beam lithography

Finite-domain time difference calculations

f-Number
Frequency-resolved optical gating
Full-width at half maximum

GRating-Eliminated No-nonsense Observation of Ultrafast Incident Laser

Light E-fields

Goppert-Mayer GM units of TPA cross-section (1 GM = 107" cm* s)

Group velocity dispersion
Young modulus

Shear modulus

Infra red

Spring constant (SI: N/m)
Hydrophobic dye C4Hs4N,0;
Multiphoton absorption
Microelectromechanical systems
Nanoelectromechanical systems
Numerical aperture
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Photonic band gap
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Point spread function
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PR Phase retarder

PZT Piezo-ceramic transducer

R Absorption rate

N Irradiation area

SGH Second harmonic generation

SEM Scanning electron microscopy

SPDC Spontaneous parametric down conversion
Te Entanglement time

TFSF Total-field scattered-field

TPA Two-photon absorption

SU-8 Brand of commercial photoresist from MicroChem, Newton, MA, USA
uv Ultra-violet

¢ Photon flux density

ny Nonlinear index of refraction

A Wavelength

u-TAS Micro-total analysis systems

v Poisson’s ratio

Oab Cross-section of linear absorption

o2y Cross-section of two-photon absorption
£ Pulse duration at FWHM level (for Gaussian pulses)
1

Introduction

Three-dimensional (3D) structuring of materials allows miniaturization
of photonic devices, micro-(nano-)electromechanical systems (MEMS and
NEMS), micro-total analysis systems (1-TAS), and other systems functioning
on the micro- and nanoscale. Miniature photonic structures enable prac-
tical implementation of near-field manipulation, plasmonics, and photonic
band-gap (PBG) materials, also known as photonic crystals (PhC) [1,2]. In
micromechanics, fast response times are possible due to the small dimen-
sions of moving parts. Femtoliter-level sensitivity of 1-TAS devices has been
achieved due to minute volumes and cross-sections of channels and reaction
chambers, in combination with high resolution and sensitivity of optical con-
focal microscopy. Progress in all these areas relies on the 3D structuring of
bulk and thin-film dielectrics, metals, and organic photosensitive materials.
Currently, a range of techniques are used to obtain 3D micro- and
nanostructures. They include self-organization, biomimetics, electron-beam
lithography (EBL), ion and particle beam-milling, and optical fabrication.
Arguably, the best-known used technique of optical fabrication is optical
lithography. This term refers to mask projection lithography and implies
replication of a two-dimensional (2D) image by drawing on [lithos (Greek:
stone). Intense development of this technique has occurred mainly due to
the demands of microelectronics science and industry. Lithographic fabrica-
tion of high resolution masks, combined with thin-film deposition of various
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materials, can produce multilayered 3D microstructures composed of semi-
conductors, metals, and organics as well as non-organic dielectrics, which are
typically built in a layer-by layer manner from finely structured 2D layers.
Despite the great successes and achievements of this approach in the field of
microelectronics, the novel 3D microstructures mentioned above require fab-
rication techniques and procedures that are intrinsically three-dimensional.

3D microstructures are expected to be made most efficiently using 3D
methods. One of the methods that is still in its infancy, but already shows
a great potential, is laser lithography. Rather than recording sequences of 2D
patterns, this technique allows structuring of both surfaces and bulk materi-
als, and can directly write 3D patterns with fine resolution. The structuring
occurs via exposure of material to the powerful optical field of a focused laser
beam, or to the periodic interference pattern of several laser beams. The opti-
cal field photomodifies material via a wide range of optical mechanisms, from
optical damage of transparent dielectrics to optically triggered, chemically
amplified cross-linking of polymers in photoresists or photosensitive liquid
resins. The principles and physical mechanisms allowing 3D laser lithography
of photoresists and resins is the main focus of this review. Demonstration of
various micro- and nanostructures in this work is mainly aimed at empha-
sizing the capabilities of the fabrication techniques, methods, and materials.
Functionality of these structures is mentioned only briefly; more details re-
garding the latter can be found in the cited references.

2
The Techniques of Laser Lithography

Practical laser processing of materials involves a batch of procedures, each of
which has its own requirements: preparation of the initial material (with pa-
rameters customized for the intended fabrication method), its proper optical
exposure, and post-processing aimed at developing or refining the exposed
material (e.g., thermal annealing, chemical development, or etching).

The field of laser lithography (also often called laser microfabrication)
branched out from multiphoton excitation microscopy and has become es-
tablished during the last decade. The principles of two-photon microscopy,
which has enabled high-resolution 3D imaging [3, 4] and optical memory [5],
were gradually adapted for 3D laser lithography [6]. A relevant collection of
seminal papers on the field can be found in [7].

Nonlinear absorption is the key mechanism responsible for 3D structuring
of materials, including photoresists and photosensitive resins. Optical nonlin-
earities take place when intensity of the irradiating electrical approaches that
of molecular coupling, which occurs at the levels of approximately 10'° V/m
or ~100 GW/cm?. Detailed description of optical properties of polymers can
be found in the literature [8]. Among the optical nonlinearities, multipho-
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ton absorption processes are the most common, in particular, the two-photon
absorption (TPA), predicted by Goppert-Mayer in 1931 [9]. These processes
are the workhorse of laser lithography. More complicated optical response is
also often encountered, for example field enhancement and nonlinear absorp-
tion due to collective oscillations of the optically induced dipoles, which is an
inherently thresholdless process occurring at considerably lower irradiance
levels [8].

At the present time there exist two distinctly different kinds of laser lithog-
raphy. Direct laser writing (DLW) is a sequential method in which structures
are drawn by translating the focal spot of a tightly focused laser beam.
Recording of multiple-beam interference patterns, also called holographic
lithography, is a parallel method in which the entire structure is exposed sim-
ultaneously. In both methods photomodification patterns can have arbitrary
dimensionality and high spatial resolution on the subwavelength level. They
also allow tuning the processing wavelength to achieve a required excitation
mechanism, from single-photon absorption for surface processing to two- or
multiphoton absorption for volume processing [10]. Hence, the light sources
and the processed materials must match each other’s spectral window. Un-
like 2D structures, 3D structures cannot be replicated by molding, and fast
fabrication throughput at low cost is of primary importance.

Due to these reasons, accurate control over the light delivery into the mate-
rial and exploitation of the linear and nonlinear optical processes are crucial
for the successful implementation of laser lithography. Here we survey the
methods and principles allowing control of the optical fields required for laser
lithography, including light delivery, optical field localization, its intensity en-
hancement, and quantum optical effects. The main aim of this review is to
show the usefulness of laser lithography in terms of its versatility and high
resolution.

2.1
Direct Laser Writing

The principle of direct laser writing is explained in Fig. 1. Optical exposure
and nonlinear absorption is induced in the focal region of a tightly focused
laser beam, whose size is defined by the point-spread function (PSF) of the
nonlinear process and may be significantly smaller than the wavelength of
the recording laser. The focal region can be smoothly translated in the bulk
of photosensitive material, where linear features having the desired shape
can be recorded. After the exposure, the development procedure removes the
unexposed parts of material, leaving solid features with subwavelength size.
The setup of 3D laser lithography used in our laboratories employs a pulsed
output of a Hurricane X system (Spectra-Physics) with t,y5e = 120 fs and
Apulse = 800 nm as the light source. The fabrication is performed in an opti-
cal microscope (Olympus IX71) equipped with oil-immersion objective lenses
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Fig.1 Principle and implementation of DLW in a positive photoresist or liquid resin (from
left to right)

(magnification 60x and 100X, numerical apertures NA = 1.4 and 1.35, respec-
tively). 3D drawing is accomplished by mounting the samples on a piezo-
electric transducer (PZT) controlled 3D translation stage (Physik Instru-
mente PZ48E) which has a maximum positioning range of up to 50 pm and an
accuracy of several nanometers. The samples are films of SU-8 (Microchem),
spin-coated to a 50 um thickness on glass substrates. Single-photon absorp-
tion in SU-8 is negligible at A,yise, but becomes dominant at A = 400 nm [12].
Therefore, two-photon absorption is responsible for the photomodification
by the cross-linking of a polymer, which renders SU-8 stable against subse-
quent chemical development. The development leaves solid exposed parts,
which have a refractive index of n ~ 1.6 (at infrared wavelengths) suspended
in air (n = 1). Therefore periodic structures recorded by DLW in SU-8 can be
useful in photonics.

In terms of beam delivery, the DLW method is based on optical microscopy,
confocal microscopy [4,6,13] and laser tweezers [14] (for reviews on laser
tweezers see [15, 16]). These techniques allow for a high spatial 3D resolution
of a tightly focused laser beam with optical exposure of micrometric-sized
volumes via linear and nonlinear absorption. In addition, mechanical and ther-
mal forces can be exerted upon objects as small as 10 nm; molecular dipolar
alignment can be controlled by polarization of light in volumes of with submi-
crometric cross-sections. This circumstance widens the field of applications for
laser nano- and microfabrication in liquid and solid materials [17-22].

Figure 2 shows a scanning electron microscopy (SEM) image of a compli-
cated 3D structure recorded by DLW using exposure by a sequence of 0.5 n]
pulses separated by 100 nm from each other. The structure has a so-called cir-
cular spiral geometry, highly regarded as a building block of PhC structures
with strongly pronounced PBG properties. This topology is derived from
the diamond structure and has a spectrally wide ~28% (width-to-center)
bandgap, if fabricated in a high refractive index material of n =3.5 (e.g., sil-
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Fig.2 SEM images of non-interlaced (a > L) spiral structures recorded by direct laser
writing in SU-8 [11] and their transmission/reflection spectra. Upper row: spirals with
lateral period a = 3.0 um, arm length L = 2.7 pum, vertical spiral pitch ¢ = 4.32 um, struc-
ture volume 16 x 16 x 8 spiral periods. (Lower row: a =0.95 um, L = 0.7 um, ¢ = 1.484 pm,
36 x 36 x 12

icon) [23]. The high structural quality of the sample shown in Fig. 2 can be
inferred from photonic stop-gaps (PSG), recognizable in the optical transmis-
sion and absorption spectra of the samples shown in Fig. 3.

These structures were recorded by a vectorial focal spot scanning in
a spiral-by-spiral method rather in a raster layer-by-layer mode using a PZT
stage. Such spiral structures fabricated in SU-8 have optical spot bands in
near-IR [24], telecommunication [25], and 2-5 pum-IR region [26] or can be
used as templates for Si infiltration [11]. It is obvious, that direct laser scan-
ning is well suited for defect introduction into 3D PhC, as demonstrated in
resin where a missing rod of a logpile structure resulted in the appearance of
a cavity mode in an optical transmission spectrum [27].

2.2
Holographic Lithography

The optical scheme of holographic lithography is schematically illustrated in
Fig. 4. The beam of the same laser system as used for DLW recording passes
through a diffractive optical element (DOE), where it is split into a set of di-
verging multiple beamlets by diffraction. The set of beamlets is subsequently
collimated by a lens, and passed through the transmission mask, which selects
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Fig.3 Infrared optical transmission and reflection spectra of the samples shown in Fig. 2;
the spectrally matching transmission dips and reflection peaks represent photonic stop-
gaps. Upper and lower plots correspond to upper and lower rows in Fig. 2

the beamlets required for obtaining the desired 3D interference pattern. As the
beamlets propagate in free space, they can be optionally passed through vari-
able phase retarder (PR) plates, which set their mutual phases. Phase control
can be used to alter the 3D interference patterns. The parallel, phase-controlled
set of beamlets is then focused into the photoresist sample using a focusing
lens having numerical aperture lower than in the case of DLW. Typically, a lens
with NA = 0.75 is used. Multiple beams formed by DOE have an advantage of
larger mutual spatial overlap compared to that of the beams obtained from
a beamsplitter. The DOE produces multiple, mutually coherent laser beams
from a single input beam. The beams arrive to the focal spot of the lens as
nearly plane waves with vanishing optical path difference. This is especially
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Fig.4 Schematic layout of the optical setup for holographic lithography using diffractive
DOE, and phase control of the interfering beams. The callouts illustrate the selection of the
beams using transmission mask, their incidence directions (fop), and extended transverse
spatial range of the interference region using tilted pulses produced by DOE (bottom)

important when ultrashort laser pulses are used [28]. Overlap of two coher-
ent ultrashort pulses is determined by their longitudinal dimension, I, = ctp,
which is about 30 jum for a 100 fs duration pulse. Hence, the width of the spatial
overlap is w = ¢t /sin(6/2) for a two-beam interference. For diffracted pulses,
their constant intensity surface does not coincide with the the wave front,
resulting in tilted pulses, whose spatial overlap is given by w = d/cos(6/2),
where d is the diameter of the beams. Thus, mutual coherence and zero time-
delay are maintained across the entire cross-sectional areas of the tilted pulses
despite their different propagation directions, and interference occurs in the
entire focal spot. Large patterns can be recorded even with tight-focusing
optics having a numerical aperture of NA > 0.5.

Quality of the DOE is crucial for the recording of high-fidelity patterns,
especially when phase control is involved. It can be evaluated using shear-
interferometry by combining the front- and back-reflected beams on a CCD
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camera. The uniform interference fringes signify the uniform phase (thick-
ness) of the DOE, as is illustrated in Fig. 5.

Spatial intensity distribution of the interference field depends on the phase
difference between the beams §;; = k; - kj (in vector notation) and their mu-
tual angles 0;; (where i,j are the beam index) as:

I=" Eg+ Y 2EqiEqjcos(tij) cos(8) . (1)
J i>j
Here E, is the amplitude of electrical field of the beam. Equation 1 defines
spatial intensity distribution in the interaction region as a function of beam
phase and incidence angle. For practical applications, the contrast of the in-
tensity distribution I(x, y,z) should be maximized. This can be achieved by
optimizing the intensities of the beams, E3;, and their phases. The orienta-
tion of linear polarizations of the beams are also important and would enter
Eq. 1 as additional cos(e;-e;j) factors for the polarizations e;; (of beams i
and j, respectively), becoming more significant at larger incidence angles.
For s-polarization perpendicular to the plane of incidence, the highest con-
trast (cos(e; - ¢j) = 1) is reached. However, complex multibeam interference
patterns are usually formed by both s- and p-polarizations, and only their rel-
evant components should be considered. It is noteworthy, that chiral patterns
can be created by interference of circularly and linearly polarized beams.
The phase control makes it possible to modify and translate the inter-
ference pattern with a fine subperiod resolution [29,30]. Also, very com-
plex patterns can be formed by combining linearly and circularly polarized
beams [31-33] and by using several exposures of the same sample by dif-
ferent patterns. Equation 1 can be recast in the form more convenient for
theoretical simulation and visualization of the interference patterns of mul-
tiple beams with adjustable phases:

I(r) = ZEne—i(kn-HzSn) -E’,"nei("m"+‘3m) , (2)

n,m

(a)

r AP

.
2R R

Shear Interferogram

Diffracted beams

Fig.5 a Diffraction in a DOE. b Nine-beam diffraction pattern obtained by laser illumin-
ation of a DOE made of silica (6 =3.82°). ¢ Shear interferometry image made by inter-
ference from the front and back side of the DOE shown in (b)
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where E is the E-field vector (* designates a complex conjugate), r is the
radius-vector, k the wave vector, and n = m represents the number of interfer-
ing beams.

Phase control provides an additional avenue for fine tuning of the interfer-
ence patterns [34-36]. Interference of several coherent beams can be simu-
lated numerically by summation of plane waves according to Eqgs. 1 and 2.
This is a helpful method for designing structures with desired architecture.

In practice, phases of the beams are adjustable by tilt angle, ¢, of phase
retarder plates (glass plates) inserted into the beamlets. The tilt defines the
the optical path Ax = nd/cos(p); typically cover-glass slides with refrac-
tive index of n = 1.5 and thickness of d = 180 pum suffice as variable phase-
retarders.

Figure 6 shows SEM images of the structure recorded in photoresist SU-8
using interference of five beams with the same phase. The resulting struc-
ture has a body-centered tetragonal symmetry. It was demonstrated re-
cently that the same optical layout, with the addition of phase control,
allows recording of so-called woodpile structures that are highly promis-
ing as PBG materials [29,37]. Such structures have open architecture with
good permeability to the liquid developer, resulting in high quality sam-
ples suitable as templates of the structures for photonic and microfluidic
applications.

AL
.]lll

w%w
d

Fig.6 Structures recorded by five-beam interference in SU-8. The interference images
were recorded on an auxiliary CCD to observe the pattern [29]. Top and side-view SEM
images of structures a without phase control of interfering beams, and b with the phase
difference of 7/2 between three central beams and the two side beams. The numerical
aperture of the lens was 0.75, the exposure time was 30 min at a 35 mW total irradiation
power (all beams, at a 1 kHz repetition rate). The pulse duration was 180 fs, the central
wavelength was 800 nm
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3
Delivery of the Optical Radiation

The light intensity distribution at the focus of the lens is the main fac-
tor defining resolution of DLW, especially because optical nonlinearities are
involved in the photomodification. Light intensity in the focal region de-
pends on the numerical aperture of the lens, duration of the laser pulse,
spatial mode of the laser beam, aberrations, and propagation effects. Though
the smallest focal spot achieved by an optical system is about half of the
diffraction-limited spot size [38], spatial resolution several times higher was
achieved using laser lithography due to the nonlinearities and the existence of
threshold intensity for photomodification.

3.1
Focal Spot Size of a Gaussian Beam

The Gaussian beam approximation is usually adequate for description of
pulsed and continuous-wave (cw) laser pulses and beams not clipped by
apertures of optical elements. However, when the laser beam is clipped, for
example by the entrance pupil of objective lens, the central part of the clipped
Gaussian beam can often be used successfully for laser lithography, because
ellipticity of the focal spot (the ratio between the long and short axes of the el-
lipsoidal focal region) is minimized for clipped beams. A Gaussian beam has
the smallest possible angular diameter caused by diffraction 21 /d, where the
diameter d = wwy is determined by the waist of the beam, wy. The diameter
of a truncated Gaussian beam approaches that of a plane wave diffracted on
the aperture having diameter 2.44A/d [39].

For a well-controlled 3D exposure, it is necessary to control the light inten-
sity distribution at the focus, which is described by the point-spread function
(PSF). Even for tight, aberration-free focusing, the axial spreading of PSF is
larger than the lateral spreading [40]:

_d\/3 - 2cosa - cos2a

! 3)

1-cosax

where the lateral diameter of the focal spot size is defined by the Airy disk for
a plane wave focusing, d = 1.221/NA. The numerical aperture NA = nsina,
where 7 is refractive index at the focus, X is the vacuum wavelength, and o
is the half-angle of the focusing cone. Equation 3 is valid for focusing by large
numerical aperture (NA > 0.7) optics.

Axial elongation of the PSF may also result from the pulse tilt acquired
after their passing through prisms and gratings, for example, in pulse com-
pressors used in the standard chirped pulse amplification (CPA) scheme [41].
The influence of spherical aberrations on the PSF is discussed in Sect. 3.1.2.
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It is instructive to identify regions of the focal spot where intensity is
higher than the threshold of the photomodification process concerned. As
mentioned earlier, the photomodification may involve polymerization, crys-
talline phase change, melting, structural modification, defect formation, etc.
Though the final dimensions of the photomodified region depend on the
material response, they follow closely the spatial intensity profile, especially
near the photomodification threshold. The intensity envelope of a Gaussian
beam is:

2 2
w, 20 07
I(r,2) =1y 02e (W(Z)> , (4)
w(z)
where waist (radius) of the beam wy determines its lateral cross-section along
the z-axis, and is given by:

2 2
w(z) = wo 1+( Zh ) _ | * <zR+Z), (5)
W%TUT niw ZR

where 7 is the refractive index at the focus, A is the wavelength in vacuum,
and:
nTwi

ZR = A > (6)
is the Rayleigh length at which waist increases by the factor of /2.

It is usually instructive to compare lateral and axial dimensions of the
photomodified region and the focal spot. The size of the focal region can be
evaluated from Eq. 2. Along the lateral direction, the intensity reaches the
level of Iy/e?® at the position characterized by r = wy. Along the axial direc-
tion, the same intensity is reached at the position zr. Hence, it is convenient
to define the lateral spot size (diameter) at the Iy/2, or full-width at half max-
imum (FWHM) level. This size is smaller than that defined at the Iy/e*-level
by factor of \/ln(2)/2 ~ 0.59.

By setting I(r, z) = I, in Eq. 4, one can find the diameter, D, and the length,
L, of the focal region where intensity exceeds the threshold value:

D(r) = wo\/z In (I(r)) , L(z)= ZzR\/I(Z) -1. (7)
Iin Im

Expressions accounting for the nonlinear absorption, which is the main
mechanism enabling 3D laser lithography, can be easily obtained by assuming
the photomodification to be dependent on the intensity as oc IV:

I I »11
D(r)=w0\/2;]ln(1(t:1)>, L(2) = 22z (;j) -1, (8)
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where N is the order of nonlinear absorption. Assuming paraxial focusing
conditions where optical rays converge at low angles with respect to the opti-
cal axis, wo = A/(wNA). Here, NA = 1/2f; is the numerical aperture, fz = f/a is
the f-number, f is the focal distance, and a is the diameter of the beam. Beam
truncation by the finite aperture of the focusing optics is not considered here.
Implications of Egs. 7 and 8 can be demonstrated by the following numerical
example. For a lens with NA = 1.35 and at a peak intensity in the focal spot
exceeding the threshold value by approximately 5%, lateral and axial diam-
eters of the focal region shrink to about 30 and 90 nm, respectively. Thus,
careful intensity control in the presence of TPA or other nonlinear absorp-
tion process allows one achieve spatial resolution even higher than the earlier
confirmed benchmark value of about 100 nm [42]. However, due to the non-
linearity, the opportunities for practical 3D lithography with such resolution
depend strongly on the stability of the laser.

Although paraxial approximation becomes unsuitable for higher-NA op-
tics and for non-Gaussian beams, the above insights should remain qualita-
tively valid in these cases as well. Since only the above-the-threshold intensity
part of the spatio-temporal envelope of the beam is important for photomodi-
fication, usually this part can be reasonably well approximated by a Gaussian.

3.1.1
Resolution Limit for Plane-Wave Focusing

Figure 7 shows an aberration-free intensity distribution at the focus of a typi-
cal objective lens similar to that used for DLW lithography. Calculations were
carried out using a vectorial Debye theory, which accounts for the polariza-
tion effects. For the linearly polarized wave it can be seen that the spot is
elongated along the polarization vector. To reduce this asymmetry, a A/4-
plate can be used to convert the polarization of the incident beam to circular,
which can be interpreted as a combination of two mutually perpendicular lin-
early polarized components. Thus, width of the photomodified line becomes
independent of the beam scanning direction in the sample.

3.1.2
The Role of Spherical Aberrations

In reality, the idealized intensity distribution in the focal region, described in
the preceding sections, is affected by distortions, which in turn affect reso-
lution of laser lithography. For laser beams centered on, and propagating
along, the optical axis of an optical system consisting of lenses, spherical
aberrations are the most common distortions. Spherical aberrations evolve
due to the refractive index mismatch along the propagation direction at the
entrance face of the sample, and become stronger with increasing focusing
depth d.
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X@)

Fig.7 Plane wave focusing by a NA = 1.35 objective lens, calculated using vectorial Debye
theory. a The normalized 3D intensity distribution with the cutoff threshold at 1% inten-
sity. The lateral cross-sections are plotted on a log-scale at the axial positions z=0 (b) and
z ==£X/2 (c), respectively. Contour lines are plotted at 0.5 (inner) and 1/e (outer) levels,
respectively. Polarization of the plane wave was horizontal (along x)

The point spread function (PSF) resulting under these circumstances was
derived in using scalar Debye theory [43]:

®(61, 60, d) = kd (11 cos(61) - mz cos(62)) , ©

where n; ; and 0, 5 are the refractive indexes and angles of the side rays along
the light propagation, k = 27/ is the wave-vector in vacuum. PSF in cylindri-
cal coordinate system is given by:

Ii(r2, 22,61, 62, d) = | / P(61) sin(61) (ts + tp cos(62)) Jo (k1r1m1 sin(61))
0

x exp (- iP (61,62, d) - ikyzam; cos(62)) db, |2

b

(10)

where t5(61) = 2 sin(6,) cos(61)/sin(01 + 6,) and t, = 2 sin(6;) cos(6;)/(sin(6; +
6,) cos(0; - 0,)) are the Fresnel coefficients for s- and p-polarizations, respec-
tively; NA = n; sin(w) is the numerical aperture of objective lens, « is the
half-angle of the focusing cone, P(6;) = v/cos(6;) is the apodization function
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Fig.8 a Normalized aberration function vs. different incidence angles, 6;, for focus-
ing from refractive index n; into n,: air-to-glass/polymer n; =1 to n; = 1.5 (1), n; =1
to ny =2 (2), n; = 1.515 (immersion oil) to n, =2 (3), immersion oil-to-silica/polymer
n; = 1.515 to ny = 1.47 (4), and immersion oil-to-water n; = 1.515 to n, = 1.33 (5). Trun-
cation of curves (4, 5) is due to the total internal reflection. b Axial intensity distribution
caused by spherical aberration when focused from immersion oil n =1.515 into n; =2
dielectric medium (corresponds to curve (3) in a) aiming at different depths: 0 (1)
(aberration-free), 5 (2), 10 (3), 20 (4) (inset shows 3D intensity distribution), and 30 pm
(5). The wavelength A = 0.8 um, NA = 1.35 (6; 63°), and apodization function of objec-
tive lens obey the sine condition, i.e., P(61) = v/cos()

obeying sine conditions (the commercial objective lenses are designed to sat-
isfy the sine condition), and Jy(...) is the Oth-order Bessel function of the first
kind.

Figure 8a and b illustrate Egs. 9 and 10, respectively. The normalized aber-
ration function @/(kd) is plotted for several realistic refractive index con-
trasts in Fig. 8a. The sign of the aberration function changes upon change
of the refractive index contrast. The intensity becomes increasingly smeared
with focusing depth and refractive index Fig. 8b.

3.2
The Role of Pulse Duration

Duration of subpicosecond laser pulses arriving to the focal spot inside
a transparent material is modified due to the pulse chirp and group velocity
dispersion (GVD) in various optical elements encountered by the pulse dur-
ing its propagation. Ultrashort laser pulses can be pre-chirped by a diffractive
grating used in the pulse compressor at the output of the amplifier to pro-
duce shortest pulse duration at the focus. Such optimization is usually carried
out by observation of the dielectric breakdown threshold in solid or gaseous
dielectrics, e.g., glass or air [44]. The conditions under which the the break-
down occurs at the smallest energy of the incident pulse correspond to the
shortest pulse at the focus.
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Pulse duration can be measured reliably using detection of both ampli-
tude and phase of its spectral components. This can be accomplished using
frequency-resolved optical gating (FROG) or interferometric auto-correlation
techniques. A versatile and simple FROG technique is available commercially
as a grating-eliminated no-nonsense observation of ultrafast incident laser
light e-fields (GRENOUILLE) [45].

3.3
Nonlinear Effects

3.3.1
Self-focusing

Self-focusing is not usually desired for laser lithography and should be
avoided by maintaining the power of cw or pulsed laser beam below the self-
focusing threshold in the material. Its value depends on the nonlinear part of
the refractive index, ny, (n = ng + nyI), as follows [46]:

)\’2
cr = .
2mngny

(11)

Self-focusing occurs when power, Py, exceeds the critical self-focusing power
P¢;. A Gaussian beam experiences self-focusing after propagating distance,
Ly [46]:

2mngw? [ P -1/2
Lg="" " 0( 0 —1) , (12)
A P,

where wy is the waist (radius) of a Gaussian beam. For example, in fused silica
the self-focusing threshold is 3 MW at A = 1 um (ng = 1.45; ny = 3.54 x 10716
cm? W, Assuming Py = 2P, and wy ~ A, one can estimate the self-focusing
distance to be 91. Therefore, one can obtain intensities above 10> W cm™ in
the focal plane, and simultaneously prevent the self-focusing by using high-
NA optics. Typical n, values in resins and photoresists are larger by ten and
more times. However high-fidelity 3D laser lithography is still possible using
tight focusing with NA > 0.8 optics. On the other hand, focusing by a low NA
lens may be used to induce self-focusing intentionally for self-guided record-
ing of light filaments, which can be subsequently used as waveguides [47].

3.3.2
Nonlinear Absorption

Among the mechanisms of nonlinear absorption, TPA is the most important
and widely used for 3D laser lithography in resists and resins. TPA requires
smaller incident powers than higher-order processes, for example multipho-
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ton absorption (MPA), or electronic excitation via tunneling and avalanche.
Utilization of nonlinearities other than TPA will be discussed later.

Linear and nonlinear absorption at the frequency,  (w = 27\ /c, where A
is the wavelength and c is speed of light) can be described by:

dI

dz
where I is the intensity, N is the number density of absorbers in the medium
(e.g., atoms or molecules), z is direction of light propagation, oy, is the linear
absorption cross-section (in SI units of m?), and 03y is the TPA cross-section
(m2 W), The solution of Eq. 13 with initial condition I(0) = Iy is [48]:

Nogp(w)
Noap(w) + 02, (w)NIy
Io

which becomes the familiar Beer-Lambert law I(z) = Iy exp[- o5(w)Nz] for
linear absorption. Neglecting the linear absorption yields I(z) = Ip/(1 +

02y (w)NIyz) for TPA. The nonlinear absorption coefficients can be expressed
via the corresponding absorption cross-sections:

=- 0,5 (w)NI - 02, (0)NI* (13)

I(z) = > (14)

- o2y ()N + exp[Nogp(w)z]

oy [cm*s]Nady x 1073
how

where Ny is the Avogadro number, dj is the molar concentration (mol L,
and hw the photon energy.

Synthesis of materials with high TPA efficiency is being actively pur-
sued for the applications such as photosensitizers, fluorescence and second-
harmonic markers in 3D molecular spectroscopy, and photo-initiators of
two-photon polymerization in photoresists and liquid resins. For example,
a hydrophobic dye C4Hs54N,0,, known under acronym MBAPB, with molar
weight of 580.4155 gM‘1 [49, 50], is one of the most efficient two-photon ab-
sorbers suitable for inducing negative tone photopolymerization. Its absorp-
tion, emission and TPA spectra measured by Z-scan techniques are shown in
Fig. 9. The 700-800 nm spectral window is well suited for the widely avail-
able Ti:sapphire lasers. The TPA cross-section in this spectral range reaches
several hundreds of Géppert-Mayer GM units (1 GM = 10~° cm* s). Efficient
two-photon absorbers for initiation of positive tone [51] and inorganic-
organic [52] photopolymerization have been also developed.

It is noteworthy that nonlinearity of the absorption, required for 3D mi-
crofabrication can be provided via thermal mechanisms [53, 54]. In the case
of tightly focused laser pulses, linear absorption is most efficient at the focus,
where local heating can create the conditions required for polymerization.
Usually the absorption increases with temperature and thermal polymeriza-
tion may become dominant at the focus. It is usually difficult to confirm the
TPA mechanism from the direct transmission measurements due to the nar-

oz, [em/W] = : (15)
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Fig.9 Absorption (I), emission (2), and TPA (3) spectra of MBAPB in toluene (courtesy
of Dr. K. Kamada). Inset shows the chemical structure of MBAPB

row dynamic range between the onset of polymerization and the dielectric
breakdown of resin or resist, and bubble formation [55]. The departure of
transmission from the linear law signifies presence of TPA [56]. Moreover,
photopolymerization, which is exothermic reaction, changes conditions for
the polymerization at the focus, especially when the focal spot size is com-
parable to the wavelength. Ionization of the focal volume and presence of
high density electrons is expected to alter the usual pathways of TPA-initiated
photopolymerization [57].

The nonlinear response of material to optical excitation is the main re-
quirement for formation of 3D patterns by photopolymerization. The appli-
cation potential of such patterns in microphotonic, photonic crystal, MEMS,
and microfluidic applications is described in our contributions to [58].

4
Field Enhancement

The TPA efficiency depends on the intensity of the optical field. Besides the
adjustment of the source intensity, the intensity can be also varied by adjust-
ing the degree of field localization in space and time. Spatial localization of
the field can be achieved most easily by focusing (Sect. 3.1). Here we consider
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methods other than focusing that allow enhancement of the optical field, and
the absorption processes induced by it, without the increase of the incident
power. These mechanisms are near-field enhancement by metallic nanostruc-
tures, particles and apertures, and enhancement by spatial ordering of the
absorbing molecules.

4.1
Fresnel Enhancement

A simple and practical way to achieve the field enhancement is to use back-
side illumination of a dielectric plate, for instance a cover glass, in a standard
DLW geometry with an oil-immersion focusing lens. According to the Fres-
nel formulas for the right angle incidence (6; = 0°), the coefficients of the
in-plane (||) polarized amplitudes of transmitted and reflected electric fields
are, respectively:

2n;
= ! (16)
n; + ng
ng — n;
n=l-ty= = (17)
I I n; + n;
1

where the n;; are the refractive indices of the material on the incidence and
transmission sides, respectively. The field component perpendicular to the
plane of incidence is t; =t and r| =-r (the corresponding intensities are
r2 and t2). The enhancement occurs when light passes from the medium with
a larger refractive index to the medium with lower refractive index. In the
case of the glass-air boundary (n; = 1.5, n; = 1) the transmitted intensity is
enhanced by a factor of t> = (3/2.5)%; while for the air-glass boundary loss
occurs in transmission t* = (2/2.5)?. The physical reason for this enhance-
ment is the phase shift at the boundary, depending on the refractive index
change, while the energy is conserved: t> + r*> = 1. Such enhancement can
even cause ablation at the back-side of glass plates due to tensile stress (in
glass the tensile strength is only ~30-60 MPa and depends on the microcrack
density, while the compressive strength is comparable to the Young modulus
of 70 GPa).

4.2
Dipolar Ordering

The orientational average of dipoles oriented at an angle 6 with respect to the
direction of the linear light polarization depends on the factor:

2w

v = (cos(8)*) = 4; //COS(9)4 sin(9)dody, (18)
00
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Fig.10 Structure of cationic MPPBT molecule and schematics of the 2D confinement
between clay lamellas (courtesy of Dr. K. Kamada)

where 0,¢ are spherical coordinates. Perfectly parallel dipoles produce
strongest absorption according to y; = 1, which can be considered as a one-
dimensional (1D) ordering. On a 2D plane of randomly oriented dipoles, the
average is yr = 3/8, and becomes even smaller for the 3D case (y; =1/5).
Figure 10 illustrates schematically the 2D molecular intercalation of MPPBT
molecules (see [59] for more details) inside a clay sample of lamella structure
with nanometric separation between the sheets. TPA properties of this system
will be reported in the future (Kamada, unpublished results).

4.3
Near-Field Effects

Ordered 3D structures consisting of small features with sizes comparable to
the optical wavelengths cause diffraction of the incident beams or pulses. The
near-field pattern resulting from the multiple interference can exhibit regions
of local field enhancement that may be used for inducing photopolymeriza-
tion or other kinds of photomodification. Figure 11 shows calculated intensity
pattern resulting from diffraction of a plane on an array of empty channels in-
side material with refractive index n = 1.5 Such channels can be also recorded
using laser. The diffracted pattern clearly shows that the field amplitude is
enhanced by several times.

44
Plasmonic Effects

Huge local enhancement of the near-field intensity by factors of ~10°-10°
occur at sharp tips and edges of nanoparticles of noble metals and on rough
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Fig. 11 2D model structure of empty channels inside a material with refractive index, n =
1.5. The refractive index distribution (a) and the corresponding near-field pattern of light
intensity E? distribution was calculated by the FDTD technique. The arrow marks the di-
rection of the plane wave E(0, 1,0) incidence, d is thickness of the sample. The square in
b marks the region of the TFSF source used in the calculations

surfaces due to the localized surface plasmons (LSP). Such enhancement oc-
curs due to the localization of the optical near-field associated with LSP. High
field strength enables one to induce TPA and other optical nonlinearities in
ultrasmall regions using incident radiation with very low average power.

The ionization of focal volume, or formation of plasma, is expected to
alter the usual photochemical material modification pathway, as has been
recently demonstrated in photopolymerization of SU-8 resist by femtosec-
ond pulses [57]. In addition, nanometric-sized plasma regions created by the
ionization, e.g., at defect sites, have spatio-temporal dynamics of their own.
Recently, a model of nanosheet formation from plasma nanospheres in glass
has been proposed [60]. Similar conditions are expected in polymers as well.
Let us discuss here field enhancement by a metallic nanoparticle (similar ar-
guments are also valid for surfaces containing nanometric features).

For small spherical particles having a radius much smaller than the wave-
length of the incident wave (r < 1), a simple electrostatic approach can be
used to derive the near-field:

3
Ejoc() = L(@)Eo = (@) + ,Eos (19)

where L(w) is the local field factor, Ej is the amplitude of the incident light
field, and ¢, is the dielectric function of metal. Resonant enhancement of
the LSP near-field occurs at frequencies where e, = -2. Note that metals have
em(w) <0, in contrast to dielectrics where g4(w) o1 -2 > 0.
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The local field enhancement factor at the resonance is [61]:

| E;n(a)r) |

L = )
| L(wres) | 8;;1(0)1*)

(20)
where ¢, (o) and &), (w) are the real and imaginary parts of the dielectric
function. In noble metals this factor can reach 10-20 in the vicinity of wr,
where absorption losses are small ¢ () < 1.

The field enhancement factor at the surface of the nanosphere is not uni-
form. The tangential component of field (on the equator of the sphere) is
equal to the field inside the sphere multiplied by the factor L (Eq. 19). The
normal component (on the poles) is additionally modified by the factor of
€m> 1., Lpoles = ém X L. This enhancement has been suggested as a mech-
anism relevant to silica breakdown and nanograting formation [60]. It may
also explain the anomalous light scattering [62], being maximum along the
polarization of the incident light field in the lateral plane (a 90°-rotated dis-
tribution would be expected for an oscillating dipole), observed earlier in
glass [63].

Figure 12 shows intensity distribution of different electric field compo-
nents on the plane touching the back-side of the nanosphere. Strong depolar-
ization is clearly seen, as the incident wave is polarized along the y-axis.

Field enhancement factors observed in Raman scattering from molecules
adsorbed on nanosurfaces are even larger. The intensity of Stokes compon-
ent in Raman scattering is proportional to the square of dipole momentum on
that frequency [61]:

I(ws) ox d*(ws) = ok L*(ws)L* (w1 )ES (21)

where ar is the Raman polarizability of the molecule. Here two enhance-
ment effects are present: first, the incident laser field is enhanced by

X

Fig. 12 Optical near-field intensity distribution at the surface of spherical gold nanoparticle
with radius of 50 nm, calculated by FDTD technique. The incident field E(1, 0, 0) was po-
larized along the y-axis; the field monitor plane is perpendicular to the wave propagation
direction (z-axis) and located at a distance of 70 nm from the center of the sphere
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the nanoparticle according to Eq. 19, and second, an additional emission
field of the oscillating molecular dipole is also enhanced by the same
nanoparticle. Since usually wr, > ws, the total enhancement factor becomes
L*(w1) and Eq.21 becomes I(ws) o a3L*(wy)E3. This demonstrates that
nanoparticles act as effective spatial energy redistributors. Raman scatter-
ing methods can reach single molecular detection limits by utilizing the
surface enhancement discussed above. Methods of nanostructuring by pho-
topolymerization based on this approach are expected to be developed in
the future.

4.5
Cavity Enhancement

Enhancement of the light-matter interaction in a microscopic optical cavity
is achieved because light trapped in the cavity has longer effective interaction
time with absorbers. For short laser pulses, cavity length exceeding ct;, allows
avoidance of the interference between the pulses incident and reflected from
the mirrors. Spectral selectivity of planar Fabry-Perot cavities can be used to
achieve the localization at the resonant wavelength of the cavity.

Purcell has demonstrated theoretically that the photon density of states
in a cavity having volume V and quality factor Q increases on resonance in

(b)

E’=(0-120) | » =625 nm
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Fig.13 a Spectra of optical cross-sections of a 50-nm radius gold sphere in a dielectric
medium with refractive index of n=1.7: curve 1 o, absorption, curve 2 oycat Scatter-
ing, and curve 3 Oext = Oaps + Oscar €Xtinction cross-sections. The dashed line marks the
geometrical cross-section. b Intensity maps of a scattered plane wave E(0, 1,0) incident
on the sphere (the outline is marked in the figure) at 625 nm wavelength (see a). The
light is incident along the z-axis. The TFSF light source used in modeling the spectra is
marked by the square. The intensity scale is logarithmic. The arrow marks polarization of
the incident light. The calculations were done by the FDTD technique [62]
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comparison to the free-space value by [64]:

3QA°
472V’

f=

Spontaneous emission and absorption probability is enhanced by the factor
f? due to the modified optical density-of-states. The Purcell effect becomes
increasingly significant for cavities with smaller volume and higher quality
factor.

Spherical glass microparticles are simple microcavities having high quality
factors. A spherical cavity stores light energy predominantly in a subsurface
layer [65, 66], where spatial and spectral concentration of electromagnetic en-
ergy takes place. Inelastic light scattering is proportional to the square of the
Purcell factor, which for a silica glass spherical microcavity with quality fac-
tor Q =5 x 10° becomes f2 ~ 10 [67]. Spherical microcavities available in
practice have slightly lower Q factors, of the order of 108, leading to Purcell
factors of f =2 x 10°. Consequently, scattering can be enhanced by a factor
of f2 ~ 4 x 10'°, This is much higher than the enhancement achievable with
noble metal nanoparticles, approximately 10° (Fig. 13).

(22)

4.6
Gigantic Second Harmonic Generation

Optical frequency up-conversion, or second harmonic generation (SHG), in
nanostructured surfaces can be also considered as a kind of field enhance-
ment [61]. In general, SHG efficiency is proportional to the square of nonlin-
ear polarization I, o [PNL(2w)]? (X(Z)Ez))z; here x? is the second order
susceptibility. For a nanostructured surface, the incident field E,, is trans-
formed to the local field given by Eq. 19, yielding:

() g2

loc

Lo o (X P Ejo)? o (x L2 Qo)L @)1, (23)
Here, two enhancement effects are present: (i) the incident laser field is en-
hanced in the nanoparticle according to Eq. 19, and (ii) the up-converted
field component is also enhanced. The SHG enhancement factors from nano-
structured Ag as high as 10° (compared to that from atomically flat Ag
surface) were observed even for the forbidden case of s-polarized pump
beam [61]). This enhancement can be utilized for facilitating TPA and MPA
processes.

4.7
Enhanced Absorbance of Molecules Near Metallic Surfaces

Molecules adsorbed on the surface of metals can change their electronic
structure, as schematically shown in Fig. 14. Shift and smearing of the mo-
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Fig.14 Schematic depiction of a molecular adsorption on the surface of a metal and
corresponding changes in the electronic structure of the molecule, Er is Fermi level
(according to [61])

lecular electronic levels as well as appearance of additional levels may pro-
mote both linear and nonlinear absorption.

5
Quantum Lithography

Quantum lithography was introduced recently [68] as a technique provid-
ing resolution enhancement beyond the Rayleigh diffraction criterion. This
criterion describes fundamental limitation of the resolution achievable with
classical optics, for example it defines the minimal achievable lateral size of the
focal spot discussed in Sect. 3.1, or spatial period of the two-beam interference
field in Sect. 2.2. Quantum lithography exploits correlations between so-called
entangled photon-number states. Entangled photons constitute the basis of
several other emerging fields (like quantum information processing and quan-
tum cryptography) and have been studied actively during recent years. Their
application for quantum lithography was reviewed in [69]. In the next section
we will briefly describe basic principles of quantum lithography and outline
potential problems on the path toward its practical implementation.

5.1
Principle and Main Requirements of Quantum Lithography

The simplest scheme of quantum lithography is shown in Fig. 15. SPDC is an
optical nonlinear process in which one high energy fiw, pump photon is split
into two (signal and idler) photons having lower energies and nearly perfectly
coincident in time. Energy and momentum conservation laws require that:

hawp = hos + ho; (24)
kp = ks + ki, (25)
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Fig.15 Schematic implementation of quantum lithography with photon pairs generated
in SPDC. Two-photon absorbing photoresist is used as a recording medium. SPDC signal
and idler photons are overlapped on a beamsplitter, and exit either of its output ports
together. Exposure patterns due to classical and quantum interference are shown in the
long and short amplitudes, respectively

where subscripts s and i denote SPDC signal and idler photons, respectively,
and magnitudes of the wave-vector ks; = 2m/As; are defined by the wave-
lengths A corresponding to the photon energies. Energies and propagation
directions of the two photons depend on the type of nonlinear interactions
and orientation of the nonlinear crystal. In so-called degenerate SPDC, birth-
paired photons have nearly the same wavelength A; = A = 2A,. This infers that
if a photon pair arrives at a TPA-sensitive absorber atom or molecule at the
wavelength of A ;, their perfect correlation may promote a two-photon tran-
sition. With uncorrelated photons, a high photon density would be needed in
order to achieve close accidental overlap between the photons.

From the birth-paired photons, so-called path-entangled states can be con-
structed by overlapping them on a non-polarizing 50/50 beamsplitter (the
numbers denote transmission and reflection coefficients of the beamsplitter).
Two photons having the same polarization and coupled into different input
ports of the beamsplitter will interfere and produce a new state that can be
described as:

¥ =12,0) +10,2) . (26)

According to this expression, two photons will be always found in one of the
output ports of the beamsplitter, while the other port will always be empty.
The possibility of one photon in each port is zero, in contrast to what is ex-
pected for classical light.

The original proposal of quantum lithography [68] considered exposure
of a two-photon absorbing material to two beams of path-entangled pho-
tons (e.g., those in the output ports of the beamsplitter), overlapping in space
with mutual angle 6. It is helpful to recall that overlap between two classical
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waves would produce interference fringes with sinusoidal intensity modula-
tion and a spatial period A =1 /(2 sin(6/2)), where A is the wavelength. In the
limiting case of two counter-propagating waves, A = A /2, the photo-exposure
pattern in a recording material photosensitive at this wavelength via linear
single-photon absorption will reproduce the intensity pattern of the interfer-
ence field. Photo-exposure in a material sensitive via TPA at this wavelength
will be proportional to the squared intensity, leading to narrowing of the
high-exposure fringes, but leaving the fringe period the same as for linear
absorption. The main claim of quantum lithography is that two-photon ab-
sorption of entangled photon pairs will result in the photo-exposure pattern
with doubled spatial frequency, or halved period Ae = A/2, hence the twice as
high spatial resolution. This concept is also applicable to the general case of N
entangled photons (N =2,3,...) incident on a N-photon absorbing material,
resulting in the resolution enhancement by A, = A/(2N).

Despite proof-of-the-principle experimental demonstration of the higher
resolution [70], practical recording of periodic patterns using quantum
lithography has not been reported yet. The first component needed for suc-
cessful practical realization of quantum lithography is the intense source of
entangled photons. Currently the most accessible and best-studied method
of entangled photon generation is the SPDC. Low efficiency of this process
results in low entangled photon pair yield, which makes practical studies of
quantum lithography difficult. Another required component is the recording
medium highly sensitive to photo-excitation via TPA or higher-order absorp-
tion. Synthesis of organic dyes intended as TPA-sensitive photo-initiators for
photoresists or TPA-excited fluorescence markers for two-photon microscopy
is being actively pursued, but their applicability for quantum lithography has
not been tested yet.

In the following sections we will give a brief description of essential fea-
tures of quantum lithography. Fundamental aspects of the entangled photon
generation will be mostly omitted from this discussion. The entangled photon
source will be treated as a “black box” radiating photon pairs (N = 2) at wave-
lengths and rates close to those obtainable in practice. The main problem
addressed here is the optical exposure regime required for quantum lithog-
raphy, more specifically, under what conditions two-photon exposure and
permanent photomodification of photoresists or photosensitive resins is pos-
sible.

5.2
Absorption of Entangled Photon Pairs

The crucial prerequisite of quantum lithography is simultaneous absorp-
tion of N correlated photons in an N-photon absorbing material. We will
discuss TPA of entangled photon pairs along the lines pursued in the
literature [71-73]. Entangled photon absorption is often explained by com-
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parison with two-photon absorption of photons randomly arriving from
a classical source. Simple probabilistic analysis [72] assumes that two photons
couple initial and final states of an atomic media via a virtual state having
a lifetime 7. The incident radiation is described by photon flux density, ¢,
or number of photons per unit area per unit time, measured in cm™s7!. As
described in Sect. 3.3.2, linear absorption of atoms, molecules, or condensed
media via single-photon induced transitions is characterized by the absorp-
tion cross-section, o,p,, which has units of area, cm?. TPA is described by
the cross-section 07, and has units of cm?s (see below). Efficiency of the
absorption process can be characterized by the absorption rate R, or num-
ber of transitions per absorber during one second in a unit volume, which
has units of s~!. For classical photons the general N-photon absorption rate
is determined by the product of the incident flux density and the absorption
cross-section for the corresponding process, R = oy, @V

To complete the two-photon transition, the two photons must arrive at the
absorber within the virtual state lifetime t. For classical uncorrelated pho-
tons the probability of accidental overlap increases with photon flux density.
Therefore excitation by short, tightly focused laser pulses is needed for the
TPA. Probabilistic analysis gives the two-photon transition rate:

Ry=0y¢°, 03 =047, (27)

(hence the units of 03, are cm* s!. The value of 07, is small for most materi-
als. As mentioned in Sect. 3.3.2, 03, can be conveniently measured in units of
GM = 10°% cm* 5. The best TPA absorbing materials have 03, ~ 10* GM.

Correlation between entangled photons arriving at the absorber in pairs
with the total flux density of ¢/2 can be described by the entanglement time
T. and entanglement area A.. For SPDC photons these parameters repre-
sent widths of fourth-order temporal and spatial coherence functions [73].
The entanglement time describes the mean time delay between the signal
and idler photons. Dispersion in the nonlinear crystal leads to different
group velocities of the signal and idler photons having different polarizations,
propagation directions, and wavelengths. The entanglement area describes
the transverse size of the region in which pairs of photons were generated.
The entangled TPA rate is proportional to the joint probability &(Te)s(Ae)
that two photons, generated within the time T, in the area A, will arrive
at the absorber within the time t and the transverse area o,,. Simultaneous
presence of two photons at the absorber enhances the probability of TPA. This
coincidence is defined by virtue of the generation process, and not by external
means like beam focusing.

The probabilistic model gives the entangled pair TPA rate as:

Re =0e¢, (28)

where the entangled pair absorption cross-section oe = 0&(Te)¢(Ac)/2. In
most cases the virtual state lifetime is much shorter than the entanglement
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time, and single-photon absorption cross-section is much smaller than the
entanglement area. The conditions 7 <« T, and o, < A, allow for the approx-
imations &£(T.) = /T, and {(Ae) = 0ap/Ae, and consequently:
T 24T
The entangled pair TPA cross-section o, has the same units as the single pho-
ton cross-section, cm?.

Total TPA rate due to the quantum correlation between the entangled
photons, and due to their accidental overlap (for example, between photons
belonging to different pairs) is a sum of Eq. 28 and Eq. 27:

(29)

Oe

R=Re + Ry = 0etp + 020" . (30)

The two contributions have different dependencies on the photon flux dens-
ity. For entangled photons the TPA rate is proportional to the flux density,
whereas for classical photons it is proportional to the square of the flux dens-
ity. These dependencies result in two different exposure regimes depending
on the photon flux density. The critical photon flux density, ¢., separating
these regimes is defined using the condition Re = Rj:

Oe 1

Pe = (o) - 2A.Te )

(31)
At low flux densities, ¢ < ¢, the dominant TPA occurs due to the photon
entanglement. Quantum lithography is supposed to work in this regime. At
higher flux densities, ¢ > ¢, the dominant TPA is due to the accidental coin-
cidence between photons. In this regime benefits of quantum lithography are
lost.

The simple probabilistic model was also confirmed by quantum-mechanical
analysis [72]. Quantum-mechanical analysis gave expressions for o, and o3,
that are very similar to each other. This similarity indicates that TPA of
entangled and accidentally coincident photons is essentially identical. Differ-
ences between both expressions arise mainly due to the fact the expression
for entangled photon TPA cross-section accounts for correlations between
the photons: it has a constant factor 1/(T.A.). Moreover, it includes com-
plex entanglement time-dependent summation coefficients, which may lead
to periodic modulation in the o.(T.) dependence, or entanglement-induced
two-photon transparency.

53
Parameters for the Estimates

The expressions given in the preceding section can be used for the estimation
of the TPA rates, and help gain the insight into the approximate conditions
needed for practical quantum lithography. A direct demonstration of record-
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ing by quantum lithography requires use of two entangled photon beams for
recording of the periodic pattern with doubled spatial frequency in photore-
sist, as outlined in Fig. 15. Such demonstration first of all relies on the optical
exposure, which is above the threshold exposure dose of the photoresist or
other photosensitive material. For practical purposes this dose should be
reached within a reasonably short time. We will try to derive approximate nu-
merical estimates corresponding to these requirements, and investigate how
they can be met using entangled photons.

In these estimates we consider a model photoresist irradiated by a beam
from a model entangled photon pair source. These model systems are assumed
to have characteristics close to those actually available. Since exact values of
some of their parameters are unknown, or vary in a broad range, preference
is given to the values that create more favorable conditions for the implemen-
tation of quantum lithography. Examples of such deliberate deviations can be
ahigher pair yield of the entangled photon source, or a higher TPA sensitivity of
the photoresist. The analysis is mainly aimed at evaluating the TPA rates versus
the photon flux density for entangled and classical photons.

The main parameters and their values used in the analysis are listed in
Table 1. Some of the values are inferred from the reported studies [71-73],
and from our own work [74] and references therein. A few comments on some
parameters in Table 1 are given below.

Table 1 Basic parameters for the estimates

Parameter Value Description
A 0.8 um SPDC photon wavelength
P 101w Average power in the SPDC beam;
the upper limit is unrealistically high
o 100 fs Pulse length for pulsed SPDC
d 0.8, 50, 0.005 pwm Diameters of the irradiated area
Oab 10717 ¢cm? Typical value of the single photon absorption

cross-section for most organic and
inorganic materials

Rpm 0.1s7! Absorption rate at which threshold exposure
dose of 1.8 x 10'® photons cm™ is achieved
after 1s exposure time

02y 2.0x 10 cm*s =200 GM TPA cross-section typical for organic
photoinitiators with high TPA sensitivity

Te 30fs Entanglement time

Ae 1.1 x 1078 cm? Entanglement area

o 3.0 x 10 cm™2 57! Critical flux density

e 2.95x 10727 cm? Entangled pair absorption cross-section

obtained from Eq. 30
fpairs 107 571 Entangled photon pair rate from the source
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Entangled photons emitted by our model source are assumed to have
a wavelength of 0.8 um, at which many cw and pulsed SPDC sources de-
scribed in the literature operate. The irradiated area also has a diameter of
0.8 um. Areas comparable with the wavelength can be only achieved in the
waist region of a tightly focused beam. In practice, much larger beam diam-
eters are needed for recording of the two-beam interference patterns. The
area is thus underestimated, leading to a generally overestimated photon flux
density at the given average source power. Transverse intensity variation in
the irradiating beam is ignored, therefore its intensity profile has a “top-hat”
shape. Likewise, the temporal envelope of the pulsed source is approximated
by a square. These two approximations do not influence results of the analysis
significantly.

Photon flux density and the average power of the incident beam were var-
ied in a wide range that exceeded the current possibilities. Highest estimates
of the photon-pair yields from SPDC sources, given in the literature, are in
the megahertz range [74]. Therefore we assume an overestimated pair rate of
107 s71, which corresponds to the photon flux density of 4 x 10!> cm= s~ for
a circular area with diameter of 0.8 um.

The entanglement time and area depend on the thickness of nonlinear
crystal, the type of nonlinear interaction, and pumping conditions. Their
chosen values are close to those used in [73]. Together, they yield the crit-
ical flux density of ¢ = 3 x 10*! cm™. This results in the entangled photon
absorption cross-section o, = 2.95 x 10727 cm?. The latter estimate falls be-
tween the values obtained earlier from quantum-mechanical calculations for
Na (6.0 x 1073° cm?) and K,CsSb (2.6 x 102> cm?) [73].

The model photoresist for quantum lithography is envisaged to have prop-
erties approaching those of photoresists currently used in ultraviolet (UV)
lithography. In terms of the photomodification mechanism, it is assumed to
be a polymeric compound like the popular SU-8 resist. Its single photon ab-
sorption cross-section is assumed to be around 1077 cm?, which is typical
for many organic and inorganic molecules, including SU-8 (at 0.365 pm wave-
length). Its TPA capability at the wavelength of 0.8 um is assumed to be close
to those of photo-initiator molecules, custom-designed for large TPA cross-
sections. One possible example is MBAPB whose TPA cross-section is about
2.0 x 1078 cm* s =200 GM at 0.8 um wavelength (see Fig. 9).

Optical exposure must induce permanent photomodification in the pho-
toresist by polymer cross-linking or other mechanisms. Threshold exposure
dose is a phenomenological parameter describing the amount of incident
radiation required in order to produce permanent photomodification. Both
optical absorption and post-exposure effects (like chemical amplification of
polymer cross-linking reaction) are included in this parameter. For many
photoresists, typical threshold exposure dose attained via single-photon ab-
sorption at ultraviolet wavelengths is of the order of 100 mJ cm™. According
to the manufacturer (Microchem), SU-8 requires 100-500 mJ/cm™2 at the
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356 nm wavelength, depending on the film thickness. A more recent esti-
mate gives threshold exposure dose of 50 mJ cm™2 [75]. Here we deliberately
lower the threshold exposure dose to 1.0 mJcm™, which is equivalent to
1.8 x 10'® photons cm™ (at 356 nm wavelength). Practical applications re-
quire reasonably short exposure times. The exposure time of 1s, at which
the exposure dose and the photon flux density have equal values, is a con-
venient choice. The linear absorption rate is a product of the photon flux
density and the linear absorption cross-section. Thus, linear absorption rate
Rpm = 1.8 x 10'¢ photonscm™ s7! x 1077 cm? ~ 0.1 5™ is needed for perma-
nent photomodification of the model resist after 1s exposure. Similar rates
must be also attained for other mechanisms of absorption.

54
Two-Photon Absorption Rates Under Continuous-Wave Excitation

The dependencies of TPA and single-photon absorption rates on the photon
flux density and average incident power for cw excitation are summarized in
Fig. 16. The photon flux density, which is independent of the irradiated area,
is given in the bottom abscissa axis. Average power in the beam at a given
flux density is indicated in the top abscissa axes. The three axes represent
three different diameters of the irradiated area. As discussed above, the entan-
gled photon TPA dominates at photon flux densities below the critical value
of ¢ = 3.0 x 10?! cm~2 s71. This intensity range defines the exposure regime
potentially suitable for quantum lithography. The regime described by the
photon flux densities higher than the critical value is not suitable for quantum
lithography due to the dominance of the uncorrelated photon TPA.

The same plot also includes the dependence of the single-photon absorp-
tion rate for the cross-section of 107!7. It can be seen that the entangled
photon TPA rate is about ten orders of magnitude lower than the rate of the
single-photon absorption. The main reason for this huge difference is the
different cross-sections of these processes. As a consequence, the entangled
photon rate stays well below the “required” value of Rpm. By extrapolating to
higher photon flux densities, one can notice that the condition of Re — Rpm is
reached well above the critical flux density, i.e., outside the exposure regime
suitable for quantum lithography. Hence, the entangled photon TPA rate can-
not be increased by increasing the photon flux density, which is limited from
above by ¢.. Photon flux density can be varied by changing the intensity of
the source or by focusing/defocusing the beam on the photoresist, which al-
lows adjustment of the relative weights of the entangled and classical TPA
rates. In any case, achieving the exposure regime of quantum lithography,
R, <R., invariably leads to decreased R, and longer exposure time is needed
in order to reach the critical dose.

Figure 16 illustrates that the model source providing an entangled photon
pair rate of 107 s™! and photon flux density of ~4 x 10! cm™2 s7! in the area
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Fig. 16 TPA and single-photon absorption rates versus incident photon flux density cal-
culated using parameters from Table 1. The bottom abscissa axis is calibrated in units of
flux density, while the top abscissa axes indicate the averages corresponding to the flux
density at three different diameters of the incident beam: 0.8 um, 50.0 pm and 50 nm. The
gray area outlines the region having absorption rates exceeding the value of Rym =0.157/,
which is the estimated average rate needed to photomodify the model photoresist after 1 s
exposure. Vertical and horizontal dashed lines emphasize the photon flux density and the
entangled photon TPA rates attainable using the model SPDC source

with diameter of 0.8 jum operates in the intensity regime of quantum lithogra-
phy. However, the low entangled TPA rate R, ~ 107!! s7! requires a ridiculous
exposure time of the order of 10'” s &~ 300 years in order to reach the thresh-
old exposure. Higher source intensity or a smaller area allow for shorter
exposure times, but due to the limiting critical photon flux density, the short-
est available exposure time is still about 30 h.

The top abscissa axes in Fig. 16 compare average powers of the photon
pair source for three diameters of the irradiated area. The lowest axis corres-
ponds to the diameter of 0.8 pm. The middle axis corresponds to the diameter
of 50 um, which is closer to what would be required for practical recording
of periodic interference patterns. In this case, much higher power levels are
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needed to achieve the same flux density. The top axis shows average power for
an extremely small irradiated area having subwavelength diameter of 5 nm.
Concentration of optical energy in such small area may represent localization
of the plasmonic near-field achievable in metallic nanoparticle structures. In
this case a lower average power is required for achieving the given flux dens-
ity. The possibility of exploiting the plasmonic near-field enhancement will be
discussed in Sect. 5.6. Notice that according to Fig. 16, even for the smallest
irradiated area, the model source with photon pair rate of 107 s™! and aver-
age power of ~2.5 x 10712 W (at the wavelength of 800 nm) cannot provide
entangled TPA rates exceeding ~10~ s71.

5.5
Two-Photon Absorption Rates Under Pulsed Excitation

Pulsed SPDC sources are typically pumped by high repetition-rate lasers.
Here the pump pulse duration of 100fs, and pump repetition rate of
flaser = 80 MHz are assumed in correspondence to the typical parameters
of frequency-doubled femtosecond Ti: sapphire laser systems. Furthermore,
signal and idler pulses of the same length as the pump pulse are assumed.
For pulsed excitation it is important to define the photo-excitation regime
in more detail. The average number of entangled photon pairs from pulsed
and cw sources are usually similar. Therefore an entangled pair rate of
107 s~ = 10 MHz (corresponding average power is 5 pW) can be used. Since
this rate is only one eigth of the pump rate, it is obvious that due to the
low SPDC efficiency some pump pulses are “empty” and produce no photon
pairs. In practice, SPDC output power and SPDC photon number per pump
pulse, npair, are even lower. A high brightness pulsed SPDC source, proposed
and constructed earlier [74], was verified to have an average power below
the level of 1 pW. Since np,ir < 1, it can be assumed that each “non-empty”
SPDC pulse carries a maximum of one photon pair. In this case, the average
power of the SPDC beam is proportional to the pair generation frequency,
fpair> provided that fpair < flaser- Under these assumptions, only one photon
pair is present at the sample, and the instantaneous photon flux density is
independent of the average power.

At a first glance, pulsed SPDC may appear advantageous due to its vastly
larger instantaneous photon flux density. Temporal localization of SPDC
photons within the time interval 7, enhances the instantaneous flux dens-
ity by the factor of 7;'. However, the total exposure time (per second) is
also reduced to fpair7p. For absorption processes having linear rates, such
as single-photon absorption or entangled photon TPA, both factors cancel
each other. On the other hand, rates of nonlinear processes like classical
TPA become enhanced under pulsed excitation, and additional defocus-
ing/attenuation of the beam might be necessary for achieving the suitable
exposure regime.
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Fig.17 TPA and single-photon absorption rates versus incident photon flux density cal-
culated using parameters from Table 1 for the case of excitation by pulsed SPDC source.
Diameter of the irradiated area is 0.8 um. The dashed lines emphasize the photon flux
density and the entangled photon TPA rate provided by the model source

Figure 17 shows same dependencies as Fig. 16 for pulsed excitation and
a single size of the irradiated area. As discussed above, the entangled photon
absorption rate has remained the same (this can be verified by comparing the
corresponding entangled TPA rates). On the other hand, the classical TPA rate
has increased by about seven orders of magnitude, and has become nearly
equal to the entangled pair absorption rate. Both R, and R, are now lin-
early dependent on the photon flux density. The latter dependence reflects the
fact that instantaneous flux density acting on the absorbers is always constant
(2 x 102! cm™ 57! > ¢), while average photon flux density is proportional to
the pair arrival frequency. Since a single photon pair has flux density above
the critical, this exposure regime is not suitable for quantum lithography.
Although the relative weight of the classical TPA rate can be reduced by de-
focusing the beam, this will also reduce the rate of entangled TPA, just as for
cw excitation.

Dependencies of the absorption rates on the irradiation area at a constant
pair arrival rate of 10 MHz are shown in Fig. 18. Here R; and R, exhibit differ-
ent slopes. For areas larger than a certain critical value (which corresponds to
the critical flux density, and in this case is very close to the area with diameter
of 0.8 pm), the entangled photon TPA dominates the classical TPA. However,
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Fig. 18 Dependencies of TPA and single-photon absorption rates on the irradiation area
at the constant photon pair arrival rate of 10 MHz. Vertical dashed lines emphasize the
rates obtained for areas having the indicated diameters

its rate, which was already too small at the diameter of 0.8 um, becomes re-
duced even further. On the other hand, decreasing the area invariably leads to
the domination of uncorrelated TPA, and unsuitable exposure regime.

5.6
Exploitation of Near-Field Enhancement in Metal Nanostructures

As described in Sect. 4.4, metallic nanoparticles supporting localized sur-
face plasmon (LSP) states can be used for the amplification of optical fields
emitted by weak external light sources. Surface plasmons localized on metal-
lic nanoparticles and rough surfaces have their electrical field concentrated
near the metal’s surface, and field intensity in these small regions becomes
orders of magnitude higher than that of the incident wave. Even higher de-
grees of field localization and intensity can be achieved using two closely
spaced nanoparticles separated by distances of a few nanometers only. These
“dimers” may consist of low-aspect ratio circular, triangular, or other reg-
ularly shaped particles whose smallest separation is typically between their
sharp tips. Engineering of size and shape of such particles allows tuning of
their collective LSP resonance wavelength; engineering of the interparticle
spacing allows changing of the degree of localization and local intensity of the
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LSP near-field. It was demonstrated recently by theoretical calculations that
at interparticle spacings of about 2 nm, the field is almost completely concen-
trated in the gap between the particles, and its intensity is about 10° that of
the incident wave [76].

For our approximate estimates we have assumed a lower degree of local-
ization within an area having a diameter of 5 nm. To verify whether or not
such field amplification can be useful for quantum lithography in promoting
the entangled photon pair absorption, the case of d = 5nm was included in
Figs. 16 and 18. For the cw excitation, Fig. 16 illustrates that a highly localized
field allows for a large photon flux density at a lower average incident power.
However, the increase in the entangled photon TPA rate remains insufficient.
In smaller gaps, stronger field enhancement may even lead to flux densities
above the critical value. For the pulsed irradiation, where even larger in-
stantaneous flux densities are obtained due to the short pulses, critical flux
density is exceeded even for a single pair of photons, and classical TPA domi-
nates completely. This is demonstrated in Fig. 18. This exposure regime is not
suitable for quantum lithography.

5.7
Conclusions

The analysis provided above was based on a physical model known from the
literature. Discussion about validity of this model goes beyond the scope of
the present studys; it is hoped that studies of fundamental quantum optics will
be able to provide a more accurate picture. We have also used several addi-
tional assumptions and numerical values, which at this moment seem to be
a valid approximation of the conditions slightly more favorable for quantum
lithography than those actually available. The analysis conducted under these
circumstances shows a contradiction between the simultaneous requirements
of a sufficiently high irradiation dose and the low incident photon flux dens-
ity. These requirements can only be met at photon flux densities so low that
extremely long exposures would be needed. It is important to stress that this
contradiction cannot be resolved by increasing the intensity of the entangled
photon source. This conclusion remains valid even if we allow large variations
for the parameters used in the analysis.

In these circumstances, the feasibility of quantum lithography depends on
the possibility of obtaining absorbers with large cross-sections for the entan-
gled photon TPA, or higher order absorption processes. In fact, the numerical
value of o, should approach that of o,:

02

- — oy, 32
AT, 1 (32)

Oe

which requires an increase by about ten orders of magnitude. The entangled
photon TPA cross-section depends on the cross-section of classical TPA. Or-
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ganic molecules optimized for efficient TPA have cross-sections as high as
10* GM, i.e., two orders of magnitude larger than assumed in our estimates.
However, an increase by a factor of one hundred is clearly insufficient. Fur-
ther increase in o, requires entangled photon sources with improved spatio-
temporal coherence, or decreased entanglement area and time in Eq. 32.
Reliable estimates of the A.Te product are difficult, and at this moment it is
not clear how it can be reduced by about eight orders of magnitude. However,
if material having a higher value of o, can eventually be obtained, the critical
flux density would also increase, thus enabling exploitation of high-intensity
entangled photon sources in the future.

Besides increasing the process rate, final yield of the entangled photon
TPA can be increased by increasing the density of the absorbers. However,
the density cannot be increased more than two or three orders of magnitude,
since the optical properties of molecular absorbers become different at high
densities. Another possible improvement can be achieved by increasing the
interaction time between the light and absorbers. In principle, this can be
done by using slow light propagation in PBG materials, or localized modes of
microcavities.

6
Applications

6.1
Formation of 3D Structures

3D photopolymerization of complex structures, for example PhC templates,
usually has a narrow processing window for parameters of resins [56] and
resists [57]. Structural integrity of 3D patterns is primarily determined by
the elastic properties of photopolymerized materials. In SU-8, the existence
of eight cross-linking sites per molecule favors formation of a mechanically
strong (with high Young modulus E), but brittle glassy structure. For bet-
ter cross-linking, preparation procedure of the resist is critical. Spin coating,
drying, and annealing should be optimized to obtain the most dense, solvent-
free layer for laser recording. This becomes increasingly challenging for SU-8
films thicker than 50 pm, when shrinkage of 3D patterns become observ-
able. Post-exposure baking is the usual step in sample preparation used for
enhancement of cross-linking. However, it was recently demonstrated that,
even without it, photopolymerization occurs during optical exposure due to
considerable local heating which acts as an “optical cure” [57]. The optical
cure can be explained by absorption of the thermal emission of thermally
non-equilibrated electrons. It seems that spectrally broad continuum-like
emission occurs at the IR-wavelengths 2-3 um where polymers efficiently
absorbs.



196 S. Juodkazis et al.

6.2
Retrieval of 3D Structure

The post-exposure treatment of photopolymerized structures in resin and re-
sist is of critical importance for the final retrieval of 3D structures [77]. Since
development of positive or negative resists and resins is a wet process, the
damaging effect of capillary forces should be considered during the rinsing
and drying of the samples.

For example, capillary pressure of drainage between two planes, separated
by distance I, would generate a force [78]:

F=2nlly cosb/ly, (33)

which pulls the planes toward each other. Here, y is the surface tension, 6
is the contact angle, and [, are the length and height of the planes, respec-
tively. The capillary force determines the minimal spacing of the pattern as
a function of the aspect ratio by dy o yf2 [79], where the aspect ratio is given
by far = I/t with t being the wall thickness or rod diameter depending on
the pattern. Consequently, it is difficult to decrease the spacing of high-aspect
ratio structures. Moreover, the bending stiffness of structures depend on their
shape and scale, e.g., v/E/o and +/E/o for planes and rods, respectively [80].
Hence, for the same Young modulus, E, and mass density, o, it is easier to
buckle a plane than a rod at a given height.

Columnar structures are more resilient to collapse caused by capillary
forces than the vertical planes. In the case of columns [78]:

F=2nRl,y cos6/(1 +D/d), (34)

where R is the radius of the pillar and D = I, - 2R is the gap size. Here, I, is dis-
tance between pillar centers (a period) and d is the projection distance (along
the capillary force) from the point of liquid-pillar contact to the pillar’s edge
(d — 0 at non-wetting 6 = /2, and d — R at full wetting 0 = 0 conditions).

The critical Young modulus for the pillars to withstand capillary drainage
is given by [81]:

24yl

= (2R)*D? " (35)

cr
In photopolymerized structures Young modulus, E, is dependent on the ex-
posure dose and post-exposure treatment, which determine the final degree
of cross-linking [82]. Since the thickness of walls and rods in holographic
recording is usually controlled by the exposure time, the resultant E value can
be different for the thin and thick walls/rods. An additional UV exposure can
be applied to improve cross-linking and to increase the Young modulus. Such
treatment should even further reduce the feature size of high-fidelity complex
patterns.
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Fig. 19 SEM images of 1D pattern recorded holographically by two beam interference in
SU-8 and developed using a water rinse to minimize the capillary force of drainage [77]

When standard development of SU-8 in isopropanol was applied to the
exposed resist, structures with aspect ratios higher than four could not be
obtained without distortion or collapse of planes, despite the low surface ten-
sion y = 21.8 mJ cm™2 of isopropanol. The reason for that was strong wetting
(0 =20°) of SU-8 by isopropanol. Since isopropanol is soluble in water, we
added a final rinse in water to the standard development procedure. As a re-
sult, high-aspect ratio f;; = 18 structures were developed without distortions
over the entire exposed region of 700 wm in diameter and entire thickness,
as shown in Fig. 19 [77]. Moreover, thickness of the free-standing planes was
approximately 110 nm at 0.7 pm period and 3-pum height. This improvement
in resolution was achieved due to the hydrophobicity of the SU-8 surface
(0 = 81°). Hence, even at the considerably high surface tension of water,
y =72m]J/cm?, the capillary force (Eq. 33) was approximately half of that
in isopropanol. Since water is an environmentally friendly solvent, compat-
ible with most wet processing methods, the proposed technique of capillary
force reduction should find wider appeal in wet processing of resists aimed at
increased aspect ratio and resolution.

Distortions of patterns due to capillary forces can be avoided altogether
by applying supercritical drying (SCD) [83,84]. In a supercritical liquid,
the surface tension becomes negligible (y — 0) and the capillary force van-
ishes. However, depending on the solvent, high pressure (1-10 MPa) and
elevated temperatures (40-400 °C), may be required [85]. This factor renders
this method not universally applicable for wet processing. For example, if
SCD was to be used for isopropanol removal from SU-8, temperatures over
235.2 °C and pressures over 4.8 MPa would be needed [85].
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6.3
Direct Laser Writing with Ultra-High Resolution

Direct laser writing in SU-8 can achieve resolution of tens of nanometers [86,
87]. SEM image of a linear feature having a diameter of about 30 nm is
shown in Fig. 20. This size is comparable with the 2 nm size of the monomer
molecules. Fabrication of such structures was accomplished by drawing a pat-
tern of parallel lines spaced by 2 um from each other by focusing the laser
into the the SU-8 layer about 0.7 um above the substrate surface and trans-
lating the sample at a speed of 10 ums~'. The laser pulse energy of 3 nJ
(measured at the sample) was relatively high, and thick SU-8 rods attached to
the substrate were recorded. This first group of lines was intended as a sup-
port for the second group of lines, which were drawn immediately after the
first group in a perpendicular direction and at the same focusing depth but at
a much lower laser pulse energy, 0.3 nJ. At this intensity level, the focal region,
where two-photon absorption is effective, did not reach the glass substrate.
Consequently, after development, SU-8 nanorods were obtained, suspended
in air between the perpendicular thicker rods (note, that since SU-8 remains

before

Fig.20 a-c SEM images of nanorods recorded in SU-8, and a single rod before (d) and
after (e) thinning by an electron beam. Scale bars are 100 nm (b-e)
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solid and optically transparent both before and after the exposure, draw-
ing can be performed in arbitrary order). The samples were developed and
post-processed following the standard procedure suggested by the SU-8 man-
ufacturer [12]. The resulting structures were sputtered by a 5 nm Pt|Pd and
examined by field emission scanning electron microscope (SEM). Figure 20a
shows a large-scale image of the sample, which consists of thick SU-8 lines
supporting the nanorods.

Figure 20b shows one nanorod in detail; it can be seen that although its
cross-sectional diameter varies significantly across the length, the diameter
remains smaller than 100 nm, and reaches approximately 30 nm in the waist
region. In the image, a number of spherical nanoparticles can also be seen
randomly attached to the SU-8 surface. It is likely that they are formed from
non-crosslinked monomers during the development. The nanospheres are
perfectly shaped, as would be expected for particles formed by surface ten-
sion forces. Some nanospheres can be seen attached underneath the nanorod,
thus clearly indicating that the nanorods are suspended in air and do not
touch the glass substrate.

In general, the shapes and thicknesses of individual nanorods show slight
variations, which arise due to SU-8 inhomogeneities and due to the fluc-
tuations of the laser pulse intensity. Some nanorods show tapering at the
waist (Fig. 20c), while others have no pronounced waist region and retain an
average lateral diameter of approximately 30 nm across their entire length,
which corresponds to an aspect ratio of about 20. The average waist diam-
eter of nanorods in the entire pattern was 45+ 25 nm. It must be stressed that
the 30 nm diameter of the nanorod, which constitutes only about 4% of the
fabricating laser wavelength (1/25 resolution), defines the record-high reso-
lution for two-photon writing of extended features, i.e., rods composed of
many overlapping voxels (volume elements). Moreover, these features are sus-
pended in air. For comparison, the highest resolution achieved to date with
two-photon exposure (120 nm) was demonstrated by recording isolated vox-
els in liquid resin directly attached to the glass substrate [88].

It is noteworthy that the nanorods were free of stress. The presence of com-
pressive or tensile stress was tested by cutting through the nanorod using
an electron beam. For this purpose, the beam acceleration voltage was set to
10 kV, and rod waist regions narrower than 20 nm were obliterated within
10-30 s time interval. Figures 20d,e show the nanorod before and after the
cutting. The width of the gap that developed between the two parts of the
nanorod after the cutting was 20 nm, i.e., close to the size of the focal spot
of the imaging electron beam. The high acceleration voltage used also con-
tributed to the shortening of the electron de Broglie wavelength and increased
the resolution to approximately 5nm, enabling accurate monitoring of the
shape of the nanorod before and after the cutting. After cutting, the shapes
of the remaining halves of the rod remained the same, indicating that prior
to the cutting the rod was not subjected to significant stress, either due to
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compression or tension. No buckling of the rod during the thinning (an in-
dication of compressive stress) nor shortening of the remaining halves of the
rod (an indication of tensile stress) were observed in our experiments. The
lateral shrinkage of up to 10% usually observed in photonic SU-8 microstruc-
tures [89] is most probably caused by the capillary forces during the draining
stage of development. The sample preparation procedures, thickness of the
spin-coated film, and homogeneous solvent evaporation are the most critical
for reduction of shrinkage [11].

6.4
Micromechanical Properties

Mechanical treatment of stability developed for macro-objects such as build-
ings and bridges is also applicable to micro- or nanoobjects such as micro-
tubules, cell membranes, etc [90]. When mechanical objects are small, their
functioning can be controlled using weak forces. Usually, weak forces such
as van der Walls (dipole-dipole) force or impacts due to Brownian motion
become considerable and might be used for sensor applications. Laser mi-
crofabrication by photopolymerization of submicrometer-sized objects can
find a wider field of applications. Spiral PhC can be fabricated by DLW and
holographic lithography techniques (Fig. 21), and used for an optical diode
function due to polarization band-gap, i.e., a light of one circular handed-
ness will transmit through a PhC, while the light of opposite handedness will
be reflected. Spirals are attractive micromechanical devices and, when small,
are responsive to small forces. The total stretch of a spring, f, upon load, P
(negative force corresponds to compression), can be calculated as [91]:

R2L RZH? GK FL
f - P 0 _ 0 0 1 _ +
GK GKL EI AG
R2 2GK
_p <3GI°<L (3 - ) (H2 + HH, + 2H§)> (36)

where E is the Young modulus, Ry is the initial radius of the coil, H is the vari-
able length of the effective portion of the stretched spring (Hy is the initial
value), L the actual length of the wire of which spring is made, r is the radius
of wire, A is cross-sectional area of the wire, K is the torsional stiffness factor
(K=nr* /2 for a circle; K = 2.2542 for a square of a side length a), F is the sec-
tion factor for shear deformation (F = 10/9 for a circle and 6/5 for a square),
and I is the inertia momentum of the wire section about a central axis par-
allel to the spring axis. Hence, f is not a linear function of P. The first term,
multiplied by P in Eq. 36, represents the initial rate of stretch, and the second
term represents the change in this rate due to modification of the form. This
expression is used for high precision calculations of stretch.
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YO 818 x gy

Fig.21 Spiral structure formed by seven beam interference: central beam is right-handed
circularly polarized, and the side beams linearly [32,33]. Simulated by interference of
plane waves according to Eq. 2 with side beams comprising an 80° angle with the optical
axis (the E-field of the central beam is Eq = Eg/+/2(1, %1, 0), where + corresponds to the
right-handedness; i = v/~ 1)

The spring constant of a helical spring of a circular wire can be calculated
by [92]:

7Grt

" 2R’H’
where G is the shear/rigidity modulus, G = E/[2(1 + v)] (v = 0.2 is the typ-
ical value of Poisson’s ratio in glasses [92]). A typical set of parameters of
spirals polymerized in a SU-8 resist [24, 26, 93] is: coil radius R = 750 nm,
wire diameter 2r = 500 nm (this is an approximation since the polymerized
wire has an elliptical cross-section), vertical pitch of spiral ¢ = 2.64 um, num-
ber of vertical periods n =12 (the total height of structure H ~ 31.7 um),
and E =~ 4 GPa for a fully cross-linked SU-8. Using these, one gets the spring
constant k = 0.57 N/m from Eq. 37. The load of P =1mN should generate
compaction of a 32-um tall structure by approximately f = 12 um accord-
ing to Eq. 36 (here, we consider that the load P is equally distributed over
the number of independent springs within the footprint of a 30-um diameter
punching press, and that Poisson’s ratio is v = 0.2). Hence, a uN force would
cause a sub-pm length change detectable by optical means. This might make
it possible to tune the stop-band wavelength of a photopolymerized structure.
The values of spring constants photopolymerized in resin by femtosecond
direct laser writing are not consistent (a difference of five orders of magni-
tude was reported [94]) with theoretical predictions, most probably due to the
unknown Young modulus of the springs. The elastic properties of photopoly-
merized materials are dependent on cross-linking, which can have a complex
dependency on writing conditions.

k (37)
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7
Conclusions and Outlook

We have described principles, methods, and techniques allowing one to ex-
ercise a delicate control over the optical fields, and application of these
fields for optical fabrication of micro- and nanostructures in photoresists
and resins. Microstructuring of materials using lasers promises the avail-
ability of relatively easy, simple, and low-cost fabrication processes in the
future. As always, there are many challenges remaining to be resolved. The
main problem faced by laser lithography is that this optical technique is ex-
pected to produce higher-than-optical resolution. One has therefore to use
additional mechanisms, like optical nonlinearities, plasmonic localization,
or quantum lithography in order to satisfy this demand. Some of these en-
hancements have already been put to work and have produced spectacular
results. Some of them, like quantum lithography, are still being pursued the-
oretically in expectation of a breakthrough that would allow a more practical
work.
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