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Abstract

Two types of femtosecond-laser scanning transient absorption microscopes have been developed as tools for observing ultrafast exciton dynamics
in organic solids, which have recently received much attention for their roles as organic photofunctional devices, such as solar cells and light-
emitting diodes. One microscope is a multiphoton excitation transient absorption microscope, and the other is an apertured probe transient absorption
microscope. Their performance was evaluated by measuring transient absorption spectra, kinetics and images of perylene crystals.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Recently, organic solids, such as fullerene, carbon nanotubes,
phthalocyanine, perylene derivatives and some metal complexes
(e.g., Alg3 [1] and Ir(ppy)3 [2]), have received much attention
because they can be used in such photofunctional devices as
solar cells [3,4] and light-emitting diodes [1]. Dye-sensitized
solar cells are also attracting much interest as organic—inorganic
hybrid solar cells [5]. Understanding the dynamic behaviors
of excitons and charge carriers generated by photoexcitation
in solar cells or by electric current injection in light-emitting
diodes is important for the design of efficient devices. The size
of the devices is on the millimeter scale, and that of the device
components (e.g., the metal and transparent electrodes and the
light-absorbing, light-emitting and charge transport layers) that
form the layer structure, is on the micro- or nanometer scale.
The inner structures of each component are on the nanometer
scale. Such structures range from nano- to millimeters in size
and are important in realizing high performance of the devices.
Compared with inorganic devices based on silicon processing
technology, the organic devices have uncontrolled structure;
therefore, inhomogeneous reactions of photogenerated excitons
and charge carriers are expected to occur. Namely, position
dependent reaction rates and yields are expected to observe. This
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fact makes the mechanism of these devices difficult to under-
stand.

To observe ultrafast dynamics of excitons and charge carriers
as a function of their position in these devices, time- and space-
resolved spectroscopic techniques need to improve. Masuhara
and coworkers have already reported transient absorption micro-
scopic systems [6-9]. Recently, another group reported fem-
tosecond fluorescence up-conversion microscopy [10]. How-
ever, application of such techniques in photofunctional devices
has not been achieved.

Because multiphoton absorption occurs only at the focus
point of an intense laser, it is possible to excite only a desired
point in a three-dimensional space, whereas single-photon
absorption occurs from the irradiated surface to a penetration
depth determined by the absorption coefficient of the material.
Therefore, measurement of transient absorption using multipho-
ton excitation would be useful for examining actual photofunc-
tional devices. Ultrafast reactions in selected device components
or at interfaces between components can be measured, when the
size of the components is on the micrometer scale. Also, by
scanning the sample using a three dimensional translation stage,
transient absorption images can be obtained, which will enable
us to discuss inhomogeneous nature of photo-generated spices
within the devices. However, such a technique has not yet been
reported.

As also mentioned above, smaller device structure — to
nanometer scale — is important. The technologies of scanning
probe microscopes, such as scanning-tunnelling microscopy
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(STM) and atomic force microscopy (AFM), have been devel-
oped to achieve nanometer-level or even atomic-level resolution
of the surface topography. Scanning near-field optical micro-
scopes (SNOM) are also well-known tools for obtaining optical
information with <100-nm spatial resolution, which is better
than the diffraction limit of light. The combination of SNOM and
ultrashort pulse laser techniques to measure transient absorp-
tion, with temporal resolution of ~100 fs and spatial resolution
of ~100 nm, has been reported by several groups [11-18].

This method would be useful for measuring ultrafast reactions
at the surface of photofunctional devices. However, owing to the
metal-coated sharpened optical fiber probes used to guide the
pump and probe lasers in reported systems, which limit the avail-
able wavelength range, application of the time-resolved SNOM
to photofunctional devices is difficult. Instead of such conven-
tional optical fiber probes, an apertured AFM cantilever tip will
be convenient because of the following advantages [19]. The
high throughput of light through the aperture makes it possible
for large and precise transient signals to be obtained. The fiber-
free optical set-up minimizes the expansion of the temporal pulse
width of the femtosecond laser arising from the group veloc-
ity dispersion. It is also easy to use the pump and probe lasers
with widely separated wavelengths. To obtain widely tunable
wavelengths of femtosecond laser, amplified Ti:sapphire laser
systems combined with optical parametric amplifiers (OPA) and
a white-light continuum generation system will be useful. In ear-
lier reports, however, Ti:sapphire oscillators at around 800 nm
were used; therefore, tuning the pump wavelength has not yet
been realized, although a tunable probe has been realized very
recently using photonic crystal optical fibers [17].

We have developed two types of femtosecond-laser scanning
transient absorption microscopes for application to actual photo-
functional devices. One is the multiphoton excitation transient
absorption microscope, and the other is the apertured probe tran-
sient absorption microscope. In the former system, multiphoton
excitation is induced by intense femtosecond-laser pulses at
800 nm, and the white-light continuum in the visible and near-
IR wavelength region is used to monitor transient absorption
at the excited point. In the latter system, frequency-doubled
femtosecond-laser pulses at 400 nm and the white-light contin-
uum pulses were introduced into a small aperture with ~1 pum
diameter as pump and probe light, respectively. In this paper,
we describe the optical set-ups of these systems, and then we
evaluate the performance of the microscopes on the bases of
measured transient absorption spectra, kinetics and images of
well-known perylene crystals.

2. Experimental

Optical set-ups for multiphoton excitation and apertured
probe transient absorption microscopes are shown (Fig. 1, sys-
tems A and B, respectively). The light source was an amplified
Ti:sapphire system (800-nm center wavelength, 50- or 150-fs
full width at half-maximum (FWHM) pulse width, ~1 mJ/pulse
intensity, 1-kHz repetition; Spectra Physics, Super Spitfire or
Hurricane). For exciting the samples, the fundamental light at
800nm was used in multiphoton excitation transient absorp-

tion microscopy, and the second harmonic at 400 nm was used
in the apertured probe transient absorption microscopy. The
pump beams were modulated at 500 Hz by a mechanical chop-
per (New Focus, 3501). The white-light continuum, generated
by focusing the fundamental light into a sapphire plate (2 mm
thick), was used as the probe light for both microscopic sys-
tems. Pump and probe beams were collinearly aligned after the
pump—probe delay time was adjusted by a translational stage,
and then the beams were introduced into the entrance port of the
microscopes.

As shown in Fig. 1 (system A), in the multiphoton excitation
transient absorption microscope, pump and probe beams with
a 4-mm waist were introduced into the microscope and were
focused by an objective lens (4 x magnification, 30-mm work-
ing distance) set under the sample. Light transmitted upwards
through the sample was collected by another objective lens
(same specification) placed above the sample. The collimated
beams were focused again at a pinhole (100 wm diameter) to
form a confocal microscope alignment. The pump beam was
blocked by using an interference filter. The probe light through
the pinhole was detected by a silicon or InGaAs PIN photodi-
ode after passage through a monochromator (Acton Research,
SpectraPro-150). The photodiode signals were acquired into a
computer on a pulse-to-pulse basis. The intensity of the probe
light entering the microscope was monitored to compensate for
the pulse intensity fluctuation. Transient absorption intensity
was calculated as log(ly/I), where I and I are (fluctuation com-
pensated) probe pulse intensities, without and with excitation,
respectively. Typically, several thousands of pulses were aver-
aged to gain a transient absorption accuracy of 1073, The sample
can also be scanned by an XYZ piezo stage (Physik Instrumente,
P-562.3CD) to obtain transient absorption images.

In the apertured probe transient absorption microscope, a
commercial scanning near-field optical microscope (Alpha-
SNOM, WITec, Ulm, Germany) was used. The pump and probe
beams (Fig. 1, system B) were directed through a small aper-
ture at the tip on the bottom side of the cantilever probe. The
laser beam was focused around the aperture on the top side of
the cantilever by an objective lens (8 x magnification), and the
light transmitted through the aperture and a thin sample was col-
lected by another objective lens (20x or 60x), collimated and
directed into the entrance of an optical fiber that was connected
to a silicon PIN photodiode or an avalanche photodiode (APD).
Two CCD cameras were used to monitor the positions of the
focused beams on the cantilever from both the top and the bot-
tom sides. The AFM was operated in the contact mode using a
980-nm feedback laser. An XYZ piezo stage was used to scan the
sample. Although an aperture diameter <100 nm was available
for the commercial system, the aperture was expanded to about
1 wm by laser ablation in order to obtain enough light intensity
for the pump—probe measurements.

A single crystal of a-perylene was grown by the Bridg-
man method from extensively zone-refined material. Plate-like
crystals, which were fragments from the ingot, were chosen
for transient absorption measurement. In the multiphoton exci-
tation transient absorption microscope, a single crystal with
dimensions of about 3 mm x 3 mm x 0.1 mm was placed on an
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Fig. 1. Optical set-ups for multiphoton excitation and apertured probe transient absorption microscopes (systems A and B, respectively).

acrylic substrate, in which a small hole with 1-mm diameter
was drilled just below the crystal to avoid multiphoton excita-
tion of the substrate. In the apertured probe transient absorption
microscope experiment, crystals of dimensions smaller than
1 mm x 1 mm x 0.1 mm were placed sparsely over a cover glass
on the sample stage of the microscope. The cleaved surface of
the crystal is usually the ab plane, so that under the microscopes
the incident light was normal to the crystal ab plane.

3. Results and discussion

3.1. Multiphoton excitation transient absorption
microscopy

Transient absorption spectra and kinetics of a single perylene
crystal were measured to evaluate the performance of the mul-
tiphoton excitation transient absorption microscope described
here. Transient absorption spectra at a delay time of 3 ps in the
spectral range from 550 to 750 nm (closed circles) and transient

absorption kinetics up to 15-ps delay time are shown (Fig. 2a
and b, respectively). The solid line in Fig. 2a indicates the tran-
sient absorption spectra of a large perylene crystal measured
by a nanosecond-laser transient absorption system [20]. This
line can be regarded as reference data for the present study
using microscopes. Because the absorption onset of the perylene
crystal is around 530 nm (2.34 eV), the 800-nm excitation laser
(1.55eV) cannot be absorbed by a single-photon process, and
multiphoton absorption — higher than a two-photon process — is
necessary to electronically excite the perylene crystal. To con-
firm whether a multiphoton absorption process takes place under
the present experimental conditions, the fluorescence intensity
was measured as a function of the 800-nm laser intensity. In
the weaker excitation intensity region than transient absorption
could be measured, the fluorescence intensity was proportional
to the square of the laser intensity, indicating that two-photon
absorption took place. Transient absorption was measured at an
excitation photon density that was about three orders of mag-
nitude higher than this condition; thus the observed transient
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Fig. 2. (a) Transient absorption spectra of a perylene crystal photoexcited at
800 nm at a delay time of 3 ps in the spectral range from 550 to 750 nm (closed
circles), and transient absorption spectra of a large perylene crystal measured
by a nanosecond-laser transient absorption system (solid line). (b) Transient
absorption kinetics at 620 nm, with a delay time of up to 15 ps.

absorption signals were surely induced by a multiphoton pro-
cess.

In our recent study of the photoexcited perylene crystal, we
observed that self-trapped excitons (excimer-like state) formed
within 100 fs for the major component, accompanied by a minor,
slow (~2ps) process [20], and its lifetime was roughly 80 ns.
Therefore, the solid-line spectrum (Fig. 2a) corresponds to the
absorption band of self-trapped excitons in a perylene crystal.
A characteristic peak is seen at 620 nm. This absorption band
is identical to the transient absorption spectrum measured under
the microscope. This result indicates that the high photon density
under the microscope did not induce any sample damage or even
ionization of perylene molecules. Ionization due to high photon
density effect has been reported for a transient absorption mea-
surement of a perylene crystal under a microscope in a previous
study [8]. In the present study, the generated exciton density
was calculated to be about 10~% mol/L, which corresponds to a
molecular ratio of only 107,

The transient absorption kinetics at 620 nm, the absorption
peak, shows a spike at O ps and constant intensity after this spike
(Fig. 2b). The spike is due to the nonlinear processes of the
pump and probe pulses, which is probably two-photon absorp-
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Fig. 3. Results of a knife-edge experiment to examine the focus sizes of the
pump (a) and probe (b) beams. (c) Transient absorption profile of a thin perylene
crystal at 950 nm when the crystal was scanned along the optical axis. See text
for details.

tion involving one photon of the pump pulse and another of the
probe pulse, because the spike intensity was proportional to the
pump intensity. The width of the spike can be considered to be
the time resolution of the system, which was determined to be
320fs in the FWHM. The constant transient absorption is due
to the dominant rapid self-trapping process and to the absence
of exciton—exciton annihilation decay.

These spectral and kinetic data demonstrated that this multi-
photon excitation transient absorption microscope is useful for
studying exciton dynamics in organic crystals without the inter-
ference of the effects of high exciton density.

We now discuss the three-dimensional spatial resolution of
this system. To evaluate the lateral resolution, the focus sizes of
the pump and probe beams were measured by scanning a knife
edge across the focus spots. The results are shown for pump and
probe lasers (Fig. 3a and b, respectively). The intensities of the
transmitted light increased as the knife edge moved. Their differ-
ential functions were fitted to Gaussian functions with FWHM
values of 12 and 41 wm, respectively. Because the overlapped
area of both the pump and the probe lasers contributes to tran-
sient absorption signals, the lateral resolution is determined by
the pump laser in this configuration. When two-photon excita-
tion is considered, the lateral resolution will be 12/205=8.5 pm.
Note that the larger area of the probe spot relative to that of the
pump spot decreases the overall transient absorption intensity,
but this does not degrade the lateral resolution.

The axial resolution was evaluated by scanning a thin pery-
lene crystal (<100 wm) along its optical axis. The result of setting
the probe wavelength at another peak of the self-trapped exci-
ton, at 950 nm [20], is shown (Fig. 3c). When the depth was
zero, the laser focus was on the top surface of the perylene
crystal. Because the travel range of the piezo stage in the axial
direction was 200 pm, the two objective lenses were shifted ver-
tically in the same direction. In the figure, the crystal thickness
is indicated by the grey area. Compared with this area, the range
in which transient absorption signals were obtained is larger,
and the width was analyzed to be 625 wum (FWHM). This can
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be regarded as the axial resolution. Hence 8.5-pm lateral and
625-pm axial resolutions of this system using 4x objective
lenses were determined. Based on the theory of two-photon flu-
orescence microscopy [21], 7.3-pm lateral and 630-pm axial
resolutions were estimated using 800-nm wavelength and 0.04
N.A., showing good agreement with the experimental estima-
tions. Therefore, if we replace the present objective lenses with,
for example, ones with 0.5 N.A. (20 x magnification), about 0.6-
pm lateral and 4-pm axial resolutions can be expected. We are
planning such an experiment now.

The temporal and spatial resolutions of the multiphoton exci-
tation transient absorption microscope were evaluated. This
microscope could be applied to actual photofunctional devices,
for instance, dye-sensitized solar cells [5]. Because of the metal
electrode and the colored electrolyte in the device, conventional
transmittance-mode transient absorption techniques cannot be
applied. We measured transient absorption of this device without
the electrode and the electrolyte in our previous study [22-24].
Because the dye-sensitized semiconductor film electrode, which
is the most essential part of the device to convert sunlight into
electricity, is about 10 pm thick with an area of 5 mm x 5 mm,
a selected part of the dye-sensitized semiconductor electrode
can be measured when laser beams are in-plane of the film, and
position-dependent ultrafast reactions would be revealed. Such
a study is now in progress.

3.2. Apertured probe transient absorption microscopy

We evaluated the performance of the apertured probe tran-
sient absorption microscope constructed by measuring the tran-
sient absorption of perylene microcrystals. Time-resolution was
examined by a two-photon absorption method that we used in
our previous research [19]. We showed that the apertured probe
transient absorption microscopes had a time resolution of ca.
200 fs when using 660-nm laser pulses from an OPA pumped by
a 160-fs Ti:sapphire laser at 800 nm, where the autocorrelation
function was measured by the two-photon absorption method.
To examine whether better time resolution could be achieved,
shorter pulses of 50-fs FWHM at 800 nm were introduced to the
microscope, and the auto-correlation function was measured by
the same method. A GaAsP photodiode was placed at the sample
position and was contacted by the probe aperture. Two-photon
induced photocurrents were measured as a function of the time
interval between two pulses of equal intensity. The experimental
result is shown in Fig. 4, and the width was determined to be
63 fs. Note that, in this experiment, a negative chirp was provided
to the pulse to compensate for the group velocity dispersions of
the optical components in front of the aperture in the microscope.
The degree of the negative chirp was adjusted in such a way
that the shortest autocorrelation width (89 fs) could be obtained
without the cantilever probe. Therefore, the apertured cantilever
probe was proved to maintain the pulse width, so that, regard-
ing time-resolution, transient absorption experiments using this
probe would be possible as conventional transient absorption
experiments.

Perylene microcrystals were put on a cover glass, and an
AFM image was measured for one of the crystals (Fig. 5a); an

63 fs FWHM

Intensity (a.u.)

-200 -100 0.0 100 200
Time / fs

Fig. 4. Autocorrelation function of 50-fs laser pulses at 800 nm through the
aperture of a cantilever probe, measured by the two-photon absorption method.

80 pm x 80 wm area was scanned, and several raised portions,
with heights from 250 to 600 nm, were seen. The flat part of the
surface is considered to be the ab plane of the crystal, but the
origin of the raised portions is not clear. Transient absorption
was measured at several positions, and the results are discussed
below.

The excitation wavelength was 400 nm, and the probe wave-
length was 700 nm, where both the quasifree and the trapped
excitons can be observed [20]. Although the details of the exci-
ton dynamics are still under consideration, at least it is certain
that, at 700 nm, transient absorption decay with a time constant
of about 2 ps can be observed, corresponding to self-trapping
of quasifree excitons, and that long-lived absorption due to the
generated self-trapped exciton, whose absorption peak is located
at 620 nm (Fig. 2a), can be observed. For 400-nm excitation, the
skin depth can be expected to be on the order of 1 pm, owing
to the large absorption coefficient [25]. The aperture diameter
of the cantilever probe was about 1 wm. This dimension (1-pm
diameter and depth) can be regarded as the observed volume in
this experiment.

First, to judge whether tip—sample interaction affected the
observed transient absorption, the tip—sample distance was
changed from zero to 350 £ 50nm at tip position A. Energy
transfer or electron transfer from the excited perylene crystal to
metal (aluminium) coated on the probe might take place (see
Fig. 5b). No appreciable difference was seen between the two
time profiles, indicating there is no tip—sample interaction in the
picosecond time range.

When the exciton density in organic crystals is high,
exciton—exciton interaction induces the annihilation process and
transient absorption decay becomes faster. This process is unde-
sired because our aim in the future is to apply this microscopic
system to actual photofunctional devices that operate under
weak light, such as sunlight. Transient absorption decay pro-
files at 700 nm were measured as a function of excitation laser
intensity. The result is shown in Fig. 5c, where the laser inten-
sity was doubled between the two profiles. The normalized
profiles are identical, so that the exciton—exciton annihilation
process is negligible and the observed decay corresponds sim-
ply to monomolecular relaxation of the quasifree exciton. The
decay time was 2.2 £ 0.5 ps. Absence of exciton—exciton anni-
hilation is further confirmed by the measured transient absorp-
tion time profile at 600 nm, where constant absorbance can be
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Fig. 5. (a) AFM image of a perylene microcrystal. (b) Tip—sample distance dependence of transient absorption kinetics at 700 nm measured at position A in the AFM
image. (c) Excitation intensity dependence of transient absorption kinetics at 700 nm measured at position A. (d) Transient absorption kinetics at 600 nm measured
at position A. (e) Transient absorption kinetics at 700 nm measured at positions B and C.

expected (see Fig. 2b) and actually no decay was observed of the exciton dynamics was investigated by measuring tran-
(see Fig. 5d). sient absorption decay at several points of the apertured probe:

The absence of tip—sample and exciton—exciton interactions positions A, B and C. In Fig. Se, the decay profiles at positions
indicates that apertured probe transient absorption microscopy B (on a flat area) and C (at a raised portion) are overlaid after
can be used to measure exciton dynamics in perylene under con- normalization, showing no difference in the decay dynamics. A
ditions similar to sunlight irradiation. The position dependence slight decrease (~20%) in the transient absorption intensity for
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Fig. 6. AFM and transient absorption images of a perylene microcrystal. An area of 15 wm x 15 wm area (24 x 24 pixels) was scanned. The delay time was 12 ps,

and the probe wavelength was 700 nm.

position C may arise from less efficient pump-light absorption
due to different optical condition at the raised portion. There-
fore, it is likely that exciton dynamics in the measured perylene
crystal were homogeneous under measurement with lateral and
axial resolutions of 1 pm.

Measurement of the transient absorption image will be a more
efficient way to confirm the homogeneous nature of photogen-
erated excitons. At a fixed delay time, 12 ps, and at a fixed probe
wavelength, 700nm, a 15 pum x 15 pmarea (24 x 24 pixels) was
scanned to observe the exciton density in the crystal. If quasifree
excitons are quenched by some reason, for example, effect
of impurities or defects, weak transient absorption at 12 ps is
expected to detect. AFM and transient absorption images were
obtained (see Fig. 6a and b, respectively, for three-dimensional
views). In the AFM image, near (x, y) =(2, 12), there is a portion
that is slightly (~20 nm) higher than other positions, whereas in
the transient absorption image the observed signals are homo-
geneous over the whole scanned area with an optical density
of (4.1£0.6) x 1073, Note that in the y range from 0 to 3 wm,
the pump light was not incident to check the baseline of tran-
sient absorption measurement. From the experiments described
above, exciton dynamics in the perylene crystal were clearly
homogeneous, which is reasonable because the crystals used
have high purity and high crystallinity [26].

It has been reported that when a perylene microcrystal is
slightly damaged by irradiation of a high laser power, the decay
dynamics changed slightly more rapidly than before the photo-
damage [10], indicating that some defects in the crystal affect
exciton dynamics. In the present study using the apertured
probe transient absorption microscopy, however, no position-
dependent reaction dynamics were observed. To clarify the effect
of defects in the crystal, improvement of the apparatus to obtain
better spatial resolution (~100 nm) and examination of sample-
preparation dependence will be necessary. These studies are
being planned, and the results will be published elsewhere.

4. Conclusion
Two types of femtosecond-laser scanning transient absorp-

tion microscopes have been developed as tools for observing
ultrafast exciton dynamics in organic solids: one is the mul-

tiphoton excitation transient absorption microscope, and the
other is the apertured probe transient absorption microscope.
We evaluated their performance by measuring transient absorp-
tion spectra, kinetics and images of perylene crystals. In the
former system, multiphoton excitation is induced by intense
femtosecond-laser pulses at 800 nm, and a white-light contin-
uum in the visible and near-IR wavelength region is used to
monitor transient absorption at the excited point. Using 4x
objective lenses, lateral resolution of about 10 uwm and axial
resolution of about 600 wm were estimated. The time resolu-
tion was about 300 fs. In the latter system, frequency-doubled
femtosecond-laser pulses at 400 nm and white-light continuum
pulses were introduced into a small aperture with ~1 wm diame-
ter as pump and probe lights, respectively. Relaxation dynamics
of quasifree excitons to self-trapped excitons with a time con-
stant of ~2 ps was observed, and the exciton dynamics near the
surface of the perylene crystal were found to be homogeneous.

Acknowledgements

This work was partially supported by the COE Program
(Photoreaction Control and Photofunctional Materials) of the
Ministry of Education, Culture, Sports, Science and Technol-
ogy of Japan (MEXT). A. Furube is grateful to MEXT for a
grant, “Support of Young Researchers with a Term.” Y. Tamaki
is a NEDO Fellow.

References

[1] C.W.Tang, S.A. Vanslyke, C.H. Chen, J. Appl. Phys. 65 (1989) 3610-3616.

[2] Y. Kawamura, K. Goushi, J. Brooks, J.J. Brown, H. Sasabe, C. Adachi,
Appl. Phys. Lett. 86 (2005) 071104.

[3] C.W. Tang, Appl. Phys. Lett. 48 (1986) 183—185.

[4] T. Taima, M. Chikamatsu, Y. Yoshida, K. Saito, K. Yase, Appl. Phys. Lett.
85 (2004) 6412-6414.

[5] B. O’regan, M. Gritzel, Nature 353 (1991) 737-740.

[6] K. Sasaki, M. Koshioka, H. Masuhara, J. Opt. Soc. Am. A 9 (1992)
932-936.

[7] N. Tamai, T. Asahi, H. Masuhara, Rev. Sci. Instrum. 64 (1993) 2496~
2503.

[8] N. Tamai, C.F. Porter, H. Masuhara, Chem. Phys. Lett. 211 (1993) 364—
370.

[9] T. Itoh, T. Asahi, H. Masuhara, Appl. Phys. Lett. 79 (2001) 1667-1669.



260 A. Furube et al. / Journal of Photochemistry and Photobiology A: Chemistry 183 (2006) 253-260

[10] T.Fujino, T. Fujima, T. Tahara, J. Phys. Chem. B 109 (2005) 15327-15331.

[11] V. Emiliani, T. Guenther, C. Lienau, R. Notzel, K.H. Ploog, Phys. Rev. B
61 (2000) 10583-10586.

[12] T. Guenther, V. Emiliani, F. Intonti, C. Lienau, T. Elsaesser, R. Notzel, K.H.
Ploog, Appl. Phys. Lett. 75 (1999) 3500-3502.

[13] B.A. Nechay, U. Siegner, M. Achermann, H. Bielefeldt, U. Keller, Rev.
Sci. Instrum. 70 (1999) 2758-2764.

[14] H. Kawashima, M. Furuki, S. Tatsuura, M. Tian, Y. Sato, L.S. Pu, T. Tani,
Appl. Phys. Lett. 77 (2000) 1283-1285.

[15] T. Nagahara, K. Imura, H. Okamoto, Chem. Phys. Lett. 381 (2003)
368-375.

[16] K. Imura, T. Nagahara, H. Okamoto, J. Phys. Chem. B 108 (2004)
16344-16347.

[17] T. Nagahara, K. Imura, H. Okamoto, Rev. Sci. Instrum. 75 (2004)
4528-4533.

[18] Y.Z. Shen, T.C. Lin, J.M. Dai, P. Markowicz, P.N. Prasad, J. Phys. Chem.
B 107 (2003) 13551-13553.

[19] A. Furube, Y. Tamaki, R. Katoh, J. Korean Phys. Soc. 47 (2005) S76-S79.

[20] A. Furube, M. Murai, Y. Tamaki, S. Watanabe, R. Katoh, J. Phys. Chem.
A 110 (2006) 6465-6471.

[21] M. Born, E. Wolf, Principles of Optics, Cambridge University Press, Cam-
bridge, 1999.

[22] A. Furube, R. Katoh, K. Hara, S. Murata, H. Arakawa, M. Tachiya, J. Phys.
Chem. B 107 (2003) 4162—-4166.

[23] A. Furube, R. Katoh, T. Yoshihara, K. Hara, S. Murata, H. Arakawa, M.
Tachiya, J. Phys. Chem. B 108 (2004) 12583-12592.

[24] A. Furube, R. Katoh, K. Hara, T. Sato, S. Murata, H. Arakawa, M. Tachiya,
J. Phys. Chem. B 109 (2005) 16406-16414.

[25] J. Tanaka, T. Kishi, M. Tanaka, Bull. Chem. Soc. Jpn. 47 (1974) 2376-2381.

[26] M. Ono, M. Kotani, Chem. Phys. Lett. 295 (1998) 34-40.



	Transient absorption measurement of organic crystals with femtosecond-laser scanning microscopes
	Introduction
	Experimental
	Results and discussion
	Multiphoton excitation transient absorption microscopy
	Apertured probe transient absorption microscopy

	Conclusion
	Acknowledgements
	References


