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and the order—disorder transition temperatures of the copolymer
(Ty< T<Topr) by resting the silicon substrate on a digital hotplate
(Barnstead Thermolyne Model 720) while the pad was slowly pulled
forward by a constant horizontal force (approximately 1 N) which
created steady shear (Fig. 1 displays a schematic of the setup). Typical
anneals lasted for approximately 20 min, with the elastomer pad mov-
ing at approximately 400 nms™ (the displacement of the pad was
monitored by a laser-mirror-detector assembly). Subsequent to the
anneal, the films were quenched to room temperature and imaged by
tapping-mode atomic force microscopy (TM-AFM), using a Dimen-
sion 3000 microscope from Digital Instruments.
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Layer-by-Layer J-Aggregate Thin
Films with a Peak Absorption Constant
of 10® cm ™

By M. Scott Bradley, Jonathan R. Tischler,
and Vladimir Bulovié*

We demonstrate a layer-by-layer (LBL) method for depos-
iting ordered, nanostructured thin films of 5,6-dichloro-2-
[3-[5,6-dichloro-1-ethyl-3-(3-sulfopropyl)-2(3 H)-benzimidazo-
lidene]-1-propenyl]-1-ethyl-3-(3-sulfopropyl) benzimidazolium
hydroxide (inner salt, sodium salt from Nippon Kankoh Shiki-
so Kenkyusho Co., Ltd.) (TDBC) J-aggregates that have a
peak absorption constant of a=(1.05+0.1)x10° cm™, one of
the highest reported for a neat thin film. Such highly absorp-
tive materials embedded in a matched optical microcavity
recently enabled demonstrations of the strong coupling limit
of cavity quantum electrodynamics (cavity QED) and room-
temperature operation of exciton—polariton optoelectronic
devices.!!! The use of LBL assembly to create thin films of
J-aggregated dyes has been established for almost a decade.
But, to our knowledge, previous analyses of LBL-assembled
J-aggregate films have not reported optical constants, the real
and imaginary components of the index of refraction
(fi=n+ik), in the context of a materials investigation.”! Here,
by combining data from morphological and optical measure-
ments, we determine the optical constants of LBL-assembled
TDBC J-aggregate films, key parameters in engineering the
material for room-temperature strong-coupling applications.

Thin films of TDBC J-aggregates deposited on glass were
used to probe optical and morphological properties. Figure 1
shows a schematic of the sample structure and molecular dia-
grams of the thin-film constituents. The samples were pre-
pared in an LBL process in which samples undergo sequential
immersion into cationic and anionic solutions (SICAS). In our
process, samples are immersed in cationic PDAC and anionic
TDBC, a J-aggregate-forming cyanine dye. Samples with dif-
ferent numbers of PDAC/TDBC layers are produced in order
to observe the thin-film structure at various stages of growth
using atomic force microscopy (AFM). Figure 2 shows AFM
images from throughout the various stages of growth with his-
tograms showing the formation of PDAC/TDBC layers, and a
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Figure 1. Layer constituents and sample structure. The polycation used in the LBL growth is poly(diallyldimethylammonium chloride) (PDAC), and the
anion is TDBC, a J-aggregate-forming cyanine dye. Optical measurements are taken with the LBL-film side of the sample facing the light beam at a spe-

cified angle 6 away from the normal.

plot of root-mean-square (RMS) roughness versus the num-
ber of SICAS steps.

As shown in the AFM images for 1.5 SICAS and 2.0 SICAS
compared to blank glass, the layered structure of the PDAC/
TDBC J-aggregate films does not appear until the second dye
immersion. This delay is likely caused by the lack of a precur-
sor layer or surface treatment on the glass support. The im-
ages show that layered growth is still dominant at 4.5 SICAS,
but at 6.5 SICAS and 10.5 SICAS the growth has shifted to a
Stransky—Krastanov (SK) type of process, forming large is-
lands of material. To quantify the growth trend, RMS rough-
ness was measured from 16 um? AFM images of films that un-
derwent 3.5 SICAS to 10.5 SICAS. The plot in Figure 2 shows
that a mostly constant RMS roughness in the range of 1.4 to
2.0 nm persists through the first 5.5 SICAS, indicating layered
growth, but beyond 6.5 SICAS, the roughness increases, indi-
cating the shift to SK-type growth.

The thickness data obtained from the AFM measurements
were combined with optical transmittance and reflectance
data to extract the optical constants of the LBL PDAC/TDBC
J-aggregate films. The plots in Figure 3 show the measured
optical data and results of the analysis.

We model light propagation through the sample by using
propagation and interface-matching matrices, with film thick-
nesses as inputs to the model, and refractive indices as fitting
parameters. The implementation details of this model are de-
scribed further in the Experimental section. Two methods are
employed in calculating the (n,k) values. In the first method,
the (n,k) values are obtained by minimizing the sum of least-
squared errors of the calculated transmittance and reflectance
for the first four sample thicknesses. This approach is similar
to that described by Djurigi¢ et al.;*! however, in our method
we perform a single (n,k) fit and do not incorporate the use of
a penalty function in calculating the least-squared errors. In
the first method, we assume that the absorption constant in
the layered growth regime does not change as more PDAC/
TDBC layers are deposited. The ranges in n and k values are

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

[0.05,5] and [0,6], respectively, with a resolution of 0.05 in
both. It should be noted that since no PDAC/TDBC layer is
evident for the first 1.5 SICAS, the transmittance and reflec-
tance data for the first layer correspond to what we refer to as
the 2.5 SICAS sample. Numerical fits to the thickness-depen-
dent reflectance and transmittance data at wavelength
A=596 nm based on the first method are shown in Figure 3d
for complex index of refraction with a real part, n, between
1.55 and 1.85, and an imaginary part, k, between 4.65 and 5.60.
The high extinction coefficient, k, corresponds to an absorp-
tion constant of the film of a =4mk/A=(1.05+0.1) x 10° cm™
at A =596 nm. In our analysis we assume complete layer cover-
age in contrast to the partial coverage observed in Figure 2.
This assumption underestimates the k values for the thin film.

The second method employed in calculating the (#,k) val-
ues is based on the Kramers-Kronig (KK) transformations,
which relate the real and imaginary parts of the index of
refraction. The details of the KK regression are explained in
the Experimental section. For samples that underwent 2.5
SICAS (estimated as one complete layer) to 5.5 SICAS (esti-
mated as four complete layers), the (n,k) spectra for each
sample are calculated from the sample’s reflectance spectrum.
Figures 3e—g show the results of the KK regressions. Figure 3e
shows the measured transmittance and reflectance for the
three-layer (5.1 nm thick) film along with the reflectance and
transmittance calculated from the (n,k) spectra in Figure 3f.
The transmittance calculated from the KK regression is in
good agreement with the measured transmittance. Figure 3g
shows the peak in k for one-layer (1.7 nm thick) to four-layer
(6.8 nm thick) films calculated using the KK regressions, as
well as the movement of the peak in k to lower energies as the
number of layers increases. The results of the KK regression
confirm the high magnitude of the absorption constant of the
film found through the first method.

Several trends are noticeable in the optical data as samples
undergo more SICAS. The reflectance data in Figure 3a show
that the peak in reflectance moves to lower energy and that

www.advmat.de Adv. Mater. 2005, 17, 1881-1886
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Figure 2. AFM images of LBL-assembled J-aggregate growth with histograms of thickness fre-
quency. Each SICAS consists of a PDAC adsorption step followed by a TDBC adsorption step,
with N.5 SICAS referring to N SICAS steps followed by an additional PDAC adsorption step.
The AFM images show samples that underwent the indicated number of SICAS. The top three
images show that significant PDAC/TDBC layered growth is not evident until 2.0 SICAS. The
bottom three images show the build up of thick layers. The histograms are lined up at the
dominant film thicknesses to show that each layer is about 1.7 nm thick, the estimate used
when modeling the optical constants of the films. The histograms are created from the full
1 um? and 16 um? images for the first three and last three films shown, respectively. The layer
numbers indicated in the histograms are based on the progression of layer growth observed in
AFM images. The plot shows the roughness profile of films from 3.5-10.5 SICAS. The rough-
ness is nearly constant until 6.5 SICAS, when the dominant growth regime changes from
layered to Stransky-Krastanov type. All images have a vertical scale of 50 nm.
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the full width at half maximum (FWHM)
increases. In addition, Figure 3c shows the
onset of a high-energy peak in absorption.
Lastly, the KK regression results plotted in
Figure 3g show the peak k value increasing
with the number of SICAS. We have con-
sidered two approaches in explaining these
trends.

The first explanation is based on the
changing morphology of the thin films. Our
assumption of complete layer coverage in
numerical analysis could be responsible for
the apparent increase in k plotted in Fig-
ure 3g. In addition, the increase in reflec-
tance FWHM may be due to a weak micro-
cavity caused by SK growth or increasing
inhomogeneous broadening. Lastly, the on-
set of the high-energy peak could be attrib-
uted to vibronic states in the J-aggregate, as
noted in previous studies of J-aggregate
monolayer films deposited using a Lang-
muir-Blodgett technique.[S]

An alternative explanation is based on
strong coupling of the J-aggregate excitons
to the electromagnetic field in the form of
exciton—polaritons.!®! The effects of strong
coupling will be more pronounced as the
density of dipoles increases, resulting in a
higher k for the films as more layers are
added. Additionally, a larger reflectance
FWHM will result from an increase in the
splitting between the exciton—polariton
longitudinal and transverse modes. Lastly,
the high-energy peak in absorption could
be attributed to the exciton—polariton long-
itudinal mode. The observed trend in Fig-
ure 3a of the peak in reflectance moving to
lower energy is consistent with both
explanations. A weak cavity effect resulting
from SK growth may be responsible for the
small shift in the peak reflectance to lower
energy as the cavity thickness increases.

LBL-assembled thin films of PDAC/
TDBC J-aggregates possess remarkable
morphological and optical properties that
make them well suited for use in strong
coupling optoelectronic applications, en-
abling the creation of exciton—polariton
optoelectronic devices that operate at room
temperature.[lg] With LBL assembly, J-ag-
gregates form nanometer-scale physical
layers, allowing highly absorbing thin films
to be assembled with precise control of
thickness. Moreover, the high absorption
constant of the PDAC/TDBC films,
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a=(1.05+0.1)x10° cm™ at A=596 nm, is a lower limit, as
even higher absorption-constant values could be obtained by
developing full coverage of the substrate surface with similar-
ly directed J-aggregate domains.

Experimental

J-aggregate thin films were produced using layer-by-layer (LBL) as-
sembly. Layers of polyelectrolyte and J-aggregate-forming dye
were alternately adsorbed onto glass slides. The dye used was 5,6-di-
chloro-2-[3-[5,6-dichloro-1-ethyl-3-(3-sulfopropyl)-2(3H)-benzimida-
zolidene]-1-propenyl]-1-ethyl-3-(3-sulfopropyl) benzimidazolium hy-
droxide, inner salt, sodium salt obtained from Nippon Kankoh Shikiso
Kenkyusho Co., Ltd. (CAS 28272-54-0) (TDBC). The polyelectrolyte
used was poly(diallyldimethylammonium chloride) (PDAC), 20 % by
weight in water, weight-average molecular weight, M, =400000-
500000, obtained from Sigma-Aldrich (CAS 26062-79-3). The dye sol-
vent and rinses for the dye-adsorption step were approximately pH 9
solutions of deionized (DI) water plus sodium hydroxide. The effect
of pH on TDBC has been documented [7]. The sodium hydroxide was
obtained from EM Science. The polyelectrolyte solvent and rinses for
the polyelectrolyte adsorption step were deionized (DI) water.

A standardized routine was used to prepare the dye and polyelec-
trolyte solutions. The dye solution was approximately 5x10™ M.
Once the dye was added to the dye solvent, the dye bucket was placed
in an ultrasonic cleaner to sonicate for 30 min. The dye was then
mixed with a 1 in (2.54 cm) magnetic spin bar for 10 min, sonicated
for 20 min, mixed for 5 min, and finally sonicated for 5 min. The poly-
electrolyte solution was approximately 3 x 107 M, prepared by adding
10 mL of polyelectrolyte to 390 mL of DI water. The polyelectrolyte
solution was prepared using the same time intervals for mixing/sonica-
tion as the dye-solution preparation, except sonication and mixing at
each step were swapped. Care was taken throughout the deposition to
shield the dye solution and samples from light.

Prior to the deposition, the glass slides were cleaned with a deter-
gent solution (Micro-90), acetone, and isopropanol. The acetone, iso-
propanol, and methanol used in this study were OmniSolv-brand sol-
vents made by EMD Chemicals. The slides were then treated with
oxygen plasma for six minutes in a Plasma Preen system. The LBL de-
position was performed using an automated Leica Autostainer XL.
The polyelectrolyte-adsorption step consisted of dipping the slides in
polyelectrolyte solution for 15 min and in the three rinses for 2, 2, and
1 min, respectively. The dye-adsorption step used the same time inter-
vals as those used in the polyelectrolyte adsorption step.

Upon removal from the stainer, each sample was blown dry using
nitrogen gas. For each sample, the sample face that was not treated
with oxygen plasma prior to deposition was cleaned using methanol
to remove deposited layers.

Measurements for this study were performed in the MIT Center for
Materials Science and Engineering Shared Analytical Lab. The atom-
ic force microscopy (AFM) data were collected on a Digital Instru-
ments D3000 Scanning Probe Microscope in tapping mode using
phosphorus-doped silicon tips from Veeco. The optical data were col-
lected using a Cary SE UV-vis-NIR spectrophotometer. The transmis-
sion data were collected with the light beam at normal incidence,
0=0°. The reflectance data were collected in a V-W setup with the
light beam incidence at 6="7° using the Cary Specular Reflectance
Accessory in Absolute Reflectivity mode.

For numerical calculations, we modeled the films using propagation
and matching matrices: [8]

E+a e—iﬂ 0 Et
)= Al ®

la
1 E}
-l @
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Equation 1 shows a propagation matrix equation, which relates the
forward and reverse traveling electric field amplitudes at boundary a
to the amplitudes at boundary b. The medium (1) is modeled by the
parameter 3= 2mnid/A, where fi is the complex index of refraction of
the medium, fi=n+ ik, and d is the thickness of the layer. Equation 2
shows a matching matrix equation, which matches the forward- and
reverse-traveling electric-field amplitudes at boundary b. r and ¢ are,
respectively, the reflection and transmission Fresnel coefficients for a
wave incident from medium 1 to medium 2. The parameters j, r, and ¢
must be modified slightly to model non-normal incidence [8]. Our
model calculated transmittance at 6=0° and reflectance at 6=7°
based on the light traveling through air (i =1), an LBL PDAC/TDBC
J-aggregate film, the glass slide (fi=1.5), and then air (Ai=1). From
the AFM data, the thickness of deposited physical layers was ob-
served to vary from about 1.4 to 2.0 nm per adsorbed layer. Because
the glass-substrate thickness, d;, is very large in the wavelength range
of interest (dy/A>>1), we modeled the glass as 1 mm thick and aver-
aged the calculated transmittance and reflectance for ten glass-thick-
ness variations comprising a phase change of 0 to 2m at the wave-
length of interest in order to remove interference effects in the
substrate. For near-normal incidence calculations, the light from the
spectrometer was assumed to be circularly polarized.

The Kramers—Kronig (KK) regressions for finding (n,k) were based
on the method outlined by Nitsche and Fritz [9]. The propagation and
matching matrix model described above was used to calculate the
reflectances and transmittances used in the KK regression. However,
to minimize convergence errors introduced by interference in the sub-
strate, we used one-hundred glass variations comprising a phase
change of 0 to 2m at the wavelength of interest. We used the following
approximation of the KK transformation given by Nitsche and Fritz
relating n and k:

w

N 2
n(wj) = Ryppoer T ;P
@

U
© wk(w)
o7 — 2@ LS 0 S0y 3)
]

The background contributions of frequencies outside of the mea-
sured spectrum are approximated through the use of the e, term
in Equation 3. For our regressions, we used s = 1.7 since we as-
sume that PDAC and TDBC resemble many other organic materials
outside of the visible spectrum. Like Nitsche and Fritz, we implemen-
ted a Levenberg-Marquardt algorithm for use in optimizing k [10].
Our maximum step size at each iteration was 0.01, which ultimately
dictated the resolution of the resulting k spectra. The Cauchy princi-
pal value in Equation 3 was approximated using Maclaurin’s formula
[11].
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Control of Uniaxial Orientation and
Fabrication of a Submicrometer-Sized,
Oriented Structure in a
Photocrosslinkable-Polymer Liquid-
Crystalline Film**

By Nobuhiro Kawatsuki,* Takeshi Tachibana,
and Kenji Kamada*

Because of the development of new applications in nano-
photonics, including ultra-high density information storage
and the fabrication of three-dimensional (3D) microstruc-
tures, two-photon absorption (TPA) in organic materials has
been eagerly investigated.[l‘sl In TPA, intense laser pulses are
used to excite molecules through a virtual state with photons
that have half the nominal one-photon excitation energy.
Special selection of the target by using a tightly focused fem-
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tosecond (fs) laser creates a micro-3D structure, since the
probability of TPA depends on the intensity of the laser pulse
and is typically based on an isotropic two-photon reac-
tion.2*®1 When a fs-pulse laser is linearly polarized (LP), an
axis-selective photoreaction that induces an anisotropic two-
photon reaction is possible. A few studies have reported an
axis-selective two-photon reaction using LP fs-pulse lasers.™]
Sekkat et al. demonstrated that two-photon photoisomeriza-
tion and orientation of a diarylethene in a poly(methyl
methacrylate) (PMMA) film generates a very small optical
anisotropy of the dye molecules.”) The same group recently
reported polarization storage in an azobenzene-containing
PMMA film using orientational hole burning, where the im-
age exhibits polarization.[gl However, large molecular reorien-
tation in polymeric films generated by two-photon irradiation
has yet to be reported. Combining TPA and molecular reori-
entation should create a microstructure with 3D molecular
orientation in polymeric films.

Large photoinduced molecular orientation has been investi-
gated in photoreactive polymeric films that contain azoben-
zene or photocrosslinkable side groups.[lo'“] It has been found
that exposing an azobenzene-containing film to LP light
induces axis-selective photoisomerization and subsequent
reorientation of the azobenzene groups.'"'?! Alternatively,
we have previously reported thermally enhanced photoin-
duced reorientation in a photocrosslinkable polymer liquid
crystal (PMCB6M, Fig. 1) using linearly polarized UV
(LPUV) light.'** 1t was found that the direction of the in-
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Figure 1. Chemical structures of PMCB6M and triplet sensitizers p-ni-
troaniline (pNA) and 4-(N,N-diethylamino)benzophenone (ABP).

plane molecular orientation could be regulated parallel to the
polarization of the LPUV light and that the induced birefrin-
gence exhibited high thermal stability.m] The photoreactivity
for molecular reorientation in PMCB6M was vastly improved
when the film contained a small amount of a triplet photosen-
sitizer, such as a benzophenone derivative. The improvement
came about by means of a polarization-selective triplet energy
transfer from the excited photosensitizer to the mesogenic
groups.!>! However, the thermally enhanced reorientational
order with the photosensitizer was lower than without the
photosensitizer.

It is known that p-nitroaniline (pNA) and benzophenone
derivatives act as triplet photosensitizers for cinnamate deriv-
atives'" and as two-photon absorbing agents.'’¥| The TPA
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