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Abstract

We first synthesized a thin silica film encapsulated with condensed H aggregates of pseudisocyanine dyes (PIC) cyanine

bromide dyes by a simple sol–gel method. The high optical nonlinearity (v3 = 3.0� 10� 8 esu) of the film at the resonance

wavelength ( = 436 nm) of the H aggregates was first observed by a Z-scan method using a 180-fs pulse laser. The net Av(3)A
value of pure H aggregates should be much larger than 3.0� 10� 8 esu according to the doping ratio of H aggregates in silica

film.
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1. Introduction

Dyes aggregates have played an important role as a

photosensitizer for photography [1], lithography [2]

and photodynamic therapy of cancer [3]. The dyes can

be arranged in dimer, J and H [4] aggregates. The

arrangements proposed for dimer, H and J aggregates

of cyanine dyes are shown in Fig. 1. The arrangement

of H aggregates of cyanine dyes is in a ladder case,

and that of J aggregates of cyanine dyes is in a stair-

case. The different arrangements of the cyanine dyes

give different oscillations of the N interacting mole-

cules in the aggregates according to point dipole mod-

el and extended dipole model. Recently, J and H ag-

gregates of cyanine dyes have drawn considerable

attention on many applications such as non-linear op-

tical devices [5], photoelectric cells [6] and multiple

photo-recording devices [7]. Although various syn-

thesis processes, such as solutions, Langmuir–Blodg-

ett (LB) films, crystals [8] and dispersed polymer [9]

silica films [10], have been successfully used to syn-

thesize J aggregates materials for above applications,

the H aggregates can be only found in aqueous solu-
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tion [11,12]. It is very difficult to transfer into sub-

strates except LB films [13] because the H aggregate

is very unstable. As far as we know, there are no

reports about synthesizing stable H aggregates film on

the substrate.

Here, we report that thin silica films (about 150

nm) encapsulated with H aggregates are first synthe-

sized by a simple handling sol–gel method. The film

is homogeneous, and much more stable than LB films.

The high optical nonlinearity (v3 = 3.0� 10� 8 esu) of

the film at the resonance wavelength ( = 436 nm) of

the H aggregates is first observed by Z-scan method

using 180-fs pulse laser beam. The net Av(3)A value of

pure H aggregates should be much larger than

3.0� 10� 8 esu according to the doping ration of H

aggregates in silica film. The Z-scan technique has

been used extensively to measure third-order nonli-

nearity susceptibility v(3) in various materials [14].

The magnitudes and signs of the real and imaginary

parts of v(3) can be measured by the Z-scan technique

[15]. They expected as a practical material for a non-

linear optical switching device.

2. Experimental

The structure of cyanine dye 1-methyl-2-[(1-octa-

decyl-2(1H)-quinolinylidene)-methyl]quinolinium

bromide employed in our experiment is shown in Fig.

1. (NK4688, Nippon Kanko-Shikiso Kenkyusho, Ja-

pan) The dye was used without further purification.

The silica films doped with H aggregates of cyanine

dyes were prepared in the following way [10]; 0.25 ml

tetraethyl orthosilicate (TEOS) was mixed with 5 ml

ethanol (EtOH) and stirred for 10 min. The solution

was added with 0.0725 ml HCl (0.14 N) and stirred

for 60 min. This solution became the mother solution.

It was added with 0.086 g of the 1-methyl-2-[(1-oc-

tadecyl-2(1H)-quinolinylidene)-methyl]quinolinium

bromide dyes and stirred for another 180 min. Finally,

the sol solution was used for film deposition on quartz

substrates by spin coating. All of the procedures in the

film fabrication were carried out at room temperature

(28 jC).
The film thickness and refractive index were

evaluated by ellipsometry (Rudolph Research Auto

EL-III). The optical characteristic of cyanine dyes H

aggregates silicate film was investigated by UV–

VIS absorption spectroscopy (Hitachi U-4000). The

third order nonlinear optical susceptibility of the

film, is measured by a Z-scan method using a 180-

fs pulse laser at 77 K in vacuum environment

( < 10� 5 Torr).

3. Results and discussion

Fig. 2 shows the absorption spectra of the sol

solution and the silica film; the dotted line denotes

the sol solution and the solid line denotes the spin

coating silica film. The sol solution is red; the dye-

doped silica film is yellow. It indicates that no cyanine

dye molecules form J or H aggregates in the sol so-

lutions, whereas they form the H aggregates in the

silica films. As shown in the dotted line, the bands

around 495 and 530 nm ensued from the k-electron
absorption band between the N atoms in cyanine dye

molecules in monomeric condition. On the other

hand, the solid line shows the spectrum of the silica

film coated from the sol solution. The H band stands

at 436 nm. In addition to the H band, there are the two

sub-bands, one resulting from dimer bands [16], and

the other one is monomer band of cyanine dyes. Thus,

the monomers and the H aggregates would coexist in

films, but the H aggregates are predominant. The H

band of the cyanine dyes is broad and weak if com-

pared with the J band of the cyanine dyes (1,1V-di-

Fig. 1. The arrangements proposed for dimer, H and J aggregates of

cyanine dyes.
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metyl-2,2V-quinocyanine bromide) in the silica film by

the same synthesis method [10]. The mole ratio of H

encapsulated aggregates in silicate film is about the 1/5

of that of J encapsulated aggregates from similar syn-

thesis condition [10]. It also shows that the H aggre-

gate is unstable and difficult to form when compared

to J aggregate for cyanine dyes.

Preliminary data of nonlinearity optics have been

measured for the present films. The nonlinear optical

properties of the film, which were fabricated by using

the cyanine dyes sol solution and spin-casting in 2000

rpm, was measured by Z-scan method. Fig. 3 shows

the experimental set-up for Z-scan technique. Fiber

laser (775 nm, 36 MHz) was regenerative-amplified to

0.8 mJ, and they are exchanged to pulses of 180 fs and

repetition rate 1 kHz at arbitrary wavelength by

optical-parametric amplifier. This beam is split into

two components: the first acting as probe and the sec-

ond acting as reference. Consequently, the transmit-

tance ratio T(z) is recorded as a function of the sample

position z. Aperture condition was adjusted for meas-

uring nonlinear refractive index and nonlinear absorp-

tion coefficient, respectively. The measurement was

performed at 77 K in vacuum environment ( < 10� 5

Torr).

We used the following v(3) definition adopted

mainly in THG measurement,

nþ ik ¼ n0 þ ik0 þ ðn2=2ÞAE2A

¼ ðn0 þ cI0Þ þ iðk=4pÞ½a0 þ bI0� ð1Þ

ðvð3ÞRe þ ivð3ÞIm ÞðesuÞ

¼ ð4=3Þ cn20
160p2

½c þ iðk=4pÞb�ðm2=WÞ ð2Þ

where n and k are the real and imaginary parts of

dielectric constant, c = 3� 108 m/s, I0 = Iine
� a0L/2 is

the input light intensity at a focal point, a0 the linear

absorption coefficient, c and b the nonlinear refraction

and absorption coefficient, respectively. The Z-scan

signals were analyzed using the transmittance ratio in

the following equations,

TclosedðzÞ ¼ 1þ
4DURe

0 ðz=z0Þ � DUIm
0

�
ðz=z0Þ2 þ 3

�
�
ðz=z0Þ2 þ 9

��
ðz=z0Þ2 þ 1

�
ð3Þ

TopenðzÞ ¼ 1� DUIm
0

2
ffiffiffi
2

p �
ðz=z0Þ2 þ 1

� ð4Þ

Here, DU0
Re=(2p/k)cI0Leff, DU0

Im = bI0Leff, Leff=

(1-e� a0L)/a0, L is the sample thickness. Eqs. (3) and

Fig. 3. The experimental set-up of Z-scan measure.

Fig. 2. Absorption spectra of the cyanine dye solution (dotted line)

and the coating silica film (solid line).
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(4) are the transmittance ratios at the closed and open

aperture conditions, respectively. So, if DU0
Im can be

calculated from Topen(z) by Eq. (4), then DU0
Re can be

obtained from Tclosed(z) by Eq. (3) and DU0
Im. The v(3)

values were determined by the vr
(3) of fused silica. We

used a fused silica plate as a standard material of

which v(3) value was evaluated as 1.3� 10� 14 esu

[17–19]. And v(3) of the film doped with H aggre-

gates was defined as

vð3Þs ¼ vð3ÞRe;s þ ivð3ÞIm;s

¼
DURe

0;s þ ð1
2
ÞiDUIm

0;s

DURe
0;r

 !
Leff ;r

Leff ;s

� �

�
n20;s

n20;r

 !
I0;r

I0;s

� �
vð3ÞRe;r ð5Þ

vRe
(3) and vIm

(3) are the real and imaginary parts of v(3),
respectively. DU0

Re and DU0
Im are phase shifts of beam

through the sample, which were evaluated from Z-

scan data. Leff are effective thickness of sample. n0 is

linear refractive index. I0 is intensity of incident beam.

Subscripts s and r stand for the sample and the

reference (standard material), respectively.

Fig. 4 shows the spectra between transmittance

ratio of open aperture (open circles), close aperture

(open squares) and Z at on-resonant wavelength of

436 nm of the H aggregates in the silica film (150 nm)

and the fused silica film (1 mm) (closed circles),

which was measured through closed aperture. The

Av(3)ImA of 3.0� 10� 8 esu at 436 nm is calculated

with the film thickness of 150 nm and the refractive

index of 1.7. The thickness and refractive index is

obtained by ellipsometry method.

It indicates that the film possesses large Av(3)ImA
around on-resonant wavelength (3.0� 10� 8 esu at

436 nm). It is worthy to note that this value is not the

net value of AvIm
(3)A. Assuming that the dye molecules

are inserted into the pores formed in the silica film

and form H aggregates. Thus, the net susceptibility

of AvIm
(3)A should be much larger than 3.0� 10� 8 esu.

On the other hand, Av(3)ReA is less than 3� 10� 8 esu

at their wavelength; the film mainly shows nonlinear-

ity of absorption.

Although the largest gross value of f 10� 8 esu of

H aggregates in solution has only been reported [12]

for degenerate four-wave mixing (DFWM), the stable

H aggregates encapsulated film is necessary for appli-

cation in photonic device. Our thin silica films encap-

sulated with condensed H aggregates of PIC dyes by a

simple sol–gel method satisfy these requirements.

4. Conclusion

The thin silica film doped with condensed cya-

nine dye H aggregates is first synthesized by a brief

and simple sol–gel method. Our film shows the

gross Av(3)A of f 10� 8 esu. Thus, the film seems to

have a practical potential because by doping the silica

film with dye molecules through sol–gel processing,

the high gross Av(3)A rates would be obtained. These

films should be more stable for practical applications,

a fact that has been partly proved in our experiments.

In particular, they need to be improved to address

problems on optical instability, which arises from dye

decomposition reaction with atmospheric oxygen.

Work on improving the synthesis process is ongoing,

the non-linearity properties of the silica film doped

with H aggregates synthesized by improved method is

Fig. 4. The Z-scan spectra at the H aggregates resonant wave-

length of 436 nm using 180-fs pules laser with 1-kHz repetition

rates.
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currently being investigated at room temperature and

air condition.
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