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Effects of Organic Gas on Third-order Nonlinear Optical Intensities and Morphologies of
Vanadyl-Phthalocyanine Thin Films Prepared on Polyimide Substrate
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Abstract Vanadyl-phthlocyanine (VOPc) thin films were prepared by a molecular beam epitaxy on a polyimide

(PT) substrate at 150°C, and then they were exposed to dichloroethane vapor for 25 hours.  Their morphologies

were investigated with Vis/UV spectra and the surface images observed by an atomic force microscope

(AFM). The Vis/UV spectrum of VOPc thin film before the organic gas treatment has a broad absorption shoulder
between 640 and 740nm and an absorption peak at 840nm in the Q band region. It has been known so far that

VOPc thin film has Phase I ,lland II. Phase I has two absorption peaks at 680 and 740nm. Phase Il and Phase I
are characterized with absorption peaks at 820 and 830nm, respectively. Therefore, the morphology having an
absorption peak at 840nm is different from that of Phase Ill. The Vis/UV spectrum of VOPc thin film after the
organic gas treatment has a broad absorption shoulder between 640 and 740nm and an absorption peak at 830nm in the
Qband region.  The absorption peak at 840nm shifts to 830nm by the organic gas treatment. This means that

the phase morphology of VOPc thin film changes into Phase 1l during the gas treatment.  On the other hand,

VOPc molecules deposited on PI substrate before the organic gas treatment form needle crystals.  This indicates that
VOPc molecules deposited on P substrate are perpendicular to PI substrate.  The surface image of VOPc

thin film after the gas treatment is smooth.  This suggests that VOPc molecules are parallel to PI substrate.

The third-order optical susceptibilities after and before the gas treatment are 3.75x10° and 3.25x10° esu, respectively.
The molecular orientation of VOPc thin film is improved during the organic gas treatment.

1. Introduction

A vanadylphthalocianine (VOPc) molecule is a dye’s molecule. Its
n conjugated length is relatively long as compared with other
phthalocyanine derivatives and its crystal morphology has a lot of
crystal phases. VOPc thin films as nonlinear optical materials
were prepared by molecular beam epitaxy™™. Especially, VOPc
thin films have been fabricated on substrates of alkali halide crystals
where VOPc molecules are deposited epitaxially*”.  VOPc
molecules deposited form a commensurate square lattice of
3x3R45° on KBr substrate and 10’x10Y?R+27° type and

bidirectional orientation for epiatxial square lattice on KCl
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substrate”.  On the other hand, polymer materials have excellent
high transparency, smooth surface, flexibility and low price as
compared with a fused quartz and also an excellent flexibility and
low price as compared with alkali halide single crystal substrates.
However, few dye’s thin films have been prépared so far on
polymer substrates in the field of nonlinear optical materials. In
this paper, the morphologies and nonlinear optical properties of
vanadylphthalocyanine (VOPc) thin films prepared on polyimide
substrate were studied with Vis/UV spectra, XRD profiles, AFM
image, SEM image and third order nonlinear optical susceptibility.

2. Experiments
VOPc films were fabricated on polimide substrates by the molecular

beam epitaxy (MBE) method. The source material used was VOPc
powder supplied from Eastman Kodak Company. Fig. 1 shows
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the VOPc molecular structure. The molecule is 1.4nm in diameter
and 0.2nm in hight. 25um —thick polyimide film was adopted as a
substrate. After VOPc powder was inserted into a Knudsen-cell, it
was preheated at 300°C for two hours.  The substrate of polyimide

was attached on the holder just after the cleaning with acetone.

e

1l4nm ———————————>

Fig. 1 Molecular structure of VOPc molecule

The main chamber of MBE was at about 107Pa. The preparing
conditions of samples are listed in Tables 1 and 2. Symbols in Tables
1 and 2 are evaporating temperature: T . evaporating time: t and
substrate temperature: Ty, S-1~12 means Samples 1-12. The
thickness of S - 1~6 are 96, 102, 108, 95, 98 and 104nm,
respectively. The thickness of S - 7~12 are 96, 108, 139, 94, 97
and 108nm, respectively. The incident angle dependence of third

Table 1 Preparing conditions of VOPc thin films.

Sampleno. 1 2 3 4 5 6
T.[°C] 300
T, [°C] 25
t [min.] 60 120 180 60 120 180

Organic gas N N N Y Y Y

Treatment

Table 2 Preparing conditions of VOPc thin films.

Sampleno. 7 8 9 10 11 12

T [°C] 300
T, [°C] 150
t [min] 60 120 180 60 120 180

Organicgas N N N Y Y Y

Treatment

harmonic (TH) intensities of S - 1~12 are measured by Maker fringe
with Nd : YAG laser. Its specifications are output 455mJ,

wavelength 1064nm, pulse width 5ns and repeating frequency 10Hz,

respectively. The third harmonics is detected with a
photomultiplier.
3. Results and Discussion

Fig. 2 shows the Vis/UV spectra of Samples 1 to 3 before organic
gas treatment and Samples 4 to 6 after. Samples 1 to 3 have two
absorption shoulders at 680 and 820 nm and an absorption peak at
740 nm. The morphology having a long broadband anuhd 730
and an absorption peak at 680 nm was named Phase [ by Griffiths
et. al.. The morphology having a long broadband around 730 and
two absorption peaks at 680 and 820 nm was also named Phase 1I.
Therefore, they indicate that the VOPc thin films of Samples 1 to 3
were deposited initially with Phase 1I, and then with Phase [ on
Phase II. On the other hand, the VOPc thin films of Samples 4 to
6 after the organic gas treatment have an absorption peak at 820nm
and a flat absorption band from 650 to 780 nm. As described above,
the morphology of Samples 4 to 6 is near Phase II.  The absorption
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Fig. 1 Vis/UV spectra of Samples 1 to 6.

shoulder at 820 nm of Samples 1 to 3 before the organic gas
treatment changes into an absorption peak at 820nm after the
VOPc molecule is donor®.  If

1,2-Dichloroethane is acccptor”, the donor-acceptor interaction

organic gas treatment.

between VOPc molecule and 1,2-Dichloroethane causes a higher
molecular diffusion after the organic gas treatment and it
accelerates to change from Phase I to Phase Il .

Fig. 3 shows AFM image of Sample 3. The surface of VOPc thin
film deposited on the polyimde substrate kept at 25°Cis smooth. It

was reported that the activation energy of desorption of VOPc
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molecules deposited on a polyethreylene-terephthalate (PET)
substrate is 31kcal/mol ®. Tts value is higher than that of the
hydrogen bonding. Polyimide and polyethreylene-terephthalate
films are aromatic polymer. Therefore, the activation energy of
desorption of VOPc molecules on the PI substrate is expected to be
near the value on the PET substrate. Moreover, the interaction of
between VOPc molecules on the PI substrate is below 10 kcal/mol
and the molecular diffusion of VOPc molecules on the PI substrate
kept at 25 °Ciis low. These reveal that VOPc molecules deposited
on the PI substrate are parallel on the substrate.

Fig. 4 shows the AFM image of Sample 6. Aot of island crystals
are observed on the PI substrate. The molecular diffusion of VOPc

molecules occurs on the PI substrate kept at 150°C.  Therefore, it

indicates that a lot of island crystal grow with merging grains of

Fig. 3 AFM image of Sample 3.

Fig. 4 AFM image of Sample 6.
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Fig. 5 TH intensity vs. incident angle of Samples 1to 3.
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Fig. 6TH intensities vs. incident angle of Samples 4 to 6.

VOPc molecules on the substrate. This indicates that the packing
density of crystals of Sample 6 is higher than that of Sample 3. In
other words, Sample 3 is a VOPc thin film deposited dominantly
with Phase I and Sample 6 is deposited dominantly with Phase II .
From Vis/UV spectra and AFM images, the phase morphology of
Samples 1 to 3 are dominated with Phase | and Samples 4 to 6 are
dominated with Phase Il. The distance between layers of Phase
L is larger than that of Phase . This means that the electron
density of Phase [ is lower than that of Phase II . The third
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harmonic intensity depend upon the eclectron density between
layers of Phase. Therefore, it is expected that TH intensity of
Phase [ is larger than that of Phase | . If Samples 1 to 3 are
dominated with Phase [ and Samples 4 to 6 are dominated with
Phase Il , the third harmonic intensity of Samples 1 to 3 are lower
than those of Samples 4 to 6. Fig. 5 shows TH intensity vs.
incident angle of Samples 1 to 3 irradiated with P polarized laser
light (Laser source: ND: YAG laser, Wavelength: 1064 nm). Fig. 6
shows TH intensity vs. incident angle of Samples 4 to 6. Samples
1, 2 and 3 have small TH intensities as compared with Samples 4, 5
and 6, respectively.

I and Samples 4 to 6 have Phase I[ .

These indicate that Samples 1 to 3 have Phase

2
Sample 11
Sample 8 Samplg 9 Sample10 Sample 12

15 _Sample7

‘I -
05 F

0

500 550 600 650 700 750 800 &850 900

Wavelength [nm]

Fig. 7 Vis/UV spectra of Samples 4 to 9.

Fig. 7 shows the Vis/UV spectra of Samples 7 to12. The Vis/UV
spectra of Samples 7 to 9 have a similar pattern. The Vis/UV
spectrum of Sample 7 has an absorption peak at 840 nm and a flat
broad band from 650 to 780 nm. The absorption peak of
Samples 7 to 9 shifts by 20 nm to the longer wavelength side than
those of Samples 10 to 12. Therefore, the molecular diffusion of
VOPc molecules deposited on PI substrate kept at 150°C may
reduce the activation energy of absorption between VOPc molecule
and PI substrate so that the interaction between VOPc molecules is
lager than that between VOPc molecule and PI substrate, and VOPc
molecules are perpendicular on PI substrate because of the
This means that the
molecular packing density of the VOPc molecules perpendicularly

interaction between VOPc molecules.

oriented on PI substrate is higher than that of parallel-oriented one.
Fig. 8 shows the AFM image of Sample 9. A lot of needle crystals

are observed.  This reveals that VOPc molecules are perpendicular
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Fig. 8 AFM image of Sample 9.

Fig. 9 AFM image of Sample 12.

on the PI substrate. Vis/UV spectra of Samples 10 to 12 have a
similar pattern.  For example, Sample 10 has an absorption peak at
830 nm and a flat broad band from 650 to 780 nm. An
absorption peak in the Q band region of Sample 10 after the organic
treatment shifts by 10nm to the lower wavelength side than that of
Sample 9. This means that the activation energy of absorption of
VOPc molecules deposited on the PI substrate increases with the
organic gas treatment.  Fig. 9 shows the AFM image of Sample 12. ‘
The surface of VOPc thin film has a lot of grains.
similar to the surface of the VOPc crystal films deposited on alkali

halide substrates.

Its surface is

This suggests that the absorption energy
between VOPc molecule and the surface of PI substrate after the
organic gas treatment increases with a donor-acceptor interaction
and VOPc molecules are deposited parallel on the PI substrate.  Fig.
10 shows the incident angle dependence of TH intensity for
Samples 7 to 9. They show upper convex curves centered at 0
degree and increase with increasing the thickness of Sample.
These indicate that the orientation of VOPc molecules deposited on

the PI substrate
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of Samples 7 to 9 is a higher order orientation than Sample 1 to 3
and a higher packing density thar that of Samples 1 to 3. Fig. 11
shows the incident angle dependence of TH intensity for Samples
10 to 12. As mentioned above, the orientation of Samples 10 to12
has an excellent molecular arrangement as compared with Samples
7 to 9. Therefore, TH intensities of Samples 10, 11 and 12 are
larger than those of Samples 7, 8 and 9, respectively.
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Fig.10 TH intensity vs. incident angle of Samples 7 to 9.
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Fig. 11 TH intensity vs. incident angle of Samples 10 to 12.

Fig. 12 shows the maximum TH intensity as a function of thickness.
The maximum TH intensity for VOPc thin films prepared on the PI

substrate at 25°C has a tendering to saturate with the increase of

thickness. On the other hand, for the VOPc thin films prepared at
150°C, it saturates with the increase of thickness before the organic
gas treatment (Sample 7, 8 and 9), but not after the gas treatment.
This means that Samples 10 to 12 have an excellent high order
orientation. The third order susceptibility (x® ) of Samples 9 and
12 prepared on the PI substrate kept at 150°C are estimated from the
maximum TH intensity at O degree. The A values after and
before the gas treatment (Samples 9 and 12) are 3.75x10° and
3.25x10” esu, respectively. This indicates that the orientation of
VOPc thin film is improved by the organic gas treatment.

@Before organic gas treatment at 25°C

mBefore organic gas treatment at 150°C
A After organic gas treatment at 25°C

O After organic gas treatment at 150°C
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Fig. 12 maximum TH intensity vs. thickness.
4. Conclusions

The phase morphology of VOPc thin film on PI substrate changes
from Phase I to Phase Il by the organic gas treatment. The
absorption energy between VOPc molecule and the surface of PI
The VOPc thin film

prepared on PI substrate kept at 150°C is dominated with

substrate increases with gas treatment.

perpendicular molecular orientation but changes to parallel
molecular orientation after the gas treatment. The ¥ value of
VOPc thin film prepared on PI substrate kept at 150°C is estimated
The

¥® values before and after the gas treatment are 3.25x10° and

from the maximum TH intensity measured by Maker fringe.

3.75x10” esu, respectively. It is improved during the organic gas
treatment. This paper was published by APOC2002 held on

China.

75



76 BATERFPREHINERSE, ¥£55 W15 4, No. 5, Mar, 2003

Acknowledgment

The present work was partly supported by a grant of the Frontier
Research Project “Materials for the 21st Century - Materials
Development for Environment, Energy and Information — (for
2002~2006 fiscal years) from Ministry of Education, Culture, Sports,
Science and Technology.

References

[1]. H Tada, K Sakai and A. Koma, “Preparation and
characterization of vanadyl-phthalocyanine ultrathin film grown
on KBr nad KCl by molecular beam epitaxy, ” Jpn. J. Appl. Phys.
30, pp. L306-308 (1990)

[2]- T. Morioka, H. Tada and A. Koma, “Alternative heteroepitaxial
growth of vanadyl- and chloroalumnum-phthalocyanine on KBr
and KCl, ” J. Appl. Phys. 73, pp.2207-2214 (1993)

[3] H. Hoshi and Y. Maruyama, “Epitaxial growth of
chloroaluminum and vanadyl phthalocyanine films on alkali
halide single crystals by the molecular-beam-eptaxiy technique,”
J. Appl. Phys. 69, pp. 3046-3052 (1991)

[4]. H. Hoshi, K. Hamamoto, T. Yamada, K. Ishikawa, H. Takezoe,
A. Fukuda, S. Fang, K. Kohama and H. Takezoe, “Thickness
dependence of the epitaxial structure of vanadyl phthalocyanine
film,” Jpn. J. Appl. Phys. 33, pp. 11555-1558 (1994)

[5]. S. Fang, H. Tada and S. Mashiko, “Enhancement of the
third-order nonlinear optical susceptibility in epitaxial
vanadyl-phthalocyanine films grown on KBr,” App. Phys. Lett.,
69, pp.767-769 (1996)

[6]. Qiu L, Shen Y-Q, Xu H-J, Zhang Z-X, Yie P-X, Yuan P, Xia Z-J
and Zou Y-H, “The Off-resonant Third-order Optical
Nonlinearities of Soluble Vanadyl Pthlocyanines”, Inst.
Photographic Chemistry and Inst. Physics, Chinese Acad.

Sci., Beijing, Peking Univ., Beijing, 55 (1997)
[7]. M. Tanaka, Phthalocyanine, Bunnshin Publication, Tokyo,
Japan, 1997 (Japanese)

[8]. T. Souma, H. Furuhashi, T. Yoshikawa, A. Maeda, Y. Uchida, K.

kojima, A. Ohashi, S. Ochiai and T. Mizutani, “Nonlinear optical

properties and morphologies of vanadyl-phthalocyanine thin films

prepared on polyethylene-terephthalate film,” T IEE Japan, 121-C

pp-1171-1178 (2001)

(2@ TR 5% 4 A30H)



