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Relaxation kinetics of photoinduced surface relief grating
on azopolymer films

Tatsunosuke Matsui, Shin-ichiro Yamamoto, Masanori Ozaki,? and Katsumi Yoshino
Department of Electronic Engineering, Graduate School of Engineering, Osaka University,
2-1 Yamada-Oka, Suita, Osaka 565-0871, Japan

Francois Kajzar
LPEM/DEIN Centre d’Etudes Nucleaires de Saclay, 91191 Gif/Yvette Cedex, France

(Received 29 May 2002; accepted 28 August 2002

The relaxation kinetics of the photoinduced surface relief grat8iG formed on an azopolymer

film after stopping laser beam writing has been systematically investigated. In addition to a
photoinduced increase of the diffraction efficiency in the SRG, an anomalous further enhancement
of the efficiency was observed even without light irradiation, after the recording light beam was
switched off. This anomalous relaxation process consists of two components with short and long
relaxation times, and strongly depends on the temperature and polarization of the probe beam used
for the diffraction measurement. At lower temperatures the anomalous growth is more effective and
the fast component is dominant. From the results of the polarization dependence of the diffraction
efficiency and optical absorption, it has been manifested that the fast component of the relaxation
originates from thecis-transthermal isomerization of azobenzene in the side chain. The origin of
the slow decay is also discussed in terms of the order parameter change of the azomolecules caused
by the reorientational relaxation. @002 American Institute of Physics.

[DOI: 10.1063/1.1516264

I. INTRODUCTION fraction efficiency even without light irradiation after the in-
terfered recording beams were switched off. This phenom-
Recently, a holographic recording of a surface reliefenon implies that the mass transport of the polymer main
grating (SRQ on a thin film of an azobenzene-substituted chain and/or azobenzene in the side chain continues through
photochromic polymer upon irradiation of two interfering some kind of relaxation process even under the dark condi-
beams from a low-power laser has been discovéfddany  tion. Through the understanding of these relaxation mecha-
studies have been carried out from the viewpoint of fundahnisms, it is expected that information about the movement of
mental interest and for practical applications such as a gragzobenzene and the polymer main chain can be obtained and
ing coupler’* an alignment layer of liquid crystéla distrib-  the fabrication mechanism of SRG can also be manifested. In
uted feedbackDFB) laser® etc. Due to the cyclitrans-cis-  this study, the anomalous relaxation dynamics of the SRG
trans photoisomerization of azobenzene in the side chainformed on the azopolymer film after stopping laser beam
mass transport is induced to form SRG following the distri-writing was investigated under various conditions, such as
bution of interfered light intensity. For a complete descrip-temperature dependence, and polarization dependence, and
tion of the formation mechanism of SRG, both the driving the relaxation mechanism of the SRG is discussed.
force for the mass transport of the polymer main chain, and
the migration process of the polymer should be manifested;. EXPERIMENT
Several models to explain the formation mechanism of SRG . ) i
have been proposed: a radiation force caused by a light |r1A‘ Material and preparation of thin film
tensity gradienf;®interaction between dipoles of azobenzene  Figure 1 shows the molecular structure of the polyacry-
moieties (mean-field theory as the origin of the driving late containing an azobenzene moiety in the side chain
force, the fluid dynamics model based on the Navier—Stoke&zopolymey. In this study, every experiment was performed
equatiod®!! concerning the formation process, etc. How-with pure azopolymer that did not contain a conducting poly-
ever, the detailed formation mechanism of SRG has not yetner, as in Ref. 12. This azopolymer was dissolved in chlo-
been clarified. roform, spin coated on a glass substrate, and then heated to
From the viewpoint of application of SRG to optical 90 °C in vacuum for 12 h in order to remove residual solvent
devices, we fabricated the SRG on a composite film of concompletely. The thickness of the film was aboytrh, which
ducting polymer and azopolymer and observed directionatvas estimated from the absorbance.
photoluminescence affected by the SRG structfré.In
previous studies, we observed an anomalous increase of dif Faprication and observation of SRG

The SRG was formed using the interferential light irra-
dElectronic mail: ozaki@ele.eng.osaka-u.ac.jp diation system shown in Fig(&). The recording light source
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FIG. 1. Molecular structure of azopolymer used in this study. /
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2000 [nm]

was an Ai laser(Beamlok2060-4S: Spectra Physics 488 2008 ,
nm wavelength, and the two recording lights were circularly 3000 joce
polarized. Based on the following equation, the periodidity
of SRG can be controlled by changing the anghb2tween
the two recording laser beams:

[nm]

A=\/2sing, FIG. 3. AFM profile of the formed SRG on the azo-polymer film.

where\ is the wavelength of the writing laser lighin this

case, 488 nm In this study, the anglé was kept at 20°, so He—Ne laser light. In order to investigate that polarization

that the periodicity of fabricated SRGs was about 700 nmdependence the diffraction efficiency was also evaluated
The recorded SRG profile was observed using an atomi X

. Both by parallel and perpendicular(yo the grating vector
force microscop€AFM), (JSTM-4200A: JEOL polarized He—Ne laser lights.

C. Evaluation of diffraction efficiency

In order to monitor the formation of SR@ situ, the ~ D- Measurement of absorption

intensity of transmitted and diffracted beams of a He—Ne  In order to monitor the change in the alignment direction
laser light(632.8 nm was measured by a photodiode andof the azochromophore under the dark condition, the change
diffraction efficiency was evaluated as shown in Fig@2A  in transmittance of a low-power blue diode laser light of 400
color filter (O-56: TOSHIBA which cut off light with wave- nm wavelength (LDT-4005: Nichia was investigated.
length shorter than 560 nm, was placed in front of the detecAzobenzene absorbs light of 400 nm wavelength. Therefore,
tor to prevent the detection of the writing Arlaser light. by detecting the change of the absorbance, the alignment
The polarization of the probe He—Ne laser light was perpenehange of azobenzene can be evaluated. On the other hand,
dicular to the grating vector of SRG. The holographic recordbecause the absorbance of azobenzene at 400 nm is small, a
ing was conducted for 90 min, and after stopping Aaser  photoisomerization effect due to the illumination of blue la-
light irradiation, the diffraction efficiency was monitored to ser can be neglected. Generally, azobenzene tends to align its
evaluate the relaxation dynamics under the dark condition. optical axis(molecular long axisperpendicular to the polar-
As discussed in the following section, the diffraction ef- ization direction of the illuminated light when irradiated with
ficiency depends strongly on the polarization of the probdinearly polarized light(Weigert effect, so the intensity of
the probe laser light should be low. From this point of view,
the laser of 400 nm wavelength was favorable.
The probe laser beam was passed through a polarizer
and an/4 wave plate in order to make its polarization circu-
Ar* laser light (488nm) lar. The polarizer was inserted between iid wave plate
and the sample in order to make its polarization linear. By
rotating this second polarizer, polarization-dependent absorp-
tion change was detected. The setup for absorption measure-
ment is shown in Fig. @). All components of the probe
(@) beam, that is, both transmitted light anell and —1 dif-
fracted lights, were detected so that the change of absorption
alone could be evaluated. In other words, the polarization
dependence of the diffraction efficiency could be ruled out.

photo diode

color filter

photo diode

He-Ne laser light
color filter  mirror  (632.8nm)

photo sample Ar? laser light (488nm)

diode A4 waveplate

oo lll. RESULTS AND DISCUSSION

mirror polarizer

Figure 3 shows the AFM profile of the formed SRG on
(b) the azopolymer film. From this figure, it was confirmed that
FIG. 2. (a) Interferential light irradiation system for the holographic forma- the SRG of about 100 nm in helght and 700 nm in perIOdIC-

tion of SRG, (b) experimental geometry for the measurement of the absorplty Was recorded._ In this case, the dimensioni@sisctor of
tion. the formed SRG is about 0.5, so that the formed SRG can be
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FIG. 4. Typical irradiation time dependence of diffraction efficiency. The
anomalous further enhancement of efficiency can be seen after the recording — 10
laser light is switched off. S .
z 8
g
. . . . . S 6 ¢
regarded as a “thin” grating and the diffraction from this =
SRG should be treated as a Raman—Nath-type diffraction. c 4r
The Q factor is defined as -% L °
©
Q=2m\d/nA%. £ | , \ L ®
a
Here,\ is the wavelength of a probe light,is the thickness 20 40 60 80 100
of the SRG is the refractive index of azopolymer, andis Temperature (C)
the period of SRG. On the other hand, the absorbance of (b)

azopolymer at the wavelength of He—Ne [ag32.8 nm in
wavelength is almost zero so the formed SRG can be re-FIG. 5. (3 Irradiation time dependence of diffraction efficiency at various
garded as the Raman—Nath-type pure phase gr%ftﬂ?g. terrper?tg.rftfeﬂz_, 37,;8_, and St)?:)i;;;ké)oTempsrature dependence of final
Figure 4 shows the diffraction efficiency of the formed V&'ue Of diffraction efficiencyat t=7200s in Fig. 5@
SRG as a function of recording time. Just after the start of
recording, the grating structure was formed, and the diffrac-
tion efficiency gradually increased by sequential light illumi- 7200 s in Fig. %a). These figures clearly show that the for-
nation. It should be noted from Fig. 4 that the increase of thenation of SRG is more effective at lower temperatures.
diffraction efficiency is observed even after stopping the ir-  The migration or reorientation dynamics of the polymer
radiation of the recording laser. This means that some of thghain chains and/or azobenzene in the side citfist and
relaxation process occurs under the dark condition. In ordethird model$ should depend on the rheological characteris-
to discuss the anomalous relaxation process, the diffractiofics of azopolymer, such as viscosity. Generally, these char-
from both the “surface relief grating” and the “refractive acteristics are temperature dependent. On the other hand, if
index grating” should be considered. Based on these considhe diffraction efficiency increase originates fronsia-trans
erations, possible models explaining the increase of the difthermal isomerization of azobenzerisecond modg] it
fraction efficiency after stopping laser light irradiation can beshould be more effective and the diffraction efficiency will
summarized as followg1) change of the relief profilerelief  increase faster at higher temperatures becauseigfierm of
heighy itself. This may be attributed to the relaxation of the azobenzene is unstable thermally ani$-trans thermal
polymer main chains(2) Cis-transthermal isomerization of  isomerization occurs more effectively at higher temperatures.
azobenzene(3) orientational change of azochromophore in However, the diffraction efficiency is suppresed at higher
the side chain. This should cause the change in birefringenaemperatures as shown in Fig. 5, which indicates trats-
and absorption. In order to examine which model is suitableis-trans isomerization did not occur effectively to form
for the anomalous relaxation process after stopping the reSRG at higher temperatures.
cording laser light irradiation, the following experiments Figure Ga) shows the dynamics of the anomalous relax-
were carried out systematically. ation process after stopping laser irradiation, using a normal-
ized relaxation parameter of the diffractidngy(t). A 7q(t)

is defined by the following equation:
In order to investigate the dynamic characteristics of

azochromophores in the anomalous relaxation process, the A 5,(t)=A 7(t)/ (1800 =[ (1800 — 5(t)]/ (1800,
recording of SRG was performed at various temperatures

because relaxation dynamics may be affected by thermalhere (t) is the diffraction efficiency at time after the
conditions. Figure &) shows the irradiation time depen- irradiation of recording beam was switched off &0,
dence of the diffraction efficiency at various temperaturesvhich is illustrated in the inset of Fig.(&. In Fig. 6a),

(17, 37, 78, and 93 °Cand Fig. %b) shows the temperature dotted lines represent the experimental results and solid lines
dependence of the final values of the diffraction efficiency arepresent the fitted curg=0 in Fig. 6a) corresponds to

A. Temperature dependence
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FIG. 6. (a) Decay of normalized relaxation parameters after stopping laser (b)
light irradiation at various temperaturés?, 37, 78, and 93 °CDotted lines o . . . .
represent the experimental results and solid lines represent the fitted curfdG- 7 Irradiation time dependence of diffraction efficiency measured with
with double-exponential decdgime t=0 corresponds to that at=5400s (@ perpendicularly andb) parallel polarized probe laser beams.
in Fig. 5(a)]. Inset shows the definition of relaxation parameters of diffrac-
tion efficiency;(b) temperature dependence of the ratio of fitted coefficients
7ot/ 70s - ture; that is, noi/ 795 iS larger at lower temperatures, as
shown in Fig. b). This means that the contribution of the
_ 54005 in Fi hen | irradiati q fast decay is dominant at low temperatures. However, the
tA_5 S mb 9. ﬁa) when ase;j |£ra r']at'gn ‘g’las stopped  1igin of the fast and slow decays cannot be clarified only by
70(t) can be well approximated by the double-exponentialy,ose resyits of the temperature dependence.

decay;
Ano(t) = 9o+ 7ot €XP(—t/ 7¢) + 1705 XA — 1/ 75),

where 7o¢ and 7o are initial values, and; and 75 are time As mentioned in the experimental section, the polariza-
constants of the decay of the fast and slow components, réion of the probe He—Ne laser beam was perpendicular to the
spectively. grating vector in the previous result. However, this can be
The double-exponential decay implies that these relaxregarded to mean that the diffraction efficiency strongly de-
ation phenomena consist of two decay processes, that is, fasénds on the polarization of the probe beam if the orienta-
and slow decays. The fitted coefficienfg, 77, 70s, andzs  tional change of azochromophores in the side chain plays a
are summarized in Table I. As evident from Tabler|,is  crucial role(third mode). From this viewpoint, the polariza-
approximately several tens of seconds apt about several tion effect of the probe beam on the diffraction efficiency
hundreds of seconds. Although the time constants of the fagas investigated.
and slow decays are independent of temperature, the ratio of Figures 7a) and 7b) show the irradiation time depen-
the fast and slow components strongly depends on tempergence of the diffraction efficiency measured by the probe
He—Ne laser beam with the polarizations perpendicular and
parallel to the grating vector of SRG, respectively. The irra-
diation of the Af laser beam for recording was performed

B. Polarization effect

TABLE |. Double-exponentially fitted coefficientgys, 71, 7os 75, and
ratio of fast to slow componentsyf / 77,5) at various temperaturé4?7, 37,

78, and 93 °Q. for 30, 60, and 90 min. For the perpendicularly polarized
probe beam, the diffraction efficiency increased after the
OT i TS probing laser beam was switched off, as mentioned previ-
(°C) 7ot S 7os (s 7ot/ 70s . . .
ously[Fig. 7(@)]. In contrast, when it was measured with the
17 0.64 25.7 0.32 574.4 2.02 parallel polarized beam, the efficiency decayed as shown in
37 0.57 21.9 0.41 652.7 1.37 : ; :
; Fig. 7(b). Generally, the diffraction from a Raman—Nath-
8 0.51 45.7 0.51 994.3 0.99 e . .
93 0.34 329 0.70 737.8 0.49 type “thin” grating agrees well with the Huygens—Fresnel

theory (scalar diffraction and the efficiency change induced
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by the change in grating profile does not depend on the po-
larization of the probing beam. In other words, if the diffrac-
tion efficiency of the perpendicularly polarized beam in-
creases, that of the parallel polarized beam should also
increase. Therefore, the polarization dependence of the
anomalous relaxation cannot be explained by the change of
the relief profile(heigh). From this result, the change of the
relief profile (relief heigh} (first mode) can be excluded (b)
from the eXplanatl.on mode] of the a_nomalous relaxat.lon proi:IG. 9. Change in transmitted light intensity of probe blue laser light with
cess. As a result, it should be considered that the d'ﬁraCtlo'fhe (a) perpendicularly andb) parallel polarized light, respectively, mea-
from “refractive index grating” plays a crucial role in the sured after switching the recording laser light off.

relaxation process. From Fig. 7, it was also confirmed that

the anomalous relaxation process occurred independent of

the irradiation time for the formation of SRG. These results

ensure the validity of the speculation described above bedWeigert effect. To eliminate this effect, the intensity of the
cause theQ factor is lower in low height grating. The differ- probe laser light was lowered. The absence of this effect was
ence in the diffraction efficiency measured by the light withconfirmed before the measurement of the change of absorp-
perpendicular and parallel polarizations is remarkable also ition.

the early stage of the formation of SRG. From this effect, the ~ Figure 9 shows transmission light intensity of the probe

mechanism of the mass transport in the early stage may Heeam with polarizationga) perpendicular anéb) parallel to
manifested. the grating vector as a function of time after the recording

Figure 8 shows the time decay of the normalized relax-Ar " laser beam was switched off & 5400's. For both po-
ation parameterd ny(t) after stopping the recording laser larizations of the probe beam, transmission intensity de-
beam as a function of the polarization of the probe laseereased quickly in the early stage of the relaxation. There are
beam. In the case of parallel polarization, the decay curv&vo possible reasons for the transmission change upon stop-
can also be approximated by the double-exponential decaping the irradiation of the recording light. One is absorption
as in the case of perpendicularly polarized light. From thischange caused by molecular reorientation. If the amount of
result, it can be seen that the contribution of the fast decay ithe molecules whose transition moment is parallel to the po-
small in the case of parallel polarized light. To explain thesdarization of the probe beam increases, the absorption due to
polarization effects, the change in birefringence of them-7* transition of the azochromophores increases, resulting
azopolymer caused by the orientational change of azochrdn the decrease in the transmission light intensity. If the re-
mophore in the side chain should be evaluated. orientation of the azochromophores is essential, the transmis-
sion intensity of the polarized probe light parallel to the mo-
lecular long axis of azochromophores should be increased
and vice versa. As shown in Fig. 8, however, the transmis-

In order to examine how azobenzene moieties reoriension intensities for both polarizations of the probe beam de-
under the dark conditiofto which direction and how large crease, which cannot be explained using this model.
dichroism was inducegdthe change in absorption of azoben- Another possible reason for the transmission change is
zene was investigated using a linearly polarized blue laser dhe cis-transthermal isomerization of the azochromophores.
400 nm wavelength as probe light. As mentioned aboveWhen the recording beam is switched off, th@ans-cis
azobenzene tends to align its molecular long axis perperisomerization stops and the amount toans isomers in-
dicular to the polarization direction of the illuminated light creases, resulting in the increase in the absorption around
through the cyclic trans-cis-trans photoisomerization 480 nm; namely, the transmittance of the UV probe light

Transmittance (arb. units)
~n
3
|

C. Relaxation of azobenzene in the side chain



6964 J. Appl. Phys., Vol. 92, No. 12, 15 December 2002 Matsui et al.

azobenzene

should depend on the configuration of the polymer main
chains and azobenzene moieties in the side chain immedi-
ately after stopping the writing laser beam; that is, the align-
ment of the polymer main chains, the free volume, the ori-
entation of azobenzene moieties in the side chain, the order
parameter of azobenzene moieties, etc. play important roles

e —
y in the relaxation. Information on the origin of photoinduced
| mass transport and the formation mechanism of SRG is ex-
/ —_— pected to be obtained through complete understanding of the

grating vector relaxation phenomena of SRG discussed in this study.

disorder order

) ) ) . . IV. CONCLUSION
FIG. 10. Schematic explanation of disorder-to-order reorientational relax-

ation of azobenzene in the side chain. The ellipsoids drawn with a dashed  |n conclusion, the relaxation dynamics of the photoin-

line represent the refractive index ellipsoid of azopolymer. duced SRG formed on the azopolymer film after stopping the
writing laser beams has been systematically investigated. In
addition to the photoinduced increase of the diffraction effi-

(400 nm s_hou!d decrease upon stopping the irradiation Ofciency in the SRG, an anomalous enhancement of the effi-
the recording light.

. . . L ciency was observed even without light irradiation, after the
According to this thermal isomerization model, the tem-

q q £ the effici h h - Fi recording light beam was switched off. This anomalous re-
perature dependence of the efficiency change shown in Fig. 8, o0, process consists of two components with short and

c?fp also behexplamed;;am_ew’ the |fa5t decay component gf,+ yolaxation times, and strongly depends on the tempera-
efficiency change was dominant at lower temperatifé3. 10 and polarization of the probe beam used for the diffrac-

6(b)]. Becauserans-cisphotoisomerization did not occur ef- tion measurement. At lower temperature, the anomalous

fectively ?S hSh(.)V\;n n Ff'g' (bz) at hlgh_tempelrlaturr]es, fthe growth is more effective and the fast component is dominant.
ahmqunt oft telg's’ orm 0 a?ohendz_gne IS smf? T erz O'€ Erom the results of the polarization dependence of the dif-
the incremen ecrer_nent O,t ed raction efficiency ue O action efficiency and optical absorption, it has been mani-
the cis-transthermal isomerization should be small at h'ghfested that the fast component of the relaxation kinetics
temperaturﬁs. f the dichroi ¢ h originates from the cis-trans thermal isomerization of
From_ the measurement Q_t e d_'C roism ar_1d rom th&,; ohenzene moieties in the side chain. The origin of the slow
qbservatlon under the polarizing microscope, 1t was CONGecay has also been discussed in terms of the order param-
flrrlned_ that the Lqrmled SRr? had _blrefnngencedwﬁh the Opti-gter change of the azomolecules caused by the reorientational
cal axis perpendicuiar to the grat|_ng vector and the averager%laxation. The driving force of this reorientational relaxation
d|_rect|on of the molecular long axis of the gzochromophoreskinetics of the azochromophores in the side chains has not
aligns paraliel to t_he groove of SRG;.that is, the d|_rect|ona et been clarified. However, information on the origin of
change of the optical axis after stopping the recording bea hotoinduced mass transport and the formation mechanism

was not observed in the relaxation process. Therefore, thg gre s expected to be obtained through complete under-
slow component of the efficiency change could be attribute tanding of the anomalous relaxation kinetics of the SRG
to the orientational relaxation of each azochromophore mo'aiscussed in this article

ecule with the averaged direction of the molecular long axis

remaining unchanged. In other words, the order parameter of

the azochromophore in the side chain changes after the i CKNOWLEDGMENT
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