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The influence of the temperature on the photoinduced birefringence on an azo
dye doped polymer film has been studied. Sample is composed of a polymer matrix
PVK (Poly(N-vinylcarbazole)), doped with 10 weight percent (wt%) of the birefringent
molecule DMNPAA (2,5-dimethyl-4-(p-nitrophenylazo)anisole) and 30 wt% of ECZ
(N-ethylcarbazole) which acts as a plasticizer. Theoretical results can explain the
behavior of the amplitude of the photoinduced birefringence versus temperature.
Experimental and theoretical results are compared. Holographic recording experi-
ments based on photoinduced birefringence have been carried out. Based on the ef-
fect of temperature, we have been able to significantly increase the diffraction effi-

ciency of our sample.

1. INTRODUCTION

Polymer films doped with nonlinear organic mole-
cules are, now, largely investigated for their poten-
tial applications in photonic devices such as data
recording, wave length conversion, light amplification,
optical computing, and so on (1-6). Consequently, the
present studies are focused on the reversibie holo-
graphic recording by photorefractivity or by photoin-
duced molecular orientational effect (5-8).

It is well known that photo-induced birefringence
occurs in a doped polymer when birefringent mole-
cules, originally randomly distributed, are aligned by
electrical field of polarized light. Such a phenomenon
can arise in azo dye doped polymer because the dye
molecules can rotate by several photo-induced trans-
cis isomerisations and cis-trans back-relaxation.

By using the photo-induced birefringence property,
it is possible to write holograms. In such a case, the
material records the polarization state of light instead
of the intensity modulation (9). It is then important to
understand the parameters that influence this proc-
ess to improve the characteristics of this kind of re-
cording medium.
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The effects of the temperature on the mechanical
properties of the polymers have been largely studied
in the past but, until now, there are few works on its
influence on optical properties (10, 11). Aiming a bet-
ter understanding and optimization of the reversible
influence of light on organic materials, we have ana-
lyzed the temperature effect on the photoinduced bire-
fringence and the resulting holographic recording.
Experiments developed in Section 2 have shown that
the amplitude and the time constant of these two phe-
nomena dramatically increase when the temperature
decreases.

In Section 3, theoretical results, derived from a new
mathematical model describing the influence of the
temperature on the amplitude of the photoinduced
birefringence, are presented.

2. EXPERIMENTAL
Sample Preparation

Raw materials and chemical synthesis have been
described elsewhere (7). Our samples have the follow-
ing composition: the polymer matrix PVK (Poly(N-vinyl-
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Fig. 1. Absorption coefficient spectrum of a 10 wt% DMNPAA doped PVK film with 30 wt% of ECZ. The absorption coefficient of the
two wavelengths used for the experiments of this communication are indicated. Inlay: DMNPAA molecule representation.

carbazole)} has been doped with 10 wt% of the opti-
cally active molecule DMNPAA (representation: inlay
into Fig. 1 (2,5-dimethyl-4-(p-nitrophenylazo)anisole)
and 30 wt% of ECZ (N-ethylcarbazole) which acts as a
plasticizer. The glass temperature (T) of this com-
pound, determined by Differential Scanning Calorim-
etry (DSC) was found to be around 10°C.

Film of PVK:DMNPAA:ECZ was prepared by dissolv-
ing the polymer and the doping molecules in tetrahy-
drofuran (THF). The solution was first filtered through
a 0.5 pm filter and solvent was further evaporated
under removed pressure in rotavapor (15 mm Hg). The
resulting polymer was frozen to be easily crushed to a
fine powder. This powder is placed on a glass plate
between glass spacers, and heated at 140°C when the
polymer begins to flow. A second glass plate is de-
posited above the other and pressed for 30 min to
spread out the polymer. This operation provides a film
with a good optical quality: homogeneous phase and
coloration and no bubbles. The film thickness, meas-
ured by optical profilometry, is equal to the spacer
thickness: 173 pum.

The absorption coefficient spectrum of the polymer
film, recorded between 470 nm and 750 nm, is shown
in Fig. 1. This result is similar to those presented by
other authors (12).

Transmission Efficiency

The experimental setup is shown in the Fig. 2. A po-
larized argon beam (wavelength = 514 nm) is used to
induce birefringence in the sample. We have fixed its
intensity at 2.1 mW/cmn? to avoid sample heating and
to allow good quality measurements. A nearly parallel
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633 nm HeNe laser beam is used as a probe to check
the birefringence of the film. To avoid interference of the
argon beam effect, the power of this beam has been
set at 120 uW. The HeNe beam is polarized at 45° ac-
cording to the argon beam polarization. After crossing
the sample, it goes through an analyzer (tilted to 90°
according to the initial HeNe polarization). A filter cen-
tered at 633 nm is placed in front of the detector to
remove all the transmitted or scattered light coming
from the argon laser.

The sample, positioned perpendicularly to the beams,
is placed inside a vacuum chamber in order to avoid
any condensation when the temperature decreases.
Temperdture is controlled by injecting liquid nitrogen
in a cold trap attached to the sample support. A ther-
mocouple fixed directly on the sample records the tem-
perature.

We have recorded the transmitted power of the HeNe
beam versus the time after the opening of the argon
beam shutter for several temperatures of the sample.
The transmission efficiency (Mgapemission) 1S defined as
the ratio between the transmitted and the incident
powers of the HeNe beam. The experimental plots
have been interpolated by Eqg 1, which seems to be the
best fit for this kind of measurement (11, 13). An ex-
ample of measurement of the increase and decrease of
the transmission efficiency is shown in Fig. 3.

—t —t

= -em(2)] 2fs-em(]
A B

The summation of the two parameters A and B gives

the amplitude at saturation of the transmission effi-
ciency. Figure 4 shows the behavior of this sum ac-
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Fig. 2. Geometry of the experi-
mental setup used for the photo-
induced birefringence experi-
ments.

Fig. 3. Transmission efficiency
of the HeNe beamn. The arrows
indicate the opening and the clo-
sure of the argon beam shutter.
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Fig. 4. Saturation amplitude of the transmission efficiency according to the temperature. Comparison of the experimental and theo-

retical plots. Parameters for the calculation are given in the text.

cording to the temperature. 7, and g are the two time
constants of the phenomenon (called fast and slow,
respectively).

It should be noticed that, even if the temperature
range includes the polymer glass temperature (T, =
10°C), there does not appear to be any difference in
the behavior of the experimental plots: the birefrin-
gent molecules are still aligned in the argon beam field
under the T, So, it does not seem very interesting to
synthesize low T, polymer in order to activate the ori-
entationally enhanced photorefractive effect (14).

Diffraction Efficiency

In order to measure the diffraction efficiency, we have
used the setup shown in Fig. 5. The 514 nm beam
coming from an argon laser is split in two by a 50/50
beam splitter, the two resulting beams are filtered, ex-
panded, and polarized vertically. Their intensities are
1.75 mW/cm? each. Both argon beams interfere in the
sample by forming a 30° angle. A polarized HeNe beam
is directed at the Bragg angle through the sample,
and it is diffracted by the grating written by the argon
beams. A detector, placed behind a filter whose trans-
mitted bandwidth is centered on 633 nm, records to
the diffracted intensity.

As for the photoinduced birefringence experiments,
the sample is placed inside a vacuum chamber to
avoid any condensation when the sample is cold. Its
positioning is symmetrical according to the argon
beam’s angle. A cool trap supplied with liquid nitrogen
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cools the sample through a strap fixed on the sample
holder. The cool trap is not directly in contact with the
sample to avoid any vibration that will disturb the
grating recording. A Michelson interferometer, with
one arm reflecting itself on the sample, monitors the
vibration of the sample. In this way, we can observe
whether there is a mechanical vibration that will dis-
turb the measurement or not.

By using this setup we have been able to record the
diffraction efficiency of the HeNe beam versus the time
after the opening of the argon beams shutter for the
temperature range from 7°C to 22°C. It was not possi-
ble to decrease further the temperature of the sample
because of thermal conversion of the argon light,
which expands the polymer and prevents the record-
ing of the grating. Measurements according to the
angle between the polarization of the HeNe and the
argon beams were also performed. Figure 6 presents a
typical measurement of diffraction efficiency versus
time obtained with this setup.

The best curve fit that we have found for interpolat-
ing the diffraction efficiency according to the time is
the one given by Eq 2. “a” is the saturation amplitude
of the diffraction efficiency, and “a.b” is the original
slope of the phenomenon.

_ab.t

1+ bt @

m

By fitting our measurement, we have plotted the
maximum of the increase of the diffraction efficiency
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Fig. 5. Geometry of the experimental setup used for recording diffraction grating in the sample.

versus the temperature of the sample (Fig. 7). As al-
ready observed in the photoinduced birefringence,
when the temperature decreases, the amplitude of the
diffraction efficiency dramatically increases. We see
that the diffraction efficiency can be increased by a
factor higher than 2 by reducing the temperature of
about 20°K. We are not surprised to find this similarity
between holographic recording and the photoinduced
birefringence since both these effects come from the
same phenomenon: the molecular orientation.

3. THEORETICAL CALCULATION

In order to explain the behavior of the transmission
efficiency amplitude versus temperature, we have de-
veloped a theoretical model based on statistical me-
chanics. In this model, it is assumed that the birefrin-
gent molecules are originally randomly orientated.
Consequently, the sample is centrosymmetric, and no
birefringence or phase grating can exist. When a po-
larized writing beam impinges the polymer film, the
molecules tend to orientate themselves in such a way
that the direction of their optical transition is perpen-
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dicular to the polarization direction of light. This
induces a macroscopic refractive index change and
birefringence (9). However, the thermal agitation coun-
teracts the writing beam’s action by disorganizing the
symmetry, preventing all the molecules from being
perfectly positioned.

Briefly, the theoretical model uses the Jones formal-
ism to define each molecular layers of the sample, and
its action on the electric field of the laser beam probe

(Eq 3)

E, 1/1 -1
(EZ) = 5 (_ 11 )[R(___QN)'Wg'R(vN)] vee

1 /1
[R(—wl)'wfl)'R(tp‘)]'ﬁ (I)E )

E; is the electric field along the i axis, R, is the rota-
tional matrix, with ¢, the angle between the extraordi-
nary index and the polarization axis of the HeNe
beam; W, developed at Eq 4, represents the optical
phase delay matrix; N is the number of layers used in
the model:
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where \ is the wavelength of the HeNe beam, d is the
thickness of the molecular layer, n, is the normal re-
fractive index, n0) the extraordinary refractive index
depending on the angle 8 between the molecular axis
and the beam propagation direction.

The transmitted efficiency (., cmission) IS given by
Eq 5, where I 4. is the intensity incident to the
sample.

. (ES
_& 5)(g7)

Niransmission

5
Imcident

Each birefringent molecule has a fixed direction de-
pending on the argon beam polarization and intensity,
and on the thermal agitation. Thus, all the matrices in
Eq 3 are different: R, by the angle ¢ and the W, by 6.

Fig. 7. Maximum of diffraction ef-
ficiency versus temperature of the
sample. The fit is only a guide for
the eyes.

POLYMER ENGINEERING AND SCIENCE, MARCH 1999, Vol. 39, No. 3

Maximum of diffraction efficiency

5.5

5.0

45

4.0

3.5

3.0

2.5

2.0

1.5

Argon ON Argon OFF
T T T AR T ™
0 200 400 600 800 1000
Time (s)

Moreover, there is no relation between the direction of
the molecule and its position in the sample, as it is
the case for the liquid crystals. So, it is not possible to
reduce the number of matrices representing the opti-
cal system. The number nbg ), of molecules orientated
at the angle 9, in the sample can be found from statis-
tical mechanics. It is given by Eq 6, where A is a para-
meter depending on various molecular constants
(cross section, dipolar momentum, ...}, ¢ represents
the amplitude of the electrical field of the argon beam
and 6, is the angle between the molecular optical axis
and the argon polarization axis. T, is a temperature
threshold: at this limit, all the molecules are aligned,
decreasing the temperature further does not influence
the molecular orientation anymore.

N -A & cos’(8)) . (9)
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The knowledge of 6, allows us to determine ¢ and
W, of Eq 3 for each molecule on the optical path. For
a sequence of molecules whose statistical angular dis-
tribution of 6, is given by Eq 6, we are able to calcu-
late the transmission efficiency versus temperature.

We have not found an analytical solution for the
transmission efficiency versus sample temperature.
However, it is possible to carry out a numerical calcu-
lation to display its behavior; the results are shown at
Fig. 4. For this simulation, we have fixed the number
of layers at 7000. The parameter A.e/k has been de-
termined to be equal to 9 K and the threshold temper-
ature to be T, = 222 K. The ordinary and extraordi-
nary indexes have been set to n, = 1.6, n, = 1.62, and
the thickness of the molecular layer is equal to the
sample thickness divided by the number of layers d =
173/7000 pm. The plot in Fig. 4 is the average of ten
simulations, and the error bar’s length is twice the
standard deviation. The theoretical curve seems to be
in good agreement with the experimental plots.

The set of parameters introduced in the numerical
calculation has been chosen to fit the experimental
curve. However, it will be interesting to measure the
transmission efficiency at lower temperature in order
to test the theoretical model and to refine the parame-
ters. We have noticed that A and n,-n, have nearly the
same action on the theoretical curve shape; an inde-
pendent measurement of n,-n, of the active molecules
will allow us to set A more precisely.

4. CONCLUSIONS

According to our experimental measurements, car-
ried out on a PVKiIDMNPAA:ECZ (74:10:16 % wt) poly-
mer film, the temperature of the sample reveals itself
to be an important parameter for the photoinduced
birefringence and for the diffraction efficiency: we
have noticed that temperature dramatically influences
the amplitude of both the photoinduced birefringence
and the diffraction efficiency. The lower the tempera-
ture, the higher the amplitude of these two measure-
ments. To our best knowledge this is the first report of
this behavior. The temperature ranges from ~20°C to
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22°C; so it includes the Tg of the sample (10°C); how-
ever, no modification of the polymer behavior appears
before or after this point.

In addition to the experiments, we have proposed a
mathematical model in order to explain the influence
of the temperature on the photoinduced birefringence.
The theoretical plots are in good agreement with the
experimental ones. Parameters introduced in the nu-
merical calculation have been set only to fit the exper-
imental plots; further measurements will be interest-
ing in order to refine and to compare them with
physical coefficients.

REFERENCES

1. P. M. Lundquist, R. Wortmann, C. Geletneky, R. J.
Twieg, M. Jurich, V. Y. Lee, C. R. Moylan, and D. M.
Burland, Science, 274, 1182 (1996).

2. J. Xu, G. Zhang, Q. Wu, Y. Liang, S. Liu, X. Chen, and
Y. Shen, Optics letters, 20, 504 (1995).

3. S. V. O'Leary, Optics Communications, 104, 245 (1994).

4, L. R. Dalton, A. W. Harper, B. Wu, R. Ghosn, J. Laquin-
danum, Z. Liang, A. Hubble, and C. Xu, Advanced
Materials, 7, 519 (1995).

5. B. Volodin, B. Kippelen, K. Meerholz, N. Perghambarian,
N. V. Kukhtarev, and H. J. Caulfield, J. Optical Society
of America B, 18, 2261 (1996).

6. P. M. Lundquist, C. Poga, R. G. DeVoe, Y. Jia, W. E.
Moerner, M.-P. Bernal, H. Coufal, R. K. Grygier, J. A.
Hoffnagle, C. M. Jeffersonj, R. M. Macfarlane, R. M.
Shelby, and G. T. Sicerbox, Optics Letters, 21, 890
(1996).

7. P.-A. Blanche, Ph.C. Lemaire, C. Maertens, P. Duboais,
and R. Jérome, Optics Comumunications, 139, 92 (1997).

8. W. Chalupczak, C. Fiorini, F. Charra, J.-M. Nunzi, and
P. Raimond, Optics comvnunications, 126, 103 {1996).

9. T. Todorov, L. Nokolova, and N. Tomova, Applied Optics,
23, 4309 (1984).

10. S. Ivanov, I. Yakovlev, S. Kostromin, and V. Shibaev,
Makromolecular Chemistry, Rapid Communication, 12,
709 (1991).

11. J. S. Hwang, G. J. Lee, and T. K. Lim, J. Korean Physi-
cal Society, 27, 392 (1994).

12. B. L. Volodin, Sandalphon, K. Meerholz, B. Kippelen, N.
V. Kukhtarev, and N. Peyghambarian, Optical Engineer-
ing, 34, 2213 (1995).

13. M. S. Ho, A. Natansohn, and P. Rochon, Macromole-
cules, 28, 6124 (1995).

14. W. E. Moerner, S. M. Silence, F. Hache, and G. C. Bjork-
lund, J. Society of America B, 11, 320 (1994).

POLYMER ENGINEERING AND SCIENCE, MARCH 1999, Vol. 39, No. 3





