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Abstract: Photorefractive polymer composites were synthesized based on poly (N-vinylcazbazole) (PVK) doped
with liquid nonlinear optical chromophores and a sensitizer Cg. PVK/liquid NLO chromophores/Cq, devices
showed no signs of phase separation and did not require a plasticizer, such as ethylcarbazole. The composites
showed 69% diffraction efficiency (C3) and a rapid response time of 46 ms (C1) in four-wave mixing experiments
at a light intensity of 60 mW/cm? and a wavelength of 633 nm.
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Introduction

The photorefractive (PR) effect refers to spatial modula-
tion of the refractive index in a material due to light-induced
redistribution of charge."” Under the illumination of non-
uniform light formed by the interference of two coherent
laser beams, a spatially oscillating space-charge field is
formed as a result of the generation and redistribution of
photo-induced charges. The refractive index of the material
is subsequently modulated via an electro-optic effect. Pho-
torefractive materials exhibit several unique features includ-
ing photosensitivity, reversibility, and beam amplification, and
are used in optical data storage and information process-
ing.>’

Over the past 15 years, a considerable number of studies
of photorefractive polymers have been performed, with studies
of poly(N-vinylcarbazole) (PVK) the most common.?
Nevertheless, PVK systems have several problems such as
phase separation, crystallization resulting from high chro-
mophore content, and difficulty obtaining a 7, near room
temperature when adding the plasticizer.>® To solve these
problems, we developed new liquid nonlinear optical (NLO)
chromophores. Those chromophores behave as both NLO
chromophores and plasticizers. A PVK/liquid NLO chromo-
phore/Cg, device that we manufactured showed no signs of
phase separation and did not require a plasticizer such as
ethylcarbazole.
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Experimental

Materials. The chemical structures investigated are shown
in Figure 1, although the synthesis details and photophysical
properties will be published elsewhere. Chromophores were
purified using column chromatography. The absorption spectra
of OPEM-476 and OPEM-488 in are shown in Figure 1.
The absorption spectra of OPEM-476 and OPEM-488 in
solution are located at 476 and 488 nm, respectively.

Secondary standard PVK (Aldrich chem. Co. M,,: 50,400,
PDI=1.8) was purified by precipitation (precipitation three
times from 15 wt% THF with MeOH).’ In addition, fullerene
Cso was used without purification. The two chromophores
were of the donor-7-acceptor type, with 4-methylene-3-phe-
nylisoxazolon (ISOX) and 1, 3-dimethyl-barbituric acid (DMB)
acceptors, a s#~conjugated system, and an N, N-bis (2-cthyl-
hexyl) amino donor group. The 2-ethylhexyl group is a good
electron donor and plasticizer, while ISOX and DMB have
been used as electron accepting groups in compounds for
nonlinear optics for several decades.'*!?

Sample Preparation. The compositions of the samples were
PVK/OPEM-476/Cq, (49.5/50/0.5 wt%)-C1, PVK/OPEM-488/
Coo (49.5/50/0.5 wt%)-C2, PVK/OPEM-476/Cq, (39.5/60/0.5
wt%)-C3, and PVK/OPEM-488/Cs, (39.5/60/0.5 wt%)-C4.
To obtain homogeneous samples, all components were dis-
solved in toluene, the solvent was evaporated, and the mix-
ture was softened at a temperature below 150 °C. The
device was prepared by sandwiching the softened compos-
ite between two 1TO-coated glass plates. The thickness of
the film was controlled using a Teflon spacer (100 pm) between
the two ITO glass plates. The thickness of the active layer
was 100 pm. The glass transition temperature 7, of the com-
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Figure 1. Chemical structure of the components of the PR
samples [Photoconducting polymer PVK(poly(N-vinylcarbazole)),
nonlinear optical chromophores OPEM-476(5-(4~(bis(2-ethylhexyl)-
amino)benzylidene)-1,3-dimethylpyrimidine-2,4,6(1H,3H,5H)-
trione) and OPEM-488((Z)-4-(4-(bis(2-ethylhexyl)amino)-
benzylidene)-3-phenylisoxazol-5(4H)-one), sensitizer Cy, (Fullerene)]
and absorption spectra of OPEM-476 (solid curve) and OPEM-
488 (dot curve) in methylene chloride. The inset shows phase
state of chromophores (liquid phase) at room temperature.

posite determined by differential scanning calorimetry (TA
Q100) was 27-29 °C (wider glass transition) at a heating
rate of 10 °C/min.""?

Photoconductivity. The Photoconductivity of the composites
was measured at a wavelength of 1=632.8 nm using the con-
ventional DC technique.'*'” A Beran model 205B-20R high
voltage power supply, a Keithley 6485 picoammeter and
LABVIEW software were used for the photoconductivity
measurement. The current flowing through the sample during
the illumination of light had an intensity of 39 mW/cm? at
various electric fields. The photoconductivity was calculated
as the difference between the presences of the light and dark
current. The dark and the photoconductivity were calculated
using the following equation:

o= ldi(VA) ()

where [ is the current, d is the sample thickness, V is the
applied voltage, and A is the laser beam area.
Birefringence. The electro-optical properties of the poly-
mer sample were determined using the transmission ellip-
sometry technique.”® The birefringence and orientational
dynamics of the PR composites were measured using a high
voltage power (Beran model 205B-20R or Trek model 10/
10B) and a photo signal detector (Fluke 45 dual display
multimeter or Tektronix oscilloscope TDS 460A). The sam-
ple was tilted to 45° and placed between the polarizer and the
analyzer with the polarization set at +45° and -45°, respec-
tively. The electric-field induced birefringence (4n) of the
composite was determined from the variation of the trans-
mitted intensity (7) through a crossed polarizer upon the
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application of an electric field, as described by the follow-
ing equation:

_ 227
T =sin (7 / An) (2)

where A is the wavelength and / is the distance of the light
path.

Four-Wave Mixing. The diffraction efficiency of the
photorefractive material was determined by the degenerate
four wave mixing (DFWM) experiment.'*"* A Beran model
205B-20R high voltage power and photo signal detector
(Fluke 45 dual display multimeter or Tektronix oscilloscope
TDS 460A) were used for DFWM measurement (LABVIEW
routine.). Two coherent laser beams at the wavelength of
632.8 nm were irradiated on the sample in the tilted geometry
with an incident angle of 30° and 60° with respect to the normal
sample. The writing beams were both s-polarized and had
an equal intensity of 30 mW/cm’. The recorded photorefractive
grating was read out by a p-polarized counter-propagating
beam. An attenuated reading beam with a very weak intensity
of 0.06 mW/cm?* was used. The internal diffraction efficiency
T Was calculated as follows:

Dt = Iz, agn | Ur, aigp + Ir, tramsm) 3)

where Iy ugacrea A0 Ix yansmirea Were the diffracted and trans-
mitted intensities of the reading beam, respectively.

Results and Discussion

Photoconductivity is one of the most important parame-
ters in the photorefractive effect. The PR grating formation
speed and space charge field formation are strongly depen-
dent on photoconductive properties. The dark and photocon-
ductivity were calculated using the eq. (1). At an intensity level
of 39 mW/cm? and an applied field of 70 V/um, the photo-
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Figure 2. Photoconductivity as a function of electric field for
composites. C1 (squares), C2 (circles), C3 (triangles), and C4
(stars). Solid lines are guides to the eyes.
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Figure 3. Refractive index change as a function of the ¢lectric
field for composites. C1 (squares), C2 (circles), C3 (triangles),
and C4 (stars). Solid lines are guides to the eyes.

conductivity of 4.27 pS/ecm (C1) is two orders of magnitude
larger than the dark conductivity of 0.02 pS/cm (C1)(Table
I(b)). Figure 2 shows the photoconductivity as a function of
an electric field for the PR composites C1-C4. ,

As given in Figure 3 the birefringence An of the photore-
fractive materials increases quadratically with an electric field
in the order of C1 < C2 < C3 < C4. A figure-of-merit (F.,,)
given by eq. (2) is suitable to characterize the efficiency of
the chromophores:

2 2
———fuA 4
SaseTHeAa] @
where J, is the molecular dipole moment, Aex is the polariz-
ability anisotropy, £ is the Boltzmann constant, T is the tem-

F Kerr =

perature, and M is the molecular weight.>'*** Chromophores
with large 4, and Ac are favorable because of the large con-
tribution of reorientation effects to photorefractive proper-
ties. The molecular dipole moment #, and the polarizability
anisotropy Aa were calculated using the semi-empirical
method implemented in Materials Studio 4.1 (Vamp 10.0)
with the AM1 approximation method used for geometric
optimization.”"** Table I(a) show the molecular dipole moment
U, the polarizability anisotropy Ac, and the estimated fig-
ure-of-merit Fg,, for the chromophores. The OPEM-488
chromophore is superior to the one with OPEM-476 regarding
the figure-of-merit Fx.,,. Furthermore, the theoretical calcu-
lation results are consistent with the experimental results.
Photorefractive properties of various systems were char-
acterized by the diffraction efficiency determined by the
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Figure 4. Diffraction efficiency as a function of applied electric
field of the four samples C1 (squares), C2 (circles), C3 (trian-
gles), and C4 (stars). Solid lines are guides to the eyes.

Table L. (a) The Molecular Dipole Moment (u,) and the Polarizability Anisotropy (4a) Calculated from Materials Studio 4.1
(Vamp 10.0) Using the AM1 Approximation Method for Geometric Optimization. (b) Photorefractive Properties of Composites

C1-C4
(@

Chromophore He (@t )2 o, Ao Fion
OPEM-476 15.0 60.1 729 12.8 28.93
OPEM-488 17.1 729 86.9 14.0 40.61

(b)
Composite Chg)omng;?g?;lso?\&?ti/o) Gf{oé/g{)k (psgﬁ:/W) (fg[;) 7(}%3 (s’éi) (széi)
C1 OPEM-476 50 wi% 4.27/0.022 109.5 0.90 46(90 V/pm) 0.046 0.41
2 OPEM-488 50 wt% 3.66/0.019 93.8 1.17 51(80 V/um) 0.29 1.64
C3 OPEM-476 60 wit% 2.93/0.025 75.1 1.18 69(80 V/um) 0.53 2.12
C4 OPEM-438 60 wi% 2.21/0.031 56.7 1.338 59(70 V/pm) 1.17 3.09

Photoconductivity o,,,,; Dark conductivity o,,; Photosensitivity o;; Birefringence 4n; Maximum diffraction efficiency 7,..; Fast response
time 7;; Slow response time 2. ST units: , 10°Com; (¢t + @,)/2, . and 4@ 10°CmP VY, Fy,,, 107 Crm*mot V' kg A= ot 05, )2]. “Es=T0
V/um; ;=39 mW/em® and 25 °C. °E=70 V/um; 1=5 mW/em® and 25 °C. °E=~70 V/um; I, (total)= 60 mW/em®; 1,,,,,(total)=0.06 mW/cm® and 28 °C.
Eq=70 V/pm; L,(totaly=60 mW/cm?; 1,,,,(total)=0.06 mW/cm? and 36 °C.
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degenerate four wave mixing (DFWM) experiment. Figure 4
shows the diffraction efficiency (#) as a function of the
applied electric field under stationary conditions. The maxi-
mum diffraction efficiency for four samples varied from 46-
69%. The photorefractive properties of the composites are
summarized in Table I(b). According to Kogelnik’s cou-
pled-wave theory,”** 7,, can be approximated by

- An(E) -
Meg-cs)"”

where, A is the wavelength, An is the birefringence, d is the
thickness of the film, and ¢ and ¢y are the geometrical fac-
tors. The diffraction efficiency results are consistent with
the eq. (5).

The response time of the photorefractive grating record-
ing is an important parameter in practical applications such
as real-imaging and real-data processing. The curves of the
PR grating formation dynamics were fitted using the fol-
lowing bi-exponential function: >’

qm,ocsmz[ (5)

n=Asin’[B-(1-me"=(1—m)e '™)] (6)

where 4, B, and m are the fitting parameters, and 7; and 7
are the fast and slow times, respectively. Figure 5 shows a
bi-exponential growth fit at an electric field of 70 V/um for
a total light intensity of 60 mW/cm? in sample C1(7;=46 ms,
7,=491 ms, weight factor m=0.39). Increasing the intensity
could potentially reduce the response time of our materials
down to a video rate response time of 33 ms.?

Beam fanning is a noise source in photorefractive image
processing and holographic storage applications. Image
processing and holographic storage applications must mini-
mize beam fanning;”** however, it is necessary for photore-
fractive applications such as novelty filtering and self-phase
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Figure 5. A bi-exponential growth fit (red line) to the diffraction
signal (black line) at an electric field of 70 V/um in a total light
intensity of 60 mW/cm® in sample C! with ;=46 ms, =491 ms,
and weight factor m=0.39.
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Figure 6. Transmitted beam power depletion in PVK/OPEM-
476/Cg (39.5/60/0.5 wt%) sample C3 using 633 nm s-polatized
beam with intensity 30 mW/cm?.

conjugation.”*! The experimental setup used in the study is
two-beam coupling (TBC) setup.”® Figure 6 shows the pump
beam depletion resulting from beam fanning of the PVK/
OPEM-476/Cq, (39.5/60/0.5 wt%) sample C3 at various elec-
tric fields. At 90 V/pm the transmittance of the samples
drops to 85% in sample C3 and 83% in sample C4. If we
had adjusted the beam fanning in the sample, we would
have been able to apply it to not only image processing and
holographic storage applications but also novelty filtering,
self-phase conjugation, and related techniques.

Conclusions

In conclusion, we studied four PR polymer composites
based on PVK which contained liquid NLO chromospheres
and Cg. The utilization of these liquid chromophores carries
the significant advantage of eliminating the need for an inert
plasticizer. Glass transition temperatures 7, of the compos-
ites were lowered to near room temperature without the
requirement for additional plasticizer. The PR polymer com-
posites also possess a long shelf lifetime of over 10 months.
Transient four-wave-mixing experiments found a photore-
fractive response dominated by a fast time constant of
46 ms at a total irradiance of 60 mW/cm®.
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