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Molecular design of photorefractive polymers

Naoto Tsutsumi

This review article describes the current state-of-the-art research on organic photorefractive polymer composites. A historical
background on photorefractive materials is first introduced and is followed by a discussion on the opto-physical aspects and the
mechanism of photorefractivity. The molecular design of photorefractive polymers and organic compounds is discussed, followed
by a discussion on optical applications of the photorefractive polymers.
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BACKGROUND

In this report, the molecular design of organic photorefractive (PR)
polymers is reviewed. Organic PR polymers are materials that possess
both electro-optical and photoconductive properties. Research on
photoconductive polymers, whose pioneering polymer is poly(N-vinyl
carbazole) (PVK, PVCz), began in the 1960s. From the 1980s, research
on organic nonlinear optical (NLO) materials has been widely
conducted in the fields of organic electro-optics and optical non-
linearity. From the 1990s, new technology using organic photore-
fractivity combined with photoconductive and electro-optical
properties was introduced in the field of organic semiconducting
materials,! and organic light-emitting diodes”® and organic field-
effect transistors’ were also debuted in this field. At the same time, the
interest of researchers also turned toward the development of organic
photovoltaic cells and organic solar cells.*!! The transport of charge
carriers through photoconductive manifolds is a common phenom-
enon found in PR, organic light-emitting diode or organic photovoltaic
materials. Thus, the development of materials in each field is expected
to merge together to trigger the development of novel materials.

The PR effect is a well-known phenomenon that is observed in
materials in which refractive index modulation is induced by the
space-charge field that results from the redistribution of positive and
negative charge carriers separated through photo-excitation.!? This
phenomenon was first reported in inorganic crystals of lithium niobate
(LiINbO;) and lithium tantalate (LiTaO3) and was observed through
heterogeneous optically induced refractive indices in 1966.!3 Since
then, the PR effect has extensively been investigated in many inorganic
crystals, and theoretical approaches have been established to explain
this phenomenon.'4

In 1991,! the first study of PR polymers reported a low diffraction
efficiency of 107 to 1% and a small optical gain of 0.33 cm L. In
1994,' a high diffraction efficiency of 86% (the remaining 14% was
attributed to optical losses) and a large optical gain exceeding 200 cm ~!
was reported in photoconductive PVK-based PR composites. Over the
past two decades, many featured review articles'®2” and book

chapters?®3> have been published, which have given us a technical
understanding, and have provided researchers in the field with a
direction for the development of relevant applications. The latest
comprehensive review on PR polymer composites was reported in
2011,%° and a review on its applications for holography was published
in 2014.%

This review highlights the current state-of-the-art research on
organic PR polymer composites with a specific focus on the response
speeds (inverse of response time) of PR optical diffraction and
amplification processes. PR phenomena and mechanisms are over-
viewed in the PR phenomena and mechanisms section. Molecular
design of PR polymers section summarizes the molecular design of PR
materials with an overview on the role of each component in the PR
materials. The effects of molecular structure, especially the effects of
molecular weight on PR properties, are discussed in the Effects of
modifying molecular structures: molecular weight section. In the
Effects of altering grating pitches section, the effects of altering grating
pitch on PR properties are summarized. The correlation between
photoconductivity and PR time responses are discussed in the
Photoconductivity and response times section. PR response in a
centrosymmetric environment section summarizes studies on
asymmetric energy transfer in centrosymmetric media developed over
the past two decades. Optical applications of organic PR polymer
composites are summarized in the Optical applications section. The
final section, Conclusions and future perspectives section, concludes
this review and addresses future research directions and perspectives.

PR PHENOMENA AND MECHANISMS

The PR effect is a NLO effect based on the first-order electro-optic
effect, also known as the Pockels effect. Pockels effect is well known as
a nonlinear change in the refractive index of a noncentrosymmetric
material that is induced by a DC field. In general, the PR effect appears
in materials that are irradiated by coherent interference beams. In the
bright region of an illuminated region, the charge carriers are
separated via photo-excitation of photoconductive polymers and
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sensitizers. Upon illumination, hole and electron charge carriers are
separated under an applied electric field, and the hole carriers usually
move through transport manifolds with assistance from the electric
field and are captured by traps in dark regions. Space charge fields
between electron charge carriers stay in the bright regions, and hole
charge carriers are formed in the dark regions to induce changes in
refractive indices via the Pockels effect. Resultant changes in refractive
indices are periodically formed. A schematic diagram of the PR effect
in materials is illustrated in Figure 1. Optical diffraction is measured
from induced refractive index modulation. As shown in Figure 1,
refractive index modulation shifts from the interference illumination
pattern, which generates a unique PR optical amplification property as
a result of asymmetric energy transfer.

By using the coupled wave theory developed by Kogelnik,>® optical
diffraction for p-polarized probe beam # is defined as

, [tdAn cos (0 — 04) (1)
A/ cos 0 cos Op

where d is the sample thickness, 4 is the laser wavelength, and 04 and
Oy are the internal angles between the normal to the sample surface
and the A and B beams, respectively. From this relationship, the
refractive index modulation amplitude An of the PR composite can be
evaluated.

Optical gain I is related to An through Equation (2),%’

n = sin

I= %(éyeé)AnsinqS (2)

where é; and é, are the polarization unit vectors of the two writing
beams, and @ is the phase shift between a refractive index modulation
and an illumination pattern.

PR performance is generally evaluated using optical diffraction and
optical amplification due to asymmetric energy transfer. The above
diffraction efficiency # is a measure of optical diffraction, and optical
gain I' is a measure for optical amplification. In addition to these
steady-state values, the response rates (inverse of response times) of
these quantities are also important for evaluating PR dynamics. To
evaluate PR dynamics, the time responses of these quantities can be
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Figure 1 Schematic diagram of the photorefractive phenomenon.
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evaluated using a stretched exponential function of Kohlrausch-
Williams-Watts (KWW), as shown in Equations (3a) and (3b)3®

a0
)

where ¢ is time, 7 is the steady-state diffraction efficiency, Iy is the
steady-state optical gain, 7 is the grating build-up time, and f is the
parameter related to the deviation from single exponential behavior
(0 p<1). Bi-exponential fittings of Equations (4a) and (4b) are also
widely used,?®
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where 7; is the fast component of response time, 7, is the slow
component of response time, and p is the contribution of the fast
component (0<p<1).

The average response time of a bi-exponential fitting is usually
nearly equal to the KWW response time: pt; + (1 — p)t, & 1. We can
compare these data with each response time. Diffraction efficiencies
and optical gains are usually not affected by the intensity of the laser
used for illumination, but the response times for these quantities are
significantly affected by laser intensities.> Thus, a universal measure is
required to characterize PR performance; sensitivity (S) defined as

vV ”ext
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(32)
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(3b)
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is used?” where I is the total intensity of the writing laser beam and L is
the thickness of the PR composite film. Here, 7y is the external
diffraction efficiency defined by

) (©)

cos 0

next = exp(

where « is the absorption coefficient.

Typical PR quantities for different types of PR polymer composites
in the literature are summarized in Table 1.3%*1-30 Usually, diffraction
efficiencies and response times have electric field and wavelength
dependencies. Furthermore, glass transition temperatures (T,) also
affect these quantities. Therefore, as noted by a previous study,*’
a true comparison is difficult because of the different experimental
conditions, such as film thicknesses, wavelengths employed, the
applied electric fields and the Tgs of the corresponding PR composites.

The Kukhtarev'* model predicts the space-charge field Egc:

1/2
E2 + EZ
|E5(j|qu % (7)
E3 + (Eq+ Ep)
where Ep, is the diffusion field (Ep=KgkT/e; Kg is the grating wave

vector, k is Boltzmann constant, T is the absolute temperature and e is
the electronic charge). The Kukhtarev!# model also predicts the phase



shift @ between refractive index modulation and an illumination
pattern:
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The trap-limited space-charge field E; can be related to the number
of density of traps, N, as follows:

2
tan P = {E—D(1+E£+ Ey >] (8) _ Nt (9)
E0 Eq EDEq 1 ErE'oKG

Table 1 Typical photorefractive data for different types of photorefractive composites reported in the literature
Material composition (wt%) A (nm) | (Wem=2) E(Vum=1) NWhext (%) o/~ (ms/s=1) S (cm?J-1) Ref.
PTAA/PDCST/TAA/PCBM/AIq3 (43.5/35/20/0.5/1) 532 0.535 60 83 0.86/1162 437 4
PTAA/PDCST/TAA/PCBM (44.5/35/20/0.5) 532 0.427 45 47.0/1.6 10.2/98 29 42
PDAA/7-DCST/BBP/PCBM (55/40/4/1) 532 0.172 25 33 267/3.3 13 43
PVK/7-DCST/ECZ/TNF (44/35/20/1) 532 0.17 45 91 230/4 11 44
PTPA-g-PEA/DEADCST/TNF (90/9/1) 632.8 0.12 50 2.8 8/125 158 45
PATPD/7-DCST/ECZ/Cgq (49.5/35/15/0.5) 632.8 1 55 85 8/125 104 46
PTAA/PDCST/TAA/PCBM (44.5/35/20/0.5) 632.8 1.5 45 16.6/10.3 5/200 43 42
Poly-TPD/P-IP-DC/BBP/PCBM (54/30/15/1) 632.8 0.06 30 67 334/2.9 38 47
PTAA/7-DCST/ECZ/PCBM (44/35/20/1) 632.8 1.5 20 6.4/5.1 11.3/88 13 39
P-THEA/DEANST (70/30) 632.8 0.13 50 5.4 220/4.5 7 48
TPD-PPV/AZO/DPP/PCBM (56/30/13/1) 830 0.64 60 1 8/125 19 49

Abbreviations: AZO, azo dyes; BBP, benzylbutylphthalate; DCST, aminodicyanostyrene; DEANST, 4-(N,N-diethylamino)-p-nitrostyrene; DEADCST, 4-N,N-diethylamino-,B-dicyanostyrene; DPP,
diphenyl phthalate; ECZ, N-ethylcarbazole; PATPD, polyacrylic TPD; PCBM, 6,6-phenyl-C61-butyric acid methyl ester; PDAA, poly(4-diphenylamino)benzyl acrylate; PDCST, 4-piperidinobenzylidene-
malononitrile; PTPA-g-PEA, polytriphenylamine-graft-poly(ethyl acrylate); P-IP-DC, 2-{3-[(E )-2-(piperidino)-1-ethenyl]-5,5-dimethyl-2-cyclohexenylidene}-malononitrile; P-THEA, polymer containing a
thioxanthene unit; PTAA, poly(bis(4-phenyl)(2,4,6-trimethylphenyl)-amine); TNF, 2,4,7-trinitrofluorenone; TPD, tetraphenyldiaminophenyl; TAA, (2,4,6-trimethylphenyl)-diphenylamine; TPD-PPV, Poly

(arylene vinylene) copolymer.
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Figure 2 Structural formulae of photoconductive polymers and molecular glasses for photorefractive composites.
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Figure 2 Continued.

where ¢, is the dielectric constant, and & is the permittivity in
vacuum.

MOLECULAR DESIGN OF PR POLYMERS

As mentioned above, photoconductive properties and second-order
optical nonlinearity are required to fabricate PR polymers. PR
polymers basically consist of photoconductive polymers, optical
sensitizers, NLO chromophores and plasticizers.

Photoconductive polymers
The structural formulae of photoconductive polymers and molecular
glasses are summarized in Figure 2.

Carbazole-based polymers and molecular glasses. PVK (or PVCz) is a
well-known photoconductive polymer. PVK has extensively been
investigated as an organic photoconductor for use in copy machines
and laser (recently light-emitting diode) printers. PVK, a pioneer
photoconductive polymer, has also extensively been studied for use as
PR host polymers. Many studies on the PR performance of materials
based on PVK have been reported over the past two decades.
Zhang et al®® reported the PR performance of a PVK-based
polymer composite with DEANST as a NLO dye and fullerene
as a sensitizer. An almost complete diffraction efficiency of

86% and optical gain of more than 200 cm™! were reported

Polymer Journal

in a PVK/2,5-dimethyl-4-(nitrophenylazo)anisole (DMNPAA)/N-
ethylcarbazole (ECZ)/2,4,7-trinitrofluorenone (TNF) PR system.!> A
response time in the order of milliseconds for two beam-coupling
measurements was first reported in PVK/7-aminodicyanostyrene (7-
DCST), 4-piperidinobenzylidene-malononitrile (PDCST), 2-[4-bis(2-
methoxyethyl)amino]benzylidene]malononitrile (AODCST) or 2-[[4-
(diethylamino)-2-(trifluoromethyl)phenyl]methylidene] propanedini-
trile (TDDCST)/benzylbutylphthalate (BBP)/Cqy PR systems at an
extremely high electric field of 100 V um™! and under an illumination
of 1 Wcm™2.38 A fast response time of 20 ms was observed for a PVK
PR composite.’! A polyacrylate PR composite with carbazole as a
pendant group was designed, and its PR performance was found to be
almost identical to a PVK-based PR composite.> A PR molecular glass
of a multifunctional conjugated carbazole trimer (Figure 2) was also
designed, and an optical gain of 35.0 cm™! (net gain of 26.8 cm™!) was
recorded under E=33V um~! at 532 nm.>> PR molecular glasses of
star-shaped molecules end-caped with carbazole moieties (Tris and
Tetrakis in Figure 2) were designed; in transmission mode, diffraction
efficiencies in the range of 40-60% and optical gains in the range of
50—75 cm™! were observed,’* and in reflection mode, a net optical gain
of 33 cm™! was obtained at 57.7 V um~! for a Tetrakis composite.”
Recently, enhanced PR performances of poly(methyl-3-(9-
carbazolyl)propylsiloxane) ~ (PSX-Cz)-based composites through
surface plasmon effects of gold nanoparticles were reported.”® Surface



plasmon resonance of gold nanoparticles enhanced their photo-
conductivity and PR response. Off-resonance photosensitized PR
properties were investigated for PVK/AODCST/ECZ composite with
quantum-dot PbS nanocrystals,”” and a large optical gain of 211 ¢cm™!
was obtained.

Triphenylamine-based polymers. Extensive studies described above
on PVK-based PR polymer composites have been performed over
the past two decades. However, the average response time for optical
diffraction and optical amplification in PVK-based PR composites has
been limited to a couple of tens or hundreds of milliseconds in order
response times under moderate electric fields. This is ascribed to the
low hole mobility, which is on the order of 1077-107° cm? V=1 571, for
PVK pristine polymers. An ionization potential (I,) of 5.9 eV was
observed for PVK (Ionization potential of PVK is measured by
photoelectron yield spectroscopy in air using an AC-3 spectrometer
(Riken Keiki)).

Similar to the PVK- and Cz-based polymers, triphenylamine (TPA)
and tetraphenyldiaminophenyl (TPA dimer, TPD) moieties can also
be used as hole transport manifolds. An ionization potential (I,) of
TPA was reported to range from 5.30°® to 5.70eV (Ionization
potential of TPA is measured by photoelectron yield spectroscopy in
air using an AC-3 spectrometer (Riken Keiki)), which is lower than
that of PVK. Thus, fast hole mobility was expected.
A polymer with a TPD moiety was shown to have hole mobility in
the range of 107°-107* cm? V! s71.5 PR responses and applications
for the polyacrylic TPD (PATPD)-based PR composites have
been extensively investigated.*® The responses and applications of a
PF6-TPD PR composite have also been investigated.®

Another type of TPA-based PR polymer has also been investigated.
The PR response of a vinyl polymer of a TPA moiety directly attached
to the backbone, poly(4-diphenylamino)styrene (PDAS), was com-
pared with that of a PVK-based corresponding polymer.®! PDAS had a
hole mobility in the range of 1074-10"% cm? V! s™1. PDAS/7-DCST/
diphenyl phthalate (DPP)/TNF showed a decreased growth time
of 0.4s for optical diffraction, which was faster than that of
PVK/7-DCST/DPP/TNF and had a growth time of 1.2 5.5 The PDAS
composite also had a faster rise time and a larger intensity for
photocurrent compared to the PVK composite.! By changing the
sensitizer from TNF to PCBM, the NLO dye from 7-DCST to FDCST,
and the plasticizer from DPP to ECZ, the diffraction efficiency of
PDAS/2-(4-(azepan-1-yl)-2-fluorobenzylidene (FDCST)/ECZ/6,6-phe-
nyl-Cé1-butyric acid methyl ester (PCBM) improved by 35% and had
a response time of 39 ms at 45V pm™ !, allowing a demonstration of
real-time recording and simultaneously displaying a two-dimensional
(2D) holographic images.®> Furthermore, these changes improved the
optical diffraction by up to 90% using the same composites.®®

The development of polyacrylic TPA-based PR polymers has also
been reported.*»** A high diffraction efficiency of >80% at moderate
electric field of 40 V pm ™~ ! was achieved for a poly(4-diphenylamino)
benzyl acrylate (PDAA)-based PR polymer, PDAA/7-DCST/BBP/
PCBM.#*%* The authors also demonstrated a clear and updatable 2D
hologram recording, and simultaneously reconstructed it in real time
at a low electric field of 25V pm 1.4

Another type of PR polymer with TPA in the main chain is a graft
copolymer, consisting of a poly(triphenylamine) backbone, poly(ethyl
acrylate) branches®® and a methyl-substituted poly(triarylamine),
also known as poly(bis(4-phenyl)(2,4,6-trimethylphenyl)-amine)
(PTAA).3%4142 PTAA features large hole mobility in the range of
107321072 cm? V-1 571, However, due to this high hole mobility,
it has a large amount of dark conductivity, which easily leads to
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Figure 3 Plots of dark current as a function of an electric field with and
without a self-assembled monolayer (SAM) interlayer on ITO. Reproduced
from Kinashi et al.3% with permission from Elsevier.

dielectric breakdown and limits the applying voltage. This dielectric
breakdown is caused by the narrow width between the Fermi level (Eg)
of indium tin oxide (ITO), —4.8¢V, and the highest occupied
molecular orbital (Egono) of PTAA, —5.2 eV. Kinashi et al. success-
fully modified Ep by adding a self-assembled monolayer onto an ITO
electrode. The resulting Er was —4.3 eV, which significantly sup-
pressed the dark current, as shown in Figure 3.3 The PR composites
of PTAA, 7-DCST, ECZ and PCBM gave rise to a diffraction efficiency
as low as a few percent with a response time of 11.3 ms under an
applied electric field of 25V pm™! at 632. 8 nm. Modification of the
NLO chromophore from 7-DCST to PDCST, and altering the
plasticizer from ECZ to TAA achieved a diffraction efficiency of
16% with a response time of 5ms, resulting in a sensitivity of
43 cm? ]! under an applied electric field of 45V pm~! at 632.8 nm.*?
Further improvements in the response time (860 ps), the diffraction
efficiency (83%) and sensitivity (437 cm?J~!) were achieved by
adding Alqs as a second sensitizer.*! The added Alqs; coordinated
with the charge transfer (CT) complex between PTAA and signifi-
cantly suppressed the excess photocurrent, which played a significant
role in achieving high PR performances. Rapid cycling of the PR
responses at 100 Hz was performed. Figure 4 shows the asymmetric
energy transfer signals when a rectangular field of 60 V um™! was
externally applied at 100 Hz; a response time of 350 ps and decay time
of 200 ps were observed.

Sensitizers

Sensitizers are the important component in PR polymer composites
because they strongly assist the generation of charge carriers through
photo-excitation. Almost all photoconductive polymer materials are
p-type hole-conducting materials; thus, most sensitizers are n-type
electron acceptors, as shown in Figure 5. The charge carriers are, in
some cases, generated through light absorption by a sensitizer and are
also generated through photo-excitation of the CT complex between a
p-type host photoconductor and an n-type sensitizer. Charge carrier
photogeneration via a CT complex between PVK and TNF has
extensively been studied in the field of organic photoconductor in
the 1960s and 1970s.°%% In the early stages of studies on organic
photorefractivity, fullerene (Cqp) was used as a useful n-type
sensitizer.®” Doping of only 0.2 wt% of Cy drastically increased DC
photoconductivity, the grating growth rate, and the diffraction
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Figure 4 Left: sequence response of the optical gain for a PTAA PR composite upon applying a rectangular field at a frequency of 100 Hz. Right: one cycle
response; a response time of 350 ps and a decay time of 200 ps. Reproduced from Tsutsumi et al.*! with permission from the Optical Society of America.

efficiency by a factor of 20.%7 Sensitization by Cy led to a small
increase in the carrier generation efficiency and a large increase in
optical absorption of photons at an operating wavelength of 647 nm.®’
Sensitization by an ionic dye, thiapyrylium, was investigated in PVK
PR composites.®®% Thiapyrylium dye is known to be formed as an
aggregate with bisphenol A polycarbonate.”%”! The aggregates changed
the absorption peak from 590 to 700 nm, which placed the PR
potential in the near-infrared region.®®®® By using a 703-nm laser, a
diffraction efficiency of 2% and optical gain of 7 cm™!
observed.®®% The J-aggregate of the carbocyanine dye shifted the
absorption peak from 570 (for non-aggregate) to 670 nm, and the
polyimide sensitized by the J-aggregate of the carbocyanine dye gave
rise to a large optical gain of 218 cm ™! (net gain of 143 cm ™~ !) with a
20 ms response.”> The optical gain and response time of the PVK PR
composite sensitized with a monolithic compound of TNF—Cg, was
compared with that sensitized with Cgy.”>7* The response time was
faster but the optical gain was reduced.”* The PR performance of PVK
sensitized with quinone derivatives, including 2,3-dichloro-5,6-
dicyano-p-benzoquinone (DDQ), 2,3,5,6-tetrachloro-p-benzoquinone
(chloranil), 2,5-dichloro-p-benzoquinone (CL,Q), p-benzoquinone (BQ),
2,6-dimethyl-p-benzoquinone (MQ) and 1,2,4,5-tetracyanobenzene
(TCNB), was compared with that sensitized with TNF.”> In the series
of quinones, a larger photocurrent resulted in a larger number density
of traps and faster response rate.”> The following PR performance of
PVK sensitized with phthalocyanines was reported: high diffraction
efficiency of 91%, an optical gain as large as 350 cm ™! and a response
time of 100 ms.”® The most remarkable observation was that a very
small amount of a sensitizer (0.06 X 107 mmol mg™!) was needed to
give high performance, which suppressed the absorption loss and
aggregation.”® A series of near-infrared-sensitive PR composites based
on PF6-TPD sensitized by fullerene derivatives was reported. When
the reduction potential of fullerene derivative was lowered by 400 mV,
the response time was found to be faster by one order of magnitude;
other physical parameters remained identical.®® The PR performance
of a PVK-based composite sensitized by graphene was presented. No
improvements in PR performance were observed due to the consider-
able amount of light scattering in the medium.”” The PR performances
of a graphene-sensitized PATPD PR composite were compared with

were
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that sensitized by a conventional fullerene derivative of PCBM. The
addition of graphene laminates to a PR composite gave a threefold
enhancement in the space-charge field build-up time.”® By adding
second electron traps consisting of tris(8-hydroxyquinoline) alumi-
num (Alqs), a larger optical gain, higher diffraction efficiency and
faster response time were observed at lower voltages for a PATPD-
based PR composite with PCBM. Toughness against dielectric break-
down was also improved; investigations on the grating dynamics
revealed the presence of competing gratings, and a bipolar charge
transport model was found.” Tsutsumi et al. also investigated the
effect of Alqs on the PR performance of a PTAA-based PR composite
with PCBM. A small amount of Alg; significantly improved the
toughness of the material against dielectric breakdown, which led to a
faster response time in the order of hundreds of microseconds.*! The
PR performances of perylene bisimide (PBI) and a dimer of PBI
(DiPBI)-sensitized PVK PR composites were compared with that
sensitized with PCBM. Photoconductivity was increased by a factor of
120 and 32 for the PBI and DiPBI-sensitized samples, respectively, and
a 1/4 amount of the DiPBI-sensitized PVK doubled the optical gain
and increased the PR speed by 39 times compared to a PVK PR
composite synthesized with PCBM.3° The PR performance of the PBI-
sensitized PDAA composite was investigated. PDAA with small
amount of PBI (0.1 wt%) effectively formed the CT complex, which
enhanced PR performance.®!

NLO dyes

The photoconductors and sensitizers discussed above were used to
produce the charge carriers (holes and electrons) upon the inter-
ference of light illumination under an external electric field. Positive
charge carriers (hole) separated in the bright region commonly
transport through hole transport manifolds and are trapped in dark
regions of PR matrices. Redistribution of the charge carriers (holes and
electrons) form space-charge field modulation with assistance of the
external electric field in the PR matrix. The primary role of a NLO
chromophore is to provide refractive index modulation through
space-charge modulation. Numerous efforts have been made during
1980s and 1990s to develop a new class of NLO chromophores based
on m-conjugated molecules for optimizing the optical nonlinearity
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Figure 5 Structural formulae of the sensitizers used to generate photorefractive composites.

of electro-optic polymers.®? In such cases, large second-order polariz-
ability (first hyperpolarizability), f, and the dipole moment of the
ground state, y, were found to be important parameters for the
development of larger second-order optical nonlinearity. In this case, a
figure of merit (FOM) was defined as

up
FOM =2
M

(10)
where M is the molecular weight, y is the ground-state dipole moment
and f is the first hyperpolarizability (second-order polarizability). The
n-conjugated molecules were end-capped with an electron-donating
substituent group and an electron-accepting substituent group to
enhance the larger second-order optical nonlinearity. When the

photorefractivity of the organic PR polymers is attributed solely to
the Pockels effect, like inorganic PR crystals such as LiNbOs3, larger
second-order optical nonlinearity of the NLO chromophores become
a target for developing better PR properties. This approach is valid for
PR polymers with high T,s. However, in the early stages of the
invention of PR polymers, the photorefractivity of low Ty matrices was
found to be enhanced by the birefringence effect due to the orientation
of NLO chromophores.8> The PR refractive index modulation was
determined to originate from the electro-optic effect (Pockels effect)
and the birefringence due to polarization anisotropy of the NLO
chromophores. Thus, instead of using FOM in Equation (10), which
uses the linear and NLO polarizabilities of NLO chromophores,
another FOM of NLO chromophores was introduced and was
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defined as®

FOM = FOMBR + FOMEO =

1 [212Aa
M( kT +9“ﬁ>

where Aa is the polarizability anisotropy, k is Boltzmann constant and
T is the temperature.

Linear and nonlinear polarizabilities are simply calculated using a
sum-over-states (SOS) method:%

(11)

2 2
y = o s

Ege hCo

(12)

. GHaBr _ 6u§gAM§g
Eée (hCO)2

(13)

where j,4 is the transition moment, Ay is the difference of the dipole
moments between the first excited and ground states (Ap = pie—g, pe:
the dipole moment in the first excited state, yg: the dipole moment in
the ground state), Eg, is the band gap, 4, is the absorption maximum,
h is Planck’s constant and ¢ is the speed of light in a vacuum.
In one-dimensional NLO chromophores, the tensor component of
linear polarization in the dimension of the molecular axis is much
larger than perpendicular components, and thus Aa=ra is satisfied.
Experimental transition moments are calculated through integration
of the absorption spectrum of the corresponding NLO chromophores.
The dipole moment in the ground state and the difference of the
dipole moments are calculated using electro-optical absorption
measurements. 30

Polarizability anisotropy Aa, the ground-state dipole moment y and
the first hyperpolarizability f are significantly affected by structural
modifications due to changes in the electron-donating and -accepting
substituent groups. The two terms of FOM of the NLO chromophores
with various m-conjugated structures with different electron-donating
and -accepting substituent groups were individually evaluated as a
function of the resonance parameter ¢> for two basic resonance states
of push-pull chromophores, a neutral polyene limit (D-A, ¢?=0),
cyanine limit with 2 =0.5, zwitterionic limit (betaine type, D¥-A",
2=1)%68687 and as a function of n-bond-order alternations
(BOAS)_27,88,89

For m-conjugated molecules with single-double bond series, bond-
length alternation (BLA) is defined in terms of the difference between
the average lengths of single bonds and that of double bonds, which is
significantly related to the optimized geometries.8>%° BOA is defined
as the difference between the average n-bond orders of the same two
sets of bonds.3>* BLAs and BOAs are commonly found to have the
following values: BLA=0.1 A and BOA=-0.65 in neutral polyene
limits; BLA=0 A and BOA=0 in cyanine limits; and BLA=-0.1 A
and BOA =0.65 in zwitterionic limits.

Hag = (1 — CZ)I/ZA (14)

Ap=(1-22)A (15)

By = A (16)
In the above equations, A is the difference between the dipole
moments of the neutral and the zwitterionic states, which are equal
to the maximum change of the dipole upon excitation in a given
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system.3* Equations (11)—(15) give Equation (17):3¢

1 A
¢=5l1-
(4H§g + Auz)

Commonly used PR NLO molecules are summarized in Figure 6.
Electro-optical quantities for various NLO chromophores are listed
in Table 2. The value of FOM is plotted as a function of the
resonance parameter ¢® for the corresponding NLO chromophores in
Figure 7. The solid curve is calculated using Equation (11) with
Equations (12)—(15). The same types of plots were reported by
Wiirthner’s group.8®87 Kippelen et al3® also plotted the two terms
of FOM and FOM as a function of BOA. The product of uf was
shown to have two extrema with a positive maximum (at 0<c<0.5,
-0.65<BOA<0), a negative maximum (at 0.5<<1,
0<BOA<0.65) and zero at the cyanine limit (¢?=0.5, BOA=0).
Polarizability was found to have a maximum at the cyanine limit
(2=0.5, BOA=0). As listed in Table 2, the first term, FOMgp, due to
the birefringence was more than ten times larger than the second
term, FOMg(, due to the electro-optic effect. Thus, it was concluded
that the polarization anisotropy of NLO chromophores due to the
birefringence is usually dominant for the refractive index modulation.
Namely, the contribution of the hyperpolarizability term due to the
electro-optic effect (Pockels effect) was far outweighed by the
contribution of the linear polarization term due to the birefringence
of the NLO molecule by the space-charge field (molecular orientation
enhancement).26-27:86-89

Beyond the cyanine limit (c>0.5, BOA>0), some problems have
been noted:2®%” high-melting crystalline solids are generated, which
lead to difficulties of dissolving the materials in rather non-polar
polymeric matrices. Then, the molecular design around cyanine limits
offers better NLO chromophores for enhanced PR performance.

(17)

Plasticizers

As discussed in NLO dyes section, the orientation of NLO chromo-
phores plays an important role for PR polymers (orientational
enhancement of the PR effect®?); thus, the T, of a PR polymer matrix
should significantly affect PR properties. Plasticizers are commonly
used to control the Ty of PR polymers. Figure 8 summarizes
the commonly used plasticizers. In PR polymers, photoconductive
plasticizers such as ECZ,!1>3%446263  carbazoylethylpropionate
(CzEPA),*45291 TPA, 02063 2,4,6-trimethylphenyl-diphenylamine
(TAA)*42 and (4-(diphenylamino)phenyl)methanol (TPAOH)% have
been commonly used. Photoconductive plasticizers with long alkyl
chains, such as 9-(2-ethylhexyl)carbazole (EHCz),”> have also been
used. Other common plasticizers, such as BBP,*»2927%* tricresyl
phosphate (TCP),>>93%* DPP>29%% and dicyclohexyl phthalate
(DCP),?3%* are often used.

ECZ, CzEPA and EHCz are carbazole derivatives, and these
compounds are used with PVK and PATPD. EHCz is used as a liquid
plasticizer. TPA is used with PDAS. TAA is used with PTAA. TPAOH
is used with PDAA. Common plasticizers can be used with either of
the polymers.

Fully functionalized organic PR materials

PR polymers are based on p-type photoconductive host polymers
mixed with a NLO dye, a small amount of an n-type sensitizer, and a
plasticizer. However, the polymer mixtures sometimes suffer from
phase separations during long-term use. To avoid this inconvenience,
fully functionalized, multifunctional or monolithic-type PR polymers
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Figure 6 Structural formulae of NLO chromophores used to generate photorefractive composites.

Table 2 Electro-optical quantities for NLO chromophores and FOM values calculated by Equation (11)

NLO 4 Aa B FOMgp FOMeo
chromophore 2 (1073%cm) (10-°cmiVv-1) (10-%0 cm3V-3 M(gmol-1)  (10-74C2m* V-2 kg=! mol) (10-76 2 m* V-2 kg1 mol)
F-DEANST= 0.12 21 22 78 238 0.197 6.19
DMNPAA: 0.16 21 22 56 269 0.174 3.93
PDCST® 0.22 29 25 52 237 0.429 5.73
ATOP- 0.45 47 55 27 427 1.37 2.67
Betaine type? 0.58 54 66 -61 361 2.58 -8.21

Abbreviations: ATOP, 1-alkyl-5-[2-(5-dialkylaminothienyl)methylenel]-4-alkyl-[2,6-dioxo-1,2,5,6-tetrahydropyridine]-3-carbonitrile; DMNPAA, 2,5-dimethyl-4-(nitrophenylazo)anisole; FOM, figure of
merit; F-DEANST, 3-fluoro-4-N,N-diethylamino-p-nitrostyrene; NLO, nonlinear optical; PDCST, 4-piperidinobenzylidene-malononitrile.

aElectro-optical data are taken from Wiirthner et al.8”
bElectro-optical data are taken from Wortmann et al.134

and molecular glasses have been designed. Irrespective of the
usefulness of these systems, the complexity of their syntheses and
the reduction in the variations of their molecular design have limited
the progress of research. Among these materials, monolithic PR
polymers have been incorporated with photoconductive and nonlinear
moieties into a single backbone as a solution for preventing such
issues. In 2000, a review article was published discussing the progress
of this research.?!

Fully functionalized polymers. PR polymethacrylates functionalized
with carbazole moieties and three types of NLO moieties are shown in
Figure 9. A diffraction efficiency of 60% and an optical gain of
57 cm™! were observed for the functionalized polymer having R3
NLO moiety with 1 wt% (2,4,7-trinitro-9-fluorenylidene)malononi-
trile (TNFDM) under E=58 V um~! at 780 nm.”> The PR perfor-
mance of a series of PR polymethacrylates containing carbazoles and

Disperse Red dye moieties was investigated at 780 nm. An optical gain
coefficient of 140 cm~! was measured with incorporation of a
TNFDM sensitizer.”® Low-T, PR polyacrylates with carbazole and
NLO moieties as pendant groups were designed. For these polymers,
an optical gain coefficient of 122 cm ™! was obtained using 2 wt% of a
TNF sensitizer at E=85V pm ~ 1.7 Monolithic methacrylate polymers
containing carbazole and dicyano-aminostyrene moieties through
spacers (Figure 10) were synthesized using an analogous polymeriza-
tion reaction. However, this led to an undesired side reaction that
formed anhydride groups in the polymer backbone. Despite the
presence of this undesired side reaction, the resulting monolithic
polymer showed long-term stability.*®

PR polysilanes functionalized with N-methyl-p-nitroaniline, as
shown in Figure 11, were designed. An optical gain coefficient of
18 cm~! was observed with the use of a Cgy sensitizer under
E=48Vpm~! at 633nm.” Low-Ty PR polyacrylates containing
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3-(6-nitrobenzoxazol-2-yl)indole as monolithic chromophores were
also designed. For these polymers, a diffraction efficiency of 5.18% and
optical gain of 27.4 cm~! (net optical gain: 15.0 cm ') were observed
with the use of 1 wt% of a TNF sensitizer under E=60V pm ! at
632.8nm (60.7 mW cm2).'% Conjugated poly(phenylenevinylene)s
incorporated with NLO chromophores as pendant groups were
copolymerized with a small amount of macrocyclic zinc complexes
(polymers 1, 2 and 4 in Figure 12). Optical gains of 47.7, 54.2 and 93.6
cm™! (net optical gain: 35.5, 17.2 and 83.3 cm™!) were obtained
under a relatively low electric field of 45V pm™ at 632.8 nm for
polymers 1, 2 and 4, respectively. Response times of 4.7, 0.45 and
0.094s were obtained under E=60V pum~! with illumination

Betaine type

FOM (107 C* V2 m* kg 'mol)

Figure 7 Plots of FOM of NLO dyes as a function of ¢2. Solid curve was
calculated using Equations (11)-(15) and (17). A full color version of this
figure is available at Polymer Journal online.

(2x 1.6 mW cm~2) at 632.8 nm for polymers 1, 2 and 4, respectively.
Diffraction efficiencies between 10 and 23% were measured, and a
higher diffraction efficiency of 23% was observed for polymer 4.1 PR
poly(p-phenylene-thiophene)s attached NLO groups (Figure 13) were
designed. This PR polymer did not require the use of any photo-
sensitizers, and an optical gain of 158 cm~! at E=50V pm~! and a
diffraction efficiency of 68% at E=46Vum™' were observed.!??
Multifunctional PR polyacrylates bearing five different monolithic
chromophores (Figure 14) were designed. These monolithic chromo-
phores consisted of carbazole and nitro groups, which were directly
connected (PCzN) and bridged via azobenzene (PCzAN), stilbene
(PCzSN), benzoxazole (PCzBN) and cyanostilbene (PCzCSN) groups.
PCzN, PCzAN, PCzSN and PCzSCN gave positive optical gains,
whereas PCzBN generated a negative gain. The authors attributed
these phenomena to differences in the hole and electron mobilities.!%>

Fully functionalized molecular glasses. A PR molecular glass consisting
of a multifunctional conjugated carbazole trimer (Figure 2) was
designed. An optical gain of 35.0 cm~! (net gain of 26.8 cm™!) was
recorded under E=33V pm™! at 532 nm.>®> The PR performance of a
2-dicyanomethylen-3-cyano-5,5-dimethyl-4-(4’-dihexylaminophenyl)-
2,5-dihydrofuran (DCDHF-6 in Figure 15) molecular glass was also
reported. The optical diffraction and gain of this molecular glass were
measured with a Cg sensitizer at 905 nm.!%* PR molecular glasses
consisting of dicarbazole-substituted triarylamine (DCTA) moieties
connected to DCST chromophores via linker molecular chains with
various lengths were designed (DCST-2C-DCTA, DCST-6C-DCTA
and DCST-12C-DCTA in Figure 15). Their T,s decreased and their PR
optical gains increased by twofold starting from the 2-carbon atom
linker to the 12-carbon atom linker.!%

sae

Figure 8 Structural formulae of plasticizers used to generate photorefractive composites.

Polymer Journal



Figure 9 Fully functionalized polymer. Redrawn from an original illustration
in Van Steenwinckel e/ al.95
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Figure 11 Fully functionalized polymer. Redrawn from an original illustration
in Hendrickx et al.?®
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EFFECTS OF MODIFYING MOLECULAR STRUCTURES:
MOLECULAR WEIGHT

A detailed investigation on the effects of altering polymer molecular
weights (M,, and M,) on PR performances was performed for
PVK-based PR polymer composites of PVK/liquid crystal/fullerene
with average M,s ranging from 10000 to 66000 gmol % and
PVK/7-DCST/ECZ/TNF with average M,,s ranging from 23000 to
412000 gmol 1197 and from 23000 to 1270000 gmol 144 An
increase in optical gain was observed with an increase in average M,
for PVK/liquid crystal/fullerene.! Diffraction efficiencies, response
rates and sensitivities all increased with increases in M,,,*»1%7 except
for M,,= 1270 000, as shown in Figure 16. This was attributed to the
dimer cation sites that formed along longer polymer chains in PVK
with higher molecular weights that worked as effective traps for hole
charge carriers.*4107

EFFECTS OF ALTERING GRATING PITCHES

The effect of grating pitches on the optical diffraction, optical gain and
response time of polymers was investigated for PVK/7-DCST/ECZ/
PCBM.* As shown in Figure 17, a distinct increase in optical gain and
decreases in diffraction efficiency and response time were observed
with a decrease in grating pitches. With a decrease in grating pitch, the
phase shift @ between the refractive index modulation and illumina-
tion pattern increased, and the number of density of traps (Nt) and
the resultant trap-limited space-charge field (Eq) decreased.

PHOTOCONDUCTIVITY AND RESPONSE TIMES

The response rate (inverse of the response time) of grating formation
is an important feature for the performance of PR polymers.
For example, this feature is important for video-rate applications such
as dynamic three-dimensional (3D) holographic displays. Grating
formation rates are significantly related to the photoconductivity of
composites. The formation of light-induced grating has theoretically
been investigated for inorganic PR materials by Kukhtarev et al'4
Yeh*® proposed the fundamental limit of the growth time 7 for
grating formation in inorganic PR materials using the following
equation:

o ZEQE‘rESC hw

eAd  oapl (18)

where Egc is the space-charge field, & is Planck’s constant, w is the
angular frequency, A is the grating pitch, ¢ is the photogeneration
efficiency of the charge carriers and I is the incident light intensity.
Here, all the processes of charge carrier transport and trapping are
assumed to occur instantaneously after photogeneration of the charge
carriers.

Alternatively, growth time is defined as the time needed to fill the
traps by the photogenerated holes:

apl
=20 19
= (19)
with
ed
4 2MENEL i (20)
result in the following expression for growth time:'%
2 E h
_ 2neoeEgha (21)
ed  apl

Here, E, is a trap-limited space-charge field and T; is the initial trap
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Figure 12 Fully functionalized polymer. Redrawn from an original illustration You et a/.10!

density in Schildkraut model.'® Equation (20) is equivalent to 10s depending on the applied electric field were measured. In
Equation (9) when T;= Nr. contrast, Equations (18) and (21) predict the response times at a

For PVK-based PR composites of PVK/DMNPAA/TNF, the speed that is one to two orders of magnitude faster than the measured
response times (the growth time in the literature) between 1 and  response times.!1
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Steady-state photocurrent is defined as jyp=op, E, and the
internal photocurrent efficiency ¢py, is written using the following

equation:41,42,78,105
(1) ™ _ ooy 22)
PpnlE) = elal, ~  elal

where oy, is the photoconductivity, E is the applied electric field, & is
Planck’s constant, v is the light frequency, I is the intensity of light,
a is the absorption coefficient and L is the thickness of the PR
composite film.

The internal photocurrent efficiency ¢, (E) is related to the
photocarrier generation efficiency ¢'%® through the following
equation:

eeoE
G =T (23)
where G is the photoconductivity gain factor and T; is the initial trap
density in Schildkraut model.!?®

The response rate 7~ ! can be evaluated from Equation (24) using
Equations (19) and (20):

(pph (E) =

i = Oph. (24)
G &éo

The response rate 7! is related to photoconductivity oph and the
dielectric constant. Namely, Equation (24) shows that the PR response

rate is linearly correlated to photoconductivity.

Ci6Hzs

CgHas Ci6Haa

C15H33\ 12H24
P1:R=CHj P3:m:n=7:3
P2:R=CgHq3
A
X—CN
O
\ CN
NC

Figure 13 Fully functionalized polymer. Redrawn from an original illustration
You et al.192

Photorefractive polymers—molecular design
N Tsutsumi

583

Response times of 4 or 5ms were reported in PVK-based PR
composites of PVK/7-DCST or AODCST/BBP/Cg at an extremely
high electric field of 100V pm~! and under an illumination of
1 W cm ™2, respectively.® The same study also measured the photo-
conductivity of polymers generated with AODCST NLO chromophore
cases; opp =700 pS cm ™! was measured at 100 V um 1. Assuming a
dielectric constant &, of 3.5, Equation (24) predicts 7g=0.44 ms,
which is one order of magnitude faster than the measured response
time of 5 ms. A fast response time of 0.86 ms and an optical diffraction
of 83% were reported at 60 V pum~!, and under an illumination of
0.535 W cm~2 for PTAA-based PR composites of PTAA/PDCST/
TAA/PCBM/Algs.4! A oph value of 8.9 nS cm~! was simultaneously
measured and predicted 7g=35ps at 60 Vpm~! and under an
illumination of 0.535 W cm ~2.4!

In both of the estimates described above, response times (growth
times) that were one or two orders of magnitude faster were predicted.
This denotes that either the photoconductivity of the materials did not
directly contribute to their PR response or that the large photocurrents
limited the formation of effective space-charge fields.*!

‘\_\_\ o NG
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Y N
A
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d—@—O(CHz)nJ{\J—O}CN
N

e

Figure 15 Fully functionalized polymer. Redrawn from an original illustration
Gubler et al.19% and He et al.10°
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Figure 14 Fully functionalized polymers. Redrawn from an original illustration Hwang et a/.193
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In a recent approach, which used a PTAA photoconductive polymer
with a drift mobility in the order of 10~2~1073 cm? V~! 571, Tsutsumi
et al. successfully achieved a fast two-beam-coupling response with a
response time of 350 ps and a decay time of 200 ps. These data were
obtained by applying a rectangular electric field (maximum field:
60Vum™!) at 100 Hz cycling, which corresponded well to the
rectangular response of a photocurrent with a response time of
367 ps and a decay time of 213 ps when the laser beam was cycled at a
frequency of 100 Hz under a constant electric field of 60 V um =141 As
shown in Table 1, the authors also achieved a fast response time of
860 ps with 83% diffraction efficiency. These fast responses were
ascribed to the control of the photocurrent flow using a second
sensitizer (Algs).#! A CT complex between PTAA and Alq; was
believed to suppress the photocurrent flow, which improved the
resulting response time. With a different mechanism, adding Alqs as a
second electron trap improved the PR response of a material with
a depression in the photocurrent.”® The response rates and the
diffraction efficiencies shown in Table 1 are plotted in Figure 18.
Faster response times and high diffraction efficiencies could be
simultaneously satisfied in some PR materials. We are now in a
new stage where the response rates of materials exceed 1000 s~ ! and
have high diffraction efficiencies of over 80%. The next generation
target is the development of materials with response rates that exceed
10000 s~ ! (response time faster than 100 ps).

PR RESPONSE IN A CENTROSYMMETRIC ENVIRONMENT
Asymmetric two-beam coupling is a unique feature of PR materials.
A phase shift (0<®<90°) between an illumination pattern and
refractive modulation causes an asymmetric energy transfer in two-
beam-coupling measurements. In PR media, the refractive index
modulation is caused by Pockels effect based on the phase-shifted
space-charge field. Thus, usual asymmetric energy transfer occurs in
the presence of an external electric field. However, several reports on
asymmetric two-beam-coupling gains without the application of
an external electric field have been reported for carbazole-based
PR polymers,%’%’m’112 azobenzene derivatives in matrices!'!?
carbazole—azobenzene monolithic compound-based PR polymers.
Asymmetric two-beam coupling has also been reported in high T,
non-poled PR polymers with carbazole and azobenzene moieties as
pendant groups.!'” A large optical gain coefficient exceeding 1000
cm~ ! was observed in a sol-gel matrix doped with Disperse Red 1
(DR1) in the absence of an external electric field.!!* Asymmetric
energy transfer was found to occur in centrosymmetric media. A new
model considering the influence of a Poynting vector on a photo-
isomerization process was proposed to explain the asymmetric
two-beam-coupling gain in the sol-gel matrix doped with DRI in
the absence of an external electric field.!'> On the basis of the coupled
wave theory for thick hologram gratings proposed by Kogelnik,¢
Kawabe et al.''®11% reported a possible mechanism for this asymmetric
energy transfer without charge redistribution in the matrix. They
proposed that beam intensity variations, such as asymmetric energy
transfer in a PR medium, could be reproduced if a phase difference
between the refractive index (phase) modulation ¢, and the
absorption (amplitude) modulation ¢, was 90 degrees.'!’

and
114-116

OPTICAL APPLICATIONS

Updatable holographic displays

Updatable holographic displays are one of the most attractive
applications of PR polymer composites. Holograms, which display
full-parallax 3D images, were discovered by Gabor'?? in 1948.
Figure 19 shows the typical schematic diagram of a hologram
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Figure 19 The principle of hologram recording and reading. By courtesy of
Dr HN Giang.

recording and reconstruction. In the recording process, reflected light
from the object and the reference light is interfered in the recording
media (PR film), and the interference pattern is recorded on PR film.
During the reading process, a hologram is reconstructed from the
recording media (PR film) using reading light. People can see
completely reproduced full-parallax 3D images using holography
without wearing any special eyeglasses. Conventional holograms were
recorded on silver halides, photopolymers and dichromated gelatin.!?!
However, these holograms lacked the capability for image-updating.
Recently, PR polymer films have opened a new door for the
development of updatable 3D holographic displays based on dynamic
holography. Large-scale holographic display devices can now be easily
processed, and video-rate PR responses can be achieved. Thus, PR
polymer-based PR devices are highly desired for the development of
real-time 3D holographic display systems.

Peyghambarian’s group at the University of Arizona, USA, demon-
strated the development of updatable 3D holographic displays using a
combination of a PR polymer device and a holographic stereogram
technique.!??7125 They succeeded in developing a long-persistence
updatable hologram system, which could be viewed for minutes to
hours by controlling the T, of the PR polymer device. They recorded
100 hogels for 2—4 min using a holographic stereographic technique to
reconstruct a monochromatic hologram, which could be observed for
3h on a 100 mm X 100 mm PR device consisting of PATPD-CAAN/
FDCST/ECZ (50/30/20 by wt.).!?»123 By using a pulse laser with a
duration time of 6 ns that delivered 200 mJ per pulse at a repetition
rate of 50 Hz, 100 hogels were recorded for 2 s to reconstruct multi-
color holograms on a 300 mm diameter PR device consisting of
PATPD-CAAN/FDCST/ECZ/PCBM (49.5/30/20/0.5 by wt.).!?* The
hologram had a brightness of 2500 cd m™2, reduced laser power of
20 mW CW laser, and reported an improvement in resolution and a
three-color hologram.!?

Tsutsumi et al.'?67128 at the Kyoto Institute of Technology, Japan,
also demonstrated the development of an updatable 3D hologram and
holographic stereogram images using a monolithic compound con-
taining carbazole—azobenzene without a bias-field. In the updatable 3D
holographic stereogram display device, 50-100 elemental holograms
(hogels) were recorded every 300 ms on a device made of a monolithic
compound using a green laser; the recorded 3D holographic stereo-
gram was reconstructed using a yellow—orange or red laser.'?’
Recording and reconstruction of the hologram were operated using
a software called Holographic Stereogram, KIT (Kyoto Institute of
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Technology, Kyoto, ]apan).127 The authors also reconstructed an
updatable hologram of a coin and a 2D hologram of an object image
from a special light modulator using a PVK-based PR polymer
composite of PVK/7-DCST/CzEPA/TNF (44/35/20/1 by wt.).%! Using
the same PR polymer device, they reconstructed a dynamic 2D
hologram with an object image that was supplied from a spatial light
modulator at a refresh time of 1 s using the same PVK PR device,'%?
and a 50 ms response time using a PDAS-based PR composite of
PDAS/FDSCT/ECZ/PCBM (44/35/20/1 by wt.).6>%3 Video-rate upda-
table hologram imaging was successfully demonstrated on a PDAS-
based PR composite because of the higher hole mobility of PDAS,
which was in the order of 10 7#-1073 cm? V157162 2D holographic
images were reconstructed using a 100 mm x 100 mm device that
consisted of a PDAA-based PR composite of PDAA/7-DCST/BBP/
PCBM (55/40/4/1 by wt.).*?

Holographic optical coherence imaging
Holographic optical coherence imaging (HOCI) is based on the
capture of depth-resolved images from a turbid and highly scattered
medium using coherence gating.'** This technique is a non-invasive
imaging tool that can be used to map the depth profile of biological
tissues. Biological tissues usually demonstrate absorbance in the visible
region, but the absorption is reduced in the therapeutic window,
which spans from 600 to 1300 nm.'*! The transparency window of
biological tissues, which is used for biological mapping, is in the near-
infrared region at ~ 700-900 nm. A short-coherence light source, such
as a femtosecond NIR laser, is commonly used. By using coherence-
gated holographic imaging, image-bearing light captured on a PR
polymer medium can be read out as a hologram image in real time
without necessitating any further computational steps. Thus, the
HOCI technique based on PR polymer devices is a method that can
be used for image capturing in a purely optical manner and in real
time, in contrast to optical coherence tomography, confocal scanning
microscopy and HOCI by digital holography.

Volumetric visualization of a 740-pum rat osteogenic sarcoma tumor
spheroid was successfully demonstrated using HOCI with an infrared
femtosecond laser at 830 nm.'*0

PR phase conjugators

PR media have features of phase conjugators, which can produce
phase-conjugate waves of incident electromagnetic waves.'> A phase-
conjugate wave propagates back to a reversed direction in space and is
referred as a time-reversed wave. A phase conjugator can restore a
distorted wave. By using a degenerate four-wave mixing technique, a
distorted image passing through a phase-disordered medium was
interfered with a reference beam in a PSX-Cz/DB-IP-DC/TNF PR
composite!” and a carbazole-azobenzene monolithic compound-
based PR medium.!'® A counter-propagated probe beam could read
out the phase-conjugate wave of the distorted image as a diffracted
wave. A diffracted phase-conjugated distorted image was propagated
back through a phase disorder medium to restore the original wave
front. 116,132

Optical computing and image amplification
PR materials can be used in optical information processing, such as
processing of real-time optical data, detecting image correlations,
optical interconnections, optical neural networks and optical
computing.'?

PR optical gains due to asymmetric energy transfer are a unique
feature that can be utilized to amplify original images. PR composites
consisting of ferroelectric liquid crystals and photoconductive chiral
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compounds were shown to possess large optical gains exceeding
1200 cm™! with a response time of 1ms.!*> Real-time dynamic
amplification of an optical image 30 f.p.s.
demonstrated.!3?

over was also

CONCLUSIONS AND FUTURE PERSPECTIVES

In this report, the molecular design of organic PR polymers was
reviewed. Tremendous work on the investigation of organic photo-
refractivity has been performed over the past two decades. Many
studies have been dedicated to improve PR response times. Response
times were in the order of seconds in the first stage but are now in the
order of hundreds of microseconds for asymmetric energy transfer
and optical diffraction of PTAA PR composites. PTAA was first
developed in the field of organic field-effect transistors. Thus, the
development of materials in different fields will merge together to
trigger the development of newer materials.

Organic sensitizers are important components of organic PR
polymers. Several types of fullerene-based sensitizers have been
developed, and graphene, PBI and DiPBI have been recently intro-
duced as new sensitizers. Among these compounds, a fullerene
derivative of PCBM has been one of the most successful sensitizers.
Many types of organic NLO chromophores have been synthesized for
use in the generation of organic PR materials. In addition to the
electro-optic effect, NLO chromophores are required to possess large
optical anisotropy properties because of the molecular orientation of
NLO chromophores due to the presence of space-charge fields
(orientational enhancement). FOMs including an electro-optic effect
and optical anisotropy were introduced to evaluate the application of
NLO chromophores in PR polymers. However, crystallization of NLO
chromophores in composites degraded the performance of the PR
materials. To avoid crystallization of the NLO chromophores, many
types of NLO chromophores have been designed and investigated.
We have yet to find the most favorable NLO chromophore for use in
PR materials.

Holographic display devices are one of the practical applications of
organic PR polymers. However, the robustness of PR devices in high
electric fields is a key issue for their use in practical applications. In
some types of centrosymmetric materials, asymmetric energy transfer
with extremely large optical gains and high diffraction efficiencies have
been reported. The development of updatable holograms and holo-
graphic stereograms was clearly demonstrated using a monolithic
compound containing carbazole and azobenzene under unbiased
conditions. The use of holographic display devices without bias fields
is very attractive for practical applications.

In parallel to studies on the design of PR materials, fundamental
studies on the hole and electron transport in each manifold of PR
amorphous materials should also be examined because there is a need
for a deeper understanding of these phenomena. For example, the
density of state for hole transport, which significantly affects hole
transport and mobility, has not been directly measured. Future studies
on density-of-state measurements are extensively encouraged.
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