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a b s t r a c t

We investigated the photosensitizers effect on the photorefractive (PR) properties in five poly[methyl-
3-(9-carbazolyl)propylsiloxane] (PSX-Cz)-based PR composites which were doped with various
photosensitizers having each different electron affinity, such as 2,4,5,7-tetranitro-9H-fluorine-9yilden
malonitrile (TeNFM), 2,4,7-trinitro-9-fluorenone (TNF), 9-dicyanomethylene-2,4,7-trinitro-fluorenone
(TNFM), tetracyanoethylene (TCNE), and 7,7,8,8-tetracyanoquinnodimethane (TCNQ). At 632.8 nm, photo-
charge generation efficiencies, photoconductivities, space charge field, four wave mixing diffraction
efficiencies, and PR grating buildup times were measured as a function of external electric field. The
photo-charge generation, which is dependent on the light absorption, was achieved through the charge
transfer (CT) complexes between the PSX-Cz and each of the photosensitizers. The photon energy
of the CT transition decreased with increasing electron affinity of the photosensitizer. In compos-
ites doped with TeNFM, TNF, and TNFM, the space charge field (Esc) increased as the photo-charge
generation efficiency increased; the grating buildup in these composites is rate-limited by the photo-
charge generation speed. In sample doped with TCNE, and TCNQ, the hole mobility was reduced due
to the larger amount of photosensitizer anion traps produced by photoreduction of the photosensi-
tizer. Then, the grating buildup speed became hole mobility limited, and smaller buildup rates were

observed. The magnitude of space charge field was sustained as the charge and trap density increased.
In all composites, the refractive index modulation is increased with the magnitude of space charge
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. Introduction

The photorefractive (PR) effect based on both the electro-optic
ffect and the space charge field formation can be demonstrated
n various organic and inorganic materials such as BaTiO3, LiNbO3,
nd carbazole based polymeric systems [1–3]. Compared to inor-
anic crystals, the polymeric systems have a great disadvantage in
hat they require an electric field far above 10 V/�m for transporting
lectric carriers to form the Esc within polymeric system. Neverthe-
ess, the reasons why the polymeric systems have received a great
eal of attention for a long time are the advantages of excellent PR
erformance, low cost and high processability that allows for man-

facturing various shaped devices. In addition, PR performance can
e readily controlled by changing composition of polymeric system
4].
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During the last decades, using the PR effect, various potential
applications have been demonstrated in holographic data storage
and information processes such as pattern recognition, phase con-
jugation mirror, and optically controlled spatial light modulator
[5–7]. And, it can be used in biomedical application of optical coher-
ent tomography of thick biological tissues [8]. However, until now,
no PR system satisfied all specifications necessary for commercial-
ization. In particular, the slow hologram recording/erasing speed,
PR performance reliabilities, and the low optical sensitivity are con-
sidered the most serious problems. In the holographic information
processing, the fast processing speed is the most important spec-
ification rather than others. On the other hand, as the biomedical
tomography, high optical sensitivity becomes more important for
obtaining distinct information from the weak optical signals scat-
tered from objects such as tissues. It needs a breakthrough in these

two factors, high speed in recording and high optical sensitivity
for the commercialization of polymeric PR systems. For the break-
through, it is important to find key factors determining specific PR
performance, which can be achieved from the accumulation of basic
research on each composite that compose the polymeric PR system.

http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:kimnj@hanyang.ac.kr
dx.doi.org/10.1016/j.jphotochem.2008.11.001
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Both the speed and the sensitivity issues are closely related
ith the Esc formation [9]. It is desirable that the Esc is generated
ith the faster speed and by the lower light intensity rather than

urrent levels. The Esc is formed through the following processes:
he photo-charge generation, the transport and the trap of the gen-
rated charges [10]. The photo-charge generation depends on the CT
ehavior between a photosensitizer and a photoconducting poly-
er. The interaction between the photoconducting polymer and

he photosensitizer leads to a new absorption band that does not
ppear in the spectrum of either component alone. Hence spectral
ensitivity in the visible and the near infrared part of the spec-
rum can be achieved with CT complexes [11]. The CT complex
an be separated into electrons and holes by the electron–hole
eparation distance in the excited state and the magnitude of the
lectric field that is applied over the PR composite. After sepa-
ation of the CT complex into electrons and holes, the holes can
op from one site to another in the photoconducting polymer
ith the aid of a strong electric field [12]. As a result of the trap-
ing process, the trapped charges form a spatially varying space
harge field. Although the trap of charges is very important in the
pace charge formation [13], it is difficult to consider it a control
arameter. Therefore, the photoconducting polymer and the pho-
osensitizer must be key factors for determining the properties of
he Esc.

In this work, photosensitizer effect on the overall PR properties
as investigated from the CT behavior to PR performance in order

o evaluate the importance of the photosensitizer in polymeric PR
omposite. First, the charge transfer complexes between the photo-
onducting polymer and different photosensitizers were examined
hrough UV absorption spectrum, photo-charge generation effi-
iency and photoconductivity. Then, on the basis of these results,
e discussed the relation between the photosensitizer and the PR

erformances such as magnitude of space charge field, modulation
f the refractive index and PR grating buildup time. Experimen-
ally, host photoconducting polymer and nonlinear optical (NLO)
hromophore were fixed and only photosensitizer was varied for
reparing the test composites.

Fig. 1. Chemical structures of the components for the photorefractive composite
tobiology A: Chemistry 201 (2009) 222–227 223

2. Experimental

2.1. Materials and instrumentation

Photorefractive composite was prepared by blending of photo-
conducting polymer matrix, photosensitizer and NLO chromophore
in the ratio of 79:1:20 by wt%, respectively. The photoconducting
polymer matrix, poly[methyl-3-(9-carbazolyl)propylsiloxane]
(PSX-Cz) and the NLO chromophore, 2-{3-[(E)-2-(dibutylamino)-
1-ethenyl]-5,5-dimethyl-2-cyclohexenyliden}malono-nitrile
(DB-IP-DC) were chosen and fixed, because they are chemically
stable, plus their chemical and physical properties have been
well known in literature [14]. In the PR composite preparation,
we used five different photosensitizers; 2,4,5,7-tetranitro-9H-
fluorine-9yilden malonitrile (TeNFM), 2,4,7-trinitro-9-fluorenone
(TNF), 9-dicyanomethylene-2,4,7-trinitro-fluorenone (TNFM),
7,7,8,8-tetracyanoquinnodimethane (TCNQ) and tetracyanoethy-
lene (TCNE), to provide photosensitivity in the 632.8 nm. Fig. 1
shows the chemical structures of the materials used in this study.
PSX-Cz and DB-IP-DC were synthesized using previously described
methods [15]. These photosensitizers were obtained from Kanto
Chemistry Co. and were used after purification by using the
sublimation method.

The glass transition temperature (Tg) of the PR composites
was determined by differential scanning calorimetry (PerkinElmer
DSC7) at a heating rate of 10 ◦C/min. The polymeric PR composites
containing 20 wt% of the DB-IP-DC chromophore showed a Tg in the
range of 26–32 ◦C without the addition of extra plasticizer.

2.2. Sample preparation and measurement

For the PR device fabrication, the mixture (total 100 mg) was

dissolved in 400 ml of dichloromethane and the solution was fil-
tered through a 0.2 �m membrane. The PR composite was cast on
a patterned indium tin oxide (ITO) glass substrate, dried slowly for
6 h at ambient temperature, and then heated in an oven to 90 ◦C
for 24 h to completely remove the residual solvent. The composite

s: photoconducting polymer matrix, chromophore, and photosensitizers.
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Table 1
Photosensitizer type, electron affinity (EA) of the photosensitizer, molecular weight (MW) of the photosensitizer, number of the photosensitizer molecule (mol), absorption
coefficient (˛), photo-charge generation efficiency (˚), photoconductivity (�), grating buildup time (�), and glass transition temperature (Tg) in composites 1–5.

# Photo-sensitizer EA (eV) MW mol (10−6) ˛ (cm−1)b ˚ (10−4)a,b � (pS/cm)a,b � (s)a,b Tg (◦C)

1 TeNFM 2.56 408 2.45 18.0 0.70 1.47 1.95 30.7
2 TNF 2.17 315 3.17 20.5 1.25 2.99 0.49 32.3
3 TNFM 2.42 363 2.75 32.1 1.85 3.52 0.26 29.7
4 TCNE 2.77 128 7.81 35.7 1.89 0.45 5.97 26.8
5 TCNQ 2.84 204 4.90 39.5 2.20 1.09 2.68 26.2
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CT
of the CT transition as shown in the inset of Fig. 2. At 632.8 nm, in
particular, the values of the absorption coefficient (˛) for TeNFM,
TNF, TNFM, TCNE, and TCNQ composites were 18.0, 20.5, 32.1, 35.7
and 39.5 cm−1, respectively.
a Measured at E0 = 60 V/�m.
b Measured at � = 632.8 nm.

as then softened on a hot plate at 100 ◦C, and next sandwiched
etween ITO glasses with Teflon film spacer of 80 �m to yield a
lm with a uniform thickness [14]. The thickness of the active layer
as near 80 �m.

Since optical nonlinearity of our PR composites is based on
he alignment of the rod-like chromophores towards electric field
ithin the composite, it should be sensitive to the measurement

emperature, especially the temperature difference with the near
g of the composites. The measurement temperature of the PR
evices was carefully controlled with a device holder designed in
ur laboratory which can be adjusted from 20 to 50 ◦C with error
ange of ±0.2 ◦C. There was a 1.5 cm diameter hole at the cen-
er of the heating plate of the composite holder. The laser beams
lluminating the composite passed though through this hole. The
omposite temperature was monitored using a thermometer (Fluke
0S), whose probe was placed in contact with the glass plate of the
omposite.

The photo-charge generation efficiencies of the composites
ere determined by using the xerographic discharge technique

15,16]. Under emission-limited conditions, the photo-charge gen-
ration efficiency was independent of the carrier drift velocity
nd was determined only by the generation rate of free carri-
rs [17]. For the photogeneration efficiencies measuring, polymer
ixtures (PSX-Cz:DB-IP-DC:photosensitizer = 79:20:1 wt%) are dis-

olved in a 1,1,2,2-tetra chloroethane and the films are fabricated by
octor-blade technique onto a 2.5 cm × 2.5 cm ITO glass substrate.
ayer thickness (∼3.5 �m) is measured by using the Metricon. The
hoto-charge generation efficiencies of composites were calculated
rom the amplitude of the photovoltage measured by electrom-
ter (TREK model 344) under the wavelength of 632.8 nm light
I = 3.6 mW/cm2) which is 1 cm in diameter.

The photoconductivities of the composites were measured at
wavelength of 632.8 nm using a simple dc photocurrent method.
he current flowing through the composite was measured using the
eithley 6485 during illumination with an intensity of 20 mW/cm2

t an applied field of 60 V/�m [18].
The diffraction efficiency of the PR materials was determined

sing a degenerate four wave mixing (DFWM) experiment [14].
wo coherent laser beams with � = 632.8 nm were irradiated on the
omposite in the tilted geometry at an incident angle of � = 30◦ and
0◦ with respect to the composite’s normal axis. The intensity of s-
olarized writing beams was 30 mW/cm2. The recorded PR grating
as read by a p-polarized counter-propagating beam. An attenu-

ted reading beam with a very weak intensity of 0.1 mW/cm2 was
sed.

The magnitude of the space charge field was measured using the
ethod reported previously [19]. The basic scheme of this method

an be summarized as follows: the chromophore group, which had

reviously been aligned along the external electric field, was reori-
nted by the newly formed Esc. A change in the birefringence was
nduced by the reorientation and was closely associated with the
sc. Using numerical analysis based on the oriented gas model and
he index ellipsoid method, the magnitude of the Esc can be deter-
mined from the birefringence change. Details on this method have
been well described in Ref. [19].

In order to characterize the electro-optic behavior of a given
chromophore, the standard two crossed polarizers setup was used.
The polarization axes of the analyzer and polarizer were set to 45◦

and −45◦ with respect to the incident plane, respectively, and the
composite was tilted by 30◦ from the propagation direction of the
prove beam.

3. Results and discussion

Table 1 shows the electron affinity (EA) and molecular weight
of photosensitizers used in this work. The EA was calculated by
using VAMP-AM1 method in the material studio 4.1 program. All the
photosensitizers were found to form a CT complex with PSX-Cz in
the solid state. The absorption spectra of five composites are shown
in Fig. 2. The five composites had very different absorption spectra
even though they were doped with the same amount (weight%)
of photosensitizer. As expected from numerous studies performed
on CT complexes in solid [20], we observed a linear relationship
between the EA of the photosensitizer and the photon energy (E )
Fig. 2. Absorption spectra of five composites. The increased absorptivity in wave-
length 550–700 nm is assigned to the charge-transfer complex between PXS-Cz and
photosensitizer. Inset: Correlation between the photosensitizer electron affinity and
the optical transition energy of the charge-transfer complex, formed between the
PSX-Cz and photosensitizer. For the composite numbering see Table 1. The line is a
guide to the eye.
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ig. 3. Field dependence of the photo-charge generation efficiency for composite
(open triangles), 2 (open squares), 3 (open circles), 4 (closed squares), 5 (closed

ircles). The line is a guide to the eye.

The amount of available charges, which can be indicated as
hoto-charge generation efficiency (˚), is the important parameter

n the buildup of the space charge field in the PR composites [21]. We
ave studied the field dependence of the photo-charge generation
fficiency of five composites. For clarity, we show the experimen-
al data of five composites in Fig. 3. The photo-charge generation
fficiency exhibited strong electric field dependence which can
e simulated theoretically by Onsager’s model of the geminate-
air dissociation. The photo-charge generation efficiency of five

omposites was in the following order: composite 1 < composite
< composite 3 < composite 4 < composite 5. As shown in Fig. 4, the
hoto-charge generation efficiency is directly proportional to the
bsorption coefficient [22]. For 5 composite doped TCNQ with a
igh electron affinity, larger amounts of the CT complex are formed;

ig. 4. The correlation between the photo-charge generation efficiency and the
bsorption coefficient at 632.8 nm for composites 1–5. The line is a guide to the
ye.
Fig. 5. Field dependence of the photoconductivity for composite 1 (open triangles),
2 (open squares), 3 (open circles), 4 (closed squares), 5 (closed circles).

more charges are generated due to the increased absorption of inci-
dent writing light [23].

Another important parameter in the buildup of the space charge
field, next to the amount of available charges, is the trap density in
the PR composites [21]. When the energy level of the photosensi-
tizer LUMO is higher than that of the charge transporter HOMO,
the photosensitizer anion, which is generated by excitation of the
CT complex followed by electron transfer and the subsequent disso-
ciation of the negatively charged photosensitizer and the oxidized
charge-transport species in an electric field, will act as a trap in
PR polymer composites. This has been investigated thoroughly by
Grunnet-Jepsen et al. in PVK-based polymer composites contain-
ing C60 as a photosensitizer [24]. They found a good correlation
between the spectroscopically determined concentration of C60

−

anions and the active trap density, calculated from PR measure-
ments. In similar composites, the buildup of the PR effect was
found to slow down if the composite had been preilluminated while
applying a strong electric field [25]. This was attributed to the acti-
vation of deep trapping sites by optical illumination, known as
optical trap activation [26]. Although less pronounced, and with-
out spectroscopic evidence for the formation of photosensitizer
anions, such as TeNFM−, TNF−, TNFM−, TNCE−, and TCNQ−, we
have observed similar effects in our five sensitized composites. The
sensitizers act as efficient photosensitizers for PSX-Cz because the
HOMO level is below that of PSX-Cz. When optical excitation of
the HOMO-LUMO transition of sensitizer occurs, an electron in the
HOMO of a nearby carbazole molecule can be transferred to sensi-
tizer, producing sensitizer anion and a mobile hole in PSX-Cz [24].
And then, the sensitizer anions act as a trap for photogenerated
holes. As shown in Fig. 5, the photoconductivities of composite 1–3
were increased with the photo-charge generation efficiency; how-
ever, the photoconductivities of composite 4 and 5 were found to
decrease slightly, although they generated more charge compared
to the other composites through the larger CT complex and light
absorption. This is consistent with the formation of a larger amount

of photosensitizer anion traps. Composite 4 and 5 doped with a
larger number of photosensitizer molecules (Table 1) have a larger
number of photosensitizer anion traps.

By our previously reported method [19], we have measured the
space charge field of composites 1–5 as a function of the applied
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increased absorption of incident writing light (Fig. 4). Hence, more
charges are available to build up the space charge field, resulting in
a larger Esc amplitude (Fig. 7) and a larger corresponding refractive
index modulation amplitude (Fig. 8).
ig. 6. Field dependence of the space charge field for composite 1 (open triangles),
(open squares), 3 (open circles), 4 (closed squares), 5 (closed circles). The line is a

uide to the eye.

lectric field. For clarity, Fig. 6 shows the experimental data of
he composites. The Esc increased linearly with an increasing elec-
ric field. The electric field dependence of the Esc resulted from
lectric-field-assisted separation of charge from the electron–hole
air with a high energy distribution. The Esc of five composites
as in the following order: composite 1 < composite 2 < composite
< composite 3 < composite 5. According to Poisson’s equation, the
agnitude of the space charge field is changed with generated

harge and trap density [27]. When electron–hole pairs are gen-
rated in the bright region, the holes are hopped to the neighbor
ransport sites by the externally applied electric field and then they
re trapped in the dark region. After separation of electron and
ole charges occurs, the Esc is formed between bright and dark
egions. Fig. 7 shows the dependence of the space charge field
n the photo-charge generation efficiency. The Esc increased with
ncreasing photo-charge generation efficiency in the same external
lectric field. The composite with higher photo-charge generation
fficiency, more charges are available to build up the Esc. Note
hat larger Esc can be sustained as the trap density as well as the
harge density is increased. Together with the increasing amount
f available charges, the larger trap density therefore explains the
ncreasing tendency of the space charge field in composites 1–5.
articularly, composite 5 having the larger charge and trap density
hows the larger Esc amplitude than the other composite.

The steady-state diffraction efficiencies of composites 1–5 were
easured as a function of the applied electric field. The experi-
ents were carried out at Tg + 3 ◦C to take full advantage of the

irefringence contribution to the index modulation amplitude. The
efractive index modulation amplitudes �n were calculated using
ogelnik’s expression for the internal diffraction efficiency (�) in
hick transmission holograms [28],

= sin2

[
�d �n cos(�2 − �1)

�
√

cos �1 cos �2

]
(1)
here d is the composite thickness, � is the wavelength, and �1 and
2 are the internal angle of incidence of the two writing beams.
ig. 8 shows the refractive index modulation of composites 1–5
s a function of the applied electric field. The refractive index
Fig. 7. Correlation between the space charge field and the photo-generation effi-
ciency at 30–70 V/�m for composites 1–5. The line is a guide to the eye.

modulation of five composites was in the following order: com-
posite 1 < composite 2 < composite 4 < composite 3 < composite 5.
The refractive index modulation directly increased with increas-
ing magnitude of the Esc. TCNQ composite having lager Esc shows
higher refractive index modulation than the other composites.
When larger amounts of the CT complex are formed by the inter-
molecular interaction between the photoconducting polymer and
the photosensitizer (Fig. 2), more charges are generated due to the
Fig. 8. Refractive index modulation amplitudes of composite 1 (open triangles), 2
(open squares), 3 (open circles), 4 (closed squares), 5 (closed circles) calculated from
the internal diffraction efficiencies using Eq. (1), as a function of the applied electric
field. The fits are according to n = a·Eb (see Ref. [24]).
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ig. 9. Field dependence of the grating buildup time for composite 1 (open triangles),
(open squares), 3 (open circles), 4 (closed squares), 5 (closed circles).

The PR grating buildup rate and the photoconductivity for the
ve composites were also analyzed. PR grating buildup rate, which

s very important for real applications such as a real-imaging
nd real-data processing, consists of (1) a buildup of a space
harge field involving the photogeneration of charges and their
edistribution and (2) modulation of the refractive index through
n electro-optic effect. As a result, the grating buildup time of
he low Tg PR composites is limited by the photoconductivity
nd the orientational mobility of the chromophore. In this study,
mong several factors that constitute PR composite, only pho-
osensitizer was controlled. Therefore, the buildup time (�) will
e related to the photoconductivity of the material. The buildup
ime of the PR composites was evaluated from the buildup of the
eam intensity of the DFWM measurement. The time constants, �1
nd �2, were calculated by fitting the evolution of the growth of the
ain, g(t), with the following biexponential function [29],

(t) = a1

{
1 − exp

(
− t

�1

)}
+ a2

{
1 − exp

(
− t

�2

)}
(2)

here �1 and �2 are the fast and slow time constants, respectively.
ig. 9 shows the �1 of composites 1–5, which were measured at five
ifferent electric fields between 30 and 70 V/�m. An elevated exter-
al electric field causes faster grating formation in all composites, as
as expected, since the charge mobility as well as the photo-charge

eneration efficiency increase with electric field. In five composites,
he PR grating buildup rate is increased with the photoconductiv-
ty. In composite 1–3, increasing the absorption coefficient leads
o a larger photoconductivity, space charge field and a faster grat-
ng buildup through a faster photo-charge generation. Composite 4
nd 5, however, have lower photoconductivity and smaller buildup
ates due to reduction of hole mobility with the larger amount of
raps produced by photoreduction of the photosensitizer.
. Conclusions

In this work, we focused and discussed the sensitizer effect on
he overall photorefractive performances, since it is important to

[
[
[
[

tobiology A: Chemistry 201 (2009) 222–227 227

examine the essential role of sensitizer for developing new photore-
fractive systems. We measured overall PR properties such as space
charge field, refractive index modulation, and PR grating buildup
time in five PR composites which were doped with various pho-
tosensitizers having each different electron affinity. The photon
energy of the CT transition decreased with increasing electron affin-
ity of the photosensitizer. In PR composites doped with TeNFM, TNF,
and TNFM, the photoconductivity and the PR grating buildup rate
increase as more charges are generated by increasing of absorp-
tion coefficient. The refractive index modulation is also enhanced
as the absorption coefficient is increased, since more charges are
available to build up the space charge field. However, in TCNE and
TCNQ composites having a larger amount of photosensitizer anion
traps, they have lower photoconductivity and PR grating buildup
rate due to reduction of hole mobility by anion traps, although they
generated more charge compared to the other composites. Further
study on the relationship between photo-charge generation, trans-
port, and trap will be required to clarify the photosensitizer effect
on the photoconductivity and the PR grating buildup time.
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