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We report on a photorefractive polymer composite that shows an initial rise time of 4 ms at a grating spacing of 3.1 µm. A
systematic characterization of the ionization potential of a series of chromophores used in photorefractive applications is pre-
sented. No obvious correlation between material response time and ionization potential is found in PVK:ECZ:TNFDM compos-
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Introduction
The research on photorefractive polymers is truly in-
terdisciplinary and is at the cross-road of numerous
current topics related to basic phenomena such as charge
injection and charge transfer in organic amorphous sol-
ids. Photorefractive polymers are not only of great aca-
demic interest, but with their plasticity and other unique
properties, they constitute a strategic class of materi-
als because they enable mass production at low cost of
new devices with low weight and high performance. As
a reconfigurable recording medium with high dynamic
range that is compatible with low power laser diodes or
Ti:Sapp lasers, photorefractive polymers are promising
for numerous photonic applications including time-av-
erage interferometry,1 optical correlation,2 and imaging
through scattering media using holographic time gat-
ing techniques.3 In addition, the high two-beam coupling
gain can be used for optical amplification, self-pumped
oscillators,4 and for optical limiting.5

During the past eight years, this new field of research
experienced several milestones. A first milestone in this
field occurred with the report by the IBM group of net
gain and a diffraction efficiency of 1% in 125 µm thick
samples of the composite FDEANST:PVK:TNF.6 Shortly
after, we reported on a composite, based on the
photoconductor PVK:TNF doped with the chromophore
DMNPAA, that exhibited 6% diffraction efficiency in 100
µm thick films.7 This significant improvement was
achieved by adding an additional plasticizer ECZ to the
composite. The reduction of the glass transition tem-
perature enabled the orientation of the electrooptic chro-
mophores in the applied field at room temperature. By
improving the sample fabrication conditions, higher
fields could be applied and nearly 100% diffraction effi-
ciency, net gain coefficients of 200 cm–1, and fully re-
versible index modulation amplitudes of 0.001 with a
response time of 200–500 ms were demonstrated.8 This
high dynamic range was attributed to an orientational
birefringence contribution caused by the spatially modu-
lated orientation of the chromophores by the total field
in the polymer.9 The observation of a change in coupling
direction when changing the polarization of the beams
from p to s in DMNPAA:PVK:ECZ:TNF samples was
clear evidence that the dynamic range was indeed domi-
nated by the orientational birefringence.8

The dominant orientational contribution of the over-
all refractive index modulation amplitude in low Tg
photorefractive polymers completely changed the selec-
tion criteria for chromophores: the Pockels effect was
no longer the main driver but rather the birefringence
induced by the polarization anisotropy of the dopant
chromophore.9 A new form of photorefractivity was born:
orientational photorefractivity where the index of a
material is changed through the control of the orienta-
tion of anisotropic dopant molecules with a permanent
dipole moment by the internal space charge field that
is produced, like in a traditional photorefractive mate-
rial, by absorption, charge separation, and trapping.
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Recently, photorefractive polymers with unprec-
edented high dynamic range were obtained using chro-
mophore design criteria dictated by orientational
photorefractivity. However, higher Dn was obtained at
the expense of longer response time.7,10 Similarly, short
response times could be obtained in materials with lower
Dn.11 Based on current models for photoconductivity in
amorphous organic materials, trapping, or the relative
energetical position of the orbitals of the different con-
stituents in the photorefractive composite is expected
to influence the response time of a given composite. Simi-
larly, the photoconduction is also expected to be affected
by the high dipole moment of the chromophore that is
required for high dynamic range according to the design
criteria developed for orientational photorefractivity. In
this study, we determine the ionization potential or the
position of the highest occupied molecular orbital
(HOMO) of several photorefractive chromophores and
investigate its effect on the photorefractive response
time. In particular, we show that the relative position
of the HOMO level of the chromophore, with respect to
the hole transport moiety, can be deduced from the rela-
tive position of the maximum of the absorption of the
charge transfer complex formed between the sensitizer
and the chromophore and that formed between the sen-
sitizer and the hole transport moiety. We also report on
a photorefractive composite with a 4 ms response time.

Theory
Chromophore Design. Like macroscopic systems, mol-
ecules exhibit second order nonlinearities only if the
centrosymmetry is broken. This can be achieved in con-
jugated molecules by connecting each end of the conju-
gated path with groups that have a different electronic
affinity. In other words, the symmetry can be broken by
deforming the π electron distribution by attaching a
donor-like group at one end and an acceptor-like group
at the other end. These functional groups are sometimes
called moieties or substituents and this class of mol-
ecules is referred to as push–pull molecules, or chro-
mophores. Due to a difference in charge distribution at
the acceptor and donor side, the molecule has a dipole
moment in its ground state. The response of the mol-
ecule to an electric field, or its polarizability, will
strongly depend on the direction of the applied field with
respect to the molecule: charge flow is favored towards
the acceptor, while hindered towards the donor. This
asymmetric polarization permits second-order nonlin-
ear optical properties. The structure of these molecules
enables an intramolecular charge transfer via the con-
jugation path.

When a poling field is applied, orientation of these
chromophores leads to macroscopic electrooptic proper-
ties but also to birefringence. In the oriented gas model,
and for a poling field applied along the Z axis, these two
effects can be described9,12 by:
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where F(1) and F(2) are local field correction factors, ∆α
is the polarizability anisotropy of the chromophore, i.e.,
the difference between the polarizability along the mo-
lecular axis and the polarizability in a perpendicular
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direction, β the first hyperpolarizability, N the density
of molecules, and θ the polar angle between the poling
field direction and the dipole moment of the molecule.
The averaged quantities <cosnθ> are given by the
Langevin functions Ln(x), with x = µE/kT where µ is
the dipole moment and kT the thermal energy. In the
low poling field limit, the Langevin functions can be
approximated by L2(x) ≈ 1/3 + 2x2/45, and L3(x) ≈ x/5.
With these approximations, and from Eqs. 1 and 2, a
possible molecular figure of merit for the chromophore
for orientational photorefractivity becomes:

    Q N A TOP = +max ( ( ) )∆α µ βµ2 (3)

where Nmax is the maximum density of chromophores
that can be doped or functionalized in the low glass tran-
sition polymer composite before chromophore aggrega-
tion or interaction occurs, and A(T) is a scaling factor.
The subscript OP in QOP stands for orientational
photorefractivity. Note that the first term in the RHS of
Eq. 3 scales with the dipole moment squared. This qua-
dratic dependence on dipole moment is due to the Kerr–
like character of the orientational birefringence.

Note that all the orientational photorefractive prop-
erties are contingent on the ability of the chromophores
to orient at the operation temperature—when the tem-
perature is close or above the glass transition tempera-
ture Tg. The most efficient polymers to date are based
on such orientational photorefractivity. However, poly-
mers with high Tg can be designed where poling (orien-
tation of the chromophores) is achieved at high
temperature and frozen in the material, leading to a
spatially uniform electrooptic coefficient. In this case,
photorefractivity is described by the Pockels effect like
in inorganic photorefractive crystals.

A powerful property of organic materials is that the
mechanical, optical, and electronic properties can be
tuned and optimized using molecular engineering. How-
ever, at the same time, that structural flexibility can
make chromophore design a very challenging task be-
cause optimization of one property should be achieved
without compromising another. Thus, systematic struc-
ture-property relationships have to be established in
order to advance the field of organic photorefractive
materials.

One important factor in the design of molecules is the
ability to adjust their optical properties. Recently, the
BLA (Bond Length Alternation) model13 was successfully
applied to the design of chromophores for photorefractive
applications, and the dynamic range could be improved.3

Within that model, molecular quantities such as dipole
moment, polarizability, as well as hyperpolarizability
can be correlated with the degree of ground-state polar-
ization. Donor-acceptor substituted molecules with a π-
electron conjugation path have a ground-state structure
that can be viewed as a linear combination of two limit-
ing resonance forms: a neutral form and a charge-sepa-
rated form. The relative contribution of these two forms
in the ground state can be correlated to the values of
BLA or BOA (Bond Order Alternation), where BOA is
the difference in the π-bond order between adjacent car-
bon–carbon bonds. BOA and BLA is usually varied by
changing the strength of the donor and acceptor sub-
stituents, or by changing the properties of the surround-
ing medium, such as its polarity. Model calculations14

showed that chromophores are optimized for BOA val-
ues beyond the cyanine limit, where β is roughly maxi-
mized in amplitude with a negative sign, in contrast to
previous studies that suggested an optimal figure of
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merit at the point where β vanishes and when the po-
larizability anisotropy is maximal.15 Experimental stud-
ies validated the design,3 however, higher dynamic range
was obtained at the expense of longer response time,
illustrating the need to comply simultaneously with
other requirements influencing transport and
photogeneration efficiency, as discussed previously.

Photogeneration
Photogeneration can be divided in two steps: the elec-
tron-hole generation process followed by a charge trans-
fer between the sensitizer and the transport molecule.
The creation of a correlated electron-hole pair (or exci-
ton) after absorption of a photon can be followed by re-
combination. This process limits the formation of free
carriers that participate in the transport process and is
therefore a loss for the formation of the space-charge
unless an electric field is applied to counteract recom-
bination. The quantum efficiency for carrier generation
is therefore strongly field-dependent and increases with
the applied field.

In other words, photogeneration is governed by an
electron transfer reaction between the sensitizer and
transport molecules. As known from the Marcus theory,16

rate constants for this reaction are expected to depend
not only on the molecular size and shape of molecules,
but also on the properties of the surrounding matrix, in
particular its polarity.

The quantum efficiency for carrier generation is there-
fore strongly field dependent and increases with the
applied field. A theory developed by Onsager17 for the
dissociation of ion pairs in weak electrolytes under an
applied field has been found to describe reasonably well,
the temperature and field dependence of the
photogeneration efficiency in some of the organic
photoconductors. A good numerical approximation to
Onsager ’s quantum efficiency φ(E) was given by
Mozumder18 in terms of the infinite sum:
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where An(x) is a recursive formula given by:
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In Eq. 4, φ0 is the primary quantum yield, i.e., the frac-
tion of absorbed photons that results in bound thermal-
ized electron-hole pairs. It is considered independent of
the applied field. κ = rc/r0 and ζ = e r0 E / kBT where rc

= e2/ ε kT, and e is the elementary charge, ε0 the permit-
tivity, ε the dielectric constant, kT is the thermal en-
ergy, and r 0 is a parameter that describes the
thermalization length between the bound electron and
hole.

Transport
After photogeneration of free carriers, the next step in
the buildup of a space-charge is their transport from
brighter regions of the interference pattern, where they
are generated to the darker regions where they get
trapped. In contrast to inorganic photorefractive crystals
with a periodic structure, photorefractive polymers have
a nearly amorphous structure. The local energy level of
each molecule/moiety is affected by its nonuniform envi-
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ronment. As a result, transport can no longer be described
by band models, but is attributed to hopping of carriers
between neighboring molecules or moieties.

In recent years, a model19 based on disorder due to
Bässler and Borsenberger describes the transport phe-
nomena in a wide range of different materials and
emerged as a solid formalism to describe the transport
in amorphous organic materials. This so-called disor-
der formalism is based on the assumption that charge
transport occurs by hopping through a distribution of
localized states with energetical and positional disor-
der. So far, most of the predictions of this theory agree
reasonably well with the experiments performed in a
wide range of doped polymers, main-chain and side-
chain polymers and in molecular glasses.20–25

In the Bässler formalism, disorder is separated into
diagonal and off-diagonal components. Diagonal disor-
der is characterized by the standard deviation σ of the
Gaussian energy distribution of the hopping site mani-
fold (energetical disorder) and the off-diagonal compo-
nent is described by the parameter Σ that describes the
amount of positional disorder. Results of Monte-Carlo
simulations led to the following universal law for the
mobility:
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where µ0 is a mobility prefactor and C an empirical con-
stant. Equation 6 is valid for high electric fields (a few
tens of V/µm) and for temperatures Tg > T > Tc where Tg

is the glass transition temperature and Tc the disper-
sive to nondispersive transition temperature.

Certain conclusions can be drawn from Eq. 6, (i) the
mobility is strongly field and temperature dependent,
and (ii) the highest mobility values are obtained for the
smallest values of the width σ of the density of states.
The validity of the Bässler formalism has been exten-
sively tested through numerous experimental studies
in neat films of organic transport molecules and in vari-
ous guest/host systems using the time-of-flight tech-
nique. Good agreement was found in most cases. In early
studies on guest/host systems, it was generally accepted
that the polymer host was inert and played no role in
the charge transport. Later, simulations and experimen-
tal work showed that the width of the density of states
σ was strongly dependent on the polarity of the poly-
mer host and the dipole moment of the dopant molecule.
It was found that the total width σ was comprised of a
dipolar component σD and an independent Van der Waals
component σVdW : 26

    σ σ σ2 2 2= +WdW D (7)

Equations 6 and 7 illustrate that the dipole moment
of the dopant chromophore is expected to highly influence
the transport properties of the overall photorefractive
composite.

Another important parameter that affects hole trans-
port in guest/host systems is the relative position of the
HOMO energy level of the different dopant moieties or
their ionization potential Ip. Dopant molecules with a
lower Ip will act as shallow traps. The trapping depth
may not affect only the value of the mobility but also
the mobility dependence on trap concentration as was
shown in some of Borsenberger’s last work.27
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Orientational Dynamics
In orientational photorefractivity, the response time
of hologram formation is not only influenced by the
buildup dynamics of the space-charge but also by the
orientation dynamics of the chromophores under the
total field, that is the superposition of the space-charge
field and the applied field. Dynamics of the Kerr bire-
fringence has been studied extensively in the past28 and
is characterized by an orientational factor Θ(t) which
is proportional to the ensemble average of the Legendre
polynomials of degree 2 with an angular distribution
function given by the rotational diffusion equation. The
dynamics of the buildup and the decay of the birefrin-
gence can be obtained by solving the rotational diffu-
sion equation.29 When the chromophores are treated
as noninteracting rigid particles with cylindrical sym-
metry, the buildup process of the birefringence is given
by:

    

∆ ∆n t n

B Dt B Dt
BR
Bu

BR
Bu( ) / ( )

exp( ) ( ) exp( )

∞ =
− − + − −1 2 1 6
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where D is the rotational diffusion constant about the
transverse axis of the chromophore. In real solid poly-
mer composites, Eq. 8 is not satisfied because the disor-
der and the coupling of the chromophore with the matrix
leads to a distribution of relaxation times. Dielectric re-
laxation in polymers, as well as poling relaxation experi-
ments in electrooptic polymers, show that the dynamics
can be fitted using a stretched exponential (Kohlrausch–
Williams–Watts) function y = C exp[–(t/τ)β] where β < 1
is a measure of how many relaxation processes are con-
tributing to the process. An alternative, is to use a sum
of two exponential functions with two uncorrelated time
constants τ1 and τ2.

Experimental Procedures
Sample Preparation and Wave–Mixing Experiments.
Polymer composites were produced in a conventional
matrix of poly–N–vinylcarbazole (PVK), N-ethylcarbazole
(ECZ), and (2,4,7-trinitro-9-fluorenylidene) malonodinitrile
(TNFDM) with different chromophores. Samples were
prepared by laminating a 105 µm thick layer of compos-
ite materials between glass slides coated with indium
tin oxide (ITO) transparent electrodes. For the four-wave
mixing and two-beam coupling measurements, 633 nm
writing beams were incident on the sample with an
interbeam angle of 20.5° in air outside the sample. The
sample surface normal was tilted 60° relative to the
writing beam bisector. For samples based on the chro-
mophore FTCN (see Table I), the resulting grating pe-
riod was 3.1 µm. Electric field bias was applied via the
ITO electrodes on the sample. In four-wave mixing ex-
periments, s-polarized writing beams had equal irradi-
ances of 0.25 W/cm2 in the composite film; a relatively
weak p-polarized probe beam counterpropagated with
respect to one of the writing beam paths. In two-beam
coupling experiments, p-polarized writing beams pro-
vided a total sample irradiance of 0.50 W/cm2 with a
beam power ratio of 6.3:1.

Transient Ellipsometry
To compare the transient response of the birefringence
to the photorefractive response time, an extension of
earlier steady-state ellipsometric techniques30 was used
to measure the transient orientational response of the
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chromophore. The birefringence induced by a 600 V elec-
tric field step was probed with a 690 nm laser diode beam
incident at 45° in a polarizer-analyzer configuration.

Photoconductivity Measurements
The photoconductivity and photogeneration efficiency
were measured using a typical “time-of-flight” experimen-
tal setup. In this experiment a polymer sample of about
105 µm was sandwiched between two glass slides coated
with transparent electrodes. The sample was connected
electrically in series with a variable resistor. A field was
applied to the resulting RC circuit, and the voltage across
the resistor was monitored using a digitizing oscilloscope.
Any change in the sample’s conductivity resulting from
illumination could be measured as a change in voltage.

A pulsed laser diode, operating at 830 nm with a 100
ms pulse width, was fed through a multimode fiber (D =
60 µm) that was butt-coupled to the sample. The peak
power illuminating the sample was measured to be 36
mW and the spot size was 0.5 cm. The diode was al-
lowed to pulse repeatedly and the average photovoltage
was collected on the scope.

The photovoltage Vph was measured as the difference
between the plateau region of the measured voltage and
the measured dark voltage. The long pulse width in-
sured that quasi-steady-state conditions could be as-
sumed. In this case the conductivity is calculated as:

    
σ

π
=

V

RE r
ph

( )2 (9)

where R is the resistance, E is the applied field, and r is
the spot radius. It is also assumed that the carrier life-
time is long enough so that all of the photogenerated
carriers contribute to the measured photocurrent and
that the lifetime can be approximated to the transit time
of the carrier through the sample. In this case the quan-
tum efficiency can be expressed as:

  
φ σ

λ α
=

hcE
e dI (10)

where α is the absorption coefficient, d is the thickness
of the polymer film and I is the illumination intensity.

Electrochemistry
To estimate the relative positions of the ionization po-
tentials of a series of photorefractive dyes, we used both
cyclic voltammetry and optical spectroscopy. Charge
transfer complexes are formed between an electron rich
molecule (donor) and an electron deficient molecule (ac-
ceptor). The complexation leads to the appearance of a
new absorption band in the UV/NIR spectrum. A typi-
cal example of charge-transfer (CT) complexation is the
complex formed between 9-ethylcarbazole (ECZ) and
(2,4,7-trinitro-9-fluorenylidene) malonodinitrile
(TNFDM), which shows an absorption maximum at 590
nm in acetone solution. Upon photoexcitation of the com-
plex, an electron is transferred from the donor to the
acceptor. Electron transfer in complexes have been used
extensively in photosensitizers.

It has been shown that, for a given electron acceptor,
the position of the charge transfer band correlates with
the ionization potential of the electron donor, shifting
to lower energies for electron donors with smaller ion-
ization potentials:31
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    hωCT pa I b= + (11)

where a and b are constants for a given acceptor.
The structures of the photorefractive dyes that were

investigated are shown in Table I. Even though most of
the dyes have both an electron donor and acceptor group,
they were still able to form a complex with TNFDM.
Absorption spectra were recorded in acetone of TNFDM
alone, dyes alone, and TNFDM + dye. The dye and
TNFDM concentrations were in the range from 0.038 to
0.0056 M and 0.069 to 0.0053 M, respectively. The spec-
trum of the individual components in acetone was then
substracted from the absorption spectrum of the mix-
ture. The optical density at the CT-maximum was be-
tween 0.3 and 1.3. For a number of dyes, a complexation
could be observed, but the maximum coincided with
strong absorption from TNFDM or the dye. For dyes 7
and 8, the position of the maximum of the complexation
peak was estimated by fitting the observable part of the
complexation band to a Gaussian. For dyes 6 and 10,
only the onset of the complexation band was observed
and an accurate fit could not be obtained.

Cyclic voltammetry was used as a second technique
to estimate the relative position of the ionization po-
tentials. Voltammograms were recorded of solutions of
dyes in acetonitrile/benzene (1/1) mixture dried over
freshly activated alumina. Argon or nitrogen blown
through acetonitrile solution over activated alumina
were used as purge gas. Tetrabutylammonium hexa-
fluorophosphate (Fluka, electrochemical grade) or
tetrabutylammonium perchlorate (recrystallized in
ethanol) were used as the supporting electrolyte. The
scan rate was 500 mV/s and the curves were referenced
to the normal hydrogen electrode (NHE) using ferrocene
(E0 = 0.690 V versus NHE).32 Because the majority of
the dyes the oxidation are nonreversible, we use the
onset of the oxidation wave as an estimate of the redox
potential. From the redox potential E0 versus NHE, the
ionization potential can be estimated as:33

IP (eV) = E0 (V) + 4.5 (12)

Results and Discussion
The spectral position of the complexation band formed
between TNFDM and several photorefractive chro-
mophores is summarized in Table I together with the
results of cyclic voltammetry. For carbazole, we mea-
sured a corresponding oxidation onset of 1.3 V and      hωCT

= 20.4 eV. As shown in Fig. 1, a good linear correlation
could be found between the energy of the CT band and
the ionization potential as measured by cyclic
voltammetry. Thus, when chromophores 1 to 5 are com-
bined with TNFDM, an absorption band appears with a
maximum that is red-shifted compared with the
carbazole:TNFDM one. Due to the large width of these
bands, in some photorefractive composites these two
different absorption bands can overlap at the operating
wavelength, precluding a selective excitation of the
carbazole:TNFDM complex. In some composites, the
excitation in the absorption band caused by the com-
plexation of the chromophore and the sensitizer
TNFDM, was leading to some permanent grating for-
mation. As expected, the position of the Ip mainly de-
pends on the nature of the electron donor. Most of the
chromophores with an amino donor have an Ip smaller
than that of carbazole. Note that when replacing
TNFDM with a less deficient electron acceptor such as
TNF, the complexation bands formed by carbazole:TNF,
Photorefractive Polymer Composites with Short Response Times
and chromophore:TNF, respectively, shift by approxi-
mately the same amount, such that selective excitation
still does not occur. Comparing chromophores 5 and 6
shows that perfluorination of styrene chromophores can
be used to increase the value of the Ip by 0.3 eV. Table I
also shows that all the chromophores with an alkoxy
donor have Ip values higher than that of carbazole.

To characterize the hologram formation dynamics, we
measured the transient diffracted signal in a four-wave
mixing experiment. This signal was digitized during the
following sequence. Electric field and a single writing
beam were applied for several minutes; the second write
beam was then switched on to start grating formation.
This was done in a sample of FTCN:PVK:ECZ:TNFDM
with composition (15.2:56:28:0.8 wt. %) and by varying
the electric field from 0 to 95 V/µm. FTCN is the chro-
mophore 9 in Table I. As shown in Fig. 2, the grating
buildup can be fitted using a biexponential function of
the form:

    η τ τ( ) [ exp( / ) ( )exp( / )]t A a t a t= − − + − −1 11 2
2 (13)

where A is the steady-state diffraction efficiency. The
best fit to the experimental data was obtained with a =
0.89 and τ1 = 0.004 s and τ2 = 0.125 s. The dominant rise
time constant of 4 ms is comparable to the fastest re-
sponse time constant reported so far in a photorefractive
polymer11 consisting of a PVK matrix using butyl ben-
zyl phthalate as a plasticizer, C60 as a sensitizer, and
the chromophore 7-DCST, corresponding to chromophore
4 in Table I.  Prior to this report,  the fastest
photorefractive polymer was based on a poly(silane)
matrix and had a response time of 40 ms but low dy-
namic range.34 Recently, photorefractive polymers based
on tetraphenyldiaminobiphenyl units showed a response
time of 7.5 ms.11b Efficient polymers based on
DMNPAA:PVK:ECZ:TNF showed response times rang-
ing between 200 ms and tens of s depending on the glass
transition temperature Tg.35 The speed of PVK-based
polymers doped with chromophores 4 or 9 is, therefore,
significantly higher than that of previously known or-
ganic photorefractive materials based on PVK.

Figure 1. Photon energy of the charge-transfer absorption band
between TNFDM and different chromophores versus the ion-
ization potential of the chromophore as measured by cyclic
voltammetry. The solid line is a guide to the eye.
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Molecule        Oxidation Onset (V vs NHE)     hωCT  (eV)

1 0.7 Max : 1.44

2 0.8 Max : 1.45

3 1.3 Max : 1.88

4 1.3 Max : 1.88

5 1.3 Max : 1.94

6 1.6 Max: > 2.5

Onset : 2.5

7 1.7 Max:  2.38

(extrapolated)

Onset : 1.9

8 1.7 Max:  2.47

(extrapolated)

Onset : 1.9

9 1.8 Max : 2.58

Onset : 2.1

 10 1.8 Max > 2.5

TABLE I. Chemical Structure and Numbering Scheme of Several Photorefractive Chromophores—Oxidation Onset and Spec-
tral Position of the Complexation Band Formed with TNFDM
410     Journal of Imaging Science and Technology                         Kippelen et al.



To determine the limiting factor of the response time
of the fast composite FTCN:PVK:ECZ:TNFDM, we car-
ried out a series of characterization experiments. The
Tg of the composite did occur over a broad temperature
interval of 75°C with an inflection point in the heat ca-
pacity at 39°C, as determined by a TA Instruments DSC
2920 modulated differential scanning calorimeter. This
indicates that fast response can be obtained when the
operation temperature is lower than Tg and is in con-
trast with what was reported in PVK-based materials
doped with DMNPAA (chromophore 8 in Table I) where
a response time below 1 s was observed only for com-
posites at temperatures above Tg .35 In the latter mate-
rials, orientational dynamics was found to be the
limiting factor when above Tg. To investigate the limit-
ing factor in a composite doped with chromophore 9, we
performed transient ellipsometry experiments. The
transient field-induced birefringence exhibits several
time scales, including an initial rise time τ1 = 490 µs
(see Fig. 3).

Although, chromophores 4 and 9 both lead to materi-
als with short response time in a PVK-based matrix,
they have several differences. First, chromophore 9 ex-
hibits good orientational mobility, even though its diphe-
nyl-tolane structure makes its longer than 4. This shows
that small size chromophores are not necessarily a re-
quirement for short response time. Second, the ioniza-
tion potential of the two dyes differs by 0.5 eV as shown
in Table I. While the Ip of 4 is almost lined up with that
of carbazole (within the sensitivity range of our experi-
ment of ± 0.1 eV), chromophore 9 has a higher Ip and
should, therefore, not act as a trap for the carbazole moi-
eties. Chromophore 5, which has an Ip comparable to
that of 4, however, did show significantly longer response
time. Similarly, 8 and 9 have both a higher ionization
potential than carbazole, but lead to materials with dif-
ferent response times.

To investigate the role of the chromophore on the
photoconducting properties of the composite, we carried
out photoconductivity experiments in the following two
samples: PVK:ECZ:TNFDM (61.5:38:0.5 wt. %) and
FTCN:PVK:ECZ:TNFDM (15:55:29:0.8 wt. %), referred
to as composite A and B, respectively. Following the ex-
perimental procedure discussed above, we obtained at

Figure 2.  Transient diffracted signal measured in
FTCN:PVK:ECZ:TNFDM sample with composition
(15.2:56:28:0.8 wt. %) at 95 V/µm and total writing irradiance
at the sample of 0.5 W/cm2.
Photorefractive Polymer Composites with Short Response Times
an applied field of 50 V/µm a photoconductivity value of
σ/I = 6.5 × 10–11 cm/ΩW for composite A that did not con-
tain any chromophore, and σ/I = 4 × 10–11 cm/ΩW for
composite B with chromophore. These results show that
the presence of a dipolar molecule in the mixture reduces
the photoconductivity of PVK-based photoconductors. The
corresponding photogeneration efficiency values for both
composites are shown in Fig. 4 together with theoreti-
cal fits using Onsager’s theory and Eq. 4. Note that Eq.
10 is generally a good approximation when the sample
is highly absorbing so that most of the carriers are gen-
erated near one of the two electrodes. In our case, the
samples have a moderate absorption at the wavelength
of the experiments. Thus, the absolute values of the
photogeneration efficiency might differ by a factor of two
from the values derived using Eq. 10. The main point of
this study is to compare the relative photogeneration

Figure 3. Initial time response of the birefringence measured by
transient ellipsometry in the composite FTCN:PVK:ECZ:TNFDM
(15.2:56:28:0.8 wt. %).

Figure 4. Quantum efficiency derived from the photoconduc-
tivity using Eq. 10 as a function of applied field in the compos-
ites PVK:ECZ:TNFDM (61.5:38:0.5 wt. %) (triangles) and
FTCN:PVK:ECZ:TNFDM (15:55:29:0.8 wt. %) (circles). Solid
lines are calculated curves according to Onsager’s theory (see
text for details).
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efficiency of different samples under similar experimen-
tal conditions. At the highest field values of 76 V/µm, the
photogeneration efficiency in composite A is Φ = 0.34%,
while the one in composite B is only Φ = 0.09% . For both
composites, a good fit could be obtained using Onsager’s
theory. The parameters used for the fits were T = 295 K,
and ε = 2.75, r0 = 1.455 nm, Φ0 = 1 for composite A, and ε
= 3.0, r0 = 1.25 nm, Φ0 = 1 for composite B.

Conclusions
We were able to develop a new photorefractive com-
posite based on the optically transparent FTCN chro-
mophore 9 that showed a response time of 4 ms
comparable to 7-DCST, a considerable improvement
over previous PVK-based materials doped with DMN-
PAA or DHADCMPN. To study the influence of the rela-
t ive value of  the ionization potential  of  the
chromophore with respect to the hole transport moi-
ety on the response time of the photorefractive grating
formation, we characterized the ionization potential (Ip)
of a series of photorefractive chromophores. FTCN 9
was found to have one of the highest Ip and DHAD-
CMPN 1 had the lowest with respect to carbazole. In
contrast, chromophore 4 that has been used previously
in photorefractive composites11 with short response
time and has an Ip that is almost lined up with that of
carbazole (within the sensitivity range of our experi-
ment of ± 0.1 eV). At this stage, several conclusions
can be drawn from our studies:
(i) the design of a chromophore with an Ip comparable

or higher than that of the transport moiety does
not necessarily guarantee short response time;

(ii) chromophores with a length larger than that of
DMNPAA 8 can have a fast orientational mobility;

(iii) while in some composites (e.g., DMNPAA) the
photorefractive response time is limited by orien-
tational mobility of the chromophore,35 in PVK com-
posites doped with FTCN the photoconductivity is
found to be the limiting factor like in materials
doped with 7-DCST;

(iv) the photoconductivity and photogeneration effi-
ciency of the transport matrix is significantly re-
duced by the chromophore. This study also showed
that all the chromophores under investigation do
form a charge-transfer complex with the sensitizer
TNFDM and that the spectral position of the band
is correlated to the ionization potential of the
chromophore.

Further studies are being conducted to determine if
the long response-time of DHADCMPN-based mate-
rial is caused by low carrier-mobility. The large dipole-
moment of the chromophore may impair the
carrier-mobility by broadening the density of states, in
agreeement with the work by Borsenberger in organic
photoconductors. Other possible explanations, such as
orientational mobility and photogeneration efficiency
are also being investigated.    
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