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ABSTRACT

In photorefractive composites, we replace the commonly used fullerene derivative phenyl-C61-butyric acid methyl
ester (PCBM) by the perylene bisimide dimer DiPBI. In samples, wherein poly-n-vinylcarbazole (PVK) is the
charge transporting agent and 4-cyano-4-n-pentylbiphenyl (5CB) the nonlinear optical unit, we observe dramatic
enhancements in the overall performance of the composites. When we replace PVK by N, N'-diphenyl-N, N'-
bis(3-methylphenyl)-[1, 1’-biphenyl]-4, 4’-diamine (TPD) doped polystyrene (PS), the internal photocurrent effi-
ciency is further improved by a factor 11.
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1. INTRODUCTION IN PHOTOREFRACTIVE COMPOSITES

Since the first observation of the photorefractive (PR) effect in an inorganic crystal by Ashkin et al.,! many
applications that make use of this process have been developed. Holographic data storage,? novelty filters,? and
beam couplers®® can be mentioned as the most prominent ones. But, due to the fact that the growth processes
of photorefractive inorganic crystals are cost intensive, complex, the crystals are only available in rather small
dimensions, and their PR performance is rather slow, they are not suitable for real-time mass market devices.
To find an alternative, large research efforts have been made to improve the performance of organic photore-
fractive materials during the last 20 years. Out of several approaches for organic PR materials, the ansatz of
PR composites turned out to be the most promising one.® Especially if large area devices, fast response times,
or easy and cheap fabrication are needed, PR composites outmatch their inorganic counterparts. Due to these
properties, photorefractive composites are ideal candidates to be employed as fast storage devices, optical beam
couplers,” tomographs for living tissue,® and holographic 3d displays.’

The photorefractive effect describes a reversible refractive index change that is caused by inhomogeneous
illumination of the material.!® The underlying phenomena of this process are photoconductivity and the electro-
optic effect. Illumination of a photorefractive composite with a light pattern leads to excitation of absorbing
sensitizer molecules in the regions of high light intensity. Under the influence of an applied external electric
field, these excitons are separated, and the mobile holes move through the (polymeric) hole transporter, while
the immobile electrons remain in the excited sensitizer molecules. In the dark regions, holes can be trapped
by energetic inhomogeneities and hence the redistributed charges lead to the formation of a space-charge field.
Nonlinear optical units, e.g., liquid crystals that provide the electro-optic effect, translate the space-charge field
into the desired refractive index change.!!
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There are several challenges in the optimization process of photorefractive composites. One major issue,
especially when real-time applications are considered, is the time until the refractive index change occurs, also
called photorefractive speed. Another issue is the light sensitivity of the composition which has to be tailored to
the operating wavelength of the desired application. Both issues can be faced by an optimization of the photo-
conductivity, which is a combined process of charge generation and transport.'? So, the simplest way to improve
both processes at once is to find a highly efficient sensitizer that strongly absorbs light in the desired wavelength
region. Optimization of the charge transporting material will only lead to an enhanced mobility and not increase
the sensitivity. But this can be considered as a second step to further increase the photoconductivity, when an
appropriate sensitizer is found. This step will also offer the possibility to lower the applied electric field, that is
usually in the Eg = 70 V um~! region.

In comparison with a modified version of the well-known composition'? * of the electro-optic liquid crystal 4-

cyano-4-n-pentylbiphenyl (5CB), the conductive polymer poly-n-vinylcarbazole (PVK) and Cgo (5CB:PVK:Cgg),
where the fullerene is replaced by its derivative phenyl-C61-butyric acid methyl ester (PCBM), we replace PCBM
by the perylene bisimide dimer DiPBI to enhance the charge generation and therefore the photoconductivity.!®
DiPBI provides strong electron affinity, air stability, and strong and broad absorption in the whole visible range.
In a second step, we replace PVK by N, N'-diphenyl-N, N’-bis(3-methylphenyl)-[1, 1’-biphenyl]-4, 4’-diamine
(TPD) doped polystyrene (PS) as charge transporting agent to further improve the photoconductivity!6® and
reduce the applied electric field.

2. SAMPLE PREPARATION AND EXPERIMENTAL TECHNIQUES

For the analysis of the influence of DiPBI on the photoconductive and photorefractive properties of the com-
positions, we fabricate samples with the same molecular amounts of PCBM and DiPBI, respectively. This
procedure results in a molecular ratio of PVK, 5CB, and sensitizer of 0.983:98.881:0.136 mol%, and weight
ratios of 59.69:40.11:0.20 wt% (PVK:5CB:PCBM), as used by Zhang and Singer,'® and 59.60:40.05:0.35 wt%
(PVK:5CB:DiPBI), assuming PVK to be 37500 gmol~! averaged. As DiPBI shows a strong absorption, also
samples with reduced sensitizer amount are prepared. For the investigation of PS:TPD as charge transporter,
a weight ratio of 59.80:40.18:0.02 wt% (PVK:5CB:DiPBI) is chosen and PVK is replaced by PS:TPD in a
80.00:20.00 wt% ratio. All components except DiPBI are bought from Aldrich and used without further purifi-
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Figure 1. Absorption spectra of an unsensitized sample, and of samples containing PCBM or DiPBI as sensitizer.

cation. The synthesis of DiPBI is described in a previous report.'® For sample preparation, all components are
dissolved in chloroform at the desired ratio. After this step, the composite is dropped onto indium tin oxide



(ITO) coated glass substrates, and annealed in an oven at 55 °C for four hours to remove the residual solvent.
Finally, a d = 50 um thick spacer foil and the second ITO coated glass is added and the sample is melt-pressed
at 90 °C.

Absorption spectra measured with a Jasco V-530 UV/VIS spectrometer are depicted in Figure 1 and Fig-
ure 2. The spectra in Figure 1 clearly illustrate the strong and broad absorption of DiPBI in contrast to
PCBM. In addition, absorption at a wavelength of 532 nm is investigated by measuring of the transmitted in-
tensity of a laser beam assuming the glass non absorbing. Employing a modified version of the Beer-Lambert
law,2? absorption coefficients of the sensitized samples at a wavelength of 532 nm are calculated by o = A/d to
apcpm = (9+1) em~! and apippr = (53 £ 3) em~!. Here, A is the measured absorption and d is the sample
thickness. As illustrated in Figure 2, the DiPBI doped PS:TPD sample provides the strongest absorption, while
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Figure 2. Absorption spectra of samples containing PS:TPD or PVK as hole transporter, and with and without sensitizer,
respectively.

the unsensitized version possesses the weakest absorption. Although there are small differences, the absorption
of the composites is clearly governed by the sensitizer DiPBI. The absorption coefficients of the sensitized com-
posites at 532 nm are aps.tpp = (20 £ 1) em™! and apyk = (16 £1) ecm~.

The photoelectric properties of the composites are investigated by measurements of the photocurrent Iy
with a Keithley 6485 picoammeter under homogeneous illumination of the samples with an intensity of W =
16 mWcem™2 at a wavelength of 532 nm, an applied external electric field .y, and a fixed electrode area of
a = 39 mm?. During the measurement procedure, the dark current Iy, as well as the current under illumination
I are characterized. The photocurrent Iy, is given by Ipn = I — Igark. Then the photoconductivity is calculated
by ;

ph
Oph = 0 Fogy (1)

Employing the absorption coefficients of the samples, the internal photocurrent efficiency ¢in¢, which is given by

Oph Eext hv

d)int = cadW ) (2)

is calculated to eliminate the influence of small differences in the absorption properties of the samples.?! Here
h is Planck’s constant, v the frequency of light, e the elementary charge, o the absorption coefficient of the
particular sample, and d the sample thickness.
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Figure 3. Internal photocurrent efficiencies for samples Figure 4. Internal photocurrent efficiencies for DiPBI-
with equal content of the sensitizers PCBM and DiPBI, sensitized samples with hole transporters PVK and
respectively. PS:TPD, respectively.

The photorefractive qualities are investigated for different applied electric fields by the well-known two-beam
coupling technique.?? We illuminate the sample with two interfering laser beams, each with an intensity of
Wi =8 mW cm™2 The sample normal is tilted with respect to beam 1 by 40° and beam 2 by 60°, resulting
in a grating spacing of 2 um, if a refractive index of n = 1.7 is assumed. The energy transfer between both
p-polarized beams is given by the gain coefficient I', calculated with

D=7 Mn() ~n(+5-7), 3)

where b is the intensity ratio between the beams in front of the sample and L the optical path length inside the
sample. The gain v is measured after propagation through the sample via a photo diode and is described by
the expression v = Wy (W > 0)/W; (W2 = 0). The PR speed is the reciprocal value of the fast time constant
achieved by fitting a biexponential decay function on the curves of the PR response.

3. ENHANCED PHOTOCONDUCTIVE AND PHOTOREFRACTIVE RESPONSE

The investigated photocurrents are transferred into internal photocurrent efficiencies by application of the equa-
tions (1) and (2). The figures 3 and 4 illustrate ¢y in dependence on the applied electric field Fext. As depicted
in Figure 3, the curves of both compositions rise almost linear. Further, the values of ¢;,; for the DiPBl-sensitized
samples at Foq = 70 Vum~! are about 4 times larger than for the PCBM-sensitized samples. This behavior
can clearly be attributed to an enhanced charge generation of DiPBI. The photocurrent measurements depicted
in Figure 4 are investigated at lower electric fields to avoid electric breakdown and with a 94% reduced sensitizer
concentration. The experiment reveals stronger dark- and photocurrents for the PS:TPD comprising samples,
which indicate a lower trap concentration in this composition. These results can be directly transferred to the
photo- and dark conductivities, as their relation is linear. Considering the data in Figure 4 of the sample with
PS:TPD as hole transporter, an increase of ¢, at an applied electric field of Ee = 30 Vum™! by a factor
11 is observed. This enhancement is attributed to a much better charge separation between DiPBI and TPD,
compared to DiPBI and PVK, and the high hole mobility in TPD. These properties of the PS:TPD-based system
allow for effective charge generation and transport at reduced applied electric fields. In comparison, the data of
the PCBM-sensitized sample (m in Figure 3) and the DiPBl-sensitized sample (* in Figure 4) are in the same
order of magnitude, although lower electric fields are applied to the DiPBI-sample.

The two-beam coupling experiment reveals the photorefractive properties of the composites. For all samples,
an increase of the light intensity of one beam is observed, while the intensity of the other beam decreases. When
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Figure 5. Gain coefficient in dependence on applied elec- Figure 6. Gain coefficient in dependence on applied elec-
tric field for samples with PCBM and 75% reduced con- tric field for DiPBl-sensitized samples with hole trans-
tent of DiPBI, respectively. porters PVK and PS:TPD, respectively.

the direction of the applied electric field is changed, the direction of the energy coupling also changes. Applying
equation (3), we calculate the gain coefficient T' of the two-beam coupling. The figures 5 and 6 and illustrate
the dependence of I' on the applied electric field. Figure 5 clearly depicts the superior two-beam coupling per-
formance of DiPBI in samples with 75% reduced content, compared to the standard PCBM-sensitized samples.
Additionally to the increased gain coefficient by a factor 2, also the photorefractive speed is dramatically en-
hanced. We observe a 39 times faster PR speed in the DiPBI samples with 75% reduced content, compared to
the standard PCBM samples.!®

Although the photoconductivity and internal photocurrent efficiency of PS: TPD comprising samples are much
larger than in PVK comprising samples, this relation is reversed for I', as depicted in Figure 6. The gain for the
PVK containing composite is about 1.8 times larger. The lower performance of the PS:TPD samples is explained
by a too low trap concentration in the samples. For a strong space-charge field resulting in a strong and fast
PR performance, there has to be enough trapping of redistributed charges. High dark currents and therefore
low trapping inevitably lead to low photorefractivity because of weak space-charge fields. An enhancement
of the contrast between photo- and dark conductivity is necessary to further improve PR properties of the
composites. In the PS:TPD system, this may be realized by a reduction of the TPD content or doping with
a further component to incorporate more traps. These steps will lower the mobility of the holes and so the
photoconductivity will also be lowered, resulting in the need of higher applied fields. Therefore, the relation
between the photo- and dark conductivity has to be well-balanced.

4. CONCLUSION

We incorporate diperylene bisimide into photorefractive composites and employ absorption spectroscopy, pho-
tocurrent measurements and two-beam coupling for the characterization of the composites. Beside very strong
absorption, the DiPBl-sensitized samples also provide dramatic enhancements of the photoconductivity, com-
pared to PCBM-sensitized samples. PR speed and gain coefficient are also improved in DiPBI-based composites
that comprise PVK as charge transporter. Due to a strongly reduced trapping of redistributed charges, the
PR gain coefficient in DiPBI-sensitized composites with PS:TPD as charge transporter is lower than in PVK
comprising composites.
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