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Photorefraction and complementary grating competition in bipolar transport molecular material
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A comprehensive investigation of the photorefractive properties of an unusual molecular material is re-
ported. This material is a glassy solid that is composed of a multifunctional molecule consisting of a
sexithiophene covalently linked with a nonlinear optical chromophore, a methine dye. A net photorefractive
gain coefficient of 70.5 cmt and a diffraction efficiency of 18.9%430 wm thick) were observed. It was found
that this material exhibits the competition of complementary holographic gratings that are formed by the
space-charge field of two types of photocarriers. Competition of complementary holographic gratings was
revealed from the cancellation and revelation of the two types of gratings and is discussed based on a bipolar
two-trap photorefractive model. Two transport channels and two trapping centers for photogenerated electrons
and holes, respectively, are responsible for the formation of the two complementary gratings. The mobility and
the number density of traps for the two types of charged carriers are different; time-of-flight results indicate
that the holes have higher mobility than the electrons. A slow, secorideak grating formed by electrons
is 180° out of phase with respect to that of the fast, principal one formed by holes. This reduces the net
space-charge field, and a cancellation in the index grating was exhibited during the grating formation process.
The slow grating could be revealed, and an oscillationlike behavior was shown under the irradiation of a
uniform light. The oxidation and reduction potentials of the charge-carrier species explain the microscopic
mechanism for the bipolar transport channels. The buildup dynamics of the gratings are discussed in detail.

. INTRODUCTION gratings?® were observed in a photorefractive polymeric
composite, which is composed of 40 wt%
Both organic and inorganic photorefractive materials haveliethylaminobenzaldehyde-diphenyl hydrazofizEH) dis-
been extensively investigated for applications in data storagsolved in Bisphenol A 4/4nitroaminotolane. A two-trap
and real time information processiht/! Organic photore- model with charge exchange between traps was proposed,
fractive materials are molecular materials that exhibit weakassuming that the first type of trap is highly photosensitive
intermolecular interactions and are typically soft amorphousand the second type of trap has low photogeneration efficien-
solids. These characteristics distinguish organic materiaties and collects charges liberated from the first type of
from inorganic materials in all of the four processes involvedtrap?® The movement of the charge from the first trap to the
in the photorefractive effect. For example, charge carriers areecond one is responsible for the grating revelation and can-
generated through the dissociation of tightly bonded excicellation. The unique quasinondestructive reading has been
tons, not via interband ionization. The photogenerated carriobserved in a photorefractive polymeric composite; poly-
ers are transported away under an electric field via intersitémethyl methacrylate 1,3-dimethyl-2,2-tetramethylene-5-
hopping, thereby experiencing dispersed potential energyitrobenzimidazoline: g The properties were explained by
Because of the amorphous and disorderly nature of the trans- two-trap-level model in which the two levels were popu-
porting molecular network, the depth of the traps in organidated sequentially. The intensity-dependent decay rate and
materials has a rather dispersed distribution. Furthermoréhe transition were qualitatively mimickéd.In these mod-
the electro-optic response is provided by an individual mo-els, only one type of the photogenerated car(lele) was
lecular chromophore with an electronic origin. involved. These special phenomena are the results of the
With the development of new organic photorefractive ma-traps’ intercommunication. In another study on a photore-
terials, it is frequently observed that in organic materials theractive polymeric composite comprised of a methyl meth-
grating buildup and decay does not follow a single exponenacrylate copolymer with a side-chain nonlinear optical
tial function as predicted by the standard model of(NLO) chromophorep-nitroaniline doped with 30 wt. %
photorefractiorf> However, the grating formation and era- DEH,*® grating competition and revelation was found to be
sure do consist of multiple components with different timethe result of the competition between two gratings with the
constant$>-2” One of the reasons for this is the existence ofpresence of two types of charges. The primary grating was
a more dispersed distribution of trap levels. Two- or multi-from the charged carrier hole, while the secondary grating
level trap models have been proposed in which photogenewas attributed to residual ionic motion in response to the
ated charge carriers are redistributed in two or more levelsphotorefractive space-charge fiéhd.
thereby creating superimposed in-phase gratings. Since the In this paper, we report a comprehensive investigation of
trap density, photoexcitation, and recombination rates ar¢he photorefractive properties of an unusual glassy molecular
generally different for each level, each grating should havenaterial that exhibits both sizable photorefractive properties
different exponential time constants for buildup and decayand competition between the complementary holographic
Some phenomena, such as cancellation and revelation of tlggatings. To our knowledge, this material is the first organic
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_. 60 band gap are shown in Table (Compound 1 The

e sexithiophene derivative was introduced to facilitate hole
L transport. The free charge carriers are generated by the pho-
Tt 40 F toexcitation of the methine dye. This is because the molecule
:g exhibits an absorption coefficient of 6.42 chat the wave-

5 L length of 633 nm with a dominant contribution from the
8 20F NLO chromophore, while the absorption coefficient of the
s [ sexithiophene segmeri€ompound 2 in Table)lwas esti-

s | mated to be less than 0.2 chas shown in Fig. 1. Therefore,

'g oF the methine dye plays multiple roles as a photogenerator,
2 T T T NLO chromophore, and an electron transporter. The

500 600 700 800 900 1000 1100 branched side chains on the thiophene rings were introduced
to prevent the materials from crystallizing. The glass transi-
tion temperaturel’y of the material is—3.2°C as measured
FIG. 1. The structure of the photorefractive molecule containingPy differential scanning calorimetr§f A Instruments, Model
a sexithiophene derivative and a methine diyesed, and the ab- DSC-10. It is well known that the refractive index modula-
sorption spectrum in solid state of the photorefractive moleculelion of a low-T, photorefractive material can be enhanced by
(solid line) and that of sexithiophene backbone ofdashed ling the orientation of an NLO chromophore in response to the
space-charge fieftf. The refractive index of the material at
compound to exhibit complementary gratings formed by si-632.8 nm is 1.64 measured with a prism cougMetricon,
multaneous electron-hole transport, although the phenoniModel 2010.
enon has been extensively studied experimeritaify and Samples for the volume holographic recording were pre-
theoretically**"~*°in inorganic photorefractive crystals. pared by applying a concentrated solution of compound 1 in
We will describe the preparation of materials and sampleshloroform onto two pieces of indium tin oxidéTO) glass.
in Sec. Il. Section Il characterizes the photorefractive propAfter drying at 80—90°C on a hot plate for 20 min, the
erties, the grating cancellation, and revelation behaviors isamples were dried thoroughly in a vacuum oven for 16 h at
the recording and erasing processes. Section IV provides evd0—70 °C. The two pieces were then pressed together with a
dence for the bipolar transport nature of the material from thgolyimide spacef125 xm) to maintain a uniform thickness.
mobility measurement in a time-of-flight experiment. In Sec.Samples for photoconductivity and mobility measurements
V, we propose a possible two-channel two-trap moleculawere prepared by the same procedures, except that thinner
model based on the molecular energy levels deduced fromolyimide spacerg25 um) were used. These films were
electrochemical measurements and known photorefractiveompressed between either two pieces of ITO glass or one
theory. We also discuss the dynamics of complementaryTO glass and an aluminum plate.
grating writing and erasing. Section VI summarizes our un-
derstanding of the photorefractive properties of the material.

Wavelength (nm)

Ill. GRATING RECORDING EXPERIMENTS
Il. MOLECULAR DESIGN AND SAMPLE PREPARATION A. Experimental techniques

The material studied in this paper contains a The grating recording experimen{svo-beam coupling
sexithiophene derivative covalently linked to an NLO chro-and four-wave mixingwere conducted by using a radiation
mophore, a methine dy®.The molecular structure of this of He-Ne laseSpectra-Physics, Model 127, 632.8 nrfihe
compound is shown in Fig. 1, and its redox potentials andwo grating-writing beams were loosely focused to spots

TABLE |. Structures, redox potentials, with respect to the standard hydrogen ele¢8dé&e and band gaps of the three components
measured bv usina electrochemical and photoabsorption methods.

Compound Vox vs SHE V,ed Vs SHE Vied-Vox Photoabsorption
number Structure V) V) (~AEeicwrochemica)  €4g€ (~AEopricat)

W) (V)

1 Photorefractive Molecule 1.02 (1.49%) 0.92 1.94 (2.41b) 2.30

(see Figure 1)
[}
2 1.08 — — 248
‘BuMe,Si0~_) & @ oG
?GH1ZOH

O
o Y XL
3 1.43 094 237 230

[e]

“assigned as the lowest oxidation potential of methine dye segment.

bcalculated from difference of redox potentials that are assigned to methine dye (a-Vies).
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FIG. 2. Photorefractive gain coefficient’) as a function of

applied field. The dashed line is the absorption coefficient at the FIG. 3. Phase shift as a function of applied field of steady-state
laser wavelengtt{632.8 nm. The solid line is the theoretical fit refractive index grating with respect to the writing light intensity
using Eq.(3) with Eq ¢=94.5 Vium. grating. The inset is a typical intensity of the two beams when the
. ) o ) grating was moved about 14m in the direction of the grating
with a diameter of 86Qum inside of the sample by using a vector. The solid line is the theoretical fit using E8) with E o
lens of 500 mm focus length. In a two-wave-mixing experi- =99.9 V/um.
ment, twop-polarized laser beams with an equal intensity of
830 mw/cnt were overlapped in the sample to write the yain on the applied field. No gain was observed at a zero
'ndfx grating. The incident-crossing angle of the be?mg I2pplied field. The relationship between the photorefractive
7.5°, and the film normal was tilted at an angle of 53° with yain and the applied field is superlinear as a result of the field
respect to the symmetric axis of the two writing beams t0yenendence of photogeneration quantum efficiency and mo-
ensure a nonzero projection of the external field in the d'recbility of charge carrierd® The largest gain obtained is 76.9
tion of the grating vector. The transmitted intensities of both, ;™1 4t an applied field of 77 \m. Since the absorption
beams were detected using twp calibrated photodetectotg)efficient of the material was 6.42 ¢ a net optical gain
(Newport, Model 1815-C, Photodiode, 818)Sind were re- ¢ 70 4 cmi was obtained.
corded with a personql computer. Thg photorefractive gains Tpe phase shift of the index grating was found to increase
were calculated by using the expressibrs (LL)XIn[¥/(2  monotonically with the applied field, starting from almost
—7)], whereL is the optical path for the amplified beam, and zerq at a low field <30 V/um) and increasing to about 78°
v is the beam coupling rati@he ratio of the signal intensities 4t 77 \/jum (Fig. 3). The typical transmitted intensities of the
with and without pump beamnThe phase shifts of the index o coupling beams during the translation of the grating are
measured and4galculated using the method described by Snase shift originated from the nonlocalization of photore-
ter and Gater.™ In these calculations, the effect of the re- gactive grating. The grating could be completely erased and
writing during the motion of the grating was taken into con- ra\yritten with good reproducibility.
sideration. This is because the stage speed was slGir To measure the dependence of the gain coefficient on the
um/seg than the time constant for the index grating buildup gpatial frequency of grating, the tilted angle of the sample
time (less than 1 secThe diffraction efficiency,, which is  normal was kept at 40° with respect to the symmetric axis of
the ratio of the intensity of diffracted light to that of the the two writing beams, and the inner intersection angle of the
incident light, was measured in a degenerate four-wave mixg, o overlapped beams was changed from 2.6° to 31°. This
ing experiment. Twes-polarized laser beams with an inten- eyperimental arrangement resulted in the grating spacing
sity of 760 mw/cri were used as the writing beams, which yarying between 0.4 and 4,4m, while the field component
were overlapped in othe tilted sample with an incident-5iong the grating vector remained constant under the fixed
crossing angle of 8.3°. A probe beam is a weagolarized  external field. The gain coefficient increases with the de-
beam with an intensity of 4.6 mW/cincounterpropagating crease of the spacing, and the maximum is reached at about

along the direction of one of the writing beams. The spot; , |t then decreases steeply at a small grating space range
diameter was reduced to 620m with a 500 mm focus (gig. 4).

length lens. To exclude background light, the probe beam

was chopped into the frequency of 317 Hz and the diffracted

signal was amplified with a lockin amplifigStanford Re- C. Diffraction efficiency
search Systems, Model SRY1QAAIl of the measurements
were controlled by a personal computéDell, NetPlex
450/p.

The diffraction efficiency was measured with degenerate
four-wave-mixing experiments and was also strongly depen-
dent on the applied fiel(Fig. 5. The index modulation from
other mechanisms, including photochemistry, thermorefrac-
tion, thermochromism, photochromism, a;@%l contribution

The photorefractive gain coefficient was measured by are negligible because the index modulation from these
two-beam coupling experiment. A clear asymmetric energymechanisms does not depend on the applied field, and some
transfer in two-beam coupling experiments was observedare irreversible without light treatment. A diffraction effi-
Figure 2 shows the strong dependence of the photorefractiveency of 19.8% at an applied field of 77 Mh was achieved

B. Photorefractive gain coefficient
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FIG. 4. Gain coefficient as a function of grating spacing mea-
sured at an applied field of 66 MMm. The circles are the experi-
mental measurements. The solid line is the theoretical fit using Eq. FIG. 6. Photorefractive gain coefficient as a function of the ir-
(3) with Eq ¢=102.6 Vium. radiation intensity of each writing beafthe intensity of the two

beams remained the samé&he inset is the same data, but the
in films of 130 um in thickness. To investigate the influence horizontal axis is in logarithmic scale.
of grating spacing on grating formation and erasure dynam-
ics, we measured the response times at different beam- To study the photorefractive sensitivity, we measured the
incident angles at a constant tilted angle. two-beam coupling gain as a function of the coupling beam
intensity (Fig. 6). The intensities of the two beams were
changed by rotating the quarter wave plate before the polar-
izer while equal intensities were maintained during the inten-

The important advantage of the photorefractive all-opticSity variation. The optical gain is about 35 chwhen the
modulator is its high sensitivity. A large index modulation light intensity is 1 mW/crhand increases quickly to its peak
can be achieved optically by milliwatt total power. Four defi- Of about 90 cm* at the intensity of about 70 mW/cmiThis
nitions for the evaluation of photorefractive sensitivity'afe IS followed by a slight decrease in the high-intensity region.
Snlzdni 1dWyX 1/e, Snp=dn; /dW,= aSnl, e ;I'heI m_sf;'ir(])f tlhe s_atme f_|tgure (tjeplc_':_shthg_f?emyogar#hr_nlc plot
_ 1 VY o clari e low intensity portion. The diffraction efficiency
=d(7 2)/dW°X1_/(al)’ a”‘?' _S’7z_d_(77 2)/dWOx1/I exhibited a similar trend as shown in Fig. 7. The diffraction
=asS,, , wheren, is the refractive indexq is the absorption  ¢jimps fast to about 30% at the light intensity of about 100
coefficient, W, is the incident optical energyy is the dif-  mw/cn?, and then goes down slightly as well. The details at
fraction efficiency, and is the thickness of the hologram. low light intensity can be seen more clearly in the inserted
Since the effective index modulation seen by-polarized  semilogarithmic figure. The diffraction efficiency around 1
probe beamAn, is related to the diffraction efficiency by ~ mW/cn? is approximately zero in Fig. 7, while the photore-

Light Intensity (mW/cm?)

D. Photorefractive sensitivity and dynamic range

the expressiot™*? fractive gain of 36 cm? at this intensity is shown in Fig. 6.
Since the intensity of the probe beam is comparable to those
\(cosf, cosd, ) 2sin~1(1/7) of the \_/vriting bea_1ms, the difference is caused by the erasure
An= (1) of the index grating by the homogeneous probe beam. Both

7l Cog 8~ 61) ’ intensity dependence behaviors of the gain and diffraction

efficiency were reversible during the intensity scan. The pho-

whe(e 01,6, are the internal p(ope}gation anglgs of theyrefractive sensitivities of the sexithiophene derivative at
reading and diffracted beams in film, respectively. The

relation between S, and S, is S, =mcos@, ———
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FIG. 7. Diffraction efficiency as a function of the irradiation
FIG. 5. Dependence of diffraction efficiency on the applied intensity of each writing beartthe intensity of the two beams re-
field. The solid line is the theoretical fit using E@) with Eg ¢ mained the sameThe inset is the same data, but the horizontal axis
=102.6 Vipm. is in logarithmic scale.
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FIG. 8. Diffraction efficiency as a function of time when a grat- FIG. 9. The temporal evolution of the normalized diffraction

ing spacing is 1.um and the applied field is 77 )lm._The writing _efficiency at a different applied field. The writing intensity of each
beams are turned on at=0, and one of the writing beams is beam was 760 mW/ctn

blocked att=32 sec. The solid line is a fitting of the data into a

biexponential functionEq. 4. space-charge field and reduction in the diffraction efficiency
_ _ _ were observed. When erasing the gratings in the period of
the intensity of 80 mWi/crth were determined to b&,  stable diffraction, the space-charge field, as formed by the
=18.7 cnmi/kJ, Sn2= 120.1 cnd/kJ, Sn1:0_34 cni/mJ, and trapped holes, decays faster than that formed by the trapped
S,,=2.2cm/mJ. The maximum refractive index modulation €l€ctrons. Therefore, the net space-charge field changes signs
2. . during the erasure process. The diffraction efficiency first
at this intensity was found to be 0.00075. . . :
decreases to zero and then increases again. A revelation of
the diffraction signal was thus observed.
The dynamics of the two sets of gratings were investi-

Figure 8 shows the diffraction efficiency variation with 9ated by changing the applied field and irradiation intensity.
time measured at a grating spacing of Luh. At t=0 sec, Elgur'e 9 shows the dy_ngmlc behawor of the gratmg forma-
two writing beams were overlapped inside the sample. Th&on In a four-vv_ave mixing experlment. V\_/e exa_mlned_ the
diffraction signal increased rapidly to a maximum value angdynamic behavior at a_different applied field with a fixed
then decreased gradually until a steady-state diffraction effilltensity of 760 mwicrh Obviously, an external field en-
ciency was reached. At=32sec, the sample was illumi- hanced the formation of both types of grating. Th|s.|s evi-
nated only by a uniform light by blocking one of the writing de_nc;ed by the en.hanceme'nt of the steady-state dlffracgon
beams. The diffraction efficiency decayed exponentially until€fficiency and the increase in the amount of the cancellation
it was nearly zero, appeared again for a short time, and eve®f the diffraction efficiency at a high field. Figure 10 shows
tually disappeared completely. In another measurement, orf8€ temporal change of the diffraction efficiency at different
of the writing beams was blocked before the maximum dif-Writing intensities. The experiment was cqrrled outata f|>_<ed
fraction efficiency was reached. The grating was exponen@pplied field of 77 Vim. These data indicate that the dif-

tially erased as predicted by the standard photorefractivifaction efficiency increases with the writing intensities, yet

E. Relaxation processes

theory. it tends to be saturated at high intensities.
These phenomena are due to the cancellation and revela-

tion of two types of gratings, as has been observed in several IV. HOLE AND ELECTRON TRANSPORT

inorganic crystals, such as BTiO;, SnP,S; and A. Time-of-flight experiments

Bi Ti30;,. 21333845 We propose that the two sets of photore- _ _ N _
fractive gratings are formed by two types of photoexcited As mentioned above, ac_:rucu’_:ll condltl_on for the formation
charge carriers: electrons and holes. This is because of tf¥ the complementary gratings is the existence of two trans-
bipolar transport property of this molecular photorefractive 12
material, and the existence of two types of trap centers for

—*—2.19mWem? 4" - 62.36mWem? ]

the holes and electrons. The sexithiophene moieties of com- 1.0 M — 7.06mWem? ° *— 128.55mWem? ]
pound 1 provide a transport channel for the hole migration, E Fad = 12.38mWom'® =7~ 40091mWem* 3
; ; 0.8F ¢ Wog  --"--19.63mWem? >~ 1008.0mWem?
while the methine dye acts as another transport channel for - Sox ]
i ]

the electron migration because of the presence of a strong
electron-withdrawing group.

When writing the gratings, a fast grating is initially built
up through trapped holes because of their higher molfaisy
shown latey. This process results in the initial quick rise in
the diffraction efficiency. Thus, the erasure of the grating at 0.0
this stage shows a single exponential decay. If the grating
writing continues for a longer time, the electron traps begin
to fill up, thereby creating the slower complementary grating. FIG. 10. The temporal evolution of the normalized diffraction
Since the field built up by the electron traps is in the direc-efficiency at the different intensity of each writing beam. The ap-
tion opposite to that of the hole traps, cancellation of the neplied field was 77 Vim.

0.6
0.4

0.2

Nomalized Diffraction Signal

Time (sec)
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>
15 1 1 M and the front ITO glass electrode was negatively charged. A
0o 100 200 300 400 typical transient current signal for electron transport is
Time (mS) shown in Fig. 11b). The electron transit time is much

longer, and the amplitude of the current is also smaller than
what was observed in hole transport. This strongly suggests
the existence of an electron transport channel in our molecu-
lar system.

FIG. 11. Two typical time-of-flight signals for hol@) and elec-
tron (b) transport. The is transit time.

porting channels: one for the migration of electrons and an
other for the migration of holes. To examine, experimentally, y
the coexistence of two channels for electron and hole trans- B. Mobility of hole and electron

port, we measured the mobility and the photogeneration ef- The drift mobilities for hole and electron transport are
ficiency for holes and electrons, respectively, by time-of-readily calculated from the transit timesat different exter-
flight experimentg4®4/ _ _ nal fields using the expressiop:=d?/Vt;, whered is the
These measurements were carried out m_dependentl_y ass@mple thickness andl is the applied voltag&**”*® The
function of an applied field. For the observation of the time-pole and electron drift mobilities as a function of an applied
of-flight signal of holes’ transport across a film, a sample offie|q are depicted in Fig. 12. Both mobilities are strongly
27 um thick sandwiched between a piece of ITO glass anthnhanced by the applied field. This figure also shows that the

an aluminum plate was used. Frequency doubled laser pulsgghancement of the electron mobility is more favorable than

maximun) from a mode-locked Nd:YAGwhere YAG de-
notes yttrium aluminum garnetfaser (Continuum, Model
PY61C-10 irradiated the film from the positively charged
ITO electrode, while the aluminum electrode was connected N the external circuit, the drifting charge is manifested as
to a grounded resistor. Since the absorption coefficient of th@ constant current=QuE/d, whereQ is the total charge
material at the working wavelength of 532 nm is about 7900njected into the sample by the incident light flaBh(ab-
cm 1, a charge carrier sheet approximately 4r8 thick was ~ Sorbed photons per secgnénowing the currenty and mo-
formed beneath the transparent electrode. Under the action biflity « [Fig. 10a)], the quantum efficiency, as defined as
the external field, holes were drifted across the film to thethe number of carriers generated per absorbed photon, was
grounded electrode. This resulted in a transient currengstimated from the relation ob=Q/eF, wheree is the
which was measured by recording the potential drop acroselectron charge. A strong dependence of the quantum effi-
the resistor with a digital oscilloscopé_eCroy, Model ciencies for both hole and electron carriers on the applied
9354A). A typical transient current for the hole transport is field was similar to those reported for the disordered materi-
shown in Fig. 11a). The current pulse did not show the als(Fig. 13. The solid lines are Onsager fittirfsising the
rectangular shape, but rather it showed a featureless decayarameters listed within Fig. 13b, is the initial yield of
Since the material is a disordered solid, the generated carrief8ermalized bound pairs and is independent of field,rarid
experienced a distribution of hopping times. Therefore, théhe thermalization distance.

carrier packet that was formed as a thin sheet at the front

surface of the sample was broadened as it penetrated the V. DISCUSSIONS

bulk. The experimental transit time was determined-pgas
shown in Fig. 11a).

According to the photorefractive analyses in the preced- Although the competition of complementary gratings ex-
ing section, electron transport is available in the materials aplains the experimental data, and the mobility measurements
well. Measurement of the electron mobility confirmed this confirm the bipolar transport nature of the material, it was
assumption. The experimental conditions for this measurenecessary to examine these phenomena at the molecular
ment were the same as the mobility measurement of holdsvel. It is also necessary to correlate the photorefractive and
except that the grounded electrode was another ITO glassharge transport data with a photorefractive model. We used

C. Photogeneration quantum efficiencies

A. Charged-carrier transport channels
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a fully functionalized photorefactive molecul&€ompound 1, a
d'.;exithiophene derivativéCompound 2, and methine dygdCom-
rPound 3 with respect to the vacuum levdb) Proposed charge-
carrier transport channels. See text for details.

FIG. 13. Photogeneration quantum efficiencies for hole an
electron generation. The solid lines are Onsager theory fitting wit
parameters listed in the figure.

cyclic voltammetry to determine the ionization potential andto those of the individual compounds. A potential energy
electron affinity of each component of the molecule indiagram can be constructed, as shown in Figajl4A pho-
solution® Solution electrochemical measurements can bdogeneration of charge carriers occurs upon absorption of a
used to describe electron transfer reactions in the condens@tioton by the dye. An electron can be transported away
phase if we assume that the differences in ionization poteralong the LUMO of the methine dye, and the hole tends to
tial and electron affinity of the component of the molecule intransfer to sexithiophene HOMO under the action of an ex-
solution are equal to or smaller than those same energy diternal field. The holes and electrons are further drifted away
ferences in the condensed phase. by sequential hopping to neighboring sexithiophene back-
The ionization potentials were deduced from the cyclicbones and methine dyes and can be fixed by individual trap-
voltammetry measurement of the electroactive species at Ring centers, respective[fig. 14b)].
concentration of X103 mol/dn? in dichloromethane solu-
tions containing 0.1 mol/dftetrabutylammonium tetrafluo-
roborate as the supporting electrolfte The ferrocene/
ferrocenium-ion couple was used as an internal standard. The There are several photorefractive models that account for
HOMO (highest occupied molecular orbitahnd LUMO the bipolar transport. A recent review of these models is
(lowest unoccupied molecular orbitanergy levels were es- provided in Ref. 2. The model most consistent with our ex-
timated from the equationsE,omo=Eql+4.4eV and Perimental results is the bipolar two-trap model, which is
ELumo=EL+4.4eV, whereE,,’ and E,’ are oxidation based on the assumption that two types of active centers are
and reduction potentials with respect to the standard hydrdnvolved in simultaneous electron-hole transp6rt’** This
gen electrode, and the value of 4.4 is the ionization potentidhodel has been used for the interpretation of the behaviors
for hydrogen in e\??%3We characterized the band gaps of Of complementary gratings in inorganic photorefractive crys-
the three compounds spectroscopically by finding their banégls. According to this model, there are two independent sys-
edges, which are also listed in Table I. tems of photoactive centers in which the prevailing carriers
The HOMO and LUMO energy levels of the methine dye are electrons and holes, respectively. One of the gratings is
(Compound 3 in Table)lwere calculated to be-5.82 and ~ Setup by the redistribution of electrons, and another is set up
—3.48 eV, respectively, with respect to the vacuum level by the redistribution of holes. The two gratings are 180° out
from its lowest oxidation and reduction potentials. The bancPf phase with each other and are known as complementary
gap AE giectrochemicaa@s €stimated to be 2.34 eV. This value gratings. Since the total space-charge field is the sum of the
is in good agreement with the spectroscopic estimate of théelds created by each type of carrier caught by different
band gapAEgyica, 2.30 eV. The HOMO energy of a traps, the net amphtu_de _of the space-charge field is smaller
sexithiophene molecule aloi€ompound 2 was estimated than that of the contribution from the principal set of space
to be —5.48 eV. Since the reduction potential of charges. If their characteristic time constants are different,
sexithiophene is out of the solvent window, the LUMO en-then the individual gratings can be revealed during writing
ergy level(—3.00 eV} was deduced from the band gap of the @nd erasure. _ _
sexithiophene backbone, which was estimated from the pho- The model predicts an expression for the steady-state
toabsorption edg€2.48 eVl. If we assume that there is no Space-charge field &s
ground-state intramolecular interaction between the

B. Bipolar two-trap models

sexithiophene backbone and the methine dye, the energy lev- E.~—E
. . .. g . (¢]5] gA
els in our photorefractive molecule should remain identical Esc=1] E E , 2
to their individual components. Indeed, the HOMO and 1+j—92 ;"9
LUMO energy levels for the photorefractive molecules EotjEp "Eo—JEp

(Compound 1 were electrochemically determined to be
—5.42 and—3.48 eV, respectivelyTable ). These are close Where
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are the diffusion field, the trap-limited space-charge fields of

N—type, and theP-type speue;, respectiveli, o= NSO’ Kg FIG. 15. Normalized diffraction efficiency as a function of time

is the Boltzmann's constant, is the absolute temperatut€,  gyring the grating erasure. The circles, squares, and triangles are
is the spatial frequency of grating, is the charge of the experimental measurements with the grating spacing of 1.1, 1.9,
electron,e; is the static dielectric permittivity, anNp, Na,  and 4.4um, respectively, at an applied field of 77xh. The lines
Ngo, N are the total concentration of donors and acceptorare theoretical fits using a biexponential functigg. (4)]. The

and the concentration of ionized donors and acceptors, rerset is its enlarged plot.

spectively. TheEp value is 0.16 Vim at a 1um grating

spacing and room temperature and is much smaller than thdelayed when the grating spacing increased as shown in Fig.
applied field in our experimentavhich is the case for the 15, where dips appeared at about 2.5, 7.3, and 20.0 sec of
most organic photorefractive filjmsUnder the condition of erasure time for the gratings with spacing of 1.1, 1.9, and 4.4

Eo>Ep, Eg.(2) can be expressed as um, respectively. The sign of the space-charge field did not
change in the writing process in Fig. 8 for two reasons:

Eqei(Eo—JED) firstly, because the space-charge field contributed from the

Sczm' 3 hole was dominated, and secondly, because the buildup time

constant for the hole grating was faster than that for the
whereE ¢=Eqa—Eqp - Equation(3) is the same formula as electron grating. We also did not observe a diffraction effi-
the “standard model of photorefractioi® when the one ciency dip during the grating writing process in the spacing
species trap-limited field, is replaced with an effective range from 0.4 to 4,6m. This would be possible under cer-
trap-limited field Eq . Therefore, the bipolar two-trap tain conditions, according to the bipolar two-species models,
model predicts the same steady-state photorefractive behafor example, if the response rate for electrons becomes
iors as the standard model. Equati@ explains the reason smaller than the rate for holes during the variation of the
why the field and grating spacing dependences of the gaigrating spacing*>* In contrast to the case in the bipolar
coefficient and the diffraction efficiend{igs. 2—9 are simi-  two-trap model, the grating formation and erasure in the one-
lar to those reported in the monopolar polymeric and mo-species electron-hole competition model follow single expo-
lecular photorefractive materials. Fitting Equatié® into  nential functions4-5¢

2
Ee

4

the gain coefficient and the diffraction efficiency désalid The expression for the writing and erasing diffraction ef-
lines in Figs. 2—5results in the effective trap-limited field ficiency i’
Eqe=94.5-103.0 Vium. The sign of the space-charge field
and, therefore, the direction of the energy transfer, depends t t
merely on the sign of fiel@, ¢, which is determined by the ()= 1—exp( - 7._6) } - Eh( 1‘”'{ - T_h) )
relative density of the donor and acceptor traps. Varying the
grating spatial frequency cannot change the sign of thend
steady-state space-charge fields. On the contrary, in the bi-

polar single-trap model, the steady-state gain coefficient can t t]?

change signs with the grating period. This is because the (1) Eeexp< - 7._9) —En exp( - T_h

phase of the space-charge field depends on the uncoupled

response time of the electron- and the hole-transponivhere E. and E,, are the steady-state space-charge fields
processes*>® Therefore, the space-charge fields formed bybuilt up by the trapped electrons and holes, apdnd 7, are
trapped electrons and holes cannot be determined individuhe time constants for the electron- and hole-transport sys-
ally from measuring the steady-state properties; however, theems. Fitting the data according to the writing and erasure
time-dependent measurements can accomplish this functioprocesses into Ed4) yielded the lines in Figs. 8 and 15.

The sign of the space-charge field, and hence the direction This model requires a zero diffraction efficiency dip dur-
of energy transfer in the bipolar two-trap model, can changéng erasure due to the 180° phase difference of the comple-
with time during the writing and erasure of complementarymentary gratings. Since the space-charge field is completely
gratings. The condition is that their characteristic time con-canceled at the dip, a nonzero dip can be observed only when
stants must be different. The sign of the space-charge field ithere is a slight phase shift in the complementary gratings.
the erasing process depicted in Fig. 8 must change after thehis phase shift can be due to either the vibration during
dip, since the diffraction efficiency is proportional to the hologram recording’ or to the simultaneous appearance of
square of the space-charge field. The time for the dip waphotochromic or absorption gratifigin our experiments, a
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FIG. 16. Time constants for buildup of a fast gratifwrcles
and a slow complementary gratiigquaresas functions of illumi-
nation light intensity(a) and applied fieldb).

FIG. 17. Magnitude fraction of slow gratingg,,=Ec/(Ee
+E;) as functions of illumination light intensitya) and applied
field (b). The inset in(a) is the E, andE,;, as a function of light
intensity.
nonzero dip was observed only when the measurements were
performed under noisier conditions. can be subjected to the hindrance from the reorientation mo-

Although similar grating cancellation and revelation be-tion of NLO chromophores. The field-induced birefringence
havior has been observed in other photorefractive polymerigneasurement shows that the time constants for the buildup of
composites, it was attributed either to the trap’s intercommuthe index birefringence under the action of external fields are
nication or to residual ionic motioff3° However, the inthe same order as the fast component of the response time
complementary gratings that are reported in this paper aref the grating formatioft* Though the slow electron grating
formed by the space-charge field of two types of photogeneris not hindered by the NLO reorientation, it has an even
ated charge carriers. weaker dependence on the light intensity than the fast grat-
ing. This slowing down could come from the interaction be-
tween the complementary gratings. The principal space-
charge field buildup by holes accelerates the migration of the

Figure 16 shows the influence of the writing beam inten-slow complementary grating. As a result, the interaction
sity and applied field on the buildup dynamics of the primaryforce weakens the effect of the light intensity on the time
grating and its complementary gratiig., and 7,). Figure  constant of the slow grating.

14(a) shows time constants, and 7,) as a function of the In order to understand the applied field dependence be-
writing beam intensity and indicates that both time constant®aviors of time constants more deeply, let us consider further
decrease with increased intensity. Figure 17 shows the relahe field dependence of carrier mobility shown in Fig. 12.
tionships of the magnitude fraction of the slow component ofThe field dependence of the mobility in disordered organic
a space-charge field, definedrag,,= E./(Eet Ey) with the  films has been described by the Poole-Frenkel effect, kinetic
writing beam intensity and the applied field. The 7, Ee, rate models, the Marcus theory, the dipole trap argument,
and E;, values were obtained by fitting E) into the dy-  and by disordered formalisft.It was found that none of the
namic data in Figs. 9 and 10. The standard photorefractivabove theories covers the whole range of the field measured.
theory predicts that the time constant is inversely propordt was further noticed that in the low-field range &
tional to the carrier mobility and the intensity of the writing <70 V/um, the mobilities show much weaker dependence
beams(time constantx1/mobilityxintensity (Refs 11 and on the field and follow the relationship predicted by the
58). However, the dependence of time constants on the lighPoole-Frenkel effect. At a high field range &€&
intensity of both holes and electrons is much weaker than thez100 V/um), the data can be well fitted into the kinetic rate
above relationship and those reported in other organic antheory. This inconsistency in the mechanisms throughout the
inorganic monopolar transport materidfs*2%>° In this  measurement range can be attributed to a quasimorphology
low-T, photorefractive material, the fast component of re-difference at different applied fields as a result of the IByv-
sponse times can be hindered by the NLO reorientation berature of the material. The chromophores are more random-
sides the space-charge field formation. This is because theed at a low field than at a high field. The Poole-Frankel
NLO reorientation speed in the rubbery state of amorphougffect describes the reduction in the ionization energy of a
matrix is independent of the light intensiyyet controlled  carrier in a Coulomb potential by an applied field. The de-
by the diffusion constarft: Therefore, fast grating formation pendence of the mobility on a field can be expresséd as

C. Grating dynamics
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FIG. 19. TheE, and E;, (squares and circlgsas well as the
E— E. value and square root of diffraction efficigiaiamonds and
solid line) as a function of light intensity.

FIG. 18. The activation energy for holequares and electron
(circles hopping.

= o XP BprEYAKT), 5
; o _ _ understood thatg,,, is invariable wherl ,>50 mW/cn? be-
where Bpr=(e"/meeo) ™", & is the dielectric constant at cause both space-charge field components from trapped elec-
high frequency, and, is the permittivity of free space. The trons and holes reach their individual trap limitation condi-
kinetic rate theory assumes that the electron and hole trangpns as indicated by Eq.2). For the case ofl,
ports occur by hopping among the localized states, and the 50 mwi/cn?, the r g, remains constant because the rela-
mobility can be adopted & tion of the photoexcited electron and hole densities remains
A(E E constant, and because the space-charge field built up by each
_-P _ (B)) oip[ PE carrier still depends on the density of two types of traps. On
n=2_—-vex sinh (6) . :
E kT 2kT the other hand, the,, value increases when the applied
wherep is the average separation of the transporting agentg',EId increases at a constant light intensityl,, (

. ) = 760 mW/cn?) as shown in Fig. 1(b). This trend is consis-
v is the attempt frequency of electron-exchange between nt with Eq. (2) because under the condition g

charged and uncharged localized discrete chemical speciet§

_ . - . >'Eqa, the trap-density-limited space-charge field due to
A(E)=Ay— BE is the activation energy for the hopping pro- gqA e
cess, and), is the zero field intercefft The dashed and trapped electrons depends more strongly on the applied field

- . o . than the trapped holes.
solid lines of Fig. 12 are the best fitting results, using Eqs. Equation(2) reveals that the overall space charge field is,

(5) and(6), respectively. In the fitting, the dielectric constant . - .
¢ is assumed to be 3.0, and the average distance yefoe in fact, a superposition of two space-charge fields from two

both hole and electron transport species is 13.9 A. It is Ca|§ype$ c_)f trapped charges. qu results indeed confirm this
culated from the formulap=[M/(Ad)]¥3, whereM is the prediction(Fig. 19. Agr.eement is ob;grved betwegs and
molecular weight of photorefractive sexithiophene En~ Ee- The dashed lines are the fitting by E§).

(1946.16, d is the density(1.2) andA is Avogadro’s number It is important to point out that the complementary grating
(6.02x 10%9). The resultant zero field intercept, and 8 observed in our sexithiophene photorefractive materials is

values are listed as an inset in Fig. 18. The activation enef20t due to a passive motion of resi<_jual iqn; as describeq in
gies for both holes and electrons are slightly dependent oﬁef' 30. If the compl_emgntary grating originated fror_n this
the external field, but the electron has a largevalue than  '€2S0N, thégp,, value in Fig. 17a) could not have remained
the hole and is more strongly influenced by the external fielgonstant. The spacg—charge_ field frqr_n lons should always
(Fig. 18. While the 3 value for electron hopping is larger satisfy the trap density limitation condition, since the number
than for hole hopping, the activation energy for electron hop-dens',ty of lons 1S '|ndependent of light intensity.

ping decreases faster with the applied field than for the hole TS assertion is supported by photocurrent measurement
hopping. As a result, the time constant of slow grating at Jesults, as shown in Fig. 20. It is indicated that the photocur-
high-applied field is more sensitive to the changes in the

applied field than that of the fast gratiri§ig. 16. This is 150 - 004 Wier?
because the mobility follows the kinetic rate theory at a high- © uminated (1,, = 0.84 Wiem’)

applied field(Figure 12. Ther gy, value reflects the relation z 100 F 5 Dark & ]

of the two gratings at steady-state conditions. £ 35969
Figure 17a) shows ther,, value as a function of the g

intensity of the writing beam at a constant applied field § 50 Q@(&Q -

(Eapplie= 77 V/um). It can be seen that theg,,, values re-
main almost unchanged over a variation in the intensity span
almost three orders of magnitude. Meanwhile, the absolute
space-charge field magnitude of the fast componEgt,
triples in value, and a saturation of the space-charge fields,
E. and E,,, appears at a writing intensity of abol, FIG. 20. Photo- and dark current measured from au#¥-+thick
=50 mW/cnt [see the inset of Fig. 1@]. It can be readily sample.

Applied Field (V/um)
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rent increases superlinearly with the applied field, while theretically in inorganic materials, this is the first detailed study,
dark current remains zero as the external field is increased up the best of our knowledge, in organic material. Our study
to 90 Vium. The revelation effect that we observed shouldjustified the bipolar charge carrier transport model and illus-
not be attributed to the appearance of a monopolar shallowated its effect on photorefractive properties.

trap®® because the diffraction efficiency dipped to zero under The bipolar transport model is supported by time-of-flight
uniform illumination. This is not the case for the shallow trap experiments. The energy levels of HOMO and LUMO of
model®* An oscillation on the space-charge field in monopo-hole and electron transport components, which correspond to
lar photorefractive materials can happen at the initial stagethe sexithiophene backbone and the NLO chromophore,
of grating formation and erasufé® The “density” gratings ~ were evaluated from cyclic voltammetry and photoabsorp-
of the photoexcited carriers drift along the grating vectortion spectroscopic measurements. The intripsic junction-
direction under the action of a high external field. If the drift like energy levels within a single molecule were shown to
length is longer than the grating space, then the rise and faflupport the mechanisms of the simultaneous hole and elec-
of the amplitude of the Coulomb electric field grating can betron transport. The differences in mobility and trap depth
observed before significant diffusion takes place. This iscause the buildup and erasing processes to have different
caused by the movement of the carrier grating from 0° taime constants for electron and hole systems. Therefore, the
180° and back to the in phase with the stationary grating otancellation, revelation, and oscillationlike behaviors of the
ionized trap$® This kind of oscillation is not complete and gratings were observed. The dynamic parameters of the
will be dampened due to carrier recombination. A zero dipgrating-writing process and the steady-state properties were
similar to the complementary grating competition cannot beconsistently explained.

observed.
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