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OBSERVATION OF THE PHOTOREFRACTIVE EFFECT IN A POLYMER

~'S. Ducharine
J. C. Scott

R. J. Twieg
W. E. Mociner

IBM Research Division
IBM Almaden Rescarch Center
San Jose, California 95120-6099

ABSTRACT: We rcport the first obscrvation of the photorefractive effect in an amorphous
electro-optic material, the nonlincar optical polynier bisphenol A diglycidylether
4:nitto-1,2,phenylencdiamine (BisA-INPDA) made photoconductive By doping with the hole
transport agent dicthylaminobenzaldehyde-diphenyl hydrazone (DEH). The gratiugs- formed
exhibit: dynamic writing ard-erasure, strong clectric field dependence, polarization dnisotropy,
diffraction cfficiencics up to 6 x 105 in a 356 pm film, and estimatéd pliotorcfractive
space-charge fields up to 43-kV/cin.at an applicd ficld-of 126-kV/cm. Continuous realignment
of the nonlincar molecules in the polyracr pérmits external control of grating readout

indcpendent -of the space-charge ficld formed.
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The photorefractive -cffzct remains a laboratory cur’iosity “on the verge of cxploitation,”
moré¢ than twenty years after its accidental discovery and the.éarly rcalization of its potential
applications. ! Among the many photoréfractive applications which have been proposcd
a‘re:2 high :density optical data storage; a wide range of image processing techniqués; phasc

conjugation; simulations. of neurdl ne:works and dssociative mcmoriés; optical switching;

optical computing; and programmable interconncction. But, despite what it can do, there is.

as yet little that the photorcfractive' (PR) cffect does do that is competitive with cxisting

_devices: ‘One of the primary roadblocks has been the fact that the matcrials which have

cxhibited the cffect (until recently, -only inorganic crystals). ténd to be difficult and expensive

to make and prepare. The purpose of this reporl is to describe the first of an catiicly new

.class of casily fabricatcd PR matcetials, doped nonlincar optical polymers.

The PR cﬂ‘;:ct begins with the redistribution and: trapping of charge in the bulk of a
photoconducting instilator or scmiconductor under nonuniform illumination. The clectric
ficlds associated with the t-'appc;l charge alter the index of refraction of the material through
the electro-optic (EQ) cffect, thus preducing a phase replica, or holegram, of the optical
intensity distribution. The ingredients necessary for producing a PR phase hologram are

therefore:  photoionizable charge generator, transporting medium, trapping sites, and

sccond-order nonlincarity.

We have made a polyracric PR meterial, the first {o our knowledge, to- take advantage

of the relative casc of fabrication .nd processing and of the large EO response attainable
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with a Jow diclectric constant in organic matcrials. ) Polymers have been sepatately made
electro-optic by poliélg guest or attached nonlincar chfomophorcs 5. @ and made
phéto’c;‘qnducting at virtually any wavelength by doping with charge generation and
transporting agents. ne In this work, the EO material is the cpoxy prepolymer bisA-NPDA
composed of bisphenol A diglycidylether (bis A) rcacted with the nonlincar chromophore
4:nitro=1,2,phenylenedianiine (NPDA) which has béen. studicd previously in its crosslinked
form:as a stable sccond order material. ? The prepolymér had a glass transition temperature
T,= 65° and number average: M, = 2200  and weiglit average T\T,,:‘()?OO, molccular weights.
Though the molccular weights ir‘cmaihcd low and dittle additional crosslinking occurred: in
Sublseq_ucnt preparation ‘and measurements, -the ‘term “polymer” will ‘hénccforth be uscd to in
preference to ‘prepolymer’.  The bisA<NPDA polymer provides sccond-order nonlincarity
when the NPPA chromophoreés arc oriented in an-clectric ficld. It will be shown below that.

the NPDA also provides optical absorption for the charge generation process.

Monopolar charge transport is facilitated by addition of the hole transport agent,
dicthylaminobenzaldchyde-diphenyl hydrazone (DEH), to the ‘polymer to form connected
pathways for thc hopping motion of holes as is donc in. the charge transport layer of
clectrophotographic photoconductots. ’ In molccularly doped polymers. trapping centers are
invariably present duc to defeet and conformational disorder inherently present in the

amorphous structurc. Therclore, for these initial studics, no additional traps were added.

The polymer and DEIT were codissolved in the appropriate ratio in PM (propylene
glycolmonomethyl cther) or PM acctate, stirred thoroughly, and filtered. Samples were made

by dripping 1-3- ml of the polymer DF.l1-solvent mixturc onto two I'TO-coated glass plates
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$ct on a hot plate. The mixturc was dricd at 95 C for 30 minutcs to- rémove ‘most -of the
solvent and then the two plates weie pressed together face-to-face and quenched to room

temperature to form.a plateé:polymer-platc sandwich. Slight cross-linking of the polymer was

- evident .after this brief cxposure to high temperature. Numérous ‘samples 178 .um to 533um

thick prepared in the sarmie manner exhibited similar EQ, plhotocurrent, and PR propertics.

The scparatc contributions that the host polynicr and the hole transport agent make to

-

the photoconductivity are 1llustrated in Fig. 1. The absorbance of the saniple in the red (left

scalc) is not significantly différent from the undoped polymer sincé DEIL absorbs in the bluc.
The: strong absorption onsst is-duc to the:first clectronic transition of the NPDA. The insct

to Fig. 1 shows that the photoscnsitivity a,/I (photoconductivity per unit intensity) increcascs

rapidly once sufficient DEIT is added, consistent with the establishment of a conductive

network for charge transpert. The measured photocurrents were approximately lincar in the
bias voltage and in intensity and were determined to bé free from significant contributions
duc to Leating. ‘The photasensitivity of a sample (slightly more than a week old) made with
30 wt.% DEH has a spectral dependence which closcly follows the measured optical
absorbance of the sample (Fig. 1, right scale). IHowever, the photosensitivity docs not
decrease ncarly as rapidly as the absorbance beyond 650 nm, perhaps due to additional:

photogencration at NPDA-DEIT charge transfer pairs.

The photoconductivity of samples stored at room temperature in the dark was obscrved
to decay with a 50 % lifczime of mic week, likely due to slow aggregation of the DEIT in

the polymer. A sample stored at 7 °CC decayed' much more slowly, with a 50 % lifetime

cxceeding two months.
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Usually, époxy polymeérs arc aligned by poling and: ',thc’:n crosslinked- at clevated
temperatures to produce stable nonlincarity. ? Attempts to- cross=link our samples produced
a loss of optical quality perhaps due to decrcasing solubility of the DEI ir the cross-linked
fegiqps; Heénce we chose to not cross-link, to .align at room temperaturc,. and- to pc‘;f‘onn
—— experiments with a dc clectric field present both: to permit additional control of the
holographic readout and to-siinplify sample picparation. [lectrode poling of the samples is
p9ssiblé at room tcx“fy:pcraturc beczuse the polymer is soltencd ‘by ‘mixing ‘with DEII (as

confirmed by differéntial scanning <alorimetry). Theiclore the HO. response can be. readily

controlled using a bias voliage, a property which ‘may be -usefiil for new applications.

‘Using a Mach-Zchnder interfcrometer to measure EO phasc. changes at low-(10 - 10,000
7) frequencics, " e observed that the (steady-state) EO cocfficient is proportional to the
_magnitudc of the applied ficld except for a small residual -hysterctic alignment retained: in the
absence of the applicd ficld. Upon changing or reversing the applicd de ficld, the observed
T0O-cocflicient rises in a matter of minutes to approximately 90% of its long-time (i.c. many
hours) value. The left-hand scale of Tiguré 2 shows the variation of the square of the
cllective (steady-state) EO cocflicient (times the cube of the index of refraction, which docs
not .change significantly in- an. clectric ficld) of a 356  uni thick 30 wt. % DEIT mixturc for
p-polarized 632.8 nm:radiation incident at an cxternal angle of 60°. At thi:; angle and
polarization, the cfTective 0 coefTicient (neglecting bircfringence) i = 1y Sinec + ryy cos?a is

a ‘lincar combination of thé Jongitudinal. ry and transvefse r; =1y coeflicients where -the




5

3-diréction is the dircction -of the applicd clectric ficld: which is normal to the planc -of the

film -and @ = 30.6° (for n = 1.7) is the angle of propagation- within the film. The sign of

§ is'positive with: respect to the dircction of the applicd clectric-ficld.

Thus, three of fopr nccessary. ingrédients for a PR material, absorption, transport, and
EO response, can be -casily mecasured in- our polymer mixturcs. The polymer would be
-éxpcctcd to supply a large density of traps, which may be polymer chain ends or other
dcf'ccts! but thcre is no guarantee that these traps will be properly compensated and
photoionizable as required for the production of an érasable PR space-c¢harge ficld. ? Ihe
presence of the PR effect and therefore a sufficient number of uscful traps has. been vérificd
in the polymer films by volumc holography in which two mutually -cohcrent Gaussian
“writing’ ‘bearis at a ‘wavelength. of 647.1 nm and with cqual intensitics of 13 W/cm? wére
intersccted at thé sample at iricidence angles of 30° and 60° (in air), respeétively; thus
producing interference fringies with 0.2 um spacing oriented 24° from the film planc. A third,
much weaker, ‘reading’ beam dirccted opposite to the 60° writing béam was Bragg diffracted
from the holographic -grating crcated ia the polymer by the writing beams. The diffraction.
cfliciency was rccorded as the ratio of the diffracted power to the incident reading beam
power, The writing ‘heame could be cither s- or p-polarized, but only a-p-polarized reading
beam produced mcasurable diffracted- signal, also with p-polarization. This anisotropy is

consistent with the expected anisotropy of the EQ cocfficient.

The influcnce of the citernally applicd clectric ficld on diffraction. cfficiency is shown in
Fig. 2. The diffraction éfTiciency i = (Wrgml.GEJ24) increases rapidly with the -applicd

clectric ficld. through increases in both the PR space-charge ficki L. and the EO response
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n:

N’rer, ‘where the interaction. length 1.
thickness, at the oblique angle of propagation, 1 = 647.1 nm, and G is a polarization and
geometrical factof ¢qual to 0.45. The PR space-charge ficld in the standard modcl for the

Lo

PR effect is 2

D2 . Eg+Fp
T AP+ A B

(1

where Ly is the component of thé applicd clectric ficld along the grating wavevector,
Es=k.kiT/c = 1.29kV/cm and k, = 2zn/(gfating spacing) = 5 x 105cm-'.  Tlic insct to Fig. 2

shows #-divided by n’rer, which should be-proportional to T2, The solid linc is a least-squarcs

fit to Lq. 1 with two adjustablc paramcters: a prefactor which takes. into. account .the

uncertainty in knowing the precise EO-cocflicient at the grating location 2 and A = 0.018
which yiclds the cffective density of photorcfractive traps N, = kieeokn T/AC? = 5.7 x 107em:?
(€=29). The maximum F, rcached, at am applicd ficld of 126 kV/em, from Eq. I is 45
kV/cm, a value which- is much Targer than obtaincd in inorganic PR .materials duc presumably

; } L
to the low diclectric constant of the organic polymer.

To further cstablish»that’ the observed gratings, once cstablished, were indeed clectro-optic
in .origin, we recorded gratings at large applicd voltage, removed the writing beams, and:
observed the diffracted signal as the applicd voltage was altered, with typical results shown
in Fig. 3. The grating was recorded with a bias voltage of -3000 V (a ficld of -84.3 kV/cm
with respect to an arbitrary absolute choice of polarity) (or 2.5 minutes. (The {fluctuations
in the signal as it riscs to its steady-state valuc a-¢ duc to slow changes in the optical paths

of the writing beams.) At b, both writing beams weic switched ofl as was the applied voltage;

391 pm is slightly larger than the polymer film
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the signal’ rapidly dccreased duc tc the rapid relaxation of the aligninent of the nonlincar
chromophores. Ilowever, the built-up spacc-charge remained (cxcept for the slow erastre
by the much weaker reading bcam) as was confirmed: by the returin of the diffracted signal
upon application of a positive voltage at ¢, thus aligning the nonlincar molccules dpposite
to théir original orientation. At d, the voltage was again reversed, slowly reversing the
oriéntation of the nonlinéar meélccules and restoring the diffracted signal. (The signal did
not recover all of its initidl magnitude between ¢ and ¢ duc to the slow decay of the
space-charge ficld and the sluggishness of the molecule ali"gnmcnt.) At ¢, onc of the writing
‘beams was turncd back -on to crasc the spacc-charge ficld. Thus, Fig. 3 cstablishes the
relative independence of ‘the -space-charge ficld formation and crasurc from. the molccular
alignmcnt whosc only purfosc is to permit rcadotit. This is in sharp contrast to-the situation
in crystalline PR matcrials (with the-cxception of a paraclectric material. such as PLZ’I‘”-) in

which the EQ response is permancrt,

The holographic gratinzs could be repeatedly written and crased dozens of .times without
noticcable degradation. The need for large external clectric ficlds during grating recording
can ‘be understood, not bezause of the EO alignment which could readily be -produced: after
the spacc-charge pattern had' been established, but because an applied field is necessary to
Scparate the photogencrated charges. As Eq. 1 shows, in the absence of an applicd ficld, the
stcady-statc spacc-charge licld is cquai to Iy = 1.29kV/em which would yicld a- diflraction
cfficiency 2 X 10 %, in our samples cven with a readout ficld of 126 kV/em. As an additional
test, we recorded gratings in the absence of an applied ficld and, after blocking the writing

beams so that the space-charge would remain fixed, applicd a large external clectric ficld.
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No signal was obscrved larger than -the approximately 1 - § x 10* background ‘scatter from

inhotiogeneities in.the sample.

The timie constant of growth or dccay of PR gratings is proportional -to the
phdtoconductivity. To test this in our samples, we measured the (light-induced) erasure rate
of tlie ‘holographic gratings and the photoconductivity of the samc polymer film. The bias
ficld was ‘képt constant during recording -and crasurc. The holographic spced and the
photocéﬁductivity both. monotonically incrcascd with increasing applicd clectric ficld,
doublipg at approximately 100 kV/cm; with a maximum crasure ratc at 13 W/cm? of 0.065
s!. TFicld:dependence of the-photoconductivity is not uncommon-in organic photoconductors
duc to the pronounced depeindence of the photogencration rate ' and’ the mobility ? on the
clectric ficld. The dark storage time (i.c., the lifctime of the space-charge ficld with all optical

beams blocked): was 500 scconds with no clear dependence on the applicd: clectric ficld.

The PR cffect has a number of unique featurcs which distinguish it from any other khown
mechanism -of grating formation. The clearcst single signature of PR gratings, dynamic
two-beam cnergy coupling, 0 an cxchange of intensity between two beams interacting via a
mu‘tual photorefractive grating, has not yct heen observed in -our .polymers because of the
low dilfraction cfTiciencics achicved. Tlowever, the clectric ficld dependence. of the grating
formation and rcad-out, the corrclation with photoconductivity and EQ response, and the
cyclic crasability climinatc the possibility that the observed cffect is duc to any mechanism
other than phot(;rcl‘racticvn, such as photochromism, photochemistry or photophysical

changes in molecular structure. Ilence, the observations detailed in this Ictter, taken together,




=9:

provide tincquivocal evidence that the molecularly doped-polymer systems studicd arc indeed

photéfefracﬁ\ie.
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Fig: 2. [Dilcctro-optic cocflicient (at 632.8 nm) and diffraction cfficiency (at 647.1 nm) of a

356 um thick film of the polymer mixture BisA-NPDA:DEIH (30 wt, %).
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