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Two-Beam Coupling Measurements of Grating Phase in a

Photorefractive Polymer
C. A. Walsh and W. E. Moaocrncr

IBM Research Division, Almadcn Rescarch Center

San lose, California 95120-6099

ABSTRACT: We investigate in detail the grating propertics of a recently discovered
organic photorefractive polymer as a function of clectric ficld using two-beam
coupling. We present measurements of index and absorption grating phase relative
to the intensity interference pa'ttcrn as well as the amplitudc of both the absorption
and index gratings. We find that in low electric ficlds, a wcak in-phase grating
(possibly photochromic) and the low electro-optic cocfficicnt prevent observation of a
phase-shifted photorefractive grating. However, at modcrate to high electric fields, a
much stronger photorefractive index grating with phasc shift approaching 90°
dominates. The field dependence of the index grating phasc is discussed in terms of
a standard photorefractive model. The presence of an index grating with a 90° phase
shift at high fields provides strong evidence that these polymers are indeed

photorefractive.
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[. INTRODUCTION

Recent observations of the photorefractive effect (PRI) in a doped organic nonlinear
crystal' and in doped nonlinear polymers > have opcned up a new. class of materials which
offers the promise of reasonable nonlincarity with small dc¢ diclectric constant, that is,
improved values of the figure-of-merit n’rfe, with n the optical index of refraction, r the
electro-optic cocfficient, and ¢ the dc dielectric constant. In these materials, a host matrix
that is optically nonlinear by virtue of either poling or crvstal growth is made
photoconducting by the addition of dopant molecules which allow for charge generation,
transport, and/or trapping. In comparison to organic crystals, the poled polymer materials
in general offer additional flexibility in that they arc casily doped, rcadily formed into thin
films for waveguide experiments, and made acentric by poling. The dctailed properties of the
polymer matenals are therefore of current interest so that the ultimate limits of performance

of this new materials class can be determined.

Many of the intriguing possible applications for PRI} *® such as beam fanning7, novelty
filtering 8'9, and sclf-phase conjugation 0. 1 rely upon the presence of a nonzero phase shift
between the index of refraction grating and the optical intensity (intcrference) pattern, or
equivalently, asymmetric two-beam coupling. In addition, as long as moving gratings and/or
ac electric fields are not used '2"4, a nonzero phase shift is in fact [irm proof that the grating
formed 1s indeced due to charge generation, transport, and trapping in an clectro-optic
material, i.e., the true photorefractive effect and not a purcly local photochromic, heating,

or other type of dynamic grating's.

This paper reports grating phase mecasurements as a function of applied ficld for the
photorefractive polymer composcd of the nonlinear cpoxy polymer bisA-NPDA
(bisphenol-A-diglycidylether 4-nitro-1,2-phenylencdiamine'”) doped with 30 weight % of the
hole transporting molccule, DEH (diethylamino-benzaldchdve diphenylhydrazone). The
photorefractive cffect in these polymers was first demonstrated using ficld- and polarization-
dependent volume holography as reported earlicr 7 Iere we add the additional evidence

provided by two-bcam coupling mecasurements of grating phasc, which shows that the phasc
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of the index grating is close to 90 ° at moderate to high ficlds and thc absorption grating
amplitude under these conditions is small relative to thc index grating. At zero field, only
a weak, in-phase grating was observed, presumably duc to photochromic effects. The
convincing observation of nonzero phase shift in this polymcric photorefractive should lead
to future experiments which directly require the prescnce of asvmmetric two-beam coupling.
In addition, this work illustrates a direct experimental test which should be applied to future
candidate organic photorelractive materials to rule out sources for grating formation other

than photorefractivity.

II. EXPERIMENTAL

In previous studies in photorefractive and nonphotorcfractive materials, several techniques
for the determination of grating phase bave been demonstrated, including external phase
shifting of onc beam by mirror motionls, phase-modulation approaches'q, and electro-optic
shifting of the interf~rence pattern * to name a few. A rccent technique, fast displacement
of the sample along the grating wavevector after grating formation’' is convenient for the
detection of asymmetric two-beam coupling even when the overall diffraction efficiency is
small, as it naturally is in the relatively thin (350 um) samples used here. This is essentially
a result of the homodyne enhancement of the diffractcd bcam by the transmitted beam in

the same direction.

Samples for this study were fabricated by mixing thc partially crosslinked epoxy polymer
bisA-NPDA and the charge transport agent DEH in a solvent, drving, and placing the doped
polymer between two glass slides with transparent clectrodes as reported clsewhere’. The
gecometry of the grating formation is shown in Figurc 1. A tilted grating with oblique
incidence angles is required in order to yield a reasonablc projection of the grating wavevector
along the poling (Eqc) axis of the sample. Two cqual-intensity p-polarized Gaussian beams
(bcam 1| and beam 2) with vacuum wavelength 1, = 647.1 nm {rom a Krt* ion laser were
crossed in the sample at external incidence angles of 30 © and 60 7, respectively, writing a
grating with spacing Ay = 1.6 um oricnted 25 ° from the planc of the film. The various

angles inside the sample are defined as follows: 6, is the angle between the grating vector
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K, (which is parallel to the space-charge field E) and the film plane; 8, is the angle of
incidence for beam 1; 8, is the angle of incidence for beam 2; and 20, = 6, — 0 is the crossing
angle between beams 1 and 2. The growth of the grating gives risc to two diffracted beams
which propagate in the same direction as the other writing becam. Grating phase
measurements were performed with externally applied dc ficlds lig. ranging from 0 - 114
kV/cm. For each field, a thoroughly erased or new spot on thc samplc was used to prevent

interference {rom pre-existing gratings.

The two-beam coupling and grating phase measurcments were performed using a slight
modification of the method of Sutter et al.>’. A grating was formed using two equal intensity
writing beams with the tilted grating geometry as described above. The intensity of each
writing beam was 2.5W/cm2. The total transmitted intcnsity of cach bcam was recorded using
identical photodetectors. The transmitted intensitics were normalized for laser power
fluctuations using a pair of electronic ratiomcters, low-pass filtered, and fed into a transient
waveform rccorder. After writing the grating for 3-5 minutcs, the grating was moved along
the plane of the sample using a precision transiator driven by a stepper motor with 0.1 pm
resolution (Klinger UT 50.20). Both beams 1 and 2 werc diffracted by the grating and the
diffracted beams interfered with the transmitted bcams propagating in the same direction.
The translation of the sample thus resulted in a modulation of the transmitted intensities at
the detectors. Although the diflraction efficiencies of the gratings in bisA-NPDA/DEH were
typically 10-4 to 10~ 5, the relative amplitudes of the intensity modulations were 10-2 to

3 x 10~ 3 due to the homodyne detection.

In this work, the sample was translated 6.7 um in 2.1 s, minimizing grating erasure during
translation. The normalized transmissions of the two bcams as a function of grating
displacement were recorded simultaneously, as is shown in I'igure 2 for an applied field of
86 kV/cm. The irregularities in the traces near the beginning of motion were duc to slight
imperfections in the initial motion of the translator. Measurcments were also performed with
(1) a different translation stage driven by a 20,000 stcp-per-revolution stepper motor and (it)
a Polytec P280.2 piezoclectric block translator, but thesc devices suffered (rom (i) more

unccrtainty in the initial motion of the stage duc to backlash and (it) nonlincar displacement,




-5-
respectively. Nevertheless, grating phase determinations from both of thesc alternate
translators provided results similar to those rcported here for the 0.1 um translation stage.
Overall, the scans with the latter stage were found to be the most reproducible. In addition,
it is evident in Fig. 2 especially before the translation begins and after it stops that there is
a slow drift in the dc levels of the ratiometers over the coursc of the scan. This and the
translational inaccuracics contributed some scatter to thc dcterminations of the grating phasc

when the grating amplitude is small (see IFigure 3 bclow).

ITI. THEORY and DATA ANALYSIS

This section presents a generalization of the analysis of Sutter ct al.”' for the case of
p-polarized diffraction from a slanted grating, using the gencral coupled wave theory of
Kogelnikn. After the grating is formed, both beams | and 2 in IFig. 1 act as reading beams
whose electric field amplitudes are labeled with the letters Ry and 'R,, respectively, and the
diffraction from the grating produces a pair of scattered hcams labcled S; and S;. We assume
that the grating formed during the writing interval by thc intensity pattern of modulation
depth m =~ | given by I = 2I5[1 + cos(Kg-1)] produces (scparatc) index and absorption

gratings so that

n(r) = ng + An cos(K,r — )
a(r) = oy + A cos(Ky -1 — o). €)]

with a, the ficld amplitude absorption cocfficient, n, the background refractive index (= 1.63)
r a vector in the material, and I, the intensity in each of the two writing beams. (In fact,
as will be shown below, cqual intensities for the two writing bcams outside the sample yields
unequal intensities inside the sample, and the modulation index will only be near | rather
than equal to 1. This only affects the ultimate sizes of Ao and An and may be ignored
without loss of generality.) The index and absorption grating amplitudes will only be related

by a Kramers-Kronig relation if they arise from the same phvsical process; otherwise, the two




-6-
amplitudes can be independent. The phases ¢p and ¢4 arc the desired phase shifts of the

index and absorption gratings, respectively.

First considering readout by beam 1, the fields just hefore cxiting the polymer are then

given by

E(IR) — Eol R‘ cxp[i(mt - k,-n].
EMS = 12,8, expli(wt — k1], ?

where ki, k; and Eq, FEo; are the propagation vectors and initial ficld amplitudes {or the
reading and scattered beams just inside the polymer, respectivelv. We consider the limit of
small diffraction efTiciencies, which means that the amplitudc of the reading (R) beam is
affected only by optical losses in the material, and that thc contributions of the index and
absorption gratings to the diffracted beam amplitude simply add. T'urther, since beams 1 and

2 formed the grating, readout is automatically Bragg-matched. In this case,

R.=D _aod 1 |
1=D=exp| — <+t ) (3)

with d the sample thickness, and ¢, = cos 8y, ¢s = cos ; arc thc obliquity factors when beam

1 is the reading beam. The scattered beam coefficicnt contains terms from botn the

absorption and index gratings:

S, = — D[iP exp( — ihp) + A expl — i )], (4)

with the diffraction amplitudes P and A given by

p (t-s)ndAn
A cos 8, cos (?,)"'2

T-5)dAz

A (r-s)dAx

" (5)

- 2(cos 0, cos )
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with Ay the free-space wavelength. In these relations, the (actor rcsulting from p-polarized
readout T-5 = cos(d; — 8)) is given by the dot product of the two ficld polarization vectors T
and § (see Eq. (90) of Ref. 22). Furthermore, the scattcred hcam factor Sy has been
multiplied by the factor (c4/c,)'/2, in order to satisfy the requircment for power flow
conservation in the direction perpendicular to the {ilm (scc ligs. (24) and (40) of Ref. 22),
1. e., the scattered beam and the readout beam to which it is referenced are propagating in

different directions.
Similarly, when beam 2 is the reading beam,
E™ = ,D expli(wt — k,-0)].
E® = E_,S, expli(ot — k,-1)]. (6)
and
S, = — D[P exp( + i¢p) + A exp( + i )], (7N

with P and A given by Eqs. (5) and where the positive signs in the cxponential arguments

of S, reflect ditfTraction in the opposite direction relative to the grating phase shift.

Linear superposition allows simple addition of the ficld amplitudes for cach of the two

beams just before exiting the polvmer to give
EYD = DIE,, — E,(iPc™ *" 4 Ac™ '™,
EYD = DE,, — B, (iPet " + Act ™). (8)

where the superscript T means “total”. Since beams | and 2 arc incident at different angles,
the amplitudes E4 and Eg; will not be equal in gencral. The intensity in each of the two
beams at the exit edge of the polymer may then be computed to be (dropping terms of order

P2, A2)

1V = (112)0%ngeo[Fg) = Forliga(2A cos g + 2P sin )],




-8-

1D = (1/2)D?n e [E2, — FoiEos(2A cos ¢5 — 2P sin ¢ip)], 9)

where ¢, is the permittivity of free space (Sl units). Thesc uscful rclations show that the
contributions to the two beams from index gratings arc [R0” out of phase, while the

contributions from absorption gratings are in phasc.

It i1s clear that the oblique incidence and uncqual rcading ficld amplitudes complicate the
analysis; however, an important simplification can hc made by factoring out the geometric
mean of the intensity in the two rcading beams [ = (1/2))2n.s,.li01Esy and forming the sum
and the ditlerence of the intensities:

l+

lothio2

Eg + B
I T T, /- AA cos gy |, (10)

1 g2 ’
I~ =1 E’;[lz- — 4P sin ¢ |, ()
& I:, L

Za2

Using the Fresnel factors for beams | and 2 entering the samplc to compute Eo; and Eg
from the value of the incident electric field amplitude I:, outside the sample, it can easily
be verified for our gcometry that the first term in the brackcts of liqn. (10) is equal to 2
within a few percent. In addition, computation of thc intensitv transmission coeflicients for
propagation of thc two beams out of the exit side of the sample through the cover plate and
into the air yields a transmission coc{Ticient of 0.98 (or bcam | and 0.99 for beam 2. Thus,
without loss of generality, we may take Eqns. (10) and (11) to apply to the actual detected
intensities. The final complicating factor, the first term in the brackets in Eq. (11) is not

o : 2 . .
zero as it is in the non-oblique case = and can thus bc left as a fitting parameter.

As the sample is translated in a ime much less than the grating growth or decay times,
the effect is to replace the static phase shifts ¢gap bv (A + 278 cos(8,)/Ag) where & is the
displacement increasing lincarly with time t from t = 0. Thus. the sum and difference of

the two transmitted intensities can then be written
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1¥(€) = 1,02 — 4A cos(¢  + 2n& cos(8,)/A)].
17(&) = I,[F — 4P sin(¢p + 27& cos(8,)/A,)]. (12)

with F a fitting parameter. To summarize, using data like that in IYigurc 2, the values of
A, 4, and Iy were dctermined by fitting the sum of thc two traces to Eq. (11) with a
nonlinear least-squares algorithm, and the values of P, ¢p. and I' were dctermined by fitting
the dilference to Eq. (12). This procedure was repeated at cach valuc of applied dc field.
Direct inspection of the high-field data in [g. 2 reveals that the intensitics are 180° out of
phase indicating the dominance of an index grating. liquation (12) for I~ shows that the
tracc should start out at £ =0 as a sinc function; since the data start out as a cosine shape,

or 1s 90 degrees.

IV. RESULTS AND DISCUSSION

The index grating phase ¢4 for data from several samples as a function of applied field
along the grating wavevector 1s shown in Figure 3 (svmbols). Wec sec that at zero field, the
phase of the index grating formed is near zero degrees (an in-phase grating). Since standard
models of PRE give a 90° phase shift due to diffusion in zcro ficld, this grating is not

photorefractive in nature, but may be due to local processcs such as photochromism.

We recall that in bisA-NPDA, the polymer is not fullv crosshinked; thus the low glass
transition temperaturc allows alignment of the nonlinear chromophores at room temperaturc
by the applicd field lidcj. (For this reason, all the mcasurcments rcported in this paper werc
taken several minutes after any external electric field changes in order that the nonlinear
chromophores might rcach near-equilibrium orientation before writing a grating.) Since the
electro-optic coetlicient of the poled polymer approachces 7cro as the applied ficld goes to
zero, any charge scparation by diffusion (i.e., the PRE) that might be present would be

extremely difficult to detect.
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However, as the field is increased (and hence, r), the phasc of the index grating increases
until moderate to high fields (25 - 50 kV/cm), where it platcaus ncar 90°. This index grating
shifted by 90° at high fields is certainly photorefractive in naturc, bccause no moving gratings

or frequency shifts were present during grating formation.

Figure 4 shows the absorption grating phase, ¢a, also as a function of the applied field
along the grating wavevector. At zcro ficld, we sec that the in-phasc index grating of [ig.
3 is accompanied by an in-phase 2’ sorption grating. At intcrmediate fields, competition
between the two underlying grating formation mechanisms prcvents dcetailed interpretation,
but at high fields the phase of the absorption grating approachcs 90°. This absorption
grating at high fields may be the Kramers-Kronig companion of the strong index grating (scc

below).

In order to further understand the various contributions to thc measured signals, we have
plotted in Figure S the amplitudes of both the index grating I and the absorption grating
A in the dimensionless units of Eq. (§). The amplitudc of the absorption grating does not
change with applied field, but the amplitude of the indcx grating is strongly field-dependent.
We emphasize that the analysis technique of Section [l assumed only onc index grating and
only one absorption grating; therefore, interpretations of the data will only be valid in that
limit. At the highest fields, the index grating ts dominant and is more than a factor of ten
larger than the absorption grating, while at 7cro ficld the amplitudes arc small and
comparable. This with the behavior of the index grating phasc in [ig. 3 provides evidence
for the presence in our polymer of two distinct physical sources for gratings, one which
produces a weak and in-phase grating at zero ficld, and onc which leads to a strong
phase-shifted index grating at high fields, i.e., the photorcfractive mechanism. We note that
in inorganic PRE materials, absorption gratings can also arisc duc to frce-carrier effects 2
or to the presence of multiple absorbing levels®. Further work is nccessary to conclusively
identifly the origin of the weak in-phase gratings in bisA-NPDA/DLETT; however, a

photochromic source is a reasonable possibility.
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According to the standard PRE model > * the spacc charge ficld generated leads directly
to an index grating. Further, the phase of the space charge fickd (and thus the phase of the

index modulation) may be calculated using the complex form for i

m(ﬁg’dc + ll',d) _l (]})

phase(E,.) = phascly [ Talli, T

where Eggc = Eqc sin 8, is the component of the applicd ficld along thc grating vector, as
indicated in Figure 1. Values for the diffusion field I}y = 1.0 kV/cm and the trap-limited
space charge field Eq = 29.4kV/cm have been previously estimated . Using these parameter
values, Fig. 3 includes a plot of Eq. (13) (solid curve) along with the experimental data
points. This curve shows that in the case of a purely photorcfractive grating, the phase shift
with no applied field should be 90°, then the phase shift departs from 90° as diffusion and
drift compete, and finally the phase shift approaches 90" again in the high field limit.
However, in a conventional photorefractive crystal, the clectro-optic .cocmcient 1s not varying
strongly with the applied field, as is the case with our poled polymer. Moreover, rather than
being a fixed constant, the charge generation rate may incrcasc strongly at higher fields due
to Onsager geminate recombination’ . Finally, Eq. (13) only strictly applics to the small m
limit; corrections for m approaching 1 may be found in Ref. 28. Thus it is not surprising
that the experimental points in Fig. 4 only roughly approach the PRI: curve. The
interpretation of our data at low fields where the photorcfractive grating is weak is further
complicated by the presence of the in-phase grating. It is clear that future models for the
PRE in organic materials need modification to account for not only ficld-dcpendent
generation and weak in-phase gratings, but also field-dependent mobility, even if the

r-coefficient is locked in by a large glass transition temperature.

We can cstimate values for An and Aa in our matcrials using lq. 5. At high fields, P
=~ 0.01, which gives An = 4.5x10~%. At all ficlds, A = Sx10~ % which gives
Aa = 2x10"3cm~'. While this An is not cxtremely large, onc can casily cxpect improvements
in An simply by using polymers with larger nonlinearitv. [‘urthcrmore, the two-beam

coupling experiment reported here also enables estimation of the gain cocfficient I'. We may
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write in the usual fashion I'=(1/d) In(I,/I3). The data of I‘ig. 2 show that as the grating is
formed, one transmitted beam incrcases in intensity and onc dccrcases by approximately the
same amount, =~ | %, so that '~0.57 cm—!. While this gain is not ncarly as large as the
values observed for inorganic crystals(’, it nevertheless would be expected to increase by a
large factor when nonlinear polymers with higher r cocflicients than bisA-NPDA are used,
or when larger fields are used for poling. Nonlincar polymers with ten times larger r
coefficients are becoming numerous; if some of these matcrials can be made photorefractive
it is potentially possible that a photorefractive polymer with reasonable gain will be

forthcoming.

These two-beam coupling studies of grating phasc in the bisA-NPDA/DEH system show
that at high fields, an index grating is dominant with phasc shift ncar 90 °, thus providing
final proof of the presence of the PRE in these materials. At low ficlds, the presence of a
weak, in-phasc grating suggests a local (perhaps photochromic) process is also operative.
We suggest that grating phase measurements arc uscful in organic photorefractive maternials
not only for determining grating phase, but also for (urther clucidation of the grating

formation mechanisms in these materials.
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Figure 1. Geometry uscd for writing the grating and dctermining the grating phase using
two-beam coupling. 4 15 the externally applied dc poling ficld, and the space charge I

1s in the direction of the grating wavevector, K. The angles arc defined in the text.




-16-

4.20

4.18

4.16

Signal (V)

4.14

4.12

4.10
0 0.5 1.0 1.5 2.0

Time (s)

Figure 2. Transmitted intensities of beam 1 (a) and beam 2 (b) as the grating is translated.
The rate of translation is 3.2 um/s. Motion begins at timc=0 and stops at =~ 2.1 s. Thesc
data have been taken in the high field rcgime (Eggc = 37 kV/cm) and the shape of the
modulations indicate an index grating with 90° phasc shilt. I'racc (b) has been offsct

downward by 0.02 V for clarity.




