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Abstract: Two low-glass transition photorefractive polymer composites
were investigated in a symmetric reflection geometry. The holograms
recorded in 105 um thick devices have reached diffraction efficiencies as
high as 60%. Unlike the gratings recorded in transmission geometry,
holograms recorded in reflection geometry showed high angular selectivity
and the Bragg condition was observed to be sensitive to the magnitude of
the external bias field. We attribute this effect to poling-induced
birefringence and give a theoretical analysis to describe the observed
results.
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1. Introduction

Photorefractive (PR) materials have been investigated for many applications such as dynamic
holographic memories [1], reconfigurable interconnects [2], tunable filters [3] and beam
cleanup [4]. PR polymer composites have gained attention due to their low-cost and the
tunability of their properties, as well as their large optical nonlinearity compared to their
inorganic counterparts [5]. Thin film devices of these polymer composites have shown 100%
diffraction efficiencies [6], millisecond response times [7, 8] and sensitivity in the infrared [9,
10]. Almost all of these research accomplishments were conducted in the slanted transmission
geometry due to the large efficiencies obtained with this particular geometry. However, for
some applications the alternative reflection geometry can be more attractive, especially when
the recongtructing light is desired to be on the viewer’'s side and in cases where a white light
source is preferred for reconstruction. In recent publications, PR polymers were studied in the
reflection geometry but the measured diffraction efficiency was low [11, 12]. Because of the
many potential applications of the reflection geometry, we have studied two PR polymer
composites in reflection geometry and analyzed the unusua behavior observed in the
measurements.

In the standard transmission geometry, a dant angle between the sample norma and
writing beams' bisector is necessary since (1) the effective electro-optic coefficient will be
non-zero due to the uniaxial symmetry of poled polymers and (2) there will be a component
of the electric field along the grating wave vector, K, providing a drift source for carriers.
Indeed, in polymer composites, an external electric field is necessary to dissociate charges,
transport carriers and orient polar molecules (chromophores) that provide a refractive index
change. The magnitude of the external field projection on K depends on the slant angle. On
the other hand, in the reflection geometry, the bias field has a larger projection along the
grating vector for a wide range of writing angles. So, the introduction of a slant angle is not
required.

In a polymer with its glass-transition temperature near the operating temperature, the
chromophores, which are necessary constituents of a PR polymer composite, can be aligned
not only by the external electric field but also by the sinusoidally varying space-charge field
during grating formation. The orientational enhancement effect [13] brings the advantage of
higher diffraction efficiencies and gain coefficients. However, it also introduces a field-
dependent birefringence. The alignment of the chromophore along the applied field causes a
change in the index ellipsoid of the sample, which consequently influences the Bragg
condition.

2. Experiment

The two composites we studied were based on the hole-transport polymers PATPD [14] and
poly(N-vinylcarbazole) (PVK) which were doped with nonlinear optical chromophores
(DBDC [14] and 7-DCST [15]), the plasticizer N-ethyl carbazole (ECZ) or butyl benzyl
phthalate (BBP), and Cg as a sensitizer for charge generation at an operating wavelength of
633nm. Composites prepared included PATPD/DBDC/ECZ/Cy (49.5/30/20/0.5 wt. %) (C1)
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and PVK/7-DCST/ECZ/BBP/C60 (49.5/35/10/5/0.5 wt. %) (C2). Samples were prepared by
laminating 105um thick layers between glass slides with indium tin oxide (ITO) electrodes.
The absorption coefficients/refractive indices of C1 and C2 at 633nm were measured to be 38
cm/1.664 as 43 cm*/1.668, respectively.

The performance of a PR material is generaly determined by measuring its diffraction
efficiency, in degenerate four-wave mixing (DFWM) experimentsillustrated in Fig. 1. Unlike
transmission geometry, the writing beams are incident on opposite sides of the recording
sample. In our configuration, each 633nm writing beam had an angle of 6,, = 72° in air

relative to the sample normal. The writing beams were s-polarized and had equal fluence (0.5
W/cm? each). A weak counter-propagating p-polarized beam probed the efficiency of the
grating. The primary diffracted order was on the same side as the readout beam. The sample
was slightly tilted (< 2°) to separate the diffracted beam from the specular reflection off of the
glass surface.

]
| >/
Polymer
Film

@ El K
o

sweag Buipp

Readout Beam
Diffracted Readout Beam

Fig. 1. Schematic of reflection geometry used in DFWM experiments. In the standard
symmetric reflection geometry 9, = 0,is72°,and = 0.

With this geometry, the external bias field has full projection on the grating vector for the
creation of the space charge field. On the other hand due to the symmetry class of poled
polymers, the effective electro-optic coefficient will decrease if the writing beam angles are
reduced with respect to the sample normal. In our symmetric reflection geometry, the grating
spacing is calculated to be 0.235um at a wavelength of 633nm and zero degree slant angle.
Notice that in this geometry the grating spacing is one order of magnitude less than in the
case of the slanted transmission geometry. For such a short grating spacing, very large trap
densities are required to create significant space-charge fields [16]. Most conventional PR
polymers fail in this respect. Thus, the resulting refractive index changes in the reflection
geometry tend to be small. In order to get high efficiencies in the reflection geometry, the
effective number of trapping sites has to be increased. The peak diffraction efficiency is
dependent on the effective trap density as well as on the first and second order nonlinearity
contributions from chromophores. The density of trapping sites can be improved by selecting
composite elements with appropriate energy levelsto trap holes.

3. Results and discussion

At Bragg-matched incidence, the expression for the diffraction efficiency 7 in reflection can
be simplified into the functional form:

wAnd R
—¢.¢,
AJcos ¢y cos av,

where An isthe refractive index modulation amplitude of the phase grating, ¢, and é, arethe
unit polarization vectors of the incident reading beam and the diffracted beam, d is the
thickness of the material, o, and «, are internal angles for the probe and diffracted beams.
This function defines internal (lossless) diffraction efficiency in our polymers. The absorption
and reflection losses are added later for calculation of the external diffraction efficiency.

; 1)

n = tanh®
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Figure 2 presents the measurement of the diffraction efficiency in the DFWM geometry as
afunction of external field under steady-state conditions (1 second of illumination). Instead of

observing the usual tanh’(CAn) dependence (where C is a constant) as predicted by (1), the

diffraction efficiency reached a maximum followed by a subsequent decrease as the applied
field was increased. When a dight offset (6,) was added to the readout angle, the diffraction
efficiency peaked at different field magnitudes depending on the offset. For composition C1
with an external field of 85V/um, the diffraction efficiency has exceeded 30% with a slight
offset of reading angle from its initial near counter-propagating angle (1.7%). Similarly, for
composition C2, an internal diffraction efficiency of more than 60% has been observed at an
offset angle of 1°. On the other hand, in the case of s-polarized readout (not shown), the curve
followed a typical tanh®(C.An) pattern, right at Bragg angle without any additional offset

angles. However the diffraction efficiency was low.
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Fig. 2. Variation of diffraction efficiency with respect to the magnitude of electric field for a
set of readout (p-polarized) offset angles in case of composition C1 (first graph) and C2
(second graph) including the fits to the Kogelnik theory. As the offset angle is varied, the
diffraction efficiency peaks at different field magnitudes. The dashed line in first graph is a
calculation for the case with no birefringence.

The PR nature of the hologram was confirmed through two-beam coupling measurements.
For equal intensity writing beams, the net gain, I was more than 80 cm-1 at 76 V/um for
composition C1.

The traps in the C1 composite are believed to be due to conformational disorder in the

PATPD polymer itself. The highest occupied molecular orbital (HOMO) energy levels for
other elements (DBDC, ECZ and C60) in the system are below that of the hole-transporting
matrix (PATPD). This material approach provides faster dynamics and longer operational
stability [17]. However, the trap density is rather low as is the obtained diffraction efficiency
in reflection geometry where short grating spacings are common. Therefore, we have
followed a second composite approach based on PVK polymer (C2) and added other
functional elements with similar HOMO energies to improve the density of traps in the
system. The higher diffraction efficiency observed in composition C2 is believed to be due to
the larger number of traps in the composite.
The dynamics of the index modulation can be extracted from a bi-exponential fit [8] that is
correlated with the growth of the space charge field. At an applied field of 76 V/um, the fast
time congtant for the build-up of the space-charge field was 14 ms and the slow time constant
was 190 ms (C1). In an earlier publication [17], the dynamics of a device with the same
composition measured in transmission geometry had similar time constants for the onset of
diffraction. The fast time constant for composition C2 was ~80 ms.

The angular selectivity of the PR grating depends on various conditions, such as sample
thickness, incident angle of the writing beams, refractive index of the material and grating
spacing. To a first approximation, the Kogelnik theory predicts an angular half power

#384805 - $15.00 USD
(C) 2007 OSA

Received 6 Jul 2007; revised 22 Aug 2007; accepted 22 Aug 2007; published 28 Aug 2007
3 September 2007 / Vol. 15, No. 18/ OPTICS EXPRESS 11625



bandwidth givenby A6, = A/2d . The thicker the sample or the shorter the grating spacing,

the greater the angular selectivity. For a fixed sample thickness, the PR grating is more
sensitive to angular mismatch in reflection geometry than in transmission geometry. A small
variation of the refractive index results in an altered readout angle according to Snell’s law
and in a variation in the propagation vectors of the writing beams. When the incident readout
beam deviates from the Bragg angle, the diffraction efficiency inevitably decreases.
Therefore, one should also take into account the Bragg mismatch due to the refractive index
change in the case of low-T4 polymers to describe the behavior of the diffraction efficiency
with respect to the external field strength.

Fortunately, in the slanted transmission geometry, the diffraction efficiency for polymeric
PR materials with 105 pm or less thickness is hardly affected by the Bragg mismatch due to
chromophore orientation. Therefore, it has been ignored in much of the previous work. The
decrease in diffraction efficiency caused by the Bragg mismatch becomes more severe for
thicker samples (> 300 um) and smaller grating spacings (< 1 um) [18].

In low-Ty PR polymers, the poling of chromophores along the applied field causes a
change in the refractive index. Based on the oriented gas model [20], the first-order change in
refractive indices of apoled polymer will be quadratic with the field:

\ . 1 o
An,Y = An,Y = —EAnZ(l) x By 2

where, An, Y, An,, An," are the first-order index changes along each coordinate axis.
The field is applied along the Z axis. A p-polarized readout beam will sense an increasing
refractive index with a quadratic field dependence (An,, (E,) = C,E; ), where C, can be an
experimental constant. Therefore, the internal angle for the readout beam will vary dlightly
with the magnitude of the externa field. This can alter the Bragg condition if the grating
spacing is small.

The variation in the internal readout angle due to poling can be expressed as (using Snell’s
Law):
—tan(«,)

Ao(E,, o) = C,E} + ay; (3)

n

where «; is the internal reading beam angle, €, is a constant for refractive index modulation
due to hirefringence, and «, is the offset angle inside the material set at the beginning of
each measurement. The diffraction efficiency of a sample can be properly measured only
when the incident angle of the reading beam satisfies the Bragg condition. In Figure 2, the
decrease in diffraction efficiency is believed to be caused by Bragg mismatch due to the
variation of refractive index with applied field.

Based on Kogelnik’s coupled-wave theory [20], the equations describing the diffraction
efficiency in the case of Bragg-mismatch can be modified asfollows:
Obliquity factors:

¢,(Ey,a) = cos|a, + Aa(Ey, )]

A
[n + AnEF (Eu )] A

¢,(B,, ) = cos|ay + Aa(Ey, )] Cos @

(4)

Other factors:

wmAnd .
v = €€,
AJee, (5)
& = AaKdsin(p — al)/ch
Diffraction efficiency:
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77:1/[1+<1—52/V2)/sinh2( VZ—SZ)} (6)

where A¢ris the deviation of the reading beam from the Bragg angle, ¢ is the Bragg matched
angle for the readout beam which is same as the counter-propagating angle, A is the grating
spacing, ¢ isthe slant angle for the grating vector inside the sample, K is the magnitude of the
grating vector, and d is the thickness of the material. Note that the major contribution to
Bragg mismatch is due to an altered readout angle according to Snell’s law. The contribution
due to the variation in propagation vectors of the writing beamsis very small.

The form of the diffraction efficiency curve has to be a superposition of its usual tanh’

behavior and the Bragg mismatch due to the variation of birefringence. The overall effect can
be numerically calculated and the best fit for composition C1 can be obtained as given in Fig.
2. A relatively good fit can be obtained for the quadratic birefringence constant, C, with a

value of 1.8e-18 [m?/V?] at offset angles close to the experimental vaues. In the case of
composition C2, the €, value was calculated to be smaller (~1.4e-18 [m?%V?]). The PVK
based composite (C2) has less hirefringence; therefore a dlight offset in the readout angle
pushes the peak of the efficiency to high bias fields. According to fits to the Kogelnik
theory, we found a grating index modulation of 0.0025 for the PATPD composite, and
0.0048 for the PVK composite at 80V/um. This anaysis describes well the qualitative
behavior of the diffraction efficiency curve with respect to increasing electric field, but does
not describe exactly all aspects of the measurements. For low offset angles, the calculated
values do not fully match with the experimental values. It is also necessary to take into
account the experimental accuracy of the small angles used during the measurement. The
internal angular bandwidth has been measured to be around 0.3° close to the Kogelnik

approximated value of 0.27° givenby Ag,, = A/2d .

/2
We aso measured the birefringence of these two composites through transmission
ellipsometry experiments and the obtained values further support our numerical calculation
shown above. The hirefringence of a PR material can be experimentally characterized by
measurements of the transmittance of the readout beam through a crossed polarizer analyzer
arrangement. The transmittance of the readout beam is described by

Ay, (Ey)d |

I(E,) = sin’®
(£y) = sin A cos(w)

()

where « is the probe beam angle in the material and d is the thickness of the device. The
variation of the birefringence of the PR polymer with electric field was determined when the
external tilt angle of the sample was 72°. The measured result was fit to the theoretical
transmittance function in (7) and the quadratic birefringence determined based on the oriented
gas model. As shown in Fig. 3, the transmittance values are in a good agreement with a
quadratic refractive index modulation. Composition C1 revealed more field-induced
birefringence compared to C2. C, values calculated from these fits were 0.8e-18 [m?/V?] for
C1, and 0.6e-18 [m?/V?] for C2. These hirefringence constants are correlated with the values
obtained from the fitting curves in DFWM experiments above. Due to the different nature of
DFWM and ellipsometry measurements, agreement between the absolute values for the
birefringence constantsis not expected in these experiments.
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Fig. 3. The intensity readings from a transmission ellipsometry measurement for composition
C1 (circles) and composition C2 (squares). The lines are fits based on Eq. (7). Notice that the
C1 composition has a larger birefringence than the C2 composition, therefore the Bragg
mismatch effect due to poling is more pronounced in DFWM experiments.

4, Conclusion

In summary, we have demonstrated significantly high diffraction efficiency (more than 60%)
in a reflection geometry when we recorded gratings in low T4 photorefractive polymers. The
reflection geometry has the practical advantage of having the reconstructing light on the same
side as the viewer. In addition to that, a white light source can be used for reconstruction,
unlike in the case of transmission geometry. In this geometry, the projection of applied bias
field on the grating vector will also be large. However, volume holograms recorded in the
reflection geometry are more sensitive to the reading angle and dlight variations in the
refractive index (such as those induced by poling of the chromophores) can easily lead to
Bragg mismatch. The Bragg-matched reconstruction angle was observed to vary with the
magnitude of the external applied field. This effect leads to modifications to the conventional
diffraction efficiency relationship adding another degree of freedom for the effect of Bragg
mismatch.
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