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Abstract—Among the various methods to produce three-dimen-
sional (3D) images, holography occupies a special niche. Indeed,
holograms provide highly realistic 3D images with a large viewing
angle capability without the need for special eyewear. Such charac-
teristics make them valuable tools for a wide range of applications
such as medical, industrial, military, and entertainment imaging.
To be suitable for an updatable holographic display, a material
needs to have a high diffraction efficiency, fast writing time, hours
of image persistence, capability for rapid erasure, and the poten-
tial for large display area—a combination of properties that has
not been realized before.

Currently, there exist several media for recording holograms like
photopolymers, silver halide films or dichromated gelatin, to name
a few. However, in all of these media, the image is permanently
written and cannot be refreshed. There also exist dynamic 3D dis-
play systems based on acousto-optic materials, liquid-crystals or
microelectromechanical systems (MEMS), however they rely on
massive wavefront computations that limit their image size capa-
bility. Inorganic crystals for hologram recording such as photore-
fractive crystals are extremely difficult to grow to larger than a
few cubic centimeters in volume.Photorefractive polymers are dy-
namic holographic recording materials that allow for updating of
images. They have been investigated over the last decade and have
a wide range of applications including optical correlation, imaging
through scattering media, and optical communication. Here, we
report the details of the achievement of the first updatable holo-
graphic 3D display based on photorefractive polymers. With a 4 4
in� size, this is the largest photorefractive 3D display to date and is
capable of recording and displaying new images every few minutes.
The holograms can be viewed for several hours without the need
for refreshing, and can be completely erased and updated when-
ever desired.

Index Terms—Holography, imaging, photorefractive materials.

I. INTRODUCTION

T HREE-DIMENSIONAL (3D) perception is a funda-
mental aspect of human vision. Our brain is accustomed

to processing the tremendous amount of visual data presented to
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our eyes and rapidly retrieving relevant information, based upon
parallax and depth perception among other visual phenomena.

Today’s medical instruments, such as scanners, computer-
aided tomography and magnetic resonance imaging (MRI) pro-
vide enormous amounts of 3D data. However, the visualiza-
tion of the final information is limited by the bottleneck of the
two-dimensional (2D) display. The end user, physician or sur-
geon, is always looking at a flat projection of what is, by nature,
3D information. Even though considerable research effort has
been dedicated to the development of 3D imaging [1]–[9], we
are still lacking an important interface between computer gen-
erated images and human perception.

Reconstructing 3D information has a long history, certainly as
long as the art of painting for which perspective rules have been
enacted. But it is only by understanding stereoscopic vision that
modern science has been able to reproduce the impression of
perspective.

From the early days of 3D rendering, stereoscopic devices re-
lied on displaying different images to the left and right eye [3].
All such techniques suffer from the same drawbacks, namely
that the viewer needs to wear special eye-wear or stand in a spe-
cific location for the 3D image to appear. The method by which
the images are separated has evolved from the use of a separa-
tion fence between both eyes to prisms, mirrors, parallax bar-
riers like Venetian blinds, colored filters in anaglyphs, polariza-
tion lenses or, more recently, time sharing using liquid crystal
optical switches.

Holography clearly distinguishes itself from all the above-
mentioned techniques. Indeed, it has the ability to reconstruct
the wavefront of the light scattered by an object and thus re-
produce the sensation of a viewer has standing in front of a
real object [10]–[12]. No eyewear is required and different 3D
views are perceived from different positions. Holograms do not
just reproduce two images for stereoscopic purposes, rather they
recreate all the view angles of the object within a certain view
cone. This also means that the amount of information contained
in an hologram is much larger than that in a simple stereoscopic
device. With all of these unique properties, holography carries
the potential to be the missing bridge between computer-pro-
cessed 3D images and human perception.

Holograms can be permanently recorded in various media
like silver halide films, dichromated gelatin or photopolymers.
Surface relief holograms can even be imprinted on a wide va-
riety of materials. Current static holographic displays are ca-
pable of displaying terabytes of data, and come at practically
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any size with full-color, full-parallax, and optical depth. How-
ever, until now, the recorded hologram could not be refreshed
limiting usefulness for display applications [13].

Dynamic systems based on acousto-optic materials [14],
[15], liquid-crystals [16] or microelectromechanical systems
(MEMS)-based recording media [17] have been demonstrated.
But, since these systems do not have memory they do not
exhibit persistence for the recorded images and warrants update
rates higher than 30 Hz to avoid image flicker. Since 3D images
have very high information content, this high refresh rate
requirement currently limits real time holographic displays to
small sizes and low resolution.

Photorefractive (PR) crystals are dynamic holographic
storage materials that exhibit memory [18]. However, they are
currently only available in sizes of a few cubic centimeters
and scaling them to the larger sizes needed for 3D displays is
a significant challenge. Photothermoplastic materials provide
reversible recording by utilizing surface relief gratings, but they
suffer from limited diffraction efficiencies and usually require
a post-recording developing process. To extend dynamic 3D
holography to practical applications, larger displays made
from alternative materials with high diffraction efficiency,
write/erase capabilities and persistence are needed.

PR polymers are dynamic holographic recording materials
capable of fulfilling these requirements. They have been exten-
sively studied over the last decade [19]–[25] and have a wide
range of applications including optical amplification [26], corre-
lation [27], communication [28] and imaging through scattering
media [29]. Large diffraction efficiency has been demonstrated
[20] as well as high sensitivity and fast response time [30]. Well
developed polymer chemistry and processing principles can be
applied to provide large area, thin film display devices.

In a PR polymer, the light pattern created by two interfering
coherent beams is replicated as a refractive index modulation
or a phase hologram. This is achieved by charge generation
in the illuminated areas, followed by transport and trapping
in the dark regions. The spatial charge redistribution creates
local electrical fields which orient nonlinear and/or birefringent
molecules (chromophores) which in turn leads to a macroscopic
refractive index change. Since the charge redistribution and
molecular orientation is not permanent, this process is fully
reversible and the recorded pattern can be erased by uniform
illumination of the material. The record–erase (or read–write)
cycle does not suffer from aging effects and a new hologram
can be recorded in the same area.

In a typical read/write experiment, the hologram is recorded
with two interfering coherent beams (object/reference) at a
sensitive wavelength determined by the spectrum of the sensi-
tizer molecule in the PR system. The reading can be done with
monochromatic incoherent light at a wavelength far enough
from the sensitizer spectrum that the grating is not erased
due to uniform charge generation. The persistence time of the
resulting hologram depends on material characteristics (self
charge detrapping) and ambient temperature.

We have noticed from our previous studies that PR polymers
that have fast recording time usually also have high decay rates
[30]. However, for an updatable 3D display application, a ma-
terial with rapid recording and slow decay (long persistence)
is required. We define a figure-of-merit (FOM) for 3D displays

Fig. 1. A 4� 4 inch photorefractive sample next to a typical test sample.

as the ratio of the dark decay time (time for 50% reduction in
diffraction efficiency) to half the recording time (time for 50%
increase in efficiency) while the writing beams are turned on.
In most PR materials we have studied in the past the FOM was
close to unity, which is far smaller than the FOM of around 1000
required for use in updateable holographic displays with a large
display area and high resolution.

II. EXPERIMENTAL SECTION

A. Material

We recently developed a PR polymer device with a fast re-
sponse time and slow decay time which to-
gether make it suitable for use in an updatable 3D displays [31].
The polymer composite consists of a copolymer with a hole-
transporting moiety and a carbaldehyde aniline group (CAAN)
attached through an alkoxy linker. The copolymer approach is
adopted to minimize the phase separation between the func-
tional components commonly seen in homopolymer PR com-
posites while allowing larger chromophore doping concentra-
tions. A copolymer with a polyacrylic backbone was used to
attach pendant groups, tetraphenyldiaminobiphenyl-type (TPD)
and CAAN in the ratio 10:1 by the synthetic modification of
the polyacrylate TPD (PATPD) polymer [28]. The host PATPD-
CAAN copolymer provides optical absorption and charge gen-
eration/transport at the writing wavelength (532 nm). A plasti-
cizer, 9-ethyl carbazole (ECZ) was added to the composite. A
large refractive index change was achieved by adding 30 wt%
of fluorinated dicyanostyrene (FDCST) chromophore.

A composite of PATPD-CAAN:FDCST:ECZ (50:30:20 wt%)
was formed into thin film devices by melting the composite be-
tween two transparent indium-tin-oxide-coated glass electrodes.
Active layer thickness was set to 100 m by using glass spacer
beads. This composite showed no phase separation in an accel-
erated aging test at 60 C for 7 days. Fig. 1 shows a 4 4 in
active area thin-film device made from this composite next to a
typical laboratory test sample. The device showed no degrada-
tion or dielectric breakdown for extended periods of use (sev-
eral months) in our display setup, with hundreds of write/erase
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Fig. 2. Transient four wave mixing measurements at 5 kV. (a) Writing, (b) Dark
decay.

cycles experienced at high applied voltages (9 kV) and writing
optical intensities around 100 mW/cm .

The photorefractive thin-film devices show near-100%
diffraction efficiency at an applied voltage of 5 kV in
steady-state four-wave mixing measurements. The two-beam
coupling gain coefficient for these devices at 5 kV is around
200 cm . Fig. 2 shows transient four wave mixing measure-
ments along with the dark decay time for a writing optical
intensitiy of 100 mW/cm and an applied electric field of 5
kV. The diffraction efficiency can be approximated by a sine
square of a double exponential plus a phase parameter :

(1)

Fitting parameters for each measurement are given in the Fig. 2
inset. Calculation of the 50% efficiency time is 6 s for writing,
and 600 s for dark decay which yields a FOM of 100.

B. Voltage Kick-Off

A FOM of 100 with the writing parameters we used (intensity
and voltage) is higher than for most reported photorefractive

Fig. 3. Four wave mixing efficiency at different external applied voltage.

Fig. 4. Diffraction efficiency build up in the dark for various writing times. The
writing time is defined as the time after which writing beams are switched off
and the field is reduced from 9 to 4 kV.

materials. However, this is not quite high enough for a display
application, where an FOM value approaching 1000 is required.

Reducing the writing time by further increasing the writing
beam intensity is limited by the laser source power and by
sample optical and electrical damage. Another option is to
modify both rise and decay times by changing the applied
voltage: the larger the field, the smaller are the two times.
Thus, it is possible to increase the FOM by writing at a higher
voltage and reading at a lower voltage. The temporarily in-
creased voltage during writing facilitates efficient separation
of electron-hole pairs, and improves the drift characteristics,
forcing the charges to travel faster, while also increasing the
orientational order parameter and rotational speed of the chro-
mophores. A reduction of the applied voltage immediately after
recording ensures hologram persistence in the dark. We call this
manipulation of the applied electric field “voltage kick-off”.

However, Fig. 3 shows that the time to achieve 50% diffrac-
tion efficiency is reduced when increasing the applied voltage
beyond a certain limit. After reaching an optimum value around
5 kV, the rise time for 50% efficiency increases again. Indeed,
one can see that the first efficiency peak on the 9 kV curve in
Fig. 3, observed around s, only reaches 8%. This reduced
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Fig. 5. 3D Display optical setup sketch. PBS: polarizing beam splitter; SLM: spatial light modulator; ���: half-wave plate; ���: quarter-wave plate.

value is due to the wide orientational distribution of the chro-
mophore molecules during initial grating build up. Such a dis-
tribution is not taken into account in (1) and so this equation
does not fit the experimental data.

We noticed that if the field is reduced and writing beams are
turned off after that initial rise, the efficiency increases in the
dark. (see Fig. 4). This behavior can be explained by the fact
that the space charge field is fully established inside the material
after a few seconds of writing but the chromophore molecules
need more time to orient which can occur in the dark and at
reduced applied field. This strategy of reducing the field and
switching off the writing beams after the initial space-charge
buildup allows a substantial increase in the previously defined
FOM to the desired value of 1000 or more.

C. Display Setup

The display hologram is generated by holographic stereog-
raphy [1], [32], [33]. This technique is based on optical multi-
plexing of a limited number of viewpoints of the same object
(2D perspectives at different angles) onto different parts of a
recording medium to recreate 3D perception along with parallax
for the viewer during replay.

This powerful technique does not require the actual object
to be present for recording. It can make use of data from any
device capable of providing 2D perspectives of an object of
interest. This means that methods like magnetic resonance
imaging, computer-assisted tomography or echography, con-
focal microscopy, aerial and satellite 3D imaging, synthetic
aperture radar, integral photography or computer assisted
modeling can be used.

A sketch of the 3D display system we developed is presented
in Fig. 5. The writing light source is a doubled YAG laser at 532
nm, a wavelength that is conveniently located within the absorp-
tion band of the PR material. The object beam is modulated with
the holographic pixels (hogels) using a spatial light modulator
(SLM). The object beam interferes at the sample position with a
homogeneous reference beam in a Fourier transform geometry.

These two beams are s-polarized to maximize the writing effi-
ciency into the PR sample. A diffuser is used in the object beam
path to homogenize the Fourier components at the focal point.

Writing is performed sequentially: the first hogel is recorded
in the sample at the first location; next, the writing beams are
turned off and the sample is moved to the second location where
the second hogel is recorded. An aperture is used to help define
the hogel position. Once all the hogels have been recorded, the
sample is moved to the reading position.

Red light is used to display the hologram since sample ab-
sorption in that part of the spectrum is fairly low. This prevents
charge generation and detrapping effects from erasing the holo-
gram. We interchangeably used a red LED source (650 nm) or a
HeNe laser (633 nm). LEDs possess the advantage of negligible
speckle, owing to their low coherence, but using a rotating dif-
fuser in conjunction with the laser is also effective. To maximize
diffraction efficiency, the reading light should be p-polarized.

Hologram erasure is accomplished by illuminating the
sample with a homogeneous beam at a wavelength which is
within the absorption spectrum of the material. For the sake of
convenience, we use part of the writing laser beam although
there is no need for coherence.

The system we built is for a horizontal parallax only (HPO)
holograms. We used cylindrical lenses for shaping the object
and reference beams, such that each hogel is a vertical strip. In
many applications, HPO imaging is an effective approximation
of 3D representation because humans perceive depth using the
horizontally offset eyes. HPO reduces the number of hogels re-
quired to write the full hologram by the square root of the area,
thereby reducing the overall recording time. It has to be noted
that our technique is scalable to full parallax.

III. RESULTS AND DISCUSSION

We have recorded HPO holograms 4 4 inch in size with
complex and high-quality images (see Fig. 6). The recording
time used per hogel (0.83 mm width) was varied from 0.5 to 2
s depending upon the desired diffraction efficiency and persis-
tence time. Since there are 120 hogels to be recorded per holo-
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Fig. 6. Images captured from the updatable holographic 3D display. In a single
row, the camera is moved sideways to show parallax: rotation and occlusion. 3D
image is erased and a new set of data is recorded in the same location between
rows.

gram, the total recording time varied from 1 to 4 min. Total ir-
radiance (sum of both writing beams) used was 100 mW/cm .

For the 3D display application, we used a modified version
of the voltage kick-off technique presented in the above sec-
tion. Here, a constant high voltage (9 kV) is applied to the entire
polymer device during hogel recording. Once all of the hogels
are recorded, which takes around 2.5 min, the voltage is reduced
to its optimal value of 4 kV. This ensures long persistence of
the hologram with maximum diffraction efficiency. The first few
recorded hogels suffer a small reduction of diffraction efficiency
due to the higher applied voltage during recording of the later
hogels, but this lower diffraction efficiency does not create any
noticeable brightness variation across the display. For larger dis-
plays the variation may be significant, but this can be avoided
by the use of patterned electrodes that allow individual control
of the applied voltage for each hogel or group of hogels.

Our 3D display features a total horizontal viewing angle of
45 with uniform brightness. This viewing angle is defined by
the f-number of the last focusing lens in the object beam path.
The images are viewable for up to 3 hours directly on the pho-
torefractive thin-film device without the need for intermediate
projection tools or magnification between the recorded image
and the viewer.

The hologram can be completely erased within minutes by
uniform illumination of the display using the erasure procedure
discussed above. New images can be recorded when desired.

The snapshots of the holograms presented in Fig. 6, which
were captured using a CCD camera, are only a modest reproduc-
tion of the effect actually experienced upon direct viewing. This
is principally due to the astigmatism introduced by the HPO
recording technique and electronic artifacts such as saturation,
to which the human visual system is relatively insensitive.

We do not anticipate any practical technological limit on the
achievable display size: large devices can be fabricated and/or
tiled together and the plastics industry has already shown the
ability to laminate extremely large multi-layer thin-films. More-

over, the persistence and diffraction efficiency of the material
make it a leading candidate for future full-parallax displays,
which typically require two orders of magnitude more infor-
mation content than HPO displays. For larger, full-parallax dis-
plays a combination of short pulse recording [30] and thermal
fixing [34] can be used, which are future areas of research for
holographic 3D display development. Color rendering can also
be implemented if we trade off the reading time and the inten-
sity of the green and blue reading beams which generate charges
that can erase the hologram.

In summary, we have developed PR polymer devices that
combine exceptional properties such as large size, high effi-
ciency, fast recording, image persistence, long lifetime and re-
sistance to optical and electrical damage, satisfying many of the
major requirements for use in holographic 3D displays. These
advances have allowed us to demonstrate the largest updatable
photorefractive holographic 3D display to date. Holographic
image-updating capability can significantly extend the applica-
tions of 3D displays in the fields of entertainment, education,
medical and technical imaging, either civilian or military.
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