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Photorefractive Materials
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hotorefractive optical filters meet many of the very stringent requirements of
modern electro-optic systems. They provide a narrow passband and good throughput.
However, difficulties arise when designing a filter to operate at wavelengths where the
photorefractive material has low sensitivity. We have demonstrated initial success in
overcoming the frequency dependence. This task was accomplished by using an optical
configuration of high sensitivity in terms of wavelength, incident angle, and polarization
to generate prespecified grating spacings. The grating spacings were designed to satisfy
Bragg conditions for efficient operation of the filter (diffraction efficiency) even when
using lower sensitivity wavelengths and alternative geometries of interest.
INTRODUCTION
 High-speed electro-optic systems with narrowband

spectral resolution and tunability are of interest for
optical filtering within a variety of applications. Global
climate change and airborne pollution have created a
need for spectral imaging devices with sufficient sen-
sitivity and wavelength resolution to measure minute
concentrations of atomic and molecular constituents of
the air. It will be important to map narrow spectral lines
quickly and efficiently over large fields of view. For
example, for determinations of the spatial variation of
the energy losses and inputs at various levels of the
atmosphere, hydroxide, nitrogen oxide, and carbon
dioxide emission line profiles need to be studied with
high temporal and spatial resolution. Spectral remote
sensing can also be applied in differential absorption
lidar (DIAL, see boxed insert) to provide critical in-
formation about conditions within the atmosphere that
may adversely affect the propagation of various electro-
magnetic waves used for communications, radar, envi-
ronmental and ecological monitoring, etc.

 Improved spectral imaging is needed in astronomy,
too. For example, maps of solar surface magnetic fields
270 JOH
can be constructed from measurements of the polariza-
tion in spectral lines that are sensitive to the Zeeman
effect.1 These maps can be used to develop techniques
to forecast solar activity and its effects on communi-
cations and satellite orbits. Also, as discussed by
Kunches et al.,2 manned exploration of space beyond
Earth’s magnetosphere will require substantial im-
provements in the reliability of solar activity forecasts.
Without good forecasts, the freedom of astronauts to
carry out extravehicular activities will be limited be-
cause of the threat of lethal or disabling protons from
flares. Since all solar activity arises from the action of
solar magnetic fields, we are interested in making as
precise measurements of these fields as possible.

Optical communications offer another important
application for tunable optical filters. Fibers can carry
much more information if many wavelengths can
be used simultaneously, as in wavelength-division
multiplexing. The resolution of the demultiplexor, i.e.,
its ability to uniquely define individual data channels,
determines the capacity of the system. Demultiplexors
must be very fast and require little power to operate.
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NOVEL OPTICAL AND OPTOELECTRONIC APPLICATIONS OF PHOTOREFRACTIVE FILTERS

Differential absorption lidar (DIAL) is a common remote
sensing technique that uses two signal frequencies from a trans-
mitter device. One signal is tuned to line center of an absorp-
tion line, while the other frequency is tuned to a nearby
spectral location with little or no absorption. Such a system
measures the average transmittance over a range cell at both
on- and off-line frequencies. From the average, the line center
absorption coefficient at that location in space can be deter-
mined. Subsequently, species concentration or temperature can
be inferred. This technique is typically accomplished through
the use of a stable, tunable, narrowband laser of high spectral
purity. However, the use of simpler broadband lasers such as
optical parametric oscillators is possible. There is growing
interest in DIAL because the technology can be applied at eye-
safe infrared frequencies.

  The use of broadband (approximately 0.03- to 0.04-mm
bandwidth) lasers in gas-phase remote sensing is not a new
concept.3,4 The novelty of the proposed APL approach is the
use of a broadband laser with a photorefractive “broadband”
filter (approximately 0.01-mm bandwidth) in the receiver of
a DIAL system. The concept is illustrated in the figure for the
transmittance of an absorption line located at 10 mm. The
three transmittance curves represent different path lengths.

The shaded areas define the spectral ranges of the off-line and
on-line filters. This approach is less complex and therefore less
expensive than the cost of narrowband DIAL systems and
offers some performance advantages as well. Broadband trans-
mittance is virtually insensitive to line shift errors and less
sensitive to halfwidth errors relative to common narrowband
DIAL. A filter in the receiver is needed to separate on-line
and off-line spectral information. The filter must be tuned to
be nearly centered on the absorption feature, with a resolving
power of approximately 6000 (l/Dl). The tunability of the
filter will allow multiple absorption lines to be probed for
extending spatial range or the measurement of other atmo-
spheric quantities. This is an ideal application of a photore-
fractive tunable filter.

Spectral imaging plays a critical role in many other remote
sensing applications. When imaging is performed using a large-
aperture, tunable filter coupled with a digital charge-coupled-
device camera, e.g., a Kodak Megaplus with 1538 × 1024 pixels
and 20-frames/s readout rate, then image spectral content can
be measured with high speed and precision. We propose to use
a photorefractive LiNbO3 filter as a prefilter for a solid Fabry-
Perot étalon (coincidentally also made of LiNbO3 because of
its tunability with high voltage). Solid étalons have a great
advantage over the more familiar air-spaced ones. They are
rugged enough for field applications, and they are insensitive
to air pressure and temperature.

Étalons made of LiNbO3 have two series of passbands dis-
tributed across a broad spectral region.5 One set of bands can
be scanned in wavelength by application of voltage while the
other remains relatively fixed. We intend to use the tunability
and the reference passband qualities of a hybrid étalon/photo-
refractive filter to make sensitive measurements of atmospheric
absorption and emission lines.

In solar research, the sensitivity of Zeeman effect measure-
ments has been limited by relatively wide passbands and slow-
tuning. One version of the filter combination we are proposing
will have a passband of only 50 mÅ and a tuning rate of 20
frames/s (with a change in wavelength for each frame). Togeth-
er, a 4-Å photorefractive blocking filter and a 0.05-Å étalon
will be able to isolate a small part of the profile of a magnet-
ically sensitive iron line in the solar spectrum. Data on the solar
magnetic fields can then be gathered by scanning through
the line.

Broadband DIAL concept of a single laser pulse with a bandwidth
of 0.04 mm and a receiver with two 0.01-mm bandwidth filters, one
for on-line and the other for off-line. The three transmittance curves
represent different path lengths.
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Other examples of applications that should benefit
from improved spectral filtering include frequency-
stabilized laser systems and laboratory spectroscopy.

Advanced Optical Filters
To achieve the performance required, new sensing

systems with greatly improved optical filters, i.e., filters
that provide sub-angstrom spectral resolution, rapid
wavelength tuning, low wavefront distortion (for
imaging), and high throughput, will be needed. The
challenge in remote sensing is to provide rugged, easily
used, relatively inexpensive devices that can project an
JOHNS HOPKINS APL TECHNICAL DIGEST, VOLUME 17, NUMBER 3 (1
image of contaminant concentrations on a screen and
record measurements for long-term research. The chal-
lenge in optical communications is to integrate extreme-
ly inexpensive and rapidly tunable devices into existing
systems.

A number of different types of filters exist that meet
many of the required specifications. These filters in-
clude interference filters produced from multilayer
structures and Fabry-Perot étalon filters such as the
Lyot filter, which serve as fixed interferometers. The
Lyot filter is currently the preferred approach for ap-
plications requiring very high spectral resolution.5

However, for optical filtering applications, Rakuljic
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and Leyva6 and Müller et al.7 recently demonstrated
the use of holographically generated, high-spatial-
frequency diffraction gratings within photorefractive
materials.

The photorefractive filter has several advantages
including cost, size, versatility, speed, and weight. A
disadvantage is the strong frequency-dependent nature
of the photorefractive sensitivity for the most common-
ly used materials. This problem is evident in the time
required to create the filter (write the grating) and the
diffraction efficiency (performance) during operation.

The research efforts discussed in this article focused
on overcoming the deficiencies by using an optical con-
figuration of high sensitivity in terms of wavelength,
incident angle, and polarization in order to write ho-
lographic gratings with prespecified spacings. The grat-
ing spacings were designed to satisfy Bragg conditions
for efficient operation of the filter, even when using
lower sensitivity wavelengths and alternative geome-
tries of interest.

THEORETICAL APPROACH
The photorefractive material used in this research

was the ferroelectric oxide lithium niobate (LiNbO3)
in bulk, single-crystal form. The photorefractive prop-
erties of this material have been extensively studied
and are very well documented.8–10 Iron-doped LiNbO3
has relatively high photorefractive sensitivity in the
visible portion of the spectrum, especially at the higher
frequencies, as a result of its large electro-optic coef-
ficient. It is also convenient to work with and easy to
align for photorefractive applications because of its
symmetry and the orientation of its most effective
crystallographic direction. The largest electro-optic
coefficient is along the polarization axis (c axis).

Within photorefractive materials, a spatially inho-
mogeneous charge density can be induced when they
are illuminated with a coherent light source. Generally,
the charge density originates from either impurities or
defects within the crystal or from dopants deliberately
introduced into the material. When two mutually
coherent light beams interact within the photorefrac-
tive material, a spatial interference pattern is created
in the bulk of the media, which induces the charge
density to migrate from a steady-state equilibrium
distribution into a new spatial profile that mimics the
optical pattern (Fig. 1). The charge migration induces
a static electric field inside the crystal, which generates
a first-order change (Pockels effect) in the material’s
refractive index (Dn):

Dn n r Eij sc= 1
2

3 ,
272 JO
where rij is the Pockels coefficient (electro-optic tensor
component) and Esc is the space–charge field. The
index profile has the same spatial distribution as that
of the charge density in the crystal. Under the proper
illumination conditions, periodic variations can be
created in the refractive index, which act as a highly
selective wavelength- and orientation-specific diffrac-
tion grating, in a manner similar to a volume hologram
stored within thick, high-resolution holographic film.
(For a comprehensive discussion on Bragg diffraction
and optical holography, see Ref. 11.)

The spatial periodicity of the index grating can
be fixed by thermal treatment, creating a long-term
(semipermanent) diffraction pattern within the photo-
refractive material. In addition, wavelength tunability
may be accomplished by changing the average refrac-
tive index or the grating period via an externally ap-
plied voltage or temperature source.12 This method
eliminates the need for mechanical systems that are
commonly used in the tuning of more conventional
grating elements.

Figure 1. Interaction of two mutally coherent beams within a
photorefractive crystal. ( a) A unique spatial intensity distribution is
formed within the material resulting from the interference of the two
waves. (b) Charges diffuse from regions of high intensity and are
trapped in regions of low intensity. (c) The separation of charges
leads to the creation of a space–charge field.
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To take full advantage of the photorefractive sensi-
tivity within these materials, certain parameters must
be evaluated. These parameters include the preferred
wavelength (material’s sensitivity) for writing, angular
position and polarization of the incident waves, c-axis
orientation of the photorefractive crystal, and the ratio
of incident beam intensities. As stated earlier, since the
sensitivity of iron-doped LiNbO3 is wavelength or
frequency dependent, the writing wavelength may be
different than the filter’s actual operating wavelength.
The filter’s performance is then based on its ability to
match Bragg conditions for diffraction at the desired
wavelength and optical configuration. Therefore, the
wavelength, angular position, and wavefront character-
istics of the incident writing beams are dictated by the
filter’s desired operating wavelength, the angular posi-
tion and wavefront characteristics, the refractive index
of the material at both the writing and reconstructing
wavelengths, and the desired optical configuration
(transmission or reflection) for operation of the filter.

EXPERIMENTAL APPROACH
Initial gratings were written in a 5 × 5 × 5 mm cube

of iron-doped LiNbO3 using an argon laser (coherence
length about 2 cm) at both 488.0 nm and 514.5 nm.
This crystal was doped with 0.05% iron for increased
sensitivity in the visible portion of the electromagnetic
spectrum. Setting up the optical system, writing the
gratings, and characterizing their performance at the
original wavelength were successful for both the trans-
mission mode (Fig. 2) and also the higher resolution
reflection mode (Fig. 3). Writing the hologram at one
argon line and reading it out at another resulted in only
a minor reduction in the signal-to-noise ratio. Howev-
er, as the variation between the writing and recon-
structing wavelengths (and coherent sources) is in-
creased, a number of other issues have to be considered.

As stated earlier, these materials can be used broad-
band, but their sensitivity (absorption) is frequency
dependent. Therefore, gratings were written at wave-
lengths of high sensitivity for operation at regions of
lower sensitivity. Initially, a symmetrical transmission
approach (symmetrical around the normal to the
crystal’s a face) was utilized at a relatively small angular
separation (2u # 50°) between the object and the ref-
erence wave (low-resolution grating) (Fig. 4). This
approach was taken to minimize the refractive index
effects of the material, which change both the position
and angular relationship of the incident waves, thereby
affecting the grating spacing within the material. At a
larger angular separation between the writing waves, a
more selective filter is formed as a result of a smaller
grating spacing with more grating planes per unit vol-
ume of material.
JOHNS HOPKINS APL TECHNICAL DIGEST, VOLUME 17, NUMBER 3 (1
Initially, gratings were written (filter formation) at
the argon line of 514.5 nm, and the performance of the
filter was evaluated at a region of lower sensitivity13

using a helium–neon laser at 632.8 nm. In general, for
the reflection mode of operation, the situation becomes
even more complex and stringent regarding acceptable
wavelengths and range of incident angles for writing
the gratings. The frequency-dependent refractive index
of the material begins to have a more significant effect,
especially when the gratings are formed in transmission
through the a face of the crystal and utilized in the
reflection mode through the c face (Fig. 5).

To differentiate the diffracted wave of interest from
all the other propagating waves and the various reflec-
tions, a two-dimensional object (35-mm slide) was
placed in the path of one of the incident writing beams,
thereby creating a true object wave. The object wave

Figure 2. Experimental configuration for transmission hologra-
phy used to write holographic diffraction gratings within the LiNbO3
sample. (kg is the grating vector.)

Figure 3. Experimental configuration for reflection holography
used to write higher resolution holographic diffraction gratings
within the LiNbO3 sample. (kg is the grating vector.)
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was then focused through the crystal for interference
with the collimated reference wave. Therefore, on
reconstruction of the hologram, it was possible to
re-create the object wave and project a real image
onto a screen of the two-dimensional object. When a
wavelength similar to that used in writing the hologram
(within 50 nm) was used on reconstruction, the dif-
fracted wave was readily identifiable. Reconstruction
with a collimated reference wave at a dramatically
different wavelength than that used in writing greatly
diminished the reconstructed spatial frequencies that
described the original object. This effect was due to the
optical configuration used in the formation of the
holographic filter.

The object wave propagated with a spherical wave-
front, but the reference wave was collimated (planar
wavefront); therefore, the waves’ interference within
the crystal produced an angular tilt to the grating

Figure 4. Symmetrical transmission approach used to write grat-
ings at a particular wavelength and geometry, but designed for
operation at a different wavelength and corresponding incident
angle.

Figure 5. Symmetrical transmission approach used to write grat-
ings at one wavelength for use in reflection at a different wave-
length.
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planes formed.14 These events resulted in a situation
during reconstruction where the desired plane wave
reference, at a different wavelength than that used for
writing, was unable to simultaneously match the Bragg
conditions for all spatial frequencies contained within
the original object wave.15 The consequence of such a
condition was that during reconstruction, only a slice
of the original object wave was regenerated, producing
only a section of the original image.

Initially, filters were generated at 514.5 nm using
ordinary polarization and an angle of 25° to the surface
normal in the symmetrical transmission holographic
configuration (Fig. 4). At the 632.8-nm wavelength
used for reconstruction, the Bragg angle required was
about 31° for evaluation of the filter’s performance.
The optical system used for the performance charac-
terization of the photorefractive samples consisted
of a neodymium-doped yttrium aluminum garnet
(Nd:YAG) laser (10-Hz repetition rate, 10-ns pulse
width, 1064-nm or 532-nm output), tunable dye laser,
and high-pressure hydrogen Raman cell (Fig. 6). The
output of the nanosecond dye laser, which is pumped
by the 532-nm output of the Nd:YAG laser, is tunable
through the 550- to 900-nm wavelength range. This
spectral output can be used as either a visible- to near-
infrared light source in characterization measurements
or as the optical pump for generating longer wave-
length infrared via coherent Raman scattering in the
hydrogen gas (l = 0.8–2.0 mm). In addition to the wide
range of tunability, the high spectral resolution of the
optical system (Dl ≈ 0.01 Å) surpassed the grating
resolution in the photorefractive iron-doped LiNbO3
samples.

EXPERIMENTAL RESULTS
The filter demonstrated an approximate 5-nm full

width at half maximum bandwidth at less than 5%
diffraction efficiency when using a nonoptimized, low-
resolution optical setup (Fig. 7). After the successful
demonstration of the feasibility of this approach, the
next step was to write higher resolution gratings in the
LiNbO3 crystal. Because of the dimensions of the
photorefractive crystal with a 5 × 5 mm entrance face,
a limitation exists on the angular separation between
the object and reference waves. The angular separation
also depends on the diameter of the incident beams.
The symmetrical transmission approach was used for
generating these higher resolution filters.

Various writing conditions were evaluated. It was
determined that formation of a grating for subnanom-
eter resolution could be successfully accomplished at
the writing wavelength of 514.5 nm with an angle of
incidence for both object and reference waves of 45°
to the normal to the a face, using ordinary polarization.
Optical characterization (reconstruction) took place
NS HOPKINS APL TECHNICAL DIGEST, VOLUME 17, NUMBER 3 (1996)



at a variety of incident angles and wavelengths; how-
ever, a representative data plot is presented in Fig. 8
for the center peak wavelength of 654.8 nm. The in-
cident angle required to match Bragg conditions for
operation at this wavelength was approximately 64.5°.

The results from this analysis indicated the filter’s
performance to be better than 0.6-nm full width at
half maximum bandwidth wavelength selectivity,
nearly an order of magnitude improvement over the

ones, fixing the d
incident angle fo
conductivity is lo
tion) in LiNbO3,1

are very persisten
even without fixi
to change the opt
lution gratings, th
tremendous noise

Figure 6. The optical system for characterization and performance assessment of the
photorefractive filter. Laser source provides tunable radiation from 0.55 to ≈10 mm.
Nd:YAG provides discrete laser lines at 1.064 and 0.532 mm. The bandwidth of the laser
radiation over this range of wavelengths is sub-angstrom.

Figure 8. Filter perfo
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Figure 7. Diffracted intensity (in arbitrary units) versus wave-
length for a photorefractive optical filter during reconstruction at
632.8 nm. The filter was created using a 514.5-nm coherent
source.
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previous results (Fig. 7). In the
data shown in Fig. 8, note the
higher background intensity (DC
bias) as compared with the data in
Fig. 7. This effect was due to the
increased internal scattering in
the LiNbO3 sample. The photore-
fractive behavior was directly re-
lated to the fluence or power den-
sity and spatial intensity profile of
the incident beams. Therefore,
when the filter’s performance is
evaluated, the reconstructing
wave (Gaussian profile-TEM00)
will adversely affect the existing
hologram. The signal-to-noise ra-
tio decreased through the duration
of the reconstruction process (Fig.
9). This decrease resulted from
both an increase in scatter and a
reduction in the depth of the
modulation within the hologram.

DISCUSSION
Techniques that should im-

prove both the signal-to-noise ra-
tio and the spectral resolution in-
clude erasing the pre-existing
holograms before writing new

esired grating, and optimizing the
r reconstruction. Because the dark
w (limited residual charge migra-
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ese persistent holograms produced
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rmance evaluation (diffracted intensity [in
s wavelength) demonstrates an operating
m for 654.8-nm center wavelength at an
°. The filter was created using 514.5 nm at
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necessary to develop an approach for erasing the pre-
existing gratings before writing new ones. From the
literature7 and from experimental investigation, it was
determined that for complete erasure, the crystal
should be heated to about 250°C for about 1 h.
The crystals proved to be very durable and did not
require a particularly slow temperature ramp either up
or down.

A technique for fixing the grating was also estab-
lished. Again, from the literature17 and experimental
investigation, it was determined that an acceptable
fixing approach involved the following steps: (1) write
the desired hologram, (2) heat the crystal in the dark
up to approximately 125°C, (3) hold the crystal at
125°C for about 5 min, (4) bring the crystal back down
to room temperature, and (5) expose the crystal to the
reconstructing wave with a uniform spatial intensity
distribution (TEM00) for approximately 10 min before
making any measurements.

The success of this technique is based on both
the ionic and electronic conductivity for iron-doped
LiNbO3 at various temperatures. At room temperature,
electrons are mobile under the influence of the incident
coherent radiation; the optical interference produces a
space–charge field that results in a refractive index
change (hologram) within the material. Once the ho-
logram is formed, the material is no longer in a neutral
state. Therefore, at elevated temperatures where the
ionic mobility dramatically increases, the ions redistrib-
ute in an attempt to neutralize the existing space–charge
field. When the crystal is returned to room temperature,
the ions no longer have the thermal activation energy
required for mobility; therefore, the existing ionic dis-
tribution is fixed. This ionic distribution now mimics
the original spatial intensity distribution created by the
interference of the object and reference waves.

The next step is to uniformly redistribute the elec-
trons, which are mobile at room temperature, by

Figure 9. Diffracted intensity (in arbitrary units) versus sample
illumination time. This plot illustrates the destructive nature of the
“reconstruction” process (which occurs on a time scale of ≈4–5
min) when the incident laser intensity used was ≈10 mW/mm2.
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illuminating the crystal with a reconstructing wave of
uniform spatial intensity. Although this method has
proved successful, a recent study indicates that a slight-
ly different fixing approach will yield a dramatic en-
hancement to the filter’s performance. Müller et al.7

demonstrated an increase in diffraction efficiency of
more than an order of magnitude by not only simul-
taneous writing and fixing of the grating, but also by
short-circuiting the crystal faces during temperature
elevation (to minimize photovoltaic effects). The use
of these techniques should generate an increased depth
of modulation within the hologram, improving the
diffraction efficiency and providing a higher signal-to-
noise ratio during operation.

CONCLUSION
 Photorefractive optical filters can meet the spec-

ifications of a variety of electro-optic systems. Operat-
ing characteristics such as sub-angstrom spectral reso-
lution, high signal-to-noise ratio, tunability, and high
speed make these filters extremely attractive for signal
processing–intensive applications including remote
sensing, monochromatic imaging, and optical commu-
nications. The frequency-dependent nature of these
filters has limited their use to within a very narrow
portion of the electromagnetic spectrum. However,
research efforts, supported by Independent Research
and Development funds, have demonstrated prelimi-
nary success in overcoming this problem by creating
prespecified diffraction gratings with grating spacing
designed to match Bragg conditions for alternative
wavelengths and geometries of interest. The relatively
low-cost, lightweight, and compact nature of these
photorefractive filters provides an additional incentive
for their use.
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