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Anisotropic Diffusion of Light in a Strongly Scattering Material
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Light transport in a strongly scattering, strongly anisotropic material is studied experimentally using
both static and time-resolved techniques. Both the static and the dynamic results are well characterized
by a diffusion equation with an anisotropic diffusion tensor and a scalar absorption term. Light diffuses
4.0 times faster along the uniaxial axis of the material compared with diffusion in the orthogonal
directions.
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gallium phosphide, are both optically isotropic in the
bulk, so the geometry of the material alone introduces

Our approach is to etch the entire thickness of
gallium phosphide wafers starting from a thin edge and
The study of light transport in strongly scattering
materials underlies such diverse subjects as Anderson
localization of light [1], optical imaging in biological
systems [2], and diffusing wave spectroscopy [3]. In these
and other types of studies, a clear understanding of the
diffusive regime, in which light transport is well mod-
eled by the diffusion equation, is essential for progress. It
is somewhat surprising then that little experimental work
has been done on strongly scattering systems in which
statistical anisotropy exists. This lack of study is due in
part to the difficulty of creating a strongly scattering
random optically anisotropic system in a controlled way.
Strongly scattering powders of high dielectric materials
[4] are statistically isotropic over length scales much
larger than the particle size, while single domain nematic
liquid crystal systems, which do show anisotropic optical
diffusion [5–8], are comparatively weakly scattering and
weakly anisotropic. Recently, macroporous gallium phos-
phide has been shown to be the strongest random scatterer
of light in the visible regime with weak absorption [9,10].
In this Letter, we show that this material offers a unique
opportunity to study strong scattering in the presence of
statistical anisotropy. By controlling the etching condi-
tions, strongly scattering samples with a high degree of
optical anisotropy can be created. The geometry of these
samples allow both static and time-resolved measure-
ments to be performed, the results of which consistently
describe strongly anisotropic diffusion of light.

Previous studies have shown that light may propagate
both diffusively and anisotropically in nematic liquid
crystals [5–8]. These systems are comparatively weakly
scattering, with a mean free path l of hundreds of
microns [11] and a weakly anisotropic diffusion tensor
[5,6]. Both the anisotropic scattering centers and an an-
isotropic index of refraction affect the transport proper-
ties of light [7,8].

Macroporous gallium phosphide offers an entirely dif-
ferent material in which to study light propagation in the
presence of anisotropy. The constituent materials, air and
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the anisotropy. Under appropriate fabrication conditions,
the material can be made to be extremely strongly scatter-
ing, with mean free paths as low as l � 0:3 �m [10], i.e.,
on the order of the wavelength of light where Anderson
localization of light is predicted to occur [1]. We show
that samples with highly correlated anisotropy over cen-
timeter length scales can be easily fabricated, using well
known and commonly available materials and techniques.
The degree of anisotropy in these samples can easily be
tuned from isotropic or weakly anisotropic to the strongly
anisotropic samples that we investigate here. This degree
of control is particularly interesting because Anderson
localization of light is theoretically predicted, in some
cases, to be more easily achieved in the presence of
statistical anisotropy [12]. A simple interpretation of this
theory is that anisotropy makes the system effectively
lower dimensional which helps localization to occur.
Reference [12] describes structures that are intermediate
between 1D and 3D systems. Our system can be described
as intermediate between 2D and 3D. Such materials raise
the prospect for empirically probing the effect of anisot-
ropy on Anderson localization of light in a new geometry.

Porous semiconductors are fabricated by electrochemi-
cally etching single crystals in an acid solution. The pores
in electrochemically etched gallium phosphide branch
repeatedly during the etching process to create disorder
in three dimensions. We have chosen etching conditions
for which the samples are highly anisotropic while still
showing disorder in three dimensions. Such materials are
expected to show strong scattering, random light propa-
gation, and a uniaxial optical anisotropy along the direc-
tion of etching.We have also devised an etching technique
that aligns the direction of the pores parallel to the sur-
face of the wafer. Such a geometry is essential for study-
ing anisotropic light propagation in a uniaxial sample
because it allows for a direct comparison of the direction-
dependent diffusion rates through imaging the surface of
the sample. With careful surface preparation, it is surpris-
ingly easy to etch in this fashion.
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proceeding millimeters in, while controlling the orienta-
tion of the anisotropy [Fig. 1(a)]. N-type gallium phos-
phide [100] wafers were first coated with �300 nm
amorphous silicon-nitride layers via plasma-enhanced
chemical vapor deposition to prevent etching at the out-
side surfaces of the wafer. The layer is transparent and is
thin enough to not appreciably change the thickness of the
wafer (L � 310 �m). However, it is thick enough to seal
the gallium phosphide from the sulfuric acid. The coated
sample was then cleaved along a [100] plane and dipped
into a 0.5 M sulfuric acid solution with a potential applied
along the long axis of the sample [Fig. 1(a)]. The voltage
was applied by attaching an electrode to the top of the
wafer, �1:5 cm from the opposite immersed edged. The
electrochemical etching begins at the immersed edge of
the wafer and progresses parallel to the wafer surface. The
pores grow at a rate of roughly 0:5 mm=day, allowing for
samples several mm wide to be created in a reasonable
time. Strongly anisotropic pores were achieved by etching
wafers with a doping concentration 7� 1017 cm�3 and a
potential of 10.5 V [13]. Test samples were cleaved to
obtain scanning electron micrograph (SEM) cross sec-
tions of the etching both parallel and perpendicular to the
etching direction [Fig. 1(b), top and bottom, respec-
tively]. Analysis of these images show that the etching
proceeds in a dendritic fashion with pore diameters of
�70� 30� nm. The characteristic length of the pores is
several times its diameter, though the exact aspect ratio is
difficult to determine because the cleavages often do not
produce a smooth interior surface to examine. The etch-
ing proceeds uniformly up the sample with a planar front
that extends to the inner edge of the SiN. Images of
several different regions show the pore structure to be
homogeneous throughout the sample, even when compar-
ing regions several mm (i.e., several days) apart. Thus,
FIG. 1. (a) Cartoon of the etching setup for anisotropic etch-
ing. Because the silicon nitride layer prevents etching at the
polished surface of the wafer, pores grow from the bottom edge
up. (b) SEM image of the pores. Both parallel (top image, scale
bar � 1 �m) and perpendicular (bottom image, scale bar �
300 nm) cross sections with respect to the etch direction (the
x axis) give a sense of the three-dimensional pore structure.
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the process should allow for even larger samples to be
grown.

The most direct test for optical anisotropy is to create a
pointlike source on one side of the sample and image the
outgoing light on the opposite side. This was carried out
with a solid-state pulsed laser source at 634 nm with an
average power of 0.5 mWand a pulse duration of �100 ps.
The source was focused to a 10 �m spot. The image was
recorded with a CCD camera [Fig. 2(a)]. The resulting
image [Fig. 2(b)] shows elliptical isointensity contours
with the long axis of the ellipse along the etching direc-
tion (the x axis). Rescaling the x axis of this image by a
factor of 2.0 reduces these contours to circles [Fig. 2(b)].
This image shows already that light propagation in the
sample is highly anisotropic.

To fully characterize the light transport in the sample,
a second, time-resolved, setup was used (Fig. 3, top). The
same 100 ps source was used, with the output side of the
sample imaged and magnified through a microscope ob-
jective onto an aperture. By displacing the objective
parallel to the sample surface, the image of the probed
region of the sample surface could be translated across the
aperture. The aperture was imaged onto the entrance of a
monochrometer with a photomultiplier tube. The size of
the aperture yielded a 50 �m resolution for the displace-
ment position. To resolve the signal in time, a time-to-
amplitude converter was used, triggered by a reference
detector at the source output.

The resulting time-resolved signal is shown in the plot
in Fig. 3. Shown are the results for three different dis-
placements across the sample, y � ��0; 120; and 240� �
10	 �m. Displacements of up to 480 �m were measured
in both the x and y directions where the x and y axes are
shown in Fig. 2(b). The data show a peak followed by
exponential decay characteristic of diffusion [1]. We find
the exponential decay time to be independent of the
FIG. 2. (a) Cartoon of the static imaging setup. (b) The out-
put image from the sample. The width of the wide distribution
on the left is approximately 1.5 mm. For the sake of presenta-
tion, the image has been inverted so that the darkest regions are
those of highest intensity. On the right, the same image is
shown with the x axis rescaled by a factor of 2.0. This result
demonstrates strongly anisotropic diffusion of light.
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FIG. 4. The average transmission time tavg vs displacement
from center in the x (circles) and y (triangles) directions. The
solid lines are fits to the diffusion model described in the text.
The dashed lines give the curves at �Dxx;yy � 10%. The strong
anisotropy in tavg is consistent with the strong anisotropy in the
diffusion tensor (Dxx=Dyy � 4:0).
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FIG. 5. The intensity vs displacement from center in the x
(triangles) and y (circles) directions. The displacement in the x
direction has been rescaled by

������������������
Dxx=Dyy

q
� 2:0. Because of the

wide intensity distribution along the x axis, measurements for
two different source positions were required to avoid edge
effects. These are denoted by the two orientations of the tri-
angles. The solid line is the result for the diffusion model using
the parameters obtained from the time-resolved experiments.

FIG. 3. Above: Cartoon of the time-resolved diffusion setup.
Below: Normalized output intensity as a function of time for
three different translations in the y direction; y � �0� 10� �m
(circles), y � �120� 10� �m (triangles), and �240� 10� �m
(squares). The solid lines give the fits to the anisotropic dif-
fusion model for the same set of parameters at the three
different displacements. The solid line on the left is the input
pulse. The inset gives the same results with a linear vertical
axis. The excellent agreement with the model shows that light
propagates diffusively in these samples.
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displacement, though the peak position shifts roughly in
proportion to the square of the displacement. This shift is
particularly evident in the inset of Fig. 3. The shift in the
peak position is indicative of the increased average trans-
mission time tavg �

R
I�t�tdt=

R
I�t�dt, a useful measure

of the diffusion parameters. This has been calculated and
plotted in Fig. 4. The anomalous point in this figure, the
open triangle, shows the influence of the sample edge at
y � 480 �m. Using the same setup, the static measure-
ment can also be repeated, the results of which are shown
in Fig. 5. As we now show, all of these results are in
complete agreement with strongly anisotropic diffusion
in this strongly scattering sample.

The diffusion model begins with the anisotropic dif-
fusion equation with absorption:

S
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1
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where I � I�r; t� is the intensity as a function of position
and time, S � S�r; t� is the source, Dxx, Dyy, and Dzz are
the diagonal components of the diffusion tensor, and � is
the absorption time. Given the uniaxial symmetry of the
sample along the etching direction, off-diagonal ele-
ments of D are not needed. The z axis is parallel to the
wafer normal. The tightly focused source beam may be
approximated by a delta function S / ��x���y���z
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zs���t�, where zs is the penetration depth of the incident
beam. The mean free path for these samples has been
previously measured at l � 1 �m [9] and we assume zs �
l. Note that rescaling the x and y values by 1=

������������������
Dzz=Dxx

p
and 1=

������������������
Dzz=Dyy

q
, respectively, reduces Eq. (1) to the

isotropic diffusion equation, with the source term scaled
by a constant factor. This explains our observed scaling
result in Figs. 2 and 5 without further calculation and
gives meaning to the measured scaling value 2.0, namely,

2:0 �
������������������
Dxx=Dyy

q
or Dxx � 4:0Dyy. The diffusion equa-

tion (1) can be solved analytically for both the time-
resolved and stationary �@I=@t � 0� cases.

The time-resolved result was first fit to the x � y � 0
position, where only Dzz and � remain as independent
243901-3
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parameters. Fitting to the data set in Fig. 3 yields Dzz �
�14:2� 0:1� m2=s and � � �0:59� 0:02� ns where the
error bars give the variance of the parameters. With these
parameters fixed, the data was then fit to the displace-
ments in both the x and y directions, yielding values of
Dyy � �14� 2� m2=s and Dxx � �58� 5� m2=s where
the uncertainty gives the range of values measured for
different regions of the sample. The fits for the y direction
are shown in Fig. 3. An additional parameter that ac-
counts for internal reflection at the surface of the sample
was also included for consistency with previous work
[11,14], though the results are essentially independent of
this parameter. The stationary solution is plotted in Fig. 5
using the results from the time-resolved measurements
with no adjustable parameters. The static and dynamic
measurements show that the light propagation in the
sample is in excellent agreement with this anisotropic
diffusion model. In contrast with a previous result on
liquid crystals [6], the static and dynamic measurements
of the diffusion tensor agree. The result Dxx=Dyy � 4:0
demonstrates the dramatically larger anisotropy in light
diffusion in porous gallium phosphide than that measured
in liquid crystals (Dxx=Dyy � 1:3 to 1.6 [5,6]).

There are several intriguing aspects to the results. We
have demonstrated optically anisotropic diffusion in a
strongly scattering sample for the first time to our knowl-
edge, previous experiments having been performed on
weakly scattering and weakly anisotropic nematic liquid
crystals. The agreement we find between the static and
dynamic measurements seems to contradict the experi-
mental results and theoretical interpretation seen in
Ref. [6]. There, it was argued that the diffusion constant,
a dynamic quantity, is inaccessible to static measurement
and, therefore, that the static and dynamic measurements
must probe different quantities. However, the measure-
ments in question probe the ratio of two dynamic quanti-
ties, Dxx=Dyy, a value that can be accessed using both
dynamic and static probes. This ratio will be determined
by both the relative mean free paths (a static property)
and by the relative probability to scatter in the x or y
direction at each scattering event (the ratio of two dy-
namic properties). The strong anisotropy in our porous
gallium phosphide samples makes this comparison ex-
perimentally easier than was possible with liquid crys-
tals. Since the theoretical work has focused exclusively on
liquid crystals, the correlation between the microscopic
scattering geometry of the samples studied here and the
resulting anisotropic diffusive behavior remains an open
question. In principal, silicon and other semiconductors
could be etched using a similar technique. This would
allow for similar experiments to those described here for
probing the optical properties of other porous semicon-
ductors. Also, the fact that a porous material can be
fabricated between two nonetched layers may allow mul-
tilayer etched and nonetched systems to be easily pro-
duced. Since the strongly scattering samples described in
243901-4
this Letter have been optimized more for anisotropy than
for strong scattering, it is not surprising that localization
effects were not observed in comparison with Ref. [10].
Increasing the scattering strength of these samples
through chemical etching or other techniques may
allow us to ultimately test the effects of anisotropy on
localization.
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