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We study the diffuse transport of light through polymer slabs containing TiO2 scattering particles. The slabs
are diffuser plates typical of a commercial white light-emitting diode (LED) module (Fortimo).
We have measured the diffuse transmission and reflection properties over a broad wavelength range
(470–840 nm) from which we derive the transport mean free path using the theory of light diffusion. With
increasing scatterer density, the mean free path becomes shorter. The mean free path increases with wave-
length; hence, blue light is scattered more strongly than red light. To interpret the results, we propose an ab
initio model without adjustable parameters for the mean free path by using Mie theory. We include inho-
mogeneous broadening as a result of the size distribution of the scattering particles as measured by dynamic
light scattering. Surprisingly, the calculatedmean free path decreases with wavelength, at variance with our
experiments, which is caused by particles with radiiR in excess of 0.25 μm. Close inspection of the scatterers
by electron microscopy reveals that large particles (R > 0.4 μm) consist of clusters of small particles
(R < 0.13 μm). Therefore, we have improved our model by only taking into account the individual scatterers
within the clusters. This model predicts mean free paths in good agreement with our experimental results.
We discuss consequences of our results to white LED lighting modules. © 2013 Optical Society of America
OCIS codes: (160.4236) Nanomaterials; (230.3670) Light-emitting diodes; (290.4020) Mie theory;

(290.4210) Multiple scattering; (290.5850) Scattering, particles; (290.7050) Turbid media.
http://dx.doi.org/10.1364/AO.52.002602

1. Introduction

There is a strong worldwide drive to efficiently gen-
erate white light for many applications in lighting.
A modern approach is to employ white light-emitting
diodes (LEDs) [1–4]. These white LEDs typically con-
sist of a blue semiconductor diode combined with

luminescent phosphors that convert part of the
blue light to the additional colors yellow, green,
and red. In state-of-the art white-light LED technol-
ogy, one exploits the light-scattering properties of
the phosphors. Thanks to intentional structural fea-
tures such as air inclusions or material scatterers,
light is multiply scattered [3,4]. Consequently, the
transport of light becomes diffusive, which is helpful
to obtain an even lighting without hot spots or
without angular color distribution, as is desired for
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lighting applications. Moreover, photons are recycled
so that thin phosphor layers can be used. Thereby,
cost efficiency is improved and the environmental
impact is reduced.

Central challenges in understanding the optical
properties of white LEDs arise from limitations in
the physical understanding of the combined multiple
light scattering and energy conversion in phosphors.
The properties of the LEDs are currently described
by models wherein light scattering and energy con-
version are treated by ray-tracing and Monte Carlo
techniques [4–6]. Unfortunately, it appears that the
LED spectra cannot be predicted quantitatively, or
that relevant optical parameters must be adjusted
to match with measured data [7,8]. These limitations
in predictive power clearly hamper the design and
development of efficient white LEDs with desired
characteristics or with novel tailored properties.

An improved description of multiple light scatter-
ing can be obtained by analytical theories originating
from nanophotonics, wherein multiple scattering of
light is described from first principles [9–12]. The ad-
vantage of such ab initio models over ray tracing is
that one obtains fundamental physical insight, start-
ing from the detailed nanostructure of a sample.
Moreover, calculating optical properties from a
model is computationally much faster than perform-
ing a ray tracing simulation. On the other hand, we
note that such models are usually limited to simple
sample geometries, such as a slab, a sphere, or a
semi-infinite medium. To ultimately model complex
LED luminaires that are of practical interest, one
must resort to ray-tracing models that are improved
with the aid of ab initio models.

Most nanophotonic theories and experiments to
date are applied to situations where narrowband
light sources have been used. Therefore the main
question arises of how to extend nanophotonic
models to describe the transport for broadband light,
which is particularly relevant to white LEDs.
There have been a few pioneering broadband studies,
on dense Si powder in the infrared [13], on dense
resonant photonic glasses [14], and on dense TiO2
powder [15]. As a first step in applying nanophoton-
ics to white LEDs, the aim of the present paper is to
obtain an understanding of the broadband multiple
light scattering of diffuser slabs typical of white
LEDs. To this end, we have chosen to study the dif-
fuser plates of commercially available white LED lu-
minaires [16] by total transmission, also known as
diffuse transmission, which is the transmission inte-
grated over all outgoing angles at which light exits
from a medium. The total transmission contains in-
formation on the transport mean free path, a crucial
parameter that describes multiple scattering of light
[9–12,17]. The transport mean free path is the dis-
tance it takes for the direction of light to become ran-
domized while light performs a random walk in a
scattering medium. To model the results, we use
the well-knownMie theory, supplemented by the size
distribution of the scatterers.

2. Experimental Details

In this paper, we present results obtained on five pol-
ymer slabs (polycarbonate, Teijin Panlite ML2102
[18]) typical for Fortimo white LED units [16]. In
order to scatter light, the polymer slabs contain
TiO2 particles [19] with weight densities ranging
through ϕ � 0, 0.01, 0.05, 0.10, and 1.0 wt. %. For
subsequent modeling, the mass density is converted
to a scatterer volume fraction f by a conversion factor
of 0.3 vol.%∕wt.%, which takes into account the den-
sities of the materials. Similar results were obtained
on other slabs made from different polymers. The
slabs were fabricated as follows: a powder of TiO2
particles is mixed with the polymer by making a
compound in the required weight ratio. Next, the
compound is shaped into disks (60mm × 2 mm) by
industrial injection molding. The disks have a
thickness L � 2.0 mm.

The TiO2 particles were commercially obtained
from Kronos (Germany). A scanning electron micro-
graph (SEM) of the particles is shown in Fig. 1. The
particles reveal a large variation of sizes, similar to
our earlier experience with TiO2 powders [20]. The
broad size distribution is favorable for a uniform
scattering of white light [1]. The inset shows a close
up of a large particle with a radius R � 0.45 μm that
reveals that it consists of a cluster of smaller par-
ticles with radii in the range up to about 0.13 μm.

The size distribution of similar scatters is shown in
Fig. 2. The radii are determined by dynamic light
scattering, at Philips MiPlaza, which yields a hydro-
dynamic radius [21]; while such a radius is slightly
larger than the one determined from SEM, this effect
is minor compared to the very broad distribution.
Anticipating the fact that for the model calculations
the particles have to be of spherical shape, the size
distribution has been obtained by adopting this sim-
plification. As will be explained later this is not a
serious shortcoming of our approach. The distribu-
tion has a broad and asymmetric peak with a maxi-
mum at a particle radius R � 0.14 μm, followed by a

Fig. 1. SEM of TiO2 particles as used in the experiments. The
scale bar is 10 μm long. The image shows a large variation in sizes
as illustrated in Fig. 2. Inset: zoom-in of a large particle that con-
sists of a cluster of smaller particles (R < 0.13 μm); scale bar is
0.2 μm long.
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broad tail of large particles up to R � 1.0 μm. In this
distribution of hydrodynamic radii, no provision
could be made for small particles within a cluster.

To measure broadband, spectrally resolved, total
transmission T of light we used a setup using a
supercontinuum white-light source (Fianium SC-
450-2). The incident light was filtered with a 850 nm
short pass filter to remove long wavelengths, notably
the bright 1064 nm pump light from the source. The
beam was collimated and the diameter was set by
several irises to less than 2 mm, and was incident
at normal incidence on a slab that was horizontally
placed on the entrance port of an integrating sphere.
Since the incident beam was not focused, we can
safely neglect the dependence of total transmission
on the angle of incidence. We verified that the en-
trance port of the integrating sphere was sufficiently
large to accept the complete diffuse spot emanating
from the strongest scattering sample. The diffuse
output of the integrating sphere was monitored
with a fiber-to-chip spectrometer (Avantes) with a
spectral resolution of 1.2 nm. The spectral range
runs from λ � 470 to 840 nm, and is limited by the
white light source output and the cutoff wavelength
of the filter.

For all slabs, we collected several spectra and
repositioned a sample in between scans to test the
reproducibility and sample homogeneity; moreover,
the measurements reproduced to within a few per-
cent on different days. To calibrate the total trans-
mission values, we collected reference spectra in
absence of a sample, and determined the total trans-
mission as the ratio of a sample spectrum and a refer-
ence spectrum. Reference spectra were frequently
collected in between sample spectrum measure-
ments to correct for possible time-dependent changes
in the setup. This calibration procedure results in a
relative reproducibility better than 1%, between 480
and 830 nm. The total relative error in the transmis-
sion is estimated to be about 5% (percent points,

including systematic errors) based on the variations
between different measurements.

Both the diffuse reflectivity and the total
reflectivity—equal to the sum of the diffuse and the
specular reflectivities—were acquired at the Light
Labs on the same samples, using a Varian Cary 5 spec-
trometer with an accuracy of 1% in the wavelength
range between 360 and 800 nm. From the total reflec-
tivity and the diffuse reflectivity, we obtained the
specular reflectivityRs by straightforward subtraction.

3. Results

In Fig. 3, we show total transmission spectra for
slabs with increasing TiO2 content. In broad terms,
such spectra are a measure for the degree of light
scattering: less total transmission means more scat-
tering. Comparing spectra with increasing TiO2
content, we observe a decreasing total transmission,
which is intuitively sensible as the scattering
strength is expected to increase with the density of
scatterers. In each spectrum, the transmission in-
creases with wavelength, indicating more scattering
for blue than for red light, which is also intuitively
reasonable. The weak, fringe-like features between
550 and 600 nm are artifacts from the setup that
could not completely be removed by referencing.
The faint features near 600 and 676 nm are caused
by absorption of the polymer matrix as concluded
from additional experiments [22]; since they are not
important to the main results of this paper, they will
henceforth be disregarded. The sample without addi-
tional scatterers has a total transmission between
70% and 75%, which appear to be the limiting values
for weakly scattering media as we will discuss below.

According to diffusion theory for light in complex
media [9–12,17], the total transmission T�λ� of a scat-
tering medium is given by the following expression:

Fig. 2. Distribution of the radii n�R� of the TiO2 light scattering
particles used in the experiments. Since the distribution is ob-
tained from dynamic light scattering, the radii are hydrodynamic
radii [21]. The particles are approximated to be spherical, and the
distribution is normalized to 1.

Fig. 3. Total transmission T versus wavelength of polymer slabs
with increasing TiO2 particle density (indicated), from top to bot-
tom: f � 0 vol.% (black and red symbols), 0.003 vol. % (blue and
magenta symbols), 0.015 vol. % (dark yellow and navy symbols),
0.03 vol. % (purple and wine symbols), 0.3 vol. % (olive and dark
cyan symbols). For each sample two different measurements are
shown, indicating the good reproducibility.
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T�λ� � �1 − Rs�λ��
l�λ� � ze�λ�
L� 2ze�λ�

: (1)

The total transmission is inversely proportional to
the sample thickness L, and can thus be interpreted
as the optical analogue of Ohm’s law for the conduct-
ance of electrons. Furthermore, Rs�λ� is the specular
reflectivity of the incident light beam from the front
face, and ze�λ� is the extrapolation length that de-
scribes the boundary conditions of the diffuse inten-
sity at the interface of the sample. Last but not least,
l�λ� is the transport mean free path we wish to study.

Since the mean free path of light in our samples
will appear to be comparable to the sample thickness
(l≃ L), in other words the samples are moderately in
the multiple scattering regime, it is relevant to won-
der if it is justified to invoke diffusion theory. In [23],
the enhanced backscattering cone, a quintessential
multiple scattering phenomenon, was calculated
both with exact theory and with diffusion theory.
It appears that even for low order of scattering,
i.e., for weakmultiple scattering, the diffusion theory
agrees very well (better than 10%) with the exact re-
sults. In addition, Durian has concluded from simu-
lations of the diffuse transmission of samples with
widely varying thickness that the diffusion approxi-
mation is in surprisingly good agreement with the
exact results, even for a sample thickness of the order
of the mean free path [17]. Therefore, we conclude
that it is justified to apply diffusion theory to our
samples.

To obtain the mean free path from the diffuse
transmission through Eq. (1), we have measured
the specular reflectivity Rs�λ� of the incident beam
on the samples, shown in Fig. 4. The sample with
the highest TiO2 particle density reveals a shallow
trough near 400 nm, which agrees with the intrinsic
absorption of TiO2 [24,25]. It is remarkable that the
spectra of all samples closely coincide: they start at a
reflectivity of 5% in the blue and decrease to 4% in
the red. The specular reflectivity is, in contrast to

the diffuse reflectivity, mostly determined by the op-
tical properties of the polymer and nearly indepen-
dent of the density of TiO2 scatterers in the slabs.
This dependence is reasonable since the volume frac-
tion of the scatterers (f ≤ 0.3%) is much less than of
the polymer and as a result the TiO2 particles hardly
contribute to the average index of refraction. Assum-
ing Fresnel reflectivity, the average refractive index
of the diffusers decreases from about 1.55 in the blue
to 1.5 in the red, in agreement with typical values for
polymers.

From diffusion theory, one can express the extrapo-
lation length in terms of the mean free path l�λ� as
[26,27]:

ze�λ� �
2l�λ�
3

1� R̄�λ�
1 − R̄�λ� : (2)

Here, R̄�λ� is the polarization and angle-averaged in-
ternal diffuse reflectivity of the sample. For a
medium with an average refractive index n � 1.5
the average internal diffuse reflectivity is equal to
R̄ � 0.57, and R̄ � 0.6 for n � 1.55 [26,27]. As a
result we obtain the transport mean free path from
the measured and known quantities as

l�λ� � L

t�λ�
�
1� 2

3 r�λ� − 4
3
r�λ�
t�λ�

� ; (3)

where the factor t�λ� is shorthand notation for a
ratio including total transmission and specular
reflectivity:

t�λ�≡ �1 − Rs�λ��
T�λ� � L� 2ze�λ�

l�λ� � ze�λ�
; (4)

and the factor r�λ� includes the angle-averaged inter-
nal diffuse reflectivity R̄�λ�:

r�λ�≡ 1� R̄�λ�
1 − R̄�λ� : (5)

For the samples with low scatterer densities (0 and
0.003 vol. %), the mean paths are much larger than
the sample thickness l ≫ L, although the samples
have visually a diffuse appearance. If we also use
the observation that the specular reflectivity is rela-
tively low (Rs ≪ 1), we find for the total transmission
in this limit that

lim�l≫L;Rs≪1�T�λ� �
l�λ� � ze�λ�

2ze�λ�
� 1� 2

3 r
4
3 r

: (6)

We draw two conclusions from Eq. (6): first, since the
mean free path cancels in numerator and denomina-
tor, the total transmission for these weakly scatter-
ing samples is independent of the mean free path.
Obviously it is in this limit not possible to derive

Fig. 4. Reflectivity R versus wavelength of the polymer slabs
with increasing TiO2 particle density: f � 0 vol.% (black squares),
0.003 vol. % (red circles), 0.015 vol. % (blue triangles), 0.03
vol. % (magenta inverted triangles), and 0.3 vol. % (dark yellow
diamonds).
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the mean free path from a total transmission experi-
ment. Secondly, by using R̄ � 0.57 to 0.60 (see above),
r�λ� is between 3 and 4, and therefore the total trans-
mission ranges from 69% to 75%, in very good agree-
ment with the results in Fig. 3. Thus, the limiting
value for the total transmission is not necessarily
100%, which illustrates that total transmission
behaves differently from the usual Lambert–Beer
transmission using nondiffuse input and output
beams.

The wavelength-dependent mean free paths for
optically thick samples with ≥0.015 vol.% obtained
from Eq. (3) are summarized in Fig. 5. For the
samples with a scatterer density of 0.015 vol. %
and higher, the mean free paths are less than the
sample thickness of 2 mm. The mean free paths in-
crease with wavelength and decrease with increasing
density of TiO2 scatterers as intuitively expected. For
the strongest scattering sample, the mean free path
increases by a factor 3.5×, from 0.04 to 0.14mm in the
spectral range between 450 and 750 nm. This trend
reveals that the observed scattering is not in the
Rayleigh regime, as the well-known λ4 scaling of
the scattering cross section [28–30] would correspond
to an increase by a factor of 8, which is not the case
here. Therefore, the size parameter x that character-
izes the regime of light scattering (defined as
x � 2πmR∕λ; m is the refractive index contrast to
the surrounding medium) is not small as in the
Rayleigh regime; in the Discussion section, we will
see that x is in the Mie regime [28,29].

To investigate the density dependent behavior of
light scattering, we plot in Fig. 6 the inverse mean
free path versus the density of TiO2 scatterers in
the diffuser plate. At all three wavelenghts shown
(λ � 500, 600, 700 nm) that span the measured
range, the inverse mean free path increases linearly
with the particle density. This agrees with the results
by van der Mark et al. [23], who observed a linear
relation to 20 vol. %. The deviations from linearity

are largest at the lowest density, which is reasonable
since here the scatterers affect the total transmission
the least so the relative errors are the largest. At
densities beyond 0.015 vol. %, the variations in in-
verse mean free path are less than 0.1, corresponding
to a relative error of better than 10%. We conclude
that the scatterers are so dilute that the multiple
light scattering takes place in the independent scat-
tering approximation [9–12]. This is in agreement
with Kubelka–Munk considerations [31], which is
helpful as it considerably simplifies the modeling.

4. Model

To obtain an analytical model of the mean free path,
we use Mie scattering theory [28,29] that is exact for
a single particle, combined with the measured distri-
bution ρ�R� of particle radii R as has been measured
at Philips. In this section, all mean free paths are
implicitly understood to depend on frequency or
wavelength λ. We assume that the particles scatter
independently, which is reasonable as the scatterer
density is low (f ≤ 0.3 vol.%) and which is borne
out by the results in Fig. 6. Therefore, we add the con-
tributions from all scattering particles to the optical
cross sections C (scattering, absorption, or extinc-
tion). As discussed earlier, e.g., in [32,33], the inverse
scattering mean free path for a discrete distribution
of particles is equal to

1
lscat

� N
V
Cavg � N

V
N1C1 �N2C2 � � � � �NmCm

N1 �N2 � � � � �Nm
; (7)

where Ni is the number of scatterers with cross sec-
tion Ci, and N∕V is the number density of scatterers.
For a continuous distribution of particle radii, the in-
verse scatteringmean free path can be generalized to

1
lscat

� nCavg � n

RRmax
0 dRn�R�C�R�RRmax

0 dRn�R�
; (8)

Fig. 5. Transport mean free path l versus wavelength for
polymer slabs with increasing TiO2 content, from bottom to top:
f � 0.3 vol.% (dark blue), 0.03 vol. % (magenta), and 0.015 vol.
% (red). The horizontal dashed–dotted line illustrates the sample
thickness L.

Fig. 6. Inverse of the transport mean free path versus density of
TiO2 scatterers in vol. % in a log–log representation. Data are
shown for three different wavelengths: λ � 500 nm in black,
600 nm in red, 700 nm in blue. For each data set, a linear depend-
ence with zero offset is plotted [cf. Eq. (9)] with slope 57.7, 39.4, and
29.4 from top to bottom.
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where n�R� is the number density of scatterers with
radii R, and n≡ �N∕V� the total number density of
scatterers. Since we wish to interpret the total trans-
mission, we have calculated the transport mean free
path l averaged over the particle size distribution
that is equal to:

1
l
� nCavg�1 − hcos�θ�iavg� � … (9)

… � n

RRmax
0 dRn�R�C�R��1 − hcos�θ�i�R��RRmax

0 dRn�R�
; (10)

where hcos�θ�i�R� is the average scattering angle of
scatterers with radii R [28,29], and hcos�θ�iavg is
the average scattering angle.

5. Discussion

Using the model described in the previous section,
we have calculated the transport mean free path
as a function of wavelength using the known particle
size distribution n�R� (see Fig. 2). The calculated
mean free paths are shown in Fig. 7 and are com-
pared to the experimental data for the sample with
the highest density of scatterers with a volume frac-
tion f � 0.3 vol.%. With increasing wavelength, the
calculated mean free paths decrease from 1.15 to
0.9 mm. Thus the calculated values differ in two as-
pects from the experiments: first, the calculated ones
are a factor 6–27 times higher than the measured
ones, and second, the calculated values decrease
with wavelength instead of increasing. The major
differences between the model and our observations
may be attributed to two main physical reasons:

1. The SEM picture of the TiO2 scatterers in
Fig. 1 reveals that the scatterers have shapes that

differ from the spherical shape assumed in our
model. Nevertheless, it appears that approximating
the scatterers by spheres is not a severe limitation in
the multiple-scattering limit. Fine details of single-
scattering properties are rapidly washed out when
the sample contains particles with a substantial size
distribution and when multiple scattering sets in.
Averaging over a size distribution washes out reso-
nant effects that may occur for a certain shape,
and multiple scattering results in an orientational
averaging that washes out angle-dependent resonan-
ces of nonspherical scatterers (shown for single
scattering in, e.g., [33]). Therefore, we consider it
unlikely that nonsphericity of the scatterers is the
main source of discrepancy between model and
observations.

2. The microscopic structure in Fig. 1 also reveals
that the large TiO2 scatterers effectively consist of
clusters of smaller particles with radii R < 0.13 μm.
To investigate this hypothesis, we have analyzed the
integrals over particle sizes in the numerator and de-
nominator of Eqs. (9) and (10) by calculating the
mean free path for an increasing integral boundary
Rmax, in other words, for an increasingly broad size
distribution n�R� [34]. We find that only for small
spheres up to Rmax � 0.25 μm does the calculated
mean free path have a positive slope with wave-
length in agreement with the experimental results.
Further increasing the integral boundary Rmax
results in a reversal of the slope. Such a decrease
of l versus λ is caused by the fact that the larger
sphere fractions in the distribution (with radii
Rmax > 0.25 μm) have a size parameter x > 3, which
means that the scattering cross section is in the
range beyond the first main Mie resonance [28,29].
Since the cross section has a maximum at a reso-
nance, it decreases with increasing size parameter,
resulting in a decreasing mean free path with
wavelength. The fraction of large spheres dominates
the results in Fig. 7, which is reasonable since the
scattered power increases with scatterer volume
squared.

Based on this observation, we propose a second
model, based on visual inspection of the SEM pic-
tures, wherein we limit the maximum sphere radius
in the distribution of sphere sizes to Rmax � 0.13 μm;
in other words, we cut the distribution shown in Fig. 2
off at R � 0.13 μm (we neglect deviations from sphe-
ricity of the small scatterers for the same reason as
explained above) [34]. The results from this heuristic
second model without adjustable parameters are
also shown in Fig. 7. The calculated mean free paths
range from 0.04 to 0.09 mm, which is in much better
agreement with the experimental data (0.04–
0.14 mm) than the first model above. The relative dif-
ference between experiment and model is less than
35%, which is a substantial improvement over the
first model where the differences amount to 600%–

2700%. In addition, the slope of mean free path ver-
sus wavelength is slightly positive, similar to the
experimental results. The dramatically improved

Fig. 7. Transport mean free path l versus wavelength. Symbols
are our measurements for a Fortimo slab with f � 0.3 vol.% TiO2

scatterers. The spurious λ � 676 nm absorption band has been
omitted [22]. The black dashed–dotted curve is calculated for a pol-
ydisperse assembly of spherical scatters with a hydrodynamic size
distribution (see Fig. 2). The blue drawn curve is calculated for a
polydisperse assembly of spherical scatters with a size distribution
cutoff at R � 130 nm based on the SEM results.
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agreement confirms our hypothesis that small par-
ticles (also those within the clusters) are the domi-
nant source of scattering. The observation that the
calculated mean free paths are somewhat smaller
than the measured ones is slightly surprising since
in the diffuser plates, light is not only scattered by
the TiO2 scatterers, but also by other inhomogene-
ities, as is evident from the observation that plates
without TiO2 scatterers have a milky appearance.
A possible cause for the difference may be that the
fabrication of the polymer plates by extrusion may
be accompanied by strong shear forces that could af-
fect the size distribution, as larger particles might be
reduced in size. At any rate, we find the agreement
between our second model and the data gratifying in
view of three features: (i) we have obtained a first
ab initio model for multiple light scattering in white
LED components, (ii) our model has no freely adjust-
able parameters, and (iii) it is challenging to derive a
size distribution for particles within clusters. Finally,
we note that since both the measured inverse mean
free path and the modeled ones are proportional to
the scatterer density [see Fig. 6 and Eq. (9), respec-
tively], the good agreement between the second
model and the data also holds for densities other
than f � 0.3 vol.%.

Let us place our results in context with previous
studies: Rivas et al. reported mean free paths on
dense Si powder with a very broad size distribution,
as measured by total transmission in the infrared
[13]. They observed that the mean free path in-
creases with wavelength from 0.6 μm at λ � 1.4 μm
to 0.85 μm at λ � 2.5 μm, a similar trend as reported
here. A model of independently scattering monodis-
perse Mie-spheres revealed a moderate agreement
with many unobserved resonances. Much better
agreement was obtained with an advanced model
based on the coherent potential approximation (to
take into account scatterer–scatterer effects typical
of elevated densities), and averaging over the broad
size distribution. The agreement between their over-
all behavior and our results supports our heuristic
approach to take dependent scattering into account
by limiting the size distribution to the particle sizes
within clusters.

Secondly, García et al. [14] measured mean free
paths on disordered assemblies of polystyrene
spheres (so-called photonic glasses) by means of total
transmission and also performed model calculations.
They observe that the transport mean free path in-
creases with wavelength. This trend agrees with our
results, even though the systems are fairly different,
as García et al. study a high density of monodisperse
scatterers with a low index contrast whereas we
study a low density of polydisperse particles with
a high index contrast. Surprisingly, the mean free
paths calculated with their model show an opposite
trend with wavelength: the model predicts values
from 1.8 to 1.2 μm, whereas the experiments results
run from 2.3 to 3.2 μm. At this time, no reason for the
opposing trends is known.

Thirdly, it was reported that broadband mean free
path measurements of TiO2 pigment (without poly-
mer) by enhanced backscatter cones [15]. These
results show that the mean free path increases by
about a factor of 2 at wavelengths between 600
and 800 nm, in agreement with our results. Unfortu-
nately, the results were not modeled. In their study,
the mean free path was about l � 1 μm or about 100
times smaller than in our case, which can be under-
stood by considering the density of TiO2 scatterers
which, in [15], are quoted on the order of 50 vol. %,
about 150× more than in our experiment, which
agrees with the linear scaling of scattering strength
with density discussed above.

6. Summary and Outlook

We have studied the optical properties of diffuser
slabs relevant for Fortimo white LED modules. To
this end, we have measured the diffuse transmission
and reflectivity over broad wavelength ranges. By
employing photonic diffusion theory, we have ob-
tained the transport mean free path that fundamen-
tally characterizes the diffuse transport of light in
such diffuser plates. To interpret our results, we have
made an analytical model without freely adjustable
parameters, by combining Mie theory, using the
known properties of the samples, with inhomo-
geneous broadening as a result of the size distribu-
tion of the scattering particles. In a first model, we
have averaged the relevant scattering cross sections
over the whole hydrodynamic size distribution of
scattering particles. The results of this model differ
substantially from the observations, since the large
scatterers appear to consist of clusters of smaller
ones. In a second model, we have limited the size dis-
tribution to radii of individual particles that are ob-
served by electron microscopy within large clusters.
The results of this second model are a dramatic im-
provement over the first model. The second model
agrees within 35% of the observations, and thus form
a first successful ab initio model of diffuse light
transport in a LED diffuser.

It is clear that additional work is warranted to ro-
bustly model the optical properties of diffusers for
white LED modules that contain scatterers with a
very broad size distribution from ab initio. This sit-
uation is similar to the challenge in condensed mat-
ter physics to model charge transport in the presence
of a very broad inhomogeneous distribution [35,36].
Therefore, we recommend that future studies of LED
diffusers be done on materials that contain scatter-
ers with well-defined sizes and shapes. Indeed the
results of [14,37] confirm that excellent diffuse opti-
cal properties are obtained by employing mixtures of
size-monodisperse polymer nanospheres (see [21])
with an intentional variation in diameters. In paral-
lel, it has been observed that samples with relatively
narrow size polydispersity also yield good diffuse
optical properties; in addition, these results can be
successfully modeled from ab initio [38]. The use of
high-quality nanospheres will also serve to avoid
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possible challenges associated with a variation of
shapes that is also apparent from the SEM in Fig. 1.
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