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ABSTRACT: Cathodoluminescence spectroscopy (CL) allows characterizing light
emission in bulk and nanostructured materials and is a key tool in fields ranging from
materials science to nanophotonics. Previously, CL measurements focused on the
spectral content and angular distribution of emission, while the polarization was not
fully determined. Here we demonstrate a technique to access the full polarization state
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of the cathodoluminescence emission, that is the Stokes parameters as a function of the

emission angle. Using this technique, we measure the emission of metallic bullseye nanostructures and show that the handedness
of the structure as well as nanoscale changes in excitation position induce large changes in polarization ellipticity and helicity.
Furthermore, by exploiting the ability of polarimetry to distinguish polarized from unpolarized light, we quantify the
contributions of different types of coherent and incoherent radiation to the emission of a gold surface, silicon and gallium
arsenide bulk semiconductors. This technique paves the way for in-depth analysis of the emission mechanisms of nanostructured

devices as well as macroscopic media.
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mong many recent developments in microscopy, optical
electron-beam spectroscopy techniques such as cathodo-
luminescence imaging (CL) have emerged as powerful probes
to characterize materials and nanophotonic structures and
devices. In CL, one collects light emitted in response to a beam
of energetic electrons (0.1—30 keV), for example in a scanning
electron microscope (SEM). The time-varying evanescent
electric field around the electron beam interacts with
polarizable matter creating coherent emission, such as surface
plasmon polaritons (SPP) and transition radiation (TR).'™*
The spot size of the focused electron beam and the extent of
the evanescent field about the electron trajectory define the
interaction resolution to be below ~20 nm. A broadband
excitation results from the interaction time (approximately 1 fs)
set by the high velocity of each electron due to its high energy.
Aside from coherent emission, incoherent emission can also be
generated both by the primary beam and by slower secondary
electrons, which excite electronic transitions in matter.”* The
relative importance of the coherent and incoherent contribu-
tions provides information about the material composition and
electronic structure. Spectral analysis of the cathodolumines-
cence as a function of the electron beam position allows the
local characterization of the structure and defects of semi-
conductors,””” the functioning of nanophotonic devices,® and
mapping the plasmonic resonances of plasmonic and
metamaterial structures.” Recently developed techniques for
detection of CL enable the identification of the band structure
and Bloch modes of photonic crystals,”'*~" the dispersion of
surface plasmons,”'* and the directivity and Purcell enhance-
ment of plasmonic nanoantennas.'*'®
Besides frequency and linear momentum, the vectorial nature
of light provides a third degree of freedom rich in information
about the physics of light generation and scattering, encoded in
the polarization of emitted light. In materials characterization,
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for instance, polarization gives direct access to the local
orientation of emission centers and anisotropies in the host
material. In nanophotonics, polarization plays a fundamental
role (together with directionality) in determining the
interaction between emitters and nanostructures. Furthermore,
it is increasingly recognized that mapping and controlling the
polarization of light is key to harnessing the wide range of
opportunities offered by metamaterials and metasurfaces.
Recent breakthroughs in chirality-enhanced antennas,'” pho-
tonic topological insulators,"® and the photonic equivalent of
the spin-Hall effect'*™** indicate the emerging importance of
mapping the full polarization properties of nanophotonic
structures. Polarization measurements of CL emission,
however, have been limited to fully polarized emission and,
in particular, to linearly polarized signals.”***

In this Article, we introduce a novel technique to access full
polarization information in cathodoluminescence spectroscopy.
Based on a polarization analysis method previously demon-
strated in optical microscopes,zs_28 we integrate a rotating-
plate polarimeter in the detection path of the angle-resolved CL
setup. Using the Mueller matrix formalism for the light
collection system, we determine the Stokes parameters for
CL emission, that is, all parameters required to completely
describe the polarization state of the light, which can be
polarized, partially polarized, or totally unpolarized. We
demonstrate the great potential of this new measurement
technique by analyzing the angle-resolved polarization state of
directional plasmonic bullseye and spiral antennas. Further-
more, and exploiting the unique capabilities of CL excitation,
we measured the emission from metals and semiconductors.
For these materials, we can separate coherent and incoherent
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emission mechanisms, with further applications in nanoscale
materials science.

B CL POLARIMETRY

In our measurements, the 30 keV electron beam from a
scanning electron microscope (SEM) excites the sample. An
aluminum paraboloid mirror collects and redirects the resulting
CL emission out of the SEM. The outcoming beam is focused
onto a fiber-coupled spectrometer or projected onto a 2D CCD

13,15,29 . .
array, as shown in Figure la. The wave-vector
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Figure 1. (a) Schematic overview of the cathodoluminescence
polarimetry setup. The structure is excited by the electron beam
after which the resulting light emission is collected by a parabolic
mirror. The light is directed toward a polarimeter composed of a QWP
and linear polarizer set at angles @ and f, respectively. The filtered
beam profile is measured by the CCD camera. The CCD images
shows data corresponding to a measurement on a bullseye structure
with @ = f# = 45°. For reference we also show the coordinate system
that is used throughout the manuscript. (b) Six measurements with
different settings of the polarimeter are required to retrieve the full
angle-resolved polarization state of the collected light. In addition to
transforming from Cartesian (y,z) coordinates in the detection plane
to polar coordinates (zenithal angle 6, azimuthal angle ¢) in the
emission plane, we corrected for the effect of the mirror on the
polarization. Using the retrieved Stokes parameters it is possible to
determine any figure of merit for polarization including the total
(DOP), linear (DOLP), and circular (DOCP) degrees of polarization,
as well as the electric field components |E].

distribution of the CL emission can be retrieved from the
CCD image, as every transverse point in the beam corresponds
to a unique emission angle, in a procedure analogous to other
Fourier imaging techniques.’* >’

Measuring polarization for all emission angles of CL presents
several challenges. First, it requires determining the relative
phase difference between field components, a task not
achievable with only linear polarizers, as in ref 23. Second,
the paraboloid mirror performs a nontrivial transformation on
the signal as it propagates from the sample to the detector
plane. The shape of the mirror introduces a rotation of the
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vector components of light due to the coordinate trans-
formation and, consequently, a change in the main polarization
axes. In addition, the angle and polarization-dependent Fresnel
coeflicients of the mirror modify the polarization of the light
upon reflection.’**” As a function of the angle of incidence, the
mirror partially polarizes unpolarized light and transforms
linearly to elliptically polarized light.

To address these challenges, we included a rotating-plate
polarimeter in the beam path of our CL system, composed of a
quarter wave plate (QWP) and a linear polarizer.”*™*’ Figure
la shows the polarizing elements in a schematic of the setup.
Depending on their orientation, these two elements act either
as a linear polarizer or as a right or left handed circular
polarizer. As shown in Figure 1b, we measure the intensities I;
transmitted by six different settings of the polarimeter
(horizontal, vertical, 45°, 135°, right- and left-handed circular)
in order to determine the Stokes parameters of the light:

So = IL+kL
S = Iy - Iy
S, = Ls— Iy
S3 = ILyc — Liuc (1)

These four parameters are the most general representation of
polarization and can be used to retrieve any polarization-related
quantity.”” The raw polarization-filtered CCD images are
projected onto [0, ¢]-space, as indicated in Figure 1b using a
ray-tracing analysis of the mirror, after which the Stokes
parameters in the detection plane are determined. To transform
these to Stokes parameters in the sample plane, we determine
the Mueller matrix of the light collection system that accounts
for the effects of the mirror on the polarization. In addition to
the geometrical transformation, the analysis takes into account
the Fresnel coeflicients of the mirror for s- and p- polarized
light. Due to the 3D shape of the mirror, each element of the
Mueller matrix is a function of the emission angle, that is, there
is a Mueller matrix for each emission angle. The Supporting
Information describes in more detail how the Mueller matrix
was calculated. To benchmark these calculations, we use fully
polarized transition radiation (TR) which occurs whenever an
electron traverses an interface between two dielectric media.
The electron locally polarizes the material close to the interface,
giving rise to a well-defined broadband vertically oriented
point-dipole-like source,”*** which is perfectly suited to
calibrate our CL polarimeter (see Figure S2).

The Stokes parameters in the sample plane allow
determining any figure of merit for polarization. Given that
both incoherent and coherent radiation may be generated in
CL, the degree of polarization (DOP), and the degrees of linear
(DOLP) and circular polarization (DOCP) will be especially
relevant. Defined as the ratios of polarized, linearly polarized, or
circularly polarized light to total intensity, they are given by

DOP = /S} + S; + S7/S,, DOLP = /S + $; /S, and
DOCP = S;/S,. Equivalently, the ratio of unpolarized light to

total intensity is given by 1 — DOP, so a DOP smaller than 1
corresponds to partially polarized light.

B CL POLARIMETRY ON PLASMONIC STRUCTURES

Bullseye Antennas. To demonstrate the full potential of
angle-resolved CL polarimetry, we investigate the emission of a
plasmonic bullseye structure with a pitch d = 600 nm, milled
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Figure 2. (a) Scanning electron micrograph of a bullseye structure with d = 600 nm. The blue dot indicates the electron beam excitation position.
The red dashed circle indicates which part of the bullseye is shown in detail in Figure 3. The scale bar corresponds to 2 ym. (b) Polarization filtered
angular CL patterns for different analyzer settings as indicated by the white arrows, measured at A, = 750 nm. (c) Stokes parameters in the detection
plane as a function of angle. The S, S,, and S; patterns are normalized to S, to better show the overall polarization distribution. (d) Spherical and
Cartesian field amplitude distributions as a function of angle, retrieved from the experimental data in (b). In all figures, the intensities are given in 10°

ADU sr™'s™.. Amplitudes are in units of 10*VADU st 57! (analog-to-digital units).

into a single-crystal gold substrate. Bullseyes are well-known for
their ability to strongly direct light scattered by nanoscale
apertures,”’ generated by fluorescence’”* or thermal emis-
sion.*’ Figure 2a shows a scanning electron micrograph of the
structure indicating the excitation position. The electron beam
launches a circular surface plasmon polariton (SPP) wave that
radiates outward and scatters coherently from the grooves of
the bullseye. The scattered fields interfere to give rise to
directional emission. In our measurements, the emission is
spectrally filtered by a 40 nm bandwidth bandpass filter
centered at Ay = 750 nm (see Figure S1 in the supplement for
full spatial and spectral mapping).

Figure 2b—d represent the main steps of our polarimetric
analysis for CL. Figure 2b shows the angular intensity patterns
measured for the six settings of the polarimeter (indicated by
the arrows) after a coordinate transformation of the raw
intensity data. Figure 2c shows the Stokes parameters in the
detection plane calculated using eq 1 from the patterns in
Figure 2b. The leftmost panel corresponds to the total intensity
distribution, Sy. The bullseye emits in a narrow doughnut
pattern without any azimuthal variations, consistent with the
azimuthal symmetry of both excitation position and bullseye
structure. The polar angle at which most of the CL is emitted,
= 15°, corresponds to the grating equation 6§ = sin™'(kgpp —
m27m/d)/ky. In this spectral regime, the grating order m = 1 is
the only relevant order, k, = 2/4, and kgpp is the SPP wave-
vector, calculated using the optical constants for gold from
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spectroscopic ellipsometry. The other panels in Figure 2c show
the Stokes parameters S, S,, and S; in the detection plane (yz-
plane in Figure 1) normalized to S, such that it is possible to
see polarization features outside the areas of very bright
emission.

Next, we transform the data collected by the detector to the
polarization state of the emitted light in the sample plane, by
multiplying the Stokes parameters at the detection plane with
the mirror’s inverse Mueller matrix. Among the quantities that
the Stokes parameters allow retrieving, here we will focus on
the electric field components. Figure 2d shows the
reconstructed spherical field vector amplitudes |E,l and |E,l
that constitute the natural s- and p- polarization basis relevant
to map the far-field generated by a localized radiating object.
The figure shows that the |Ey distribution is strong and
azimuthally symmetric, while |E,| is close to zero. Therefore,
the measured emission of the bullseye is a narrow doughnut
beam with a fully linear, radial polarization. Radial polarization
is expected for the bulls-eye radiation as SPPs scatter out while
maintaining their p-polarized character at the grooves.

The polarization can alternatively be cast into Cartesian
components. Figure 2d shows the double-lobe patterns of |E,|
and |E,|, which are rotated 90° relative to each other. The IE,|
component is azimuthally symmetric and shows several
emission rings. The outer rings correspond to transition
radiation (TR) from the excitation position, which is
modulated to yield a fringe pattern due to interference with
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SPPs scattered off the bullseye grooves. This interference in the
far field results from the fact that both TR and SPPs are
coherent radiation excited by the same source (same
electron).”** Since the electric field must be transverse to the
propagation direction, the |E,| component vanishes at near-
normal angles, and therefore, the main SPP emission beam
from the bullseye (the narrow ring) appears relatively weak in
|E,l. While the emission in the sample plane is completely
linearly polarized, a nonzero circular polarized signal is
measured in the detection plane (S; in Figure 2c), which
indicates the effect of the mirror and the importance of using
the Mueller matrix analysis to correct for it.

Nonsymmetric Geometries. CL polarimetry is a unique
tool to explore the relation between the symmetry of a system
and its polarization response. While the symmetry of a bullseye
structure excited right at the center ensures the clear TM
polarization emission shown in Figure 2d, this is no longer the
case when launching an off-center circular SPP wave on the
structure. Figure 3 shows measurements for electron beam
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o

Figure 3. (a) |E,l and |E | field amplitudes for central, halfway, and
edge excitation on the bullseye plateau. The excitation positions are
indicated as blue circles in the SEM micrographs on top, which show
the area enclosed by the red dashed circle in Figure 2a. (b) Degree of
linear (DOLP) and circular (DOCP) polarization of the bullseye
emission as a function of emission angle for the same excitation
positions as in (a).

excitation in the center, halfway between the center and the
edge, and at the edge of the central bullseye plateau, as
indicated in the SEM micrographs on top of the figure. Figure
3a shows |El and |E,| for the three excitation positions. For off-
center excitation, the zenithal field distribution |E,| is no longer
symmetric, being stronger toward the left than toward the right
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of the image. This type of asymmetric beaming has also been
observed in angular intensity measurements on asymmetric
gratings,”* spirals,”> and asymmetrically excited (patch)
antennas.””*® Besides the asymmetry, the off-center excitation
also leads to a nonzero azimuthal field contribution, |E,|, which
is similar in strength to the zenithal field contribution. The
excitation position and the center of the bullseye defines a
mirror symmetry that expresses itself as a nodal line for |E,| at
@ =90° and 270°. At far off-center excitation, the azimuthal and
zenithal field distributions are very rich in structure, and for
certain angular ranges, the emission becomes elliptically or
circularly polarized.

The effect of off-center excitation is most clearly seen in
Figure 3b, which shows the degree of linear (DOLP) and
circular (DOCP) polarization. Owing to the mirror symmetry
of the sample and the excitation, the DOCP remains close to
zero along the axis of the electron beam displacement. Yet,
away from this axis, the emission becomes elliptical with
opposite handedness on either side of the axis, as dictated by
mirror symmetry. For edge excitation, the complementary
multilobe |Eyl and |E,| patterns lead to a rich behavior, where
the emission changes from fully linear to almost fully circular
polarization several times.

Rather than breaking symmetry by changing the excitation
position, it is also possible to study scattering and emission by
intrinsic asymmetry and handedness of structures such as
Archimedean spirals. Spirals enjoy a growing interest since it
was shown that they can enhance the extraordinary trans-
mission of single nanoapertures for particular helicities*” and
transfer polarization and orbital angular momentum to
scattered photons.*>** This can result in a polarization-
dependent directional beaming’ and demonstrates strong
photon spin—orbit coupling effects."”

We fabricated Archimedean spiral gratings with clockwise
(CW) and anticlockwise (ACW) orientation, as shown in
Figure 4a,b, and used CL polarimetry to study the effect of
spiral asymmetry and handedness on the far-field polarization,
again taking a pitch d = 600 nm and 4, = 750 nm. We excite the
spirals in their origin as indicated in Figure 4. Figure 4c,d shows
the Cartesian components of the far-field emission of the
spirals, which better reflect the handedness than the spherical
fields. Since the groove pitch is the same for spirals and
bullseyes, the angular spread of these patterns is similar.
However, the emission by the spirals does not have a minimum
around the region excluded by the mirror hole (6 = 0) and the
s-like shape in |IE,| and IE| clearly reflects their handedness.

In contrast with bullseyes excited at their center, the spirals
can induce ellipticity in the polarization of the light even when
excited in their origin, as shown in Figure 4ef. This is
particularly evident in the region of higher intensity in the
vicinity of the normal, where the DOCP is close to =+1.
Thereby, the spirals are highly directional sources of circularly
polarized light. Mirrored spirals simply exhibit mirrored
patterns (where the y-axis defines the mirror symmetry),
conserving intensities and field strengths, while the sign of the
DOCP changes. This result indicates that swapping spiral
handedness not only flips the helicity of the output field but, in
addition, it mirrors the distribution of intensity over angle. For
spirals with smaller pitch, we find similar but even stronger
effects of handedness, aided by the fact that their radiation
pattern is more strongly off-normal (see Figure 4g—1). In that
case, the |E,| distribution is also clearly chiral.
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Figure 4. Scanning electron micrographs of (a) a clockwise (CW) and (b) anticlockwise (ACW) Archimedean spiral grating with d = 600 nm.
Amplitude distributions of the Cartesian fields for (c) a CW spiral and (d) a ACW spiral. Degree of circular polarization (DOCP) for (e) a CW spiral
and (f) an ACW spiral. Scanning electron micrographs of (g) a CW and (h) ACW spiral with d = 440 nm. Amplitude distributions of the Cartesian
fields for (i) a CW spiral and (j) a ACW spiral. DOCP for (k) a CW spiral and (1) an ACW spiral. All measurements were performed at 4, = 750 nm.
For reference, we again indicate the electron beam excitation position with a blue dot. Scale bars in the electron micrographs correspond to 2 ym.

The data shown in this section proves that polarimetry
analysis of CL, in combination with precise electron beam
positioning, provides direct insight into the complex emission
behavior of nanophotonic structures. Measuring directionality
and polarization of the emission from emitters coupled to single
nanostructures is of paramount importance when designing and
testing the performance of structures like optical antennas,
plasmonic resonators, and metasurfaces.

B CL POLARIMETRY APPLIED TO INCOHERENT
EMITTERS

In addition to characterizing fully coherent radiation, CL
polarimetry allows us to determine whether the measured
radiation contains an unpolarized contribution such as in the
case of incoherent luminescence from bulk or nanostructured
materials. This is shown in Figure 5, where we compare
azimuthally averaged zenithal cross cuts of the polarized (S, X
DOP) and unpolarized (S, X (1 — DOP)) emission intensities
for single-crystal, unpatterned Au, Si, and GaAs and compare
them to calculations.

The emission from Au is dominated by TR, which is fully
coherent and polarized radiation. Figure Sa shows a measure-
ment at 4, = 850 nm, which completely overlaps with a
calculated TR emission distribution (see also Figure S2 in the
supplement). In the case of GaAs in Figure Sb, the emission is
dominated by very bright incoherent radiative band-to-band
recombination measured at 4, = 850 nm. This luminescence is
fully isotropic and unpolarized inside the material, but large
differences between s- and p-Fresnel transmission coeflicients
for the semiconductor—vacuum interface partially polarize the
emission, as seen in the data. Figure Sb shows that unpolarized
light is indeed dominant. The weak polarized emission has a
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very different angular emission distribution, that agrees well
with Fresnel calculations (see Figure S3 in the supplement for
more information). Lastly, Si is a material that displays weak
luminescence that it is comparable to TR Indeed, the
polarized intensity for Si at Ay = 650 nm shown in Figure Sc
constitutes ~31.7% of the total emission, which is much more
significant than for GaAs, although unpolarized emission
remains the dominating contribution.

These examples show that angle-resolved polarimetry
measurements provide quantitative and precise information
about the origin of emission of different materials. This
technique enables the separation of polarized and unpolarized
emission, and therefore it can be used to determine the
different mechanisms that simultaneously contribute to
cathodoluminescence (see Figure S2 in the supplement for a
quantitative analysis of TR). Moreover, for the polarized part of
the emission we can map the electric field components and
their relative phase. Since it does not require any prior
knowledge of the sample (unlike the method described in ref
50), this method is very general and can be applied to any
(nanostructured) material.

H CONCLUSION

We have demonstrated “angle-resolved cathodoluminescence
imaging polarimetry” as a new microscopy tool to map the
vectorial electromagnetic scattering properties of nanostruc-
tured and bulk materials. We determine the complete
polarization state of emitted light as a function of angle from
six CL intensity measurements in the detection plane, in
combination with a mathematical transformation that corrects
for the polarizing effect of the CL mirror. Due to the high
resolution of the electron beam excitation, the wave-vector
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Silicon

Figure 5. Zenithal cross cuts comparing unpolarized and polarized
emission for bulk single crystals of Au at 4, = 850 nm (a), GaAs at 4, =
850 nm (b), and Si at 4, = 650 nm (c). In all cases we compare the
unpolarized (red) and polarized (blue) emission from measurements
to the unpolarized (black) and polarized (gray) emission determined
from calculations. The data is obtained by averaging over an azimuthal
range @ = 270—90° to improve signal-to-noise ratio, and we scale the
angular distributions by the overall emission intensity. For Au, the
unpolarized emission component is so small that it is not visible in the
plot.

resolved polarization properties of locally excited plasmonic
nanoantennas can be extracted with a spatial resolution for the
excitation of 20 nm. The angle-resolved polarization measure-
ments of the emission of bullseye and spiral nanoantennas
demonstrate how structural symmetry and handedness translate
into the helicity of emitted light. These results show that angle-
resolved cathodoluminescence polarimetry can be extremely
valuable for the development of metallic and dielectric antennas
for spin-resolved and chiral spectroscopy as well as for the
study of photon spin Hall effects.

Besides its relevance for nanophotonics, we demonstrate that
our technique opens new perspectives for materials science not
accessible with optical microscopes. Measuring the Stokes
parameters generally enables the separation of incoherent and
coherent CL generation, as we demonstrated for direct and
indirect semiconductor materials. Our measurements on
relatively simple samples of Au, GaAs, and Si show the
potential of the technique for the analysis of bulk materials
which could be useful for many material inspection tasks. For
optoeletronics, the nanoscale characterization of emission
polarization from inorganic LEDs stacks, nanowires, and
quantum dots stands out in particular. The technique also
introduces the possibility of locally studying material
anisotropy, birefringence, and optical activity.
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B METHODS

Sample Fabrication. We fabricated bullseye and spiral
structures by patterning a single-crystal Czochralski-grown Au
(100) pellet, which was mechanically polished to obtain a sub-
10 nm RMS roughness. The patterning was done by using a 30
keV Ga* ion beam in a FEI Helios NanoLab dual beam system
at 9.7 pA beam current and a dwell time of 10 ps per pixel. In
the bullseye design the central plateau has a diameter of 1.2 ym
(2% the pitch, 600 nm) and the duty cycle of the circular
grating consisting of eight grooves is 50%. The spiral design is
based on an Archimedean spiral, where the first half period of
the spiral is omitted. For the spiral, we show data both for 600
and 440 nm pitches. Both for the spirals and the bullseyes, the
groove depth was ~110 nm. The measurements on silicon were
performed on a polished p-type (boron doping level 10'°—10"
cm™?) single-crystal (100) wafer. The measurements on GaAs
were done on a polished single-crystal (100) wafer.

Measurements. The measurements were performed in a
FEI XL-30 SFEG (30 keV electron beam, 30 nA current)
equipped with a home-built CL system.'>'>*” To obtain the
polarization state of the emission, we perform a series of six
measurement of the angular CL pattern using a 2D back-
illuminated CCD array. Each measurement was taken with a
different setting of the polarimeter, defined by a specific
combination of QWP and polarizer angles. Handedness of
circularly polarized light was defined from the point of the view
of the source, following the IEEE standard. In this case, right-
handed circularly polarized light rotates anticlockwise and left-
handed circularly polarized light rotates clockwise. We use the
known transition radiation pattern from an Au surface to
calibrate the optical detection system. A 40 nm band-pass color
filter spectrally selected the measured emission. For the
bullseye and spiral measurements we used 30 s integration
time, which is a good compromise between a small spatial drift
of the electron beam and a good signal-to-noise in CL. For the
TR emission from single-crystal gold and the measurements on
silicon we used 120 s integration time since TR emission and
luminescence are position independent and the measurement is
not affected by spatial drift of the electron beam. For the
measurements on GaAs we used a much lower current (0.9 nA)
and integration time (1 s) due to the very bright band gap
luminescence. For every setting of the polarimeter, we collected
a dark reference measurement where we blank the electron
beam (with the same integration time as the CL measurement),
which was subtracted from the data in the postprocessing stage.
Possible sources of errors on the measurements include e-beam
drift (in the case of position dependent samples), bleaching/
contamination during measurements leading to a reduction in
CL signal, fluctuations in current and mirror alignment.

B ASSOCIATED CONTENT
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Further information about the calculation of the Mueller
matrix, the calibration of set-up, the spectral response of
the antennas, and the data analysis for the bulk material
measurements (PDF).
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