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2
Angle-resolved cathodoluminescence imaging
polarimetry and spectroscopy

In this chapter we will discuss the setup that is used to perform
angle-resolved cathodoluminescence imaging polarimetry and spec-
troscopy. It combines different functionalities to determine spectrally
resolved spatial maps, angular emission patterns and the full polariza-
tion state of the emission, for different spectral ranges.

2.1 Cathodoluminescence in a scanning electron
microscope

Our cathodoluminescence microscope is based on a scanning electron micro-
scope (SEM, FEI XL-30) with a Schottky field emission gun (SFEG) electron source,
as shown in Figure 2.1(a). The inside of the SEM chamber can be seen in Fig-
ure 2.1(b). Beam energies are in the 1–30 keV range, and we typically use electron
currents in the 0.1–30 nA range. The primary light collection inside the microscope
is performed by an off-axis aluminium paraboloid mirror that is mounted on a
micromanipulation stage composed of piezoelectric stepper motors and a titanium
leaf spring system designed at AMOLF [123, 126, 127]. The mirror position above
the sample is shown in Figure 2.1(b), with the inset displaying the mirror in greater
detail. The mirror is composed of 6061 aluminium, has a parabola coefficient of
a=0.1, a 1.46π sr acceptance angle and a focal distance of 0.5 mm. The end facet is
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2 Angle-resolved cathodoluminescence imaging polarimetry and spectroscopy
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Figure 2.1 – (a) Photograph of the cathodoluminescence setup with the FEI XL-
30 SFEG SEM and the box containing the optical components of the setup. (b)
Photograph of the piezoelectric mirror stage mounted inside the SEM, showing the
positions of the mirror, sample and holder, secondary electron (SE) detector and
pole piece of the SEM that emits the electron beam. The inset on the bottom-right
shows the parabolic mirror in greater detail (scale bar is 5 mm). (Design by Iliya
Cerjak and Hans Zeilemaker, photograph in (a) and inset in (b) by Henk-Jan Boluijt,
photograph in (b) by Mark Knight)

23 mm wide and 11 mm tall, which determines the size of the light beam traveling
to the optical setup. The mirror has a 600 µm diameter hole above the focal point
for the electron beam to pass through. The mirror is aligned using the microma-
nipulation stage so that the focus of the electron beam and the mirror coincide and
the mirror reflects a parallel light beam. The stage moves in the horizontal plane (x
and y) and has two axes of rotation (tilt and yaw), while vertical positioning relative
to the sample is controlled by the height of the SEM stage, offering five degrees of
freedom for precise alignment (see [127] for more details). The emitted radiation
collected by the mirror is directed out of the microscope through a quartz vacuum
window into the box containing the optical setup (Figure 2.1(a)). This window is
the only fixed optical transmission element in the setup and is compatible with
a wavelength range of ∼ λ0 = 200–2500 nm. For measurements further in the in-
frared, alternative materials (such as ZnSe) could be used for the window.

2.2 Optical setup

The optical setup contains a variety of detection schemes, for different
spectral ranges. Figure 2.2(a) shows a photograph of the different components,
numbered according to the schematic representation in Figure 2.2(b). All of the
components along the optical beam path can be flipped in and out, allowing
for easy switching between detection methods, which are spectroscopic and/or
angle-resolved. Figure 2.3 provides a schematic overview of the different detection
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2.2 Optical setup
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Figure 2.2 – (a) Photograph of the inside of the optics box. The main components
of the optical setup are numbered. (b) Schematic of the optical setup showing the
different detection methods available, with component numbers corresponding to
(a). (photograph in (a) by Mark Knight)

schemes to clarify which components are used in each case. For visible (VIS)
spectroscopy (Figure 2.3(a)), the CL emission is focused onto a 550 µm-diameter-
core multimode fiber (OZ Optics QMMJ-55-IRVIS-550/600-3AS-2) with NA=0.22
using an achromatic lens (Edmund Optics 32-923, 40 mm diameter, 160 mm focal
length, MgF2 coating): components 5 and 9 in Figure 2.2. The fiber feeds into a
Princeton Instruments (PI) Acton SP2300i spectrometer with a liquid-nitrogen-
cooled (LN) back-illuminated silicon CCD array (PI Spec-10 100B, 1340×100
pixels), which was used in Chapters 5–7. A front-illuminated array was used (PI
Spec-10 100F, 1340×100 pixels) for data in Chapters 4 and 8.

For spectroscopy in the near infrared (NIR) spectral range (Figure 2.3(b))
an achromatic lens (Edmund Optics, 47-318, 50 mm diameter, 150 mm focal
length, NIR-II coating) focuses light onto the fiber (same type as for the VIS
measurements): components 4 and 7. A PI Acton SP2300i type of spectrometer is
connected to a LN-cooled InGaAs photodiode array (PI OMA V 1.7, 1×1024 pixels).
For the VIS and NIR spectroscopy modes we use protected silver flip mirrors
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2 Angle-resolved cathodoluminescence imaging polarimetry and spectroscopy
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Figure 2.3 – Schematics of the main detection schemes showing which components
are used for the different types of measurements. (a) Spectroscopic mode for
measurements in the VIS spectral range, with the possibility of adding the pinhole
scanner for angular-filtered collection. The coordinate system used throughout the
thesis is included. (b) Spectroscopic mode for measurements in the NIR spectral
range, again optionally adding the pinhole scanner. (c) Angle-resolved imaging
mode in which one projects the beam onto the 2D PIXIS camera. It is possible to
use color filters to select a certain wavelength and to add the QWP and polarizer to
perform polarimetry measurements.

(Thorlabs PF10-03-P01) to direct the beam onto the fibers: components 6 and 8.
For angle-resolved imaging, we use a 2D back-illuminated, Peltier-cooled, sil-

icon CCD array (PI, PIXIS 1024B, 1024×1024 pixels, component 11). To align the
mirror we direct the entire beam untouched onto the PIXIS camera to be most
sensitive to misalignments, but for angle-resolved measurements we use the VIS
achromatic lens to demagnify the beam (Figure 2.3(c)), see Section 2.4 for more
details. To take angle-resolved data for specific wavelengths, we use 40 nm optical
bandpass filters covering the wavelength range λ0 = 400–900 nm in steps of 50
nm (Andover Corporation P/N: xxxFS40-25, xxx corresponding to the center wave-
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2.3 Scanning cathodoluminescence spectroscopy

length: component 10). After component 10 in Figure 2.2(b) we show the effect
of a filter in the blue spectral range. To achieve a higher spectral resolution for
angle-resolved measurements we have developed a 2D pinhole scanner that filters
selected emission angles and can be combined with the spectrometers (component
3, see Section 2.6). Finally, we can use a quarter-wave plate and linear polarizer in
combination with any of the previous elements to perform polarization-resolved
measurements: components 1 and 2. This is especially useful when using the angle-
resolved imaging mode, as will be explained in Section 2.5. A commercial version
of the cathodoluminescence setup has been developed by DELMIC B.V., including
a software package (ODEMIS) to control both the electron microscope and opti-
cal detectors for integrated measurements (see http://www.delmic.com for more
information).

2.3 Scanning cathodoluminescence spectroscopy

We perform measurements by using the ODEMIS software to raster-scan the
electron beam over a region of interest, simultaneously collecting spectra in a syn-
chronized fashion. In this way we obtain a 3D dataset with a full spectrum for each
excitation position. The SE detector can also be used during the scan to build up a
SEM image concurrently with the spectral scan, to compare the geometry and light
emission, similarly to correlative microscopy.

2.3.1 Visible spectral range

Measurements with the VIS achromatic lens and Si spectrometer are possible in
the λ0 = 360–1100 nm range, with sensitivities of 10–15 % in the λ0 = 400–950 nm
range (such values are expected given the losses in the optics, gratings and camera).
All measurements use hardware binning of the CCD pixels (full vertical binning
and 4 times horizontally, resulting in a 335×1 array) and a camera temperature
of T=−120 ◦C to improve the signal-to-noise ratio (SNR). Hardware binning both
reduces readout noise and increases readout speed. We use either a 150g/mm
grating with a 500 nm blaze or a 150g/mm grating with an 800 nm blaze. Typical
integration times of 0.1–1 s/pixel are used, allowing a 200×200 nm structure to be
scanned with 10 nm spatial resolution in under 7 minutes. Such measurements are
used in Chapters 4–8.

2.3.2 Near infrared (NIR) spectral range

The NIR achromatic lens and InGaAs array allows us to measure in theλ0 = 800–
1600 nm range, but the sensitivities are lower than in the visible (0.1–0.01 %). This
is due in part to the inability to hardware bin and the smaller chip area, but there
is also a small misalignment of the spectrometer. As a result, measurements in the
NIR such as those shown in Chapter 9 are more time-consuming. We use either a
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Figure 2.4 – Normalized CL spectra at room temperature for different semiconduc-
tors and dielectrics emitting in the NIR regime. The GaAs, InP and Si spectra were
measured on bulk samples, while the SiO2:Er3+ was a doped thin film on top of Si
and the SiO2:Nd3+ was composed of doped colloids.

150g/mm grating with a 1250 nm blaze, a 150g/mm grating with an 2000 nm blaze
or a 600g/mm grating with an 1600 nm blaze. This wavelength regime allows for
studying a variety of materials, notably semiconductors and rare earths, that are
useful for applications such as telecommunication. Figure 2.4 shows normalized
CL spectra of GaAs, InP, Si, SiO2:Nd3+, and SiO2:Er3+, measured at room tempera-
ture. We see sharp emission peaks due to band edge electron-hole recombination
from the semiconductors and intra-4 f transitions in the rare-earth ions. Only the
spectrum from Si is broad, as a result of the indirect band gap of Si.

2.3.3 System response

For both spectroscopic detection schemes, it is necessary to take into account
the wavelength-dependent sensitivity of the system to correct the shape of mea-
sured spectra. We use transition radiation (TR) from aluminium (Al) to calibrate the
setup. TR is a reproducible source of CL that can be accurately modeled using the
dielectric function of the substrate. We use a smooth single-crystal wafer of 〈100〉
Czochralski-grown Al, from which surface plasmon polaritons (SPPs) generated by
the electron beam are symmetry-forbidden from coupling out to free space, leaving
only TR to be emitted and measured.

Figure 2.5 (a) shows the calculated and measured Al TR spectrum (for λ0 = 400–
900 nm). The calculated TR intensity is expressed in units of photon emission prob-
ability per incoming electron per unit bandwidth, and is based on the equations
described in section IV.C of Ref. 92. In this work, Maxwell’s equations are solved
for an electron incident perpendicularly to a planar substrate; the moving electron
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2.3 Scanning cathodoluminescence spectroscopy
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Figure 2.5 – (a) Theoretical (blue) and measured (green) TR spectra for single
crystalline Al. These are used to determine the system response of the CL setup.
(b) System response (in photons per CCD count) as a function of wavelength for
the two gratings of the VIS spectrometer. The responses from different grating
positions overlap well and have been stitched together. (c) System response (in
photons per CCD count) as a function of wavelength for the two gratings of the
NIR spectrometer. Here we only show a specific center wavelength for each grating
(1100 nm for the 1250 nm blazed grating and 1400 nm for the 2000 nm blazed
grating). (d) Theoretical (blue), raw (yellow) and corrected (red) TR spectra for
single crystalline Au.

induces surface charges and currents that generate TR. The angle- and wavelength-
dependent TR intensity can be analytically calculated for a given electron energy
and material permittivity. We use Al because the permittivity (measured by ellip-
sometry) varies smoothly in the visible and NIR spectral ranges, leading to a smooth
TR spectrum. Other metals such as Au and Cu display stronger spectral features
due to intraband transitions that become dominant in the UV but also affect the
relevant visible spectral band.

The measurement was performed using the 500 nm blazed grating centered at
λ0 = 650 nm with the VIS spectrometer, a beam energy of 30 keV and a current of
32 nA. Sample holders with integrated Faraday cups were developed to accurately
measure the current in situ so that we can quantitatively compare measurements
at different beam currents. The measured spectral shape is very different from the
calculated one; it is dominated by the spectral response of the spectrometer and
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2 Angle-resolved cathodoluminescence imaging polarimetry and spectroscopy

CCD array. We divide the theoretical TR spectrum by the measured one to obtain
the system response, repeating the process for a wide set of center wavelengths for
the different gratings in both the VIS and NIR spectrometers.

Figure 2.5 (b,c) shows the system response derived in this way for the different
gratings of the two spectrometers. For the VIS case there is very good overlap of the
system response for different center wavelengths, so we can stitch and interpolate
the response over the whole wavelength range of interest (∼ λ0 = 360–1100 nm).
At the short wavelengths where the sensitivity of the camera drops off completely,
the system response increases up to ∼700. For the NIR spectrometer, we show
the 1250 nm blazed grating for a center wavelength of 1100 nm and the 2000 nm
blazed grating for a center wavelength of 1400 nm (the measurable spectral range
is ∼ λ0 = 800–1600 nm). The system response values reach ∼ 4×105 photons per
CCD count at the shortest wavelengths, due again to a cutoff in camera sensitivity.
As a results of the slight spectrometer misalignment mentioned earlier, different
grating positions do not result in an overlapping system response.

We can now multiply any measured spectrum by the system response to obtain
the absolute CL emission intensity given the measured beam current. We show
this for a smooth single-crystal wafer of 〈111〉 Czochralski-grown Au in Figure 2.5
(d), comparing the calculated TR spectrum to both the raw and system corrected
CL spectrum. The dips and peaks at λ0 = 500 nm and λ0 = 600 nm are well re-
produced in the measurement, but there is an intensity difference of ∼20 % be-
tween measurement and calculation. The difference is mainly attributed to errors
in the determination of the current (∼1–5 %) and variations in the optical alignment
(∼10 %), so regular monitoring of the system alignment is required. Errors in the
dielectric function used for the calculations, the angular sensitivity and acceptance
angles of the mirror and SPP scattering from the surface can also contribute, but
are expected to be minor effects (∼1 %). We conclude that we can obtain absolute
emission intensities to within ∼20 %.

2.4 Angle-resolved cathodoluminescence imaging

The angular distribution of CL provides important information to characterize
the properties of nanophotonic materials and structures. The paraboloid mirror
emits a parallel beam that contains all of the information about the emission an-
gles, as in Fourier imaging. In our case, emitted CL is characterized by a zenithal
angle θ=0–90◦ (0◦ being normal to the sample surface) and an azimuthal angleϕ=0–
360◦ (0◦ is the paraboloid vertex). Radiation at each emission angle will reach the
mirror at a unique point and be reflected to a unique path in the parallel beam.
We measure with the 2D PIXIS camera, using the VIS achromatic lens to demagnify
the beam by a factor of 2.16 so that the image fills the CCD chip, with every point
in the image corresponding to a unique path in the beam and thus to a specific
emission angle. This makes it possible to transform the measured image to an an-
gular emission profile. We hardware-bin the CCD pixels 4 times both horizontally
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2.5 Polarimetry

and vertically to improve the signal-to-noise ratio, obtaining images with 256×256
pixels that are 52 µm on each side. Optionally an iris can be used just before the
color filters to help remove extraneous contributions to the signal, including para-
sitic reflections from the optical elements. For more details about the alignment of
the mirror and the conversion to the angular patterns, see [127, 128].

2.5 Polarimetry

Polarization is an important degree of freedom in CL. Measuring the polar-
ization of the emitted light is not straightforward in our case, due to the curved
shape of the paraboloid mirror that modifies the polarization upon reflection. As
a result, the polarization distribution in the beam emanating from the mirror does
not correspond to the distribution in the sample plane. In angle-resolved mode we
can correct for the effect of the reflection at each angle to retrieve the polarization
in the sample plane. Only the central part of the mirror conserves the polarization
direction, so using a slit is necessary for polarization contrast in spectral measure-
ments when all of the light is focused onto the fiber [129, 130]. To measure the full
polarization of the light, we combine a linear polarizer (LP) with a quarter-wave
plate (QWP) to form a rotating plate polarimeter. This allows us to measure the
Stokes parameters of the emitted radiation, which in turn determine all electric
field components, fully characterizing the polarization [131, 132]. In practice we
measure the intensities transmitted by six different positions of the QWP and LP
(horizontal, vertical, 45◦, 135◦, right- and left-handed circular) and use the Mueller
matrix formalism to fully correct for the geometrical and polarization distortions
of the mirror [132–134]. We give a full explanation of the polarimetry method with
its application to plasmonic structures and semiconductor bulk materials in Chap-
ter 5, and apply the technique to characterize semiconductor nanowires in Chap-
ters 6 and 7. We can apply the polarimetry measurements to the spectral detection
modes as well, if we use a slit as described above. To allow measurements over
a broad range of wavelengths, we combine an ultra-broadband linear polarizer
with achromatic QWPs appropriate for different spectral ranges (see the overview
in Table 2.1).

2.6 Pinhole scanner

The angle-resolved imaging described in Section 2.4 allows for good angular
resolution, but poor spectral resolution as a result of the limited number and band-
width of the optical filters. In order to combine high angular and spectral resolution
we have developed a 2D pinhole scanner that can spatially select a small portion
of the beam, effectively filtering momentum-space and then measuring the light
intensity with either spectrometer (design by Iliya Cerjak). This detection scheme
is similar to previous implementations in CL [135, 136] and is useful to study struc-
tures with complex dispersion relations that show strong angular variation with
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2 Angle-resolved cathodoluminescence imaging polarimetry and spectroscopy

Type Wavelength range Diameter Part #

Polarizer 300–4000 nm 50 mm Moxtek PUBB01A50M

QWP 465–610 nm 30 mm Edmund Optics 48-497

QWP 610–850 nm 30 mm Edmund Optics 65-919

QWP 690–1200 nm 25 mm Thorlabs AQWP10M-980

QWP 1100–2000 nm 25 mm Thorlabs AQWP10M-1600

Table 2.1 – Details of the different components used for the rotating plate
polarimeter. A broadband polarizer can be used in conjunction with various QWPs
to cover the VIS and NIR spectral regimes.

wavelength, such as photonic or plasmonic crystals. Figure 2.6 (a) shows a pho-
tograph of the pinhole scanner. It is composed of an anodized Al frame containing
two motorized translation stages (Thorlabs MTS25/M-Z8E) with a range of 25 mm
and a minimum step size of 0.05 µm, connected to a flippable blade with inter-
changeable pinholes. We can choose between pinholes with 100, 150, 290 and 500
µm diameter, depending on the angular resolution that is needed and the signal
intensity that can be reached. The effective pixel area used in the measurements
with the PIXIS camera corresponds to that of a 60 µm pinhole. For structures with
low signal intensity, long integration times are needed, so measuring the full 2D an-
gular range will be very time-consuming. However, when studying structures with a
fixed emission symmetry, it is possible to use that symmetry to scan only a subset of
angular space, mitigating a long measurement duration. A further advantage is that
the pinhole scanner can be used to perform angle-resolved measurements in the
NIR regime, which is not possible with the PIXIS camera. The software necessary to
perform integrated pinhole scanning spectral measurements has been developed
at AMOLF by Sander van de Haar and Sjoerd Wouda.

We show an example of a pinhole scanner measurement in Figure 2.6(b) and
compare it to corresponding measurements with the PIXIS camera in Figure 2.6(c).
We observe the emission from a silicon-on-insulator sample with a 220 nm thick
Si layer on top of a 1 µm thick SiO2 layer on a Si substrate. The SiO2 emits differ-
ent bright spectral peaks as a result of defect luminescence [115, 117], which can
interfere in the top Si layer, leading to the emission of different rings, their number
decreasing for longer wavelengths. We used a 290 µm diameter pinhole (compo-
nent 3 in Figure 2.2), placed just before the VIS lens and raster-scanned it in the
plane perpendicular to the optical beam, covering an area slightly larger than the
mirror. To distinguish the low intensity features in the pinhole data more precisely,
we show the intensity on a base 10 logarithmic scale. For the measurements with
the PIXIS camera a linear scale is used.

We compare the pinhole and PIXIS data for three different wavelengths: λ0 =
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Figure 2.6 – (a) Photograph of the pinhole scanner showing the motor stages and
pinhole on the blade that can be flipped up out of the way of the optical beam. (b)
Pinhole scanner measurement of the emission from a silicon-on-insulator (SOI)
sample. A pinhole with 290 µm diameter was used to scan over the entire area of
the mirror and we show the normalized CL intensity (log scale) at λ0 = 400, 650 and
900 nm. (c) Normalized emission intensity patterns from the SOI sample measured
with the 2D PIXIS camera using bandpass filters at the same wavelengths as in (b).
Each panel covers an area slightly larger than the beam area exiting the mirror.
(photograph in (a) by Mark Knight)

400, 650 and 900 nm. The pinhole data has been averaged over a 20 nm bandwidth,
half that of the filters, but this difference does not have a significant effect on the
data. We see qualitative agreement of the number of features and their positions.
However, in the PIXIS data we see smooth crescent shapes that gradually decrease
in intensity from the bottom center of the mirror outwards. In the pinhole data
that is not the case, the bottom center exhibits a large bright feature and we do
not resolve the different crescents as clearly. Moving outwards the intensity first
decreases slightly before increasing again so we recover the arms of the crescent
shapes. Transforming the data from both measurements to θ and ϕ will thus not
give the same result. While the angles of the features are in the right ranges, the
pinhole data are not azimuthally symmetric, whereas they are symmetric for the
PIXIS data.

The discrepancy is due in part to the large pinhole size that prevents us from
resolving the features in as much detail. However, two other factors also contribute:
aberrations in the mirror and the difficulty in perfectly focusing the mirror. The
mirror has been polished by diamond turning, but still contains deviations from an
ideal parabolic shape (the curve accuracy is λ/2), the effect of which is most severe
in the bottom center of the mirror where the curvature is the strongest. This causes
scattering and small deviations in reflection leading to diverging rays within the
reflected beam. In addition, the mirror alignment is not exact so the entire beam
will show a small amount of focusing or defocusing.
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2 Angle-resolved cathodoluminescence imaging polarimetry and spectroscopy

When imaging with the PIXIS, these effects are corrected by employing the
achromatic lens to make an image of the mirror, focusing the diverging rays back
together at the plane of the CCD. With the pinhole however we filter in momentum
space before using the lens, in a different plane, so we are more sensitive to
these small discrepancies. Both the angular distribution and the intensity contrast
between different parts of the mirror are affected, due to the dependence of the
aberrations on the mirror curvature.

A smaller pinhole will help mitigate the problem in angular resolution (at the
cost of signal-to-noise ratio), while placing the pinhole scanner in the same plane
as the PIXIS camera or scanning the fiber can solve the problem of the diverg-
ing/aberrated beam. A more flexible solution is to combine the pinhole scanner
with lenses to scan the same conjugate plane imaged by the PIXIS.

Even though detailed measurements over the full 2D angular range of the mirror
are not feasible yet, important emission features can be recognized and structures
with specific directional emission symmetry can be differentiated. Angular resolu-
tion in the NIR is now also possible, so the pinhole scanner is already a powerful
addition to the capabilities of the CL setup. Further improvements are expected to
unlock its full potential.
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