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Abstract
Electron backscatter diffraction and cathodoluminescence are complementary scanning electron
microscopy modes widely used in the characterisation of semiconductor films, respectively
revealing the strain state of a crystalline material and the effect of this strain on the light
emission from the sample. Conflicting beam, sample and detector geometries have meant it is
not generally possible to acquire the two signals together during the same scan. Here, we
present a method of achieving this simultaneous acquisition, by collecting the light emission
through a transparent sample substrate. We apply this combination of techniques to investigate
the strain field and resultant emission wavelength variation in a deep-ultraviolet micro-LED. For
such compatible samples, this approach has the benefits of avoiding image alignment issues and
minimising beam damage effects.
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1. Introduction

Cathodoluminescence (CL) hyperspectral imaging in a scan-
ning electron microscope (SEM) can map subtle shifts in the
emission wavelength of a semiconductor, on a sub-micron
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length scale. Many effects contribute to these spectral shifts,
including variations in alloy composition, concentration of
charge carriers, temperature, and elastic strain. The latter is
well known to cause shifts in the emission through changes
in the bandgap energy and/or due to the effects of induced
piezoelectric fields. In thin-film semiconductors, such strain
fields commonly originate at hetero-interfaces due to lattice
or thermal mismatch, or around an extended crystal defect.
Measuring, understanding and controlling this strain is an
essential factor in optimising semiconductor devices.

This sensitivity of CL to strain fields has led to the tech-
nique being used as an indirect probe of the variation of strain
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with position in a sample [1]. CL hyperspectral images are
acquired, in which a spectrum is recorded at each spatial
position in a scan. Least-squares fitting to each spectrum in
the resultant data cube extracts peak positions which are then
plotted as a map of wavelength or energy shift, from which the
strain can be inferred. For example, this has previously been
used to observe the relaxation of compressive strain through a
blue-shift at the periphery of green-emitting InxGa1−xN/GaN
microLED pillar structures [2].

More direct measurement of the crystal lattice can be car-
ried out in an SEM using electron backscatter diffraction
(EBSD). This technique is long-established in the mapping of
crystal orientations in the grains of polycrystalline materials,
and the value of correlating such information with CL maps of
the same area has been demonstrated for both geological [3]
and semiconductor thin-film [4] samples. In the last few years
the EBSD technique has been extended to allow a full strain
tensor to be extracted from small distortions in the diffraction
pattern, using cross-correlation data analysismethods [5]. This
development has been shown to be effective in revealing the
strain fields associated with the dislocations which pervade
nitride thin-films [6], and recent work compared the strain
measured using this technique to that inferred through ex-situ
CL and Raman mapping, finding good quantitative agreement
[7].

While the two techniques are clearly complementary, sim-
ultaneous measurement of the strain (using EBSD) and its
effect on emission (using CL) has not been previously demon-
strated in a single scan, due to conflicting measurement
geometries [7] and/or the need to use different instruments
[4]. Both techniques would ideally have access to a large solid
angle directly above the sample surface, and so each would
obscure the other. However, if it were possible, such measure-
ments would be advantageous in reducing beam damage and
eliminating registration errors, by avoiding the need for mul-
tiple scans. Here we report on a method of achieving this goal
for samples with a transparent substrate.

2. Method

The sample was fabricated from a commercial UV-LED
wafer (Qingdao Jason Electric Co. Ltd) with a peak emis-
sion wavelength of 272–273 nm. This consisted (figure 1) of
a double-polished c-plane sapphire substrate on which the
following nitride layers were grown: AlN buffer (2µm); n-
type Al0.6Ga0.4N (2µm); six quantum wells of Al0.45Ga0.55N
(2.5 nm) with Al0.55Ga0.45N (13 nm) barriers; Al0.6Ga0.4N
electron blocking layer (50 nm); and p-type GaN (310 nm).
Pillars of 40µm diameter were fabricated from the material
using inductively coupled plasma etching.Metal contacts were
applied to form fully functioning micro-LEDs, which were
reported elsewhere [8]; however, the devices used here were
left uncontacted to allow electron beam access and to allow
backscattered electrons to exit for the EBSD. An SEM sec-
ondary electron image of the sample (of the same mesa, and
acquired immediately before the EBSD/CL scan) is shown

Figure 1. Structure of the AlGaN microLED sample, with
tilt-corrected secondary electron image acquired at a 45◦ sample
angle. Layer thicknesses are not to scale.

Figure 2. Setup used for simultaneous CL and EBSD.

above the schematic in figure 1; this image was acquired at
a 70◦ sample angle and has been tilt-corrected.

The LED structure is designed for light emission through
the transparent substrate, and the narrower-bandgap and
strongly absorbing GaN p-layer would prevent measurement
of luminescence through the top of the sample in the usual CL
setup geometry [9]. We therefore measure the emitted light
through the substrate, leaving exclusive access to the top sur-
face for our EBSD detector. This setup is shown in figure 2.

The measurement is carried out in a field-emission SEM
(FEI Quanta 250FEG) fitted with a commercial EBSD
detector (Oxford Instruments Nordlys). The sample is inclined
70◦ towards this detector, while the CL is collected from the
opposite side of the SEM by a reflecting objective focused
through the double-polished sapphire substrate. This is a mod-
ified form of a customized CL setup described previously
[10]. The light is focussed to the 50µm entrance slit of a 1

8 m
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spectrograph (Oriel MS125), in which it is dispersed with a
1200 linesmm−1 grating and detected using a charge-coupled
device (Andor Technology Newton EMCCD). This gives a
spectral resolution of 2.0 nm, equivalent to 37meV at 4.8 eV.
A background spectrum was generated by acquiring 100 spec-
tra with the electron beam blanked; these were averaged, and
the result subtracted from each of the CL spectra acquired.

An electron beam energy of 30 keV is chosen to favor
the EBSD measurement, higher than would usually be used
for CL. The beam current is not directly quantified in this
measurement, but is ≈1 nA. The scan is controlled by the
external scan generator of the EBSD system, and a scan rate
of 1 s/pixel ensures electron backscatter patterns (EBSPs) of
sufficient quality for later processing. A raw EBSP is saved at
each of the 149× 130 pixels of the map, with a step size of
400 nm. The aspect ratio of the raster area is tilt-corrected in
the microscope.

Synchronisation between the EBSD and CL acquisition is
achieved by monitoring the staircase-shaped ramp signal of
the fast (x) scan axis, which is high-pass filtered and further
conditioned to provide the 5V TTL pulse train required for
the CCD hardware trigger. A full luminescence spectrum is
thus recorded at each pixel during the EBSDmapping in order
to simultaneously build up a CL hyperspectral image.

3. Results

3.1. CL

The acquired CL hyperspectral imagewas observed to be dom-
inated by three peaks, each of which we fitted to a Gaussian
function. A linear background was also included in the fit, tak-
ing into account the tail of a broad defect band evident at the
low-energy end of the spectrum. Maps of the fit parameters of
each Gaussian (intensity, centre energy and width) are shown
in (figure 3).

Peak 1 (4.5–4.6 eV): Quantumwell emission, matching the
peak wavelength of 272–273 nm observed in the electrolumin-
escence spectrum. This is consistent with the fact that the peak
is emitted almost exclusively from the unetched mesa region.
While there is significant inhomogeneity seen in both the peak
energy and width maps, there is evidence of a red-shift in the
emission at the edges of the mesa. Note that those pixels where
the emission intensity approaches zero (mostly outside of the
mesa) have been masked in black for clarity in the peak energy
and FWHMmaps, since these parameters are ill-defined in this
case.

Peak 2 (4.7–4.8 eV): This peak is observed from both the
etched and unetched areas, from which we infer that it ori-
ginates from the 2µm n-type Al0.6Ga0.4N layer. A narrow-
ing and red-shifting of this peak is seen in the unetched mesa
region compared with the surrounding etched material. This
is indicative of increased self-absorption of light generated
in the (thicker) mesa before it can emerge through the sub-
strate; preferential absorption of the shorter wavelengths res-
ults in a narrower band of longer average wavelength light

being emitted. Despite this effect, and the significant homo-
geneity (hexagonal features related to Al/Ga ratio fluctuations
in the wafer material), this peak also shows a clear red-shift at
the edge of the mesa compared to its centre.

Peak 3 (5.0 eV): Because of its lower intensity, and to help
avoid over-parametrising the fit, the centre energy and FWHM
of this peak were kept fixed. The fitted intensity map shows
that the peak is only emitted from the etched region, yielding
little information on the microLED structure itself. The only
nitride layer which could be excited selectively when the beam
is in this region is the AlN buffer, from which broad defect
emission bands may be expected. Light at this end of the spec-
trum will also be strongly absorbed as it passes through the
rest of the buffer layer, and we may be observing what little
light remains after this loss.

While spatial inhomogeneity is observed in all three emis-
sion peaks, no clear correlation is seen between this and any
observable surface features in the corresponding SE image.
The extent to which the observed peak shifts are due to
elastic strain can now be investigated by comparing with the
simultaneously-acquired EBSD.

3.2. EBSD

The recorded array of EBSPs was post-processed using
commercial cross-correlation-based software (CrossCourt4).
Referred to as high angular resolution EBSD (HR-EBSD), this
analysis technique involves measuring the distortion of each
pattern with respect to that at a user-chosen reference pixel
to calculate maps of the full (relative) strain tensor [5]. This
tensor ϵ is notated as

ϵ=

ϵxx ϵxy ϵxz
ϵyx ϵyy ϵyz
ϵzx ϵzy ϵzz

 , (1)

where each tensor element ϵij describes the variation of the
displacement field u in the i and j axes:

ϵij =
1
2

(
∂ui
∂uj

+
∂uj
∂ui

)
. (2)

The diagonal elements ϵii are thus the normal (i.e. com-
pressive/tensile) strains in the coordinate axes, while the off-
diagonal elements (representing shear strain) are symmetric
(ϵij = ϵji, as evident from equation (2)).

Figure 4 shows the results of the HR-EBSD analysis, where
the redundant sub-diagonal elements of the symmetric tensor
are omitted for clarity. A point near the map centre has been
chosen as the reference position with respect to which the
relative strain is determined. The results are displayed in a
Cartesian coordinate system, where: x is the horizontal scan
direction, which is also a direction within the sample plane; y
is the direction normal to this in the sample plane (not the scan
plane, given that the sample is tilted), and z is the sample nor-
mal direction, corresponding in this case to the c crystal axis
of the wurtzite structure.
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Figure 3. Results of fitting three Gaussian peaks to the CL hyperspectral image. Maps of the peak intensity, centre wavelength and FWHM
are shown except for the lower intensity peak 3 whose spectral position was fixed at 5.0 eV to avoid over-parameterization. Pixels in which
the peak intensity approaches zero are masked in black on the peak energy and FWHM maps. The example spectrum was extracted from the
pixel marked with an arrow.

Figure 4. HR-EBSD results showing the strain tensor expressed in Cartesian coordinates. The map for each tensor element is shown on a
common colour scale, representing ϵij =±0.5%. (Note that values are positive or negative for normal strain components which are
relatively tensile or compressive, respectively.).

The greater magnitude of the 2× 2 subset of strain com-
ponents in the top left of the tensor (ϵxx, ϵxy = ϵyx and ϵyy,
together representing the in-plane strain) is an expected con-
sequence of the free sample surface, since the out-of-plane
stress will be zero. The out-of-plane normal strain component
ϵzz appears to vary symmetrically, becoming relatively more

compressive towards the mesa perimeter. However, this is less
clearly visualised in the normal (ϵxx, ϵyy) and shear (ϵxy) com-
ponents of the in-plane strain, where the apparent variation of
the magnitude of the strain components around the device is an
artefact of the different sample and tensor coordinate system
geometries.
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Figure 5. The same data as shown in figure 4, after transformation
to a cylindrical polar coordinate system using equation (4). The
strain magnitudes are again shown using the same colour scale.

One approach to resolving this visualization issue would
be to map the principal strain: i.e. calculate for each pixel the
unique direction for which the non-diagonal tensor elements
equal zero, and the corresponding magnitude of the normal
strain in this direction. In our case, though, we are helped by
prior knowledge of the symmetry of this simple cylindrical
structure. We therefore opt to display the strain using cyl-
indrical polar coordinates (r,θ,z) whose axes are defined by
the position of the centre of the microLED (which we estim-
ate) and the direction of the sample normal (which remains
the z axis). This is simply achieved using the orthogonal trans-
formation matrix Q and its transpose QT

Q=

 cosθ sinθ 0
−sinθ cosθ 0

0 0 1

 ,QT =

cosθ −sinθ 0
sinθ cosθ 0
0 0 1

 (3)

to convert between the two coordinate systems [11], using:ϵrr ϵrθ ϵrz
ϵθr ϵθθ ϵθz
ϵzr ϵzθ ϵzz

= Q×

ϵxx ϵxy ϵxz
ϵyx ϵyy ϵyz
ϵzx ϵzy ϵzz

×QT. (4)

Tensor component maps in the new coordinate basis are
thereby calculated from the old ones, for example:

ϵrr =
(
cos2 θ

)
ϵxx+(2cosθ sinθ)ϵxy+

(
sin2 θ

)
ϵyy (5)

and so on. Figure 5 shows the HR-EBSD results after this
transformation into cylindrical coordinates. Most of the vari-
ation is now seen to be contained within the radial in-plane
normal strain component ϵrr. The sign of the change is con-
sistent with the relaxation of compressive in-plane strain in
the epilayer, while the ϵzz component (unchanged from the

Cartesian representation) shows the corresponding reduction
in the c lattice parameter expected in the case of biaxial strain.

4. Discussion

To investigate the relaxation of the in-plane compressive strain
in the vicinity of the mesa perimeter, we can plot the relevant
element of the strain tensor at a given pixel against its corres-
ponding radial coordinate r. When repeated for all pixels in
the map, the resultant 2-dimensional histogram (lower graph
in figure 6) shows the strain relaxing with increasing distance
from the reference at the compressively strained mesa centre,
before the strained underlying layer in the edged region bey-
ond the mesa is again sampled. When plotted on a log scale
(figure 7), this is seen to vary exponentially, with a character-
istic relaxation length in this case of L1/e ≈ 4µm.

A similar correlation can be seen in the radial dependence
of the CL peak energy for the AlGaN layer (upper plot in
figure 6). The additional scatter in this plot reflects the inher-
ent inhomogeneity in the CL of the wafer, present in both the
mesa and etched regions.

To make a direct comparison between the EBSD-derived
strain and its CL-determined effect, we plot histograms in
figure 8 correlating these two parameters, again using the 4.7–
4.8 eV AlGaN CL peak. For clarity, we have separated the
regions within and outwith the mesa perimeter. These show
a clear relationship between radial in-plane strain and emis-
sion energy in the mesa (lower plot), while the uniformly-
strained etched region shows—as expected—no such effect
(upper plot).

It is interesting to note the appearance of six-fold rotational
symmetry in the ϵθθ (i.e. azimuthal) strain component map
(figure 5, centre). The effect is small, and is only visible after
projection into the new coordinate system. While this strain
component map reflects the symmetry of the wurtzite crys-
tal structure, such an effect would not be an expected con-
sequence of a simple relaxation of the in-plane compress-
ive strain. The elastic constants of crystals with hexagonal
symmetry are well known to be in-plane isotropic, meaning
for example the components of Young’s modulus in the a⟨
112̄0

⟩
and m

⟨
101̄0

⟩
crystal directions should be identical.

One reason for the observed symmetry could be the etching
process, which, in a reversal of the effect seen in anisotropic
growth rates [12], could result in a non-circular mesa and an
anisotropic strain field; we see no evidence for this in the elec-
tron image of figure 1, though. It may instead be the case that
the relaxation (and therefore expansion) of material around
the mesa perimeter has resulted in a subtle ‘buckling’ of the
epilayer, giving 6-fold periodically alternating regions of dif-
ferent azimuthal normal strain.

In order to aid visualization of the normal in-plane tensor
elements ϵrr and ϵθθ, figure 9 shows exaggerated cartoons
illustrating the effects of these two components on a uniform
(r, θ) grid, varying in a manner similar to our observations.
The top grid shows the unstrained case, while the left-hand
grid shows the effect of the radial strain ϵrr increasing at the
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Figure 6. 2-dimensional histograms showing the radial distance (r) dependence of (upper) the AlGaN layer CL peak energy (from figure 3);
and (lower) the ϵrr normal strain component (from figure 5). Green vertical lines mark the position of the mesa perimeter at r= 20µm.

Figure 7. The r dependence of the ϵrr radial normal strain (from the lower plot in figure 6) on a semi-logarithmic scale. The guide line
represents a characteristic relaxation length of L1/e = 4µm.

mesa edge, and the right-hand grid shows the azimuthal ϵθθ
varying with 6-fold symmetry.

We can compare the orientation of the nodes of this azi-
muthal strain with the crystal directions of the epilayer.
Figure 10 shows the upper-hemisphere stereoscopic-
projection pole figures for the {0001} and {101̄0} directions,

calculated from the same EBSD dataset using conventional
Hough transform analysis. The spots indicate projections of
the experimentally determined crystal direction, repeated for
all pixels in the map. The central position of the {0001}
spot (left) shows the layer to be c-plane, as expected, while
the orientation of the {101̄0} spots (right) shows convincing
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Figure 8. (Right) 2-dimensional histograms showing the pixel-wise
correlation between the 4.7–4.8 eV CL peak energy and the ϵrr
normal strain component. For clarity, these are split into regions
outwith (upper) and within (lower) the 20µm radius mesa.

correspondence with that of the nodes seen in the ϵθθ map
(figure 5, centre). In other words, within the relatively relaxed
near-perimeter region, the azimuthal normal strain component
ϵθθ shows maxima along the {101̄0} m directions and there-
fore minima along the {112̄0} a directions. Such orientation-
dependent deformation has been observed in other crystal
structures [13].

While this combination of techniques will be valuable for
analysing back-emitting samples such as the one presented
here, it will not be applicable to the more general case, where
the light can often not be collected through the substrate. We
also note some potential limitations. Firstly, the accelerating
voltage required for the EBSD is higher than that normally
chosen for CL, resulting in a luminescence excitation volume
which is both wider and deeper than usual. The effect of this
on the data will depend on the sample. Samples where the
CL comes from a thin top layer will be largely unaffected, as
the emission will come from a region where there has been
limited beam spreading. For a bulk material, the effect will
be a worsening of the spatial resolution. For some samples,
the higher penetration depth may actually be desirable, as in
this case when we are looking at the buried n-AlGaN layer. A

Figure 9. Exaggerated cartoons separately showing the effects of
the two in-plane normal strain components, with (top) the
unstrained case, (left) ϵrr increasing towards the mesa edge, and
(right) ϵθθ varying with rotational periodicity.

Figure 10. Upper hemisphere pole figures generated from the same
EBSD dataset as the strain maps and displayed using a stereoscopic
projection.

second consideration is that the regions from which the EBSD
and CL signals originate are not entirely coincident, with the
EBSD signal carrying information much more dependent on
the strain state in the near-surface region.

5. Conclusions

In conclusion, we have exploited the transparent substrate of
UVLEDs, an unconventional detector geometry, and high-
resolution cross-correlation-based analysis to achieve simul-
taneous mapping of the elastic strain tensor and luminescence
spectrum in a microLED. The results show that the relaxation
of strain around the edges of a microLED mesa has a meas-
urable effect on the emission wavelength of the device. While
confirming previous results which used CL hyperspectral ima-
ging alone, this combination of techniques has unambiguously
correlated the observed effect with a direct measurement of
the strain. This eliminates other potential causes for the shifts
in emission wavelength, for example surface recombination
effects or mesa-size-dependent variations in current density.
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Furthermore, transformation of the strain tensor maps from a
general coordinate system (Cartesian) into one more specific-
ally adapted to the geometry of the device (cylindrical polar)
has allowed us to draw out subtle and previously unnoticed
variations in the strain maps which give further insight into
the nature of the deformation which results from the relation
of strain in such structures.

Data availability statement
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available at the following URL/DOI: https://doi.org/10.15129/
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