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ABSTRACT

We demonstrate the use of a low-cost liquid-crystal-based wavelength-tunable filter and CMOS video camera to add hyperspectral imaging
capabilities to a probe station equipped with a simple optical microscope. The resultant setup is used to rapidly resolve the spectral and spa-
tial variations in electroluminescence typically observed for In,Ga;_,N/GaN light-emitting diodes. Applying standard statistical analyses of
variation within the multivariate datasets, such as moments and principal components, we observe inhomogeneities on a spectral scale signif-
icantly smaller than the bandwidth of the tunable filter. The resultant tool offers an alternative to scanning beam luminescence techniques

for high-throughput hyperspectral analysis of optoelectronic devices.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (hitp://

creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0165060

Spectroscopic analysis of the light emitted from semiconductors is
an essential characterization tool both for investigating the band struc-
ture of constituent materials and for evaluating the performance of full
optoelectronic devices such as light-emitting diodes (LEDs). This analy-
sis is routinely carried out by exciting emission using beams of photons
(photoluminescence: PL) or electrons (cathodoluminescence: CL)' or by
direct injection of an electric current (electroluminescence: EL). In addi-
tion to spectroscopic analysis of this luminescence, spatial information
can be obtained by acquiring wavelength-filtered images of the compo-
nent peak intensities.

For some materials such as the technologically important alloys
of the group-III nitrides (In,Ga;_,N, AL,Ga,_,N, etc.), their inherent
spatial inhomogeneity makes it desirable to measure them in the
hyperspectral imaging (HSI) mode.” Variations in alloying, doping,
elastic strain, and temperature are just a few of the factors, which can
cause subtle spectral shifts with position, and only a combined spatial/
spectral dataset (or data-cube) can fully capture this behavior.

The experimental setups required for PL/CL experiments do not
lend themselves to the “push-broom” (i.e., one complete spatial line at
a time) method of HSI acquisition, the most widely favored approach
in remote sensing, flat-bed scanning, and other reflected light applica-
tions. Instead, the fact that the spatial resolution of beam-based lumi-
nescence measurements is determined by the spot size of the exciting

beam—while the rest of the sample area remains dark—means that
the natural sequence of data acquisition is one spatial pixel (ie., one
spectrum) at a time. This method of building up the data cube is slow
but in microscopic applications remains the only way of ensuring that
the spatial resolution of the HSI is not limited by far-field diffraction
in the collection optics.

For equivalent electroluminescence (ELHSI) measurements,
however, the requirements change. EL is emitted from an extended
area; this loss of spatial selectivity in the excitation means that we must
instead achieve spatial resolution using the collecting optics. Confocal
geometry is one option with a pinhole in the collection path limiting
the spectral analysis to that light coming from a small area of a scan-
ning sample.”* However, this imposes similar speed restrictions to
those of scanning PL/CL measurements, without the associated resolu-
tion benefits, and wastes most of the emitted light. Spectral mapping
using scanning near-field optical microscopy (SNOM) overcomes the
resolution limit” but is equally slow. None of these approaches offers
the high-throughput device evaluation that is desirable in a laboratory
and essential for industrial in-line quality control.

More efficient methods of acquiring an ELHSI dataset use a 2D
sensor array. This can involve spectrally dispersing the light in one
dimension while imaging in the other and resolving in the second spa-
tial dimension by scanning the sample; this push-broom geometry is
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routinely used in non-microscopic EL applications.” Alternatively, an
optical microscope can be employed to directly image the full device
to the sensor and apply bandpass spectral filtering to achieve wave-
length selectivity; stepping the filter wavelength then builds up a
hyperspectral image one monochromatic frame at a time. Multiple
fixed-wavelength interference bandpass filters can be used,” but this is
slow due to the need to mechanically switch between filters, and the
spectral resolution is limited by the filter bandwidth and the number
of filters employed. An improvement on this approach is to instead
use a tunable bandpass filter, and this has been successfully imple-
mented using Bragg grating filters (e.g., for measuring EL from solar
cells).” Such setups are expensive, due, in part, to the requirement for
precision customized optics for line scanning.

In this work, we describe a setup which instead uses a liquid-
crystal-based tunable bandpass filter and use it to characterize an
In,Ga;_,N/GaN light-emitting diode (LED) and pLED array. Such fil-
ters have a clear aperture through which imaging can be carried out
using standard optical lenses. This type of filter has previously been
used extensively in non-EL hyperspectral applications.”'’ Here, we
focus particularly on the effectiveness of this approach for spectral
analysis, in which we extract maps of spectral parameters other than
just intensities, such as peak wavelengths and widths. This is a particu-
lar requirement for analyzing semiconductor luminescence and is dis-
tinct from that encountered in more general hyperspectral imaging
applications, where the challenge is usually that of unmixing combina-
tions of spectral end-members."’

The HSI optics considered here could, in principle, be attached to
any macro- or microscopic luminescence setup, but here we demon-
strate their use on a custom-built probe station. This setup allows the
contacting of unbonded LED dies and includes an integrated stereo
zoom microscope (BSR model, Brunel Microscopes Ltd.) with a trin-
ocular output port. The system projects an image to a focal plane
approximately 11 mm beyond the output flange without requiring
additional optics. This leaves room for a tunable filter to be inserted
before an imaging camera with a ray convergence angle within the
acceptance angle of the filter (in this case 6°). Figure 1 shows a sche-
matic outline of the setup; note that the optical components are not
shown to scale with the effect that the convergence angle of the rays
through the tunable filter is exaggerated.

The tunable filter (Kurios-VB1, Thorlabs, Inc.) is a liquid crystal-
based device with a 20 mm diameter clear aperture. It is tunable in
1 nm steps within the range 420-730 nm, and we use its narrow (nom-
inally 10 nm) bandwidth setting. Both the peak transmittance and the
bandwidth vary with the center wavelength, and we use manufacturer-
provided functions to correct the spectral intensity of the measured
data. The particularly strong correction applied at the blue end of the
spectrum necessitates accurate subtraction of any background (due to
detector dark counts or offset in the analog-to-digital converter) to
avoid the appearance of short-wavelength spectral artifacts.

An 8.9-megapixel passively cooled monochrome CMOS camera
(Kiralux CS895MU, Thorlabs, Inc.) is connected directly to the tunable
filter, and the position of this assembly is tuned so that the camera
focus coincides with the focus observed through the microscope’s bin-
ocular eyepieces; these can then be used for focusing of subsequent
samples. The spectral response of the camera is corrected for using
tabulated wavelength-dependent quantum efficiency values provided
by the manufacturer.
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FIG. 1. Schematic diagram of the microscope with HS| optics added (not drawn to
scale).

sample

We adjust the camera gain and exposure time such that the peak
intensity falls just below the 12-bit saturation point of its analog-to-
digital converter, maximizing the measurement’s dynamic range. The
exposure time is then kept constant, and successive frames are
acquired as the wavelength is scanned through the full 420-730 nm
range in 1 nm increments (i.e,, 311 monochromatic frames, each cor-
responding to one spectral channel). Total acquisition time is depen-
dent on the sample brightness and is on the order of a few tens of
seconds. This is approximately two orders of magnitude faster than a
comparable CLHSI due to the parallel acquisition of 2D spatial images
compared with the parallel acquisition of 1D spectra in scanning beam
techniques. The resultant stack of aligned monochromatic images is
up to ~1.3GB in size (without binning, cropping, or compression);
this is imported into in-house HSI software for spectral response cor-
rection and further analysis.

For a first demonstration of the system, we measured an unpack-
aged 1 mm” blue InGaN/GaN light-emitting diode (LED), fabricated
using GaN-on-silicon technology. Figure 2 shows the area-averaged
spectrum extracted from an EL hyperspectral image acquired from the
device. The emission is dominated by a quantum well (QW) emission
peak at 2.75 eV with unresolved shoulders on its low energy side. This
asymmetry—which could be due to longitudinal optical phonon repli-
cas (AE ~ 90meV in InGaN QWs),'” or differences between the
emission energies of the multiple QWs—makes it difficult to fit the
peak to a simple function such as a Gaussian.

However, spatial inhomogeneities in an emission peak can also
be visualized by extracting maps from the hyperspectral image related
to statistical moments of the spectrum.’ Figures 3(a)-3(c) show exam-
ples calculated over the 2.4-2.9 eV spectral range (marked as a shaded
box in Fig. 2). The zeroth moment [Fig. 3(a)] represents an integration
of the intensity over the given range (i.e., a bandpass-filtered image).
The first moment [Fig. 3(b)] is a center of mass, or “centroid,” which
allows energy shifts to be seen. The second moment is the variance,
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FIG. 2. Mean spectrum extracted from the ELHSI of a blue LED. The 2.4-2.9eV
spectral range used to calculate the maps in Fig. 3 is marked.

highlighting changes in the peak width; here, we plot the square root
of this [ie, the standard deviation or—equivalently—root mean
square, Fig. 3(c)] so that peak width variations can be viewed in units
of energy.

These results reveal spatial inhomogeneity in the intensity, posi-
tion, and width of the QW peak. Combined spectral/spatial features of
this nature are commonly seen in such devices grown on mismatched
substrates and stem from the induced strain fields and their effect on
alloy composition or from topography on the GaN-on-silicon sub-
strates. We can clearly distinguish spectral shifts and peak width varia-
tions on the order of a millielectronvolt, significantly smaller than the
bandwidth of the tunable filter (=38 meV at 2.74 V).
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We previously demonstrated the use of principal component
analysis (PCA) as a semi-automated method of identifying the domi-
nant spectral components of a CL hyperspectral image,”'” and we
apply this now to the EL dataset. This method re-orders the data, so
that instead of the HSI being described by the sum of the 311 originally
acquired monochromatic frames, it can now be described (equiva-
lently and without loss) by the sum of 311 new images each associated
with an orthogonal (but non-monochromatic) spectrum; importantly,
these components are now ordered by their contribution to the total
data variance, so that the most significant ones can now be retained
and the less-significant (noise-dominated) components discarded. The
remaining principal components, each of unit intensity, therefore, rep-
resent a new set of basis vectors with which to describe the data.

Figure 4 shows the first three principal components of the same
HSI that was used to generate the maps in Figs. 3(a)-3(c). The first
component accounts for >99% of the variance in the dataset and is
almost identical to the mean spectrum seen in Fig. 2. The next two
components closely resemble the first and second derivative functions
of the peak shape, respectively. This can be understood by considering
the additive components required to construct a peak, which is varying
in both spectral position and width. Adding to one side of the peak
and subtracting from the other (as in the second component) has the
effect of shifting the peak energy, while adding to the tails and sub-
tracting from the peak (or vice versa) will broaden (or narrow) the
peak (third component). This interpretation is confirmed by the
inspection of the maps (or, in PCA nomenclature, the scores), which
show the contribution of each component at each spatial pixel [Figs.
3(d)-3(f)], which very closely follow the maps of the moments in Figs.
3(a)-3(c).
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FIG. 3. Maps extracted from a single EL hyperspectral image of a blue LED. (Top) Statistical moments calculated over the spectral range 2.4-2.9 eV: (a) integrated intensity
(0th moment); (b) centroid (1st moment); (c) standard deviation (v/2nd moment). (Bottom) Maps of the scores of the first three principal components, with (d)—(f) corresponding

to the 1st, 2nd, and 3rd spectra seen in Fig. 4, respectively.
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FIG. 4. First three principal components (loadings) of the blue LED HSI dataset.

We note here that any additional spectral peaks which did not
perfectly co-vary with the observed peak would be identified by the
PCA as an additional principal component. Conversely, any spectral
features whose intensity varied proportionally with another peak
would be interpreted in the analysis as part of the same component; in
this way, for example, it is possible to readily identify a second-order
peak in spectrometer-based measurements, where this peak intensity
closely tracks that of the first-order peak. While our tunable filter
approach avoids such higher-order diffraction effects, comparable arti-
facts may also occur through the leaking of light through the filter at
certain wavelengths due to imperfect stop-bands in the transmission
spectrum.

As a second example, we measured an array of yellow/green
ULEDs using the same ELHSI setup. This device had been fabricated
by dry-etching pillars into planar LED wafer material, before being
bonded to a CMOS driver array in a flip-chip configuration to produce
an addressable uLED array.'*'” Figure 5 shows the area-averaged
spectrum, again dominated by a single QW band. Maps of the
moments (Fig. 6) again show the sensitivity of the technique to be
comfortably capable of revealing spatial and spectral inhomogeneities
associated with such devices, despite the limited spectral bandwidth of
the tunable filter. Immediately noticeable in the intensity map is the
higher brightness at the peripheries of the micropillars, which we have
attributed to the enhancement of light extraction through scattering
from the sidewalls.'® The data also reveal more pronounced and asym-
metric darkening near the center of many of the pillars, indicating that
damage has occurred to the p-layer of the diode during fabrication due
to an insufficiently optimized bump-bonding process used for
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attaching the CMOS driver array. This interpretation of device damage
is confirmed by the peak broadening seen in the corresponding pixels
of the standard deviation map.

This use of a wide-field technique and a camera lets us acquire
many more spatial pixels compared with scanning techniques, without
slowing the acquisition. This is demonstrated in Fig. 7, which shows
maps from a 176 x 165-pixel cropped region from the 1200 x 1200-
pixel dataset of Fig. 6. Because it is not possible to reliably extract peak
positions and widths from a noise-dominated low-intensity peak, we
have masked (in black) those pixels in the centroid and standard devi-
ation maps corresponding to low intensities, leaving the variation in
the remaining pixels to be more clearly seen. The high spatial defini-
tion allows us to examine small areas of an ELHSI without excessive
pixelation; in this case, we note a spectral shift in the emission across a
single uLED similar to that which we previously observed in compara-
ble devices using a much slower CL mapping system.'” In this case, a
blue-shift in the emission peak near the periphery of the uLED has
resulted from a local relaxation (due to the free surface) of the com-
pressive strain, which is typically locked in to such devices."® This
strain includes contributions from the lattice mismatch at each hetero-
interface but is typically dominated by the mismatch in thermal
expansion coefficient between the nitride layers and the substrate.'”
This strain relaxation has, in turn, lowered the piezoelectric field in the
active layers, reducing the quantum-confined Stark effect and causing
the QW to emit at higher energies.”’

In cases where multiple spectral features of interest are unre-
solved, neither the moments nor PCA approaches will be sufficient to
spectrally separate the peaks. This could be the case, for example, with
narrow peaks due to optical modes in Fabry-Pérot or whispering gal-
lery cavities, or with the sharp spectral lines seen in the emission from
rare-earth-doped materials. Future work will aim to demonstrate peak
deconvolution with spectral resolution better than the bandwidth of
the tunable filter; in principle, some improvement may be gained by
exploiting spectral oversampling (e.g., shifting a 10 nm wide stop band
in 1 nm steps) and rigorous characterization of the transmission filter
response. While the spectral resolution will not compete with that
attainable using grating-based spectrometers, the resolution already
demonstrated will be sufficient for a wide range of devices such as
LEDs and solar cells whose EL is characterized by broad emission
bands. Tunable filters with different spectral ranges may be required
for some applications; e.g., near-infrared designs are commercially
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FIG. 5. Mean spectrum extracted from an ELHSI of a yellow/green uLED array.
The 1.9-2.5eV spectral range used to calculate the maps in Figs. 6 and 7 is
marked.
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FIG. 6. Maps extracted from the EL hyperspectral image of a yellow/green uLED
array, showing the first three statistical moments calculated over the 1.9-2.5eV
spectral range, which correspond to the emission intensity, peak position, and
width.

available, which could be used for narrow-bandgap applications such
as solar cells.

The tunable filter is of a Lyot design”' based on a birefringent
crystal and, hence, transmits only one linearly polarized component of
the incident light. This will have little effect on the example data pre-
sented here, whose active layers are (0001)-oriented wurtzite GaN
and, thus, in-plane isotropic, apart from a loss of 50% in the light
intensity. For measurements on samples with polarized emission (e.g.,
semi- and non-polar nitride QWs), the polarized detector response
will need to be considered and may potentially be exploited. This will
be of particular importance in the measurement of high-AIN-content
Al,Ga,_,N alloys,”* although the lack of tunable filters operating in
the ultraviolet range would first need to be addressed.

We have shown that the spectral and spatial inhomogeneity of
GaN-based LEDs can be rapidly assessed through the use of a low-cost
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FIG. 7. Detailed area of a single uLED, cropped from the region marked in Fig. 6.
To improve clarity, noise-dominated regions outside the pillar have been masked in
the centroid and standard deviation maps using an intensity threshold.

hyperspectral imaging upgrade to an optical microscope, employing a
liquid-crystal tunable filter. When characterizing samples whose emis-
sion is dominated by a single peak, this approach has been shown to
be capable of mapping variations in the peak position and width,
which are considerably smaller than the filter bandpass FWHM. These
subtle variations have been analyzed by techniques (moments and
principal components), which exploit the statistical wealth of informa-
tion in an HSI with the results of these approaches shown to be in
close agreement. This approach allows us to quickly and cheaply char-
acterize the micro-scale spectral variations, which are essential to the
performance of optoelectronic devices.
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now at Cardiff University) for LED samples and Dr. J. J. D.
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