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Abstract. The emission properties of InGaN/GaN µ-LEDs of different sizes
and shapes have been investigated by spectrally-resolved and time-correlated
cathodoluminescence spectroscopy. This approach provides high spatial and
temporal resolution, allowing us to simultaneously measure CL spectra and carrier
lifetime at the single µ-LED level. It also enables us to investigate the correlation
between these parameters within individual µ-LEDs and across multiple devices.
Our observations show a large variation in CL intensity between similarly sized
µ-LEDs, particularly in the smallest samples. This variation correlates with
changes in emission wavelength and has been attributed to differences in injection
efficiency between samples, caused by V-pit type defects in the active region.
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1. Introduction

Over the past two decades, lighting has undergone a
revolutionary transformation with the advent of GaN-
based light emitting diodes (LED) technology. These
LEDs are characterized by their remarkable efficiency,
exceptionally long operational lifespans,1 and a tunable
bandgap that allows the emission over a wide spectral
ranges. More recently, industrial and academic players
have proposed the use of GaN µ-LEDs for microdisplay
applications. These future displays could benefit from
the unmatched luminance of GaN based µ-LEDs.2

However, a number of technological barriers need to
be overcome in order to move from efficient LEDs
to commercially viable µ-LED displays. One of the
biggest challenges is to maintain the high external
quantum efficiency when switching from large LEDs to
µ-LEDs,3,4 although recently a technique name neutral
beam etching has been shown to achieve minimal loss
of quantum efficiency for square µLEDs as small as
3.5 µm.5 Another challenge is maintaining uniform
brightness and color from pixel to pixel.6

2. Experimental methods

In this work, we studied the optical properties of
individual blue InGaN/GaN µ-LEDs of sizes ranging
from 1 to 50 µm using spatially and spectrally
resolved cathodoluminescence (CL) spectroscopy. In
addition to the standard CL spectroscopy, we
simultaneously probed the carrier lifetime of each µ-
LED using spatially resolved Hanbury-Brown-Twiss
(HBT) interferometry measurements.

The samples were etched from a commercial blue
LED, and were given a surface passivation treatment.
The details of this treatment can be found in chapter
5 of the following work7 (pg 155), where our sample
was labelled ”sample T”. The process consisted on in-
situ N2H2 plasma nitridation pre-treatment, followed
by AlN/Al2O3 bi-layer passivation.

All measurements were performed in a FEI Inspect
F50 scanning electron microscope (SEM).8 The light
was collected using a parabolic mirror and separated
in two beams with a 50/50 beamsplitter. One of the
beams was measured with a spectrometer and the other
with the HBT setup. This configuration allows us to
simultaneously obtain SEM and spatially resolved CL
images as well as carrier lifetime at the nanoscale. The
experimental setup is described in more detail in.9

More than a 150 different individual µLEDs were
studied, with both square and circular shapes. The
sample structure (from top to bottom) is as follows:
An upper layer of p-GaN (80 nm); an AlInGaN
superlattice (80 nm) on top of another p-GaN layer
(40 nm), an electron blocking layer (EBL) on AlGaN
(20 nm); a multiple quantum well (MQW) structure

Figure 1. (a-b) Secondary electron microscope (SEM) (a)
and simultaneously acquired spatially resolved CL (b) images
of circular µLEDs with a diameter of about 1.3 µm. The images
were obtained with an acceleration voltage of 10 kV and a e-beam
current of 14 pA. The CL image shows intensity for wavelengths
in the 440±20 nm range. Scale bar is the same for both images.
(c-d) Spatially resolved CL intensity (c) and effective lifetime (d)
for a 4µm circular µLED.

of 15 nm of GaN on top of 3nm of InGaN, repeated
nine times; an underlayer structure of GaN (15 nm)
on top of InGaN (6.5 nm) repeated six times; a layer
of nominally undoped GaN (200 nm); and finally a
thick layer (2100 nm) of n-GaN on top a the sapphire
substrate.

Unlike previous studies on µ-LEDs, which either
focus on individual pixels10,11 or average large
regions,12 we focus on the study and comparison of
pixel-to-pixel emission properties.

As depicted in figure 2 (a,b), adjacent pixels
of nominally identical size and shape can exhibit
significant variations in CL brightness. This behaviour
was observed in every collection of µLEDs examined,
with the brighter pixels reaching twice the intensity
of the darker ones in the most extreme cases. As
mentioned above, this could represent a major problem
to display applications as the pixel yield has to be
maintained above 99.9999% to mitigate the probability
of dead pixels in 4 K displays.13

3. Results and discussion

In order to study the origin of this difference in
intensity, we first investigated the local variation of
photon emission statistics with an HBT interferometer.
This setup uses a 50/50 beamsplitter, two single
photon detectors, and a correlator to estimate the auto-
correlation function g2(τ) of the CL light source. This
function g2(τ) is the probability of detecting a photon
at a time t + τ in one of the detectors given that a
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Figure 2. STEM image of a vertical cut from one of our µLED
pixels. Detail on the measurement conditions can be found in.7

The studied mesa is a 2.5 µm square. Sample was prepared with
focused ion beam etching to obtain a width of 80 nm. Four V-
pits can be seen in the active region.

photon was detected on the other one at time t.14 The
light beam was spectrally filtered via a bandpass filter
(400 - 500 nm) before the HBT to analyse only the
active region emission range. The purpose of HBT
measurements is to determine the carrier lifetime inside
the QW region. Indeed, since a single SEM electron
generates almost instantaneously hundreds of electron-
hole pairs, the subsequent light emission will follow a
super-Poissonian distribution.15 It can be demonstrate
that the temporal extension of this photon bunch is
directly linked to the carrier lifetime. In fact, carrier
lifetime can be estimated from the auto-correlation
function by simply fitting it to an exponential decay.16

The main drawback of the HBT technique is
the requirement the photon bunches do not overlap.
To achieve this, the time between the arrival of two
electrons needs to be significantly larger than the
carrier lifetime. This puts a hard cap on the current,
therefore all the measurements have been done in the
low current regime.

As the extracted local carrier lifetime is propor-
tional to the Internal Quantum Efficiency (IQE), we
can thus directly map the local IQE variation, which is
nearly independent of extraction efficiency (EXE) and
injection efficiency (IE). This is in stark contrast to the
CL intensity, which is also a function of both EXE and
IE.

The HBT setup allows for the carrier lifetime
and the CL intensity to be measured simultaneously.
Therefore, a change in intensity that does not correlate
with a change in lifetime indicates a change in either
extraction or injection efficiency.

Figure 2 (c,d) shows both intensity and carrier
lifetime mapping of a single circular 4 µm µLED. Such
a mapping were acquired using a dwell time of 0.5
seconds per pixel while the time binning was set to
32 ps. The particular µLED shown in the image had
a large intensity for pixels of this size and shape,
30 % above average. In the CL lifetime mapping,
we observe a decrease in lifetime near the edges of
the pixels, evidencing the detrimental role of surface
recombinations on the µLED IQE, and was already
observed by previous studies.9,17 Similar mappings for

multiple µLEDs can be found in the supplementary
materials. The increase in CL intensity near the
edge is attributed to the increased overlap between
the CL excitation area and the active region.17 The
extra brightness of the edge seems concentrated in two
opposing extremes, which is likely an artifact induced
by SEM astigmatism.

Figure 2(c) also shows dark spots in the CL
intensity that do not correlate with a change in lifetime.
Similar results were obtained for all µLEDs. This
suggests a local effect that affects either the EXE or
the IE, but not the IQE.

To determine what type of defect could be
responsible for such dark spots, we then performed
scanning transmission electron microscope (STEM)
imaging on µLEDs. As shown in Figure 2, we were able
to identify the presence of four V-pits within a single
mesa, which drastically affect the heterostructure in
the vicinity of the active region. The density of
the V-pits was not uniform, with all of the V-pits
concentrated in one half of the mesa. Figure 2 is a zoom
in of said area to better display the effect of V-pits on
the heterostructure. We have therefore investigated
the possibility that the V-shaped wells formed around
the dislocations18,19 are at the origin of these intensity
changes.

As proposed by Hangleiter et al.,20 V-pits create
a energy barrier around the local defect. While the
dislocation creates a non-radiative decay path, but e-h
pairs generated outside the V-pit can not reach it due
to the barrier. Meanwhile, e-h pairs created directly
in the V-pit almost instantaneously recombine non-
radiatively on the dislocation19 and do not contribute
to CL intensity. Consequently, they do not influence
the local carrier lifetime. The final result is a de facto
decrease in injection efficiency near the V-pit, as only e-
h pairs outside of it can emit a photon and be detected.

We then estimate the density of V-pits by counting
the amount of dark points in a CL image of a large
non-etched region of the LED. The number of V-pits
was estimated by a program that tested for circular
regions that were both darker than their surroundings
and rotationally symmetrical. This CL image with
the V-pit count can be found in the supplementary
materials. We approximated the density to be around
7.6 ± 0.1 · 108 Vpits · cm−2. This value matches the
amount expected from figure 2 (2±1·109 Vpits · cm−2),
but is larger than previous reports for the expected V-
pit density of InGaN LEDs grown on sapphire, of 1.5 ·
108/cm221 and 3−5 · 108/cm2.22 However, as observed
by,23 the amount of V-pits grows with the number
of layers, so that discrepancy could be explained by
the presence of an underlayer. As observed on the
STEM images, the V-pits cannot be counted by high
resolution SEM nor atomic force microscopy due to the
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Figure 3. Intensity vs lifetime at the center of the µLED for
an acceleration voltage of 10 kV and a current of 14 pA. There
is a low negative of correlation between intensity and lifetime.
There is also a negative correlation between the lifetime and the
pixel size, with smaller pixels having shorter lifetimes.

Figure 4. Spatially resolved CL spectra of two distinct µLED
pixels, with low (left) and high (right) intensity. The pixels were
adjacent, had similar sizes and shapes, and were studied under
the same beam conditions. Figures (a) and (b) show the spatial
distribution of total MQW CL Intensity, figures (c) and (d) show
the average wavelength for the spectra at each point, and (e) and
(f) show the average spectra at the center and edge of the µLED.

conformal growth of the p-GaN layer.

To better understand the influence of such defects
on the efficiency of µLED, we performed HBT
measurements on pixels of multiple sizes. The results
can be seen in figure 3. It is important to note that
both CL intensity and carrier lifetime will depend
on a series of factors, including acceleration voltage
and probe current,18 which were modified for different
measurements to study their effect in the µLEDs.
Hence, only measurements performed under the exact
same conditions (acceleration voltage 10 kV, beam
current 14 pA, room temperature) are displayed in the
graph.

The graph does show a negative correlation (R2 =
0.27) between CL intensity and carrier lifetime, which
is the opposite of what would be expected if the
change in CL intensity was related to an IQE variation.
However, this can be explained by the different sizes
of µLEDs studied. Within pixels of the same size,
the correlation is positive, but smaller pixels have
larger intensity and lower lifetime. The lower lifetime
is probably due to surface recombination, and the
higher intensity indicates that the extraction efficiency
is favored in small µLEDs, due to the extra surface
provided by the sidewalls, as seen by Olivier et al..24

For the smallest pixels, the presence of resonant cavity
modes such as whispering gallery mode may also
contribute to the enhancement of the light emission.25

Light extraction efficiency is a key issue for GaN
LED applications. The reason is the high refractive
index of GaN, of about 2.48. This means the critical
angle for an GaN/air interface is about 24°, which
causes a large part of the light to reflect back inside the
LED. The edge provides a second interface that allows
extra photons to escape, hence the larger luminosity of
smaller LEDs. Different solutions have been proposed
to overcome this low extraction efficiency, like reducing
sample size,26 or the work by Ley et al.,27 which uses
a structure with mirrors on the sidewalls to illuminate
the backside of the LED.

The interaction between surface recombination
and extraction efficiency at difference sizes has
been recently studied by González-Izquierdo et al..26

Notably, their study shows that, in the case of samples
without surface passivation the optimal size is reached
at 5 µm in width, as the effect of surface recombination
surpasses extraction efficiency growth below that size.
In our samples with surface passivation, the effect of
the edge in the IQE is lessened, which means the
optimal size is smaller. In fact, we are unable to
determine optimal size for our µLEDS because our
intensity grows as size decreases up to the smallest size
of 1.2 µm.

Figure 3 demonstrates that there is a variation in
lifetime and intensity from pixel to pixel, even between
similarly sized ones. This variation is particularly
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pronounced in smaller µLEDs. The change in lifetime,
however, is rather small (±20%) compared to the
variation in intensity (±100%), and the correlation
between the two is not significant. This shows that the
differences in IQE between pixels have a small effect on
the intensity compared with injection and extraction
efficiency.

The study done by González-Izquierdo,26 didn’t
observe a meaningful variation in intensity between
similarly sized samples at low temperature. Their
samples were not surface passivated, and the study was
done at low temperature, but none of those differences
should affect the extraction efficiency, since it mostly
depends on the refractive index, which barely changes
for GaN at low T.28 Hence, injection efficiency must
be the underlying source of variation.

Furthermore, as discussed by,26 defect states are
frozen at 10 K. The fact that26 did not find significant
differences in intensity between same-sized pixels and
this study did is consistent with the V-pit explanation.
The larger intesity variation in smaller LEDs also
supports this explanation. The smallest pixels have
a surface of about 1 µm2, so they will contain only
one V-pit on average. Therefore, the number of V-pits
per µLEDs may vary significantly ranging from 0 to a
few, since the pixels were etched post growth. Hence,
despite a high V-pit density, it is statistically possible
to obtain single µLED free from V-pits.

When studying the spatially resolved CL spectra,
we found the µLED properties to range between two
distinct behaviours from these two extreme types of
pixels, which are shown in figure 4.

µLEDs with larger intensity were red-shifted and
brighter in the center, while pixels with lower intensity
were less bright and blue-shifted at the center. The
edge was always blue-shifted, regardless of the kind
of pixel, confirming results by Xie et al.10 and Zhang
et al.,12 which attributed the edge blue-shift to strain
relaxation. Smaller µLEDs have a larger edge to
surface ratio, hence edge emission will represent a
larger fraction of their total intensity. The measured
spectra appear to have two peaks at fixed values, which
we believe are caused by optical resonances. This
is due to the fact that the two peaks appear at the
interference maxima for a 2800 nm GaN layer, and
in fact there was almost no difference in error rate
when fitting the spectra to a single Gaussian with
interference effects versus a pair of Gaussians with
similar interference.

Within individual pixels, red-shifted areas outside
the edge are brighter as well. Smaller pixels are more
likely to be red-shifted, which relates to their larger
range of possible intensities. Smaller pixels and squares
are also brighter than other pixels with similar average
wavelength due to the larger edge to surface ratio.

Figure 5. (a) CL intensity as a function of arithmetic
mean emission wavelength at the center of the µLED for an
acceleration voltage of 10 kV and a current of 0.014 nA. (b)
Arithmetic mean emission wavelength at the center of the µLED
as a function of the µLED area.

Figure 5 illustrates this relation between intensity, red-
shift and size. Average wavelength emission, unlike
intensity or lifetime, was not found to be dependent
on SEM current, hence all the µLEDs are displayed in
Figure 5 (b). The positive correlation seen in figure
5 (a) was similarly observed for different conditions,
which can be found in the supplementary materials.

Since there is no correlation between wavelength
shift and lifetime, there must be a mechanism that
affects the EQE and the spectra, but not the IQE. It
has been observed by Chen et al.29 that V-pits can alter
the emission properties of LEDs during operation, with
wavelength decreasing as total V-pit surface increases.
V-pits cause strain relaxation,30 which could cause a
blue-shift in the surrounding QW emission, similarly
to the edge. Also, as mentioned before, V-pits do not
affect the measured lifetime. These properties match
our observations, supporting the role of V-pits in the
CL intensity variation. Pixels with a larger V-pit
concentration are blue-shifted, as shown by,29 and their
total intensity is lower, due to their detrimental effect
in injection efficiency, since e-h pairs created inside a V-
pit do not contribute to intensity, as per,19 explaining
the correlation seen in figure 5.

Figure 5 shows that both the total intensity and
emission wavelength change significantly from pixel to
pixel in the smaller µLEDs, while averaging out on
the bigger ones. The number of V-pits inside a single
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µLED therefore needs to variate a lot from pixel to
pixel for our explanation to be correct. Figure 5 (b)
also shows that smaller samples are overall blue-shifted
in relation to larger ones. This can be explained by the
edge blue-shift observed in figure 4. Smaller samples
have a larger contribution from the edge to their total
intensity, even when exciting e-h pairs outside the edge,
due to both carrier mobility and the excitation volume
of the electron beam.

The rather low amount of V-pits inside single
µLEDs means that variance on their concentration
between samples will be large, specially on smaller
pixels. This matches the results from figure 5, which
shows a larger intensity and wavelength shift between
smaller µLEDs. Hence, V-pits are the most likely
candidate for the source of CL intensity variation
between pixels.

As a final test to the V-pit explanation for the
emission heterogeneity between µLEDs, we decided
to study the relationship between their concentration,
intensity and wavelength. Since V-pits can have
different sizes, as shown in the additional materials,
we decided to estimate the fraction of the total surface
of the LED they represented. In order to do this we
considered that a point within the CL mapping of a
µLED was a V-pit if its intensity was less than 95%
of the average emission of the µLED. The additional
materials show examples of this selection process.

Figure 6 shows the correlation between this
percentage and both intensity and wavelength. The
smallest µLEDs were not included due to the difficulty
of measuring the V-pits due to their large effect on
average intensity, since a large V-pit could fully cover
a small sample. The trend is clear: Darker µLEDs are
not uniformly darker, they are darker on only some
parts of their surface. Similarly, blue shifted µLEDs
have a larger percentage of darker regions. Both of
these results match the V-pit explanation.

V-pits are usually considered a desirable defect
for large nitride LEDs.31 First, they do not affect
the EQE because of the potential barrier between the
active region and the dislocation. Second, they can
even improve the wall plug efficiency by lowering the
forward voltage in InGaN/GaN LEDs due to lateral
hole injection.32 In contrast, our results show that,
for µLEDs, V-pits can induce a color and intensity
variation from pixel to pixel, which may be caused by
strain relaxation.

4. Conclusion

We have studied the properties of a large number
of µLEDs using spatially resolved and time-correlated
CL. We have found that light emission can change by
a factor of two between seemingly identical µLEDs.

Figure 6. (Top) Average wavelength and (bottom) Percentage
of V-pit surface in pixel (defined as percentage of µLED pixel
surface with intensity below 95% of average LED intensity).

We have mapped the lifetime of multiple pixels and
found no correlation within single µLEDs between
lifetime and intensity. This points out to a significant
variation in either extraction or injection efficiency
within individual pixels. The source of this variation
has been attributed to differences in the V-pit number
between pixels.

Between different µLEDs, variations in intensity
were correlated with a change in wavelength at the
center of the pixels, with less bright µLEDs blue-
shifted. This blue-shift has also been attributed to the
increased concentration of V-pits due to its negative
correlation with CL intensity. This matches previous
observations on the effect of V-pits on emission
wavelength. Smaller pixels had a higher range of
possible values for intensity, lifetime, and red-shift,
which has been attributed to the larger expected
variance on the amount of V-pits.
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