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Mapping of the Electrostatic Potentials in a Fully Processed
Led Device with nm-Scale Resolution by In Situ off-Axis
Electron Holography

David Cooper,* Christophe Licitra, Younes Boussadi, Badhise Ben-Bakir,
and Bruno Masenelli

The optoelectronic properties of a fully processed red emitting AlGalnP
micro-diode device is measured using standard I-V and luminescence
measurements. A thin specimen is then prepared for in situ transmission
electron microscopy analysis by focused ion beam milling, then the changes
of electrostatic potential as a function of applied forward bias voltage are
mapped by off-axis electron holography. We demonstrate that the quantum
wells in the diode sit on a potential gradient until the threshold forward bias
voltage for light emission is reached; at which point the quantum wells are
aligned at the same potential. From simulations, a similar effect for the band
structure can be demonstrated, where the quantum wells are aligned at the
same energy level, and contain electrons and holes that are available for
radiative recombination at this threshold voltage. We demonstrate that
off-axis electron holography can be used to directly measure the potential
distribution in optoelectronic devices, and is a powerful tool to help better

Whereas LED efficiency has been con-
tinuously improved over the years, their
miniaturization at the micrometer size
is challenging as the pixels are more
susceptible to edge effects which de-
grade their quantum efficiency and in-
crease leakage current.>! Tt is thus es-
sential to be able to identify and map
not only edge defects but those that ap-
pear in the bulk of the devices in or-
der to estimate and distinguish the im-
pact of each type and remove them. Of
prime importance are the structural de-
fects such as threading dislocations or
antiphase boundaries.”#IThese are ex-
tended defects that usually result from a
lattice mismatch or surface roughness of

understand their performance and to improve simulations.

1. Introduction

Light emitting diodes (LEDs) are widespread in daily life, from
indoor and outdoor domestic lighting, flat panel displays and
data communication. They are currently being developed for vir-
tual reality applications (micro-LEDs),!"] or for sanitization.[>*l
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the substrate. They can extend through

the active region, through multiple quan-

tum wells (QW) and quench the radiative
recombination. Such defects can be observed relatively easily us-
ing transmission electron microscopy (ITEM). However, point de-
fects such as vacancies or interstitials are more difficult to image.
These defects often behave as charge traps and may modify the
electrostatic potential within devices as such it would be desir-
able to measure their impact on the operation of a device. Off-axis
electron holography is a TEM based technique that measures the
phase of the electrons that have passed through a region of in-
terest. As the phase of an electron is sensitive to the electrostatic
potential, then this is a unique method of locally measuring the
potential at the required spatial resolution.

Much effort has been devoted to study the composition and
geometry-related defects in LEDs using standard TEM.[>12]
Pioneering studies to measure the potentials in IIIV materials by
electron holography were performed > 20 years ago with poor sta-
bility of the TEMs, less powerful computing resources and most
importantly before the widespread use of dual-beam focused ion
beam (FIB) milling tools for specimen preparation.l'3*l For GaN
QW structures, a combination of different advanced analysis
modes provided by TEM and performed in parallel with electron
holography has proven valuable to map the polarization fields
and strain in relation with composition inhomogeneity.[!>1°]
Today it is possible to revisit these experiments with more
powerful microscopes, better processing tools and routine FIB
preparation.l?*-22] However, more importantly, all previous exam-
ples in the literature are observations of static LED devices. To be

© 2023 The Authors. Small Methods published by Wiley-VCH GmbH
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Figure 1. a) The intended structure of the AlGalnP diode. b—d) HAADF images and e) EDX profiles across the region of interest. (The HAADF STEM
and EDX were performed on a separate region of the specimen after the holography experiments to avoid damaging the specimen).

able to understand better how these devices work and improve
them, it would be advantageous to be able to directly measure
the electrostatic potential dynamically during electrical biasing
with nm-scale resolution. This would allow one to see how the
internal potentials in the device are affected by the presence
of defects during operation and infer how the charge flow is
affected.

In these experiments, a fully processed 56 um-sized Al-
GalnP micro-LED device has been characterized ex situ using
current—voltage-luminance (IVL) measurements and photolu-
minescence (PL) to observe the diode behavior and light emis-
sion. A TEM specimen was then prepared from the micro-LED
and the electrostatic potential was observed dynamically during
operation by off-axis electron holography. The measurements of
the potential were then compared to simulations to better un-
derstand how the potential affects the radiative recombination in
the device. The micro-LED chosen for these studies was a device
with known good opto-electronic properties such that the results
by electron holography could be more easily interpreted.

1.1. Standard Device Characterization

One of the advantages of using TEM to perform characterization
is its versatility. It is possible to make atomic resolution struc-
tural mapping by aberration corrected high angle annular dark
field (HAADF) imaging and compositional mapping by energy
dispersive X-ray spectroscopy (EDX) to verify that the device was
as expected. Figure 1a shows a schematic of the micro-LED device
examined.[?*! Figure 1b-d shows HAADF images at increasing
magnification demonstrating that the GalnP quantum wells have
the correct dimension, but also have a wavy structure. Figure 1d
demonstrates the growth quality and crystalline properties of the
QWs. Figure le shows an EDX measurement of the metal frac-
tion composition, revealing that Al is present in the QWs which
was unintended.
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The electro-optical properties of the device are shown in
Figure 2. A sequence of images of the diode at 2.0, 3.0, and 4.0 V
can be seen in Figures 2a—c, respectively. The position of the
region of the diode that was examined by TEM is indicated in
Figure 2a. It can be seen that at 2.0 V the emission is even across
the device, even though it is relatively low. Once 3.0 V is reached,
the regions that are closer to the cathode regions reach saturation,
while the regions in the center of the diode exhibit lower emis-
sion. This is directly related to the inhomogeneous spreading of
the electric field in the device.**) The electric field, and therefore,
the charge carrier injection are higher close to the electrodes. At
a forward bias of 4.0 V, the whole device is emitting near satura-
tion. Figure 2d shows the ex situ measurements of the IV char-
acteristics and luminance of the device. Here it can be seen that
the diode begins to draw current at a forward bias voltage of 1.0V,
but light emission does not occur until a threshold voltage of >
1.5 V. Finally, Figure 2e shows the measured emission spectra of
the diode compared to simulations from the expected structure
indicating a red shift of 15 nm due to both the influence of the
mis-orientation of the GaAs substrate and waviness of the QWs
in the micro-LEDs.

1.2. Specimen Preparation

Figure 3a—f shows scanning electron microscopy (SEM) images
of the specimen as it was prepared by FIB milling. A chip con-
taining many devices was loaded into the FIB and a device with
known good properties was selected for preparation. An electron
transparent lamella was extracted from along the center of the
device using in situ lift out. To reduce damage of the surfaces,
the FIB was operated at 16 kV. The specimen was then welded
using W deposition to a dedicated chip for in situ biasing in the
TEM by ion beam assisted deposition (IBAD). A parallel-faced
355 nm thick specimen was then prepared for observation by
electron holography. Isolation cuts were made in the indicated

© 2023 The Authors. Small Methods published by Wiley-VCH GmbH
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Figure 2. a—c) Images of the diode at forward bias voltages of 2.0, 3.0, and 4.0 V, respectively. d) Measurements of the IV and luminance of the diode
performed ex situ. €) Simulated and measured emission spectra from the device.

regions such that the voltage could be applied to the top and
bottom electrodes without short circuits occurring. The choice
of using a very thick sample was made to reduce effects arising
from surface damage and charging which can dominate the mea-
surement of the potentials in thin specimens.[’] A second re-
gion indicated in Figure 3f was further thinned to 150 nm for
HAADF STEM and EDX observation. The regions of interest
were then cleaned using 2 kV Ga ions to reduce the conducting
Ga-implanted surfaces. Figure 3g shows a HAADF STEM image
of the region of sample that was observed by electron holography.
After all the TEM experiments, we successfully verified that the
micro-LED was still emitting light.

1.3. Off-Axis Electron Holography

A schematic of off-axis electron holography is shown in
Figure 4a.?l A coherent electron wave that passed through
the specimen is interfered by a positively charged electron
biprism with a reference wave that has passed through vacuum.
From the position of the fringes, the phase of the electrons can be
recovered by using a simple Fourier reconstruction technique. If
the specimen is tilted from a zone axis to reduce the dynamical
diffraction effects, then the change in phase is directly propor-
tional to both the Mean Inner Potential of the material (Vy,;;) and
variations of the electrostatic potential arising from the presence
of active dopants (Vyopu). The measured change in phase is
given by,

t

AD = CE/ (Vdopant + VMIP) dZ (1)
0
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where t is the thickness of the specimen and Cj is a constant
equal to 0.0073 rad-nm~"-V~! for 200 kV electrons.!?’] The MIP is
the volume averaged electrostatic potential of a material.?®! This
is an intrinsic property which depends on the composition, struc-
ture, strain and bonding. The values of V), can be obtained ei-
ther by the independent atom model,?°! or by density functional
theory (DFT) calculations that account for bonding.[*! The exact
values of the Vyp are difficult to obtain experimentally due to
problems in measurement of the absolute phase change of the
electrons in real materials that are not weak phase objects.*!) Ex-
perimental measurements do exist and are 14.4 and 14.5 V for
GaP and InP, respectively.??] In addition, DFT calculations have
been used to obtain values of 11.39 for AIP, 13.6 for GaP and 13.9
for InP.[>*] These values suggest that a higher MIP is expected to
be measured in the InGaP QW structures compared to the Al-
GalnP interlayers that will allow the “brighter” QWs to be easily
identified during the electron holography experiments. An addi-
tional consequence of the MIP is that its magnitude is typically an
order of magnitude higher than the expected signal from active
dopants. As such, a high quality parallel-sided and flat lamella
specimen is required to avoid changes in the MIP dominating
the measurements.

It is important to consider the effect of specimen preparation
on the experiments. It is well known that the use of high en-
ergy Ga ions during FIB preparation will modify the specimen
surfaces by forming both Ga implanted conducting amorphous
layers,[**-3%] and near surface layers that have high concentrations
of defects that can lead to inactive dopant atoms.[**] The charging
of these defected layers lead to the presence of depletion regions
at the surfaces of the samples.[*!] This are known as the inactive
thickness that leads to a measured step in potential that is less
than expected from theory. The presence of these inactive layers

© 2023 The Authors. Small Methods published by Wiley-VCH GmbH
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Figure 3. SEM images of the key steps during specimen preparation in the FIB. a) The chip containing many devices is loaded into the FIB and b) the
device of interest is located. c) The region under the top metal cathode is isolated and d) removed for TEM observation. e) The lamella is welded to a
dedicating chip for in situ biasing using metal deposition. f) Shows the region indicated by the dashed rectangle in (e), FIB cuts are made to isolate
the top and bottom contacts such there is no short circuit across the region of interest. Here a thick region was electrically isolated for the electron
holography experiments and a thinner area indicated was also milled for measurements of the structure and chemistry by HAADF STEM and EDX. g)
Shows the region indicated by the dashed rectangle in (f). In this case a HAADF image of the finished sample and the entire region that was available
for measurement is shown. The electron holograms were acquired from the center of this region.
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Figure 4. a) Schematic of electron holography. b) Low magnification image of the specimen attached to the biasing chip. The electron hologram can be
seen by the bright stripe. c) A reference electron hologram d) and detail with a field of view of 770 nm and fringe spacing of 1.6 nm. e) Profiles taken
across the reference hologram. f) Detail of object electron hologram through the 355 nm thick specimen.
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Figure 5. a—f) Potential maps of the micro-LED device at selected forward bias voltages.

make electron holography difficult to quantify, especially as it
is dependent on the material, the dopant concentration and of
course the energy and species of the ions used.[*>*] In addition,
the potentials measured in doped specimens can be higher when
they are electrically contacted as this allows the electron beam
induced charging to be removed.”] In general, the authors
avoid quantifying the measured potentials and prefer to make
relative measurements comparing results acquired from similar
specimens.

The second effect of specimen preparation is that the specimen
surfaces can be conducting which means that current can flow ei-
ther side of the diode in the TEM specimen. Therefore, this needs
to be limited to as much as possible. The parallel resistance on
either side of the specimen will not change how the potential is
applied across the diode, but if it isn’t controlled then the sample
will draw too much current and can be damaged from heating.
The key is to avoid resistances in series, which would lead to
only part of the total potential being applied across the region of
interest.

There is no systematic study of the electron holography arte-
facts in AlGaInP in the literature. In these experiments, low
energy ions were used for preparation, then the surfaces were
cleaned at 2 kV. From these observations, the inactive thickness
for the AlGaInP seems to be low due to the high dopant concen-
trations and perfect cubic structure of the specimen. The effect of
the surfaces has also been limited by using a very thick specimen.
Finally, the specimen preparation geometry has been carefully
optimized to limit the conductivity of the surfaces and potential
short circuit paths. The inset in Figure 6a shows the IV character-
istics measured in situ. After preparation for TEM examination, a
small amount of current flow is measured at reverse bias voltages
which is from surface damage.[*”]

Figure 4b shows an image of the specimen in the electron
microscope at low magnification. The bright line is the electron
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hologram which arises from the overlapping of the electron wave
each side of the biprism. Figure 4c shows a reference electron
hologram with a fringe spacing of 1.6 nm and Figure 4d a magni-
fied region showing the fringes. The electron counts and contrast
of the hologram that was acquired for 8 seconds can be seen in
Figure 4e. Here, 180 electrons (e~) have been detected on a pixel
of size 0.188 nm? which corresponds to a low beam current of
6.3 e"A=257". Figure 4f shows a detail of an electron hologram
taken from the region of interest. It is clear that by looking at the
355 nm thick specimen using 200 kV electrons and a low beam
current, not enough electrons are detected to clearly observe the
fringes. This problem can be solved by acquiring a stack of elec-
tron holograms, which are then combined to provide phase im-
ages with higher sensitivity. In these experiments, stacks of 16
electron holograms, each acquired for 8 seconds were used to
provide potential maps with a useful signal to noise ratio.[*®]
Stacks of electron holograms were acquired of the region of in-
terest from 0 to 3.5 V applied forward bias in steps 0of 0.25 V, then
a final hologram was acquired back at 0 V. The phase images were
then used to calculate potential maps with a spatial resolution of
5 nm given by the size of the mask used during the reconstruc-
tion. As the inactive thickness is unknown for AlGalnP, the mea-
sured potential maps will not be accurate. However, the relative
changes in potential can be compared, which is one of the advan-
tages of performing in situ electrical biasing. Figure 5a—f shows
potential maps of the region of interest for selected applied volt-
ages. As expected, the QWs can be observed as the bright lines
arising from the differences in MIP between GalnP and AlGaInP
layers. The dark contrast at the bottom of the maps arises from
active p-type dopants in the AlGaInP and the bright contrast at
the top from the n-type doped AlGalnP region. To account for
the slow changing fields that occur above and below the speci-
men as it is biased, the potential has been flattened in the p-type
region. At 0 V bias a large step in potential can be observed across

© 2023 The Authors. Small Methods published by Wiley-VCH GmbH
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Figure 6. a) Potential profiles as a function of applied forward bias voltage. The IV characteristics of the thin TEM sample are shown in the inset. b)
The potential profiles acquired at various voltages with the 0 V profile subtracted to show only the electrical changes in the specimen and remove
the contributions of the mean inner potential and artefacts from specimen thickness changes and dynamical diffraction. The position of the QWs are

indicated. The forward bias values are in V.

the QW structures and at increased forward bias voltage this step
in potential is reduced.

2. Results and Discussion

The potential profiles averaged from the region indicated in
Figure 5a are shown in Figure 6a. These reveal more clearly the
reduction in potential across the QWs as the forward bias volt-
age is increased until a saturation is reached at 2.25 V. This is
in agreement with the images of the diode emission shown in
Figure 2a—c which suggest that the region of the diode examined
in the experiment under the electrical contact reaches saturation
between 2.0 and 3.0 V.

The gradient in the potential profiles for the top n-type region
is due to the unintended presence of dynamical diffraction, which
was difficult to observe in the specimen before data acquisition
due to its thickness and the low electron beam current that was
used. The inset in Figure 6a shows the IV characteristics of the
diode after FIB preparation indicating that it still behaves as a
diode. Although the electrical characteristics have been modified,
for example the presence of a current at reverse bias which flows
in parallel across the residual surface damage, we can observe
that the diode begins to conduct current at 1.0 V in agreement
with the ex situ measurements. In terms of the potential profiles,
Figure 6a also shows that at 1.5 V which is just before the onset
of emission in the ex situ measurements there is still a slight po-
tential gradient across the QWs. A key point is that the potential
across the QWs becomes flat at 1.75 V which is the voltage at
which the micro-LED begins to emit light.

To remove the contributions of the MIP and artefacts from dy-
namical diffraction, it is possible to subtract each potential profile
at forward bias from the initial 0 V profile that was acquired be-
fore biasing. Figure 6b shows the reduction in potential across
the p-n junction as a function of applied forward bias voltage.
Here it can be seen that change in the step in potential increases
relatively quickly until 0.5 V, then more slowly up until a voltage
of 1.5 V which corresponds to the voltage where emission occurs.
After this, larger changes in potential are observed until satura-
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tion at 2.25 V. An additional observation is that the forward bias
changes the step in electrical potential across the QWs arising
from the active dopants, however, no absolute change of poten-
tial is observed in the QWs themselves showing that the applied
forward bias voltage only affects the free carriers associated with
doping in the micro-LED device.

From the nominal alloy concentrations, the MIP calculated
from the DFT simulations is expected to be 13.0 V for the
Alj 3Gy 15Iny s P pand ntypelayers, 13.2'V for the Al ,s G, ,5In, s P
undoped layers either side of the QWs and 13.7 V in the
Gy 39Iny ;P QWs. Figure 6a shows a step in potential, indicated
by the dashed line 0of 0.2 +/— 0.05 V between the doped p-type re-
gion and the undoped region, suggesting directly from the MIP
that the alloy composition of the diode is as expected. From the
DFT calculations a potential difference of 0.5 V would be expected
between the QWs and the QBs. However, a value of 0.25/— 0.05 V
is measured which can in part be explained by the EDX results
that reveal the presence of Al in the QWs and by the spatial reso-
lution of the technique compared to these regions of interest.

To help the interpretation of the measured potentials in the de-
vice, simulations were performed. Here the band structure is im-
portant as it takes into account various properties including the
potential profile arising from the active dopants and the offsets
from the different layers. Electron holography does not measure
the band offsets, but the differences in MIP indicate clearly the
position of the QWs in relation to the distribution of potential
arising from the active dopants. Figure 7 shows the simulations
of the conduction band compared to the negative of the potential
profile, which we use for qualitative visualization of the experi-
mental results where,

1
V=—-=F 2
= q ()

and g is the charge on an electron and E is the potential en-
ergy in eV. Figure 7a shows the negative potential profile and a
gradient is observed across the QW structures at a forward bias
voltage of 1.5 V just before light emission was observed in the
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Figure 7. a) The negative of the measured potential profile measured at 1.5 V by electron holography. b) Simulations of the band energies at a forward
bias voltage of 1.5 V just before light emission. c) Simulations of the electron density at 1.5 V. d) Negative of the potential profile measured at 1.75 V.
e) Simulation of the band energies at a forward bias voltage of 1.75 V above the light emission detection by ex situ measurements. f) Simulation of the
electron density at 1.75 V. g) Negative of the potential profile measured at 2.0 V. h) Simulation of the band energies at a forward bias voltage of 2.0 V
which is above the theoretical emission voltage for a diode of 635 nm. i) Simulation of the electron density at 2.0 V.

ex situ measurements. Here, the offset of the measured poten-
tial at the top of the device has been fixed at the value given from
the simulated conduction band. The simulated conduction band,
E_, the Valence band E, and the electron and hole Fermi levels, F,
and F,, respectively at a forward bias voltage of 1.5 V are shown
in Figure 7b. As observed in the experimental results, a positive
gradient going from the bottom toward the top of the device can
be seen which would prevent the injected electrons from reach-
ing the QWs. In order for the device to emit light, both electrons
and holes are required to be present in the QWs to provide radia-
tive recombination. Figure 7c shows a simulation of the electron
density in the structure at a forward bias voltage of 1.5 V and few
electrons are observed in the QWs, the maximum value being 2 x
10" cm™3 in the first QW and then much fewer in the subsequent
ones.

Figure 7d shows the electron holography results at a forward
bias of 1.75 V which is just above the threshold voltage needed
for light emission from the ex situ opto-electrical measurements.
Here the QWs are aligned at the same value of potential. The sim-
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ulations for a forward bias voltage of 1.75 V are in agreement and
show that the QWs are aligned at the same energy and the elec-
tron Fermi level now cuts the conduction band. The simulation
of the electron density shown in Figure 7f now reveals an average
concentration of 6.2 x 10' cm~3 electrons in all of the QWs. The
simulations of the hole density that are not shown here show the
same trend with a value of 5.5 x 10" cm™.

From the Planck equation, an applied voltage of 1.95 eV is re-
quired to obtain the expected 635 nm emission.l*’] Therefore at
bias voltages of 1.50 and 1.75 V, additional thermal energy is also
needed for the carriers to reach the QW. At 1.50 V the electrons
and holes statistically have little chance of reaching the QWs,
whereas at 1.75 V, even though the hole Fermi level doesn’t yet
cut the valence band, there are sufficient carriers due to thermal
excitation in the QWs to provide detectable light emission.

The important observation in this multi-QW system is that at
1.75 V the bands are flattened which means that all of the wells
will statistically have the same population of carriers within them
as they are all equally close to the Fermi levels. We can observe

© 2023 The Authors. Small Methods published by Wiley-VCH GmbH
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from Figure 7b, which shows the simulations of the energy bands
at a forward bias voltage of 1.5 V, for the single QW at the top
of the device, the valence band is close to the hole Fermi level,
but the conduction band is far from the electron Fermi level.
Whereas, for the QW at the bottom of the device the conduction
band is closer to the electron Fermi level but the valence band
is far from the hole Fermi level. In Figure 7e, which shows the
bands at 1.75 V, the alignment, or flattening of the bands means
that all of the QWs are close to the Fermi levels and thus radiative
recombination can occur in all of the QWs simultaneously.

Finally, Figure 7g shows the electron holography results for
a forward bias voltage of 2.0 V which is now above the theo-
retical threshold for emission. From the simulations shown in
Figure 7h, we can see that the conduction band cuts the electron
Fermi level, and the valence band is very close to the hole Fermi
level. Now the emission of the diode is strong which can be seen
in Figure 7i where simulations suggest that a carrier density of
3.1 x 10 cm~3 electrons (and 3.0 x 10 cm ™~ holes) in the QWs
is expected.

3. Conclusion

Thus, we have demonstrated that off-axis electron holography can
be used to provide dynamic measurements of the electrostatic
potential with nm-scale resolution of a fully processed micro-LED
device that has been operated in situ in the TEM. The interplay
between the doped regions relative to the quantum wells is key
in order to understand the efficiency of the device relative to the
injection current. By measuring the local potentials in the active
area as a function of forward bias it has been possible to observe
the alignment of the quantum wells in the device as it begins
to emit light and confirm these observations by simulation. This
alignment is key in multi QW systems in order for the Fermi level
to cut the conduction and valence bands simultaneously in all the
different wells at the lowest forward bias voltage possible.

The ability to observe the potentials in situ during device de-
velopment will allow better understanding of malfunctioning de-
vices or failure analysis, to investigate the effects of doping, or to
look at differently performing regions in the same device, such
as edge effects and performances close and far from electrical
contacts. In this case, a simple red micro-LED with known good
properties has been examined directly under the cathode region,
and the results are remarkably coherent with both the electro-
optical measurements and the simulations. Using these meth-
ods, it will now be possible to assess the distribution of potentials
across the electrical junctions in different opto-electronic devices,
to visualize the discrepancies between current onset and the lu-
minance onset or the presence of charge trapping in defective
regions. More complicated structures, such as quantum cascade
lasers (QCL), vertical cavity surface emitting lasers (VCSELS) or
even tunnel-junction LED structures could be also examined.

Off-axis electron holography measures the differences in MIP
(volume-averaged potential) in the specimen in the different re-
gions of the diode. It also contains information about the dop-
ing, the effects of strain and for polar materials, the piezoelec-
tric potentials and the corresponding Stark effect. In this work
we observe a qualitative match between the simulated conduc-
tion band and the negative of the potential profiles. However,
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we intend to extend this work to understand if the experimen-
tal measurements of the potentials can be taken further to help
interpret and calculate values of the band-offsets. The goal being
to obtain a more accurate understanding of the complex inter-
play between dopants, piezoelectric fields and strain in different
materials, their effect the conduction band and properties of the
device.

From the point of view of the experimental work, improve-
ments in the signal to noise ratio can still be expected from bet-
ter, larger and more efficient detectors and by acquiring larger
hologram stacks. In addition, a full assessment of different ion
species!“>*! for specimen preparation needs to be performed in
order to optimize the applied biasing in the TEM. Ideally these
experiments would be fully automated which would allow the ac-
quisition of larger and more complete data sets and allow these
experiments to be performed more routinely.

4. Experimental Section

Device Processing: AllnGaP/InGaP based hetero-structures were
grown by metal organic chemical vapour deposition on 10° off-axis [100]
GaAs substrates. The process starts with the transfer of red emitting
epilayers onto receiving Si substrates. The Si substrates were metallized
with Ti bonding layer deposited by physical vapour deposition and fol-
lowed by chemical-mechanical polishing to enable planarization. Then the
GaAs substrate and the sacrificial layers were removed by highly selective
wet etching techniques. The remaining thickness of the hetero-structure
was &~ 900 nm as shown in Figure 1. The device fabrication begins with
the deposition of Ti/Pt as a p-type contact in a square-like geometry by
e-beam evaporation. The definition of the mesa structure then ensues
with successive deposition of a SiN/SiO, bilayer hard mask (HM) by
plasma-enhanced chemical vapor deposition (PECVD). The bi-layer
HM was subsequently etched by CHF; and SFg-based induced coupled
plasma (ICP). Thereafter, the I1I-V hetero-structure was etched down to
the Ti bonding interface with a SiCl,/Ar-based plasma. The remaining
HM was removed by dry etching. Next, the devices were passivated by a
PECVD-SiN layer, which was later selectively etched with SF¢-based ICP.
This passivation allows for the Ti/Au-based deposition for both contacts
in the PECVD chamber.

Opto-Electrical Characterization: IVL measurements were performed
using a Keithley 2410 SMU. The luminance was measured with a 1 cm?
Hamamatsu photodiode placed above the micro-LED. The micro-PL signal
was measured with a 514 nm laser excitation through a 10x objective and
a Horiba LabRAM HR spectrometer.

Transmission Electron Microscopy: HAADF STEM and EDX experi-
ments were performed using a probe FEI Titan Themis operated at 200 kV.
The EDX data was quantified using the Cliff-Lorimer method. Here the
metal fraction (Al, Ga, In) was quantified as the Nitrogen edge at 420 eV
was strongly affected by absorption. The off-axis electron holography ex-
periments were performed using a FEI Titan Ultimate operated at 200 kV
combined with the use of a low beam current to avoid damaging the
specimen. The stacks of electron holograms were reconstructed using the
Holoview software that was written at CEA LETI. To calculate the electro-
static potential from the phase, the specimen thickness was measured by
convergent beam electron diffraction. More details about the specimen
preparation and off-axis electron holography experiments were given in
the main body of this manuscript as this was the focus of this work.

Simulations: These were performed using the commercially available
Synospys LaserMod software. The input was taken from the design of the
micro-LED. The electron-hole band structures were calculated via a KP per-
turbation theory providing information about the density of states, as well
as energy and strength of optical transitions. In our study, quantum wells
were assumed to be square, uncoupled and identical. The simulations
were for bulk material and do not take into account the surfaces of the
thin TEM specimen.
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