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Relaxation of tensile strain in AlGaN heterostructures grown on GaN template can lead to the formation of
cracks. These extended defects locally degrade the crystal quality resulting in a local increase of non-radiative
recombinations. The effect of such cracks on the optical and structural properties of core-shell AlIGaN/AlGaN
multiple quantum wells grown on GaN microwires are comprehensively characterized by means of spectrally
and time-correlated cathodoluminescence (CL). We observe that the CL blueshifts near a crack. By performing
6x6 k.p simulations in combination with transmission electron microscopy analysis, we ascribe this shift to
the strain relaxation by the free surface near cracks. By simultaneously recording the variations of both the
CL lifetime and the CL intensity across the crack, we directly assess the carrier dynamics around the defect
at T' =5 K. We observe that the CL lifetime is reduced typically from 500 ps to less than 300 ps and the CL
intensity increases by about 40% near the crack. The effect of the crack on the optical properties is therefore
of two natures. First, the presence of this defect locally increases non-radiative recombinations while at the
same time, it locally improves the extraction efficiency. These findings emphasize the need for time-resolved

experiments to avoid experimental artifacts related to local changes of light collection.

Efficient ultra-violet (UV) light sources are used in
many applications related to spectroscopy, photopolymer
curing, water purification, medical treatment and disin-
fection. Compared to traditional UV lamps, II-nitride
UV light emitting diodes (LEDs) present a number of ad-
vantages such as compactness, long lifetime and are Hg-
free.! However, despite a significant research effort in the
past two decades, the external quantum efficiency (EQE)
remains rather low (below 20 % in the UV-C range?).
The factors limiting their EQE are manifold: influence
of extended and point defects,? poor p-doping efficiency*
and modest light extraction.’

To overcome some of the inherent limitations of planar
c-plane LED architectures, the use of nanowire-based UV
LEDs has recently emerged.® They already offer some key
advantages: higher Mg solubility leading to a more effi-
cient p-doping in the deep-UV”® and a drastic reduction
of extended defects.” A particularly promising approach
is based on m-plane core-shell wires.'%*> In this geome-
try, the absence of the quantum confined Stark effect and
the increased emitting area contribute to the mitigation
of the detrimental effects that appear at high carrier den-
sities. Furthermore, core-shell wires have already been
used to develop flexible LEDs,'¢ this configuration could
then lead to flexible UV LEDs.

In a core-shell microwire, the emitting dipole is usu-
ally coupled to a guided mode where the wire itself acts
as a waveguide.!” As a consequence, for UV emitters,
the light extraction could be severely altered due to the
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detrimental GaN core parasitic absorption. To circum-
vent this issue, one approach is to use an AIN inner
core.' However, with such a design, the electrical in-
jection is challenging. Hence, to combine electrical injec-
tion and low absorption losses, a solution is to grow an
AlGaN cladding shell to protect the guided mode from
inner core absorption losses. To be efficient in the deep
UV emission, this cladding layer has to be both Al-rich
and thick enough. Under these conditions, and as al-
ready observed for planar layers, this often leads to crack
formation.'® Therefore, it is crucial to investigate the in-
fluence of cracks on the optical properties of the active re-
gion. To do so, a preferred technique is cathodolumines-
cence (CL) spectroscopy.'??’ However, CL spectroscopy
does not allow to separate changes in light extraction ef-
ficiency (LEE) and in internal quantum efficiency (IQE).
To overcome these limitations, time-resolved CL (TR~
CL) techniques have been proposed.??2

Here, using a spatially resolved time-correlated CL
(SRTC-CL) setup,?*?* we probe the carrier dynamics
near cracks in core-shell GaN/AlGaN microwires with
a spatial resolution of 50 nm and a temporal resolution
better than 40 ps (see supp. material Sec. III for de-
tails about the timing resolution estimation). We obtain
the distributions of emission peak energies, CL lifetimes,
and CL intensities around such a defect. By comparing
our experimental data with a 6x6 k.p Schrodinger sim-
ulations, we are able to explain the observed behaviors.
These results give precious information about the car-
rier dynamics around cracks and confirm the relevance
of such a technique to elucidate the influence of defects
on III-nitride nanostructures.
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FIG. 1. (a)-(b) 45°-tilted SEM image of GaN wires covered
with Al-based MQWs grown on c¢-sapphire substrate. (b) En-
larged view near the wire top with presence of multiple cracks.
(¢) HAADF-STEM longitudinal cross-section near a radial
crack.

The studied GaN microwires with core-shell AlGaN
heterostructure were grown on c-plane sapphire sub-
strates by metalorganic vapor-phase epitaxy (MOVPE).
The wires are mainly N-polar but may exhibit polar-
ity mixing. The growth is initiated with a heavily n-
doped (10%° cm~3) GaN wire core grown under high
silane flux (=~ 200 nmol.min~'), which favors the vertical
growth.?> Then, an undoped GaN section is grown. The
shell, which preferentially grows on the undoped GaN
core, starts from an unintentionally doped GaN spacer
(= 150 nm) to bury the contamination surface layer.?®
Then, the active region containing five AlGaN/AlGaN
quantum wells (QWs) is grown at 950°C under N
(100 mbar) with a V/III ratio close to 1000. The Al-
content in the barrier has been estimated to be around 70
+ 10%, while the Al content is close to 45 + 5% in QWs
(estimation based on X-ray diffraction performed on c-
plane AlGaN layers grown under identical conditions).?”
Figure 1 (a) displays a 45°-tilted scanning electron mi-
croscopy (SEM) image of typical as-grown wires. Due to
the large lattice mismatch between the GaN core and the
Al-rich AlGaN shell, we observe the formation of cracks
for most of the wires (Figure 1(b)).

In a core-shell geometry, the strain is mainly enhanced
along the c-axis (c,.).1*?® For this reason, these cracks
preferentially form perpendicular to the c-axis, along the
a-axis. To precisely determine the structural proper-
ties of these defects, longitudinal cross-sections have been
prepared by focused Ga-ion beam using a STRATA 400S
equipment and observed by scanning transmission elec-
tron microscopy (STEM) using a FEI-Tecnai microscope
operated at 200 kV. Figure 1(c) shows a cross-section
STEM image allowing to deduce the QW and barrier
thicknesses, respectively equal to 4+1 nm and 10+1 nm.
We observe that the crack runs through the entire AlGaN
heterostructure and terminates in the GaN spacer. The
thickness of the heterostructure does not seem to be af-
fected by the presence of the crack. EDX measurements
have also been performed, showing no significant varia-
tion in the Al-content (see supp. material Sec. VII). This
suggests that cracks appear at the end of the growth or

upon cooldown.?”

To probe the influence of cracks on the optical prop-
erties, we performed 5K-CL measurements. First, mi-
crowires are mechanically dispersed on SiO3/Si sub-
strates. For each wire, CL spectra are acquired in the
3.7-4.9 eV energy range with a 2 kV acceleration voltage
and a dwell time of 10 ms. Monte Carlo simulations allow
us to estimate the statistical distribution of the electron
penetration depth.® In this given configuration, only the
first three QWs are expected to contribute to the lumines-
cence (detailed in supp. material Sec. V). An SEM image
of a typical wire with multiple cracks is shown in Fig-
ure 2(a). Figure 2(b) shows the corresponding CL map
integrated over the wire’s width in the MQWs energy re-
gion. The MQWSs emission energy is slightly shifting to
higher emission energy from bottom to the top probably
due to an Al gradient along the wire or a change in QWs
thickness. Even if cracks can be difficult to locate on
SEM images, they can easily be seen on the CL spectra
map. In fact, the presence of a crack systematically leads
to an energy blue-shift of about 100 meV associated with
a significant increase of CL intensity (see supp. materials
sec IV for high resolution monochromatic CL images).
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FIG. 2. (a) SEM image of a full wire and (b) the correspond-
ing mapping of the CL spectra along the wire.(c) Close-view
SEM image near a crack on a different wire and its corre-
sponding CL spectra map (d). The measurements were done
at 5 K with a 5 kV acceleration voltage for (a) and (b) and
2 kV for (c) and (d). The horizontal axis corresponds to the
c-axis. The colorbars indicate the normalized CL intensity.

‘We compared our observations with two-dimensional
6x6 k.p simulations performed with the nextnano3
software.! The parameters used can be found in ref 32.
The simulated system is a replica of the observed stacking
in the TEM cross-sections (Figure 1(c)). To reproduce
the experimental transition energies, the Al content in
the MQWs has been adjusted to 40% and 60% in the
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FIG. 3. (a) Mapping of the local bandgap energy in the five QWS near a crack with nextnano3 calculations. The air appears in
white, the AIGaN barriers in grey, and the GaN spacer in black. (1) Comparison between simulated and experimental energy
shift as a function of the distance to the crack. The simulations correspond to the lowest energy transitions in the MQWs
obtained by solving Schridinger equation for both holes and electrons. Both (a) and (b) were sinulated with an Al content of

40% in the MQWs and 60% in the barriers,

barrier. The MQWS structure is assumed to be pseudo-
morphic on a m-plane GaN substrate. We first perform
strain mlmnu/mmn to estimate the strain state of each
hen, we compute the band edges profiles to take
mm account the influence of strain on the valence and
conduction bands. Finally, the Schrodinger cquation is
solved for both the electrons and holes in the five QWs
at different positions. Figure 3(a) shows the simulated
bandgap energy. 500 nm away from the crack, the en-
ergy of the bandgap tends towards the craclcfree value
(424 ¢ As we come closer, thanks to the free surface,
the strain is relaxed and the bandgap energy i
We then solve the Schridinger equation to Lﬂ\(‘ mm ac-
count the influence of strain on confined states. It is in-
portant to note that the absolute value of the simulated
energy is higher than our observations. This difference
(= 170 meV) could be explained since the exciton binding
energy (40-50 meV) is not considered in our simulation.
In addition, our model does not take into account the im-
pact of localization at low temperature, that can lead to
2 50-60 meV red-shift of the emission energy.®® This dif-
ference may also be attributed to the uncertainty on the
Al content in the heterostructure. To estimate the influ-
ence of the exact Al composition on the energy shift close
10 the crack, several simulations have been performed by
changing the Al content in the MQWs from 40% to 50%
As shown in supp. material Sec. VI, the Al content in
the MQWs docs not drastically modify the energy shift
when changing the Al content in the MQWS from 40% to
50 %

In Figure 3(b), the experimental CL energy shift is
compared to the energy shift of the transition energy ob-
tained by simulations. The error bars of the experimental
data are st to 11 meV which corresponds to the standard
deviation of CL mean energy at more than one micron

away from the crack. As the energy of the QWs depends
on their distance to the GaN spacer due to strain relax-
ation, only the minimum and maximum energy are indi-
cated by crosses, the intermediate values are contained
in ribbons.

To probe the carrier dynamics near such a crack, we
carried out spatially resolved time-correlated CL (SRTC-
CL)? measurements. In this configuration, a Hanbury-
Brown and Twiss
CL photon autocorrelation function (g2). Thanks to the
specificity of the electron-matter interactions (a single
incoming clectron creates multiple electron-hole pairs),
this technique allows us to measure the carrier lifetime.**
main advantage is the ability to measure carrier life-
time at the nanometer scale without the expense of a
pulsed electron gun or ultrafast beam blanker. In de-
tails, the collected CL light is sent to two fast photode-
tectors (PMA Hybrid 06 from Picoquant) thanks to a
50/50 beam splitter. The two detectors are connected to
a time-correlated single photon counting module (Pico-
Harp 300 from Picoquant), one detector acts as a clock
and the other one as a detector (see supp. material Sec
1). The delays between the clock and the detector are
stored in a histogram which for short delays is propor-
tional to the g2 autocorrelation function (1). By fitting
the exponential decay of this function, we access the ef-
fective lifetime 7. defined in (2)

interferometer is used to measure the

G2(1) = 1+ goexp(—t/7ess) (1)

VYtegs =17+ 1/Tr (2)

Where 7, (resp. 7, refers to the radiative (resp. non-
radiative) lifetime and gq + 1 is the amplitude of plm'\m
bunching at zero delay (also see supp. material Sec. 1)
In Figure 4, the normalized CL intensity and the CL
effective lifetime are shown as a function of the distance
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to the crack. About 400 nm away from the crack, the CL
intensity starts to increase to reach 1.4 times the intensity
of the crack-free region at 100 nm. Under 100 nm, the
intensity quickly decreases to its minimum, which corre-
sponds to 0.7 times the crack-free region. The lifetime
is strictly decreasing with the distance, it ranges from
475 ps at one micron away from crack to 285 ps near the
crack.

We can consider that this lifetime reduction is driven
either by the radiative or the non-radiative lifetime. The
first hypothesis is very unlikely. Indeed, assuming that
only the radiative lifetime is modified, it is possible to
extract the non-radiative lifetime 7,,,, = 920 + 88 ps, the
radiative lifetime near the crack 7, crqcr = 410 & 42 ps
and far from the crack 7,y = 980 + 135 ps. Such an
improvement would correspond to a significant increase
in oscillator strength (more than a factor of 2), which is
not seen in our simulations.

Therefore, the reduction of effective lifetime near the
crack is assigned to the increasing influence of non-
radiative recombinations near the surface. This lifetime
reduction could originate from the strong electric field at
the surface due to Fermi level pinning and piezoelectric
fields.3* Such a field dissociates excitons and spatially
separates electron-hole pairs, preventing them from ra-
diative recombinations. This lifetime shortening could
also be linked to the formation of non-radiative centers
in the near-surface region associated with crack gener-
ation. In addition, the increase in CL intensity is most
likely due to a local improvement of LEE. This local LEE
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FIG. 4. Normalized CL intensity of the MQW (black squares)
and CL lifetime (red circles) as a distance to the crack ac-
quired at T =5 K. The lifetime has been acquired with a
SRTC-CL setup.

increase has two origins. First, by locally breaking the
symmetry of the structure, the crack could act as a scat-
tering center for the emitted light, which thus offers a
possible coupling to the free space. Due to the GaN core
parasitic absorption (agan(4.2—4.4eV) ~ 2.10° cm~1),3°
UV photons emitted in the wire can only propagate on
few hundreds of nanometers. As a consequence, only

the light generated close to the crack would benefit from
a better extraction efficiency, which is consistent with
our observations (see Figure 4). Second, as evidenced by
our simulations (not shown here), the change of strain
state near the crack induces a reordering of the valence
bands.?%37 Due to their different selection rules, it should
result in a change of polarization direction of the emit-
ted light. Since LEE drastically depends on the light
polarization,! such crossover could locally increase the
observed CL intensity. To further confirm this hypothe-
sis, polarization-dependent CL measurements should be
performed.>®

In conclusion, by probing the optical properties of GaN
wires with Al-rich core-shell MQWs using SRTC-CL, we
demonstrate the influence of cracks on the efficiency of
the active region. Driven by strain relaxation, the MQWs
emission energy increases near the crack (=~ 100 meV). In
addition, we observe an increase of CL intensity near the
crack that is assigned to a local increase of the LEE. On
the other hand, the carrier lifetime experiences a pro-
nounced decrease close to the extended defect due to
non-radiative recombinations that happen near the crack
surface. Our results emphasize the need for time-resolved
CL to reveal the change, at the nanometer scale, in IQE
without being affected by local changes of LEE.

See the supplementary materials for a description of
(I) the experimental setup, (II) the SRTC-CL opera-
tion principle, (III) time resolution estimation, (IV) ad-
ditional CL measurements, (V) Casino simulations, (VI)
the effect of Al content on the transition emission energy
and (VII) EDX measurements.
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