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ABSTRACT

The nonuniform hole distribution between InGaN quantum wells (QWs) of light emitting diodes (LEDs) has a negative impact on LED
efficiency. The uniformity can be increased by using lateral hole injection through sidewalls of V-defects, which form at threading disloca-
tions. However, the inherent coupling between the V-defects and dislocations might affect efficiency of the hole injection and nonradiative
recombination. In this work, we have tested the possible impact of the dislocations on the injection and recombination by means of scanning
near-field electroluminescence and photoluminescence spectroscopy on single green-emitting InGaN QW LEDs containing large (~0.5 um)
V-defects. The measurements have not provided any evidence of a lower hole injection efficiency or enhanced nonradiative recombination at
the dislocations located at the V-defect facets or their apexes. This shows that large V-defects are excellent volumetric injectors for long wave-
length InGaN LEDs. Furthermore, it was established that V-defects are preferential hole injectors even in single quantum well devices.
Compared to vertical injection, the V-defect injection allows lowering the operating voltage, which should contribute to an enhanced wall
plug efficiency.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0271165

demonstrated high wall plug efficiencies of 20%-30%.” Recent investi-
gations of multiple QW LEDs have shown that the V-defects are pref-

The active region of visible wavelength GaN-based light emitting
diodes (LEDs) is based on multiple InGaN quantum wells (QWs). To
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assure effective LED operation with a minimal impact of the nonradia-
tive Shockley-Read-Hall (SRH) and Auger-Meitner recombination,
all QWs should be populated by electrons and holes at similar concen-
trations. The primary hindrance in achieving the uniform carrier dis-
tribution is the interwell hole transport because the large hole effective
mass and high In,Ga; ,N/GaN quantum confinement and polariza-
tion barriers make the interwell hole transfer slow and inefficient."
Hole injection through semipolar QWs located on the facets of
V-defects has recently emerged as a novel volumetric carrier injection
mechanism,” which allows circumventing the poor hole injection by
the direct thermionic transport. The V-defects form at threading dislo-
cations (TDs) under conditions of kinetically limited growth and have
shapes of inverted hexagonal pyramids with semipolar {1011} side-
wall planes.” Long wavelength LEDs with the V-defect injection have

erential sites for the hole injection with most of the hole current
flowing through the V-defects rather than directly from the p-GaN to
the QWs.*’

However, the inherent coupling between the V-defects and TDs
raises a question whether introduction of the V-defects does not
increase the SRH recombination because TDs in GaN structures
are often considered to be efficient nonradiative recombination cen-
ters.'""'® Moreover, it has been shown that the TDs do not terminate
at the apex of the V-defect (because dislocations cannot terminate
within the crystal) but may proceed to the surface on one of the V-
defect facets."” Thus, TDs might affect not only the SRH recombina-
tion in the QWs'® but also the hole injection because of their recombi-
nation during the sidewall QW transport.]7 In this work, we have
examined these issues by mapping electroluminescence (EL) and
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photoluminescence (PL) in V-defect LEDs. We have addressed two
questions: (i) do TDs located on the facets of the V-defects influence
the hole injection and (ii) do the TDs on the V-defect facets and at
their apexes affect recombination in the polar QWs. LEDs with large
V-defects with a diameter of about 0.5-0.6 um have been studied
because the large defects ensure a larger lateral injection area and
higher potential barrier between the polar QWs and TDs.'”*’ In addi-
tion, they are expected to reveal finer details in the EL and PL maps.

The studied single QW LEDs were grown by metalorganic chem-
ical vapor deposition on double side polished c-plane sapphire sub-
strate. Starting from the substrate, an LED contains 2 um
unintentionally doped (UID) and 3 um n-doped GaN layers, a 25 nm
low temperature (LT) grown GaN layer that nucleates the V-defects,
40 period GaN/Ing ¢sGaggsN superlattice (SL) that further enlarges the
V-defects, 200 nm (sample A) or 350 nm (sample B) UID GaN layer,
0.5nm pre-QW GaN layer, single 2.5 nm In,Ga, N QW capped by
3 nm of Aly30Gag 7N, 10 nm GaN barrier, 10 nm p-Alj ,0Gag goIN elec-
tron blocking layer (EBL), and 85nm p and p™ GaN contact layers.
The different thicknesses of the post-SL UID GaN layer produced
V-defects of a different diameter: ~0.5 um for sample A and ~0.6 yum
for sample B. The top metal contact of Pd/Au (50/100 nm) with a hon-
eycomb pattern of open 20-um diameter circular apertures provides
areas for the near-field measurements of the device. The measurements
were conducted with the LEDs on wafer using needle probes to apply
bias.

Maps of EL and PL spectra, and PL decay times were taken at
room temperature using a multimode scanning near-field optical
microscope (SNOM).”' The scans were performed at a constant dis-
tance between the sample and the fiber probe, which was mounted on
a quartz tuning fork. The surface topography maps were taken using
shear force feedback between the sample and the probe.”” The probes
were manufactured from a multimode silica fiber by HF etching and
Al coating. The apex of the probe was cut by a focused ion beam mill-
ing, which opened an aperture of ~100 nm in diameter and produced
a sharp edge for the surface topography scan. EL spectra were mea-
sured by collecting emission through the probe. PL was measured in
the illumination-collection (IC) mode with both excitation and PL col-
lection taking place through the probe. Scans from 2 x 2 to 6 x 6 um®
were performed. The spatial resolution in planar regions is typically
determined by the aperture diameter; however, because of the signifi-
cant distance (108 nm) between the device surface and the QW, the
resolution was lower, ~200 nm. Maps of different spectral parameters
were extracted after EL or PL spectra were recorded at each position of
a scan. The spectra were measured with a spectrometer with a liquid
N, cooled charge coupled device detector. PL excitation was performed
directly into the QW with 2™ harmonic pulses from a Ti:sapphire laser
(the pulse duration is 200 fs, the central wavelength is 390 nm, and the
repetition frequency is 4 MHz). PL transients were measured with a
time-correlated single photon counter with a temporal response of
50 ps. For the PL decay time maps, the times were determined by fit-
ting the initial part of the PL decay by a single exponential. Most of the
EL maps were measured at the bias voltage of 3.3V and current of
10mA. Assuming a uniform current distribution across the device,
this corresponds to the current density of 10 A/cm®. Additional mea-
surements in the voltage (current) range from 3.0V (3mA) to 3.5V
(20mA) produced qualitatively similar maps. Most of the PL scans
were taken at the voltage of the EL threshold, 2.6 V (current 0.3 mA).

ARTICLE pubs.aip.org/aip/apl

Figure 1(a) shows a plane view scanning electron microscopy
image of sample B. In addition to the large V defects that nucleate in
the LT GaN layer, one can notice smaller V-defects that originate in
the QW and do not serve as hole injectors.'” Figure 1(b) displays a
schematic of our LED structure in the V-defect region, showing a TD
on one of the facets, which is typical for structures with unfilled V-
defects.'”

Figure 2 presents maps of the surface topography and EL inten-
sity for devices A and B. One can notice an EL intensity increase at
positions of the large V-defects. As will be shown later, PL intensity
does not experience a corresponding enhancement. This indicates that
the spatial nonuniformity of the EL maps is caused by the preferential
injection through the V-defect facets rather than enhancement of the
light extraction. The latter, according to the Monte-Carlo calculations,
does not exceed 45%.” Previously, the preferential hole injection via
the V-defects has been demonstrated in multiple QW LEDs.*"**
Current results show that even in single QW devices, the hole injection
takes place mainly through the V-defects despite that the QW is adja-
cent to the p-side of the structure. This indirect hole injection path
[Fig. 1(b)] is aided by the lower potential height, smaller thickness, and
smaller polarization discontinuity of the AlGaN EBL at the semipolar
compared to polar QWs.”” The preferential hole injection through the
V-defects shows that even a single green-emitting QW has a large
polarization barrier for the vertical hole injection. The V-defect hole
injection would require a lower operating voltage potentially increasing
the wall plug efficiency compared to the vertical hole injection.

In this work, we focus on the impact of the TDs on the hole injec-
tion and nonradiative carrier recombination. The influence of the TD
segment located on the V-defect facet can be assessed from the shape
of the large EL intensity regions around the V-defects shown in Fig. 2
and, on a finer scale, in Fig. 3. Before we proceed to the discussion on
the hole trapping during transport through the semipolar QW, let us
examine the EL intensity maps in the V-defect regions. One can notice
that even though the V-defect facet dimensions are considerably larger
than the spatial resolution of the experiment, shapes of the strong EL
regions lack fine details. This can be understood considering geometry
of the experiment. In planar parts of the device, the near-field EL
polarization is mostly perpendicular to the probe axis, and EL couples
into the probe primarily through the aperture.”” In the V-defects, the
experimental configuration is different. First, the distance between the
probe aperture and sample surface increases since the relatively large

[0001]

FIG. 1. Scanning electron microscopy image of the device surface (a); schematics
of the LED cross section in the V-defect region (b). The red arrow shows the hole
path via the semipolar sidewall QW.
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FIG. 2. 6 x 6 um? maps of the surface topography (a) and (b) and spectrally inte-
grated EL intensity (c) and (d) for the devices B (a) and (c) and A (b) and (d).
(e) Typical near-field spectra of devices A and B and (f) peak wavelength map of
device A.

probe cannot maintain the same distance to the sample surface within
the V-defect. This should reduce the near-field coupling between the
QW and probe aperture. On the other hand, more light couples into
the probe via metalized edges because of excitation of surface plasmons
in the metal coating.”® This coupling is enhanced by the lighting rod
effect for the EL polarization parallel to the probe axis.”” As can be
judged from the featureless PL intensity maps discussed (Fig. 4), these
effects compensate each other, and the nonplanarity of the sample sur-
face does not affect the mapped luminescence intensity. The same
effect has previously been observed for multiple QW LEDs.” On the
other hand, the increased role of the metalized probe edges should
deteriorate the spatial resolution since not only the probe aperture but
also the whole probe pick up the near-field signal. This explains why
the V-defect areas in the EL intensity maps lack detail. In spite of that,
the impact on the TD on the hole transport can still be assessed. The
key feature here is that the shapes of the high EL intensity regions are
nearly circularly symmetric with no obvious intensity reduction on
one of the sides. This is an indication that the hole injection takes place
with similar efficiency through all the facets of the V-defect, even the
one containing the TD. In the opposite case, one would expect a
reduced emission intensity from one side of the V-defect, as schemati-
cally shown in Fig. 3(c). The absence of the locally reduced hole injec-
tion indicates that eventual hole traps in the TD region do not affect
the hole injection. Most likely, this occurs because the traps under the
positive bias are filled.
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FIG. 3. 2 x 2 um? maps of the surface topography (a), spectrally integrated EL
intensity (c), and peak wavelength (d) of device A. (b) Cross section profiles of the
topography and the peak wavelength taken over the center of the V-defect. The
height profile does not reflect the whole depth of the V-defect because of the large
SNOM probe thickness. The shaded area in (c) schematically shows the area that
would be affected if the hole injection was hindered by the TD.

The increased near-field coupling between the regions of the
polar QW surrounding the V-defect and the near-field probe explains
another peculiar feature, namely, the maximum of the EL intensity in
the center of the V-defect where the polar QW has a void. In the QW
regions around the V-defect, the injected carrier concentration is high,
and emission is strong. In the V-defect center, the near-field probe
picks up the signal from all sides around the V-defect. These contribu-
tions sum up producing strong EL even though that area has an open-
ing in the polar QW.

Additional information on the near-field emission may be
obtained from the peak wavelength maps. Overall, in the V-defect
areas, the peak wavelength experiences a slight blue shift [Fig. 2(f)]
caused by the local band filling and electric field screening in the areas
of the high carrier concentration around the V-defects. Interestingly,
in the small area scan (2 x 2 um? Fig. 3), the overall blue shift in the
V-defect area is followed by a small red shift in the center [Figs. 3(b)
and 3(d)]. Following the discussion presented earlier, the central part
should contain contributions from all sides of the V-defect and origi-
nate from regions close to the polar QW edges. It has been shown'”**
that within several tens of nm from the TD, the indium content in the
polar QW is larger, and the bandgap is smaller than further away in
the structure; hence, emission from that part of the well would experi-
ence a red shift.

The presented discussion shows that the TDs at the V-defect fac-
ets do not deteriorate efficiency of the hole injection through the
V-defects. The second question raised in the introduction is whether
the TD at the V-defect facet and apex affects efficiency of the polar
QW emission. Figure 4 shows spectrally integrated PL intensity maps
for carrier excitation into the QW of the LED biased to the EL emis-
sion threshold (2.6 V). One can notice that the PL maps do not corre-
late with the map of the surface topography. The absence of reduced
intensity areas at the V-defect sidewalls shows that the TDs located on
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FIG. 4. 4 x 4 um* maps of the surface topography (a), spectrally integrated PL
intensity (b), peak wavelength (c), and PL decay time (d) for device B. A square sur-
face impurity marker at the top left corners allows an exact superposition of the
topography and optical maps. Positions of the V-defects are indicated by ring
markers.

the sidewalls do not affect the recombination rate in the polar QW. In
a way, this is expected since TDs are separated from the polar QW by
the semipolar QW and ~30nm of the EBL and p-GaN. The absence
of the low intensity areas at the V-defects also shows that for the opti-
cal excitation of the polar QWs, the TD at the V-defect apex does not
induce an enhanced SRH recombination either. A weak influence of
TDs on the emission properties of green InGaN QW LEDs has also
been observed in Ref. 29.

Thus, PL maps neither reveal any clear features that would sug-
gest an enhanced SRH recombination at the TDs nor indicate of an
enhanced light extraction at the V-defects. However, the PL intensity
is an integral parameter, which depends not only on the rate of the
nonradiative but also on the radiative recombination.”’ A more direct
way to explore the spatial distribution of the SRH recombination is
by mapping PL decay times. The decay times map [Fig. 4(d)] does
not reveal an enhanced SRH recombination at the V-defects either,
which shows that the SRH recombination rate in the TD areas is not
enhanced.

Considering mechanisms that prevent the SRH recombination at
TDs, one should examine several effects. The first one is filling of the
TD-related electron and hole traps. Once the traps are filled, the non-
radiative SRH recombination proceeds at a relatively low rate, which,
in high quality long wavelength unbiased InGaN QWs, is
~1x 1075~ The other mechanism is related to the potential bar-
riers of the semipolar QWs preventing carriers from polar QWs to
reach TD-related traps, as shown by Hangleiter et al.'” Our EL and PL
measurements allow distinguishing conditions at which each of these
mechanisms is most relevant. In the EL experiment, the LED is under
positive bias, and electrons and holes in the # and p GaN layers are in
direct vicinity of the TD and can be trapped. However, the carrier con-
centration under the LED operating conditions is high, and the traps
are easily filled.”’ Once the traps are filled, holes injected from the p
region quickly (~20ps) pass the semipolar QW and end up in the

ARTICLE pubs.aip.org/aip/apl

polar QW, where they are isolated from the TD-related traps by the
high potential barriers of the semipolar QWs and semipolar EBL.

In the case of the optical carrier excitation directly into the polar
QW, at positive bias, the TD-related traps are filled. However, at zero
and negative bias, they might be empty. When changing the bias from
3 to —3V, we did not observe any qualitative changes in the PL inten-
sity or lifetime maps (not shown), just some lifetime shortening due to
the carrier sweep-out from the QWs. No selective lifetime reduction in
the V-defect regions at the negative bias took place. This allows con-
cluding that once carriers are in the polar well, their transfer to the
TD-related traps or SRH centers is inhibited by the semipolar QW and
EBL potential barriers. Thus, the traps are most relevant for the carrier
capture directly from the p and n GaN layers at low currents before the
traps are filled. For carriers in the polar QW, the dominating mecha-
nism preventing carrier capture to the TD-related traps is their isola-
tion by the potential barriers.

In conclusion, scanning near-field optical spectroscopy of EL and
PL has been used to study the impact of TDs on the hole injection and
SRH recombination in single InGaN QW LEDs containing large V-
defects. The measurements have not provided any evidence of a lower
hole injection efficiency or enhanced nonradiative recombination at
the TDs on the V-defect facets or apexes. The lack of the reduced hole
injection suggests that eventual hole traps in the dislocation region
under the positive bias are filled. Concerning the recombination, the
absence of the enhanced SRH recombination can be assigned to poten-
tial barriers formed by the semipolar sidewall QWs and the EBL in the
region of the V-defects. Furthermore, our results show that even for
single QW LEDs, the hole injection via the V-defects is the preferential
hole injection path compared to the vertical transport allowing to cir-
cumvent polarization barriers on the p-side of the structure, reduce the
operating voltage, and, potentially, increase the wall plug efficiency.
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