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ABSTRACT

Hole injection through V-defect sidewalls into all quantum wells (QWs) of long wavelength GaN light emitting diodes had previously been
proposed as means to increase efficiency of these devices. In this work, we directly tested the viability of this injection mechanism by electro-
luminescence and time-resolved photoluminescence measurements on a device in which QW furthest away from the p-side of the structure
was deeper, thus serving as an optical detector for presence of injected electron-hole pairs. Emission from the detector well confirmed that,
indeed, the holes were injected into this QW, which could only take place through the {1011} V-defect sidewalls. Unlike direct interwell
transport by thermionic emission, this transport mechanism allows populating all QW' of a multiple QW structure despite the high potential
barriers in the long wavelength InGaN/GaN QWs.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0179513

Solid-state lighting based on red, green, and blue (RGB) GaN-
based light emitting diodes (LEDs) has advantages in energy efficiency
and flexibility in color tuning over the currently used blue LED and
phosphor approach. Similarly for display applications, RGB micro-
LEDs are potentially advantageous over liquid crystal or organic LEDs
because of the much higher luminance, efficiency, and durability.’
However, to realize these advantages, efficient red, green, and blue LEDs
are needed. In blue LEDs, the peak electrical to optical power conversion
efficiency (or wall plug efficiency, WPE) has reached ~90%.” For green
and especially red GaN LEDs, the WPE is much lower. The peak effi-
ciency is typically reached at low current densities, a few A/cm’ at
which it is limited by the nonradiative Shockley-Read-Hall recombina-
tion in quantum wells (QWs) of the active region.” At large drive current
densities required for high power applications, the nonradiative Auger
recombination causing the efficiency droop sets in. This effect is more
severe for a nonuniform interwell carrier distribution because of the fast
Auger recombination in the highly populated wells. Due to the small
effective mass, electron transport across the QWs is fast.” The nonuni-
form carrier distribution between the wells occurs due to the inefficient
interwell hole transport.” ~ The hole transport proceeds via thermionic
emission, and already for relatively shallow Ing;,GaggsN/GaN QWs
emitting in the violet spectral region the hole transport across the QWs

is slow.” For blue and especially much deeper green- and red-emitting
InGaN/GaN QWs, the effect of the poor interwell transport on the inter-
well carrier distribution and high power LED operation should be even
more severe.’

However, a few recent papers have reported long wavelength
GaN LEDs with exceptionally high peak WPE, ~30% for devices emit-
ting in the yellow spectral region.”” It has been proposed that such
high efficiency might be related to the carrier injection into all QWs of
the active region (eight or nine in Refs. 7 and 8) via V-defects.” Such
defects form in polar GaN at threading dislocations and/or In-rich
clusters and have shapes of inverted hexagonal pyramids."” In QW
structures, polar QWs in the bulk of the structure transform into semi-
polar wells on the {1011} facets of the V-defects. The thickness and
indium content in the semipolar QWs are much smaller than in the
polar ones;'" hence, their band potentials are higher. Such band align-
ment should allow hole injection from the p-side of the structure into
the polar QWs through the semipolar sidewall QWs.”'>'* However,
since the results of Refs. 7 and 8 have been obtained on LEDs with
identical QWs, there is no direct experimental evidence that LED
emission originates from all and not just a few QWs located closest to
the p-side of the structure. In this Letter, we present a direct experi-
mental proof that the hole injection via V-defects indeed takes place.
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To test whether electrically injected holes populate all QWs, an
LED with non-identical QWs in the active region was grown. The QW
closest to the n-side of the structure had a larger In content and width,
which shifted its emission spectrum to the red and allowed distinguish-
ing this deeper QW (or a detector QW, DQW) from the other wells
spectrally [Fig. 1(a)]. Being on the n-side, the DQW was populated by
electrons; hence, its emission would be a proof that holes also populate
this QW. The hole transport path from the p-side could be evaluated
by time-resolved photoluminescence (PL) using the optical marker
technique, which allows tracking dynamics of the interwell carrier
transport toward the DQW.*** 1

The structure of the studied LED is shown in Fig. 1(b). Starting
from the substrate, the device contains a 2 um thick unintentionally n-
doped (UID) GaN layer that buries impurities and defects from the
substrate interface, and Si-doped GaN contact layers. The subsequent
20 period GaN/IngsGagesN superlattice serves to nucleate large V-
defects'”'® and capture point defects before the growth of the active
region.lg The active region contains three In,Ga; N QWs [Fig. 1(a)],

(a) F A& pside green QWs DQW n-side
>
<
@
{=
w
excitation recombination
Distance
(b) 10 nm p+ GaN
75 nm p-GaN, [Mg] = 5x10'® cm™?
10 nm p-AlGaN EBL, [Mg] = 9x10'9 cm™
with p-side compositional grading
6 nm HT GaN barrier
4 nm LT GaN barrier
3x 3 nm Aly ;Gag ;N cap layer

2.6-3.0 nm In,Ga, ,N QW
0.5 nm GaN (pre-QW layer)
2nm UID GaN
{ 2.5 nm n-GaN, [Si] = 5x10"8 cm-3
20x

5 nm n-Ing gsGag gsN, [Si] = 5%x10'8 cm3

7 nm GaN recovery layer (930 °C)

25 nm LT-GaN (800 °C)

500 nm n-GaN, [Si] = 5x10'8 cm™3

2.5 ym n-GaN, [Si] > 3x10'8 cm™®

2 um UID GaN
DSP

FIG. 1. Schematics of the LED active region. The blue arrow indicates optical exci-
tation, green and red arrows—recombination in the green and detector QWs,
respectively (a). LED structure (b). Abbreviations: DSP—double side polished (sap-
phire), UID—unintentionally (n-) doped, HT—high temperature, LT—low tempera-
ture, and EBL—electron blocking layer.
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two of which with x = 0.20 are 2.6 nm thick and emit in the green, and
one, the DQW, (x = 0.22, thickness 3.0 nm)—in the red. The QWs are
separated by 10.5 nm thick GaN barriers and 3 nm Al 30Gag 7N inter-
layers. The purpose of the interlayers is to suppress In desorption from
QWs that are grown at a lower temperature than barriers.”” The top
part of the structure includes a 10 nm p-AlGaN electron blocking layer
and 85nm thick p and p* GaN contact layers. The structure was
grown on a double side polished sapphire substrate. The choice of the
substrate, even though not optimal for the far-field measurements
because of the Fabry-Pérot oscillations modulating the optical spectra,
was made for the sake of future near-field spectroscopy measurements.
Structure parameters were determined by cross-sectional high angle
annular dark field scanning transmission electron microscopy
(HAADEF-STEM) and energy-dispersive x-ray spectroscopy (EDS).
Electroluminescence (EL) of the LED was studied on wafer using nee-
dle contact probes.

To verify the hole transport across the green QWs to the DQW,
two types of experiments were performed. One was measurement of
EL spectra, and the other measurement of time resolved PL at the
DQW peak energy. In both experiments, spectra were recorded with a
0.5 m spectrometer with a liquid N, cooled CCD detector. For the
time-resolved PL, carriers were excited by 200 fs pulses at a 260 nm
central wavelength generated by a self-mode-locking Ti:sapphire laser
and third harmonic generator. Because of the long PL decay times, the
original laser pulse repetition rate of 80 MHz was reduced to 4 MHz
with an acousto-optic pulse picker. PL dynamics was measured by a
time-correlated single photon counter (temporal response 50 ps) after
selecting emission from particular QWs (green or red) by bandpass fil-
ters. Most of the carriers were excited in the p-side layers since for the
260 nm excitation the absorption length is ~50 nm. The pulse energy
density was 15 uJ/cm 2, which corresponds to the photoexcited carrier
density in the GaN layers just after a pulse of about 2 x 10'®cm ™.
Lateral atom force microscopy (AFM) scans were performed in the
Quantitative Imaging mode using JPK NanoWizard 3. Cross-sectional
HAADF-STEM images and EDS chemical element maps were
obtained with a Talos G2 200x TEM/STEM system equipped with
ChemiSTEM EDS, operated at 200 kV.

Figure 2(a) displays an AFM map of our sample. One can notice
large and small V-defects. The large ones form in the LT-GaN layer or
superlattice and are believed to serve as hole injectors; the small ones
originate in the active region and have an enhanced rate of the nonra-
diative recombination.'”'”'® The density and diameter of the V-
defects can, to some extent, be controlled by the growth conditions
and structure parameters.'””' Generally, higher growth rates and
kinetically limited growth conditions favor the formation of the V-
defects. In more detail, structure of the V-defects in similar LEDs is
described in Ref. 17.

Figure 2(b) shows a cross-sectional HAADF-STEM image of the
structure in the vicinity of a V-defect. The three active region QWs
and semipolar QWs on the V-defect sidewall can be seen on the left-
hand side of the image. The right top corner depicts the contact metal
filling of the V-defect. Hole transport paths from p-GaN to the DQW
are schematically shown by arrows: directly across the green QWs (1)
and via the semipolar QWs at the V-defect facet (2).

Room temperature EL spectra at different bias values are dis-
played in Fig. 3. The spectra contain peaks from both the green (at
~515nm at higher biases) and red (650nm) QWs. In similar LED
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FIG. 2. AFM image of the LED structure displaying small and large hexagonal V-
defects (a). Cross-sectional HAADF-STEM image of the structure in the vicinity of a
large V-defect with schematically illustrated paths of the hole transport toward the
DQW directly across the green QWs (1) and via semipolar QWs at the V-defect fac-
ets (2) (b).

1.2 ~

1000- %
—~~ 0038 °
= 14 °
3 04 'Q..
o b T
[
Y, 3 4 5 6
> 100 Voltage (V)
‘©
=
2
£
-
L

10

500 550 600 650
Wavelength (nm)

FIG. 3. EL spectra at different bias voltages. The inset shows the spectrally inte-
grated EL intensity ratio for the green and detector QW peaks as a function of the
applied bias.
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structures with all identical QWs in the active region, the red EL peak
has not been observed. The sheer presence of the red EL peak confirms
that holes do reach the DQW from the p-side. Below we will discuss
the mechanism of the hole transport to the DQW.

The hole transport can either take place directly across the green
QWs [path 1, Fig. 2(b)] or via the V-defect semipolar QWs, bypassing
the green QWs [path 2, Fig. 2(b)]. The direct hole transport would
take place via subsequent capture to and thermionic emission out of
the green QWs until the DQW is reached.””>*” Other transport mech-
anisms, such as ballistic hole transport over the QWs and tunneling
though the barriers can be ruled out. The ballistic transport—because
the hole mean free path at room temperature is much shorter than the
barrier width,”* and tunneling—because the 13nm barriers are too
thick.” The thermionic hole transport time, which is already long for
relatively shallow Ing ;,GaggsN/GaN QWs (1-10 ns),” depends expo-
nentially on the barrier height; thus, for the deep Ing,0GaggoN/GaN
QWs of our device the thermionic transport is unlikely. Nevertheless,
to have a clear experimental proof, we have tested this possibility by
measuring the PL dynamics.

First, let us examine time-integrated PL and EL spectra measured
at 3.5V bias, at which the device is close to flat-band conditions but
not yet emitting strong EL (Fig. 4). In the spectrum, the green QW PL
intensity is considerably larger than that of the DQW. This is different
from the EL spectrum in which intensities of the green QW and DQW
peaks are similar. This difference is related to the different hole trans-
port mechanisms as will be discussed below. A weak PL peak at
~440nm (not shown in Fig. 4) due to recombination in the sidewall
semipolar QWs”” has also been observed.

QW PL transients consist of a sharp rise and gradual decay with
decay times of 3.2 and 6.5-7.0ns for the green and detector QWs,
respectively. The transients for the DQW are shown in Fig. 5. In the
method of optical marker, information about the carrier transport is
obtained from the dynamics of the DQW PL rise. Here, two contribu-
tions should be distinguished—a fast and slow one. The fast rise com-
ponent reflects the direct carrier excitation in the DQW and adjacent
barriers. Since the excitation intensity in a material decreases with dis-
tance exponentially, some of the direct photoexcitation is unavoidable,
even for thick cap layers. The fast rise time is determined by the carrier

60 - E
0
=
35
&
& 401 .
=
2 PL
£ 20+ ]
EL
0 T T T T
500 550 600 650

Wavelength (nm)

FIG. 4. EL (red curve) and PL (black curve) spectra measured at 3.5V forward
bias.
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FIG. 5. Detector QW PL transients at different bias values.

relaxation in the DQW and capture from the barriers. These processes
take =< 1 ps,”® well below our temporal resolution, and in Fig. 5 is per-
ceived as instantaneous. The slow rise component, if present, is caused
by the radiative recombination of carriers arriving to the DQW after
excitation outside the DQW, typically in the cap layer. The slow rise
time reflects the time of the carrier transport to the DQW. For shallow
GaAs- or InP-based QWs, the slow rise time is of the order of tens to
hundreds of ps;“"“’ for much deeper nitride QWs—it is several to tens
of ns.”

As can be judged from Fig. 5, the DQW PL transient contains
only the fast rise component. The absence of the slow rise component
confirms that the vertical thermionic interwell transport [path 1 in
Fig. 2(b)] does not take place. On the other hand, the presence of the
DQW EL and PL peaks (Figs. 3 and 4) is the evidence that holes do
arrive from the p-side of the structure to the DQW. Since holes cannot
reach the DQW via the thermionic interwell transport, the only viable
transport mechanism is via the semipolar sidewall QWs [or path 2 of
Fig. 2(b)].

Comparison of the green QW and DQW peaks of the EL and PL
spectra (Fig. 4) indicates that hole transfer into the DQW is more effi-
cient in the case of the electrical carrier injection. The difference
between these injection mechanisms is the following: In the EL case,
only holes should be transported from the p-side of the structure to the
DQW. For PL, the transport mechanism is ambipolar diffusion since
the photoexcited carrier density is higher than the density of holes
induced by doping.'* The less-efficient transfer of the photoexcited
electron-hole pairs is probably related to the short electron lifetime in
p-GaN. Our recent time-resolved PL measurements have shown that
in p-GaN photoexcited electron-hole pairs recombine in 150 ps.”” In
addition, a considerable fraction of electrons is trapped to nitrogen
vacancies within 20 ps. Using these trapping and recombination times
and the ambipolar diffusion coefficient of 1.6 cm?/s (Ref. 28), the cor-
responding distances of the lateral carrier diffusion would be 60 and
150 nm, respectively. Even considering the larger value of 150 nm as
the distance from which carriers are captured to the large V-defects,
the region from which carriers would be collected into the V-defects is
small, about 10% of the total sample area. This explains the poor col-
lection of photoexcited electron-hole pairs into the DQW. On the

pubs.aip.org/aip/apl

other hand, photoexcited carrier capture into the first green QW takes
place after vertical transport of several tens of nm; thus, more carriers
would by captured to the first green QW than to the semipolar V-
defect QWs.

Returning to the dependence of the EL spectra on bias (Fig. 3),
one can notice (i) a blue shift of the QW peaks (more pronounced for
the green QWs than for DQW) and (ii) a nonlinear dependence of the
green and detector QW EL intensity ratio (inset to Fig. 3). The shift
can be assigned to the screening of the QW electric field and band fill-
ing of localized states,””"” which are more pronounced for the green
QWs with a larger carrier concentration. The more rapid increase in
the green QW EL intensity with bias probably occurs due to a faster
direct hole transfer from the p-side to the first green QW at large for-
ward bias thus limiting the number of holes available for transport to
the DQW via the V-defects.

In conclusion, by performing EL and time-resolved PL measure-
ments on long wavelength InGaN multiple QW LEDs with a detector
QW, we have experimentally proved existence of the hole injection
mechanism via semipolar QWs located on the facets of the V-defects.
Unlike direct interwell transport by thermionic emission, this transport
mechanism allows populating all QWs of a multiple QW structure in
spite of the high potential barriers in the long wavelength InGaN/GaN
quantum wells.
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