Applied Physics Letters ARTICLE

scitation.org/journal/apl

The influence of threading dislocations
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ABSTRACT

During the epitaxy of AIGaN on sapphire for deep UV emitters, significant lattice mismatch leads to highly strained heterojunctions and the
formation of threading dislocations. Combining cathodoluminescence, electron beam induced current and x-ray microanalysis reveal that
dislocations with a screw component permeate through a state-of-the-art UVC LED heterostructure into the active region and perturb their
local environment in each layer as growth progresses. In addition to acting as non-radiative recombination centers, these dislocations encour-
age high point defect densities and three-dimensional growth within their vicinity. We find that these point defects can add parasitic recom-

bination pathways and compensate intentional dopants.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
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II-nitride semiconductors have already had resounding com-
mercial success in the visible lighting market. By increasing the AIN
content in the active regions of optoelectronic devices, we have the
potential to widen band gaps and increase the energy of emission into
the deep UV. This tunability could allow the development of devices
emitting at specific short wavelengths' for important applications such
as disinfection” * or water purification.”

In practice, it has proved challenging to produce such short wave-
length emitters, as their external quantum efficiencies dramatically
decrease with increasing AIN content due to reductions in radiative
recombination efficiency, carrier injection efficiency, and light extrac-
tion efficiency.”” The influence of threading dislocations as well as the
cumulative effects of surface imperfections in the various epitaxial
layers of a UV LED result in lateral variations. How these inhomoge-
neities impact overall device performance remains unclear.”

In this Letter, we examine a 262 nm emitting AlGaN LED’ using a
combination of scanning electron microscopy techniques. The LED struc-
ture was grown by metalorganic vapor-phase epitaxy on an epitaxially lat-
erally overgrown sapphire/AIN template with an average edge type
threading dislocation density of 1.5 x 10° cm™ and a screw type thread-
ing dislocation density of 3 x 107 cm™." We began with a 1.2 um thick

silicon-doped (2.5 x 108 em™)"! AlpgoGag 10N n-contact layer and an
initial 40 nm barrier of AlygsGay 1,N, before depositing the triple quan-
tum wells with 1 nm Al 4,Gay 53N and 5 nm thick AlygyGag4oN barriers.
Above this, a 6nm AIN electron blocking layer was followed by
Aly80Gag20N/Aly70Gag 30N and Aly37Gags3N/Aly 20Gag goN p-superlatti-
ces. The structure concludes with a 40 nm thick layer of p-GaN.

Using a scanning electron microscope (SEM), we bombard our
specimen with high energy primary electrons, each of which can gen-
erate thousands of electron-hole pairs through a scattering cascade.
These electrons and holes may radiatively recombine, generating cath-
odoluminescence (CL) containing information regarding the elec-
tronic structure, crystal structure, and defect populations. In the case
of nonradiative recombination, phonons can be generated instead.

Alternatively, in the presence of strong internal electric fields
from p-n junctions, heterojunctions, or Schottky contacts, separation
of these carriers may occur, decreasing recombination and enhancing
the collection current. We can collect this electron beam induced cur-
rent (EBIC) and gain insight into the space charge region and carrier
transport therein. The EBIC can additionally be used to investigate the
properties of grain boundaries and extended defects as well as identify
doping variations due to their impact on local field strengths.'* '
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Electron beam excitation will also lead to core electron ionization
and the emission of characteristic x rays. By analyzing these x rays,
we can obtain accurate compositional data (fractional uncertainty
0.02-0.03").

Both EBIC and CL hyperspectral imaging were carried out within
an FEI Quanta 250 field emission gun SEM. Our custom-built CL
setup collects light perpendicular to the beam excitation through a
reflecting objective. The spectrum is measured using a % m spectrome-
ter containing a 50 um slit and a 600 lines/mm grating, paired with a
cooled back-illuminated electron multiplying charge coupled device."”
EBIC measurements utilized a Kleindiek nanoprobing system with
two tungsten tips connected to triaxial wires to reduce noise. We ter-
minate one of these outputs directly to earth, while the other is earthed
via a low current amplifier.

Direct compositional analysis in the form of characteristic x-ray
mapping was performed inside a JEOL JXA-8530F electron probe
microanalyzer using both energy dispersive and wavelength dispersive
x-ray spectrometers.'* We additively combine both of these channels
to increase our signal to noise. By utilizing channels from multiple
spectrometers positioned at different angles, we also avoid any mis-
leading effects from topographic shadowing,

For EBIC measurements, we examined our specimen in both
plan-view and cross-sectional geometries. In the planar orientation,
multiple effects combine to produce the EBIC images seen in Fig. 1.
Large scale contrast features are due to the inhomogeneity of the
p-GaN capping layer thickness [visible in the SE image in Fig. 1(a)],
vertically displacing carrier generation volumes relative to the junction
position. The thickness of this layer varies due to inhomogeneous step
bunching processes.'” The largest current will be induced when the
generation volume has greatest overlap with the space charge region.
For this reason, the contrast related to the capping layer thickness is
inverted when we vary the acceleration voltage from 5kV [Fig. 1(b)]
to 20kV [Fig. 1(c)] and is minimized at around 10kV when energy
deposition best matches the 140nm depth of the QWs. Generally,
higher acceleration voltages decrease spatial resolution in thick sam-
ples due to the larger volume of excess carriers generated. However,
here relatively high resolution is maintained due to the EBIC signal
being dominated by carriers generated in, or diffusing into, the junc-
tion volume.

At the higher acceleration voltages, a network of small hexagonal
and dodecagonal rings is apparent in the EBIC contrast across the
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entire sample. This is evidence of an asymmetric junction, caused by
the complex multilayer structure of our device. The electric field
strengths shown by our simulations are dramatically different depend-
ing on depth."” The fields on both sides of the junction can also change
somewhat independently due to pinning in intermediate layers. Our
depth resolved measurement, therefore, implies that the origins of the
hexagonal ring structure lie within the thick n-contact layer. The pres-
ence of these crystallographically aligned rings indicates local varia-
tions in electric field strengths and/or recombination efficiency. The
presence of multiple tiers in these rings suggests a three dimensional
growth mode of hillocks with the inclined slopes of these features
influencing the aluminum nitride mole fraction as well as doping
concentrations.”’

Dark spots near the center of these rings are consistent with thread-
ing dislocations acting as recombination centers."**' We anticipate these
extended defects to be screw type threading dislocations based on previ-
ous electron channeling contrast imaging by Kusch et al. on polar
n-AlGaN layers.”” ** By counting the number of spots in each image, we
can calculate a density of 3 x 107 cm ™2, exactly matching our previ-
ously stated estimation for screw dislocation density.

Cross-sectional EBIC (see supplementary material S1) reveals the
presence of a secondary weaker junction at the AIN/AlGaN hetero-
junction near the substrate. This is caused by the bandgap discontinu-
ity and polarization fields forming an additional depletion region.””

To assist in explaining our EBIC observations, complementary
CL measurements were performed. Selective plasma etching enables
us to study the full heterostructure as well as the n-contact layer in iso-
lation. First, we discuss CL measurements on the #-contact region,
where the emission spectrum is dominated by the band edge emission
(~222 nm). We fit a Gaussian function to this peak and then map out
the fitted peak intensity and center wavelength as seen in Fig. 2.
Hexagonal features with bright edges can clearly be distinguished, and
the energy of the emission here is significantly red shifted (=60 meV)
relative to the center of the hexagons due to changing alloy composi-
tion. Another notable feature in the band edge emission is the presence
of darker sixfold symmetric lines, intersecting slightly offset from the
center of these hexagons. These are an additional consequence of the
growth modes and subsequent preferential incorporation on distinct
facets.”" >

In addition to the band edge emission, two broad low intensity
defect bands are observed. These are known transitions between

EBIC (nA)

FIG. 1. Electron beam induced current measurements on the same area acquired at multiple acceleration voltages. (a) Secondary electron image of the area. EBIC images at

(b) 5kV and (c) 20 kV, including an inset to highlight an extended defect.
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FIG. 2. CL and characteristic x-ray images. CL was mapped over 10 x 10 um areas across both n-contact layer (a)—(c) and p-contact layer (d)—(e) using 6 kV. (a) The fitted
intensity and (b) center energy of the band edge (222 nm) luminescence. (c) Defect luminescence band intensity (360-425nm) in the n-contact layer. (d) Quantum well emis-
sion intensity (262 nm) and (e) emission energy maps. (f) Characteristic x-ray map of a 15 x 15 um area of the n-contact layer with Ga shown in red and Al in blue.

shallow donors and two distinct deep acceptors.””” The intensity of
the first band lying between 250 and 310 nm follows that of the band
edge emission. The second band (=/350-420 nm) shows brightest
emission from clusters, which align precisely with the intersection of
the sixfold lines where we expect a threading dislocation to be located.
The density of the defect clusters observed in the n-layer [Fig. 2(c)]
matches well with the hexagons observed in the EBIC image, and the
formation of compensating defects may contribute to the decrease in
the EBIC inside the small hexagons.

When measuring the full LED structure, the intensity of CL col-
lected from the QWs is significantly modulated by variation in the
absorbing capping layer with increasing thickness and decreasing the
luminescence intensity due to absorption in this lower bandgap layer.
We employ p-GaN due to the high resistivity of p-AlGaN, and in a
final device, electroluminescence can freely escape via the sapphire
substrate.”’ Despite this obscuration, we can still discern some larger
hexagonal features with similar dimensions to those seen in the -
layers, relating to the GaN-rich regions. These appear with greater
clarity in the centroid map, due to the redshift of the emission here. In
addition, we see smaller hexagonal spots with low emission intensity
and blue shifted energies. When compared with simultaneous EBIC
data, these more numerous spots can be seen to align precisely with
the ring structures previously described. The coincidence of low signals
in both EBIC and CL confirms an increase in non-radiative recombi-
nation at the extended defects.

We have also mapped the characteristic x rays through the two
surfaces. We note that although it is possible to quantify dopant con-
centrations using WDX,'® mapping such small fluctuations is pre-
cluded by the x-ray count statistics. It also would fail to capture which
of these dopants are actually electrically active.

Our measurements through the p-capping layer found no signifi-
cant variation. However, the x-ray maps of the n-contact layer [shown
in Fig. 2(f)] uncover clear Ga-rich rings and Al-rich spots, confirming
that the red-shifted, high intensity luminescence we observed in the
hyperspectral CL is related to changes in the alloy composition. Our
results are consistent with previous works,””"**** where it has been
shown that hexagonal platelets with Ga-rich extremities develop dur-
ing polar AlGaN growth due to the differences in mobilities between
the Al and Ga ions™ with the locations of the platelets being dictated
by threading dislocations with a screw component.

In conclusion, we have employed EBIC, CL, and x-ray micro-
analysis to show that threading dislocations with a screw component
originating in the preliminary layers of our UVC LED heterostructure
persist into the active regions. In each of the penetrated layers, higher
point defect densities and three-dimensional growth enclose the
threading dislocations. These point defects can compensate electrical
dopants and increase parasitic recombination by reducing the quan-
tum well emission intensity. We find that during growth, the emer-
gence of multiple facets with distinct incorporation rates leads to alloy
composition and doping fluctuations, resulting in hexagonal structures
interconnecting and forming a network visible in EBIC, CL, and char-
acteristic x-ray maps. These results demonstrate the importance of
controlling the density of these extended defects in preliminary layers
due to their deleterious effects on the performance of optoelectronic
devices.

See the supplementary material for a cross-sectional EBIC image
showing the second space charge region, AFM images of a compara-
tive n-contact layer, and CL spectra from the full LED and the
n-contact layer.
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