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ABSTRACT

Defects can significantly modify the electrical and optical properties of quantum well (QW) structures based on InGaN.
We present an overview of our recent results on the properties of point and extended defects in InGaN/GaN QW devices.

By analyzing single-quantum well (SQW) devices, we show that: defect density is higher in indium-containing layers;
also, the use of an indium-containing underlayer can significantly reduce the density of traps in the active region of the
devices, resulting in a better device efficiency. The properties of defects can be effectively extracted by deep-level optical
spectroscopy.

Furthermore, by studying multiple QW samples with a high number of periods, we demonstrate that: a) extended defects,
and related V-pits, may locally modify the current distribution across device area. A TCAD model has been defined for
numerical simulation of conduction near V-pits. b) the presence of agglomerates of V-pits may result in a locally increased
photogenerated current density; also, we identified a significant redshift in emission wavelength in proximity of
agglomerates of V-pits, surrounded by trench-like defects.

This article provides a wide range of results for a better understanding of the properties of defects in InGaN/GaN devices.
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1. INTRODUCTION

Over the past decades, the research in the field of nitride-based light-emitting diodes (LEDs) has shown impressive
advancements. Internal quantum efficiencies (IQE) greater than 90 % have been demonstrated for blue devices [1], >75 %
for green LEDs [2], and promising performance (IQE>20 %) has been recently reported for longer wavelength (red)
devices [3]. Defects can significantly impact the electrical and optical properties of LEDs [4], by altering the IQE, by
creating conductive paths responsible for increased leakage, by modifying the emission pattern at microscopic level, and
by reducing the lifetime of the devices. The goal of this paper is to present an overview of recent case studies, carried out
on both single quantum well (SQW) LEDs and multiple QW (MQW) samples with a high number of periods. Several
techniques have been used in order to present a clear overview of the topic.
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2. POINT DEFECTS: IMPACT ON EFFICIENCY

The role of point defects in limiting the IQE of LEDs was investigated by analyzing single-quantum well LEDs having
the schematic structure shown in Figure 1 (a). Different splits were considered. Split A: devices with and without an
indium-containing superlattice underlayer. Split B: devices having different indium content (12 %, 16 &, 20 %) in the
QW. Figure 1 (b) reported the simulated band diagram for one of the analyzed devices, with a 20 % indium content in the
Qw.
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Figure 1: (a) schematic structure of one of the analyzed SQW devices; (b) simulated band diagram (at 3 V) for one of the
analyzed devices (20 % indium content in the quantum well)

The main properties of defects (density, thermal ionization energy, optical ionization energy) were extracted by means of
deep-level optical spectroscopy. This technique (described in detail in Ref. [5]) is based on the measurement of the
capacitance transient of a junction subject to monochromatic illumination. The results of the analysis demonstrated that:
a) LEDs with indium-containing underlayer have a much smaller density of defects within the active region (Figure 2 (a));
b) even in presence of an underlayer, some defects are propagated to the active region (Figure 2 (b)); c) the density of
point defects in the active region increases with increasing indium content in the QW (Figure 2 (b)). Such results were
interpreted by considering that the presence of indium favors the incorporation of defects, and that an In-containing
underlayer can suppress the propagation of defects towards the active region. Hypotheses on the role of the involved
defects were formulated, based on the comparison with literature on the topic. Vacancy complexes and divacancies were
proposed as responsible for non-radiative recombination in 111-N structures[6], [7], [8]-

13386 - 19 V. 2 (p.2 of 6) / Color: No / Format: Letter / Date: 1/23/2025 6:22:12 AM

SPIE USE: DB Check, Prod Check, Notes:



Please verify that (1) all pages are present, (2) all figures are correct, (3) all fonts and special characters are correct, and (4) all text and figures fit within the red
margin lines shown on this review document. Complete formatting information is available at http:/SPIE.org/manuscripts

Return to the Manage Active Submissions page at http://spie.org/submissions/tasks.aspx and approve or disapprove this submission. Your manuscript will not
be published without this approval. Please contact authorhelp@spie.org with any questions or concerns.

.3)

o \ — without UL S 10%’ T T T . T
LE, 3x10% b —withUL &7
= 2 2 2 ./0/‘
- oy l
c 15 | €— 2
2x10% < =
8 2 )
3 1x10%t 2
=3 D 10} 1
|!: 0 L L L L c
25 30 35 40 45 X
. E,,=23eV
. Space Charge Region (nm) g ph
3] T T T T
! - : e
LED 3x10 )T aza‘g:&d:' con I,If:\‘ 8 —l— Active Region
-~ AR 105+ —@— Under Layer
€ ou10) AR —>_ n . . . .
] 14 R c
Q -«— S \ 2 12% 14% 16% 18% 20%
9 1x10%5| @ /! R @ | . . .
o o S 5 In content in active region
I S T
= 25 30 35 40 45 (b)
Space Charge Region (nm)

(@)

Figure 2: (a) (top) trap density profile in the QW region for LED with and without an indium containing underlayer and
(bottom) modeled trap profile (for these LEDs, indium content in the QW is 10 %); (b) trap density in the active region
and in the underlayer for LEDs with different indium content in the QW.

3. MULTIPLE QUANTUM WELL SAMPLES WITH A HIGH NUMBER OF PERIODS

Further analysis on the impact of defects was carried out by studying multiple quantum well samples with a high number
of periods. The structure of the analyzed devices is described in detail in Ref. [9], and consists of a 30-period multi-

quantum well (MQW) structure, where the barrier thickness is 7 nm, and the QW thickness is 3 nm. Indium content in the
QW is equal to 15 %.
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Figure 3: (a) structure of the analyzed multiple quantum well samples with a high number of periods; (b) schematic band
diagram of the analyzed devices
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Transmission electron microscopy analysis revealed the presence of V-pits, i.e. 3D defects having the shape of an inverted
pyramid (Figure 4 (a)). Such V-pits penetrate the MQW region, thus altering the conduction on a local scale. A 2D
simulation model was developed, in order to describe and explain the impact of \V-pits on conduction (Figure 4 (b)). For
the simulations, the V-pit density was defined by fixing the ratio between the base of the pyramid (V-pit) and the size of
the simulated cell. The piezoelectric charge on the V-pit sidewalls was adjusted to take into account the lower charge
activation [10]. 2D simulations (Figure 5 (a)) indicated that the presence of a VV-pit can significantly increase the (local)
current density [11], [12]. By adding the V-pit to the LED model, the simulations were able to accurately reproduce the
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Figure 4: (a) TEM micrograph of one of the V-pits; (b) V-pit region as modeled in a TCAD simulator
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Figure 5: (a) simulated current density in proximity of a VV-pit; (b) simulated current-voltage characteristic of one of the
MQW devices, including the effect of V-pits
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Further analysis was carried out in proximity of V-pits identified by scanning electron microscope (SEM) micrographs.
Figure 6 (a) shows a picture of the surface of one of the analyzed samples, highlighting some reference regions. The same
figure also reports the results of light-beam induced current (LBIC) measurements carried out on the same device area
[13]. As can be observed, the photo-generated current shows an increase in the regions including agglomerates of V-pits
(region “r1”), which are then more conductive than the V-pit free regions (region “r2"). It is worth noticing that region
“r1” has a brighter LBIC signal possibly because it includes (besides isolated V-pits) also a trench defect (TD, opening to
the surface as a set of coalescing pits [11]). At the same time, cross-sectional cathodoluminescence (CL) analysis carried
out on lamellas in a SEM setup (Figure 6 (b)) indicated that the regions near the trench defect have a much lower radiative
efficiency, and appear as dark-spots. It is worth noting that Figure 6 (b) exemplifies the use of CL in cross section to study
V-pits and trench defects, a technique on which we plan to write further in future.

Finally, we found a significant redshift in emission wavelength in proximity of agglomerates of V-pits, in presence of
trench-like defects [13]. This result was explained by considering that agglomerates of V-pits and related trench-like
complexes can result in a higher indium incorporation. This results in a longer emission wavelength, compared to defect-
free materials.
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Figure 6: (a) (left) SEM micrograph and (right) light-beam induced current in an area rich of V-pits; (b)
cathodoluminescence pattern measured on a lamella in a SEM, in proximity of a trench defect

4. CONCLUSIONS

We presented an overview on the properties of point and extended defects in LEDs based on I11-N semiconductors. Several
aspects were discussed, including: a) the incorporation of defects in In-containing layers, and the related characterization
techniques; b) the dependence of point defect density on indium concentration; ¢) the impact of V-pits on parasitic
conduction, and an approach to model the same by means of TCAD; d) experimental data on the increased current and
reduced optical efficiency in proximity of V-pits. The results presented in this paper provide a better understanding of the
properties of point and extended defects in InGaN-based light-emitting devices.
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