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The compositional and structural investigations of threading dislocations (TDs) in InGaN/GaN
multiple quantum wells were carried out using correlative transmission electron microscopy
(TEM) and atom probe tomography (APT). The correlative TEM/APT analysis on the same TD
reveals that the indium atoms are diffused along the TD and its concentration decreases with
distance from the InGaN layer. Based on the results, we directly observed that the indium atoms
originating from the InGaN layer diffuse toward the epitaxial GaN surface through the TD, and it
is considered to have occurred via the pipe diffusion mechanism induced by strain energy

relaxation.
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Group 11 nitride semiconductors such as GaN are currently being considered promising
candidates for applications in various fields such as optoelectronics, photovoltaics, and power
electronics. For example, mixed crystals of GaN, InN, and AIN can be used in devices such as
light emitting diodes (LEDs),*? laser diodes (LDs),? solar cells,* and high electron mobility

transistors (HEMTs)®>~ owing to the ease of tuning the band gap by changing their mixing ratio.

Group 11 nitride semiconductors are often grown on GaN, sapphire, SiC, and Si substrates.
However, when these heterosubstrates are used, threading dislocations (TDs) with a number
density of from 10® to 10'° cm are undesirably formed during epitaxial growth because of the
differences between the lattice constants of the substrate and growing layer.8*2 These
dislocations have been reported to result in the loss of key characteristics in devices such as
light-emitting devices,**° solar cells,'® and HEMTs.Y” The electronic state of the dislocations
changes by the local structure and composition near the dislocation core;*8-20 therefore, it is
crucial to understand these structure-property relationships to improve the characteristics of these

devices.

To date, there have been many studies of the relationship between dislocations and
composition in mixed crystals of group 111 nitride semiconductors,?-2° and it is known that a
local strain field is formed around dislocations, and the compositional changes occur in mixed
crystals such as InGaN,?:?* AlGaN,?*26 and AlInN.!® 2728 Massabuau et al. reported that such
compositional deviations can cause carrier localization in the locality of the dislocation.?® In
these previous studies, transmission electron microscopy (TEM) and scanning transmission
electron microscopy (STEM) were used for the structural and compositional analysis of
dislocations. However, these analytical (S-)TEM techniques are two-dimensional (2D) in

principle, so information on the elemental distribution is averaged through (S-)TEM specimens.



Therefore, an atomic-scale three-dimensional (3D) analytical method is required to reveal the

elemental distribution around the dislocation in detail.

Atom probe tomography (APT) has a high spatial resolution (on the subnanometer scale) and a
relatively low detection limit, making it an ideal technique for the evaluation of the local
distribution of trace elements near crystal defects such as dislocations and V-pits.3*° In contrast,
(S-)TEM are suitable for providing crystal information; that is, the analysis of the Burgers vector
of dislocations, as well as for obtaining details of the structure of the core. In this study, we
investigated the elemental distribution around TDs penetrating InGaN/GaN multiple quantum

wells (MQWs) using the correlative TEM and APT analysis.

First, an InGaN MQW film was grown on a sapphire (0001) substrate. The film consisted of a
5.4-um-thick GaN layer, four pairs of 3-nm-thick InyGa;—xN QW layers, and 10-nm-thick GaN
layers having different indium compositions (x = 0.08, 0.15, 0.25, and 0.35 from bottom to top),
that is, GaN (5.4 um)/[InxGai—xN (3 nm)/GaN (10 nm)]s, and, finally, an additional 140-nm-thick

GaN cap layer grown as the top layer.

The needle-shaped specimen for the correlative TEM and APT analysis was prepared by the
lift-out method from the grown sample onto a TEM grid using focused ion beam-scanning
electron microscopy (FIB-SEM, Helios G4UX, ThermoFisher). The specimen, which contained
one TD, was fabricated into the needle shape using annular FIB milling. Then, the needle-shaped
specimen was cleaned at 2 kV to reduce the damage caused by the high-energy Ga ion beam.
The APT measurements were performed using a local electrode atom probe (LEAP5000XS,

AMETEK) under 250-kHz pulsed UV laser excitation (355 nm) at a specimen temperature of 30



K in an ultrahigh vacuum. A laser pulse energy of 100 fJ was selected. For visualization and

analysis, IVAS (version 3.8.8) was used to produce 3D atom maps of the specimen.

Before the APT measurements, the bright field (BF)-TEM observation was performed to
confirm the shape and structure of the specimen, as well as weak-beam dark-field (WBDF)-TEM
to analyze the Burgers vector of the TD in the specimen. The TEM analysis was performed in a
JEOL JEM2000FX-II at 200 kV. Then the APT measurement was performed followed by the
plan-view high-angle annular dark field (HAADF)-STEM observation on the needle-shaped
specimen. APT is a destructive analytical technique and the InGaN layer is completely ionized
by APT measurement; thus, the dislocation core in the InGaN layer cannot be observed directly.
Therefore, the structure of the dislocation core in the GaN layer left in the needle-shaped
specimen was observed. The specimen for plan-view analysis was prepared as follows: the
needle-shaped specimen after the APT measurement was transferred to another TEM grid by
FIB-SEM and thinned along the [0001] direction at 30 kV. Finally, Ar-ion milling was
performed at 350 V using a TECHNOORG-Linda Gentle Mill to reduce Ga ion beam damage.
Subsequently, HAADF-STEM plan-view observation was performed in a JEOL ARM-300F at

300 kV. The acquisition angles of the HAADF detector ranged from 45-180 mrad.

Figure 1a shows a SEM image of the sample surface. The orange rectangle in Figure 1la
indicates the region where the needle-shaped specimen for the TEM/APT analysis was prepared.
Figure 1b shows the BF-TEM image of the needle-shaped specimen before the APT
measurement. As indicated by the white arrow, the TD can be seen at the center of the needle-

shaped specimen.



' (_bT [0001]

’ [1700]

100 nm
—

Y4

Dislocation

Figure 1. (a) SEM image of the sample surface. The orange rectangle indicates the region where
the needle-shaped specimen for TEM/APT was prepared. (b) BF-TEM image of the needle-

shaped specimen.

The WBDF-TEM images of the needle-shaped specimen before APT measurements are shown
in Figure 2a (g = [3300]) and Figure 2b (g = [0004]). In Figure 2a (g = [3300]), the bright line
contrast at the center of the needle-shaped specimen indicates the TD. In contrast, in Figure 2b (g
= [0004]), the contrast corresponding to the TD is no longer visible. This result indicates that the
needle-shaped specimen contains an a-type dislocation. Figure 2c shows the 3D atom map of the
indium atoms obtained from the APT measurements, and Figure 2d shows the same image with
iso-concentration-surfaces at 0.4 at.% indium concentration. The indium concentration was
calculated by [In counts]/[Ga counts + In counts]. For better visualization of the indium
distribution near the TD, 10-nm-thick slices in the y-direction are shown in Figures 2c and 2d. As
shown in Figure 2c, wells are deformed into a VV-shape, thus forming a V-pit (denoted V-shaped
wells 1-4 from bottom to top). The indium concentration at the normal well regions (without the
V-shaped well), facet regions of the V-shaped well, and bottom regions of the V-shaped wells
were calculated by sampling 2 nm cubic in these regions, and Table 1 summarizes the
corresponding indium concentrations (see Figure S1 in the Supporting Information for more

details). As shown in Table 1, the facet regions of the VV-shaped wells have a lower indium



concentration compared to the normal well, whereas the bottom regions have a higher indium
concentration. As shown in 2d, the indium atoms are distributed along the TD passing through
the center of the V-shaped well. Further, indium atoms are distributed toward the surface

direction but not in the substrate direction.
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Figure 2. WBDF-TEM images of a needle-shaped specimen with (a) g = [3300] and (b) g =
[0004]. (c) 3D atom map of the indium obtained from the APT measurements and (d) the same
image with iso-concentration-surfaces for [In] = 0.4% (o = 1.0). Both for (c) and (d), 3D atom
maps are sliced with 10-nm thickness in the y-direction for better visualization. (e) 2D
concentration map of the indium in the crystal growth plane marked region C in (d). (f) Line
concentration profile of indium along the region indicated by the dotted line in (e). (g)
Relationship between the indium concentration at the dislocation and the distance from the

bottom of the fourth V-shaped well. The symbols in the figure correspond to regions A—E in (d).



Table 1. Indium Concentration Around the V-shaped Well (Details of These Values Are

Described in Figure S1).

Well number  Qutside of V-shaped Facet of V-shaped well Bottom of V-shaped well

well
4 26.0% 9.3% 44.9%
3 17.8% 8.4% 29.3%
2 9.1% 3.1% 21.4%
1 4.3% 1.0% 12.2%

Figure 2e shows a 2D integrated concentration map of the indium with a thickness of 5 nm in the
crystal growth direction (z-direction) of region C (blue frame in Figure 2d). Figure 2f shows the
indium concentration profile along the region indicated by the dotted line in Figure 2e, revealing
that the indium atoms are present at approximately 1 at.% concentration along the TD in the GaN
layer even 37 nm away from the InGaN layer. Figure 2g shows the correlation between the
concentration of indium atoms distributed along the TD and the distance from the bottom of the
fourth V-shaped well. The symbols A-E in the figure correspond to the labeled regions in Figure
2d. Figure 2g shows that the concentration of indium at the TD gradually decreases as the

distance from the InGaN layer increases.

Figure 3a shows the WBDF-TEM image of the needle-shaped specimen after the APT
measurement with g = [3300]. As shown in Figure 3a, the needle-shaped specimen after the APT
measurement also contains the TD. Figures 3b, 3c, and 3d show a plan-view HAADF-STEM

image obtained from the region marked by a pink line in Figure 3a, a magnified image of the



dislocation core region, and an image of the dislocation core overlaid with lattice position guides,
respectively. Typically, there are three types of core structures in edge dislocations in group 111
nitrides on the (0001) plane: 8-atom ring, 5/7-atom ring, and 4-atom ring.*° Figure 3d shows that
the dislocation observed in this study is an a-type edge dislocation having a 4-atom ring core

structure.*°
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Figure 3. (a) WBDF-TEM image with g = [3300] in the needle-shaped specimen after APT
measurement. (b) Plan-view HAADF-STEM image obtained from the region marked by a pink
line in (a). (c) Magnified image of the dislocation core shown in the red rectangle in (b). (d)

STEM image of the dislocation core overlaid with lattice position guides.

Here, we move to discussions on three issues that are revealed by the correlative TEM/APT
analysis: namely, the formation mechanism of the region having a high indium concentration at

the bottom of the V-shaped well, the distribution of indium atoms along the TD, and the



direction of the indium distribution. As they are closely related to each other, we discuss them in

order along the crystal growth process.

Firstly, we discuss the formation mechanism of the region having a high indium concentration
at the bottom of the V-shaped well. As shown by the data in Table 1, the indium concentration at
the facet of the V-pit is low, so some of the indium atoms supplied to this region may have
diffused along the facet and become incorporated near the edge-dislocation core. Typically,
indium segregation occurs around dislocations as a result of the strong tensile strain originating
from the edge dislocation,?* 28 and this phenomenon could be operative at the bottom of the V-pit

penetrated by the dislocation.

Secondly, we discuss the distribution of indium atoms along the dislocation. As shown in
Figure 2g, the indium concentration distributed near the dislocation in the GaN layer decreases
as the distance from the InGaN layer increases: this phenomenon is regarded as resulting from
the diffusion of indium atoms from the InGaN layer. Crucially, the diffusion coefficients of the
elements present along the dislocation are orders of magnitude larger than those in the defect-
free bulk region,** and this type of dislocation-induced diffusion has been observed in several
materials, including metals such as Al*! and semiconductors such as InGaAs® and Ge.*® % This
is known as “pipe diffusion,” and the observed diffusion of elements could be related to this
phenomenon. Generally, the driving force for diffusion is a concentration gradient. Thus, indium

segregation at the dislocation core enhances its diffusivity.

Finally, we discuss the direction of pipe diffusion. Garbrecht et al. reported that strain energy
can drive diffusion.*? Specifically, indium atoms in the high indium concentration region

preferentially diffuse to the surface side along the dislocation to achieve strain relaxation at the



surface (bottom of the V-pit). Thus, using the strain energy, we can explain why the direction of
diffusion of the indium atoms is restricted toward the surface: The pipe diffusion of indium
atoms is driven by both the indium concentration gradient and the strain energy. Further, since
the GaN layer is formed at a higher temperature than the InGaN layer immediately below it, the

thermal energy may accelerate pipe diffusion.

In summary, a detailed compositional and structural analysis of the TD through an
InGaN/GaN MQW was carried out using the correlative TEM/APT technique. Based on the
results, we observed that the pipe diffusion of indium atoms occurred through edge dislocation.
Furthermore, we conclude that the gradient in the indium concentration at the bottom of the V-
shaped well and the strain energy could be the driving force behind the observed pipe diffusion.
By applying our developed correlative TEM/APT analysis, we are investigating the edge
dislocations in other group 11 nitride semiconductor mixed crystals such as AlInN and AlGaN,
as well as other types of dislocations. These investigations would be a crucial key to improving

the property of group Il nitride semiconductor-based devices.
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