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ABSTRACT

The dopant distribution and surface and structural properties of Er- and Eu-doped GaN samples were investigated using atom probe tomog-
raphy (APT) and atomic force microscopy (AFM). Erbium accumulation within host GaN threading dislocations was directly detected by
APT allowing for the dislocations to be imaged in three dimensions. In addition, photoluminescence spectroscopy with high lateral resolu-
tion, by means of scanning near-field optical microscopy, was performed on Eu-doped GaN samples. By combining these results with AFM
mappings of the same area, it was concluded that Eu* ions also accumulate at threading dislocations. Moreover, high-resolution surface
profiles of both samples show that even dilute doping (<0.2%) of Eu and Er has a significant influence on the growth morphology of the
GaN host material and the nature of the threading dislocations within it. Transmission electron microscopy techniques were used to show
the influence of rare-earth incorporation on the growth of GaN lattice and the propagation of threading dislocations.
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substrate and the GaN and can act as nonradiative recombination
centers in GaN-based LEDs.”'°"'? In addition, the strain induced
from the lattice mismatch also enhances the piezoelectric polariza-
tion fields that occur within the InGaN quantum wells, which

1. INTRODUCTION

Gallium nitride has had an extraordinary impact on the opto-
electronics industry with a wide range of applications in photonics,

green and blue light-emitting diodes (LEDs), and high-power blue
lasers."”” Despite the overwhelming attention that this system has
received, several issues still remain, such as the high threading dis-
location density (TDD) of GaN grown by metal-organic chemical
vapor deposition (MOCVD) on c-plane sapphire substrates (~108-
10'° cm™2) and the development of a practical GaN-based red LED,
for example, using InGaN quantum wells.”” Threading dislocations
(TDs) arise because of the lattice mismatch between the sapphire

results in lower radiative recombination rates of electrons and holes
due to the quantum-confined Stark effect.>*'>""

TDD has been directly linked to the lifetime and efficiency of
GaN-based laser diodes, which has been attributed to their impact on
the threshold current of the devices.”*'” For heteroepitaxially grown
GaN layers, three types of threading dislocations (TDs) occur, which
are known as edge, screw, and mixed type, because the line direction

often runs parallel with the [0001] direction.'® Screw- and mixed-type
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are known to be easily observed for relatively large-scale atomic force
microscopy (AFM) due to their large cores."”'" To reduce the TDD,
several techniques have been established such as epitaxial layer over-
growth (ELOG),"”™" selective area growth (SAG),”™* and the use of
patterned sapphire substrates.”” For ELOG and SAG, the TDD was
reduced only from 10°-10° to 10°-10"cm™ and the growth was
changed from the usual step-flow to three-dimensional growth in order
to relax the lattice. An alternate method is to use bulk GaN substrates
with the TDDs of ~10°-10°cm™, which can be grown by hydride
vapor-phase epitaxy (HVPE).”

Rare-earth (RE) doped wide-gap semiconductors are of great
interest for applications in light-emitting diodes, because of their
sharp and stable emission, temperature stability, and the possibility
of current injection.””** As mentioned above, while blue and green
LEDs have already been successfully commercialized, efficient red
emission from GaN remains a challenge due to the quantum-
confined Stark effect, among other practical complications such as
the immiscibility of In.**'* Eu-doped GaN attracts much attention
for its intense red emission originating from the intra-4f shell transi-
tions of trivalent Eu®* ions, where the emission intensity from GaN:
Eu-based LEDs has exceeded 1 mW.””"*' Trivalent erbium (Er*")
has received attention due to the transition from its first excited state
I35 to the ground state “I;s/,, which results in emission at 1.54 um.
Er-doped GaN has potential applications as an emitter or optical
waveguide amplifier at the optical communication wavelength.*™*
In addition, room temperature light amplification has been achieved
from GaN:Er quantum well structures.”” Given the prevalence of
TDs in GaN, it is important to understand the interaction of RE
ions with TDs, and the impact that this interaction has on the
growth morphology of the host crystal.

In this contribution, a systematic study of Eu- and Er-doped
GaN samples was performed. Multiple microscopy and spectro-
scopy techniques were employed to investigate the effect of in situ
RE doping on the structural properties of the MOCVD-grown
GaN, and its influence on the optical properties of the RE ions.
The results show that the RE ions interact with charged defects
such as threading dislocations. This interaction can be modified by
changing the substrate, sample structure, and growth temperature,
which has a significant influence on the growth morphology of the
GaN host and the optical properties of the RE ions.

Il. MATERIALS AND METHODS
A. Sample growth

Several GaN:Eu samples grown by organometallic vapor-phase
epitaxy (OMVPE) were used in this study, one sample was grown
on a c-plane HVPE-GaN substrate, while all other samples were
grown on (0001) sapphire substrates. All samples were initiated
with a 30 nm low temperature (900 °C) GaN buffer layer, followed
by a 2 um thick undoped GaN layer grown at 1200 °C. The gallium
and nitrogen sources were TMGa and ammonia and the reactor
pressure was 100 kPa. The Eu-precursor used in this system was
EuCps™."' The primary difference between samples was the growth
temperature, sample thickness, and sample structure of the
Eu-doped layer deposited on top of the 2 um undoped GaN layer.

Two samples had a 300 nm layer of GaN:Eu grown at 1030 °C,
where Ar diluted O, was supplied at a flow rate of 200 slm during
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growth. One sample was grown on an HVPE-GaN substrate and the
other was grown on a sapphire substrate. Additional oxygen is needed
to stabilize the Eu incorporation in these two samples, since EuCp5™
was used as the Eu source and the growth temperature was above
1000 °C.>** Also, 200 slm was found to be the optimal flow rate at
1030°C.” Another sample consisted of a 300 nm layer of GaN:Eu
grown at 960 °C, as this was found to improve the Eu incorporation
and emission intensity without the external addition of oxygen.” For
two other samples, a multilayer structure (MLS) was used as it was
shown to be beneficial for the luminescence properties and dopant
location in the GaN host for low-oxygen-containing samples.””* The
MLS samples consisted of 40 pairs of 10nm thick GaN layers and
3nm thick GaN:Eu layers. One MLS sample was grown at 1030 °C,
which we'll call the higher temperature MLS (HT-MLS) and one MLS
was grown at 960 °C, which we'll call the lower temperature MLS
(LT-MLS).”™** Two devices were also made using the 10:3 GaN/GaN:
Eu layer ratio MLS as the active layer, and details on the device struc-
ture can be found elsewhere.””*’ In order to ensure that measurements
of AFM and scanning near-field optical microscopy (SNOM) assess
the same area on a sample, a metal marker with a thickness of 50 nm
was introduced with a ~8um width, which was formed by photoli-
thography and the liftoff technique.'”

Three Er-doped samples grown by MOCVD were used in this
study, where the PL characteristics and crystalline quality were previ-
ously measured.””™" No additional oxygen was needed for the Er
incorporation in these samples, due to the oxygen present in the Er
precursor. Two of the samples were started by depositing a ~1.2 um
GaN layer on either a (0001) sapphire or an HVPE c-plane GaN sub-
strate, which was then followed by a GaN:Er epilayer with a thickness
of 1um. The gallium and nitrogen precursors were also TMGa
and ammonia, and tris(2,2,6,6-tetramethyl-3,5-heptanedionato)
erbium was the metal-organic precursor used for the in situ Er
doping. The growth temperature was 1040 °C for all samples,
and the Er concentration was ~6x 10" cm™.""" Eu and Er
concentrations of ~5x 10" cm™ were close to the resolution
limit of atom probe tomography (APT). Therefore, to detect an
accumulation of Er atoms, another GaN:Er sample with a con-
centration of ~5 x 10*° cm™ was used.""!

B. Atom probe tomography and atomic force
microscopy

Atomic force microscopy (AFM) was used to investigate the
surface morphologies of the samples (Hitachi-AFM5100N). Certain
features of the surface were more easily observed in one mode or
another. For measurements that focused on shallower surface fea-
tures such as hill-locks, force maps were used to display the surface
profile of the GaN and GaN:Eu, as these features were found to be
more easily observed in this mode. When the deeper surface pits
that were found on the surface of MOCVD-grown GaN were the
feature of focus, contact mode AFM images were presented,
although it should be noted that the shallower surface features could
still be observed, just not as clearly as in the force mode. For all
GaN:Er samples, both surface features and pits could be observed in
the contact mode, and therefore, the contact mode was used to
display all AFM scans for GaN:Er.
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Atom probe tomography (APT) was performed to investigate
the doping profile of the samples. A standard wedge lift-out tech-
nique was used for APT sample preparation using a Thermo Fisher
Nova 200 dual beam focus ion beam (FIB)/scanning electron
microscope (SEM), in which wedge pieces were mounted on a Si
microtip array and annular milled into needle-shaped specimens. A
30 kV accelerating voltage was used for annular milling followed by
a 2kV cleaning step to remove the Pt cap and Ga ion-induced
surface damage, and to obtain a resulting initial needle radius of
approximately 50 nm." The GaN needles were run in a CAMECA
LEAP 4000X-HR with a 50 kHz pulse frequency, 2% detection rate,
~0.2 p] laser energy resulting in a Ga+/Ga++ peak ratio of ~50,
and a base temperature of 25 K. The low pulse rate was used to
limit the effects of DC heating, which results in a larger
signal-to-noise ratio than higher pulse rates. A slightly higher than
normal laser power was also used to increase the signal-to-noise
ratio such that the dopant distribution could be detected.

C. Scanning near-field optical microscopy

SNOM-PL measurements were performed in illumination-
collection mode, where photoexcitation and PL collection is per-
formed in the same probe,”” at room temperature using a fiber
probe with an aperture diameter of 220 nm. A continuous wave
InGaN laser diode emitting at 405 nm was used for sub-bandgap
excitation of the Eu** ions, while a He-Cd laser operating at 325 nm
was used for above bandgap excitation. The spatial resolution for
these parameters is in the order of 100 nm. Photoluminescence signals

Sapphire Sapphire

(v 1

0.0146 (N/m) 0.0152 0.0147 (N/m) 0.0162 0.0064
HVPE GaN

Sapphire

22,03  0.00 (nm)
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were collected by a monochromator with a liquid-nitrogen-cooled
charge-coupled-device (CCD) detector; therefore, the system could
acquire the PL spectrum at each measurement point.

D. Transmission and scanning transmission electron
microscopy

To investigate the influence of RE ion doping on the crystallinity
of the GaN layers, cross-sectional TEM and STEM samples were pre-
pared from an LT-MLS LED wafer. First, the samples were cleaved to
remove the sapphire substrate and mechanically polished to a thick-
ness of ~10 um. Next, the samples were further thinned down to less
than 100nm using an Ar ion beam in a Gatan Precision Ion
Polishing System (PIPS) (model 691). In this paper, bright-field TEM
images were acquired using a Hitachi H-800. For atomic level resolu-
tion images, high-angle annular dark-field scanning transmission
electron microscopy (HADDF-STEM) with Corrector-Spherical
Aberration system (JEOL ARM-200F) was chosen. Since HADDF has
more sensitivity to RE and gallium than other light elements (such as
nitrogen), it was possible to discern the disordering of gallium atoms
by RE ion doping at the atomic level.

I1l. RESULTS
A. Substrate dependence on surface morphology

Figure 1 shows the AFM force map surface profiles of GaN
and RE-doped GaN samples grown on sapphire and GaN sub-
strates. The surface of a standard GaN sample is shown in Fig. 1(a),

HVPE GaN

FIG. 1. AFM surface profiles of (a)
2.0 um of GaN grown on sapphire. (b)
300nm of Eu-doped GaN grown on
top of 2.0um of GaN on sapphire. (c)
300nm of Eu-doped GaN grown on
top of 2.0um of GaN on HVPE-GaN.
(d) 1.0 um of Er-doped GaN grown on
top of 1.2um of GaN on sapphire. (e)
1.0 um of Er-doped GaN grown on top
of 1.2um of GaN on HVPE-GaN.
Force maps are used for (a)—(c), and
standard AFM profiles are used for (d)
and (e).

(Nim) 0.0073

22.03
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and relatively uniformly grown steps can be observed. Surface pits
are present at the location of open-core TDs, and the density of
these pits is ~3 x 108 cm™2, which is a typical value found in GaN
grown on sapphire via MOCVD.'*”>*® When Eu is doped into
GaN on a sapphire substrate at 1030 °C, the surface morphology
changes substantially, as seen in Fig. 1(b). The diameter of the
surface pits increases to ~100 nm and several spiral structures or
“hill-locks” can be observed.'® This is similar to InGaN with high
In concentrations.””* The hill-locks are most likely caused by the
larger size of the Eu ions compared to Ga, which disrupts
the growth. Several of the TDs have a screwlike character, and the
growth layer is displaced when it encounters a Eu®* ion, which can
result in the formation of a large hill in the AFM scan with a screw-
like character.”””” When the Eu is doped into GaN grown on a GaN
substrate under the same growth conditions, the hill-locks and large
pits are not observed [Fig. 1(c)]. Similarly, spiral features and large
pits are also observed on the surface of Er-doped GaN grown on
sapphire, but not on samples grown on GaN [Figs. 1(d) and 1(e)]. It
should be noted that the concentration of Eu and Er is similar in all
samples, although the surface roughness of the Er samples is consid-
erably greater, yet key characteristics of growth on HVPE-GaN vs
sapphire are still shared. Since HVPE-GaN substrates contain far less
threading dislocations (~105—106 cm™2), it is inferred that the forma-
tion of hill-locks and enlargement of the surface pits is due to an
interaction of the RE atoms with the TDs that form between the
GaN buffer layer and the sapphire substrates.

B. Er distribution revealed through atom probe
tomography

To explore the interaction of the RE atoms with TDs, atom
probe tomography was performed on an Er-doped GaN sample

a) b)

0 20 40 60

Distance (nm)
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grown on sapphire with an Er concentration of ~5x 10*°cm™,

The APT reconstruction shown in 90-degree rotational views is
shown in Figs. 2(a) and 2(b) with the 3D distribution of Er atoms
shown as green points and a 0.3at. % Er isoconcentration surface
encapsulating a region that has >0.3 at. % Er contents. The rotations
show that the Er decorates a linear feature that is diagonally inter-
secting the APT needle and is not associated with a pole. Figure 2(c)
displays a 1D concentration profile across the Er enriched feature,
which shows that the Er concentration is as much as 5x greater
inside the isosurface than in the matrix. From the diameter and
shape of the isosurface, it is concluded that the isosurface most likely
represents Er accumulation near a TD.

C. Spatially resolved photoluminescence

Unfortunately, Eu accumulation at a dislocation was not
directly observed in GaN:Eu, but the volume of the sample ana-
lyzed by APT is very small. Therefore, there could be Eu clustering
in these samples despite the absence of clustering in the APT data.
To evaluate a larger sample volume with high spatial resolution, PL
measurements were performed using an SNOM to investigate the
Eu distribution near TDs. First, room temperature PL spectra were
taken on the HT-MLS sample in the far-field for two different exci-
tation wavelengths, 325nm for above bandgap excitation and
405 nm for below bandgap excitation. The PL spectra are depicted
in Fig. 3, and it can be observed that for excitation above bandgap,
the spectrum is broader and contains more features as compared
to the spectrum obtained under below bandgap excitation. For the
GaN:Eu system, it is known that the Eu incorporates into different
defect environments or “centers,” where two of these centers, com-
monly labeled as OMVPE4 and OMVPE7,>°~*" are the most influ-
ential in terms of the optical properties of the material. OMVPE4

FIG. 2. (a) A reconstructed APT image
of an Er doped GaN sample showing
the Er atoms as green dots and a
0.3at. % isoconcentration surface. (b)
A 90-degree rotated view of the APT
image in (a), which shows that the iso-
concentration surface moves diagonally
through the APT dataset. The size and
the shape of this region indicate that
the Er is accumulating around a GaN
threading dislocation. (c) A 1D concen-
tration profile across the Er enriched
region. Multimedia views: hitps:/doi.
0rg/10.1063/1.5134050.1;  https:/doi.
0rg/10.1063/1.5134050.2
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In Fig. 4(a), an image of the metal marker with a square hole
1 Aexc as taken with an optical microscope is shown on the left. The
. = 405 nm square center is approximately 8 x 8 um, and defines the area that
] — 3251nm is studied by AFM and SNOM. The AFM image on the right side
of Fig. 4(a) depicts the high-resolution topography of the center
square and the surrounding metal marker. Threading dislocations,
which show up as ~100 nm large pits, can be clearly observed on
this scale, and are indicated by the white circles. From the AFM

PL Emission Intensity (arb. units)

] image, the TD dislocation density is determined to be

1 ~2.6 x10°cm™ for the combined screw and mixed type. The PL

] intensity of the area was mapped by selectively exciting the

1 OMVPE4 center under 405nm excitation, and the resulting PL

1 intensity is shown in Fig. 4(b). In this map, the collected spectra at
- each collection point were fitted with the Eu emission spectrum in

616 618 620 622 623 624 626 order to get the PL intensity related to the Eu’" ions. A strongly
Emission Wavelength (nm) nonhomogenous intensity distribution is observed, with areas of

strong and weak emission intensity from OMVPE4. In the same

FIG. 3. Far-field PL spectra of the HT-MLS sample under optical excitation figure, the location of the threading dislocations is depicted as
below (405 nm) and above (325 nm) the GaN bandgap energy. determined from the AFM mapping. The PL data were overlaid

with 100 nm diameter spots at the locations of the TDs in Fig. 4(b),
and the average PL intensity within the 100 nm spot was calculated.

is the majority center in GaN:Eu, comprising over 75% of the Eu This was repeated for spot diameters of 200 nm and 400 nm cen-
incorporation, while PL emission from OMVPE7 is the most tered on the TDs and compared with the average intensity of the
prominent for above bandgap excitation, despite its much lower whole area within the square, which is shown in Fig. 4(c). It is clear

30-39

abundance (~4%). that the average PL intensity is significantly higher closer to the

\\
Y150

FIG. 4. (a) Left: Optical image of the
metal marker deposited on the sample
surface. Right: AFM scan of the area
defined by the metal marker. The white
circles indicate threading dislocation
positions. (b) PL intensity mapping of
the Eu-related emission. Black circles
indicate the threading dislocation posi-
tions as determined from the AFM
mapping. (c) The PL data were overlaid
with 100nm, 200nm, and 400 nm
diameter spots at the location of the
TDs shown in Fig. 4(b). The average
PL intensity within spots was calculated

Height (nm)

J o 4
and compared against the average
J J intensity of the whole area within the
square.
J 5 ]
Average intensity of whole region
0 100 200 300 400 500 600 700
Spot Diameter (nm)
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dislocations. This indicates that there is an accumulation of
OMVPE4 centers near TDs. Higher Er contents were also found
near TDs by APT. It may also be possible that increased light
extraction close to the TDs could play a role in this observation;
however, there are some regions near TDs with significantly lower
emission than in the bulk.

D. Growth temperature and sample structure
dependence on surface morphology

The growth temperature was found to have a significant
influence on the emission intensity and defect profile of Eu-doped
layers and devices grown using EuCp5™ as the Eu precursor.
Devices fabricated with the MLS grown at 960 °C exhibited an
output power of ~1.25mW at 20 mA,*® which is more than an
order of magnitude higher than that from the HT-MLS grown at
1030°C. As the electrical properties of GaN-based devices are
partially dependent on the prevalence of TDs and the surface
morphology, the surfaces of a variety of GaN:Eu samples grown
with different growth temperatures and structures were investi-
gated by AFM. In Figs. 5(a) and 5(b), the surface of a high-quality
undoped GaN sample grown on sapphire and a 300 nm bulk
Eu-doped sample grown at 1030 °C, are shown for reference. The
surface of the HT-MLS structure is shown in Fig. 5(c), and is
similar to the surface of the 300 nm continuously grown GaN:Eu
sample grown at 1030 °C, which is consistent with the surface
profile shown in Fig. 4.

0.5 pm

(nm) 4.87 0.00 (nm)

4.35

17.07 0.00
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The surface of a sample where the growth temperature of
the 300 nm Eu-doped layer is reduced to 960 °C is shown in
Fig. 5(d). The diameter of the TD pits is reduced compared to
those seen on the surface of the undoped GaN sample on sap-
phire. Figure 5(e) shows the surface of a 10:3 LT-MLS sample,
and no visible pits are observed within the 1um x1um AFM
scan. Thus, it appears that the lower growth temperature changes
the interaction of the Eu atoms with the TDs, which is more pro-
nounced in the LT-MLS sample.

E. Origin of the pit diameter reduction revealed by
electron microscopy

To gain more insight into the absence of surface pits for the
MLS sample grown at 960 °C, cross-sectional TEM and STEM
experiments were performed. Figure 6(a) shows a bright-field cross-
sectional TEM image of the 10:3 LT-MLS device with 40 pairs of
alternating GaN:Eu/GaN layers. Several TDs can be observed,
which originate in the buffer layer and travel to the Eu-doped layer.
However, all of the dislocations are bent away from the viewing
plane within a few hundred nanometers of entering the LT-MLS
region. Figure 6(b) shows a zoomed-in TEM image of the LT-MLS
region, and the Eu-doped layers can be seen clearly within the con-
trast of the image, despite the dilute Eu doping. The contrast most
likely originates from strain. It should be noted that the contrast
between layers is not observed in HT-MLS structures. It was
reported that the Eu atoms form larger and more complex defect

FIG. 5. 1umx1um AFM scans of the
surfaces of (a) undoped GaN, (b)
300nm thick GaN:Eu, (c) 10:3 MLS
sample grown at 1030 °C, (d) 300 nm
bulk GaN:Eu grown at 960 °C, and (e)
10:3 MLS sample grown at 960 °C
(LT-MLS). Large pits form when Eu is
doped into GaN at 1030 °C. The diam-
eter of the pits at the surface is
reduced for growth at 960 °C, and no
visible pits are observed on the
LT-MLS in the 1 um x 1 um region.

(nm) 9.15

4.04
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a) PGaN b)

LT-MLS Region

LED - Base

Structure

FIG. 6. (a) Cross-sectional TEM image of an LED with the 10:3 LT-MLS as the
active layer. The diagram on the right shows the sample structure. Three TDs
penetrate into the MLS region; however, they disappear within the layer and do
not reach the surface consistent with the AFM results shown in Fig. 5(d). (b) A
higher magnification image of the LT-MLS region of the sample shown in (a).

clusters when grown at low temperatures. We believe that lattice
distortion caused by these defect clusters results in the higher strain
observed in the Eu-doped layers grown at lower temperatures.

Atomic resolution HADDF imaging was performed on the
LT-MLS layers to investigate the lattice structure between layers.
HADDF images of undoped GaN and of the LT-MLS are shown
in Figs. 7(a) and 7(b), respectively. When the two HADDF
images are overlapped, the GaN layers in the LT-MLS have the
same lattice structure, whereas the lattice is significantly shifted
in the 3nm Eu-doped layer. This shifting of the lattice (i.e.,
strain) between the Eu-doped and undoped layers is believed to
be the cause of the significant bending of the TDs in the LT-MLS
samples. It should also be noted that there is one less plane of
atoms in the Eu:GaN layer (15 planes) compared to the GaN
layer (16 planes).

IV. DISCUSSION

From the AFM images, it is clear that the doping of Eu or
Er into GaN grown at high temperatures (>1000 °C) has a detri-
mental impact on the surface morphology, but only for samples
grown on sapphire. The APT results show direct evidence for
Er’* ions decoration at TDs. Although Eu accumulation was not
observed by APT, the SNOM-PL measurements indicate poten-
tial segregation of Eu atoms in the OMVPE4 defect environment

b) Eu-doped GaN - MLS ¢©)

.- . R S A L g
L R
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toward TDs as inferred from the inhomogeneity of the PL
mapping with high-intensity regions being located in the vicinity
of TDs. It should be noted that the excitation of the Eu atoms
in the SNOM measurements is done below bandgap by a
defect-assisted process, which removes an interpretation related
to possible preferential diffusing pathways, as observed in the
recombination dynamics of nitrides.”*

Once the growth temperature is reduced below 1000 °C,
the luminescence becomes broader, the luminescence intensity of
the Eu-doped active layers increases,”"”*’ and the surface of the
samples contains fewer and smaller TD related pits. The defect
profile was reported to change significantly in Eu-doped samples
grown below 1000 °C. In particular, it was found that Vg,-O com-
plexes are the primary defect in samples grown below 1000 °C, and
Vi, sites are the prominent defect in samples grown at higher tem-
peratures.3 ? In addition, emission from devices based on the multi-
layer structure growth at 960°C becomes broader and more
intense, with no clear preference toward OMVPE7.°*" The surface
of these samples contains almost no visible pits, and electron
microscopy confirms that the TDs are significantly perturbed when
they enter the LT-MLS region.

Due to the large number of TDs that result from the lack of a
lattice matched substrate for GaN growth, several studies have
been performed on the interaction of common defects and these
dislocations. Dislocations in n-type GaN were found to exist in a
negatively charged state as determined by electron holography.”
Multiple studies have reported that oxygen related defects, which
tend to exist in the positive charge state, will segregate toward dis-
locations, both open- and closed-core.”*™*” The oxygen is attracted
to the sides of the dislocations, and is found to decorate their sur-
faces in GaN.”®” This oxygen segregation toward the dislocation
can have a substantial impact on the formation dynamics of the
dislocations during growth at temperatures above 1000 °C."""’
Theoretical studies have shown that the closed-core dislocation,
in which the dislocation “collapses,” is the equilibrium state
of a threading dislocation. Oxygen that has segregated toward
a dislocation has a high affinity for 3- “acceptor” defects and
will form strong bonds with these defects. The most common
3- defect in n-type GaN is the gallium vacancy (Vg,). In general,
dislocations can perpetuate in the open-core state well into the
GaN epilayer, and do not simply terminate near the sapphire
surface.”® The Vg,-O complexes are found to stabilize the surface
of the dislocation and slow the growth of open-core dislocations.

‘ Overlapped

? PSP orrre

P PPPOP e FIG. 7. Atomic resolution HADDF
7, ;00-4 - images of (a) undoped GaN and (b)

Eu-doped GaN in the LT-MLS, which
are overlapped in (c). The lattice is
shifted significantly within the 3nm

3 nm Eu-doped layer but retums to that of

AR

undoped GaN at the barriers. The diago-

nal dotted line shows that the atomic
spacing of the undoped GaN does not

change, while the atomic spacing (red

. L
R )
b ssssssssssssssaa

dots) of Eu-doped GaN does.
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At a critical Vg,-O concentration, no further perpetuation of the
dislocation occurs; however, a new edge or threading dislocation
can begin to grow.”” ™’

Rare-earth ions exist primarily in the trivalent state (3+)
when doped into GaN, which may explain their affinity to segre-
gate toward negatively charged dislocations. The defect center
OMVPE4 has been associated with a nitrogen vacancy, whereas
OMVPE7 has been associated with a deep acceptor such as a
Vo 7°! This difference in the defect environment could influence
the preferential segregation of certain centers, namely, OMVPE4,
toward TDs. In the Eu-doped samples grown at low temperatures,
the higher concentration of Vg,-O complexes and significant lattice
shift in the Eu-GaN layers grown at 960 °C are believed to be respon-
sible for the bending and narrowing of TDs that enter the LT-MLS
region. Moreover, the formation dynamics of TDs change at different
temperatures. All of these conditions could account for the surface
pit reduction, and more studies are needed to confirm the exact
nature behind this phenomenon.

The presented results suggest that the larger luminescence
intensity for the LT-MLS sample is due to the reduction of surface
pits and TDs, which increases the number of optically active Eu
ions under current injection.””””"’ It may be that the decorated
TDs act as sources of leakage current, as observed for Mg decorated
TDs in GaN, and energy is not effectively transferred to Eu atoms
in these regions.”” Additionally, the altering strain barriers between
the GaN and GaN:Eu layers could produce a carrier confinement-
type effect, which could enhance the carrier capture dynamics in
the Eu-doped layers. This is further supported by the observation
that the index of refraction of RE-doped GaN is different than that
of GaN.®> Overall, while it is clear that the doping of RE atoms
into GaN has an influence on the growth morphology due to accu-
mulation at TDs and strain, further studies are needed to elucidate
the mechanisms behind the increase in the luminescence efficiency
and reduction of pit density observed for Eu-doped GaN samples
grown at lower temperatures.
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