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In this paper we describe the scanning electron microscopy techniques of electron backscatter diffraction, electron
channeling contrast imaging, wavelength dispersive X-ray spectroscopy, and cathodoluminescence hyperspectral
imaging. We present our recent results on the use of these non-destructive techniques to obtain information on
the topography, crystal misorientation, defect distributions, composition, doping, and light emission from a
range of UV-emitting nitride semiconductor structures. We aim to illustrate the developing capability of each
of these techniques for understanding the properties of UV-emitting nitride semiconductors, and the benefits

were appropriate, in combining the techniques.
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1. INTRODUCTION

The scanning electron microscope (SEM) is a very powerful tool
for investigating and imaging a wide range of material properties
spanning topography, structure, composition, and light emis-
sion [1-4]. SEMs are extensively used for imaging topography
by monitoring the intensity of secondary electrons as a focused
electron beam, with an energy in the range of 100 ¢V to 30 keV,
is rastered over the surface of a sample. Less well known are the
techniques of electron backscatter diffraction (EBSD) [5-8] and
electron channeling contrast imaging (ECCI) [6,8—14], which
exploit diffraction to provide information on crystal structure,
crystal misorientation, grain boundaries, strain, and structural
defects, such as dislocations and stacking faults. Using the
techniques of energy dispersive spectroscopy or wavelength dis-
persive spectroscopy (WDX), emitted X-rays may be used to
provide compositional information [1,2]. The light emission

2327-9125/19/110B73-10 Journal © 2019 Chinese Laser Press

cathodoluminescence (CL) [15—17] and the current (electron
beam-induced current) [1,17] generated when a high-energy
electron beam is incident on a sample, provide valuable infor-
mation on a sample’s luminescence and electrical properties,
respectively. While each of these techniques individually
provides valuable information, when one or more of these tech-
niques are combined, they can provide invaluable complemen-
tary information. For example, as we illustrate in this paper, it is
possible to acquire an ECCI micrograph and a CL image for the
same part of the sample to determine the influence of structural
defects on a material’s light emission properties.

In this paper we describe the SEM techniques of EBSD,
ECCI, WDX, and CL hyperspectral imaging and illustrate
the capability (and also the shortcomings) of each technique.
To this end we present our recent results on the use of
these non-destructive techniques to obtain information on
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the topography, crystal misorientation, defect distributions,
composition, doping, and light emission from a range of
UV-emitting nitride semiconductor structures. We also give
examples where combining the techniques provided useful
complementary information.

In comparison to their visible cousins, UV LEDs based on
nitride semiconductor thin films exhibit poor electro-optical
properties with external quantum efficiencies typically no more
than 10% for wavelengths less than 350 nm [18]. Their ultimate
performance is presently limited by the structural quality of AIN
and AlGaN thin films, which limits the achievable internal
quantum efficiency, and by low doping efficiencies, low carrier
injection efficiencies, and poor light extraction [19]. Key to im-
proving the performance of UV LEDs, and the main motivation
for the research described in this paper, is (1) the understanding
and control of extended defects, such as grain boundaries,
threading dislocations, partial dislocations, and stacking faults
and their influence on light emission; (2) the control of doping;
and (3) control of the alloy composition of AlGaN.

To carry out our measurements we use a range of SEMs
equipped with both commercial and bespoke detection sys-
tems. In the work reported here we have used an FEI Sirion
200 Schottky field emission gun SEM (Sirion SEM) equipped
with an in-house developed ECCI system. We have also used
an FEI Quanta 250 Schottky field emission gun environmen-
tal/variable pressure SEM (Quanta SEM) equipped with an
Oxford Instruments Nordlys EBSD detector and forescatter di-
odes for EBSD and ECCI measurements, respectively, and an
in-house developed CL hyperspectral imaging system. The CL
system utilizes a Schwarzschild-type reflecting objective to
collect the emission from a sample inclined at 45°, allowing
the collection of light with wavelengths >200 nm. The ability
to vary the pressure in the chamber of the Quanta SEM allows
the dissipation of charge and therefore imaging of high resis-
tivity materials, such as AlGaN and AIN. Finally, we use a
JEOL JXA-8530F Schottky field-emission electron probe
microanalyzer (JEOL EPMA), equipped with four WDX
spectrometers, for composition and doping studies.

2. CHARACTERIZATION TECHNIQUES IN THE
SCANNING ELECTRON MICROSCOPE

A. Structural Characterization: Electron Backscatter
Diffraction and Electron Channeling Contrast
Imaging

The scanning electron microscopy techniques of EBSD and
ECCI exploit diffraction of backscattered electrons or diffraction
of the incident electron beam, respectively, to provide informa-
tion on the structural properties of materials rapidly and non-
destructively with a spatial resolution of tens of nanometers from
large areas of the surface of a sample (of order 10 pm x 10 pm).
In EBSD the sample is tilted at around 70° to the normal of the
incident SEM beam. The impinging electrons are scattered in-
elastically through high angles forming a diverging source of
electrons which can be diffracted. The resultant electron back-
scatter diffraction pattern (EBSP) consists of a large number of
overlapping bands, known as Kikuchi bands, which are closely
related to a 2D projection of the crystal structure. The EBSP
is generally detected by an electron-sensitive phosphor or
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scintillator screen and a CCD or CMOS camera. EBSD is a well-
established technique for texture analysis and for quantifying
grain boundaries and crystal phases [5-8]. The introduction
of cross-correlation-based analysis of EBSPs has also made pos-
sible measurements of relative strain, geometrically necessary
dislocations, and lattice tilt and twist [7,20], antiphase domains
[21], and crystal polarity [22].

ECCI micrographs may be produced when a sample is
placed so that a plane or planes are at, or close to, the
Bragg angle with respect to the incident electron beam. Any
deviation in crystallographic orientation or in lattice constant
due to local strain will produce a variation in contrast in the
resultant ECCI micrograph. The micrograph is constructed
by monitoring the intensity of backscattered or forescattered
electrons using an electron-sensitive diode as the electron beam
is scanned over the sample. Extremely small changes in orien-
tation and strain are detectable, revealing, for example, low an-
gle tilt and rotation boundaries and atomic steps, and enabling
extended defects, such as dislocations and stacking faults to be
imaged [6,8-14,23-28].

B. Determining Composition and Doping
Concentration: Wavelength Dispersive X-Ray

When a high-energy electron beam strikes a material, it can
result in the ejection of an inner shell electron. This hole
can then be filled through relaxation of an electron from a
higher energetic state. The energy lost by the electron can result
in the emission of a characteristic X-ray. The X-ray energies are
specific to the atomic structure of an element and its energy
levels [29]. The detection of these X-rays therefore allows
elemental identification, which is widely used for composi-
tional analysis of materials [2].

In WDX the X-rays emitted from the material are dispersed
to different angles depending on their energy using a diffracting
crystal. The detector, generally a gas proportional counter or
scintillation counter, only detects X-rays of one energy and
the angle of diffracting crystal has to be changed to record a
whole X-ray spectrum, similar to a monochromator for light
detection. Quantitative measurements of the chemical compo-
sition of identified elements are generally carried out by WDX
in an EPMA, which is similar to an SEM, but a dedicated ma-
chine with numerous WDX spectrometers containing different
diffracting crystals in order to cover a range of X-ray energies.
For quantitative analysis the results of the sample under inves-
tigation have to be compared against standards of known com-
position, and matrix corrections need to be applied taking
additional effects (e.g., material density, absorption, energy
loss) into account that could lead to errors in the results [1].
The spatial resolution mainly depends on the size of the exci-
tation volume, which is defined by the electron beam energy.
While a spatial resolution of the order of a few hundred nano-
meters is achievable, there is a trade-off between the highest
spatial resolution and the necessary, minimum beam energy
for excitation of X-rays [30].

C. Light Emission: Cathodoluminescence
Hyperspectral Imaging

The absorption of energetic electrons in a semiconductor
results in the generation of excess charge carriers, and the
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radiative recombination of these carriers results in the phe-
nomenon of CL [16]. The material’s intrinsic luminescence
properties are influenced by crystal structure, composition,
and strain, while additional bands are introduced by defects.
While comparable techniques (photoluminescence, electrolu-
minescence) also reveal such information, the higher spatial res-
olution of CL allows further data to be obtained, such as the
mapping of individual extended defects which produce dark
spots due to the presence of non-radiative recombination
[31,32]. The spatial resolution of CL imaging is strongly de-
pendent on the excitation volume, the diffusion length of the
material, and the structure under investigation. If the material
under investigation contains structures which can localize the
carriers, such as quantum wells or defects, the spatial resolution
can be of the order of 10 nm [33,34]. Extending the technique
beyond simple intensity imaging and into the hyperspectral im-
aging mode allows the technique to be used to map energy
shifts and peak widths, and to deconvolve overlapping spectral
peaks [35]. The spectral resolution is defined by the spectrom-
eter used, the ruling of the grating, and the slit width. For the
results presented in this paper, the spectral resolution was
typically better than 2 nm. Moreover, CL is not limited to
the visible spectrum, but can be used out into the deep UV,
and a particular advantage of the technique when working with
UV materials, such as AIN (room temperature bandgap
~ 6 ¢V) and AlGaN (room temperature bandgap ranges from
the bandgap of GaN of & 3.4 eV to that of AIN), is that it does
not require an above-bandgap optical excitation source. The
additional challenge of working with such higher resistivity
materials under an electron beam has been successfully met
through the use of variable chamber pressures to dissipate
charge [36], as discussed at the end of Section 1.

3. RESULTS

A. ECCI of a c-Plane Alg >gGag 72N Thin Film

Figure 1 shows an ECCI micrograph of an Al ,3Gag 7,N/GaN
thin film grown by metalorganic vapor phase epitaxy
(MOVPE). More details on the sample structure and growth
can be found in Ref. [37]. The ECCI micrograph was acquired
at an electron beam energy of 30 keV using the Sirion SEM.

Fig. 1. ECCI micrograph from AlGaN thin film.

The variation in gray scale in the image is a result of different
orientations in the film, revealing sub-grains in the thin film.
The “spots” in the image, most of which exhibit a black-white
contrast (B-W) (see inset of Fig. 1), are threading dislocations
(TDs) propagating to the surface of the sample and are revealed
due to associated strain fields [38]. A large number of the
threading dislocations are seen to lie on sub-grain boundaries.
Note that in order to reveal all misorientations, and thus all the
sub-grain boundaries, a number of ECCI micrographs need to
be acquired under a range of diffraction conditions [39]. While
the contrast in the ECCI micrograph reveals the presence of
sub-grains, it does not provide any quantitative information
on their orientation. The magnitude and direction of misorien-
tation can be measured by EBSD, and an EBSD study of
sub-grain orientations is presented, in the next section, for
an AIN thin film.

Techniques have also been developed to identify dislocation
types [11,24,40]. Nitride semiconductors contain three types
of TDs, namely screw-, edge-, and mixed-type dislocations.
To identify the TD type, it is possible to apply the “invisibility
criteria’ used in transmission electron microscopy (TEM) [11].
In simple terms, dislocations are invisible in an ECCI or TEM
micrograph if they do not distort the plane which diffracts the
incident electron beam. The invisibility criteria are satisfied for
screw dislocations where g - & = 0 and for edge and mixed dis-
locations where g- 6 =0 and g- (b x u) = 0. g is the vector
normal of the diffracting plane, & is the Burgers vector of the
TD, and # is its line direction. For ECCI, to determine g an
electron channeling pattern is usually acquired [11]. However,
a further factor which needs to be taken into account when
attempting to apply the invisibility criteria to ECCI images
(and plan view TEM images), is the effect of surface relaxation
on the observed defect contrast. The variation in strain due to
surface relaxation around a defect can dominate the observed
defect contrast [11]. For nitride semiconductor thin films, sur-
face relaxation has a major impact on the observed TD contrast,
so additional strategies have been developed to identify the
TDs. As discussed above, in an ECCI micrograph TDs appear
as spots exhibiting B-W contrast. If two (or more) ECCI micro-
graphs of the same area are acquired at different diffraction
conditions, the direction of the B-W contrast exhibited for
each TD may be compared. If the B-W contrast direction
for a given TD remains the same or is reversed, the TD is an
edge dislocation. If the B-W contrast changes its direction by
other than 0° or 180° then the dislocation contains a screw
component, so it is a screw or mixed TD. One advantage of
this latter strategy is that it can be applied without a precise
knowledge of g.

For this AlGaN/GaN thin film the average TD density was
determined to be & 3 x 10? cm™2. Approximately two thirds of
the total TDs were found to be edge-type TDs by comparing
the B-W contrast direction of the TDs for ECCI micrographs
acquired under multiple diffraction conditions.

B. ECCI and EBSD Mapping of a c-plane AIN Thin
Film Overgrown on a Nanopatterned Sapphire
Substrate

Figure 2 shows ECCI micrographs from a &~ 7 pm thick ¢-plane
AIN thin film overgrown by MOVPE on a nanopatterned



Fig. 2. (a) SE image of nPSS, (b) schematic of overgrowth of AIN on nPSS, and (¢) ECCI micrograph from an AIN thin film. Inset is on the same

scale but with higher resolution.

sapphire substrate (nPSS). For this sample the sapphire sub-
strate has a 0.1° offcut toward the sapphire m-plane. A hexago-
nal array of truncated cones was prepared on a 2-in. wafer by
combining displacement Talbot lithography and lift-off to
create a metal nanodot mask, followed by chlorine-based dry
etching [41,42]. AIN was overgrown according to the growth
process given in Ref. [43].

The motivation for the growth of AIN on nPSS is to
produce high-quality (low dislocation density) AIN/sapphire
templates for the manufacture of high-performance UV LEDs.
The reduction of dislocation densities from = 1 x 10’ cm™
~5x 108 cm™ has been shown to improve the internal
quantum efficiency of UV LED structures from 5% to
~40% [44].

Figure 2(a) shows a secondary electron (SE) of the nPSS and
Fig. 2(b) shows a schematic of the cross section of the desired
AIN overgrowth. The ECCI micrographs shown in Fig. 2(c) of
the AIN/nPSS were acquired at an electron beam energy of
25 keV using the Quanta SEM operated in low vacuum mode
(0.5 mbar) to avoid charging of this insulating specimen.

The variation in gray scale in the ECCI micrograph of
Fig. 2(c) is a result of small differences in orientation of

to

sub-grains in the thin film. The inset (same scale) shows a
higher-resolution ECCI micrograph where threading disloca-
tions propagating to the surface of the sample are also revealed.
A significant number of the TDs are located on the sub-grain
boundaries. The TDs which line up along a given sub-grain
boundary all exhibit the same direction of black-white contrast
(perpendicular to the sub-grain boundary); this is consistent
with them being edge dislocations aligned along a low-angle
grain boundary [45]. For this sample the average TD density
was determined to be &~ 1.5 x 10° cm™. Approximately 90%
of the TDs were found to be edge-type TDs by comparing the
B-W contrast direction of the TDs for ECCI micrographs
acquired under multiple diffraction conditions.

As discussed in the previous section, while ECCI reveals mi-
sorientations between sub-grains, it does not provide a measure
of the magnitudes and directions of the misorientations. To
obtain quantitative information, EBSD data were acquired
from the same sample at an electron beam energy of 20 keV
using the Quanta SEM again in low vacuum mode. Figure 3(a)
shows a grain reference orientation deviation (GROD) map
(the deviation of orientation of the sub-grains relative to an
average orientation [46]) derived from EBSD data using

Fig. 3. EBSD maps from the AIN/nPSS thin film: (a) grain reference orientation deviation (GROD) map and (b) GROD axis map relative to the
sample normal (c-axis, [0001] direction]) where the colors denote direction of in-plane rotation (i.e., around the c-axis). The red regions are rotated

in the opposite direction to the blue regions as indicated.
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MTEX [47]. The first step of the analysis involved comparison
of each EBSP with dynamical simulations [48]. Figure 3(b) is a
GROD angle map which shows the local misorientations
relative to the normal to the sample, i.e., the c-axis ([0001]
direction) and reveals that the local misorientations are pre-
dominantly rotations around the c-axis. As shown schematically
in Fig. 3(b), the colors, blue and red, denote the direction of in-
plane rotation. The red regions are rotated in the opposite di-
rection to the blue regions. Work is ongoing to determine the
origin of the observed sub-grain rotations, but it is most likely
related to the mismatch between the AIN layer and its substrate
and to the misfit dislocations which form to accommodate the
mismatch [49].

These results illustrate how ECCI and EBSD can provide
complementary structural information. ECCI allows fast deter-
mination of dislocation densities and their distribution and re-
veals the presence of sub-grains; Fig. 1 took around 10 min of
direct acquisition. EBSD provides quantitative information on
the magnitude and direction of the misorientations in the film.
However, the EBSD data from which the maps of Fig. 3 were
derived, took of order 3 h to acquire. The EBSD data acquis-
ition was then followed by further data analysis which is also
time consuming. The time required to acquire the EBSD data
can result in drift and in this case a number of datasets were
acquired before one was obtained which was relatively drift free.
Note that a slight drift can be seen within the top micrometer of
the maps shown in Fig. 3. In spite of this, both techniques share
the advantages of being non-destructive and can be used to in-
terrogate large areas of a sample.

C. CL Imaging and ECCI of a Semi-Polar (11-22)

GaN Thin Film Overgrown on GaN Microrods on
m-Sapphire

UV LEDs produced from semi-polar nitride semiconductor
thin films promise higher performance than those produced
from their polar counterparts, due to reduction of piezoelectric
and spontaneous polarization fields. Unfortunately, semi-polar
nitride semiconductor thin films are often of poor quality with
a high density of structural defects; in particular stacking faults,
in addition to threading dislocations [50-54]. Here we report
the study of the structural and luminescence properties of a
5 pum thick (11-22) GaN epilayer overgrown by MOVPE
on a regular array of microrods on an m-plane sapphire sub-
strate using ECCI and room temperature CL imaging. The mi-
crorod template and overgrowth is designed to reduce the
density of structural defects through overgrowth initiated from
the sidewalls of the microrods and exploitation of the faster
growth rate in the ¢-direction compared to the - and m-plane
directions to block the propagation of defects; for more infor-
mation see Ref. [53]. Figure 4(a) shows a schematic of the
structure and illustrates that the growth gives rise to alternating
striped regions, where stacking faults reach the surface of
the sample or no stacking faults are present, respectively.
Figures 4(b) and 4(d) show an ECCI micrograph and inte-
grated CL intensity image of the GaN near band edge (NBE)
emission (3.15-3.50 eV), respectively, from a sample where a
semi-polar (11-22) GaN thin film was overgrown on 5 pm
diameter GaN microrods. These images are plotted on the same
scale but were not obtained from the same part of the sample.

The ECCI micrograph was acquired at an electron beam energy
of 30 keV in the Sirion SEM while the CL image was acquired
at an electron beam energy of 5 keV. The ECCI micrograph of
Fig. 4(b) reveals that the GaN thin film does indeed exhibit
striped regions of high stacking fault density separated by re-
gions with almost no stacking faults. The average stacking fault
density in the high stacking fault density regions is estimated to
be of order 1 x 10> cm™'. The NBE CL image of Fig. 4(d)
shows alternating bright and dark stripes; we attribute the sig-
nificant reduction in the NBE luminescence intensity in the
dark striped regions to non-radiative recombination at the
stacking faults. Figure 4(c) shows example CL spectra from
a bright stripe and from a dark stripe, respectively [the boxes
in Fig. 4(d) indicate where the spectra were extracted from the
CL dataset], and shows that the peak intensity of the NBE peak
drops by around an order of magnitude in the dark striped re-
gions compared to the bright striped regions. At low temper-
ature, distinctive luminescence peaks associated with stacking
faults are generally observed [55-57]. However, the intensities
of these peaks reduce significantly as the temperature is in-
creased and are difficult to resolve from the broad free exciton
peak at room temperature. As our CL maps have been acquired
at room temperature, the dominant effect of the presence of
stacking faults is a reduction in luminescence intensity.

Figures 4(e) and 4(f) show a higher magnification ECCI
micrograph and a higher magnification CL map, respectively
(same scale, not the same part of the sample). The ECCI micro-
graph reveals striped regions with alternating higher and lower
dislocation densities. By changing the tilt and rotation of the
sample, diffraction conditions can be selected to provide the
strongest contrast for the stacking faults or for the dislocations.

The dislocation density in the high-density regions is
~2x10° cm™, while for the lower-density region it is
~2 x 108 cm™ [58]. We attribute the black spots in the CL
images of Figs. 4(d) and 4(f) to single or clusters of dislocations.

In summary, comparison of the ECCI micrographs with the
CL images shows that at room temperature, both stacking
faults and dislocations lead to a significant reduction in the
NBE luminescence intensity due to non-radiative recombina-
tion at these defects.

D. ECCI and CL Hyperspectral Mapping of c-plane
Si-Doped Aly g,Gag 1gN Thin Film Grown on a Stripe
Patterned Epitaxially Laterally Overgrown
AIN/Sapphire Template

The topography, type and distribution of dislocations, and light
emission were investigated for a polar (c-plane) Si-doped
Aly g,Gag 1gN thin film grown on a stripe patterned epitaxially
laterally overgrown (ELO) AlN/sapphire template [31]. Both
the template and thin film were grown by MOVPE. The
stripe pattern comprised 2 pm wide stripes (seed regions), sep-
arated by 1 pm wide grooves (window regions), running per-
pendicularly to the substrate miscut of & 0.25° toward the
sapphire m-plane (1-100). Note that the sapphire m-plane is
perpendicular to AIN 7-plane so that the stripes run parallel
to the [1-100] direction for the ELO AIN and for any sub-
sequently grown nitride layers. More details on the template
growth can be found in Ref. [59]. For the sample we report
on here, the template was overgrown by a 400 nm thick
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Fig. 4. (a) Schematic of semi-polar GaN microrod template and overgrowth, indicating the distribution of stacking faults on the surface of the

sample and the crystallographic directions. (b) ECCI micrograph revealing stacking faults. (c) Example CL spectra from a dark stripe and a bright
stripe, respectively. The boxes on (d) indicate where the spectra were extracted from the CL dataset. (d) Integrated CL intensity image of the GaN
near band edge (NBE) emission (3.15-3.50 €V) on the same scale as (e) but not from the same area. (e) Higher resolution ECCI micrograph
revealing dislocations. (f) Integrated CL intensity image of the GaN near band edge (NBE) emission (3.15-3.50 ¢V) on the same scale as (¢) but not

from the same area.

AIN buffer layer followed by a 25 nm thick Al ,Ga, N
graded transition layer and a 100 nm thick non-intentionally
doped Alj3Gag,N layer. Finally, a 1600 nm thick Si-doped
Alyg,Gag gN layer was grown. The average percentage of
AIN was determined to be (824 1)% by high-resolution
X-ray diffraction and WDX, and the Si-dopant concentration
was estimated by WDX to be ~9 x 10'® cm™ [31].

Figure 5(a) shows a schematic of the sample structure.
Figure 5(b) is an atomic force microscopy image of the sample,
revealing the hillock morphology of the sample. Figure 5(c) is
an ECCI micrograph, Fig. 5(e) is a backscattered electron
topographic image; a small rotation of the sample from the
orientation at which the ECCI micrograph was acquired results
in topographic rather than diffraction contrast dominating the
image, so revealing the hillock morphology of the sample.
Figure 5(d) is a CL peak intensity image of the AlGaN
NBE emission (& 5.24-5.27 €V) and Fig. 5(f) is a CL peak
energy image of the AlIGaN NBE emission. The ECCI micro-
graph and topographic image were acquired at an energy of
30 keV in the Sirion SEM, while the CL maps were acquired

at an energy of 5 keV using the Quanta SEM. As these samples
were conducting as a result of the silicon doping, both types of
measurements could be made in the standard high vacuum
mode. For a detailed discussion of the CL spectroscopy of this
sample, see Ref. [31]. Images in Figs. 5(c)-5(f) were obtained
from approximately the same region of the sample. The white
arrows indicate the apexes of the hillocks. Complete alignment
of these images was not possible as the images were acquired at
different sample tilts and rotations. The sample was tilted at 70°
from the incident electron beam direction for the ECCI and
backscattered electron topographic image, with a small rotation
between the ECCI and topographic images, and it was tilted at
45° for the CL images.

The ECCI micrograph reveals that the patterned template
leads to a modulation of the dislocation density with higher
dislocation densities around the ELO coalescence boundaries.
Analysis reveals an average TD density of 1.2 x 10? cm™2,
with a density of ~2.3 x 10 cm™ around the coalescence
boundaries and a dislocation density of & 1.0 x 10 cm™ in the
lower dislocation regions. 97% of the dislocations were found
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Fig. 5. (a) Schematic of the sample structure. x = 0.82 for the top 1.6 pm layer. (b) Atomic force microscopy image of the sample surface.
(c) ECCI micrograph (the black brackets indicate “stripes” of higher dislocation density in the coalescence region). (d) Topographic image. (c) CL
near band edge (NBE) peak intensity map. (d) NBE CL peak energy map. Images (c) to (f) were acquired from approximately the same region of the
sample. The white arrows indicate the apexes of the hillocks. The CL peak intensity and peak energy were extracted from hyperspectral data.

to be edge-type dislocations. High-resolution ECCI micro-
graphs (not shown here) show that the dislocations at the coa-
lescence boundaries are arranged in lines with the same
direction of black-white contrast (perpendicular to the coales-
cence boundary), in a similar manner to the rotation bounda-
ries observed for the AIN thin film described in Section 3.B.
This observation is consistent with coalescence giving rise to
low-angle grain boundaries.

Comparison of the ECCI micrograph of Fig. 5(c) and the
topographic image of Fig. 5(e) shows that threading disloca-
tions with a screw component are located at the apex of each
hillock. The ECCI micrograph also shows atomic steps around
the hillocks. This hillock morphology is a result of spiral growth
around the screw component dislocations [60-62].

Comparing the ECCI micrograph with the CL NBE peak
intensity image in Fig. 5(d) reveals that the presence of dislo-
cations leads to a reduction in the luminescence; in particular,
dislocations with a screw component appear as dark spots in the
CL image.

Comparing Figs. 5(e) and 5(f) shows that the NBE emission
is redshifted at the edges of the hillocks. The AlGaN peak

energy is dependent on the relative percentages of GaN and
AIN in the AlGaN thin film, the lower the energy of the
NBE emission, the higher the percentage of GaN in the film.
The peak position will also be influenced by strain and by
doping density.

The origin of the redshift will be the subject of further study,
for example, WDX mapping experiments (as described in the
next section for a similar sample) could allow changes in the
fractions of AIN and GaN to be mapped.

E. Composition and Doping in AlGaN

WDX analysis allows the straightforward and non-destructive
analysis of both major and minor elements in surface layers
with thicknesses typically greater than approximately 100 nm
[63,64]. Here we describe mapping of the AIN and GaN con-
tent across topographic surface features in MOVPE grown
AlGaN epilayers, as well as measurement of the concentration
of Si-dopants in GaN epilayers, using a comparison with sec-
ondary ion mass spectrometry (SIMS) data. A calibration curve
method is described, allowing the WDX data to be converted to
doping densities in the range 1018-10' cm™.
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The AlGaN layers were mapped in the JEOL EPMA, using
an acceleration voltage of 15 kV and a beam current of 40 nA, by
stepping the sample underneath a focused electron beam at nor-
mal incidence and using individual spectrometers to measure the
intensities of Ga La, Al Kat, and N Ka X-rays at each point. The
AIN and GaN mole fractions can be accurately quantified with
the WDX correction routines. Composition maps were gener-
ated as shown for Ga and Al in Figs. 6(a) and 6(c), respectively,
either side of the backscattered electron (BSE) image [Fig. 6(b)]
of the mapped region. The BSE image reveals a surface morphol-
ogy of neighboring platelet-like structures. The WDX measure-
ments revealed that the average AIN content was 81% for this
layer. The maps of Fig. 6 show opposing behavior for the AIN
and GaN mole fractions, with the Ga signal lower at the center of
the platelets relative to the edges, while the Al signal is lower at
the edges relative to the center.

A range of Si-doped GaN epilayers grown by MOVPE were
investigated, with thicknesses in excess of 500 nm. WDX mea-
surements were performed in the JEOL EPMA, using an accel-
eration voltage of 10 kV and a beam current of 40 nA for the
major elements. The current (400 nA) and counting time are
increased considerably for measurement of the trace elements
(Si) in order to maximize the statistical accuracy. SIMS data
were available from a small subset of these. At this acceleration
voltage, 90% of the beam energy is deposited in the first
460 nm of a GaN sample, according to Monte Carlo simula-
tions using the CASINO software [65]. The Ga La and Si Ka
X-ray intensities were recorded using large thallium acid phtha-
late (TAP) crystals while for the N Ka signal a synthetic layered
crystal (LDE1L) was used. The peak-minus-background signals

were compared with those measured from GaN and pure Si
standards under the same conditions, to give the experimental
k-ratios (sample intensity/standard intensity). The measured
k-ratios can be converted to atomic percentages using iterative
correction routines [63]. The values reported in Ref. [63] were
observed to increase with the intensity of the Si X-rays, but
appear to be on the high side, and work continues to establish
the reasons why. In the meantime, we describe here how a cal-
ibration curve method can be used to quantify the Si content.

Figure 7(a) plots the Si concentration determined from
SIMS against the measured WDX Si peak intensity. The sam-
ples for which SIMS data was obtained are indicated by the red
points. A semi-log plot is used to separate the data points from
samples with lower WDX Si peak intensities, with the intensity
of the Si peak increasing with the Si concentration. The black
data points then show the WDX Si peak intensity measured for
all the Si:GaN samples and the Si concentration can then be
read from the graph.

Figure 7(b) shows a WDX spectrum in the regjon of the Si Ko
line obtained with the large TAP crystal for a sample with
2.3 x 107 cm™ Si, showing how the Si peak remains clearly visible
above the background. By using appropriate conditions, concentra-
tions of the order of 10 ppm (parts per million) of Si (% 10'® cm™>
Si in GaN) are detectable in favorable cases, with the ultimate de-
tection limit close to 1 ppm (~ 10 cm™ Si in GaN).

4. SUMMARY AND CONCLUSIONS

In summary, we have illustrated the capabilities of a range of
non-destructive SEM techniques which can be used to provide
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complementary information on material properties encompass-
ing topography, structure, composition, and light emission
down to the nanoscale. Recent general availability of environ-
mental/variable pressure SEMs has made the characterization of
wide bandgap and therefore resistive materials such as AIN and
AlGaN in the SEM far more accessible. We have shown that
EBSD and ECCI can provide valuable information on misor-
ientations and on extended defects, such as dislocations and
stacking faults. We have also shown that WDX can be used
to investigate both composition and doping in nitride semicon-
ductor layers. If ECCI is combined with CL, the influence of
extended defects on light emission can be investigated. In con-
clusion the SEM is a very useful tool to investigate UV-emitting
nitride semiconductor thin films. The data associated with all
figures in this paper may be accessed [66].
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