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We performed cross-sectional cathodoluminescence (CL) for gallium nitride
(GaN)-based high electron mobility transistors (HEMTs) to investigate pro-
cess-induced defects. The cross-sectional CL measurements at room temper-
ature clearly show the intensity distribution for the 25 nm-thick AlGaN layer,
even though it is very thin. We also observed that the intensities of the band-
edge emissions from the AlGaN and GaN layers fall near the source and drain
regions. Those intensity decays demonstrate that ion implantation at the
source and drain regions generates many nonradiative recombination centers
and that these defects are not eliminated even by activation annealing after
ion implantation. We also observed that the intensity of yellow luminescence
(YL) in the GaN layer drops not only at the source and drain regions, but also
in deeper regions of the 1.4 lm-thick GaN layer. We consider diffusion of the
implantation-generated defects and their interactions with point defects in
this deep region, which are responsible for the YL, to be the mechanism
responsible for the YL intensity decrease. Ion implantation and subsequent
annealing not only activates the dopant atoms, but also changes the point
defects, which may affect the device characteristics. These findings show that
cross-sectional CL spectral mapping can visualize the process-induced defects
in GaN HEMTs and can therefore be used for process optimization and failure
analysis of these devices.
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INTRODUCTION

Because of their superior device characteristics,
gallium nitride (GaN)-based high electron mobility
transistors (HEMTs) are key devices for next-gen-
eration wireless communications.1–5 To increase
their power density, system efficiency, and band-
width, it is essential to improve device structure and
material quality. Several degradation mechanisms

have been proposed already, using the failure-
analysis approach.6–10 However, effective physical
and chemical characterization tools—such as x-ray
diffraction (XRD), photoluminescence (PL) imaging,
and x-ray photoelectron spectroscopy (XPS)—have
mainly been used to characterize wafers. Only a few
physical-analysis tools can be used after device
fabrication because of their lack of spatial or depth
resolution. Transmission electron microscopy
(TEM) and scanning transmission electron micro-
scopy (STEM) do have high spatial resolution and
are suitable for device characterization, and they
are typically used in failure analysis for devices.(Received November 6, 2019; accepted March 25, 2020;
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However, they are not always perfect tools, and
point defects—which are often generated during
device processing—are difficult to observe via con-
ventional TEM measurements. Such defects gener-
ated during device fabrication—such as those
produced by ion implantation, thermal annealing,
or dry etching, which may lead to fatal degrada-
tions—are often ignored because of the lack of
suitable characterization methods.

In this work, we focus on using cross-sectional
cathodoluminescence (CL) to visualize process-in-
duced defects in GaN HEMTs. This technique has
many advantages that are suitable for the charac-
terization of semiconductor devices.11,12 Our objec-
tive is to show that the CL method is effective for
visualizing process-induced defects and for failure
analysis of GaN HEMTs and related devices. On the
basis of intensity changes in defect-related lumi-
nescence and the formation energy and diffusion
coefficients of point defects, we also discuss a
possible mechanism for point-defect formation and
evolution during device fabrication.

EXPERIMENTAL

The devices we used in this work are commer-
cially available 100 W GaN HEMTs designed for
2.5 GHz operation. To confirm the structure of the
devices, we performed cross-sectional scanning elec-
tron microscopy (SEM) and energy-dispersive x-ray
spectroscopy (EDX) measurements before perform-
ing the CL analysis. Figure 1 shows a SEM image of
the device used in this work. The sample structure
is overlaid on the SEM image in this figure. The
device was formed by growing a 25 nm-thick AlGaN
epitaxial layer and a 1.4 lm-thick GaN epitaxial
layer on a silicon carbide (SiC) substrate. Figure 2
shows the STEM–EDX line profiles of Al and Si near
the source. The concentration of Si atoms is high
only to a depth of about 150 nm below the AlGaN
surface. The STEM–EDX measurements indicated
that Si, which is an n-type dopant in GaN, was
implanted at the source and drain regions. The
detailed implantation energy is unknown; however,
we estimate it to be 100 keV or less based on the
STEM–EDX line profiles of Si. The devices may be
thermally annealed to activate dopant Si atoms;
however, we could not determine the precise
annealing conditions, because we used

commercially available HEMTs, and these condi-
tions are not disclosed. Possible process conditions
for implantation and annealing are discussed in the
Results and Discussion session. A contact metal
layer was deposited onto the AlGaN epitaxial layer
only near the source and drain regions to form
ohmic contact there. A silicon nitride (SiN) layer
among the metal electrodes is used for passivation
of the layer surface. The metal structure near the
gate electrode, which is generally called a ‘‘field
plate,’’ is used to relax the electric field on the drain
side of the gate.

Figure 3a shows a cross-sectional bright-field
(BF)-STEM image near the gate. A high-magnifica-
tion high-angle annular dark-field (HAADF)-STEM
image of the interface between the AlGaN and GaN
layers is shown in Fig. 3b. HAADF-STEM is sensi-
tive to variations in the atomic number, and the
AlGaN and GaN layers are clearly distinguished by
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Fig. 1. Cross-sectional SEM image of the HEMT used in this work.
The sample structure is overlaid on the SEM image. The black bold
arrow near the source shows the position of the STEM–EDX
measurement as indicated in Fig. 2.
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Fig. 2. STEM–EDX line profiles of Al and Si near the source.
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Fig. 3. (a) Cross-sectional BF-STEM image near the gate. (b) High-
magnification HAADF-STEM image at the interface between the
GaN and AlGaN layers.
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the contrast in the image. Figure 3b shows that the
interface quality is excellent in this sample. The
quality of the interface between the AlGaN and
GaN layers may affect the device characteristics,
because a two-dimensional electron gas (2DEG),
which is the channel layer of the HEMT, is formed
at the interface.

We also performed scanning capacitance micro-
scopy (SCM) measurements to visualize the carrier
distribution. We used a Bruker AXS NanoScope IVa
for these SCM measurements. Figure 4 shows a
differential-capacitance (dC/dV) image of the device.
It can be seen that a 2DEG was formed at the
interface between the AlGaN and GaN layers. The
dC/dV signal is low near the source and drain
regions as indicated by the white open ellipses in
Fig. 4. The dC/dV output is not linear with carrier
concentration because metallic or dielectric regions
cannot be depleted and show no dC/dV signals.13,14

Therefore, the regions indicated by white open
ellipses in Fig. 4 have very low or high carrier
concentrations. However, it is reasonable to suppose
that these regions have very high concentrations,
because they are the source and drain, and the
dopant Si is also detected as shown in Fig. 2.
Figure 4 also shows that the dC/dV signal is low
at the gate. The reason for this is unknown at
present; however, it suggests some kind of process-
induced damage during metal patterning by dry
etching. The SCM image shows that the 2DEG
channel layer and the source and drain contacts are
successfully formed in the device.

For the CL measurements, a JEOL JSM-7100F/
TTLS SEM was used as an excitation source. The
emitted light was analyzed using a HORIBA fiber-
optic CL detection system with an iHR-320 single
monochromator equipped with a cooled charge-
coupled device (CCD). We recorded all spectra by
scanning the electron beam in steps of 50–100 nm,
and we constructed the CL intensity images from
each spectrum afterward. We set the beam energy of
the excitation electrons to 4 keV, for which the
penetration depth is about 110–140 nm for GaN,
based on several reported calculations.15–17 We
performed all CL measurements at room tempera-
ture. Low-temperature measurements are effective

for luminescence techniques, because emissions
become sharp and nonradiative recombination can
be reduced. However, we chose room temperature
measurements in this work because we need to
visualize the nonradiative recombination centers
generated during device fabrication.

RESULTS AND DISCUSSION

We applied the CL spectral-mapping measure-
ments to the same sample we used for the SCM
measurements. Figure 5 shows the panchromatic
CL intensity image, and Fig. 6 shows the typical CL
spectra of the AlGaN and the GaN layers at the
positions indicated by 1, 2, and 3 in Fig. 5. The
spectra of the GaN layers show a sharp emission at
364 nm and a broad band at around 400–700 nm.
The former is a band-edge emission from GaN, and
the latter is a defect-related emission, so-called
yellow luminescence (YL).18 The spectrum of the
AlGaN layer shows a sharp emission at 320 nm in
addition to the GaN band-edge emission. The emis-
sion at 320 nm is the AlGaN band-edge emission.
The GaN band-edge emission is observed even at
the AlGaN layer because of the restriction of the
spatial resolution of the CL measurements. We
estimate the Al composition ratio in the AlGaN
layer to be 0.24, assuming a bowing parameter
C = 1.0 eV.19 However, there have been many val-
ues reported for the bowing parameter of AlGaN,
ranging from C = 0.53 eV20 to C = 1.5 eV.21 The Al
composition ratio ranges from 0.20 to 0.28, depend-
ing upon the chosen value of the bowing parameter.

In Fig. 5, the intensities near the source and
drain regions are low. These regions are highly
doped by the implantation of Si atoms to form the
ohmic contacts, as discussed in the Experimental
section. The decrease in intensity shows that ion
implantation generates many nonradiative recom-
bination centers and that the damage that it causes
is not fully recovered even after activation anneal-
ing following ion implantation. Figure 5 also shows
a slight intensity drop near the gate. The reason for
this is unknown at present; however, the dC/dV
signal is also weak near the gate, indicating some
kind of process-induced damage.
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Fig. 4. SCM image of the HEMT. The SEM image of the metal
electrodes is overlaid on the SCM image.
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Fig. 5. Panchromatic CL intensity image of the HEMT. Open circles
labelled 1, 2 and 3 show the positions of CL spectra indicated in
Fig. 6.
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Figures 7 show monochromatic CL intensity
images of (a) the AlGaN band edge, (b) the GaN
band edge, and (c) the GaN YL. These images
provide more detailed information about the crystal
defects in each layer. The intensity distribution
from the AlGaN layer is clearly evident in Fig. 7a,
even though the layer is very thin, and the gener-
ated carriers can easily diffuse into the GaN layer
because of the band offset between AlGaN and GaN.
In Fig. 7a and b, the intensities near the source and
drain regions are low. This indicates that damage
exists not only in the GaN layer, but also in the
AlGaN layer. Figure 7b also shows that the band-
edge emission of GaN is high just beneath the
AlGaN layer between the drain and source regions.
In general, the intensity of the band-edge emission
is affected by the carrier concentration and the
number of nonradiative recombination centers. This
intensity change suggests that the epitaxial condi-
tions of the GaN layer, such as growth rate, gas

pressure, and temperature, may change during
epitaxial growth, and the number of nonradiative
recombination centers may differ. Another explana-
tion is an effect of 2DEG formation. However, we
could not identify the true cause of the intensity
increase because detailed epitaxial conditions are
unknown. In the image of the GaN YL in Fig. 7c, the
intensity is not uniform, and it decreases under the
source and drain regions, even if the intensity of the
GaN band edge does not change much in the same
regions. Figure 8 shows the YL intensity profiles
measured along the lines indicated in Fig. 7c. The
intensity of the implanted region drops to about half
that of the normal region. Note that the YL signal at
a depth of 1.4–1.6 lm is meaningless, because these
regions are not the GaN layer but the SiC substrate.
We simply derived intensity at 520 nm from each
spectral mapping dataset when constructing the
GaN YL map, and the defect-related emission from
the SiC substrate also shows the intensity around
520 nm.

The drop in intensity under the source and drain
regions does not originate from the epitaxial process
that formed the GaN layer but from the device-
fabrication process, because the dark regions coin-
cide precisely with the implanted source and drain
regions. This appears to be the result of direct
interactions between the dopant Si atoms intro-
duced by ion implantation and the defects respon-
sible for the YL. However, the dopant Si atoms
cannot interact directly with defects in the deeper
regions of the 1.4 lm-thick GaN layer. Contact
implantation is typically done at energy of
100 keV or less,22–26 and SRIM calculations show
that the maximum concentration of Si atoms is
located within 150 nm of the surface.27 In general,
diffusion of the implanted atoms may occur after
high-temperature thermal annealing. However, the
diffusion of the Si atoms is negligible, because the
diffusion coefficient of Si in GaN is low, and the
concentration profile is almost preserved, even after
high-temperature annealing.22,25,28,29 Our STEM–
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Fig. 7. Monochromatic CL intensity images of (a) the AlGaN band
edge, (b) the GaN band edge, and (c) the GaN yellow luminescence
(YL). The solid red line and the dashed blue line show the sampling
positions represented in Fig. 8.
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EDX measurements also show that the concentra-
tion of Si atoms is high only within a depth of about
150 nm below the surface, as shown in Fig. 2.
Therefore, the dopant Si atoms themselves cannot
be the main cause of the decrease in YL intensity.

There are many types of native point defects in
GaN, such as vacancies (VGa, VN), self-interstitials
(Gai, Ni), antisites (GaN, NGa), and their complexes.
According to first-principles density-functional
pseudopotential calculations, the vacancies have
relatively low formation energies, and gallium
vacancies (VGa) may be the dominant type of native
point defect in n-type and unintentionally doped
epitaxial films.18,30 The self-interstitials and anti-
sites have high formation energies, and are unlikely
to occur during crystal growth because of the large
size difference and the small bond length between
the Ga and N atoms.18,30,31 However, ion implanta-
tion easily generates interstitials and antisites, as
well as vacancies. Thermal annealing after ion
implantation also changes the defect conditions.
The aim of thermal annealing is to move the dopant
atoms into the expected substitutional sites and
eliminate implantation-generated defects. Adequate
annealing can annihilate the defects completely;
however, the annealing temperature is not suffi-
cient for most wide-bandgap semiconductors, which
require quite high temperatures. Moderate anneal-
ing does not simply eliminate the defects, but
extends them, and changes the defect configura-
tions. Moreover, the defects can diffuse into deeper
regions. The implantation-generated defects can
interact with the native defects in the epitaxial
layer during thermal annealing. The defect respon-
sible for the YL can also be changed by interactions
with the implantation-generated defects.

The origin of the YL has been somewhat contro-
versial, and there seems to be no consensus on this
issue at present. Many papers have speculated that
the gallium vacancies (VGa) or VGa and their com-
plexes with impurities may be responsible for the
YL.32–37 However, modern density-functional calcu-
lations and several experimental results show that
carbon in nitrogen sites (CN) or CN and the com-
plexes they form with other impurities are also
possible candidates for the origin of the YL.38–42 The
diffusion coefficients of self-interstitials (Gai, Ni) are
higher than those of carbon and oxygen impurities
and of antisite defects (GaN, NGa), because the bond
strengths of interstitials are relatively weak,43 and
they can easily combine with the vacancies. The
detailed mechanism responsible for the intensity
drop of the YL in a GaN HEMT is not fully
understood at present; however, the decrease in
YL intensity can be well explained if vacancy-type
native point defects such as VGa or VGa and their
complexes are responsible for the YL and if inter-
actions between the implantation-generated inter-
stitials and vacancy-type native point defects are
dominant. One possible mechanism is as follows:

1. The implantation of dopant Si atoms creates
many types of native point defects such as
vacancies (VGa, VN), self-interstitials (Gai, Ni),
antisite defects (GaN, NGa), and their complexes.

2. Thermal annealing can activate the dopant Si
atoms and eliminate the point defects gener-
ated. However, annealing does not simply elim-
inate the defects; it extends them and changes
their configurations. Some defects—like self-
interstitials—can diffuse into deeper regions.

3. The defects responsible for the YL can interact
with the diffused defects, causing the YL inten-
sity to decrease.

The intensity drop of the YL indicates that ion
implantation and subsequent annealing not only
activates the dopant atoms, but also changes the
point defects, and may change the carrier lifetime
and mobility. The cross-sectional CL spectral-map-
ping techniques can thus successfully visualize
process-induced defects in GaN HEMTs and can
therefore be used for process optimization and for
failure analysis of GaN-based devices.

CONCLUSIONS

We performed cross-sectional CL for a GaN
HEMT to investigate process-induced defects. The
intensity distribution from the 25 nm-thick AlGaN
layer is clearly evident, even though the layer is
very thin. Moreover, we observed decreases in the
CL intensities of the band-edge emissions from the
AlGaN and GaN layers near the source and drain
regions, which were generated by ion implantation
to form ohmic contacts. The drop in intensity
suggests that ion implantation generates many
nonradiative recombination centers and demon-
strates that the damage it causes is not fully
recovered even after activation annealing following
ion implantation. We also observed that the YL
intensity was not uniform and that it decreased far
from the source and drain regions. The intensity
drop of the YL indicates that ion implantation and
subsequent annealing not only activates the dopant
atoms but can also change the point defects. The
origin of the YL has not been fully identified at this
time; however, the intensity decrease can be well
explained if vacancy-type native point defects are
responsible for the YL and the diffused implanta-
tion-generated interstitials interact with those
vacancy-type defects. We conclude that cross-sec-
tional, high-speed CL spectral mapping can be used
to visualize process-induced defects in GaN HEMTs
and can thus be used for process optimization and
failure analysis of GaN-based devices.
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