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Abstract

Crystal defects are intrinsically linked to the electrical and optical properties of semiconductor
materials, making their nanoscale detection essential across all phases (from research and
development to manufacturing). Electron energy loss spectroscopy (EELS) in scanning
transmission electron microscopy (STEM) has emerged as a promising technique for detecting
even point defects due to the shape modulation in valence-loss spectra induced by defects.
However, previous studies have primarily focused on qualitative detection, leaving the detection
limit, i.e., the minimum detectable concentration, insufficiently explored. To experimentally
evaluate the detection limit of defects and clarify the application scope of valence EELS, we
prepared GaN samples with controlled defect concentrations along the depth direction using
multi-step He-ion implantation and acquired valence-loss spectra at each depth. Based on the
simulated depth profile of defects, we evaluated the detection limit from the depth at which
significant modulation in the spectral shape was observed. The detection limit fundamentally
depends on the signal-to-noise ratio of the valence-loss spectra. Under typical STEM conditions
with an electron dose of 5x10° e/A2, the detection limit of defects in GaN was determined to be
0.35% (3500 ppm). Detailed structural analysis revealed that GaN contains implantation-induced
defects and their clusters, and exhibits lattice strain and local disorder while retaining its wurtzite
structure. The shape modulation in the valence-loss spectra was attributed to the indirect

detection of defects through the surrounding strain fields.



Introduction

The detection limit is a fundamental performance metric of physical analytical methods,
alongside spatial resolution. Transmission electron microscopy (TEM) is a unique technique that
offers both high spatial resolution and detection sensitivity. Over the decades, the direct
observation and identification of individual atoms, molecules, and defects have been extensively
explored [1-6], demonstrating that the minimum detectable mass in TEM can reach the single-
atom or single-molecule level. Utilizing ultrathin TEM samples or low-dimensional materials has
become a common strategy for single-atom detection because reducing the thickness of TEM
samples effectively increases the ratio of a specific analyte to the base material when the analyte
is present. Conversely, the detection limit can also be defined as the minimum detectable
concentration [7]. Detecting low-concentration impurity atoms or defects is often a critical
requirement in the semiconductor industry. However, for defects in three-dimensional structures,
experimental data on the minimum detectable concentration remain scarce due to the absence of
suitable nanoscale detection methods.

Electron energy loss spectroscopy (EELS) in scanning transmission electron microscopy
(STEM) has demonstrated the capability to detect and identify defects through shape modulation
in valence-loss spectra [8§—11]. Our previous study revealed that crystal imperfections in Ga-ion
implanted GaN induced mid-gap states, leading to intensity modulation in the valence-loss
spectra that reflected the defect concentration [11]. Another study reported that different point
defects, such as interstitials and vacancies, could be distinguished with a spatial resolution of
approximately 10 nm in boron-incorporated AIN films, aided by density functional theory [9].
Although core-loss EELS, which has sensitivity to local atomic arrangements and better spatial

resolution, also has the capability for defect detection, ionization edges in appearing high-energy



loss regions often suffer from lower signal intensities. Thus, valence EELS has emerged as a
promising technique for detecting defects in three-dimensional structures at the nanoscale.
However, previous studies have primarily focused on qualitative detection, leaving the minimum
detectable concentration insufficiently explored.

The purpose of this study is to evaluate the detection limit of defects using valence EELS
and to clarify its applicability for defect detection at the nanoscale. To achieve this, we prepared
GaN with a controlled concentration of defects along the depth direction as a model system. In
contrast to our previous study that involved various defective structures intentionally induced
through high dose ion implantation [11], ion doses in this study were kept relatively low to retain
the original crystal structure. Valence-loss spectra were acquired at each depth under high-
energy resolution conditions enabled by a monochromatic electron source. The detection limit is
defined as the threshold distinguishing desired signals from background noise. Thus, we
examined the maximum depth at which the spectral shape significantly deviated from that
observed at depths with sufficiently low defect concentrations. Subsequently, we determined the
detection limit based on defect concentrations estimated through an ion implantation simulation.
A detailed structural analysis was conducted to provide supporting evidence that the spectral

shape modulation was induced by defects resulting from implantation.

Methods
Sample preparation

Multi-step He-ion implantation was performed to prepare GaN samples with a controlled
concentration of defects along the depth direction. Figure 1(a) presents a schematic illustration of

the three-step He-ion implantation process, in which ion doses of 10'3, 103, and 10! atoms/cm?



were used for implantation energies of 20, 130, and 350 keV, respectively. The implantation
angle was set to 7° off from the GaN (0001) surface, and post-annealing was not performed.
Figures 1(b) and 1(c) represent the resulting distributions of He-ions and defects simulated using
the Stopping and Range of Ions in Matter (SRIM) software [12]. Figure 1(b) also includes the
He-ion distribution measured by secondary ion mass spectroscopy (SIMS) represented by red
filled markers. To detect low-concentration He-ions with high sensitivity, the laser ionization
mass nanoscope (LIMAS) at Hokkaido University, which enables post-laser ionization, was
utilized [13]. The He-ion distribution exhibits three peaks, and the second peak with a
concentration lower than 10'® atoms/cm? was experimentally observed due to the high-sensitivity
measurement. For the first peak, the depth and concentration showed good agreement between
the experimental results and simulation. Consequently, we assumed that the concentration of
defects near the surface as simulated by the SRIM is reliable and used this depth profile to

evaluate the detection limit.

Fig. 1

To experimentally evaluate the detection limit, a sample containing at least one analyte in
an analytical volume at a certain measurement point must be used. If the analytical volume
contains only one analyte, the concentration corresponds to the lower limit of the evaluation and
is defined as the physical detection limit (i.e., the physical limit). The physical limit can be
calculated as the inverse of the number of atoms constituting the analytical volume. For the
detection limit evaluation, a TEM sample with a sufficiently low physical limit is indispensable.

In STEM, the analytical volume corresponds to the interaction volume where the electron probe



interacts with the sample, which can be approximated by the product of the probe size (i.e., the
analytical area) and TEM sample thickness. Additionally, the delocalization effect of inelastic
scattering must be considered for valence EELS measurements [14]. Coulomb interaction
between an electron probe and electrons in a sample can occur over a range wider than the probe
diameter. For example, valence electrons can be excited even by an electron probe slightly away
from atoms. The degree of the interaction depends on the energy of the incident electrons and the
energy loss range of interest. For energy losses around 3—5 eV near the interband transition of
GaN, the delocalization factor is estimated to be 4 nm at an acceleration voltage of 30 kV. Thus,
the analytical area was assumed to be 16 nm? in this study. Figure 1(d) illustrates the physical
limit as a function of TEM sample thickness for GaN (atomic density: 88 atoms/nm?). When the
TEM sample thickness is 50 nm, the number of atoms within the analytical volume is
approximately 70,400, and the physical limit is calculated to be 14 ppm. This value is
sufficiently low and suitable for evaluating the detection limit. Thus, we prepared a TEM sample
with a thickness of 50 + 5 nm from the surface to a depth of 1600 nm using a focused ion beam
(FIB) system (Helios400S, Thermo Fisher Scientific). The thickness was measured using the
EELS log-ratio method [15]. The mean free paths of inelastic scattering in GaN were calculated
to be 40 nm at 30 kV and 142 nm at 300 kV [16]. To eliminate ion-induced damage layers on the
processed surface, low-acceleration Ar ion milling (Gentle Mill, Technoorg Linda) was

performed at an acceleration voltage of 350 V.

STEM-EELS
We utilized an aberration-corrected and monochromated TEM (ThemisZ, Thermo Fisher

Scientific). Valence-loss spectra were collected from the surface to a depth of 1600 nm in 10.2-



nm steps using a Gatan imaging filter system (GIF Quantum 970) and a charge-coupled device
(CCD) camera (994 US1000XP U", Gatan). To enhance the signal-to-noise ratios (SNRs), 18
spectra were acquired at each depth and integrated. The acceleration voltage was set at 30 kV to
minimize the effects of Cherenkov radiation [17]. The energy resolution, defined by the full
width at half maximum of the zero-loss peak (ZLP), was 70 meV, with an energy dispersion of 5
meV/channel. The convergence angle of the focused electron probe and collection angle were set
to 13.9 and 18.0 mrad, respectively. The probe current was set to 100 pA, with a dwell time of

0.5 s/pixel. The electron dose was calculated to be 3.1x10% e”/pixel (= 3.0x10% ¢/A?).

Structural analysis

The atomic structures of He-ion implanted GaN were investigated using X-ray energy
dispersive spectroscopy (XEDS), four-dimensional (4D)-STEM, and atomic resolution STEM
imaging. For 4D-STEM, the same TEM used for the STEM-EELS measurements was employed
at an acceleration voltage of 30 kV. The convergence angle of the focused electron probe was set
to 7.5 mrad, with a probe current of 25 pA. The number of measurement points in real space was
272 x 37 pixels, while the size of each diffraction pattern was 256 x 256 pixels. The pixel size
was set to 5 nm/pixel in real space and 1 mrad/pixel in reciprocal space. The dwell time was 0.1
s/pixel.

For XEDS elemental analysis and atomic-resolution STEM observation, an aberration-
corrected TEM (JEM-ARM300F, JEOL) was used at an acceleration voltage of 300 kV. The
convergence angle of the focused electron probe was set to 24 mrad. The Cliff-Lorimer method
was used for quantitative analysis of the XEDS spectra and thus the effect of absorption was not

considered. To interpret the XEDS elemental analysis results, electron propagation in the GaN



crystal was simulated using the abTEM Python package [18]. In STEM observation, high-angle
annular dark-field (HAADF) images, which provide Z-contrast [19], and annular bright-field
(ABF) images, which are capable of visualizing both Ga and N atomic columns [20], were
acquired simultaneously. The detection angle range was 53—175 mrad for HAADF and 11-22
mrad for ABF. To enhance the SNR, STEM images were obtained by integrating 50 fast-scan

images (dwell time: 2 us/pixel), following drift correction [21].

Results and Discussion
Evaluation of the detection limit using valence-loss spectra

First, we evaluated the detection limit by analyzing shape modulation in the valence-loss
spectra. Figures 2(a) and 2(b) show the annular dark-field (ADF) image indicating the region of
the EEL spectrum imaging measurement and integrated spectra at each depth, respectively. To
facilitate the interpretation of shape modulation in the valence-loss spectra, smoothed spectra
from the surface to a depth of 600 nm are presented in Fig. 2(c). Interface plasmons do not affect
the evaluation because their effect is limited to the extreme vicinity of the interface. In contrast
to our previous study [11], no clear mid-gap states were observed due to the lower defect
concentration. We specifically focused on the two most modulated regions of the spectra: the
inflection points at the onset marked by a red arrow and the slopes in the 3.6—4.6 eV range
indicated by red lines. Figures 2(d) and 2(e) illustrate the depth dependence of the inflection
points and slopes at 3.6-4.6 eV, respectively. No significant changes were observed below a
depth of 600 nm in either case; thus, this depth was defined as the background region where the
defect concentration was sufficiently low. Each background region was then approximated using

a linear function, and the standard deviation (o) was measured using all data points below a



depth of 600 nm. The shaded areas in Fig. 2(d) and 2(e) represent three standard deviations (+3c)
from the approximated lines, encompassing 99.7% of the data under the assumption of a normal
distribution. The obliquity from the surface to the deep region probably reflects the variation in
the background intensity due to the slight difference in the TEM sample thickness; however, the
effect on the spectral shape is not significant. From a depth of 200 nm to the surface, two
significant changes beyond the 36 region were observed: a shift of the inflection point to higher
energy losses by approximately 50 meV and a decrease in the slope at 3.6-4.6 eV. According to
Fig. 1(c), the defect concentration at a depth of 200 nm is estimated to be 3.1x10% defects/cm?.
Therefore, the detection limit of defects in GaN (8.8x10?* atoms/cm®) was evaluated to be 0.35%
(3500 ppm). Note that the number of "defects" refers to the number of "vacancies" in the SRIM
software. If interstitial atoms formed alongside vacancies are also considered as "defects," the

detection limit would double to 0.70%.

Fig. 2

Electron-dose dependence of detection limits

In general, the detection limit is influenced by the measurement conditions, particularly
the SNR of a spectrum. A lower SNR raises (worsens) the detection limit, whereas a higher SNR
lowers (improves) it. Thus, understanding the relationship between the SNR of valence-loss
spectra and the detection limit of defects is of practical importance. Among noise sources, we
focused on shot noise, which depends on an electron dose. This is because shot noise is an

inevitable major noise source in electron detection and is important in any detection system.



To investigate this relationship, we systematically reduced the number of integrated
spectra at each depth to artificially vary the electron dose and examined the corresponding
changes in the detection limit and SNR. Because the inflection points cannot be reliably
determined without smoothing, we focused solely on the slope in the 3.6—4.6 eV range. Figure
3(a) illustrates the effect of the electron dose on the depth dependence of the slopes in the 3.6—
4.6 eV range. The number of integrated spectra was systematically reduced from 18 as shown in
Fig. 2(e) to 16, 9, 4, and then 1. The corresponding electron doses are indicated at the top of the
figure. As the electron dose decreases, the SNR of the valence-loss spectra reduces, leading to an
increase in the standard deviation of the slope. The increase in the standard deviation causes the
maximum depth, indicated by the red arrows in Fig. 3(a), at which significant changes in the
slope are observed to become shallower, ultimately resulting in a higher detection limit. The
detection limits were determined using the maximum depth in Fig. 3(a) and the corresponding
defect concentrations estimated from Fig. 1(c). Figure 3(b) presents the evaluated detection limit
corresponding to each electron dose. These results indicate that the detection limit increases to
approximately 2% at an electron dose of 3.0x10% e/A2. If the SNR of the spectra is further
improved, e.g., by using hybrid pixel direct detectors or by employing high-dose STEM
conditions with a larger probe current or a longer dwell time, the detection limit may be further
reduced as suggested by the black dashed arrow in Fig. 3(b). Multivariate statistical analysis
techniques, such as principal component analysis or non-negative matrix factorization, also offer
effective means for enhancing the SNR by extracting statistically significant signals [22, 23].
However, in this study, the slopes in the 3.6—4.6 eV range were obtained through linear fitting, a
method inherently robust to noise, which limits the extent of potential SNR improvement. Thus,

we conjecture that the detection limit could be lowered to approximately 0.1% at best.
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Fig. 3

Structural analysis of He-ion implanted GaN
Elemental analysis

Structural analysis was conducted to verify that the shape modulation in the valence-loss
spectra was induced by defects. First, we investigated whether He-ion implantation affected the
elemental composition because the ADF image in Fig. 2(a) exhibits brighter contrast at a depth
of approximately 100 nm, where the defect concentration is at its maximum. Figure 4(a) presents
the depth profile of elemental composition. When the electron probe was incident along the GaN
<11-20> zone-axis direction (tilt 0°), the composition deviated significantly from stoichiometry
(Ga:N = 1:1), showing a higher Ga ratio. To further assess this phenomenon, an XEDS analysis
was performed under a tilted condition, away from the zone-axis direction. Figure 4(b) displays
the HAADF image indicating the XEDS measurement region and tilt direction. When the probe
incidence direction was tilted approximately 10° parallel to the interface, the composition
approached stoichiometry. One of the causes for the compositional deviation from stoichiometry
even under the tilted condition may be the neglect of X-ray absorption effects in quantification.
Although absolute composition values differ between the tilted and non-tilted conditions, the
ratios remain consistent across all depths in both conditions, suggesting that He-ion implantation
does not induce significant compositional modulation. The compositional uniformity is further
corroborated by the HAADF image contrast in Fig. 4(b). Acquired at 300 kV, the HAADF image
detects only electrons with large scattering vectors. Under these conditions, the HAADF image
can be interpreted using the power-law model of Z-contrast [24], which suggests that the

composition remains unchanged along the depth direction.
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Fig. 4

To investigate the cause of the significant compositional deviation from stoichiometry
under the zone-axis condition, electron propagation in the GaN wurtzite structure up to a
thickness of 30 nm was simulated. Figure 4(c) presents the projected potential of GaN observed
from the <11-20> direction. The simulation was conducted under two conditions, where the
electron probes were positioned on Ga and N atomic columns as indicated by white circles. The
corresponding simulated results are shown on the left and right sides of Fig. 4(d), respectively. In
the case of the Ga atomic column, the intensity distribution of the electron probe remains
localized near the atomic column at any thickness, with electrons primarily propagating along the
atomic column in a phenomenon called channeling. Conversely, for the N atomic column, the
intensity becomes delocalized and extends to the adjacent Ga atomic columns. The lower part of
Fig. 4(d) shows the 2D intensity distribution at a thickness of 15 nm, revealing that the
considerable intensity exists particularly in the first neighboring Ga atomic column. This
phenomenon, known as dechanneling, results in the generation of more characteristic X-rays
from Ga atoms under the zone-axis condition. Compositional deviation due to channeling in
XEDS analysis has also been observed in other compound semiconductor systems [25],
suggesting that channeling is the primary cause of the deviation from the stoichiometry of GaN.
Because electron propagation is influenced by the crystal structure and orientation, the depth-
independent composition ratio under both tilt conditions in Fig. 4(a) indicates that the GaN

wurtzite structure remained essentially unchanged by He-ion implantation.
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Disorder analysis via diffuse scattering

We further analyzed the scattering intensity distribution using 4D-STEM to investigate
the origin of the brighter contrast at a depth of approximately 100 nm in the ADF image in Fig.
2(a). The ADF image was acquired at an acceleration voltage of 30 kV, where both electrons
with large and small scattering vectors were detected. Under the condition, unlike the HAADF
image in Fig. 4(b), additional contrast may arise due to the contribution of diffracted electrons
[26]. Our previous study showed that scattering intensity distribution is useful for analyzing
structural disorder and may provide insights into strain fields [11]. Figure 5(a) presents the
virtual STEM image indicating the region of the 4D-STEM measurement, while representative
convergent beam electron diffraction (CBED) patterns at different depths are shown in Fig. 5(b).
Diffraction disks were observed in the GaN regions, and the patterns remained consistent
regardless of the concentration of defects. This result indicates that there is no significant change
in the GaN crystal structure or its orientation, aligning with the depth-independent composition
observed with and without tilting in Fig. 4(a). Figure 5(c) presents the azimuthally averaged
scattering intensity measured from each CBED pattern. The diffraction disk around 25 mrad was
slightly broadened, and the low-angle scattering near the tail of the bright-field (BF) disk
increased at depths with higher defect concentrations. Furthermore, high-angle diffuse scattering
increased near the surface. Virtual STEM images reconstructed using scattering intensities in the
ranges of 15-35 mrad (B1) and 35-80 mrad (2) are presented in Fig. 5(d). The contrast in the
virtual STEM images changed at a depth of approximately 100 nm, corresponding to the contrast
modulation observed in the ADF image in Fig. 2(a). In X-ray analysis, it is well known that
strain fields around defects generate diffuse scattering, such as Huang scattering or Stokes—

Wilson scattering [27, 28]. Huang scattering near the diffraction peak reflects a long-range strain
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field, while Stokes—Wilson scattering, which contributes to the background diffraction intensity,
represents a short-range local strain field. Thus, Fig. 5(c) suggests that while the GaN crystal

structure is preserved, a local strain field induced by defects exists at a depth of around 100 nm.

Fig. 5

Direct observation of crystal structures containing defect-induced local strain fields

Atomic resolution STEM images were acquired to directly observe crystal structures
containing defect-induced local strain fields. Figure 6(a) shows low-magnification ABF images
acquired at each depth. No extended defects, such as dislocations or stacking faults, were
observed at any depth, whereas contrast modulation was clearly visible up to a depth of about
200 nm. Atomic resolution ABF and HAADF images are shown in Fig. 6(b), and the extracted
HAADF intensity profiles across Ga atomic columns are shown in Fig. 6(c). In the contrast-
modulated region at a depth of 100 nm in the HAADF image, the intensity decreased at atomic
column positions and increased at intercolumn positions. Figure 6(d) represents one-dimensional
intensity profiles obtained by azimuthally averaging fast Fourier transform (FFT) patterns of the
HAADF images. The profile at a depth of 100 nm exhibits features similar to those in Fig. 5(c),
with a slight broadening of the spots and an increase in the intensity of the low-frequency
component. To visualize the low-frequency components, Fourier-filtered HAADF images were
obtained by removing fundamental spots corresponding to the periodicity of the GaN crystal
structure from the FFT patterns of the HAADF images, followed by inverse FFT. At a depth of
100 nm, an aperiodic component was observed in the area corresponding to the contrast

modulation in the ABF image, while uniform contrast was confirmed at a depth of 500 nm.
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These results demonstrate that some atoms are displaced from their original sites at a depth of
100 nm, indicating the existence of a local strain field.

Furthermore, we also prepared an ultrathin TEM sample with a thickness of
approximately 10 nm for visualization of implantation-induced defects. Atomic-resolution ABF
and HAADF images were acquired at a depth of 100 nm and are shown in Fig. 6(f). In the
regions designated by the pink dashed circles, clear intensity modulation in atomic columns was
observed, indicating the existence of disordered regions with a size of 1-2 nm. A previous study
using molecular dynamics simulations predicted atomic configurations of defects produced in
GaN crystal lattice by collision cascades under Si or Mg ion implantation and reported that
defect clusters were formed due to aggregation of various kinds of vacancies and interstitial
atoms [29]. Assuming the formation of similar defect clusters under the ion implantation
condition of this study, the observed contrast modulation can be reasonably explained. The lower
part represents repair of the crystal lattice in the left disordered region induced by electron-beam
irradiation. Because point defects can readily migrate due to energy transfer from incident
electrons, we infer that electron-beam irradiation induces migration of Frenkel pairs and the
subsequent atomic rearrangement. The crystal lattice in the right disordered region did not repair
due to the randomness of knock-on displacements. These observational results provide
supporting evidence that the shape modulation in valence-loss spectra is caused by defects and

defect-induced strain.

Fig. 6

15



We speculate that the detection limit of STEM observation is comparable to that of
valence EELS because defect-induced contrast is observed at a depth of around 200 nm.
However, because STEM observation using localized probes has a smaller interaction volume,
its physical detection limit is likely higher than that of valence EELS. Assuming a defect
concentration of 0.35% with defects uniformly and randomly distributed in a TEM sample of 50
nm thickness, the number of defects per unit area and per atomic column is estimated to be 15.4
defects/nm? and 0.48 defects/column, respectively. Because the number of defects per atomic
column is less than 1, accurately evaluating the detection limit of STEM observation using this

sample is challenging.

Relationship between shape modulation in valence-loss spectra and defects

A detailed structural analysis suggests the existence of local strain fields caused by
defects at depths with higher defect concentrations. Atoms near these strain fields are displaced
from their equilibrium positions. Consequently, GaN with a higher concentration of defects is
expected to exhibit a crystal structure with larger atomic displacement parameters or an
increased Debye—Waller factor, leading to an enhanced diffuse scattering as observed in Fig. 5.
Note that the increase in sample temperature owing to electron irradiation is negligible because
the interval of electron irradiation is on the order of nanoseconds for a probe current in the
picoampere range, which is significantly longer than the phonon relaxation time, typically on the
order of picoseconds or less. Previous studies have reported that strain alters the band structures
of group-III nitrides nonlinearly and causes transition energy shifts [30, 31]. Based on this, we
believe that the shift of the inflection points in Fig. 2(d) is attributed to defect-induced strain.

Furthermore, the change in the bonding states of atoms around the defects, along with the

16



surrounding strain fields, likely contributes to the decrease in slopes at 3.6—4.6 eV. Because no
clear mid-gap states were observed below 3.4 eV in Fig. 2, we believe that the surrounding strain

fields play a significant role in this shape modulation of the valence-loss spectra.

Concluding remarks

In this study, we prepared GaN samples with controlled defect concentrations and
investigated the detection limit of defects using valence EELS. By utilizing an appropriate TEM
sample with a low physical limit, we determined the detection limit to be 0.35% (3500 ppm)
under typical STEM conditions. A detailed structural analysis revealed the existence of defects
and defect-induced strain, providing evidence that valence EELS can indirectly detect defects via
local strain fields. The evaluated detection limit specifically corresponds to the detection limit of
defect-induced strain, which was converted into point defect concentration. Because defects and
strain are closely interrelated, this study offers valuable insights into the applicability of valence
EELS for nanoscale defect detection. While the explanation of the causal relationship between
the shape modulation in valence-loss spectra and defects remains incomplete, the integration of

first-principles calculations may lead to a deeper understanding of this correlation.
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Figure Legends

Fig. 1 Details of He-ion implanted GaN. (a) Schematic illustration of the three-step He-ion
implantation process. (b) Experimental and simulated depth profiles of He-ion concentration.
Filled markers and open markers represent experimental results measured by SIMS and
simulated results obtained using the SRIM, respectively. (¢) Depth profile of defect
concentration simulated by the SRIM. (d) Relationship between the physical limit and TEM
sample thickness of GaN for valence EELS measurements. The analytical area for each probe
position is assumed to be 16 nm? for an acceleration voltage of 30 kV and energy losses of

approximately 3—5 eV.

Fig. 2 Depth-dependent valence-loss spectra of He-ion implanted GaN. (a) ADF image acquired
simultaneously with EEL spectrum imaging data. (b) Valence-loss spectra collected from the
surface to a depth of 1600 nm. Each spectrum was obtained by integrating 18 spectra at each
depth, with an electron dose of 5.4x10° /A2, (c) Smoothed spectra from the surface to a depth
of 600 nm processed using a Savitzky—Golay filter. The red arrow indicates the inflection points
at the onsets, while the red lines indicate the slopes at 3.6—4.6 eV, determined via linear fitting.
(d) Depth dependence of the inflection points. (¢) Depth dependence of the slopes in the 3.6—4.6
eV range. The standard deviations o in (d) and (e) were calculated by linear approximation for all
data points below a depth of 600 nm. The shaded areas in (d) and (e) represent three standard

deviations (£30) from the dashed grey lines corresponding to the approximated lines.

Fig. 3 Relationship between electron dose and detection limit. (a) Effect of electron dose on the
depth dependence of the slopes in the 3.6—4.6 eV range. The corresponding electron doses are

indicated at the top. The red arrows indicate the maximum depth at which the slope exhibited
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significant changes beyond the +3c region. (b) Evaluated detection limit at each electron dose,
determined from the maximum depth shown in (a). The grey line represents the defect

concentration depth profile simulated using the SRIM, as shown in Fig. 1(c).

Fig. 4 Elemental analysis by STEM-XEDS. (a) Depth profile of elemental composition. Closed
circles represent measurement values without tilt (orange for Ga; blue for N), while open circles
represent the measurement values with tilt (red for Ga; green for N). (b) HAADF image
indicating the XEDS measurement region, with the black arrow showing the tilt direction. (c)
Projected potential of GaN observed from the <11-20> zone-axis direction. (d) Simulated
intensity distributions of incident electron probes positioned at Ga (left) and N (right) atomic
columns. The upper and lower panels illustrate electron propagation in 3D and 2D
representations, respectively. The lower panels show intensity distribution at a thickness of 15

nm.

Fig. 5 Disorder analysis via diffuse scattering. (a) Virtual STEM image showing the region of
the 4D-STEM measurement. (b) Representative CBED patterns of the He-ion implanted GaN at
depths of 100, 200, and 500 nm. A CBED pattern of the amorphous carbon (a-Carbon) protective
layer is also included as a reference. (c) Azimuthally averaged scattering intensities extracted
from each CBED pattern, with diffraction peak positions of GaN shown for comparison. (d)
Virtual STEM images reconstructed using diffraction intensities within the ranges indicated by

B1 and Bz in (C)

Fig. 6 Atomic structures of He-ion implanted GaN. (a) Low-magnification ABF images showing
contrast modulation below a depth of 200 nm. (b) Atomic-resolution ABF and HAADF images.

(c) HAADF intensity profiles across Ga atomic columns along the lines marked by triangles in
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(b). (d) Azimuthally averaged radial intensity profiles of FFT patterns from each HAADF image,
with GaN diffraction peaks from Fig. 5(c) included for comparison. (e) Fourier-filtered HAADF
images highlighting the local strain field at a depth of 100 nm. (f) Atomic-resolution ABF and
HAADF images acquired at a depth of 100 nm using the ultrathin TEM sample. Pink dashed
circles indicate the disordered regions containing defect clusters. The lower part represents the
disappearance of the defect cluster, i.e., the repair of the GaN crystal lattice, probably due to the

migration of Frenkel pairs induced by electron-beam irradiation.

Mini Abstract

We investigated the detection limit of defect-induced strain in GaN using valence EELS and
correlated structural analysis. The detection limit fundamentally depends on the signal-to-noise
ratio of the valence-loss spectra and was determined to be 0.35% (3500 ppm) under a typical

STEM electron dose condition.

Mini Abstract Figure: Figure 2 and 3
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