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ABSTRACT
Defects in semiconductor materials significantly impact their inherent properties, making the evaluation of local defects and their energy lev-
els crucial for controlling device performance. With advancements in monochromators, electron energy loss spectroscopy (EELS) combined
with scanning transmission electron microscopy (STEM) has emerged as a promising approach for assessing crystal and band structures of
semiconductor materials at the nanoscale. However, there is limited experimental research investigating the relationship between actual
defective structures in local regions and mid-gap states. In this study, we conducted high-energy resolution EELS (HR-EELS) measure-
ments with an energy resolution of less than 100 meV to detect the mid-gap states of GaN. Various defects were intentionally induced
through Ga-ion implantation, and the defect concentration varied in the depth direction. To understand the origin of the mid-gap states,
we performed 4D-STEM analysis and atomic-resolution STEM observations. The HR-EELS measurements provided insights into the depth-
dependent valence-loss spectra, revealing that the intensities corresponding to mid-gap states gradually increased toward the surface, whereas
the slope at the onsets corresponding to interband transition decreased. Furthermore, local structural analysis unveiled the presence of
structural disorder and defective structures, indicating the existence of extended defects such as stacking faults and domain boundaries.
Observably, these defective structures were abundant near the surface and less pronounced in deeper regions. Based on these experimen-
tal findings, we concluded that the variations in valence-loss spectra can be utilized to qualitatively evaluate the crystal imperfections at
the nanoscale.
© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0178995

I. INTRODUCTION

Understanding the structures and states of semiconductor
materials at the nanoscale is of practical importance because
device fabrication processes can induce point defects (vacan-
cies, interstitial/substitutional atoms, etc.) and extended defects
(stacking faults, domain boundaries, etc.). For example, charged
particles and high-energy particles in plasma processes that are
key technologies in microfabrication can induce defects and

degrade device performance.1,2 Thus, evaluating process-induced
defects has become increasingly important with recent advances in
microfabrication.

Several established methods, such as hard x-ray photoelectron
spectroscopy (HAXPES),3,4 deep-level transient spectroscopy,5–7

and positron annihilation spectroscopy8,9 are widely used to detect
defects or their energy levels, i.e., mid-gap states, with high sen-
sitivity. However, their low spatial resolution hinders nanoscale
evaluations. Electron energy loss spectroscopy (EELS) in transmis-
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sion electron microscopy (TEM) is an indispensable technique for
elemental and chemical state analysis with high spatial resolution in
local regions.10,11 While measuring bandgap energies from valence-
loss spectra was limited primarily due to an energy spread of an
electron gun in conventional EELS, evolution of monochroma-
tors has improved energy resolution down to the millielectronvolt
regime,12,13 paving the way for evaluating not only bandgap ener-
gies but also mid-gap states of various semiconductor materials.14–16

Previous studies have demonstrated the detection of mid-gap states
related to point defects or impurities.17,18 Thus, high energy reso-
lution EELS (HR-EELS) offers inherent capabilities for nanoscale
evaluation of process damage and process-induced defects due to
its high spatial and energy resolution. However, further experi-
mental studies are needed to investigate mid-gap states, including
their relationship with the number of induced defects and their
correspondence with actual defective structures, to enable practical
applications.

In this study, we conducted HR-EELS measurements on GaN
samples with varying defect concentrations in the depth direction to
investigate the characteristics of mid-gap states. To induce defective
structures, we utilized a focused ion beam (FIB) system for Ga-
ion implantation at an acceleration voltage of 30 kV. Synchrotron
HAXPES measurements were performed to verify the formation of
mid-gap states. Our investigation focused on the depth-dependent
behavior of mid-gap states at the nanoscale, specifically analyzing
the intensity and shape of valence-loss spectra. To explore the ori-
gins of the induced defective structures at the nano- to atomic scale,
we employed scanning transmission electron microscopy (STEM)-
based diffractometry and imaging. Based on the results obtained
from these experiments, we discuss the relationship between the
mid-gap states and the induced defective structures.

II. EXPERIMENTAL METHODS
A. Sample preparation

The sample used in this study was an undoped GaN crystal epi-
taxially grown on a GaN substrate. Defective structures were inten-
tionally induced by Ga-ion implantation at an acceleration voltage of
30 kV using the FIB system (Helios NanoLab 400S, Thermo Fisher
Scientific). The probe current was set to 90 pA, and the total dose
was estimated to be ∼1017 ions/cm2. No annealing process was con-
ducted to prevent repair of the induced damage. We defined the
depth of the crystal surface based on the preservation of the crystal
lattice because Ga-ion implantation resulted in the amorphization
of the GaN surface. The distribution of induced vacancies was sim-
ulated using the Stopping and Range of Ions in Matter (SRIM)
software.19,20 To prepare the TEM sample, we employed the same
FIB system at an acceleration voltage of 30 kV and subsequently
removed the damaged layers on the thinned surfaces using an Ar
ion milling system (Gentle Mill, Technoorg Linda) at an accelera-
tion voltage of 350 V. The thickness of the TEM sample, estimated
using the EELS log-ratio method,21 was ∼30 nm.

B. HAXPES
The HAXPES measurements to verify the formation of mid-gap

states were conducted at the synchrotron radiation facility SPring-8
(BL16XU). For this purpose, the same GaN crystal that underwent

Ga-ion implantation in an area of 1 × 8 mm2 at an acceleration volt-
age of 30 kV was utilized. Prior to the measurements, the amorphous
layers formed on the surface were removed using a 70% tetramethy-
lammonium hydroxide solution at 70 ○C for 5 min. The incident
x rays had a beam size of 40 × 40 μm2 and an energy of 7948 eV.
Photoelectron spectra were acquired using a photoelectron analyzer
(R4000, Scienta Omicron). The incident x ray had a glancing angle
of 5○, and the detection angle of the photoelectron was 85○. The
actual measurement range, determined by the spread of x rays on
the sample and the limited uptake of the photoelectron analyzer, was
∼40 × 500 μm2. The energy resolution, estimated from the Fermi
edge of gold, was 340 meV. Notably, photoelectrons generated at
depths up to about 25 nm contributed to ∼90% of the photoelectron
spectra, considering the estimated mean free path of photoelec-
trons in GaN to be 10.2 nm. To enable comparison, valence band
spectra were acquired in both the implanted and non-implanted
regions.

C. HR-EELS
For STEM-EELS measurements, an aberration-corrected TEM

(Themis Z, Thermo Fisher Scientific) equipped with a monochro-
mator was employed. The acceleration voltage was set to 30 kV
to suppress the Cherenkov radiation.14 The convergence angle of
the focused electron probe was 13.9 mrad, and the probe current
was set to 23 pA. EEL spectra were acquired using a Gatan imag-
ing filter system (GIF Quantum ERS) and a charge-coupled device
(CCD) camera (UltraScan, Gatan). The energy dispersion was set to
5 meV/ch. To enhance the signal-to-noise ratio of valence-loss spec-
tra, two spectra were acquired almost simultaneously in DualEELS
mode: one containing a zero-loss peak (ZLP) and the other with-
out the ZLP but including an onset corresponding to an interband
transition. The pixel dwell time was set to 0.5 s/pixel. After energy
calibration using ZLPs, the background of valence-loss spectra was
subtracted using power-law fittings. The bandgap energies were
estimated from the inflection points of onsets in the valence-loss
spectra.15 The energy resolution in the sample region, estimated
from the full width at half maximum of the ZLP, was 95 meV, as
depicted in Fig. S1.

D. Local structural analysis
For 4D-STEM experiments, the same aberration-corrected

TEM with an acceleration voltage of 30 kV was utilized. The con-
vergence angle of the focused electron probe was 7.5 mrad, and the
probe current was set to 6 pA. Convergent-beam electron diffrac-
tion (CBED) patterns of 512 × 512 pixels were acquired using
the same CCD camera. The pixel sizes were set to 1.000 nm/pixel
in real space and 0.485 mrad/pixel in reciprocal space. The pixel
dwell time was set to 2 μs/pixel. To analyze azimuthally averaged
scattering intensities, a customized DigitalMicrograph script was
employed.

In addition, an aberration-corrected TEM (JEM-ARM300F,
JEOL) operating at an acceleration voltage of 300 kV was used for
atomic-resolution STEM observations. The convergence angle of the
focused electron probe was 24 mrad, and the probe current was
∼20 pA. We simultaneously acquired high-angle annular dark-field
(HAADF) images showing Z-contrast22 and annular bright-field
(ABF) images visualizing both Ga and N atomic columns.23 The
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FIG. 1. Details of the Ga-ion implanted GaN. (a) Simulated depth profile of vacancies induced by 30 kV Ga-ion implantation. Inset: BF image acquired along the ⟨11-20⟩
direction near the surface; the red arrow indicates the defective region from surface to depth of 30 nm; the horizontal line represents the depth of 8 nm, where the vacancy
concentration is maximum. (b) HAXPES valence band spectra acquired in both the implanted and non-implanted regions. Inset: near-EF region and shaded region indicate
the mid-gap states.

detection angle ranges were 53–175 mrad for HAADF imaging and
11–22 mrad for ABF imaging. To improve the signal-to-noise ratio
and reduce image distortion caused by sample drift, customized Dig-
italMicrograph scripts were employed for multiple fast acquisitions
and drift correction.24,25 The pixel dwell time for each image was set
to 5 μs/pixel, and a total of 30 images of size 512 × 512 pixels were
acquired. The final HAADF and ABF images were constructed by
integrating the drift-corrected images.

III. RESULTS AND DISCUSSION
A. Defect formation by Ga-ion implantation

First, we explain the details of the intentionally damaged GaN
through 30 kV Ga-ion implantation. Figure 1(a) presents a simu-
lated depth distribution of vacancies, revealing their presence up
to a depth of ∼30 nm, with the highest concentration observed at
∼8 nm. This distribution serves as a reference for other types of
defects. In the inset, a bright-field (BF) image illustrates the distinct
contrast variations near the surface, providing visual evidence of
defect formation. Figure 1(b) shows the HAXPES valence band spec-
tra in which the blue solid line and the orange dashed line represent
the spectra acquired from the implanted (defective) and the non-
implanted (single-crystalline) regions, respectively. A peak centered
around a binding energy of 9 eV emerged from the photoelectrons
originating from the 4s orbital of the Ga atoms. The observed shift
of ∼1 eV in the defective region potentially originates from the shift
of the Fermi level (EF) toward the valence band. The inset focuses on
the binding energy range of 0–4 eV, and the position of the valence
band maximum (VBM) was estimated through spectrum extrapola-
tion. Notably, a significant increase in signal intensity was observed
at ∼2 eV between the VBM and EF in the defective region. The spec-
trum encompasses signals associated with nearly all defects formed
from the surface to a depth of ∼25 nm. These results clearly demon-

strate the intentional induction of mid-gap states through Ga-ion
implantation.

B. Nanoscale evaluation of mid-gap states
Herein, we focus on the detection of mid-gap states at the

nanoscale through EEL spectrum imaging. Note that although the
HAXPES assessed the mid-gap states between the VBM and EF, the
HR-EELS evaluated the mid-gap states across the entire energy gap.
Figure 2(a) displays an ADF image acquired simultaneously with the
EEL spectrum imaging data, whereas Fig. 2(b) shows the valence-
loss spectra at various depths indicated by arrows in Fig. 2(a). To
enhance the signal-to-noise ratios, these spectra were integrated
using 12 pixels in the transverse direction and four pixels in the
depth direction. As a reference spectrum, the average of spectra #10
and #11 was utilized because the number of defects induced by Ga-
ion implantation can be considered negligible beyond a depth of
30 nm. The shaded regions in the spectra represent the intensity
increase compared to the reference spectrum, clearly demonstrat-
ing the presence of intensified signals throughout the energy gap.
This occurrence can be attributed to the induction of various defects
in the sample, wherein the EEL spectra encompassed the transi-
tions from the valence band to unoccupied mid-gap states as well as
transitions from occupied mid-gap states to the conduction band.17

Notably, the intensity below 1.2 eV increased toward the surface,
revealing the existence of unoccupied mid-gap states between the EF
and the conduction band minimum (CBM). Note that this informa-
tion is not available with HAXPES in principle. Figure 2(c) illustrates
the integrated intensities of the shaded regions, which correspond to
the quantity of mid-gap states at each depth. This result establishes
that the number of mid-gap states varies with depth, with a greater
abundance formed toward the surface.

Another possible interpretation of the intensified signals
throughout the energy gap is modulation by factors other than
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FIG. 2. Depth-dependent EEL spectra of Ga-ion implanted GaN. (a) ADF image acquired simultaneously with the EEL spectrum imaging data. (b) Depth-dependent valence-
loss spectra after background subtraction. Solid lines superimposed on the spectra were obtained by Savitzky–Golay smoothing. Intensities below energy loss of 1 eV were
caused by the inaccuracies of background subtraction. Depth dependence of (c) integrated intensities corresponding to mid-gap states [ΔIntensity, shaded regions in (b)], (d)
bandgap energies, and (e) slope at onsets ∼3.4 eV.

defects, such as the retardation effect26 and the optical waveguide
modes.27,28 However, the effects of Cherenkov radiation and wave-
guide mode excitation are considered negligible for the following
reasons. First, Cherenkov radiation, which is reported to be observ-
able if the electron energy is above 40 keV and sample thickness
exceeds 100 nm for GaN,26 is suppressed for slow electrons with an
energy of 30 keV and the sufficiently thin sample of 30 nm thick-
ness in this study. Second, the excitation of waveguide modes is also
suppressed for the thin sample with a planar geometry.27,28 Third,
because we focused on the difference from the reference spectrum
acquired in the defect-free region deeper than 30 nm, we can exclude
the effect of the waveguide mode excitation even if it exists. There-
fore, we think that the contribution from various defects dominates
the intensified signals in the energy gap region in the valence-loss
spectra near the surface.

The distribution of mid-gap states depicted in Fig. 2(c) appears
distinct from that depicted in Fig. 1(a), possibly because of the mid-
gap states resulting from factors other than vacancies. As displayed
in Fig. 2(d), the bandgap energies, estimated from the inflection
points of the onsets around 3.4 eV, align with the interband tran-
sition of GaN. These bandgap energies exhibited no depth depen-
dence, yielding an average value of 3.43 eV. Figure 2(e) demonstrates
the slope at the onsets, determined through linear fitting within the
range of 3.3–3.8 eV. Notably, the slope diminished toward the sur-
face, suggesting that structural disorder became more prominent in
the vicinity of the surface because structural disorder in materials is
known to form band tail states in the forbidden energy gap near the
conduction or valence bands.29–31

C. 4D-STEM analysis of structural disorder
To delve into the origin of the observed mid-gap states,

an analysis of depth-dependent crystallinity was conducted using

4D-STEM, which offers insights into structural disorder. Figure 3(a)
shows the ADF image acquired simultaneously with the CBED
patterns. Figure 3(b) displays the representative CBED patterns,
specifically virtual selected area diffraction patterns, captured from
the amorphous, defective, and single-crystalline regions. The amor-
phous region exhibited a halo pattern with a solitary direct
disk, whereas the defective and single-crystalline regions displayed
diffraction disks attributed to the GaN crystal. Compared with the
single-crystalline region, the diffraction disk intensities were weaker
in the defective region, and the background intensity between the
disks was heightened. These observations suggest alterations in the
crystal structure or crystallinity. For a more detailed comparison,
Fig. 3(c) presents the azimuthally averaged scattering intensities
obtained from the CBED patterns, including the diffraction peaks
of the GaN crystal at an acceleration voltage of 30 kV. In the defec-
tive region, a decrease in diffraction intensity within the 15–35
mrad range and an increase in high-angle scattering intensity above
40 mrad were evident. Figure 3(d) illustrates the depth-dependent
variation in the diffraction intensity within the 15–35 mrad range.
This outcome indicates a gradual decline in diffraction intensity
toward the surface, approaching levels comparable to those in the
amorphous region near the surface. The increase in high-angle scat-
tering intensity cannot be attributed to an increase in Ga atoms
caused by Ga-ion implantation because x-ray energy dispersive spec-
troscopy (XEDS) depicted in Fig. S2 revealed a slight decrease in
Ga content near the surface compared to the single-crystal region.
Typically, Bragg scattering originated from periodic structures of
crystals, while disorder in periodic structures results in diffuse scat-
tering extending to high angles. Thus, the decrease in diffraction
intensity and the increase in diffuse scattering can be attributed to
structural disorder. Further support for structural disorder in the
defective region is provided by virtual STEM (vSTEM) and virtual
dark-field (vDF) imaging (detailed in Fig. S3). Thus, the distribution
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FIG. 3. Depth-dependent crystallinity of the Ga-ion implanted GaN. (a) ADF image acquired simultaneously with CBED patterns. (b) Representative CBED patterns in
amorphous (#1), defective (#2), and single-crystalline (#3) regions. The white dotted lines correspond to the inner rim of the physical ADF detector, and no high-angle
scattered electrons above 110 mrad were detected. (c) Azimuthally averaged scattering intensities of each CBED pattern in (b). Diffraction peaks of the GaN crystal
are displayed for comparison. (d) Depth-dependent diffraction intensities (15–35 mrad), where the intensities were expressed as the difference from the intensity in the
single-crystalline region.

of scattering intensity variation offers evidence of depth-dependent
structural disorder in the defective region.

D. Atomic-resolution STEM observation of defective
structures

Subsequently, atomic-resolution STEM images were acquired
to examine the actual structures within the defective region.
Figures 4(a)–4(d) present the pairs of HAADF and ABF images
acquired in different regions near the surface, respectively. Several
characteristic structures, including stacking faults (SFs) and inver-
sion domains (IDs), were observed. Figure 4(e) shows the structural
models that could account for the observed defective structures. The
same models were superimposed on the corresponding sections of
the ABF images in Figs. 4(b) and 4(d). Each observed defective struc-
ture had a width of ∼5–10 nm, corresponding to the grains visualized
in the vDF images depicted in Fig. S3. The prevalence of defective
structures at a depth of around 30 nm was clearly lower than that
near the surface, as depicted in Fig. S4. Although complete identifi-
cation of point defects using projected images of three-dimensional
structures is challenging owing to the negligible contrast varia-
tions, we speculate the presence of various point defects other than
vacancies. These atomic-resolution STEM observations demonstrate
the existence of crystal imperfections, including various extended
defects.

In this paragraph, we describe the relationship between the
observed defective structures and the mid-gap states. In SF#1, the
stacking sequence along the [0001] direction shifts from BABAB. . .
for the wurtzite (WZ) structure to CABC. . . for the zinc blende (ZB)
structure. Previous studies have reported that the WZ/ZB interface
induces a mid-gap state at an energy 0.13 eV above the VBM32 or off-
sets the conduction and valence bands, forming a shallow quantum

well-like structure.33 Common to SF#2, #3, and #4, dumbbell struc-
tures were observed, where two Ga atomic columns were aligned in
the ⟨1-100⟩ direction, as indicated by the red dotted area in Fig. 4(e).
This can be explained by a structure in which both sides of the stack-
ing misfit boundaries (SMBs), also known as double positioning
boundaries, overlap along the ⟨11-20⟩ direction.34,35 Assuming the
presence of SMBs, a mid-gap state with an energy of 1.1 eV above the
VBM is induced.35 Furthermore, SF#3 involves an overlap between
a WZ structure and a type I1 SF along the ⟨11-20⟩ direction. Type
I1 SFs are the most easily formed among SFs in WZ structures due
to their low formation energy,33,36 and the associated dislocations
induce mid-gap states within the energy range of 2 eV above the
VBM and at positions 0.7 eV below the CBM and 1.8 eV above the
VBM.37 The regions indicated by ID can be explained by the overlap-
ping of polarity-inversion domains along the ⟨11-20⟩ direction.38,39

For ID (Ga) and ID (N), the inversion domains are shifted in the
[0001] direction, aligning the Ga or N atomic columns with the same
atomic columns in the original domains, respectively. A theoretical
study has reported that inversion domain boundaries do not induce
mid-gap states.35

E. Relationship between mid-gap states
and defective structures

Finally, we summarize the relationship between the mid-gap
states and the defective structures. Figure 5(a) presents a schematic
diagram of Ga-ion implanted GaN, illustrating the distribution of
point defects (vacancies, interstitial/substitutional atoms, etc.) and
extended defects (stacking faults, domain boundaries, etc.) based on
the simulation results in Fig. 1(a) and STEM observations in Fig. 4.
For comparison, the vDF image reconstructed using the 0002 disk
from the 4D-STEM dataset is portrayed as well. Figure 5(b) depicts
the density of states, showing the energy levels of the mid-gap states

APL Mater. 12, 031101 (2024); doi: 10.1063/5.0178995 12, 031101-5

© Author(s) 2024

 08 M
arch 2024 06:22:14

https://pubs.aip.org/aip/apm


APL Materials ARTICLE pubs.aip.org/aip/apm

FIG. 4. Defective structures of the Ga-ion implanted GaN. (a) and (b) HAADF and ABF images acquired near the surface. (c) and (d) HAADF and ABF images acquired near
the surface but in another region. These images were acquired along the ⟨11-20⟩ zone-axis direction. (e) Schematic of projected structural models containing SFs or IDs.
Stacking sequence along the [0001] direction is depicted in each model.

FIG. 5. (a) Schematic of the Ga-ion implanted GaN and the vDF image recon-
structed using the 0002 disk. (b) Density of states displaying the energy level of
each mid-gap state induced by crystal imperfections.

induced by the observed crystal imperfections. The combination
of structural disorder, extended defects, and various (unspecified)
point defects potentially contributed to the formation of mid-gap
states throughout the energy gap. Although the position-averaged
EF can be estimated from the HAXPES valence band spectrum
shown in Fig. 1(b), the actual position of EF depends on the local
defective structures and cannot be explicitly depicted in Fig. 5(b).
This interpretation aligns with the HAXPES and HR-EELS results

that demonstrated the presence of occupied mid-gap states between
VBM and EF and unoccupied mid-gap states between EF and CBM,
respectively. Therefore, based on these findings, we conclude that the
variations in the valence-loss spectra in Fig. 2 qualitatively reflect the
depth-dependent crystal imperfections in GaN induced by Ga-ion
implantation.

IV. CONCLUSIONS
In summary, we conducted HR-EELS measurements and per-

formed STEM-based local structural analysis to explore the rela-
tionship between mid-gap states and defective structures in GaN
intentionally damaged by Ga-ion implantation. We discovered that
the mid-gap states and defective structures exhibited a similar
depth dependence, and the intensities and shapes of the valence-
loss spectra qualitatively reflected the crystal imperfections, includ-
ing the structural disorder and extended defects. HR-EELS holds
promise for the nanoscale evaluation of various defects that may
arise in the development of advanced semiconductor materials
and devices because it has the potential to detect point defects
and structural disorder that are challenging to detect using con-
ventional STEM observations. One limitation of this study is the
absence of a quantitative discussion on the defect concentration.
Further investigations on detection limits using samples with con-
trolled defect concentrations are crucial for clarifying the appli-
cation scope of HR-EELS in the nanoscale evaluation of crystal
imperfections.
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SUPPLEMENTARY MATERIAL

The supplementary material contains the comparison of ZLPs
and valence-loss spectra collected with and without monochroma-
tors, depth profiles of the characteristic X-ray intensities of Ga K
and N K emissions, virtual images reconstructed from the 4D-STEM
dataset, and HAADF/ABF images acquired at the depth of about
30 nm.
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