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ABSTRACT

III-nitride materials, such as GaN and its alloys, are essential for modern microelectronics and optoelectronics due to their unique proper-
ties. Focused ion beam (FIB) techniques play a crucial role in their prototyping and characterization at the micro- and nanoscale. However,
conventional FIB milling with Ga ions presents challenges, including surface amorphization and point defect introduction, prompting the
exploration of alternative ion sources. Xenon-based inductively coupled plasma or plasma FIB has emerged as a promising alternative, offer-
ing reduced damage and better sample property preservation. Despite extensive research on FIB-induced damage in GaN, systematic com-
parisons between Ga and Xe ion milling on the luminescence characteristics of GaN remain limited. This study aims to fill this gap by
evaluating and comparing the extent of FIB-induced damage caused by Ga and Xe ions in wurtzite and zincblende GaN through cathodolu-
minescence measurements. Our findings indicate that Xe ion milling yields higher integrated intensities compared to Ga ion milling, attrib-
uted to shallower implantation depths and reduced lattice disorder. We also observe a decrease in integrated intensity with increasing ion
beam acceleration voltage for both wurtzite and zincblende GaN layers. This study provides valuable insights into optimizing FIB-based
sample preparation techniques for III-nitride materials, with implications for enhancing device performance and reliability.
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1. INTRODUCTION Conventional FIB milling has employed Ga liquid metal ion

The HI-nitride materials, including GaN, AIN, InN, and their sources due to their extended operational lifetimes as well as the
solid solutions, possess unique physical properties such as a wide low volatility a.nd melting temperature of Ga meta}.” None.thele.ss,
bandgap, high carrier mobility, high breakdown fields, and excel- the use of Qa lon sources p rese‘n.ts challenges relating to lat‘tlce? dis-
lent chemical stability, making them highly desirable for modern 9rder that is 1.mt1ated by .COHISIOHS f)f high-momentum incident
microelectronics and optoelectronics with applications ranging ions from the ion beam with the lattice atoms of the sample. The
from high-power transistors to advanced solid-state lighting collisions transfer kinetic energy to the lattice atoms, displacing
solutions.'™ To aid in the micro- and nanoscale prototyping and them from their lattice sites.”'” Referred to as a collision cascade,
characterization of these materials to facilitate technological this process can generate simple defects such as vacancies and their
advancement, focused ion beam (FIB) can be applied. This is a associated interstitials. Alongside point defects, extended defects
high-resolution precision machining technique used to mill or ~ such as dislocation loops and stacking faults can also emerge,
sputter material away from the surface of a sample through the use accompanied by an amorphous zone at the core of the collision
of a high-energy and convergent ion beam.” cascade region.”'” The defects produced by collision cascade events
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can further migrate through the material via dynamic annealing,
leading to annihilation or the formation of defect clusters.’
Moreover, Ga, being conductive and chemically active, can alter the
electronic and chemical behavior of the semiconducting material
but also makes chemical analysis of IlI-nitrides difficult as it
becomes troublesome to distinguish from Ga intentionally present
in the sample.'""?

These mechanisms result in a disturbed layer of material tens
of nanometers thick, altering its structural, chemical, electronic,
and optical properties compared to the unperturbed material.' "
Thus, there is demand for an alternative ion source to liquid metal
Ga. Xenon-based inductively coupled plasma (ICP) or plasma FIB
has emerged as a substitute for Ga due to its potential to limit the
depth and degree of damage or lattice disorder on the sample. The
atomic mass of Xe surpasses that of Ga, resulting in less surface
amorphization and lower implantation depths for Xe plasma FIB
compared to Ga.”'” Additionally, the greater mass of Xe enables
ions to carry greater momentum, thereby increasing the milling
rate and improving the technique’s throughput.'” Xe is also chemi-
cally inert, possesses lower conductivity, and does not significantly
alter the chemistry and conductivity of the sample.”

Ion beam-induced damage in GaN has been investigated in the
literature by techniques such as Rutherford backscattering spectrom-
etry (RBS) and cross-sectional transmission electron microscopy
(TEM) studies.”"” TEM has also been used to systematically study
the damage induced in GaN by both Xe and Ga ions.'” However, to
the best of the authors’ knowledge, there is little to no work in the
literature that attempts to systematically examine and compare the
effect of both Xe and Ga ion milling on the luminescence character-
istics of GaN. This insight would be crucial for FIB-based sample
preparation where it is important to maintain the optical emission
characteristics such as in luminescence-based studies.

Point defects are believed to generate deep-level trap states
within the bandgap of GaN, which function as Shockley-Read-
Hall (SRH) recombination centers. Similarly, dislocations are also
thought to introduce deep level states within the band-gap of GaN
due to dangling bonds in the dislocation core.'”'® It is also pro-
posed that point defect atmospheres surrounding a dislocation
could give rise to these deep-level states, subsequently functioning
as SRH recombination centers akin to isolated point defects.'”
These deep-level states promote non-radiative recombination that
leads to a reduction in the emission intensity of the
GaN-near-band-edge (NBE) luminescence.'” Thus, the objective of
this work is to evaluate and compare the extent of FIB-induced
damage caused by Ga and Xe ion species in GaN by analyzing the
changes in optical emission intensity from cathodoluminescence
(CL) measurements. Moreover, we aim to determine the optimal FIB
conditions necessary to minimize such damage by controlling the
ion beam acceleration voltage. Finally, the investigation will focus on
both wurtzite and zincblende GaN layers as both crystalline phases
have demonstrated utility in the design of IlI-nitride devices.”’

Il. METHODS

The wurtzite-GaN (wz-GaN) sample was grown on a 430 um
sapphire substrate in a metal organic vapor phase epitaxy
(MOVPE) reactor employing trimethylgallium (TMGa) and NH;

ARTICLE pubs.aip.org/aip/jap

as Ga and N precursors, respectively, in a H, growth environment.
After thermally annealing the substrate, a 30 nm wz-GaN nucle-
ation layer was grown at 560 °C. The temperature was then ramped
to 1060 °C to grow the full 1300 nm wz-GaN layer.

The zincblende-GaN (zb-GaN) sample was also grown in an
MOVPE reactor. The substrate consisted of a 3 um 3C-SiC layer on
Si (001) with a misorientation of 4° toward [110]. TMGa, dicyclo-
pentadienyl magnesium (Cp,Mg), and NH; were used as Ga, Mg,
and N precursors, respectively, while H, was used as the carrier
gas. The two-step growth procedure comprised of thermal anneal-
ing of the substrate followed by a 40 nm low-temperature zb-GaN
nucleation layer deposition at 600 °C. The temperature was then
ramped to 880°C to grow the zb-GaN epilayers, which were a
200nm layer followed a 100nm layer and finally a 500 nm
Mg-doped zb-GaN layer.

FIB milling was carried out on both samples by employing a
ThermoFisher G4-CXe plasma FIB and FEI Helios FIB microscope
for Xe and Ga ion milling, respectively. The samples were mounted
on a 45° pre-tilt holder to allow 7° bevels to be milled into the
wz-GaN and zb-GaN samples. The bevels were produced on areas
of approximately 20 x 2um? for 20 min to ensure a uniform dose
across the different FIB conditions. The ion beam current and
acceleration voltage combinations chosen for both Ga and Xe FIB
were 2, 0.2, and 0.02 nA with 30, 8, and 2 kV. Stopping and range
of ions in matter (SRIM) ballistic calculations were also used to
estimate the implantation depths of the Ga and Xe ions in both
samples.”’ We define the implantation depth as the maximum
depth of implanted Ga or Xe ions. Additionally, the integrated
vacancy concentration produced by the ion-bombardment was also
extracted from SRIM calculations.

CL measurements were recorded in an Attolight Allalin 4027
Chronos SEM-CL system at 300K on the bevels from both
samples. CL hyperspectral mapping was performed using an
iHR320 spectrometer with a 150 lines per mm grating blazed at
500 nm. The CL measurements were recorded (at normal inci-
dence) at a beam current of 5nA and 5kV acceleration voltage,
which corresponds to 90% of the beam energy being deposited into
a depth of ~95nm as determined by Monte Carlo simulations
using Monte Carlo Casino software.”” The CL hyperspectral data-
sets were analyzed using HyperSpy.”

lll. CL ANALYSIS OF MANUALLY CLEAVED CROSS
SECTIONS

Cleaved cross sections of the zb-GaN and wz-GaN samples
were analyzed using CL hyperspectral mapping to understand
the samples’ luminescence properties prior to FIB bevelling.
Figure 1(a) shows a secondary electron (SE) image of the zb-GaN
cross section, while Fig. 1(b) presents the corresponding panchro-
matic CL map of the same area. The panchromatic CL map shows
regions 1, 2, and 3, respectively, representing luminescence from
the GaN:Mg (500 nm), GaN (100 nm), and GaN (200 nm) layers
within the zb-GaN sample, as highlighted by the schematic in
Fig. 1(c). The reduced emission intensity in region 1 compared to
region 2 is attributed to Mg doping, which is known to increase the
non-radiative point defect density in GaN, leading to a decrease in
optical emission efficiency.”* Similarly, the lower emission intensity
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FIG. 1. (a) and (d) are SE images showing the cross sections of the zb-GaN and wz-GaN samples, respectively. The respective panchromatic CL maps for these
samples are shown in (b) and (e). Regions 1, 2, and 3 are highlighted in (b), which correspond to the 3 GaN layers in the zb-GaN sample. (c) and (f) are the sample
schematics for the zb-GaN and wz-GaN samples, respectively.

in region 3 can be attributed to an increase in non-radiative defects panchromatic CL map. Instead, the 1300 nm wz-GaN layer in this &
such as threading dislocations, which are expected to be more sample exhibits a homogeneous spatial distribution of lumines- &
abundant closer to the substrate. cence intensity. Figure 1(f) is a schematic of the wz-GaN sample. %
Figure 1(d) shows an SE image of the cleaved cross section To resolve the differences in optical emission among regions §
taken from the wz-GaN sample, while Fig. 1(e) displays the corre- 1, 2, and 3 within the zb-GaN structure, mean CL spectra were 3
sponding panchromatic CL map of the same area. No significant extracted from these regions and are depicted in Fig. 2(a). Regions §
spatial changes in luminescence intensity are observed in the 1 and 2 exhibit similar spectral behavior, showing a typical narrow ©
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FIG. 2. (a) shows the mean spectra extracted from regions 1, 2, and 3 of the zb-GaN sample recorded from the field of view in Fig. 1(b). (b) is the mean spectrum
extracted from the wz-GaN layer of the wz-GaN sample from the field of view in Fig. 1(e).
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zb-GaN-NBE emission band at ~3.2 eV and a yellow luminescence
(YL) band at ~2.1eV. Additionally, region 1 also shows an addi-
tional blue luminescence (BL) band at ~2.9eV, which can be
linked to Mg doping in zb-GaN.” Although region 3 also shows a
YL band akin to regions 1 and 2, the zb-GaN-NBE band from this
region is broader compared to those in regions 1 and 2. This broad-
ening phenomenon has been previously observed in other zb-GaN
layers near the 3C-SiC/Si interface and is attributed to an addi-
tional emission band at ~3.3 eV corresponding to wz-GaN inclu-
sions and an increased density of closely packed stacking faults
near the substrate.”’”° The density of stacking faults has been
observed in literature to diminish with sample thickness away from
the substrate due to reaction and annihilation.”**”** Consequently,
luminescence originating from stacking faults in zb-GaN most sig-
nificantly impacts region 3. Although the presence of stacking
faults can rationalize the shoulder observed near ~3.3 eV, it is also
possible that a high-density of native point defects in region 3 con-
tributes to broadening observed that can rationalize the broadening
observed in the lower energy side of this band.”

Figure 2(b) shows the mean spectrum obtained from the
wz-GaN layer. The spectrum displays a typical wz-GaN-NBE lumi-
nescence band centered at ~3.4 eV. No other luminescence bands
can be observed from the wz-GaN mean spectrum.

To assess the zb-GaN-NBE CL intensity across the various
FIB bevelling conditions to be studied and draw conclusions
regarding the extent of ion-induced lattice disorder, region 1 can
be utilized. This region, being the thickest (500 nm) layer in the
zb-GaN sample, offers a larger sample space for averaging over
compared to regions 2 (100 nm) and 3 (200 nm). Therefore, there
is need to consistently differentiate between regions 1, 2, and 3 in
the CL hyperspectral datasets under discussion to avoid inadver-
tently integrating over regions 2 and 3 during analysis. To achieve
this, Gaussian curves were fitted to the spectrum in each pixel of
the CL hyperspectral datasets corresponding to the field of view in
Fig. 1(b). Subsequently, the peak intensity, center emission wave-
length, and full width at half maximum (FWHM) of the
zb-GaN-NBE were extracted and are presented in Fig. 3. The inten-
sity trends observed in Fig. 3(a) align with those detailed above for
the panchromatic CL map in Fig. 1(b), highlighting that they were
dominated by NBE emission. Figures 3(b) and 3(c) reveal discern-
ible differences in the center emission wavelength and FWHM
behavior among regions 1, 2, and 3. However, the distinction is less
pronounced between regions 1 and 2 due to their similar optical
behavior, as previously highlighted by the spectra in Fig. 2(a).
Conversely, the disparity is more significant for region 3 compared
to regions 1 and 2 due to the influence of stacking faults and
wz-GaN inclusions in this region.”*”°

IV. CL ANALYSIS OF BEVELLED CROSS SECTIONS

From SRIM calculations, the implantation depths were esti-
mated at various FIB acceleration voltages taking into account the
7° incidence angle. The implantation depths are shown in Table 1.
Xe ion implantation depths are found to be lesser than those of Ga
ions. This aligns with expectations due to the larger size of Xe
ions.”'” The important insight obtained from these calculations is
that the implantation depths of both species, across all conditions,
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FIG. 3. (a), (b), and (c) are the respective peak intensity, centre emission wave-
length, and FWHM maps extracted from the zb-GaN-NBE band of the zb-GaN
sample by fitting Gaussian curves to the spectra in each pixel of the corre-
sponding CL hyperspectral dataset.

remain significantly lower than the interaction volume of the elec-
tron beam, which is ~95 nm. Consequently, direct electron beam
excitation is expected to occur on both unperturbed and damaged
material. Thus, the changes in wz- and zb-GaN-NBE intensity to
be investigated can be linked to variations in both the degree of
lattice disorder per unit volume introduced by FIB milling but also
to changes in the volume of the damaged material with respect to
the unperturbed material at a constant interaction volume.
Assessment of the lattice disorder induced by FIB milling will
entail examining the changes in wz- and zb-GaN-NBE emission
intensity resulting from variations in ion source and ion beam con-
ditions. It is crucial to acknowledge that the intensity recorded
from the samples depends on the electron beam alignment

TABLE I. SRIM calculations®' of the Ga and Xe ion implantation depths and inte-
grated vacancy concentration at different FIB acceleration voltages and a 7° inci-
dence angle. Here, we define the implantation depth as the maximum depth of
implanted Ga or Xe ions.

Integrated vacancy

Incident Acceleration Implantation concentration
ion voltage (kV) depth (nm) (cm™)
Ga* 30 44 34

8 17 18

2 6 8
Xe* 30 30 35

8 12 19

2 5 9
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conditions in the CL microscope, which may vary between experi-
mental runs. Therefore, to mitigate this effect, the data under con-
sideration were collected during the same session with
approximately identical alignment and CL excitation conditions.
This facilitates direct comparisons of the absolute CL intensities
recorded.

CL hyperspectral mapping was performed on both the Xe and
Ga ion produced bevels of the zb- and wz-GaN samples. Figure 4
presents data obtained from one such bevel recorded from the
zb-GaN sample, which is considered representative of the other
zb-GaN bevels. This particular bevel was generated using Xe ions at
an ion beam current of 0.2 nA and an acceleration voltage of 2kV.
The SE image in Fig. 4(a) illustrates the bevel cross section. To
identify region 1, Gaussian curves were fitted to the spectrum in
each pixel of the CL hyperspectral dataset corresponding to the
field of view in Fig. 4(a). From this analysis, the central emission
wavelength and FWHM were extracted and illustrated in Figs. 4(c)
and 4(d), respectively. Similar to observations made for the conven-
tional cross section in Fig. 3, distinguishing between regions 1 and
2 proves challenging, while region 3 stands out distinctly due to its
lower emission wavelength and larger FWHM. Given the inability
to consistently differentiate region 1 from region 2 in this and
other zb-GaN bevels, the subsequent analysis will be performed
collectively from both regions disregarding region 3. Figure 4(b) is

Xe FIB:
2kV 0.2 nA

Wavelength (nm)

ARTICLE pubs.aip.org/aip/jap

the panchromatic CL image corresponding to the field of view in
(a). Here, the white rectangle denotes the region from which the
mean spectrum was extracted for this bevel and similarly for the
other zb-GaN bevels investigated. Note that this rectangle integrates
over both regions 1 and 2 but excludes region 3. In addition, this
region was maintained at a similar ~2um? area for both zb- and
wz-GaN bevels.

Figures 5(a) and 5(b) display the respective SE and panchro-
matic CL images captured for a Ga ion bevel on the wz-GaN
sample. The CL data acquired from this bevel are considered repre-
sentative of the other wz-GaN bevels. This particular bevel was
created using Ga ions with an ion beam current of 2nA and an
acceleration voltage of 30 kV. Unlike the zb-GaN bevels, no fitting
or region identification is necessary for the wz-GaN bevels as only
a single wz-GaN layer with homogeneous emission properties is
present in this sample, as evidenced by the panchromatic CL map
in Fig. 5(b). The white rectangle in Fig. 5(b) denotes a typical
region from which mean spectra were extracted from the wz-GaN
bevels.

Figures 6(a) and 6(b) are representative mean spectra extracted
from zb-GaN and wz-GaN bevels, respectively. Figure 6(a) shows
those extracted from Xe bevels on the zb-GaN sample at an ion
beam current of 0.2nA and acceleration voltages of 2 and 30kV.
Figure 6(b) shows representative mean spectra extracted from Ga

FIG. 4. (a) is an SE image showing a
representative Xe FIB bevel on the
zb-GaN sample. (b) is the correspond-
ing panchromatic map of the same
region in (a). The white rectangle
60 shows the region within which a mean
spectrum was extracted. (c) and (d)
are the respective centre wavelength
and FWHM maps extracted by fitting

* Gaussian curves to the CL hyperspec-
tral dataset.
b= 40
£
=
B
=™
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FIG. 5. (a) is an SE image showing a
representative Ga FIB bevel on the
wz-GaN sample. (b) is the correspond-
ing panchromatic map of the same
region in (a). The white rectangle
shows the region within which a mean
spectrum was extracted.

Ga FIB:
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FIG. 6. (a) and (b) are representative mean spectra extracted from respective Xe and Ga bevels of the zb-GaN and wz-GaN samples. (c) and (d) are the respective nor-
malized spectra to (a) and (b).
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ion bevels on the wz-GaN sample at an ion beam current of 2 nA
and acceleration voltages of 2 and 30kV. From spectra such as
those shown in Figs. 6(a) and 6(b), the integrated intensity of the
zb-GaN and wz-GaN NBE bands was extracted in spectral regions
such as that shown by the highlighted range in both figures and for
the other bevels investigated. Note that there were no significant
changes in the profile of these spectra for all bevels investigated
such that similar integration energy ranges could be applied at all
FIB conditions. This can be highlighted by considering Figs. 6(c)
and 6(d), which are the representative normalized mean spectra
from (a) and (b). The CL spectra for all FIB conditions are included
in the supplementary material for completeness.

Figures 7(a) and 7(b) are the integrated GaN-NBE intensities
calculated for all Xe and Ga ion bevels on both zb-GaN and
wz-GaN. The comparison encompasses bevels produced using ion
beam currents of 2, 0.2, and 0.02 nA as well as acceleration voltages
of 2, 8, and 30 kV. It is highlighted here that some FIB current data
points are missing in Fig. 7 due to some difficulties encountered
during the milling process. Across all FIB conditions depicted in
both figures, it is consistently observed that the integrated
GaN-NBE intensities calculated from Xe ion bevels (triangles)
surpass those of Ga ion bevels (squares).

The GaN-NBE CL intensity is dependent upon the degree of
lattice disorder and is anticipated to diminish with escalating
FIB-induced damage.”' """ This phenomenon arises because lattice
disorder introduces non-radiative defects like point defects and dis-
locations that enhance the degree non-radiative recombination
compared to radiative recombination.'””"** Compared to Ga ions,
Xe ions are believed to contribute to a reduced lattice disorder and
damage depths due to their larger atomic mass or higher momen-
tum at the same acceleration voltage.”'” The lower damage depths
were previously demonstrated through ballistic calculations in
Table I. Therefore, the higher integrated intensities observed for Xe
ions in Figs. 7(a) and 7(b) can be attributed to decreased lattice dis-
order and damage depths compared to Ga ions.
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With that said, it is crucial to acknowledge that the majority
of the material being directly stimulated by the CL electron beam is
unperturbed. This is because at the chosen electron beam accelera-
tion voltage of 5KV, the interaction volume was ~95 nm, which is
more than twice the largest estimated ion implantation depths in
Table 1. Consequently, spatial variations in the distribution of non-
radiative recombination centers within the unperturbed material
can also contribute to the observed intensity variations. This effect
is particularly notable for the zb-GaN sample. As illustrated in the
conventional cross sections in Figs. 1(b) and 3(a), there exists a
more pronounced spatial variability in luminescence intensity
within regions 1 and 2 for the zb-GaN sample compared to the
more homogeneous distribution observed in the wz-GaN sample
depicted in Fig. 1(d). However, it is worth noting that the bevel
mean spectra in the zb-GaN sample were extracted from larger
areas of approximately ~2 um? in contrast to the ~0.35um? areas
analyzed in the conventional cross sections. Consequently, the
intensity variations observed in Figs. 1(b) and 3(a) may be insignif-
icant for larger areas. Indeed, this tendency is evident from the
panchromatic CL image in Fig. 4(b), which exhibits a more homo-
geneous spatial variation of intensity within the region marked by
the white rectangle.

It is noted here that an acceleration voltage of 5kV was chosen
to optimize the luminescence intensity received from both samples at
all FIB bevels. The CL data recorded at lower acceleration voltages
such as 3kV showed a lower signal-to-noise ratio and could, thus,
not be used. The lower CL signal received at 3kV can be related to a
reduction in the carrier generation rate that scales with the accelera-
tion voltage.”” However, this can also be related to a reduction in the
volume of unperturbed material that is directly excited by the elec-
tron beam. From Monte Carlo simulations, at 3 kV, the interaction
volume would now be ~45 nm instead of ~95 nm calculated at 5 kV.
This means that the non-radiative layer of damaged material, which
is thought to be near the surface, now contributes more with regard
to decreasing the recorded CL signal."”’

(b)
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FIG. 7. (a) and (b) compare the integrated intensities extracted from the Xe and Ga ion bevels for the zb-GaN and wz-GaN samples, respectively.
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A smaller acceleration voltage such as 3 kV with an interaction
volume of ~45 nm could aid in providing a means to quantify the
degree of lattice disorder produced by the milling process when
compared to the unperturbed material. This is because more of the
perturbed material will be probed with respect to the interaction
volume especially at 30 kV FIB acceleration voltage, thus providing
a more direct comparison than at 5kV. However, the reduction in
recorded CL intensity at 3 kV makes this difficult to achieve. In
addition, for this work, the unperturbed integrated intensity
obtained from the manually cleaved cross sections in Fig. 1 could
also not be directly compared to those in Fig. 7. This is because it
was difficult to produce pristine cleaved surfaces and only heavily
defected cleaved cross section were produced. For instance, inte-
grated intensities of ~15 and ~5 were recorded for the cleaved
cross sections of zb-GaN and wz-GaN, respectively. These are
much lower than all values recorded at 2 kV using both ion species
in Fig. 7, for instance. More controlled methods such as laser scrib-
ing could provide a means to produce more pristine cross sections
allowing such comparisons to be made. In any case, the average rel-
ative improvement in integrated CL intensity (ignoring differences
in FIB current) obtained from using Xe ions compared to Ga ions
were calculated and are shown in Table II for both polytypes at
each FIB acceleration voltage.

Also noted from Fig. 7 is the trend of decreasing integrated
GaN-NBE intensity with an increase in the ion beam acceleration
voltage for both zb-GaN and wz-GaN samples. This phenomenon
can be linked to the dependence of the depth and degree of lattice
disorder on the kinetic energy of the incident ions."” Higher kinetic
energies of incident jons result in deeper implantation depths owing
to the increased momentum carried by the ions as seen by the trend
in implantation depth with acceleration voltage from Table L
Furthermore, a greater amount of kinetic energy can be transferred
to the lattice atoms, leading to an increased degree of atomic dis-
placements and consequent lattice disorder as seen by the trend in
integrated vacancy concentration from Table 1" Hence, it can be
deduced that augmenting the acceleration voltage or incident ion
kinetic energy influences the density of non-radiative defects in both
zb-GaN and wz-GaN samples. It is noted that the extracted inte-
grated vacancy concentrations from both Ga and Xe ion bombard-
ment shown in Table I are similar at each FIB acceleration voltage.
However, Fig. 7 shows a greater integrated CL intensity reduction for
the Ga compared to the Xe ions. This is because SRIM is only a

TABLE II. The average relative improvement in integrated CL intensity obtained by
utilizing Xe ions compared to Ga ions at each FIB acceleration voltage for zb-GaN
and wz-GaN.

Acceleration Relative intensity

Polytype voltage (kV) improvement
zb-GaN 30 ~4

8 ~3

2 ~9
wz-GaN 30 ~63

8 ~22

2 ~18

ARTICLE pubs.aip.org/aip/jap

ballistic approach and does not consider other relevant phenomena
such as dynamic annealing, the formation of point defect complexes
and dislocation loops, amorphization, and the differences in chemical
activity between Ga and Xe ions” ™'

V. CONCLUSIONS

In conclusion, our study utilized CL hyperspectral mapping to
evaluate the lattice disorder induced by FIB milling on both
wz-GaN and zb-GaN samples, with a specific focus on comparing
the effects of Xe and Ga primary ions. Through the analysis of
mean spectra extracted from FIB milled bevels and comparison of
integrated intensities, it was evident that Xe ion milling resulted in
higher integrated intensities compared to Ga ion milling across all
FIB conditions for both types of GaN samples. This feature can be
attributed to the larger atomic mass and reduced chemical activity
of Xe ions, which led to shallower implantation depths and
reduced degree of lattice disorder compared to Ga ijons. This
finding underscores Xe as the preferred primary ion for FIB-based
sample preparation, particularly when preserving the structural and
optical properties of the sample surface is essential. While assessing
the impact of FIB milling on CL measurements, it was crucial to
consider that the majority of the probed material remained unper-
turbed. This understanding was based on theoretical implantation
depths and Monte Carlo simulations. Although inhomogeneities in
non-radiative recombination centers could introduce errors in inte-
grated intensity recordings, our analysis indicated minimal effects
due to averaging over relatively large areas. To optimize our tech-
nique further, expanding the milled area to mitigate potential
errors may be beneficial, albeit at the expense of increased milling
times. Additionally, our observations revealed a decrease in inte-
grated intensity with increasing ion beam acceleration voltage for
both wz-GaN and zb-GaN samples, regardless of the primary ion
species. This trend was linked to deeper implantation depths and
heightened lattice disorder induced by the escalating kinetic energy
of primary ions. In summary, our study provides valuable insights
into optimizing FIB-based sample preparation techniques for CL
analysis, shedding light on the influence of primary ion species and
ion beam acceleration voltage on lattice disorder in GaN samples.

SUPPLEMENTARY MATERIAL

See the supplementary material for cathodoluminescence
spectra extracted from all Ga and Xe FIB bevels on both zb-GaN
and wz-GaN.
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