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ABSTRACT
We compare the suitability of various magnesium-based liquid metal alloy ion sources (LMAISs) for scalable focused-ion-beam (FIB)
implantation doping of GaN. We consider GaMg, MgSO4●7H2O, MgZn, AlMg, and AuMgSi alloys. Although issues of oxidation (GaMg),
decomposition (MgSO4●7H2O), and excessive vapor pressure (MgZn and AlMg) were encountered, the AuMgSi alloy LMAIS operating in a
Wien-filtered FIB column emits all Mg isotopes in singly and doubly charged ionization states. We discuss the operating conditions to achieve
<20 nm spot size Mg FIB implantation and present Mg depth profile data from time-of-flight secondary ion mass spectrometry. We also pro-
vide insight into implantation damage and recovery based on cathodoluminescence spectroscopy before and after rapid thermal processing.
Prospects for incorporating the Mg LMAIS into high-power electronic device fabrication are also discussed.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0198791

INTRODUCTION

Due to their potential for high breakdown voltage and low
on-resistance, GaN-based electronic devices are promising for high-
power and high-frequency electronics.1 Vertical GaN p-i-n devices
are expected to offer improved thermal management and reduced
leakage current in comparison to their lateral counterparts;2 how-
ever, typical etching and regrowth processes introduce interfacial
impurities that limit control of dopant profiles.3 Thus, a strategy for
both vertical and lateral dopant selectivity, without the need for etch-
ing and regrowth, is essential for the development of high-quality
vertical GaN devices.

Focused ion beams (FIBs) are routinely used for micro-
and nano-electronics modification and fabrication, for example, in

circuit repair,4 in mask repair,5,6 and, more recently, for creating
optically active impurities in quantum materials.7–12 Different tech-
niques for generation of FIBs are available, each one with its own
advantages and drawbacks. While gas field ionization sources excel
with minimum spot sizes, the limitation to few gases makes them
have only niche applications.13 Plasma sources offer an advantage
in terms of high beam current while being able to maintain rel-
atively small spot sizes, making them interesting for large milling
applications.14,15 Finally, liquid metal based FIBs have long been
used for TEM sample fabrication, although standard Ga sources
pose difficulties due to contamination of the sample by Ga interdif-
fusion.16 Development of additional liquid metal alloy ion sources
(LMAISs) promises availability of a variety of ion species, allowing
tailoring of the ion to the specific application.17
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Here, we compare the suitability of GaMg, MgSO4●7H2O,
MgZn, AlMg, and AuMgSi alloys for scalable focused-ion-beam
(FIB) implantation doping of GaN. While a GaMg source is reported
in the literature,18,19 we have found fabrication of this source diffi-
cult due to the rapid oxidation of Ga and Mg when exposed to air.
After a brief discussion of the issues of oxidation (GaMg), decom-
position (MgSO4●7H2O), and excessive vapor pressure (MgZn and
AlMg) that prevented use of these alloys as a Mg LMAIS oper-
ating in a Wien-filtered FIB column, we describe the fabrication
and characterization of a novel LMAIS based on a AuSi eutectic
with Mg added as an impurity, following a procedure previously
demonstrated by us.20 The AuSiMg LMAIS is shown to emit all
Mg isotopes, allowing tailoring of the hyperfine levels for quan-
tum applications.21 In addition, the AuSiMg LMAIS has a spot
size of 15 × 17 nm2 with >10 pA beam current. We also present
Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) and
cathodoluminescence (CL) data collected from GaN layers following
FIB implantation. To examine the activation of Mg dopants in GaN,
we compare the pristine and implanted regions before and after
rapid-thermal processing (RTP). Many dopant activation studies of
Mg in GaN have been performed.2–4 These studies indicate that Mg
activation saturates at temperatures greater than 1000 ○C. To avoid
decomposition of GaN at high temperature, we limit our annealing
temperature to 1100 ○C. The opportunities and challenges associated
with using this scalable Mg LMAIS source for Mg doping of GaN are
discussed.

MATERIALS AND METHODS
Liquid metal alloy ion source (LMAIS) tip fabrication

In preparation for fabrication of LMAIS tips, the source
materials were melted in a ceramic boat within a high vacuum
(1 × 10−5 Torr) source preparation unit. To remove contaminants
prior to dipping in the alloy melt, the W tip is Joule heated until it is
glowing yellow (1400 C). The melt is moved toward the tip three
times to ensure uniform wetting of the tip surface and good fill-
ing of the reservoir. During dipping, the tip temperature decreases
and the material freezes onto the tip since the tip is heated via a
constant current supply and the resistance of the tip decreases by
addition of the alloy, leading to less heating power at the tip. After
dipping of the tip, the ceramic boat is cooled back to room tem-
perature and a Faraday cup (FC) is put in place underneath the
tip. A high voltage is applied to the tip, and the heating current
is increased until the alloy is liquid, leading to field ionization of
the liquid metal. The FC remains grounded and is hooked up to
a current meter to measure the emission current from the tip as
an initial test of whether LMAIS fabrication is successful. Follow-
ing measurement of LMAIS emission current, the heating current
to the tip is turned off to let the tip cool down, and the tip is
removed from the vacuum chamber. The filled LMAIS tip is installed
in a Raith VELION focused ion beam (FIB) column. The FIB has a
Wien (E × B) filter element, which allows resolving isotopes with
m/Δm > 30.

MOCVD growth of UID-GaN for implantation

In preparation for Mg implantation, 3.6 μm of unintention-
ally doped (UID) GaN was grown via metalorganic chemical vapor

deposition (MOCVD) on a commercial n-type GaN substrate, and
an array of Au/Ti markers were deposited for FIB alignment and
sample navigation.

Time-of-flight secondary ion mass spectroscopy

A ToF-SIMS 5-100 instrument manufactured by Ion-TOF
GmbH (Münster, Germany, www.iontof.com) was utilized to per-
form the ToF-SIMS acquisitions. A surface image was acquired over
a 100 × 100 μm2 region containing the Mg dot array using 50 kV
Bi3
++ primary ions (∼250 nm spot diameter) in the high spatial

resolution image mode. Positive secondary ions were collected in
six frames containing 512 × 512 pixels with ten shots per pixel
per frame. No charge compensation was required in this analysis.
The depth profile was performed by analyzing a 50 × 50 μm2 area
using 25 kV Bi1

+ primary ions in the high concentration (HC)-
BUNCHED mode at the center of the dot array while sputtering
with a 50 nA, 1 kV O2

+ beam rastered over a 250 × 250 μm2 area
that included the same dot array in the interlaced mode.

Secondary electron microscopy (SEM) and CL
spectroscopy

A Tescan RISE secondary electron microscopy (SEM) equipped
with a Gatan MonoCL4 detector was used to collect room tempera-
ture CL spectra using a 5 keV acceleration voltage. Details on the CL
experiments are discussed in Ref. 22. The spot size and beam cur-
rent were adjusted to produce a power density of 0.34 W/cm2. All CL
spectra were collected while the electron beam was scanning over a
40× 40 μm2 area using a 500 nm blaze diffraction grating. CL spectra
were collected using a 500 nm blaze diffraction grating at a wave-
length range of 300–750 nm (1.66–4.13 eV) and step size of 5 nm.
To reduce the presence of hydrocarbons, samples were ultrasoni-
cally cleaned in trichloroethylene, acetone, and isopropyl alcohol for
6 min in each solvent and then plasma cleaned using H2/O2 plasma
for 5 min.

LMAIS alloy selection

For these studies, several commercial alloys were acquired
from ACI Alloys (GaMg and AuSiMg) and Goodfellow, Inc. (AlMg
and MgZn). Magnesium sulfate heptahydrate (MgSO4●7H2O) was
received in crystalline form.

Initial experiments were performed with GaMg as success was
reported previously with this alloy.18 Pieces of the alloy with com-
positions of 99/1 and 90/10 atomic % exhibited a black scale on the
surface. Used as-is, the scale persists at the surface of the molten alloy
and inhibits wetting of the W tip. The scale can be easily removed
by mechanical polishing. Polished GaMg (90/10 atomic %) material
was melted and loaded onto the W tip and reservoir upon dipping.
Due to the low melting point of Ga and the inability to cool the
molten metal, fabrication of a high-Ga content GaMg source took
prohibitively long since the material needed to be kept under vac-
uum or an inert atmosphere while it was liquid due to the rapid
oxidation of the liquid surface. Upon cooling, the material was atyp-
ically rough for an LMAIS [see Fig. 1(a) inset], consistent with solid
inclusions. Nonetheless, an emission current of 13 μA was realized
with this source with an extraction voltage of 9.57 kV and a Joule
heating power of 0.631 V × 4.254 A. A mass spectrum collected in
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FIG. 1. (a) EDS spectrum showing the characteristic lines of O, Ga, and Mg. Inset: Optical microscopy image collected in situ during the GaMg (90/10 atomic %) source
preparation. (b) EDS encoded scanning electron microscopy image of the source material. Oxygen is denoted as red, Mg as green, and Ga as blue channel of the image.
Mg and Ga are separated (lack of cyan regions), and Mg binds with O, forming large yellow regions.

the Raith VELION indicated that only Ga ions were present in the
beam. The material from the source was imaged using a scanning
electron microscope and was inhomogeneous. Energy dispersive
spectroscopy (EDS) of the material was performed and indicated
that O was present in regions containing Mg [Figs. 1(a) and 1(b)].
We conclude that the Mg used in this preparation is primarily in
the form of a stable magnesium oxide and does not contribute to a
measurable ion current.

Other low melting point alloys of Mg, AlMg and MgZn, were
used for LMAIS preparation. Unfortunately, the high vapor pres-
sures of these materials were cumbersome for realizing a useful
source. Substantial material evaporation in high vacuum rapidly
coated view ports used to facilitate source preparation by dip-
ping the W tip in a boat of molten alloy. Wetting of the W tip
with the MgZn alloy was achieved at higher pressure (1 Torr, N2);
however, high vacuum is required for focused ion beam applica-
tions to avoid significant energy spread of ions due to collisions
with background gas. The MgZn source emitted briefly at high
vacuum but failed shortly thereafter as the material was lost by
evaporation.

Magnesium sulfate heptahydrate was considered to give the
reported emission of ionic liquid ion sources (ILISs) such as 1-ethyl-
3-methylimidazolium tetrafluoroborate (EMI-BF4)28 and our ability
to observe ILIS emission in our apparatus. MgSO4●7H2O, unlike
the ILIS, requires heating to reach the molten state; however, this
is a trivial task in an LMAIS system. MgSO4●7H2O was loaded into
a standard W emitter’s reservoir and heated. Insufficient material
reached the W tip prior to dehydration or decomposition, and no
emission was observed. The results of different Mg source materials
are summarized in Table I.

The I–V curve of the AuSiMg tip is shown in Fig. 2(a), exhibit-
ing linear behavior within a range of extraction energies. The
threshold voltage is 6.8 kV, similar to other LMAIS tips. When an
extraction voltage of above 8.5 kV is applied, the emission becomes
unstable and the tip only emits intermittently. The mass spectrum
of the tip after installation into the VELION FIB, operated with
35 kV acceleration potential, is shown in Fig. 2(b). The mass spec-
trum shows emission of all Mg isotopes in both singly and doubly
charged states, allowing for implantation of up to 70 keV Mg using
our accelerator. In addition, peaks for Au and Si are visible in the

TABLE I. Summary of literature melting temperatures and observed failure modes for all LMAIS source materials.

Alloy Melting point Failure mode

GaMg (99/1 at. %) 30 ○C (90/10 at. %) 170 ○C23
Only Ga emitted
and Mg oxidized
observed by EDS

MgZn (70/30 at. %) 350 ○C24 High vapor pressure
AlMg (62/38 at. %) 455 ○C25 High vapor pressure
MgSO4●7H2O 250 ○C26,27 Decomposition

AuSiMg 380 ○C N/A: successfully
used as LMAIS
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FIG. 2. (a) I–V characteristic of the AuSiMg source showing the threshold voltage at 6.8 kV and linear behavior of the emission current above 7 kV extraction potential. The
error bars denote the standard deviation of the current within a 60 s period. (b) Mass spectrum of the AuSiMg LMAIS taken in a VELION column outfitted with a Wien filter
element. (c) Gaussian fit of Mg and Si mass spectrum peaks. The relative peak strength, measured by the peak area, matches the natural abundance of Mg isotopes.

mass spectrum. The part of the spectrum containing the Mg peaks is
fitted with Gaussians, as shown in Fig. 2(c), and we find that the rel-
ative current ratio of the doubly charged Mg isotopes matches the
ratio of naturally abundant Mg. We did not run the source until
its end of life. However, based on manufacturer specifications on
AuSi eutectic tips of this geometry, and our own experience with
alkali element containing tips, the lifetime of the tip is expected to
be 2000 μAh.20 Compared with a AuSiLi source, which was found
to slowly degrade while being exposed to air, we do not have rea-
son to believe that this tip suffers from the same degradation since
even after multiple months of being exposed to air, the source
started at conditions comparable to those during initial fabrica-
tion of the tip and ran in a stable manner for multiple hours at a
time.

RESULTS AND DISCUSSION

The spot size achievable on the VELION using a Mg beam
was measured by scanning the beam over a sample implanted
with a high contrast checkerboard pattern and detecting sec-
ondary electrons (SEs) as the beam is scanned. The resulting
SE map is shown in Fig. 3(a) with additional high-resolution
linecuts taken at the indicated locations. The linecuts are shown
in Fig. 3(b), where the blue (red) datapoints correspond to the
linecut along the X (Y) direction. In addition, the 80/20% inten-
sity levels are indicated as black dashed lines. From the 80/20%
intensity levels, the full-width at half maximum (FWHM) of the
spot size is measured. The spot size in X (Y) is measured to
be 15 (17) nm.

FIG. 3. (a) Picture of a Chessy sample. The red and blue lines show the locations for the spot size measurement. (b) High resolution scans over the areas marked in (a) used
to evaluate the beam spot size.
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An array of dots was implanted with 70 keV Mg++ using
the AuSiMg LMAIS at an ion fluence of 1017 ions/cm2. ToF-SIMS
was performed to analyze the vertical and lateral distribution of
Mg. By averaging over the implanted area, a depth profile was
constructed in Fig. 4(a), which was compared with SRIM simula-
tions and indicated an extended implantation depth compared to
the expected implant profile. In addition, a defocusing effect was
observed, with an enhanced impact for heavier Mg isotopes, as seen
in Figs. 4(b)–4(e).

An additional Au/Ti patterned UID-GaN-on-n-GaN sample
was implanted with 70 keV Mg++ in checkerboard patterns con-
sisting of alternating 70 × 70 and 50 × 50 μm2 squares, with
and without Mg FIB implantation. Different regions in the sam-
ple were implanted with a range of ion fluences from 1 × 1012

to 1 × 1015 ions/cm2, resulting in a peak Mg concentration of
1017–1020 ions/cm3, calculated via Stopping and Range of Ions in
Matter (SRIM) simulations. These doping levels have been previ-
ously shown to generate optically active color centers in GaN.29 The
implantation plan is shown in Fig. 5(a), where implant regions are
denoted by blue areas. SE images of the as-implanted sample clearly

show the implanted checkerboard pattern, as shown in Fig. 5(b). Fol-
lowing removal of the Au/Ti markers and annealing of the sample
via RTP at 1100 ○C in N2 for 30 s and 10 min 30 s, we observe a
decrease in the SE contrast with each annealing step, as shown in
Figs. 5(c) and 5(d), respectively. The dark regions along columns
D, E, F in Figs. 5(b)–5(d) denote areas from which CL spectra are
collected, leading to a reduction in the SE yield, likely due to local
charging of the sample surface.

For all regions, the CL spectra reveal GaN near-band edge
(NBE) emissions at 3.4 eV (Fig. 6). The intensity of NBE emission
is highest in the pristine regions, especially those in the vicinity of
the two lowest ion fluences. Furthermore, in pristine regions adja-
cent to the two lowest ion fluences, we observe CL emissions at 2.85
and 2.2 eV. As discussed in Ref. 22, we attribute these emissions
to impurity-related donor–acceptor pairs and yellow luminescence,
respectively. The reduced SE image intensity and limited CL emis-
sion in the vicinity of the highest ion fluences suggest incomplete
Mg dopant activation. Without annealing, only intrinsic NBE emis-
sion is observed in the low-fluence implanted region, as shown in
Fig. 6(b), while the adjacent UID-type GaN exhibits clear yellow

FIG. 4. (a) Range of 70 keV Mg++ ions in GaN simulated by SRIM and measured via ToF-SIMS. The solid blue line is a Gaussian fit to the ToF-SIMS data. (b) Composite
ToF-SIMS image of 24Mg+, 25Mg+, and 26Mg+ isotopes. ToF-SIMS image of (c) 24Mg+, (d) 25Mg+, and (e) 26Mg+ distribution.
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FIG. 5. (a) Microscope image of the GaN wafer after metal patterning and etching. The blue regions denote the implant regions. (b) SE image of the as-implanted sample
exhibiting strong SE contrast between implanted and unimplanted regions. The dark regions along column D are areas at which CL spectra are recorded. (c) SE image after
annealing in a N2 atmosphere at 1100 ○C for 30 s. (d) SE image after annealing at 1100 ○C for an additional 20 30 s cycles, for a total annealing time of 10.5 min.

FIG. 6. (a) CL spectra of unimplanted regions of as-implanted sample directly adjacent to implanted areas. (b) CL spectra of as-implanted regions. (c) Unimplanted regions
after one round of RTP. (d) Implanted regions after one round of RTP. (e) Unimplanted regions after two rounds of RTP. (f) Implanted regions after two rounds of RTP.
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luminescence (YL) and emission due to donor–acceptor pair (DAP)
recombination, as shown in Fig. 6(a). Upon annealing the sam-
ple, the YL line is partially recovered in the low-fluence implanted
regions, up to 3 × 1012 ions/cm2, as shown in Figs. 6(d)–6(f).
In addition, the NBE emission increases with increasing anneal-
ing, indicating that the Mg-implanted regions are highly damaged,
with successive anneals partially healing the damage. Interestingly,
the UID-type regions adjacent to high-fluence implanted regions
also show an increase in CL spectrum intensity following anneal-
ing, as shown in Figs. 6(c)–6(e). Outdiffusion and redeposition of
Mg during the high-temperature annealing step cannot be excluded
here;1 however, they can be excluded as the source of the observed
effect of the UID-type region changes since the effect is observed
even in the as-implanted sample. From ToF-SIMS measurements,
we observed Mg migration up to 1 μm in as-implanted samples;
therefore, we expect no impact from Mg implantation damage on
adjacent UID-type regions in the as-implanted sample and attribute
the suppression of the YL and DAP CL peaks to Mg-based doping
of the GaN substrate, leading to charge state suppression of YL and
DAP emission.

OPPORTUNITIES AND CHALLENGES

Availability of a stable FIB-based Mg source may enable new
prospects for selected-area Mg doping of GaN during GaN growth.
While mask-based ion implantation is the de facto standard for
conventional semiconductor doping, the limited solubility of Mg
in GaN limits the doping levels currently achieved.30–32 High qual-
ity GaN is typically grown by molecular beam epitaxy (MBE). For
device fabrication, nanoscale localized doping is required, tradi-
tionally not possible to achieve during MBE growth. However, by
locally irradiating GaN with FIB based Mg, we anticipate increased
incorporation efficiency of Mg while maintaining spatial resolution
relevant for device fabrication, which will be a part of a follow-on
study.

To conclude, we demonstrated how to fabricate a Mg FIB
source. Since this source is based on a AuSi eutectic, no issues
with oxidation or evaporation are present, in contrast to other
Mg FIB sources previously demonstrated. The Mg source per-
forms similar to other AuSi eutectic sources and produces <20 nm
spot size. The source is used for Mg implantation into high-
quality GaN. We find that as-implanted CL emission is strongly
suppressed and ascribe this suppression to implantation damage.
Upon annealing of the sample, we observe an increase in the CL
emission in the implanted regions. We also observe changes in
the CL emission in the nearby UID-regions, which are ascribed
to the charge state of relevant defects being suppressed from Mg
implantation.
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