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Abstract: Jon implantation is a key capability for the semiconductor industry. As devices shrink,
novel materials enter the manufacturing line, and quantum technologies transition to being more
mainstream. Traditional implantation methods fall short in terms of energy, ion species, and positional
precision. Here, we demonstrate 1 keV focused ion beam Au implantation into Si and validate
the results via atom probe tomography. We show the Au implant depth at 1 keV is 0.8 nm and
that identical results for low-energy ion implants can be achieved by either lowering the column
voltage or decelerating ions using bias while maintaining a sub-micron beam focus. We compare
our experimental results to static calculations using SRIM and dynamic calculations using binary
collision approximation codes TRIDYN and IMSIL. A large discrepancy between the static and
dynamic simulation is found, which is due to lattice enrichment with high-stopping-power Au and
surface sputtering. Additionally, we demonstrate how model details are particularly important to the
simulation of these low-energy heavy-ion implantations. Finally, we discuss how our results pave a
way towards much lower implantation energies while maintaining high spatial resolution.
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1. Introduction

Ion implantation has been a workhorse for the semiconductor industry [1-4]. How-
ever, with technological scaling towards smaller devices and shallower junctions, implant
energies must decrease [5-8]. Additionally, as novel materials are introduced to make
next-generation devices, including quantum information science (QIS) devices, a larger ion
selection becomes necessary [9-15]. Finally, with the projected integration of 2D materials
into future semiconductors, the implants must be made within a single atomic layer and
at a precise location [16,17]. To make 2D semiconductor-based devices, and to enable
higher throughput quantum devices, quantitative, spatially precise, and deterministic
placements of new ion species—not yet explored by the semiconductor industry—are
required [9,18-25].

Low-energy implantation has previously been demonstrated in 2D materials; however,
these experiments were performed using broad beams with no control over spatial loca-
tion [26,27]. Focused ion beams (FIB) have demonstrated the ability to target nanoscale fea-
tures, enabling high spatial resolution, which has facilitated novel QIS experiments [28-30]
but at relatively high energies (typically 35-100 keV). Additionally, using liquid metal alloy
ion sources, a variety of ion species become available with isotopic selectivity, enabling
QIS applications due to precise control over a defect’s hyperfine coupling [31]. Here, we
demonstrate the combination of low-energy implantation with high spatial resolution using
a newly developed biased sample plate technique combined with existing FIB capabilities.
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While experiments have shown successful implantation into single atomic layers,
there are few accessible simulation codes for ultra-low-energy implants [26,32,33]. The
de-facto standard for simulating ion—solid interactions remains the “Stopping and Range
of Ions in Matter” (SRIM), a binary collision approximation-based Monte-Carlo code [34].
The accuracy of SRIM calculations, however, has repeatedly been questioned, especially
with respect to the electronic stopping model [35-37] and sputtering simulations [38,39].
Moreover, SRIM considers impact parameters up to 77~ /2N~1/3 only, where N denotes the
atomic density of the target. For sputtering simulations, “simultaneous weak collisions”
have been introduced [40], which add collisions with larger impact parameters to the
simulation. Recently, it has been shown that simultaneous weak collisions are also relevant
to heavy ion implantation [41]. Lastly, SRIM does not consider dynamic changes to the
lattice during implantation. Therefore, we use two additional binary collision codes—
TRIDYN [42] and IMSIL [43-45]—to assess the accuracy of SRIM.

Here, we address implanting novel ion species at low energies and with precise
positioning by demonstrating 1 keV Au implantation into Si using a Raith VELION FIB.
The depth profile of the Au is then measured by a LEAP4000 XHR Atom Probe Tomography
(APT) system. Our results show that the implant depth at 1 keV is 0.8 nm, and that low-
energy ion implants can be achieved via lowering the column voltage and decelerating the
ions using a biased plate. We estimate our current achievable spot size to be sub-micron,
supported by SIMION simulations. We contrast experimental and static SRIM results with
the dynamic binary collision codes TRIDYN and IMSIL, arriving at a more accurate model
for the ion range but overestimating the ion straggle.

2. Methods

Au implantation was performed using a 35 kV Raith Velion FIB with lithography
capability for nanoscale direct-write patterning. The typical targeting resolution was
<35 nm with a beam spot size < 10 nm at 35 kV. We reduced the beam energy or landing
energy (E) in two ways; (1) by reducing the source voltage (Vs); and (2) by modifying
the standard sample holder to allow biasing of the sample. The adapted sample holder
consisted of the original holder, a biased plate held at a potential (Vp), and a grounded
plate with a 12 mm diameter hole. The landing energy E is calculated as E = q x (Vs — Vp),
where q is the charge state of the ion. The plates were fixed by stainless steel screws and
insulated with Polyetheretherketone (PEEK) spacers. This technique allows us access to
much lower energies than available to our FIB, which can only operate at landing energies
as low as 1 keV. Using the bias plate approach, we can theoretically lower the landing
energy to eV range.

The low-energy ion implants were carried out on a treated Sb-doped Si microtip array
purchased from CAMECA Instruments. Our ion energies and fluences were chosen to
elucidate the effects of the ion charge state and ion landing energy, as well as the effects of
ion fluence on ion range. The tip preimplantation treatment consisted of running each Si
tip in a LEAP4000 XHR APT in voltage mode at 50 K with a 20% pulse fraction and a 5 kV
stopping voltage (described in more detail below). The preimplantation treatment was
performed to increase the tip surface area and allow for more atoms to be collected from
the shallow implant volume. After implantation, the APT experiments were run using
the same conditions. The APT results were reconstructed and analyzed using CAMECA'’s
interactive visualization and analysis software (IVAS 3.8). The 400 Si pole lattice spacing
was used to calibrate the voltage, tip evolution, and reconstruction algorithm to ensure an
accurate depth profile.

The finite element method was used to simulate the temperature and fluid distribu-
tion. Combined with the simulation results, the force of the submicron particles in the
vortex was calculated and analyzed to explain the trapping mechanism via vortex flow.
The temperature and velocity distributions on the liquid surface were obtained through
numerical simulation, and then the distributions along the long and short axis for one
of the vortices were taken as examples. The velocity gradient and temperature gradient
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along the corresponding direction of long and short axes were calculated, and the fluid
pressure (F) caused by the velocity gradient and the thermophoretic force (Fr) caused by
the temperature gradient, as well as their net force (Fnet), was systematically obtained. The
obtained results show that F}, tends to move the particle to the position of the local velocity
maximum, while Fr tends to keep the particle away from the tip end. In the region near the
tip end, Fr is much larger than F},, and the particles are pushed away from the tip end. In
the region far away from the tip end, Fr is much smaller than Fp,, and Fp, plays a dominant
role in net force Fpet; thus, the particles are pushed to the position of the local velocity max-
imum. From the tip end to the vortex center, Fr is reduced to that comparable with F}, after
a certain distance, and the combined action of Ft and F, enables the particles to be trapped
into a certain region between tip end and vortex center. Therefore, an elliptical annular
region for particle trapping can be created, which successfully explains the experimental
observation.

3. Results

Figure 1a illustrates the results of the low-energy Au implants into the Si APT pillars
(see Section 2) using a Raith VELION FIB-SEM. The Au fluence at Vg = 1 kV (blue) was
10 jons/cm?, and at Vg = 5 kV with Vp = 4 kV (red), 10'° ions/cm?. The solid cyan line
represents SRIM calculation for 1 keV Au into Si. At Vg =5kV (red) and 10 ions/cm?
fluence, we used a custom designed sample holder (Figure 1b) to decelerate ions to the
desired landing energy. We tune the landing ion energy by adjusting the voltage on the
biased sample plate using the high-voltage power supply.

(a)
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o

(b)
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Figure 1. Low-energy implant results with and without biased sample holder. (a) Implant depth
profile measured via APT (with data points fitted with a Gaussian) (dashed line) and calculated via
SRIM (solid line). The blue squares denote an implant that maintains the sample at ground, while the
red open squares denote the use of the biased sample plate to decelerate ions to the desired landing
energy. Results of Vg =1 and 5 kV are shown in blue and red, respectively. (b) Schematic of the
custom designed sample holder used for decelerating ions.

The peak position for 1 keV landing energies was obtained using a Gaussian function
fit of the APT datasets, shown as the dashed blue and the dashed red curves in Figure 1a,
for implant condition with and without the biased plate, respectively. The depth extracted
from the two fits was measured to be 0.86 £ 0.01 nm and 0.71 % 0.09 nm. Both values closely
agree, and the measurement error is smaller than a single Si lattice constant, indicating that
the biased plate is effective at lowering the landing energy. An experimental comparison
with SRIM was carried out by fitting the SRIM results with a Gaussian function. SRIM
predicts the penetration depth of the Au beam into Si at 1 keV to be 4.1 nm, exceeding the
experimental values by 4.7 x, as was expected based on the low-energy and high-fluence
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conditions. As will be discussed at some length below, we are implanting ions in a very
low-energy regime, where the static SRIM simulations are insufficient to accurately capture
ion stopping due to dynamic alterations to the lattice.

To quantify the depth of the experimental implants, we used APT. Compared to other
depth profiling techniques such as Rutherford backscattering spectroscopy or secondary
ion mass spectrometry, APT has superior depth resolution limited only by atomic lattice
spacing for Si in the Z-dimension. However, a drawback of APT is sample preparation,
necessitating sharp conductive tips to enable field emission at the tip apex. We implanted
Au into a commercially available APT tip coupon consisting of a 6 x 6 tip array. As-received
tips have been found to be too sharp for the shallow implants to be detected. This is due to
the small number of atoms 1-2 nm deep with the nanoscale surface area in the as-received
Si microtips; specifically, the implanted volume of an as-received tip is only a few unit
cells, and the number of implanted Au atoms collected from that volume is insufficient
to produce proper mass spectra with statistically significant counts. To circumvent this
issue, we pre-dulled the tips before Au implantation using the APT setup. The pre-dulling
consisted of running the APT in voltage-mode with a 5 kV voltage stop to increase the
tip surface area and create an almost-perfect spherical sector end form. SEM pictures of
an as-received and pre-dulled tip are shown in Figure 2a,b, respectively, with the original
tip shape denoted by white lines in Figure 2b. The almost-perfect spherical sector APT
tip end also improves the accuracy of the reconstruction. After the APT measurement,
a three-dimensional reconstruction of the atomic arrangement of the implanted tip was
obtained, shown in Figure 2¢, with Au atoms denoted by yellow spheres and Si atoms
shown as black dots.

e

Figure 2. APT sample preparation and results. (a) SEM image of an APT tip prior to dulling. (b) Tip

after being dulled in the APT setup ready for ion implantation. The sharp tip must be pre-dulled in
the APT setup to maintain the shape of a spherical sector. The original structure of the tip is shown
by white lines. (c) Reconstructed tip composition. Si ions are shown in black and Au ions are shown
in yellow.

As a pathway towards ultra-low-energy (10-100 eV) FIB implantation, we assess the
ion beam spot size in the biased sample holder using a simplified SIMION simulation [31,46]
using a three-element Einzel lens with a 60-pm beam diameter matching the beam-defining
aperture used in these experiments. The initial beam is assumed to be parallel and with
a Gaussian FWHM energy spread of 15 eV, based on the typically reported values in the
literature for AuSi eutectic-based liquid metal ion sources [47]. A focus solution for the
5 keV landing energy Au* beam was found by varying the Einzel lens voltage in the
SIMION program. The optimal beam spot was found to be 60 nm in diameter, as shown in
Figure 3a, matching within a factor of two the actual beam diameter in the Raith Velion
experiments. For demonstration purposes, in Figure 3, we only plot 12 of the 60 trajectories
used in the simulation and increase the diameter of the incident beam to 600 um to make
them visible. Using the focus solution found for Vp = 0, Vp was then set to 4 kV, i.e., 1 keV
ion landing energy, in the SIMION program, and the beam spot increased to 500 nm. Since
experimentally refocusing the beam and measuring the spot size on the biased sample
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holder may not be feasible due to low secondary electron yield and reattraction of secondary
electrons by the biased plate, we believe this to be the best spot size estimate of a well-
focused beam on the 4 kV biased target. The result of the simulation is shown in Figure 3b.
In future simulations, we will explore the possibility of further improving the spot size by
using the top plate as a focusing element by applying a small bias to that plate.

Figure 3. Representative SIMION calculations to determine the ion beam spot size. (a) SIMION
calculation for a 5 keV 60-pm-diameter parallel Au* beam focused to a 60 nm spot. (b) Calculation
for a 5 keV Au* beam with Vp =4 kV applied to the sample plate with the remaining ion optics
unchanged. The spot size increases to 500 nm. The images in (a,b) contain only 12 ion trajectories for
illustration purposes and are for a beam that has a 600 um diameter.

4. Discussion

To address the large discrepancy between the experimental implant depth and the
depth predicted by SRIM simulations, we employed two additional binary collision codes:
TRIDYN and IMSIL. Furthermore, we measured the same range for a fluence of 10'°
ions/cm? and 10'¢ jons/cm? and a change of Au enrichment by only 2x. Based on the
IMSIL and TRIDYN simulated data showing the ion distribution shifting to the surface
with the increase in fluence, we suspect that turning on the HV plate led to an erroneous
estimation of the ion fluence, and that our 10* ions/cm? fluence is close to a fluence of
10'¢ jons/cm? estimated from simulated ion ranges. To help identify the two different
datasets, we continue to label them as 10'> and 10' ions/cm?. The results from all implant
conditions and simulations are summarized in Table 1.

Table 1. Experimental implant depth and simulated range comparisons for low-energy Au ions into
Si. The straggle is measured as the full-width half maximum from a Gaussian fit.

Measured SRIM TRIDYN IMSIL
AY Vv E Fl
s F nersy uence Depth  Straggle Depth  Straggle Depth  Straggle Depth  Straggle
kV kV keV ions/cm? nm
1 1 16 ) 7 4, 1. 1.51 1.
0 10 0.86 0.76 410 0.58 95 60 5 58
5 4 1 1015 0.71 0.62 5.49 1.03 3.20 1.00

TRIDYN allows us to perform ion irradiation simulations accounting for compositional
changes [48]. Here, we modeled the collision cascade of Au ions with a given kinetic
energy implanted into a 300 nm Si slab. Nuclear stopping originates from the energy
transfer to target atoms in consecutive binary collisions. The electronic stopping was
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equipartitioned between non-local (Lindhard-Scharff [49]) and local (Oen-Robinson [50])
contributions. In the static version (i.e., without taking compositional changes into account),
the depth distribution of the implanted Au ions is extracted from a set of 100,000 ion
impacts and shown as the cyan curve in Figure 4. Contrary to the experimental results with
much shallower distributions, static simulations (reproducing SRIM) predict implantation
ranges of about 5 nm for 1 keV Au ions. These static simulations do not account for
surface relaxation and compositional changes in the target material. Switching to dynamic
calculation, which allows us to model compositional changes and implements beam-
mediated diffusion, provides qualitative agreement with the experiment for larger ion
fluences. However, the simulation of 10 ions/cm? does not exhibit significant difference
when compared to the static calculation; even a calculation at 10'® ions/cm? does not
reproduce the experimentally observed ion range. Only when increasing the fluence
to 3 x 10'® ions/cm? is qualitative agreement of the implant shape found. Note that
temperature-mediated diffusion is not included in this approach, and temperature effects
should cause the distribution to broaden and move towards the surface. The ion straggle is
already overestimated when compared to SRIM and the experiment, as shown in Table 1.
Including an additional broadening mechanism from thermal diffusion will further increase
the estimated straggle.

80 | ' ' ' ' o 10'5, with plate |
70 - m 10'8, without plate]
\’3 | Static
260 1x10"% jons/cm?
CC) : 1x10'® ions/cm? |
= 50 —— 3x10'® ions/cm? |
© ] |
=
c 404 1
3
c 301 1
8 |
2 20 i} .
[ |
10—I o u —— ]
1 a u ;—@_)_\_:;_ J
0 _:_,LTMM_-_*_-_\:‘_\*T-%%‘
0 2 4 6 8 10
Depth (nm)

Figure 4. Implantation profiles of Au-irradiated Si obtained via BCA simulations with the TRIDYN
program (solid lines) compared to experimental data (rectangles). The static calculation reproduces
the SRIM simulation, assuming an implantation fluence of 10! ions/cm?.

Additionally, we used the “Implant and Sputter Simulator” (IMSIL) code to model
surface sputtering and compositional changes to the lattice. In IMSIL, by default, the
universal ZBL interatomic potential and electronic stopping with an equipartition rule
(as in TRIDYN) is used, with a correction factor of 1.2 for Au in Si. Results comparing
IMSIL simulations to experimental data are shown in Figure 5a. Like TRIDYN, the shape
of the measured implant profile is not fully captured by the simulation, but the overall
range is accurately predicted for a simulated fluence of 10'® ions/cm?. Figure 5b explores
varying IMSIL parameters to match SRIM simulations more closely in the static limit. IMSIL
simulations, by default, use energy-dependent maximum impact parameters [45], Pmax,
which evaluate to 1.95 A at 1 keV and 3.15 A below 60 eV for a Au ion slowing down
in Si (this replaces the “simultaneous weak collisions” model of other codes [40] with a
continuous energy-dependent model). It is also possible to use a fixed pmax, which leads
to results much closer to SRIM, if the SRIM maximum impact parameter of 1.53 A is used
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(blue vs. cyan curve). On the other hand, changing pmax to larger values did not change the
IMSIL results further. To explain the remaining difference between IMSIL and SRIM, we
searched for other parameters which might be different between the two codes. Two other
default models of IMSIL, which are different from SRIM, are the use of the time integral in
the calculation of the turning points of the ion trajectories [51] and of statistical free flight
paths distributed according to a log function. Switching these two options off moves the
simulated profile deeper into the bulk (effect of the time integral) and sharpens the profile
(as a result of the statistical free flight path).

(a)eo ' "D E=1keV.Vg = 5KV, V, = 4kV] (b)?° T SRIM ‘ ‘
704 B E=tkeV,Vg=1kV,V,=0 | IMSIL 10'%ions/cm?
—~~ — . 15:: 2
o\o IMSIL 1015ions/cm2 o\o 20 | ——IMSIL: SRIM Prmax 10" ions/cm i
~— 60 - —— IMSIL 10 jons/cm? . < —— IMSIL: SRIM p,,, + Other 10'® ions/cm?
5 = —— IMSIL: KrC Potential
© ® 191 ]
+= =
B c
3
] Q10+
o}
i O
S 5
< 5
= 0l
6 8 10 0
Depth (nm) Depth (nm)

Figure 5. (a) IMSIL simulations reproducing experimental data. (b) IMSIL simulations reproducing
SRIM predictions by varying the impact parameter and excluding diffusion from the simulation.

The influence of the maximum impact parameter indicates that the interaction of the
ion with more distant target atoms leads to the additional slowing down of the ion. It
also indicates that an accurate model of the interatomic potential at large separations is
important. In some codes, the so-called Kr-C potential [51] is used, while SRIM and IMSIL
use the universal ZBL potential by default. Using the Kr-C potential in IMSIL (red curve
in Figure 5b) instead of the ZBL potential (green curve) shifts the profile to larger depths.
While we cannot decide within this study which interatomic potential is more accurate, we
may conclude that the difference is quite significant.

Lastly, we compare the IMSIL and TRIDYN simulations at 10'® ions/cm? to our exper-
imental values. We find that IMSIL and TRIDYN are in excellent agreement; however, both
codes predict a long tail with a half-width at half maximum close to the SRIM prediction.
This indicates that even though significant sputtering is happening in the sample, the
maximum Au range is still close to that predicted by SRIM, which is contradicted by our
data having an HWHM of approximately 0.7 nm.

While experiments in the non-sputtering regime would make for an easier comparison
between various simulation codes, the small area of the APT tip requires a high implan-
tation fluence to obtain sufficient Au atom statistics at various depths. Although APT
relies on field emission and time-of-flight mass spectrometry, only 33% of ions are col-
lected. Additionally, when clusters of atoms are removed, the measured depth is typically
shallower than the real depth, a potential explanation for our data having significantly
shallower straggle than predicted by both TRIDYN and IMSIL. Further experiments will
need either to take into account the effects of ion sputtering or use alternate means of ion
detection; for example, through the use of scanning tunneling electron microscopy for
detecting individual impurity atoms.

5. Conclusions

We have implanted Au ions at landing energies of 1 keV and verified the implant depth
using APT. Our results show that the implant depth at 1 keV is 0.8 nm, in stark contrast
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to SRIM simulations, which predict implant depth of 4.1 nm at 1 keV. This discrepancy
between experimental and SRIM-modeled implant depth is largely resolved through
modeling with dynamic binary collision approximation-based codes: TRIDYN and IMSIL.
While some uncertainties in the binary collision model remain, these codes show that the
main mechanisms behind the shallow, experimentally measured implant profiles are the
enrichment of the Si lattice with higher-stopping-power Au and surface sputtering, leading
to an apparently shallower implant. A focus solution using the design of the decelerated
VELION system was found using SIMION. For 5 keV Au™, a beam spot of 60 nm was
calculated, and using the same bias on the objective lens of the VELION, increasing the
bias on the target to 4 kV, the spot size increased to 500 nm. Beyond the data shown
in the manuscript, we also performed implantation at 2 keV landing energy and saw a
similar discrepancy between SRIM simulation and experiment. We are able to qualitatively
reproduce the results through dynamic simulations using TRIDYN and IMSIL, similar to
the results at 1 keV.

Author Contributions: The authors have no conflicts to disclose. M.T., A.B. and E.S.B. conceived
the experiments; M.T. and A.B. performed ion implantation; ].D.P. performed APT measurements;
M.T., A.B. and J.D.P. analyzed the data; S.K. and A.V.K. did TRIDYN simulations; G.H. and B.L.D.
did IMSIL, and SIMION simulations, respectively; M.T. wrote the initial draft of the manuscript. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was funded by Laboratory Directed Research & Development at Sandia National
Laboratories.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Acknowledgments: We thank Shei Sia Su for assisting with ion implantation, George Burns for
assisting in the design of the high-voltage sample holder, and Gyorgy Vizkelethy for internal review
of the manuscript. We thank James Burns for assistance in running the APT experiments. This
work was performed, in part, at the Center for Integrated Nanotechnologies, an Office of Science
User Facility operated for the U.S. Department of Energy (DOE) Office of Science. Sandia National
Laboratories is a multimission laboratory managed and operated by National Technology and
Engineering Solutions of Sandia, LLC, a wholly owned subsidiary of Honeywell International, Inc.,
for the U.S. DOE’s National Nuclear Security Administration under contract DE-NA-0003525. APT
research was supported by the Center for Nanophase Materials Sciences (CNMS), which is a US
Department of Energy, Office of Science User Facility at Oak Ridge National Laboratory. The views
expressed in the article do not necessarily represent the views of the U.S. DOE or the United States
Government. GH and AVK thank the European Cooperation in Science and Technology (COST)
action CA19140 “FITANANO” (https://www.fit4nano.eu (accessed on 29 September 2023)) for their
support.

Conflicts of Interest: The authors declare no conflict of interest.

References

o Ul W

Williams, J.S. Ion implantation of semiconductors. Mater. Sci. Eng. A 1998, 253, 8-15. [CrossRef]

Rimini, E. lon Implantation: Basics to Device Fabrication; Springer: New York, NY, USA, 1994.

Goorsky, M. Ion Implantation; InTechOpen: London, UK, 2012.

Palmetshofer, L. Ion implantation in IV-VI semiconductors. Appl. Phy. A 1984, 34, 139-153.

Current, M.I. The role of ion implantation in CMOS scaling: A tutorial review. AIP Conf. Proc. 2019, 2160, 020001. [CrossRef]
Murray, R.; Haynes, K.; Zhao, X.; Perry, S.; Hatem, C.; Jones, K. The effect of low energy ion implantation on MoS,. ECS ]. Solid
State Sci. Tech. 2016, 5, Q3050. [CrossRef]

Ortolland, C.; Sahhaf, S.; Srividya, V.; Degraeve, R.; Saino, K.; Kim, C.S.; Gilbert, M.; Kauerauf, T.; Cho, M.].; Dehan, M.; et al.
Ion-implantation-based low-cost Hk/MG process for CMOS low-power application. In Proceedings of the 2010 Symposium on
VLSI Technology, Honolulu, HI, USA, 15-17 June 2010.

Current, M.I. Perspectives on low-energy ion (and neutral) implantation. In Proceedings of the 2017 17th International Workshop
on Junction Technology (IW]T), Uji, Japan, 1-2 June 2017.

Titze, M.; Perry, D.L.; Auden, E.A.; Pacheco, J.L.; Abraham, J.B.S.; Bielejec, E.S. Lithium source for focused ion beam implantation
and analysis. J. Vac. Sci. Technol. B 2021, 39, 012802. [CrossRef]


https://www.fit4nano.eu
https://doi.org/10.1016/S0921-5093(98)00705-9
https://doi.org/10.1063/1.5127674
https://doi.org/10.1149/2.0111611jss
https://doi.org/10.1116/6.0000645

Micromachines 2023, 14, 1884 90of 10

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Ebadi, R.; Marshall, M.C.; Phillips, D.E,; Cremer, J.; Zhou, T.; Titze, M.; Kehayias, P; Saleh Ziabari, M.; Delegan, N.; Rajendran, S.;
et al. Directional detection of dark matter using solid-state quantum sensing. AVS Quantum Sci. 2022, 4, 044701. [CrossRef]

Xu, X.; Martin, Z.0.; Titze, M.; Wang, Y.; Sychev, D.; Henshaw, J.; Lagutchev, A.S.; Htoon, H.; Bielejec, E.S.; Bogdanov, S.I;
et al. Fabrication of single color centers in sub-50 nm nanodiamonds using ion implantation. Nanophotonics 2023, 12, 485-494.
[CrossRef]

Chandrasekaran, V.; Titze, M.; Flores, A.R.; Campbell, D.; Henshaw, J.; Jones, A.C.; Bielejec, E.S.; Htoon, H. High-Yield
Deterministic Focused Ion Beam Implantation of Quantum Defects Enabled by In Situ Photoluminescence Feedback. Adv. Sci.
2023, 10, 2300190. [CrossRef]

Wang, X.; Zimmermann, C.; Titze, M.; Niaouris, V.; Hansen, E.R.; D’Ambrosia, S.H.; Vines, L.; Bielejec, E.S.; Fu, K.-M.C. Properties
of Donor Qubits in ZnO Formed by Indium-Ion Implantation. Phys. Rev. Appl. 2023, 19, 054090. [CrossRef]

Sutula, M.; Christen, I.; Bersin, E.; Walsh, M.P.; Chen, K.C.; Mallek, J.; Melville, A.; Titze, M.; Bielejec, E.S.; Hamilton, S.; et al.
Large-scale optical characterization of solid-state quantum emitters. Nat. Mater. 2023, 1-7. [CrossRef]

Delegan, N.; Whiteley, S.J.; Zhou, T.; Bayliss, S.L.; Titze, M.; Bielejec, E.; Holt, M.V.; Awschalom, D.D.; Heremans, E]. Deterministic
nanoscale quantum spin-defect implantation and diffraction strain imaging. Nanotechnology 2023, 34, 385001. [CrossRef] [PubMed]
Kang, S.; Jang, W.-S.; Morozovska, A.N.; Kwon, O; Jin, Y.; Kim, Y.-H.; Bae, H.; Wang, C.; Yang, S.-H.; Belianinov, A. Highly
enhanced ferroelectricity in HfO2-based ferroelectric thin film by light ion bombardment. Science 2022, 376, 731-738. [CrossRef]
[PubMed]

Stanford, M.G.; Pudasaini, P.R.; Belianinov, A.; Cross, N.; Noh, J.H.; Koehler, M.R.; Mandrus, D.G.; Duscher, G.; Rondinone, A.J.;
Ivanov, I.N. Focused helium-ion beam irradiation effects on electrical transport properties of few-layer WSe2: Enabling nanoscale
direct write homo-junctions. Sci. Rep. 2016, 6, 27276. [CrossRef] [PubMed]

Sipahigil, A.; Evans, R.E.; Sukachev, D.D.; Burek, M.].; Borregaard, J.; Bhaskar, M.K.; Nguyen, C.T.; Pacheco, J.L.; Atikian, H.A;
Meuwly, C.; et al. An integrated diamond nanophotonics platform for quantum-optical networks. Science 2016, 354, 847-850.
[CrossRef]

Wan, N.H.; Lu, T.-J.; Chen, K.C.; Walsh, M.P,; Trusheim, M.E.; De Santis, L.; Bersin, E.A.; Harris, I.B.; Mouradian, S.L.; Christen,
LR et al. Large-scale integration of artificial atoms in hybrid photonic circuits. Nature 2020, 583, 226-231. [CrossRef]

Titze, M.; Byeon, H.; Flores, A.; Henshaw, J.; Harris, C.T.; Mounce, A.M.; Bielejec, E.S. In situ ion counting for improved implanted
ion error rate and silicon vacancy yield uncertainty. Nano Lett. 2022, 22, 3212-3218. [CrossRef]

Pak, D.; Nandi, A.; Titze, M.; Bielejec, E.S.; Alaeian, H.; Hosseini, M. Long-range cooperative resonances in rare-earth ion arrays
inside photonic resonators. Commun. Phys. 2022, 5, 89. [CrossRef]

Qian, C.X.; Wang, M.Z,; Lu, S.S.; Feng, H.]J. Fabrication of 2D perovskite (PMA) 2Pbl4 crystal and Cu ion implantation improved
x-ray detector. Appl. Phys. Lett. 2022, 120, 011901. [CrossRef]

Giannazzo, F.; Panasci, S.E.; Schiliro, E.; Fiorenza, P.; Greco, G.; Roccaforte, F.; Cannas, M.; Agnello, S.; Koos, A.; Pécz, B.; et al.
Highly Homogeneous 2D /3D Heterojunction Diodes by Pulsed Laser Deposition of MoS2 on Ion Implantation Doped 4H-SiC.
Advan. Mater. Inter. 2023, 10, 2201502. [CrossRef]

Fiedler, H.; Gupta, P; Leveneur, ].; Mitchell, D.R.; Nancarrow, M.; Kennedy, J. Formation of buried 2D Aluminium Gallium Nitride
structures with enhanced piezoelectric modulus by xenon ion implantation. Appl. Mater. Today 2023, 30, 101710. [CrossRef]

Xu, K.; Zhao, Y.; Lin, Z; Long, Y.; Wang, Y.; Chan, M.; Chai, Y. Doping of two-dimensional MoS, by high energy ion implantation.
Sem. Sci. Tech. 2017, 32, 124002. [CrossRef]

Lin, P-C,; Villarreal, R.; Achilli, S.; Bana, H.; Nair, M.N.; Tejeda, A.; Verguts, K.; De Gendyt, S.; Auge, M.; Hofsdss, H.; et al. Doping
Graphene with Substitutional Mn. ACS Nano 2021, 15, 5449-5458. [CrossRef] [PubMed]

Lin, Y.-C.; Liu, C; Yu, Y.; Zarkadoula, E.; Yoon, M.; Puretzky, A.A.; Liang, L.; Kong, X.; Gu, Y.; Strasser, A.; et al. Low
Energy Implantation into Transition-Metal Dichalcogenide Monolayers to Form Janus Structures. ACS Nano 2020, 14, 3896-3906.
[CrossRef] [PubMed]

Evans, R.E.; Bhaskar, M.K.; Sukachev, D.D.; Nguyen, C.T.; Sipahigil, A.; Burek, M.].; Machielse, B.; Zhang, G.H.; Zibrov, A.S,;
Bielejec, E.; et al. Photon-mediated interactions between quantum emitters in a diamond nanocavity. Science 2018, 362, 662—-665.
[CrossRef]

Meesala, S.; Sohn, Y.-I.; Pingault, B.; Shao, L.; Atikian, H.A.; Holzgrafe, J.; Glindogan, M.; Stavrakas, C.; Sipahigil, A.; Chia, C.;
et al. Strain engineering of the silicon-vacancy center in diamond. Phys. Rev. B 2018, 97, 205444. [CrossRef]

Belianinov, A.; Burch, M.].; Ievlev, A ; Kim, S.; Stanford, M.G.; Mahady, K.; Lewis, B.B.; Fowlkes, J.D.; Rack, P.D.; Ovchinnikova,
O.S. Direct write of 3D nanoscale mesh objects with platinum precursor via focused helium ion beam induced deposition.
Micromachines 2020, 11, 527. [CrossRef]

Bischoff, L.; Mazarov, P.; Bruchhaus, L.; Gierak, J. Liquid metal alloy ion sources—An alternative for focussed ion beam technology.
Appl. Phys. Rev. 2016, 3, 021101. [CrossRef]

Bui, M.N,; Rost, S.; Auge, M.; Tu, ].-S.; Zhou, L.; Aguilera, I; Bliigel, S.; Ghorbani-Asl, M.; Krasheninnikov, A.V.; Hashemi, A ;
et al. Low-energy Se ion implantation in MoS2 monolayers. npj 2D Mater. Appl. 2022, 6, 42. [CrossRef]

Bui, M.N.; Rost, S.; Auge, M.; Zhou, L.; Friedrich, C.; Bliigel, S.; Kretschmer, S.; Krasheninnikov, A.V.; Watanabe, K.; Taniguchi, T.;
et al. Optical Properties of MoSe2 Monolayer Implanted with Ultra-Low-Energy Cr Ions. ACS Appl. Mater. Interfaces 2023, 15,
35321-35331. [CrossRef]

Ziegler, ].E. Stopping and Range of Ions in Matter (SRIM). Available online: www.srim.org (accessed on 17 February 2023).


https://doi.org/10.1116/5.0117301
https://doi.org/10.1515/nanoph-2022-0678
https://doi.org/10.1002/advs.202300190
https://doi.org/10.1103/PhysRevApplied.19.054090
https://doi.org/10.1038/s41563-023-01644-8
https://doi.org/10.1088/1361-6528/acdd09
https://www.ncbi.nlm.nih.gov/pubmed/37295410
https://doi.org/10.1126/science.abk3195
https://www.ncbi.nlm.nih.gov/pubmed/35549417
https://doi.org/10.1038/srep27276
https://www.ncbi.nlm.nih.gov/pubmed/27263472
https://doi.org/10.1126/science.aah6875
https://doi.org/10.1038/s41586-020-2441-3
https://doi.org/10.1021/acs.nanolett.1c04646
https://doi.org/10.1038/s42005-022-00871-w
https://doi.org/10.1063/5.0076970
https://doi.org/10.1002/admi.202201502
https://doi.org/10.1016/j.apmt.2022.101710
https://doi.org/10.1088/1361-6641/aa8ed3
https://doi.org/10.1021/acsnano.1c00139
https://www.ncbi.nlm.nih.gov/pubmed/33596385
https://doi.org/10.1021/acsnano.9b10196
https://www.ncbi.nlm.nih.gov/pubmed/32150384
https://doi.org/10.1126/science.aau4691
https://doi.org/10.1103/PhysRevB.97.205444
https://doi.org/10.3390/mi11050527
https://doi.org/10.1063/1.4947095
https://doi.org/10.1038/s41699-022-00318-4
https://doi.org/10.1021/acsami.3c05366
www.srim.org

Micromachines 2023, 14, 1884 10 of 10

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.
50.

51.

Titze, M.; Pacheco, J.L.; Byers, T.; Van Deusen, S.B.; Perry, D.L.; Weathers, D.; Bielejec, E.S. Evaluation of the accuracy of stopping
and range of ions in matter simulations through secondary ion mass spectrometry and Rutherford backscattering spectrometry
for low energy heavy ion implantation. J. Vac. Sci. Technol. A 2021, 39, 063222. [CrossRef]

Weber, W.J.; Zhang, Y. Predicting damage production in monoatomic and multi-elemental targets using stopping and range of
ions in matter code: Challenges and recommendations. Curr. Opin. Solid State Mater. Sci. 2019, 23, 100757. [CrossRef]
Wittmaack, K. Misconceptions impairing the validity of the stopping power tables in the SRIM library and suggestions for doing
better in the future. Nucl. Instrum. Methods Phys. Res. Sect. B Beam Interact. Mater. At. 2016, 380, 57-70. [CrossRef]

Hofsédss, H.; Zhang, K.; Mutzke, A. Simulation of ion beam sputtering with SDTrimSP, TRIDYN and SRIM. Appl. Surf. Sci. 2014,
310, 134-141. [CrossRef]

Shulga, V.I. Note on the artefacts in SRIM simulation of sputtering. Appl. Surf. Sci. 2018, 439, 456—461. [CrossRef]

Biersack, J.P.; Eckstein, W. Sputtering studies with the Monte Carlo Program TRIM.SP. Appl. Phys. A 1984, 34, 73-94. [CrossRef]
Hofsidss, H.; Junge, F; Kirscht, P.; van Stiphout, K. Low energy ion-solid interactions: A quantitative experimental verification of
binary collision approximation simulations. Mater. Res. Express 2023, 10, 075003. [CrossRef]

Moller, W.; Eckstein, W. Tridyn—A TRIM simulation code including dynamic composition changes. Nucl. Instrum. Methods Phys.
Res. Sect. B Beam Interact. Mater. At. 1984, 2, 814-818. [CrossRef]

Hobler, G. Monte Carlo simulation of two-dimensional implanted dopant distributions at mask edges. Nucl. Instrum. Methods
Phys. Res. Sect. B Beam Interact. Mater. At. 1995, 96, 155-162. [CrossRef]

Hobler, G.; Maciazek, D.; Postawa, Z. Ion bombardment induced atom redistribution in amorphous targets: MD versus BCA.
Nucl. Instrum. Methods Phys. Res. Sect. B Beam Interact. Mater. At. 2019, 447, 30-33. [CrossRef]

Hobler, G.; Simionescu, A. Acceleration of binary collision simulations in crystalline targets using critical angles for ion channeling.
Nucl. Instrum. Methods Phys. Res. Sect. B Beam Interact. Mater. At. 1995, 102, 24-28. [CrossRef]

Lai, H.; McJunkin, T.R.; Miller, C.J.; Scott, J.R.; Almirall, J.R. The predictive power of SIMION/SDS simulation software for
modeling ion mobility spectrometry instruments. Int. |. Mass Spectrom. 2008, 276, 1-8. [CrossRef]

Kreissig, U.; Kahn, A.; Ruedenauer, EG.; Steiger, W. Mass and energy analyses of an AuSi liquid metal ion source. J. Phys. D Appl.
Phys. 1990, 23, 959. [CrossRef]

Ziegler, ].F.; Manoyan, ].M. The stopping of ions in compounds. Nucl. Instrum. Methods Phys. Res. Sect. B Beam Interact. Mater. At.
1988, 35, 215-228. [CrossRef]

Lindhard, J.; Scharff, M. Energy Dissipation by Ions in the kev Region. Phys. Rev. 1961, 124, 128-130. [CrossRef]

Oen, S.0.; Robinson, T.M. Computer studies of the reflection of light ions from solids. Nucl. Instrum. Methods 1976, 132, 647—653.
[CrossRef]

Eckstein, W. Sputtering. In Computer Simulation of Ion-Solid Interactions; Eckstein, W., Ed.; Springer: Berlin/Heidelberg, Germany,
1991; pp. 169-218.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1116/6.0001406
https://doi.org/10.1016/j.cossms.2019.06.001
https://doi.org/10.1016/j.nimb.2016.04.057
https://doi.org/10.1016/j.apsusc.2014.03.152
https://doi.org/10.1016/j.apsusc.2018.01.039
https://doi.org/10.1007/BF00614759
https://doi.org/10.1088/2053-1591/ace41c
https://doi.org/10.1016/0168-583X(84)90321-5
https://doi.org/10.1016/0168-583X(94)00476-5
https://doi.org/10.1016/j.nimb.2019.03.028
https://doi.org/10.1016/0168-583X(95)80111-X
https://doi.org/10.1016/j.ijms.2008.06.011
https://doi.org/10.1088/0022-3727/23/7/033
https://doi.org/10.1016/0168-583X(88)90273-X
https://doi.org/10.1103/PhysRev.124.128
https://doi.org/10.1016/0029-554X(76)90806-5

	Introduction 
	Methods 
	Results 
	Discussion 
	Conclusions 
	References

