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Abstract: In recent times, ion implantation has received increasing interest for novel applications
related to deterministic material doping on the nanoscale, primarily for the fabrication of solid-state
quantum devices. For such applications, precise information concerning the number of implanted
ions and their final position within the implanted sample is crucial. In this work, we present an
innovative method for the detection of single ions of MeV energy by using a sub-micrometer ultra-
thin silicon carbide sensor operated as an in-beam counter of transmitted ions. The SiC sensor signals,
when compared to a Passivated Implanted Planar Silicon detector signal, exhibited a 96.5% ion-
detection confidence, demonstrating that the membrane sensors can be utilized for high-fidelity ion
counting. Furthermore, we assessed the angular straggling of transmitted ions due to the interaction
with the SiC sensor, employing the scanning knife-edge method of a focused ion microbeam. The
lateral dimension of the ion beam with and without the membrane sensor was compared to the
SRIM calculations. The results were used to discuss the potential of such experimental geometry in
deterministic ion-implantation schemes as well as other applications.

Keywords: silicon carbide; membrane sensor; deterministic ion implantation; counting efficiency;
spatial resolution

1. Introduction

Ion implantation has been widely applied in the semiconductor industry, as intro-
ducing dopants is an easy and fast way to engineer the electrical and optical properties
of semiconductors. Over the last decades, deterministic single-ion implantation has at-
tracted wide interest in the semiconductor field because of its application in solid-state
quantum technology across various material systems, including silicon and diamond. Some
non-exhaustive examples of Si-based single-dopant devices include donors coupled to
quantum dots [1] for charge [2], electron [3,4], and nuclear spin [5,6] qubits (quantum
bits). Alternatively, single-color centers in diamond substrates, including nitrogen-vacancy
(NV) centers [7] and coupling silicon-vacancy (SiV) centers [7,8], are studied as quantum
electrodynamics (QED) devices based on diamond technology. Motivated by the proposed
quantum applications, the demand for deterministically placing single dopants into nanos-
tructured devices has prompted the development of various techniques related to silicon
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and diamond material systems [9,10]. Single-ion implantation is achieved through accu-
rate control over the ion’s final position and the number of implanted ions. Single-atom
lithographic techniques based on scanning probes have successfully achieved the position-
ing of single dopants with nanometer-scale precision [11–13]. However, this technique is
currently limited to a small number of species and is relatively slow. In contrast, direct
ion implantation offers less precision in terms of dopant atom positioning but offers more
flexibility in the choice of ion species, potentially allowing for faster and more scalable
processes [9,14]. The primary challenges in direct ion-implantation methods lie in accu-
rately counting individual ions as they approach the substrate and precisely predicting
their final position within the sample. Several techniques have been developed to monitor
the number of ions reaching the sample during single-ion-implantation processes. One of
the most commonly used methods involves the detection of secondary electrons emitted
upon the impact of ions on the sample [15,16]. This approach requires the presence of a
secondary electron detector and can be applied to nearly all samples (provided that the
ion energy is sufficiently high to yield a detectable secondary electron emission). Alterna-
tively, other frequently used techniques exploit integrated structures within the implanted
sample to generate detectable signals during the process. Integrated structures such as
PiN diodes, which utilize electron–hole pairs generated by ion–matter interactions, can
produce a detectable signal upon free-charge capture [17,18]. Additionally, integrated
field-effect transistors (FETs) are employed, where ion implantation modulates the drain
current [18,19]. However, these methods are exclusively applicable to samples featuring
PiN or FET structures, thereby limiting their utility in various areas.

In the present work, we present an innovative single-ion detection method using
an independent silicon carbide sensor to be placed ahead of the sample to be implanted.
The sensor is a sub-micrometer SiC membrane realized through a state-of-the-art, doping-
selective electrochemical etching process [20,21]. The described sensor geometry was
employed here for detecting ion beams in the MeV energy range. In this setup, the
ions lose only a portion of their energy (∆E) in the device and are transmitted further
without significant influence on the impact trajectory and total energy (E) of the ions.
The electron/hole pairs generated through the ion–sensor interaction are amplified and
collected, resulting in a distinct signal corresponding to each ion passing through the SiC
membrane. The results were compared with measurements obtained using a reference
silicon detector. Moreover, a study of the alteration in the ion beam after crossing the
membrane was conducted, and the lateral ion straggling, a crucial parameter for single-ion-
implantation applications, was calculated and compared with simulations.

2. Materials and Methods

The device tested is an advanced silicon carbide ultra-thin radiation sensor engineered
as a free-standing membrane with a parallel-plate electrode configuration. This device is a
semiconductor Schottky barrier diode consisting of an ultra-thin n− silicon carbide active
layer characterized by a low doping concentration of 1014 cm−3 on top of an inert n+ highly
doped silicon carbide substrate approximately 370 µm thick with a doping concentration
of 1018 cm−3. The fabrication of the free-standing membrane at the core of the sensor was
accomplished through a state-of-the-art, doping-selective electrochemical etching (ECE)
technique, which allowed for precision material removal down to sub-micrometer thickness
levels. In more detail, the electrochemical etching of silicon carbide in hydrogen fluoride
(HF)-based solutions consists of two steps: the first step is the oxidation of SiC driven
by holes, and the second step is the dissolution of the formed SiO2−x in HF [22]. In the
case of the highly doped 370 µm substrate, holes were generated by tunneling effects. In
contrast, for the low-doped n-type SiC epitaxial layer, tunneling was negligible. Therefore,
the thin epitaxial layer acted as a stopping layer for the etching process, hence resulting in
the formation of the free-standing membrane [20]. The total sensor area (5 × 5 mm2) was
divided into four independent pads, and the ECE process was carried out within a 2 mm
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diameter circular region in the central area of the device. In this study, only one of the four
pads was connected to the data acquisition system and analyzed.

The metal contact, needed for both the ECE process and for the subsequent sensor
operation, was established by depositing a 30 nm aluminum layer on the front surface
of the device to create a Schottky contact. In contrast, the back contact was applied after
the ECE process and involved a 100 nm aluminum layer. The metal depositions were
conducted using an electron-beam (E-beam) evaporation system. A schematic structure of
the SiC membrane sensor is presented in the inset of Figure 1b.
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Figure 1. (a) Schematic of the experimental setup for the calculation of the sensor thickness and count-
ing measurements; (b) energy spectrum obtained by the STIM detector used for the determination of
the SiC sensor thickness. In the insert, a schematic cross-section of the SiC sensor is shown.

The main characterization of the sensor was performed by exposing the device to
accelerated ions of different masses and energies in the MeV range using the ion beam
facility of the Rud̄er Bošković Institute [23]. Techniques based on the interaction of MeV
ion beams with materials offer a powerful analytical framework for semiconductor detector
characterization [24,25]. The device was mounted in a vacuum irradiation chamber attached
to the 6 MV Tandem Van de Graaff electrostatic accelerator. The accelerator is equipped with
a sputtering ion source used for the production of a wide range of ion species, from light ions
such as H or Li to very heavy ions (up to Au). Ions are accelerated and transmitted through
a range of ion beam optics elements downstream to the experimental end station, where
the samples are positioned. In our setup, an ion microprobe end station was employed,
allowing the focusing of ion beams to a micrometer-sized spot and enabling the scanning of
the beam across the sample surface. These experimental conditions were utilized to acquire
spatially resolved information about the ion–sample interaction as determined by the beam
spot size. This setup was crucial for testing the device for single-ion detection, as the ion
beam current could be reduced to ~ Hz rates and positioned in different spatial regions of
interest of our device.

In our experimental scenarios, the ion beam was transmitted through the SiC mem-
brane portion of the sensor, leaving only a portion of the energy inside, and was stopped
6 cm downstream on the in-beam-positioned Si detector, which was a Passivated Implanted
Planar Silicon (PIPS) detector with very thin top dead layer. The PIPS detector will be
referred to as a Scanning Transmission Ion Microscopy (STIM) detector (Canberra Semi-
conductor, Olen, Belgium), as it was used to detect transmitted ions. Both devices were
connected to the same low-noise signal-processing chain, which was based on a charge-
sensitive preamplifier (ORTEC 142A) and a shaping amplifier (ORTEC 570), both provided
by ORTEC, Oak Ridge, TN, USA. This geometry enabled independent detection of ions by
the device under test (the SiC membrane) and a well-characterized solid-state Si detector
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(the STIM detector). When an ion interacts with a semiconductor detector, it produces
electron–hole pairs that are collected by the electric field applied through the electrodes.
This technique is often referred to as the ion beam induced charge (IBIC) technique [24].
Signals collected from the sensor electrode can be used to quantify different parameters,
such as the deposited energy, transient collection behavior, timing properties, and so on.
When combined with a scanning microbeam setup, the IBIC technique can be seen as
a 3D-like microscopic technique for the investigation of charge transport properties in
semiconductor detectors.

A 4 MeV O3+ ion beam was employed to precisely determine the thickness of the
silicon carbide membrane. A schematic representation of the experimental setup used
during this investigation is presented in Figure 1a. The incident ions that passed through
the SiC sensor deposited a portion of their energy (∆E, approximately 45%) within the
free-standing membrane sensor. Subsequently, these ions were collected by the STIM
detector, and the acquired signal was represented as a count-versus-energy plot (Figure 1b).
After subtracting the energy deposited in the STIM detector, which is represented by
the peak position in Figure 1b, from the initial ion beam energy, the energy deposited
in the SiC membrane sensor (∆E) was determined. Furthermore, the full-width half
maximum of the peak in Figure 1b was used to calculate the uncertainty in the membrane
thickness. The Stopping and Range of Ions in Matter (SRIM) Monte Carlo simulation
tool [26] was used to estimate the energy loss ∆E/∆x (eV/nm) of the beam in the sensor,
enabling the calculation of the membrane sensor thickness TSiC. Using this method, a total
sensor thickness of TSiC = 727.3 ± 57.6 nm was calculated. Considering the thickness of the
aluminum electrodes, the membrane active layer thickness resulted in about 597 nm. The
relatively high 8% error associated with this measurement can be primarily attributed to
the surface roughness of the membrane resulting from the doping-selective ECE process
used for the formation of the SiC membrane [20,21]. The ion-counting fidelity of the SiC
membrane was determined using the same oxygen beam and experimental setup while
employing the IBIC technique.

The electron–hole pairs generated as a result of energy deposition during ion–membrane
interactions were collected, and 2D-IBIC maps were generated using the homemade soft-
ware SPECTOR v2.0 [27]. During the acquisition of IBIC signals, a reverse bias of −5 V was
applied to the SiC Schottky diode. After this first interaction, the ions had enough energy
to reach the STIM detector, thereby allowing for a simultaneous generation of a second
IBIC map corresponding to transmitted ions. A comparison between the two acquired
maps was performed to determine the number of recorded events in the two devices while
assuming a 100% collection efficiency in the STIM detector. This comparison enabled the
evaluation of the single-ion detection efficiency of the SiC membrane sensor.

The decrease in ion energy was not the sole effect of the interaction between the
ion beam and the SiC membrane sensor. As the ions collide with the atomic electrons of
the solid sensor, the trajectory angle of the ions in the material can be altered [25]. This
phenomenon, commonly denoted as “ion lateral straggling”, increases the uncertainty in
the final position of ions within the implanted sample. In our experiment, we quantified ion
lateral straggling resulting from the interaction between ions and the SiC sensor by using
a finely machined metal grid with a defined pitch dimension. The grid was positioned
between the membrane and the STIM detector, allowing the scanning transmitted ion beam
to form a projection image of the grid. Using this experimental setup, a 10 MeV C4+ ion
beam was scanned across the grid to acquire 2D-IBIC maps both with and without the
presence of the membrane. This enabled the determination of the beam spot dimension in
the two cases using the knife-edge analysis technique based on the grid projection.

3. Results
3.1. Counting Measurement

Figure 2a shows an IBIC map obtained with a 4 MeV O3+ beam on the SiC membrane.
Since IBIC signals are proportional to the amount of energy deposited by ions, three
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different regions are visible on the map. Region A corresponds to an area where the 370 µm
bulk beneath the membrane remained intact after the etching process. In this region, the
elevated IBIC signal can be explained by the contribution of two types of free charges to the
overall signal: charges generated in the membrane that were driven to the sensor electrodes
by the electric field (drift current) and charges produced in a shallow region of the bulk
below that reached the electrodes through diffusion processes (diffusion current). In region
B, the membrane signal was acquired. In this region, only the charges generated in the
epitaxial membrane were collected on the sensor electrodes, and a lower IBIC signal was
generated. Finally, region C represents a non-bonded sensor pad, therefore this region is
dominated by background noise. Figure 2c shows the IBIC map acquired by the STIM
detector simultaneously with the events mapped in Figure 2a. Here, region A exhibits no
STIM signal due to the thick silicon carbide substrate, in which the ions are fully absorbed
and not transmitted to the PIPS detector. Region B and part of region C represent the
membrane section of the SiC sensor, which shows a STIM signal, as the ion of the beam
had enough energy to cross the membrane and reach the silicon reference detector.
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To assess the SiC sensor’s capability to detect individual ions, a comparative analysis
was performed between the counts recorded independently in the two detection systems.
Assuming a 100% detection efficiency for the STIM detector, the relative SiC detection
efficiency was determined accordingly. Identical regions in both maps were selected, and
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the number of event histograms (corresponding only to the ions recorded within those
regions of interest) were extracted both for the SiC sensor (Figure 2b) and the STIM detector
(Figure 2d).

The count plot in Figure 2b shows a high-count, low-energy (0.8 MeV) peak attributed
to electronic noise. In the process of quantifying the number of ions detected by the
membrane sensor, these noise events were removed from the total count, resulting in the
exclusive contribution of the 1.7 MeV signal due to the overall membrane sensor. The
extended low-energy tail observed in the histogram of transmitted ion energies (Figure 2d)
can be attributed to the aforementioned energy-straggling effects, leading to the generation
of an asymmetric 2.3 MeV peak. The difference in the peak position in Figure 2b,d derived
from the different energy that the 4 MeV ions deposited in the two sensors. This procedure
was repeated for various areas within region B, and the comparison of events recorded
simultaneously by the two detection systems resulted in a 96.5 ± 0.9% ion-detection
efficiency for the SiC sensor. The approximately 3% difference in the recorded events
within the membrane sensor can be related to the complexities involved in subtracting
electronic noise from the signal, which was primarily due to the proximity of the two peaks
and the asymmetry of the membrane signal. While further improvements can be made by
reducing background noise, this result underscores the excellent charge-collection efficiency
of the tested ultra-thin membrane, highlighting its strong potential for high-fidelity ion-
counting applications.

3.2. Lateral Straggling

In single-ion-implantation applications, careful control is applied over the implanta-
tion process to guarantee the precise localization of each ion within the target material.
However, the occurrence of ion straggling resulting from the interactions between the ion
beam and the independent ion sensor has the potential to compromise the determinism
of the implantation procedure. This phenomenon introduces uncertainty regarding the
final position of the implanted ions. Furthermore, the lateral straggling discussed earlier
should be considered in conjunction with other non-improvable phenomena such as lateral
straggling arising from ion–sample interaction and diffusion processes occurring during
post-implantation annealing, which is essential for the activation of implanted species.

The ion lateral straggling was calculated by measuring the spatial profile of the
ion beam before and after interaction with the silicon carbide free-standing membrane
sensor. To achieve this, an electroformed metal grid with a well-known pitch dimension
of 25.4 µm was mounted inside the experimental chamber between the SiC membrane
and the downstream STIM detector (Figure 3a). The function of the grid was to act as an
obstacle for the ions as they were transmitted toward the downstream detector, resulting in
the generation of IBIC maps with the projected image of the grid formed by ions passing
through the open regions of the grid. This allowed us to determine the ion beam spot size
at the plane of the grid.

With this experimental setup, a 10 MeV C4+ ion microbeam was focused on the PIPS
detector, and STIM data were acquired under two different configurations. In the first
configuration, the carbon ion beam traversed the grid and reached the PIPS detector without
any interaction with the silicon carbide free-standing membrane. In this case, the grid
edges of the resulting STIM signal exhibited a high-definition level due to the unaltered ion
beam’s convergence (Figure 3b). In the second scenario, the SiC membrane was mounted
before the metal grid, causing the ion beam to interact with the SiC membrane before
encountering the grid. As previously mentioned, this interaction between the SiC sensor
and the carbon ions introduced straggling effects. Consequently, the divergence of the ion
beam led to a lower edge definition of the grid in the final STIM map (Figure 3c).
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Figure 3. (a) Schematic representation of the experimental setup used for the lateral straggling
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with ions passing through the SiC membrane sensor. Both maps were acquired using a 10 MeV C4+

ion beam.

The ion beam’s spatial profile in the two configurations was calculated using the knife-
edge calculation procedure. Data from the regions near the grid edge shadow in the STIM
map have been reported as the number of events versus position (Figure 4). The sigmoidal
profile of the recorded events corresponds to the lateral profile of the scanning beam spot
and was analyzed using a Boltzmann sigmoid function (the dashed red curves in Figure 4).
The beam’s spatial profile was determined in the two scenarios (with and without the SiC
free-standing membrane). This determination was carried out by calculating the number of
pixels (∆x) falling in the range defined by the two points marked in red in Figure 4, which
corresponded to the position of the 10% and the 90% values of the upper plateau of the
function. Using this procedure, different measurements were carried out, and a main value
of ∆x = 11.84 ± 1.85 px was determined for the without-membrane configuration. The beam
spot size could be calculated by multiplying the ∆x main value and the pixel-to-micron
conversion factor for this configuration (F1 = 0.29 µm × px−1), resulting in a beam spot size
of rBeam = 3.43 ± 0.54 µm. The same procedure was employed for the STIM data acquired
with the beam passing through the SiC membrane sensor. With this configuration, a main
value of ∆x = 21.46 ± 1.74 px was obtained. The beam size after membrane interaction was
calculated by considering the conversion factor F2 = 0.38 µm × px−1, leading to a beam
dimension of DBeam = 8.15 ± 0.66 µm. The high 8% error is ascribable to the roughness
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of the SiC membrane. The difference in the conversion factors F1 and F2 derive from the
different magnifications at which the two STIM data were acquired. This difference is
visible by comparing Figure 3b,c.
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The metal grid, which shadowed the ion beam for the experimental measurement,
was positioned at a distance of DGrid = 0.76 ± 0.14 mm from the SiC membrane. It
was essential to account for the beam divergence in this region. The SRIM spreading
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parameter rSRIM was used to calculate the straggling angle θSRIM through trigonometric
considerations. Using this methodology, we calculated the straggling angle relative to the
incident direction of the ions, which resulted in θSRIM = 0.19 ± 0.02◦. By knowing θSRIM
and the distance DT = TSiC + DGrid, where TSIC = 727.3 ± 57.6 nm is the thickness of the SiC
sensor calculated previously, the lateral straggling rSRIM,Grid on the grid could be calculated.
With these considerations, a lateral beam straggling of rSRIM,Grid = 2.53 ± 0.60 µm was
obtained. To determine the total ion beam lateral profile, the initial beam dimension
(rBEAM = 3.43 ± 0.54 µm) had to be added to the spreading already calculated, resulting in
a final beam dimension of RSRIM = 8.49 ± 0.81 µm.

The comparison between the theoretical ion beam’s final dimension calculated using
SRIM simulations (RSRIM) and the experimental beam dimension (DBeam) shows that the
calculation method used in this work is quite reliable and allows the prediction of the ion
lateral straggling in various scenarios. It also demonstrates the importance of mounting
the sample to be implanted as close as possible to the membrane sensor to minimize the
adverse effects of ion straggling. In scenarios involving heavy MeV ions, these distances
should be less than 100 µm. Based on these results, further upgrades to the setup are
planned. These upgrades aim to enable the mounting of the targets as close as 10 µm
behind the membrane sensor, significantly enhancing the accuracy of the impact position
of transmitted ions with the target.

4. Discussion

In deterministic ion implantation, the exact counting of ions as well as its spatial
precision represent an ongoing challenge. The device presented here utilizes a membrane
solid-state sensor and a low-noise, charge-sensitive electronic chain. This system collects
a signal generated by ions transmitted through the sensitive membrane volume. In our
experiments, the energy loss in the membrane active layer was about 1.5 MeV, and the
number of generated pairs was on the order of 105 pairs per ion. However, typical ion-
implantation energies are in the range of a few hundred keV, which requires low energy
loss inside the membrane and the detection of a signal derived by 103 ÷ 104 electron–hole
pairs. These limits impose the use of a nanometric-thin membrane and a very low noise
generated both by the detector and by the stage electronics.

Concerning the thickness of the sensor, a 100 nm SiC free-standing membrane can
be produced using the ECE process described earlier. Thin membranes of this nature
have already demonstrated favorable mechanical properties, including a high fracture
strength and deformation [28]. The energy loss in ionization, i.e., the energy that ions lose
in collisions with atomic electrons generating free charges in the solid material, depends on
the mass and energy of the implanted ion. Using a SiC sensor with a 100 nm SiC epitaxy
sandwiched between 20 nm and 70 nm aluminum electrodes, a typical dopant such as
P at 250 keV loses a total energy of 190 keV in the sensor and generates approximately
9 × 103 electron–hole pairs in the sensor active layer. With low noise, this system will
allow the implantation of a deterministic number of 60 keV P ions. The detector noise is
mainly determined by the leakage current and by the detector capacitance. The leakage
current in our detector was sufficiently low (a few pA) thanks to the wide bandgap of the
silicon carbide semiconductor. The capacitance, on the other hand, considerably influenced
the noise level due to the large sensor area (~1.6 mm2) and the low sensor thickness
(~730 nm). Although a 100-nanometer thickness may have a negative impact on the sensor
capacitance, this effect can be substantially alleviated by reducing the surface area of the
sensor, resulting in an enhanced signal-to-noise ratio. To minimize electronic noise, a
custom charge-sensitive amplifier with effective capacitance matching of the input stage to
the detector capacitance can be employed. Further experiments are in the planning stage to
utilize an even thinner device along with upgrades to the signal-processing electronics.

Concerning the measured lateral ion straggling, the obtained value of 8.15 µm seems
to be relatively high for single-ion-implantation applications. This high value introduces
a significant level of uncertainty in determining the final position of the ions, potentially
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compromising the deterministic nature of the implantation process. However, it is impor-
tant to note that the primary contribution to the final ion beam size is attributable to the
divergence of the beam in the region between the SiC membrane sensor and the sample.
In this work, this distance is represented by the distance between the SiC sensor and the
metal grid (DGrid = 0.76 ± 0.14 mm). The membrane straggling contribution was very
low (rSRIM = 2.42 ± 0.30 nm calculated with SRIM) compared to the final beam dimension.
Therefore, by reducing the distance between the SiC sensor and the implanted sample, a
higher determination of the ion’s final position can be achieved. For example, by reducing
the DGrid distance to a few micrometers (5 ÷ 10 µm), the membrane straggling contribution
on the sample will be 19.1 ÷ 35.7 nm (calculated with the same θSRIM angle). In this case,
the initial beam dimension rBeam will strongly affect the final beam lateral profile (in this
experiment, rBeam was 3.43 ± 0.54 µm).

Hence, through the reduction in the initial beam size to a few tens of nanometers
and the detector thickness to 100 nm, it becomes possible to attain a final beam size of
approximately 100 nanometers. This reduction significantly mitigates the uncertainty
associated with the final position of the implanted atom.

5. Conclusions

In this study, we introduced an innovative approach to single-ion detection during the
ion-implantation process by utilizing an advanced SiC ultra-thin solid-state sensor. The
sub-micrometer membrane enables ion detection through the creation of electron–hole
pairs due to interactions between ions and the solid sensor without causing substantial in-
terference with the ion trajectory, thereby enabling simultaneous control of the implantation
process. The ion-beam-induced charge signal was collected for ions transmitted through
the membrane and fully stopped in the PIPS detector positioned behind, resulting in a
96.5 ± 0.9% calculated ion counting confidence for the membrane. While this result can be
improved by minimizing the signal background, it demonstrates the potential of utilizing
a thin sub-micrometer membrane as a high-fidelity in-beam ion detector. Such a detector
could be useful for novel true maskless deterministic implantation schemes needed for
the fabrication of novel solid-state technologies and devices. However, the presence of
the membrane interfered with the ion beam trajectory, introducing ion straggling effects
that resulted in an increase in the uncertainty of the final position of the ion in the target.
To quantify the ion straggling caused by the SiC membrane, a knife-edge measurement
technique was employed, and the results were compared to SRIM simulations, yielding a
final beam size of 8.15 µm. The observed high straggling value can be reduced through
improvements in experimental conditions. These optimizations include minimizing the
separation distance between the SiC sensor and the implanted sample to a few micrometers
while simultaneously reducing the initial dimension of the ion beam to the nanometer scale
and the membrane thickness to 100 nm. Implementing these conditions makes it possible
to achieve a final beam dimension on the order of 100 nanometers, effectively minimizing
the uncertainty associated with the final position of the implanted atom.
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technical support during the experimental measurements.

Conflicts of Interest: Author Massimo Camarda was employed by the company SenSiC GmbH. The
remaining authors declare that the research was conducted in the absence of any commercial or
financial relationships that could be construed as a potential conflict of interest.

References
1. Kane, B.E. A silicon-based nuclear spin quantum computer. Nature 1998, 393, 133–137. [CrossRef]
2. Hollenberg, L.C.L.; Dzurak, A.S.; Wellard, C.; Hamilton, A.R.; Reilly, D.J.; Milburn, G.J.; Clark, R.G. Charge-based quantum

computing using single donors in semiconductors. Phys. Rev. B 2004, 69, 113301. [CrossRef]
3. Morello, A.; Pla, J.J.; Zwanenburg, F.A.; Chan, K.W.; Tan, K.Y.; Huebl, H.; Möttönen, M.; Nugroho, C.D.; Yang, C.; van Donkelaar,

J.A.; et al. Single-shot readout of an electron spin in silicon. Nature 2010, 467, 687–691. [CrossRef] [PubMed]
4. Tyryshkin, A.M.; Lyon, S.A.; Astashkin, A.V.; Raitsimring, A.M. Electron spin relaxation times of phosphorus donors in silicon.

Phys. Rev. B 2003, 68, 193207. [CrossRef]
5. Kalra, R.; Laucht, A.; Hill, C.D.; Morello, A. Robust Two-Qubit Gates for Donors in Silicon Controlled by Hyperfine Interactions.

Phys. Rev. X 2014, 4, 021044. [CrossRef]
6. Pla, J.J.; Tan, K.Y.; Dehollain, J.P.; Lim, W.H.; Morton, J.J.L.; Zwanenburg, F.A.; Jamieson, D.N.; Dzurak, A.S.; Morello, A.

High-fidelity readout and control of a nuclear spin qubit in silicon. Nature 2013, 496, 334–338. [CrossRef] [PubMed]
7. Shields, B.J.; Unterreithmeier, Q.P.; de Leon, N.P.; Park, H.; Lukin, M.D. Efficient Readout of a Single Spin State in Diamond via

Spin-to-Charge Conversion. Phys. Rev. Lett. 2015, 114, 136402. [CrossRef] [PubMed]
8. Englund, D.; Shields, B.; Rivoire, K.; Hatami, F.; Vučković, J.; Park, H.; Lukin, M.D. Deterministic Coupling of a Single Nitrogen

Vacancy Center to a Photonic Crystal Cavity. Nano Lett. 2010, 10, 3922–3926. [CrossRef]
9. van Donkelaar, J.; Yang, C.; Alves, A.D.C.; McCallum, J.C.; Hougaard, C.; Johnson, B.C.; Hudson, F.E.; Dzurak, A.S.; Morello, A.;

Spemann, D.; et al. Single atom devices by ion implantation. J. Phys. Condens. Matter 2015, 27, 154204. [CrossRef]
10. Rueß, F.J.; Pok, W.; Reusch, T.C.G.; Butcher, M.J.; Goh, K.E.J.; Oberbeck, L.; Scappucci, G.; Hamilton, A.R.; Simmons, M.Y.

Realization of Atomically Controlled Dopant Devices in Silicon. Small 2007, 3, 563–567. [CrossRef]
11. Fuechsle, M.; Miwa, J.A.; Mahapatra, S.; Ryu, H.; Lee, S.; Warschkow, O.; Hollenberg, L.C.L.; Klimeck, G.; Simmons, M.Y. A

single-atom transistor. Nat. Nanotechnol. 2012, 7, 242–246. [CrossRef] [PubMed]
12. Stock, T.J.Z.; Warschkow, O.; Constantinou, P.C.; Li, J.; Fearn, S.; Crane, E.; Hofmann, E.V.S.; Kölker, A.; McKenzie, D.R.; Schofield,

S.R.; et al. Atomic-Scale Patterning of Arsenic in Silicon by Scanning Tunneling Microscopy. ACS Nano 2020, 14, 3316–3327.
[CrossRef] [PubMed]

13. Koenraad, P.M.; Flatté, M.E. Single dopants in semiconductors. Nat. Mater. 2011, 10, 91–100. [CrossRef] [PubMed]
14. Yang, C.; Jamieson, D.N.; Pakes, C.; Prawer, S.; Dzurak, A.; Stanley, F.; Spizziri, P.; Macks, L.; Gauja, E.; Clark, R.G. Single

Phosphorus Ion Implantation into Prefabricated Nanometre Cells of Silicon Devices for Quantum Bit Fabrication. Jpn. J. Appl.
Phys. 2003, 42, 4124–4128. [CrossRef]

15. Shinada, T.; Okamoto, S.; Kobayashi, T.; Ohdomari, I. Enhancing semiconductor device performance using ordered dopant arrays.
Nature 2005, 437, 1128–1131. [CrossRef] [PubMed]

16. Schenkel, T.; Persaud, A.; Park, S.J.; Nilsson, J.; Bokor, J.; Liddle, J.A.; Keller, R.; Schneider, D.H.; Cheng, D.W.; Humphries, D.E.
Solid state quantum computer development in silicon with single ion implantation. J. Appl. Phys. 2003, 94, 7017–7024. [CrossRef]

17. Jamieson, D.N.; Yang, C.; Hopf, T.; Hearne, S.M.; Pakes, C.I.; Prawer, S.; Mitic, M.; Gauja, E.; Andresen, S.E.; Hudson, F.E.;
et al. Controlled shallow single-ion implantation in silicon using an active substrate for sub-20-keV ions. Appl. Phys. Lett. 2005,
86, 202101. [CrossRef]

18. Johnson, B.C.; Tettamanzi, G.; Yang, C.; Alves, A.; Van Donkelaar, J.; Thompson, S.; Verduijn, A.; Mol, J.A.; Wacquez, R.; Vinet, M.;
et al. Single Ion Implantation into Si-Based Devices. ECS Trans. 2010, 33, 179–189. [CrossRef]

19. Batra, A.; Weis, C.D.; Reijonen, J.; Persaud, A.; Schenkel, T.; Cabrini, S.; Lo, C.C.; Bokor, J. Detection of low energy single ion
impacts in micron scale transistors at room temperature. Appl. Phys. Lett. 2007, 91, 193502. [CrossRef]

20. Nida, S.; Tsibizov, A.; Ziemann, T.; Woerle, J.; Moesch, A.; Schulze-Briese, C.; Pradervand, C.; Tudisco, S.; Sigg, H.; Bunk, O.; et al.
Silicon carbide X-ray beam position monitors for synchrotron applications. J. Synchrotron Radiat. 2019, 26, 28–35. [CrossRef]

21. Mokhtarzadeh, M.; Carulla, M.; Kozak, R.; David, C. Optimization of etching processes for the fabrication of smooth silicon
carbide membranes for applications in quantum technology. Micro Nano Eng. 2022, 16, 100155. [CrossRef]

22. Gautier, G.; Defforge, T.; Gommé, G.; Valente, D.; Alquier, D. Electrochemical Formation of Porous Silicon Carbide for Micro-
Device Applications. Mater. Sci. Forum 2018, 924, 943–946. [CrossRef]
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27. Cosic, D.; Bogovac, M.; Jakšić, M. Data acquisition and control system for an evolving nuclear microprobe. Nucl. Instruments

Methods Phys. Res. Sect. B Beam Interactions Mater. Atoms 2019, 451, 122–126. [CrossRef]
28. Nguyen, T.-K.; Phan, H.-P.; Kamble, H.; Vadivelu, R.; Dinh, T.; Iacopi, A.; Walker, G.; Hold, L.; Nguyen, N.-T.; Dao, D.V. Superior

Robust Ultrathin Single-Crystalline Silicon Carbide Membrane as a Versatile Platform for Biological Applications. ACS Appl.
Mater. Interfaces 2017, 9, 41641–41647. [CrossRef]

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.

http://www.srim.org/
https://doi.org/10.1016/j.nimb.2019.05.047
https://doi.org/10.1021/acsami.7b15381

	Introduction 
	Materials and Methods 
	Results 
	Counting Measurement 
	Lateral Straggling 

	Discussion 
	Conclusions 
	References

