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ABSTRACT: Structuring materials with atomic precision is the ultimate
goal of nanotechnology and is becoming increasingly relevant as an
enabling technology for quantum electronics/spintronics and quantum
photonics. Here, we create atomic defects in monolayer MoS2 by helium
ion (He-ion) beam lithography with a spatial fidelity approaching the
single-atom limit in all three dimensions. Using low-temperature
scanning tunneling microscopy (STM), we confirm the formation of
individual point defects in MoS2 upon He-ion bombardment and show
that defects are generated within 9 nm of the incident helium ions.
Atom-specific sputtering yields are determined by analyzing the type and
occurrence of defects observed in high-resolution STM images and
compared with Monte Carlo simulations. Both theory and experiment
indicate that the He-ion bombardment predominantly generates sulfur vacancies.
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Atomically precise manufacturing is considered a key
enabling technology for on-chip quantum photonics and

quantum electronics/spintronics. Examples include the deter-
ministic creation of quantum emitters1 and their positioning in
photonic circuits,2 single-atom transistors,3 and atomic spin
qubits.4 Controlling the interaction between such atomic
quantum systems and exploiting collective phenomena
ultimately requires a deterministic, atomic-scale placement
control in all three dimensions. Ion beam implantation
techniques are widely used to create optically active quantum
emitters, commonly referred to as color centers, with high
spatial resolution in materials including diamond5−8 and
sodium chloride.9 Such atomistic defects can serve as single
photon sources with very narrow optical line widths and small
ensemble broadening.5−8 This stands in contrast to meso-
scopic emitters, such as quantum dots and strain islands, where
variations of the confinement potential result in randomly
varying optoelectronic properties.10−12 However, the degree to
which the implantation of atomistic defects in bulk materials
can be controlled, both laterally and vertically, is fundamentally
limited by the stochastic interaction between the ion beam and
the host lattice. Two-dimensional (2D) materials, such as
molybdenum disulfide (MoS2), can help overcome the latter
limitation, because on the one hand they provide an intrinsic
subnanometer confinement for the implanted defects in the
vertical direction, and on the other hand the lateral broadening
of the ion beam is reduced in thin films.13,14 Furthermore, the
interfacial nature of 2D materials provides opportunities to

access, utilize, and even combine different defect types in a
controlled manner and to engineer functionality in these
materials. Highly focused ion beams for nanopatterning of
single-layer MoS2 using gold,15 xenon,16 or argon17 were
shown to provide a lateral precision below 15 nm. Even higher
spatial resolution can ultimately be achieved for suspended
layers, such as graphene monolayers, bombarded with helium
ions18−20 or patterned in a transmission electron microscope
(TEM).21,22 However, TEM is difficult to scale due to its low
focal depth, the limited field of view, and the lack of a substrate
which hinders the fabrication of more complex structures.
Importantly, focused helium-ion (He-ion) bombardment can
be used to deterministically implant single photon emitters in
heterostructures composed of hBN and single-layer MoS2, as
we have recently shown.13 The emitters exhibit a microsecond
lifetime at low temperatures and can be generated in the MoS2
layer with a high yield and improved spectral homogeneity due
to the encapsulation between inert hBN layers.13,23,24

However, a thorough, atomistic understanding of the type
and distribution of defects generated under focused He-ion
irradiation is still lacking.
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We pattern atomistic defects in monolayer MoS2 by helium
ion microscopy (HIM) and subsequently use atomic resolution
scanning probe microscopy to directly uncover defect statistics
and their electronic structure on the atomic scale. We
demonstrate a lateral precision of 9 nm (full width at half-
maximum (fwhm)) for defects implanted into supported 2D
MoS2. By comparing pristine and He-ion treated MoS2, we
quantify the occurrence of different defects, and for
unencapsulated MoS2, we identify the most prominent ones
as oxygen passivated sulfur vacancies. Ultimately, our approach
helps to bridge the observations made in typical macroscopic
or ensemble measurements, such as optical or photoemission
spectroscopy,23,25,26 with the insights from structural and
electronic characterization at the atomic scale.27,28 Our
combined HIM/scanning tunneling microscopy (STM) work
demonstrates that optically active point defects can be
integrated into nanophotonic devices with almost atomic
precision.
Figure 1 shows a schematic of our atomistic defect

generation and imaging. We show common point defects
which occur upon He-ion bombardment of single-layer MoS2
on the graphene/SiC support: top and bottom sulfur vacancies,
a molybdenum vacancy, and point defects in the graphene
substrate (Figure 1a). We note that, in general, a large variety
of different point defects or more complex defect clusters could
be present in MoS2, such as double vacancies, anti-site defects,
interstitials or substitutional defects.21,29−31 We use the HIM
to imprint point defects along lines into the MoS2 layer (Figure
1b), with a spot size of 0.5 nm at the surface of the patterned
material. The high energy of the ions combined with their
small masses results in a highly focused ion beam that can be
used to implant defects even into readily assembled 2D
heterostructures of MoS2 and an hBN encapsulation layer.13

Three different types of samples consisting of MoS2
transferred on graphene/SiC were studied: (i) pristine MoS2
as a control sample, (ii) MoS2 bombarded homogeneously
across the whole flake with a constant ion dose of 5 × 1014

cm−2, and (iii) MoS2 bombarded with helium ions along
parallel lines. For the patterned sample (iii), we created arrays
consisting of 12 lines of 40 μm length and 20 nm pitch
between the lines. For each line, the He-ion dose was kept
constant. Within each array, we increased the ion dose
successively from 10 ions/nm to 1000 ions/nm between the
lines (cf. Figure 1b). Subsequently, the line arrays were

repeated across the whole flake. After the He-ion patterning,
we imaged the different samples using low-temperature STM
and scanning tunneling spectroscopy (STS) at T = 6 K (Figure
1b). All STM images were recorded in constant current mode
with a tunneling current set point of It = 100 pA.
Figure 2a shows a large-scale STM image of single-layer

MoS2 patterned with line arrays. In the image, circular black
features with a lateral extent of about 2 nm are observed. As
discussed later, these black features correspond to charged
defects.28,32 Although other ion-induced defects are present,
and even more abundant, the large-scale image contrast is
dominated by these charged defects. As evident from Figure
2a, the defects align vertically (indicated by dashed lines) with
a spacing of approximately 20 nm, consistent with the pitch of
the exposed line patterns. The defect density increases from
left to right, consistent with the corresponding increase of the
He-ion dose in the exposure pattern. Thus, we identify the
observed features as the lines from the previous exposure to
the He-ion beam. Additionally, we observe bright spots whose
density also correlates with the He-ion dose. These features are
most likely surface adsorbates originating from either polymer
residues from the dry transfer of MoS2 or redeposited
sputtered material. Presumably, the adsorbates diffuse on the
surface and preferentially bond to HIM-induced defects that
constitute reactive sites. The adsorbates are frequently
displaced or picked up by the tip making their close inspection
challenging (cf. Supporting Information).
To statistically analyze the spatial distribution in more detail,

we extract the lateral coordinates of the easily visible, charged
defects both manually and automatically by an image analysis
protocol (cf. Supporting Information). Figure 2b shows a
histogram of the distribution of the charged defects across the
HIM lines, exhibiting five maxima corresponding to five
different He-ion doses. From this histogram, we calculate the
sputtering yield defined as the integrated number of defects for
every line divided by the corresponding line dose (cf. Table 1).
The Gaussian probability distributions for the line shape fitted
to the histogram data are plotted in yellow. We use a maximum
likelihood estimator for each of the accumulated defect lines
and assume underlying Poissonian statistics of the defect
counts (cf. Supporting Information). From this analysis, we
extract a fwhm of (9.3 ± 1.8) nm and an averaged spacing of
the lines of (18.9 ± 2.7) nm, which is in good agreement with
the anticipated pitch of 20 nm. Several independent samples

Figure 1. Atomic-scale ion patterning and imaging of 2D materials. (a) Schematic of single-layer MoS2 on graphene/SiC under He-ion irradiation
(side view). The incident helium ions sputter the sample and create different types of defects. Exemplarily, top and bottom sulfur vacancies, a
molybdenum vacancy, as well as defects in the graphene layer are visualized and highlighted with black circles. (b) Line arrays of defects with pitch
of 20 nm and well-defined defect density are created deterministically by the focused ion beam. STM images the patterns with atomic resolution.
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show an averaged line spacing of (18.9 ± 2.8) nm and an
averaged fwhm of (8.8 ± 1.7) nm (cf. Table 1). Our results
demonstrate a high degree of positional and density control
over defect generation. However, the line patterns are rather
broad (8.8 ± 1.7) nm as compared to the minimum width of
the incident He-ion beam (0.5 nm).33 In an independent
study, Pöpsel et al. showed that the imaging resolution of the
same HIM is at <2 nm.34 In a control measurement, we
determine an upper bound for the beam diameter of 1.9 nm
(fwhm) for our instrument under equivalent conditions (cf.
Supporting Information). Consequently, the approximately 9
nm broad defect distribution cannot be attributed to the extent
of the incident He-ion beam. A previous numerical study
suggests that at ion energies of 30 keV and perpendicular ion
irradiation of the MoS2 backscattered helium ions and
sputtered substrate atoms create most defects within a circular
area of 8 nm diameter around the impact point.14 This number
is in very good agreement with our observed line width of (8.8
± 1.7) nm. We conclude that mainly the supporting substrate
limits the spatial precision of defect generation. Suspended

MoS2 layers would avoid backscattering of impinging ions and
reduce the effective sputter radius, as demonstrated for milling
of suspended MoS2 and recently also graphene.18−20,22,35

Then, in combination with the demonstrated high control over
the number of defects via the He-ion dose, few to single defects
could be placed deterministically with a lateral precision below
2 nm.
Having demonstrated the lateral precision of the HIM-

induced defect patterns, we investigate the various types of
defects by examining a homogeneously bombarded MoS2 flake
(5 × 1014 cm−2 corresponding to lowest line dose). We
consistently observe six types of defects, which we label A−F
(Figure 3a). Figure 3b shows high-resolution STM images of
each of the commonly observed defects. Defect A shows a
spherical shape, which we assign to a negatively charged point
defect.28,32 The long-range Coulomb potential of the charged
defect dominates the overall STM signal, which masks the
chemical defect states. Defect B occurs in two configurations,
which will be discussed below. Due to the underlying trigonal
symmetry of the MoS2 lattice, hexagonal and trigonal defect
orbitals, such as those seen in defects C and D, are consistent
with simple point defects, such as monovacancies or
substitutional defects. The symmetries of defect E and F do
not align with the crystal symmetry and likely represent lower
symmetry or composite defects, observed here for the first time
in STM.
For each of the six defect types, we determine their

occurrences in more than 70 STM overview images (total area:
1.3 × 104 nm2), for randomly selected positions on several
independent samples. For each image, we normalize the
number of defects to the total scan size and calculate the
sputtering yields with the known exposure dose. To accurately
determine the sputtering yield, we study untreated MoS2
control samples to obtain the pristine defect densities to
correct the defect densities after HIM treatment (see
Supporting Information). In pristine MoS2, we predominantly
observe defects of type B (cf. Figure 3b) distributed
homogeneously over the sample. Their density is (3.5 ± 0.8)
× 1012 cm−2, which is in good agreement with previously
reported defect densities of pristine, mechanically exfoliated
MoS2 of around (4.6 ± 1.0) × 1012 cm−237 and (5−50) × 1012

cm−2.38 Defects A, C, D, E and F are absent in pristine MoS2,
within our experimental statistics.

Figure 2. He-ion-induced line patterns in single-layer MoS2. (a) STM
topography of HIM patterned single-layer MoS2. The ion-induced
defects are arranged in a vertical line array with a pitch of 20 nm
(black dashed lines), as expected. Ion dose and corresponding defect
density increase toward the right. The most apparent defects (type A)
appear as dark depressions. White, streaky areas correspond to surface
adsorbates. (b) Spatial distribution of HIM-induced defects. Yellow
lines are Gaussian fits, and black dashed lines indicate the fitted mean.
Imaging parameters: Vb = 0.5 V, It = 100 pA, 100 nm × 120 nm.

Table 1. Statistics of HIM Patterned Linesa

line

helium ion
dose (ions/

nm)

integrated
number of

defects (nm−1)

sputtering
yield
(10−3)

lateral fwhm
(nm)

center
(nm)

1 60 0.350 5.8 9.3 ± 1.7 15.4
2 80 0.475 5.9 8.7 ± 1.3 34.5
3 100 0.575 5.8 11.2 ± 1.6 54.6
4 125 0.517 4.1 9.8 ± 0.8 74.5
5 150 0.467 3.1 7.7 ± 0.9 91.3

aApplied He-ion dose, corresponding number of defects normalized
to the length of the line (120 nm), and resulting sputtering yield for
the lines shown in Figure 2 as well as the FWHM and the center
position of the fitted Gaussian distributions. For low He-ion doses up
to 100 ions/nm, the sputtering yield is constant with a value of 5.8 ×
10−3. For ion doses >100 ions/nm, a systematic error in counting the
charged defects at higher density due to the overlap of their spatial
extent in the image or due to the increase of adsorbates seems to mask
the defects underneath.

Nano Letters pubs.acs.org/NanoLett Letter

https://dx.doi.org/10.1021/acs.nanolett.0c01222
Nano Lett. 2020, 20, 4437−4444

4439

http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c01222/suppl_file/nl0c01222_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c01222/suppl_file/nl0c01222_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c01222?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c01222?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c01222?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c01222?fig=fig2&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://dx.doi.org/10.1021/acs.nanolett.0c01222?ref=pdf


Upon He-ion irradiation, the most frequently observed
defect is type B, with a background corrected density of
(9.6 ± 1.6) × 1012 cm−2. We can identify the two
configurations of defect B (cf. Figure 3b black and white
triangle) as oxygen saturated top and bottom sulfur vacancies
by their characteristic image contrast in STM as well as AFM
(cf. Supporting Information Figure S4) and the lack of in-gap
states.27,28 Intriguingly, pristine sulfur vacancies are absent in
the as exfoliated control samples, where we predominantly find
such oxygen substitutional defects, similar to recent studies on
CVD grown WS2

39 and MBE grown MoSe2.
27 A further

consequence is that, while sulfur vacancies are likely the
predominant defect generated by the ion bombardment under
vacuum conditions, they apparently become passivated in our
uncapped MoS2 layers, presumably during the transfer and
handling in atmosphere between ion bombardment and STM
imaging.
In the histogram (Figure 3c), the blue lines denote

theoretical sputtering yields determined by Monte Carlo
binary collision approximation simulations (SRIM/TRIM
software package)36 for all present elements: sulfur, molybde-
num, carbon, and silicon. The scattering integral between the
incident helium ions and the sample is solved classically, and
the energy loss of the ions as well as the scattering angle are
obtained for every collision. Stable defects are formed, if an
energy higher than the threshold displacement energy is
transferred to the crystal. According to the calculations, the
most frequently sputtered element is expected to be sulfur,
followed by molybdenum and carbon. The sputtering yield for

silicon is almost 2 orders of magnitude below the sputtering
yield of sulfur. The experimental sputtering yield of
(19 ± 3) × 10−3 (Table 2 and Figure 3c) for the oxygen
passivated sulfur vacancy (type B) is in good agreement with
the reported theoretical sputtering yield of 21 × 10−3 (24 ×
10−3 on SiO2)

14 for sulfur, and in the same order of magnitude
as our Monte Carlo simulations of about 30 × 10−3. Type A is
the second most frequent defect with a sputtering yield of
approximately 6 × 10−3. Overall, the sputtering yield agrees
reasonably with the calculated sputtering yield for molybde-
num atoms. However, the exact identification of these charged
defects is very challenging, since the STM contrast and STS
spectra are dominated by the charge state of the defect and do
not provide an informative chemical fingerprint. To uncover
the structure of these charged defects, we conducted
preliminary AFM measurements, which indicate the presence
of a variety of different and more complex defect structures.
The full classification of these charged defects requires further
experiments that go beyond the scope of the present
manuscript. Although we find correlations between calculated
sputtering yields and abundance for other types of defects, we
cannot conclusively identify them based on this criterion alone.
The possible formation of more complex defects containing
several individual point defects hinders the classifica-
tion.21,29−31 Furthermore, we do not know the influence of
sputtered substrate atoms, that is, defects below the MoS2 layer
on its electronic structure. The hexagonal and trigonal
symmetries of defects C and D indicate the presence of rather

Figure 3. He-ion-induced defects in single-layer MoS2. (a) STM overview scan of He-ion bombarded MoS2. Yellow circles labeled A−E highlight
the most frequently induced defects (F is not visible in this scan). (b) High-resolution STM topography of all observed defects A−F. Defect B
occurs in two different configurations highlighted with a black and white triangle. B is the only defect also found in pristine MoS2. (c) Bars show the
experimentally observed number of defects A−F per incident helium ion. Blue lines represent Monte Carlo simulated sputtering yields (using the
SRIM/TRIM package)36 for all possibly sputtered atoms: sulfur, molybdenum, carbon, and silicon. Imaging parameters: Vb = 0.45 V, It = 100 pA.
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simple point defects, likely related to nonpassivated sulfur
vacancies.
The defects we labeled types E and F are rare, and they can

be only observed in a limited number of STM images.
Consequently, the standard deviation used to calculate the
error bars in Figure 3c is comparably high. While we believe
that these defects do not impact any macroscopic functionality,
we added them to provide a complete description of this
atomic-scale defect engineering process. The electronic
structure characterizations via STS measurements on defects
C−F show the presence of additional in-gap states for defects
C, D, and F (see Supporting Information Figure 5). However,
defects A and C, D, and E appear as negatively charged in the
STM study due to the band alignment of MoS2 and graphene,
as can be seen from the dark halos around the defects in the
STM contrast.32 Consequently, the interpretation of the
observed resonances is not as straightforward compared to,
for example, neutral sulfur vacancies in WS2/graphene.

39

Further studies, for example, on gated devices are required, to
provide a complete picture of the defect’s electronic structure.
Recently, we studied pristine and HIM treated MoS2

23 and
observed single photon emission from single defects after the
He-ion treatment.13,24 Furthermore, HIM-induced defects
activate the inert basal plane of MoS2 toward the catalytic
hydrogen evolution reaction.40 So far, the exact nature of these
observed effects is not clear. However, oxygen passivated sulfur
vacancies (defect B) cannot be responsible for the observed
emission or the catalytic activity, as they are also present in
pristine MoS2. Possible defects could be molybdenum
vacancies, defect complexes, or nonoxygen passivated sulfur
vacancies, whereby previous encapsulation of MoS2 in hBN
and subsequent ion bombardment, as applied for example in
ref 13, might protect unsaturated dangling bonds of ion-
induced defects.
For technical applications, crucial aspects are the minimum

spatial resolution at which defects can be implanted with high
yield and scalability. Figure 4 compares lateral and vertical
precision of different fabrication techniques for the creation of
functional defects in different material systems, including the
presented maskless HIM method for 2D materials. Due to
their atomic out-of-plane confinement, 2D materials offer a
natural advantage over three-dimensional (3D) materials,
where defects are often buried tens of nanometer below the
surface in the bulk, even with sophisticated implantation
techniques. Nevertheless, color centers in different host

crystals created by ion bombardment with silicon,5 tin,41

praseodymium,42 or nitrogen6−8 exhibit a high lateral precision
due to the use of hard masking or focused ion beam
techniques. Strain-induced quantum emitters in 2D WS2,
WSe2, and hBN are likely created via a combination of the
mesoscopic 3D strain potentials and local point defects. They
exhibit also a low lateral precision due to insufficient control
over the occurrence of the active defect sites.1,43 We note that,
although the TMD host crystals are atomically thin, the
nonplanarity of the strain inducing nanopillars poses a lower
limit for the overall height of the structure. Therefore, we
define the latter to describe their vertical precision. By contrast,
the vertical precision of defects generated in planar 2D
materials is readily below 1 nm. The bottom left part of Figure
4 indicates the precision of STM-induced desorption44 as well
as xenon,16 argon,17 and helium45 ion bombardment of single-
layer MoS2 (black squares) together with helium ion18−20 and
TEM treated22 suspended graphene (white circles). The
yellow square shows the precision of our HIM approach in
single-layer MoS2 supported on graphene/SiC. For 2D
materials supported on a substrate, backscattered helium ions
and substrate atoms broaden the effective interaction cross
section at the 2D material, even for beam diameters as small as
0.5 nm (cf. inset of Figure 4). For suspended layers, including
graphene and MoS2 layers, the absence of backscattering from
the substrate explains the enhanced lateral precision observed
with He-ion and electron bombardment.18−20,22,35 In principle,
the best lateral precision on the atomic scale is reached for
manipulation of surface atoms in STM46 and beam-induced
defect generation in TEM, whereby the latter has in principle
subangstrom resolution. However, due to their limited field of
view and incompatibility with existing wafer processing
technologies, STM and TEM are not amenable to defect
creation on larger device scales, and they are of minor
relevance for technological applications. By contrast, defect
creation using a HIM is fast (∼105 defects per second at 1 pA
beam current), compatible with existing wafer technology, and

Table 2. Experimentally Determined Defect Density and
Resulting Sputtering Yield for All Observed Defect Types
on Large-Area HIM Bombarded MoS2

a

defect type
defect density
(1012 cm−2)

experimental sputtering yield
per He ion (10−3)

pristine defect density
(OS)

3.5 ± 0.8 −

defect A (charged) 3.4 ± 1.9 7 ± 4
defect B (OS)
background corrected

9.6 ± 1.6 19 ± 3

defect C 0.60 ± 0.21 1.2 ± 0.4
defect D 0.17 ± 0.13 0.34 ± 0.26
defect E 0.03 ± 0.30 0.06 ± 0.60
defect F 0.21 ± 0.51 0.42 ± 1.02
aDefect B is also found in pristine MoS2. Therefore, the density of
type B after HIM bombardment is corrected for the measured
background defect density of pristine MoS2.

Figure 4. Precision of deterministically created defects. Lateral and
vertical precision of defect creation for different techniques. Shaded
areas represent lateral atomic precision and vertical sub-10 nm
precision. The yellow square shows the precision of our HIM
approach. The inset represents exemplarily the simulated interaction
volume of an initially 0.5 nm wide He-ion beam interacting with a
single-layer MoS2 supported by graphene/SiC. Backscattered helium
ions and substrate atoms can sputter the MoS2 and decrease the
lateral precision as indicated by the arrow.
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hence ultimately scalable. For our study, we created point
defects arranged along 40 μm long line arrays with a lateral
resolution of around 9 nm. We anticipate that the lateral
resolution can be improved to ∼1 nm for suspended 2D
materials. Nevertheless, combining the previously reported
capability to implant spectrally narrow quantum emitters into
preassembled heterostructures, for example, hBN/MoS2/
hBN,24 by HIM and the now demonstrated lateral resolution
<10 nm open exciting possibilities for applications in quantum
nanophotonics. In particular, such quantum emitters might be
positioned at locations with optimized field distributions and
coupling strengths within optical cavities or in close distance to
each other to enable an optical interdefect synchronization.
In conclusion, we performed high-resolution scanning

tunneling microscopy of He-ion bombarded single-layer
MoS2 detecting the formation of individual point defects.
Line arrays with a width of (8.8 ± 1.7) nm and a pitch of (18.9
± 2.8) nm were fabricated. We identify oxygen passivated
sulfur vacancies as the most abundantly generated defect, and
their generation yield agrees quantitatively with numerical
simulations. Helium ion beam lithography of 2D materials
provides atomistic defect engineering with deterministic
control in all three dimensions, enabling top-down fabrication
for defect-based single-photon emitters24 and solid-state
quantum circuits.
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A. C.; Atatüre, M. Large-Scale Quantum-Emitter Arrays in Atomically
Thin Semiconductors. Nat. Commun. 2017, 8 (1), 15093.
(2) Peyskens, F.; Chakraborty, C.; Muneeb, M.; Van Thourhout, D.;
Englund, D. Integration of Single Photon Emitters in 2D Layered
Materials with a Silicon Nitride Photonic Chip. Nat. Commun. 2019,
10 (1), 4435.
(3) 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 (4), 242−246.
(4) Awschalom, D. D.; Bassett, L. C.; Dzurak, A. S.; Hu, E. L.; Petta,
J. R. Quantum Spintronics: Engineering and Manipulating Atom-Like
Spins in Semiconductors. Science 2013, 339 (6124), 1174−1179.
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