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IMM activities extend from basic research 
( i nnova t i ve mate r i a l s and p rocesses ) to 
technological concern (prototyping and/or 
technological transfer to enterprises).
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Devices for Classic andQuantum Information Storage
andProcessing
Nowadays, micro-nanoelectronic research addresses on
one side the continuous scaling of logic and memory
devices, also in view of targeting low power electronics.
On the other side, there is an increased interest to
develop new systems and new computing paradigms,
which can address the current emerging societal
challenges. IMM is at the forefront of emerging
technologies in the nanoelectronics area and the
research activities are carried out in collaboration with
leading Industries in the field, as well as
Italian/international Universities and Research Centers.
The research activities are currently focused on the
followingmacro-areas:

● Materials and devices towards next generation non-
volatile memory devices, with focus on phase change
memory (PCM) and resistive switchingmemory (RRAM).

● Electronic devices based on 2D (graphene, silicene,
phosphorene, MoS2 and related materials) and 1D (Si
nanowires) materials for low power nanotechnology
applications.

● Dielectrics for CMOS and metal-insulator-metal
capacitors for powermanagement.

● Spintronics based on topological insulators and
TMDs.

● Development of advanced nanofabrication tools
based on self-assembledmaterials.

●Memristivedevices as key elements for neuromorphic
systems and artificial intelligence

● Quantum computation systems: modeling/simulation
of semiconducting and superconducting qubits.
Electrical characterizationof Si-baseddevices as qubit.

8.

Flexible and LargeArea Electronics
Flexible electronics represents a new branch of
electronics in which circuits are deployed on bendable
and even stretchable substrates.
Flexible electronics offers several advantages over rigid
backplane, such as lower production cost, lightness and
robustness. Moreover, this field opens new designs and
concepts and it provides the possibility to realize specific
applications in numerous markets: in particular
aerospace, biomedical and environmental companies,
consumer electronics, sportswear represent the principal
stakeholders since key properties such as lightness,
transparency and competitiveness can favor the rise of
breakthrough products.
Nowadays a series of technologies related to
conventional microelectronic processes or innovative
printing techniques offer a wide range of possibilities for
fabricating novel devices with different materials,
depending by the specific properties that are requested.
In fact, circuits’ performances often have to be balanced
with production costs. In IMM two technological
platforms are available to fabricate devices based on:

● Polycrystalline Silicon, obtained by excimer laser
annealing, providing devices with high electrical
performance and complex integrated circuits.

● Organic semiconductors, deposited by solution
process or printing techniques, for large-area and low-
cost applications.

In addition, new ultra-thin and two-dimensional
materials, such as transparent conductive oxides,
graphene, transition metal dichalcogenides, are
investigated. Indeed, thanks to their properties (high
carrier mobility, optical transparency, stability of
structural and electronic characteristics upon bending or
stretching), are particularly promising for flexible
electronic applications.
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Introducing sel f -assembly mater ia ls into 
conventional manufacturing processes to increase 
our capability to control matter at the nanoscale.
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2. Deterministic Doping Strategies

A central goal in semiconductor quantum optics is to devise
efficient interfaces between photons and atom-like
quantum emitters for applications including quantum

memories, single-photon sources and nonlinearities at the level
of single quanta. Many approaches have been investigated
for positioning emitters relative to the mode-maximum of
nanophotonic devices with the necessary subwavelength-scale
precision, including fabrication of nanostructures around
pre-localized or site-controlled semiconductor quantum dots1–5

or diamond defect centres6, or implantation of ions for defect
centre creation in nanostructures concomitant with the
nanofabrication7,8. However, these approaches have not allowed
high-throughput post-fabrication creation of quantum emitters
with nearly indistinguishable emission in nanophotonic
structures already fabricated and evaluated; such an approach
greatly simplifies the design and fabrication process and improves
the yield of coupled emitter–nanostructure systems.

Unlike quantum emitters such as molecules or quantum dots,
diamond defect centres can be created through ion implantation
and subsequent annealing9,10, enabling direct control of the
centre depth via the ion energy. Lateral control has been
demonstrated through the use of nanofabricated implantation
masks11–16, which have been employed for colour centre
creation relative to optical structures through atomic force
microscope (AFM) mask alignment6, and combined
implantation/nanostructure masking7,8. Implantation through a
pierced AFM tip6 does not require modification of the fabrication
process and allows for implantation after fabrication and
evaluation of these structures. However, the process is
time-consuming, requires special AFM tips and can lead to
reduced positioning precision by collisions with mask walls. As an
alternative, focused ion beam (FIB) implantation of ions,
for example, nitrogen17 and silicon18, can greatly simplify the
implantation process by eliminating the need of a nanofabricated
mask. Similar to a scanning electron microscope, an ion beam can
be precisely scanned, enabling lateral positioning accuracy at the
nanometre scale and ‘direct writing’ into tens of thousands of
structures with high throughput.

The silicon vacancy (SiV) belongs to a group of colour centres
in diamond that has emerged as promising single-photon
emitters and spin-based quantum memories. Among the many
diamond-based fluorescent defects that have been investigated19,
the SiV centre20–23 is exceptional in generating nearly lifetime-
limited photons with a high Debye-Waller factor of 0.79 (ref. 24)
and low spectral diffusion due to a vanishing permanent electric
dipole moment in an unstrained lattice25,26. These favourable
optical properties have notably enabled two-photon quantum
interference between distant SiV centres25,27 and entanglement of
two SiV centres coupled to the same waveguide28. In addition, the
SiV has electronic and nuclear spin degrees of freedom that could
enable long-lived, optically accessible quantum memories29–31.

Here we introduce a method for positioning emitters relative
to the mode-maximum of nanophotonic devices: direct FIB
implantation of Si ions into diamond photonic structures.
This post-fabrication approach to quantum emitter generation
achieves nanometre-scale positioning accuracy and creates SiV
centres with optical transition linewidths comparable to the best
‘naturally’ growth-incorporated SiV reported27. The approach
allows Si implantation into B2! 104 sites per second, which
allows creation of millions of emitters across a wafer-scale
sample. We also show that additional post-implantation electron
irradiation and annealing creates an order of magnitude
enhancement in Si to SiV conversion yield. By repeated cycles
of Si implantation and optical characterization, this approach
promises nanostructures with precisely one SiV emitter per
desired location. Finally, we demonstrate and evaluate the

site-targeted creation of SiVs in pre-fabricated diamond
photonic crystal nanocavities. The ability to implant quantum
emitters with high spatial resolution and yield opens the door to
the reliable fabrication of efficient light–matter interfaces based
on semiconductor defects coupled to nanophotonic devices.

Results
Spatial precision of SiV creation. As outlined in Fig. 1, the
fabrication approach introduced here relies on Si implantation
in a custom-built 100 kV FIB nanoImplanter (A&D FIB100nI)
system (Methods) and subsequent high-temperature annealing to
create SiV centres. The nanoImplanter uses field emission to
create a tightly focused ion beam down to a minimum spot size
of o10 nm from a variety of liquid metal alloy ion sources
(Methods). For the experiments described here, we used an Si
beam with a typical spot size of o40 nm into commercially
available high-purity chemical vapour deposition diamond
substrates (Element6). After implantation, we performed high-
temperature annealing and surface preparation steps to convert
implanted Si ions to SiVs (Methods).
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Figure 1 | Targeted Si ion implantation into diamond and SiV defect
properties. (a) Illustration of targeted ion implantation. Si ions are precisely
positioned into diamond nanostructures via a FIB. The zoom-in shows a
scanning electron micrograph of a L3 photonic crystal cavity patterned into
a diamond thin film. Scale bar, 500 nm; Si is silicon. (b) Intensity
distribution of the fundamental L3 cavity mode with three Si target
positions: the three mode-maxima along the centre of the cavity are
indicated by the dashed circle. The central mode peak is the global
maximum. (c) Atomic structure of a SiV defect centre in diamond.
Si represents an interstitial Si atom between a split vacancy along the
o1114 lattice orientation and C the diamond lattice carbon atoms.
(d) Simplified energy-level diagram of the negatively charged SiV indicating
the four main transitions A, B, C and D26. Do is the energy splitting of the
two levels within the doublets.
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Figure 3. The NV center. (a) Crystallographic model of the NV center in diamond, consisting of a substitutional nitrogen (shown in yellow)
adjacent to a vacancy (V). (b) Room-temperature PL spectrum showing the ZPLs of the neutral (575 nm) and the negatively charged
(637 nm) NV center with pronounced and wide phonon side bands at the lower energy side of each ZPL.

diamonds [44, 45] and later in nanodiamonds [32, 46, 47].
They are readily fabricated using the ion implantation
technique or synthesized during chemical vapor deposition
(CVD) growth. The complex has six unpaired electrons: five
from the neighboring carbon and intrinsic nitrogen atom, plus
an additional electron trapped at the defect site to form the
negatively charged state [48]. Figure 3(b) shows clearly its
emission spectrum with ZPL at 637 nm and a phonon sideband
extended to 800 nm [49]. The excited state lifetime of the
center, approximately tens of nanoseconds, suggest a relatively
strong overall electronic dipole moment of about 2 ×1029 C m
[50], although only 4% of its emission is concentrated in
the ZPL with a Debye–Waller (DW) factor of 0.04. The
fluorescence lifetime of the NV− center is, however, found
to be dependent on the host material, in bulk diamond single
NV− centers display lifetimes around 10 ns [47, 51], whilst in
nanodiamonds (NDs) the lifetime is considerably longer and
variable up to ∼24 ns [52–54]. Due to non-radiative transitions
via the shelving state, the quantum efficiency (QE) of the
center, defined as the probability of emitting a photon once the
system is prepared in the excited state, is estimated to be around
0.7, based on the temperature independent measurements of the
excited state lifetime [55, 56].

Most quantum based applications utilize the fluorescence
properties of the NV− center, but in many instances both
charge states can be found within the same defect center
[57]. Detailed time resolved experiments show that switching
from NV0 to NV− is photo-induced, whereas the reverse
photochromic transformation from NV− to NV0 occurs under
dark conditions with a time constant between 0.3 and 3.6 µs
[57] and irreversible transformation can occur under intense
femtosecond illumination [58]. The mechanism which gives
rise to this inter-conversion is at the present time unclear.
The current hypothesis is that the excess electron forming the
NV− complex can become trapped by defects (e.g. graphitic
surface damage [59]). This hypothesis may also explain the
enhanced stability of NV− centers seen deep in ultra-high
purity diamond.

The photon statistics from a typical single NV− center
show significant bunching at high excitation powers consistent
with the presence of a shelving state. Therefore, the system’s
dynamic results in the NV− center being modeled as a standard

Figure 4. Electronic structure of the negatively charged NV center.
The boxes depict the fine structure of the electronic states for
different temperature and strain regimes. The red and blue solid
arrows indicate allowed optical and magnetic transitions
respectively. The dashed black arrows indicate the sequence of
non-radiative transitions that are believed to be responsible for the
optical spin-polarization of the ground-state triplet. Schematic is
courtesy of M Doherty.

three-level system [47]. In general, the count rates from single
NV− centers in bulk and nanocrystal diamond are ∼40 × 103

[46, 60] and 200 × 103 [61] counts s−1, respectively, with
typical collection efficiencies between 1 and 2% reported for
most imaging systems. Several techniques have been proposed
to increase the collection efficiency from single NV− centers
and are discussed in detail later in this review.

Since the NV− center has an even number of electrons
and C3ν symmetry, group theory states that the many-electron
configuration forms spin triplet states (3A2 and 3E), and spin
singlet states (1E and 1A1) [62]. The ordering of the triplet
ground and excited states is now well established; however, the
energetic ordering of the ‘dark’ singlet states is still contentious
and the currently accepted electronic structure is depicted in
figure 4.
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A single-atom transistor
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The ability to control matter at the atomic scale and build
devices with atomic precision is central to nanotechnology.
The scanning tunnelling microscope1 can manipulate individual
atoms2 and molecules on surfaces, but the manipulation of
silicon to make atomic-scale logic circuits has been hampered
by the covalent nature of its bonds. Resist-based strategies
have allowed the formation of atomic-scale structures on
silicon surfaces3, but the fabrication of working devices—such
as transistors with extremely short gate lengths4, spin-based
quantum computers5–8 and solitary dopant optoelectronic
devices9—requires the ability to position individual atoms in
a silicon crystal with atomic precision. Here, we use a combi-
nation of scanning tunnelling microscopy and hydrogen-resist
lithography to demonstrate a single-atom transistor in which
an individual phosphorus dopant atom has been deterministi-
cally placed within an epitaxial silicon device architecture
with a spatial accuracy of one lattice site. The transistor oper-
ates at liquid helium temperatures, and millikelvin electron
transport measurements confirm the presence of discrete
quantum levels in the energy spectrum of the phosphorus
atom. We find a charging energy that is close to the bulk
value, previously only observed by optical spectroscopy10.

Silicon technology is now approaching a scale at which both the
number and location of individual dopant atoms within a device will
determine its characteristics11, and the variability in device perform-
ance caused by the statistical nature of dopant placement12 is
expected to impose a limit on scaling before the physical limits
associated with lithography and quantum effects13 are reached.
Controlling the precise position of dopants within a device and
understanding how this affects device behaviour have therefore
become essential14–17. Devices based on the deterministic placement
of single dopants in silicon are also leading candidates for solid-state
quantum computing architectures, because the dopants can have
extremely long spin-coherence18 and spin-relaxation times19, and
because this approach would be compatible with existing comp-
lementary metal-oxide-semiconductor (CMOS) technology.

One of the earliest proposals for a solid-state quantum computer
involved arrays of single 31P atoms in a silicon crystal, with the two
nuclear spin states of the 31P atom providing the basis for a quantum
bit (qubit)5. Subsequently, qubits based on the electron spin states6,7

or charge degrees of freedom20 of dopants in silicon were proposed.
This has led to increased interest in measuring the electronic spec-
trum of individual dopants in field-effect transistor architectures,
where the dopants are introduced by low-energy implantation16

or in-diffusion from highly doped contact regions14,15,17. However,
these approaches are limited to a precision of !10 nm in the pos-
ition of the dopants, and the practical implementation of a
quantum computing device based on this approach requires the

ability to place individual phosphorus atoms into silicon with
atomic precision21 and to register electrostatic gates and readout
devices to each individual dopant.

Figure 1 shows the approach we used to deterministically place a
single phosphorus atom between highly phosphorus-doped source
and drain leads in a planar, gated, single-crystal silicon transport
device. This involved the use of hydrogen-resist lithography22–24 to
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Figure 1 | Single-atom transistor based on deterministic positioning of a
phosphorus atom in epitaxial silicon. a, Perspective STM image of the
device, in which the hydrogen-desorbed regions defining source (S) and
drain (D) leads and two gates (G1, G2) appear raised due to the increased
tunnelling current through the silicon dangling bond states that were created.
Upon subsequent dosing with phosphine, these regions form highly
phosphorus-doped co-planar transport electrodes of monatomic height,
which are registered to a single phosphorus atom in the centre of the device.
Several atomic steps running across the Si(100) surface are also visible.
b, Close-up of the inner device area (dashed box in a), where the central
bright protrusion is the silicon atom, which is ejected when a single
phosphorus atom incorporates into the surface. c, Schematic of the chemical
reaction to deterministically incorporate a single phosphorus atom into the
surface. Saturation dosing of a three-dimer patch (I) at room temperature
(RT) followed by annealing to 350 8C allows successive dissociation of PH3

(II–IV) and subsequent incorporation of a single phosphorus atom in the
surface layer, ejecting a silicon adatom in the process (V).
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device, in which the hydrogen-desorbed regions defining source (S) and
drain (D) leads and two gates (G1, G2) appear raised due to the increased
tunnelling current through the silicon dangling bond states that were created.
Upon subsequent dosing with phosphine, these regions form highly
phosphorus-doped co-planar transport electrodes of monatomic height,
which are registered to a single phosphorus atom in the centre of the device.
Several atomic steps running across the Si(100) surface are also visible.
b, Close-up of the inner device area (dashed box in a), where the central
bright protrusion is the silicon atom, which is ejected when a single
phosphorus atom incorporates into the surface. c, Schematic of the chemical
reaction to deterministically incorporate a single phosphorus atom into the
surface. Saturation dosing of a three-dimer patch (I) at room temperature
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1. Introduction
In nanoscale transistors, the channel region contain few 
dopant atoms and the assumption of uniform dopant 
distribution is no longer feasible. 
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1. Introduction
Statistical fluctuation in dopant atom number into cthe 
channel causes serious fluctuation in the device’s 
functioning 
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DV th ¼ 2qND/CT, in which the individual dopant distribution is, a
priori, not taken into account. The total capacitance of our sample is
expressed as a series combination of the buried oxide capacitance
(CBOX) and the semiconductor substrate capacitance (C s), and
calculated to be CT ¼ C sC BOX/(C s þ C BOX) ¼ 6.7 £ 10217 F.

When 96 ions are implanted, the DV th is calculated to be 20.2 V,
and this value coincides with the average DV th obtained in random
channel doping. The larger negative shift of DV th (20.4 V) in the
ordered sample cannot be explained by the conventional model,
where the discrete nature of the dopant atom is ignored. To
understand the larger negative shift of DV th from the viewpoint
of the discrete dopant model, we calculate the distribution of
Coulomb potentials produced by ionized dopant atoms in the
channel region. Figure 4 exhibits the contour map of Coulomb
potentials. Here no bias is applied to the source-to-drain and the
gate electrode. The potential is assumed to be Coulombic,
q2/(4p1 sr), without the screening effect by mobile carriers and
the electron energy is measured upwards (here 1 s and r represent
respectively semiconductor permittivity and distance from the
centre of the atom).
The lighter regions in Fig. 4c and d correspond to the potential

barrier for electrons injected from the source. When we apply a
positive voltage to the gate at a particular drain voltage, a conductive
path is formed from source to drain in the channel region at a certain
gate voltage, which corresponds to the threshold voltage of the
device. The ordered dopant array forms a homogeneous potential
distribution in the channel, as shown in Fig. 4c, resulting in the
formation of a uniform current path.
In Fig. 4d, dopant atoms are randomly located within the channel

region, so there is considerable variance in electrostatic potential at
any point in the device. The current in the presence of potential
fluctuations percolates through the ‘valleys’ in the potential land-
scape. The location and magnitude of the potential ‘valleys’ will
strongly depend on the arrangement of the dopant ions. The current
path through the channel region differs from device to device,
leading to deviation in V th. In the random channel doping, some
parts of the channel have already reached the conductive state (darker
areas), whereas others are still in the non-conductive state (lighter
areas). Thus, the remaining non-conductive regions are due to the
nonhomogeneous potential block in the current path formation.
As shown in Fig. 4c, the uniform channel potential in the ordered

sample is obviously lower than that in the random sample (Fig. 4d).
We conclude that the uniformity of channel potential lowers the
voltage required to open the channel from source to drain, which
allows for early turn-on in parts of the channel and results in the
lower threshold voltage. Thus marked improvements in device
properties could be obtained for future semiconductor electronics
if dopant distributions could be precisely controlled. How a similar
scheme could be implemented in mass production remains an open
question.

Figure 3 | Calculated potential distribution of the channel region.
a, Potential distribution of the ordered dopant array. The energy is
measured upwards. Phosphorus single ions were implanted at a pitch of
100 nm by SII. b, Potential distribution of the conventional random

distribution of dopant atoms, made by implanting ions at an interval of
300 nm under the condition of a lowered aiming accuracy of 170 nm, shown
for comparison.

Figure 4 | Histograms of V th shift (DV th) before and after single-ion
implantation from 10 resistors. a, Ordered dopant distribution.
b, Conventional random dopant distribution. Gaussian fitting (curve) in the
ordered dopant distribution shows a standard deviation of only 0.1V, which
is three times smaller than the random dopant distribution. c, d, The
contour map of the Coulomb potential in the channel with ordered (c) and
random (d) dopant distribution.
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Enhancing semiconductor device performance using
ordered dopant arrays
Takahiro Shinada1, Shintaro Okamoto2, Takahiro Kobayashi2 & Iwao Ohdomari1,2

As the size of semiconductor devices continues to shrink, the
normally random distribution of the individual dopant atoms
within the semiconductor becomes a critical factor in determining
device performance—homogeneity can no longer be assumed1–5.
Here we report the fabrication of semiconductor devices in which
both the number and position of the dopant atoms are precisely
controlled. To achieve this, we make use of a recently developed
single-ion implantation technique6–9, which enables us to implant
dopant ions one-by-one into a fine semiconductor region until the
desired number is reached. Electrical measurements of the result-
ing transistors reveal that device-to-device fluctuations in the
threshold voltage (V th; the turn-on voltage of the device) are less
for those structures with ordered dopant arrays than for those
with conventional random doping. We also find that the devices
with ordered dopant arrays exhibit a shift in V th, relative to the
undoped semiconductor, that is twice that for a random dopant
distribution (20.4 V versus 20.2 V); we attribute this to the
uniformity of electrostatic potential in the conducting channel
region due to the ordered distribution of dopant atoms. Our
results therefore serve to highlight the improvements in device
performance that can be achieved through atomic-scale control
of the doping process. Furthermore, ordered dopant arrays of
this type may enhance the prospects for realizing silicon-based
solid-state quantum computers10.
Doping of impurity atoms into semiconductors is essential to

achieving the proper function of semiconductor devices through the
control of electrical characteristics11. So far, the semiconductor has
been assumed to be homogeneously doped in the active channel
region. In nanoscale semiconductor devices, however, the channel
regionwill contain few dopant atoms and the assumption of uniform
dopant distribution is no longer feasible. In this situation, the
statistical fluctuation in dopant atom number due to a random
Poisson distribution causes serious fluctuation in the device’s
functioning.
In order to suppress the conductance fluctuation due to the

fluctuation in the number of dopant atoms, we have previously
attempted to tailor the conductance of submicrometre resistors,
which corresponds to the channel region in semiconductor devices,
by one-by-one implantation of dopant ions, which we refer to as
single ion implantation (SII). In SII, single ions are extracted by
chopping a focused ion beam using a small aperture and high
frequency beam deflection, and the number of implanted ions is
controlled one-by-one by detecting secondary electrons emitted
from a target outside upon a single ion incidence. A broad range of
ion species such as Be, B, Si, P, Fe, Co, Ni, Cu, Ga, Ge, As, Pd, In, Sb, Pt
and Au can now be implanted one-by-one with an aiming precision
of 60 nm (ref. 9) and with potentially higher accuracy by remodelling
the focused ion beam optics for SII. The number of single ions
necessary to tailor the conductance value to a certain value on the

higher side of the initial distribution was implanted in each resistor.
The initial conductance fluctuation (the ratio of the standard
deviation to the average value of conductance from 22 resistors) of
63% was reduced to only 13% (ref. 8). By analysing the origin of the
fluctuation after SII, the residual fluctuation turned out to be the
fluctuation in the dopant atom position. Thus we have found that the
control of not only the dopant atom number but also its position is
essential.
We note that a solid-state quantum computer has been proposed

by Kane10. Kane’s original proposal requires single phosphorus atoms
to be placed in an array in a Si layer beneath an insulating oxide layer.
However, the incorporation of the dopant array is a major problem
that has yet to be overcome. In this Letter, we demonstrate the
fabrication of a semiconductor with an ordered array of dopant atoms.
Figure 1a sketches a simplified version of the resistor. The channel

size is 300 nm wide, 3.2 mm long and 90 nm thick employing a
phosphorus-doped n-type (100) silicon-on-insulator (SOI) sub-
strate (resistivity 8–12 ohm cm) patterned using standard photo-
lithography. A 25 nm silicon dioxide layer covers the channel region
to passivate the surface states, which act as carrier generation-
recombination centres. The devices have a simple back-gated device
configuration on a silicon substrate, where underlying buried oxide
was used as the back gate. The drain current (Id) from the source to
the drain is controlled by the gate voltage (Vg) from the substrate
through the buried oxide of 90 nm thickness. The electrodes attached
along with the channel (Fig. 1b) for measuring the semiconductor
resistivity by the four point probe technique were not employed in this
work. Figure 1c shows an atomic force microscope (AFM) image of
single-ion incident sites in a fission track detector, fabricated by SII.
Typical electrical characteristics (Fig. 2) show that Id increases as

source-to-drain voltage (Vd) increases at a positive back-gate bias,
and saturates beyond the pinch-off point. Figure 2a confirms that our
device is based on the standard field-effect transistor (FET) theory,
and that the Fermi level in the channel is controlled by the back-gate
and drain bias. The device exhibits an accumulation-mode n-channel
transistor behaviour. In advance of SII, the initial threshold voltage
(V i

th) was evaluated by the extrapolation of the linear part of the curve
to the Vg axis in the Vg dependence of Id under a certain Vd of 0.1 V
(Fig. 2b). The measurement was carried out at room temperature by
using a semiconductor parameter analyser (Keithley 4200-SCS) and
in a vacuum to avoid the disturbance caused by adsorbates.
Doubly charged P single ions were implanted one-by-one at 30 kV

into the channel region at a centre-to-centre distance (pitch) of
100 nm through the 25-nm-thick surface oxide by SII, as shown in
Fig. 3a, where a part of the channel region (0.3 mm £ 3.2 mm) is
indicated. The number of implanted ions in the channel was set to be
96. The projected range and the projected range straggling were
calculated to be 86 nm and 22 nm, respectively, by usingMonte Carlo
code SRIM2003 (http://www.SRIM.org). For comparison with the
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A single-atom transistor
Martin Fuechsle1, Jill A. Miwa1, Suddhasatta Mahapatra1, Hoon Ryu2, Sunhee Lee3,
Oliver Warschkow4, Lloyd C. L. Hollenberg5, Gerhard Klimeck3 and Michelle Y. Simmons1*

The ability to control matter at the atomic scale and build
devices with atomic precision is central to nanotechnology.
The scanning tunnelling microscope1 can manipulate individual
atoms2 and molecules on surfaces, but the manipulation of
silicon to make atomic-scale logic circuits has been hampered
by the covalent nature of its bonds. Resist-based strategies
have allowed the formation of atomic-scale structures on
silicon surfaces3, but the fabrication of working devices—such
as transistors with extremely short gate lengths4, spin-based
quantum computers5–8 and solitary dopant optoelectronic
devices9—requires the ability to position individual atoms in
a silicon crystal with atomic precision. Here, we use a combi-
nation of scanning tunnelling microscopy and hydrogen-resist
lithography to demonstrate a single-atom transistor in which
an individual phosphorus dopant atom has been deterministi-
cally placed within an epitaxial silicon device architecture
with a spatial accuracy of one lattice site. The transistor oper-
ates at liquid helium temperatures, and millikelvin electron
transport measurements confirm the presence of discrete
quantum levels in the energy spectrum of the phosphorus
atom. We find a charging energy that is close to the bulk
value, previously only observed by optical spectroscopy10.

Silicon technology is now approaching a scale at which both the
number and location of individual dopant atoms within a device will
determine its characteristics11, and the variability in device perform-
ance caused by the statistical nature of dopant placement12 is
expected to impose a limit on scaling before the physical limits
associated with lithography and quantum effects13 are reached.
Controlling the precise position of dopants within a device and
understanding how this affects device behaviour have therefore
become essential14–17. Devices based on the deterministic placement
of single dopants in silicon are also leading candidates for solid-state
quantum computing architectures, because the dopants can have
extremely long spin-coherence18 and spin-relaxation times19, and
because this approach would be compatible with existing comp-
lementary metal-oxide-semiconductor (CMOS) technology.

One of the earliest proposals for a solid-state quantum computer
involved arrays of single 31P atoms in a silicon crystal, with the two
nuclear spin states of the 31P atom providing the basis for a quantum
bit (qubit)5. Subsequently, qubits based on the electron spin states6,7

or charge degrees of freedom20 of dopants in silicon were proposed.
This has led to increased interest in measuring the electronic spec-
trum of individual dopants in field-effect transistor architectures,
where the dopants are introduced by low-energy implantation16

or in-diffusion from highly doped contact regions14,15,17. However,
these approaches are limited to a precision of !10 nm in the pos-
ition of the dopants, and the practical implementation of a
quantum computing device based on this approach requires the

ability to place individual phosphorus atoms into silicon with
atomic precision21 and to register electrostatic gates and readout
devices to each individual dopant.

Figure 1 shows the approach we used to deterministically place a
single phosphorus atom between highly phosphorus-doped source
and drain leads in a planar, gated, single-crystal silicon transport
device. This involved the use of hydrogen-resist lithography22–24 to
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Figure 1 | Single-atom transistor based on deterministic positioning of a
phosphorus atom in epitaxial silicon. a, Perspective STM image of the
device, in which the hydrogen-desorbed regions defining source (S) and
drain (D) leads and two gates (G1, G2) appear raised due to the increased
tunnelling current through the silicon dangling bond states that were created.
Upon subsequent dosing with phosphine, these regions form highly
phosphorus-doped co-planar transport electrodes of monatomic height,
which are registered to a single phosphorus atom in the centre of the device.
Several atomic steps running across the Si(100) surface are also visible.
b, Close-up of the inner device area (dashed box in a), where the central
bright protrusion is the silicon atom, which is ejected when a single
phosphorus atom incorporates into the surface. c, Schematic of the chemical
reaction to deterministically incorporate a single phosphorus atom into the
surface. Saturation dosing of a three-dimer patch (I) at room temperature
(RT) followed by annealing to 350 8C allows successive dissociation of PH3

(II–IV) and subsequent incorporation of a single phosphorus atom in the
surface layer, ejecting a silicon adatom in the process (V).
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Figure 1 | Single-atom transistor based on deterministic positioning of a
phosphorus atom in epitaxial silicon. a, Perspective STM image of the
device, in which the hydrogen-desorbed regions defining source (S) and
drain (D) leads and two gates (G1, G2) appear raised due to the increased
tunnelling current through the silicon dangling bond states that were created.
Upon subsequent dosing with phosphine, these regions form highly
phosphorus-doped co-planar transport electrodes of monatomic height,
which are registered to a single phosphorus atom in the centre of the device.
Several atomic steps running across the Si(100) surface are also visible.
b, Close-up of the inner device area (dashed box in a), where the central
bright protrusion is the silicon atom, which is ejected when a single
phosphorus atom incorporates into the surface. c, Schematic of the chemical
reaction to deterministically incorporate a single phosphorus atom into the
surface. Saturation dosing of a three-dimer patch (I) at room temperature
(RT) followed by annealing to 350 8C allows successive dissociation of PH3

(II–IV) and subsequent incorporation of a single phosphorus atom in the
surface layer, ejecting a silicon adatom in the process (V).
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Single-donor ionization energies in a nanoscale
CMOS channel
M. Pierre1, R. Wacquez1, X. Jehl1, M. Sanquer1*, M. Vinet2 and O. Cueto2

One consequence of the continued downward scaling of
transistors is the reliance on only a few discrete atoms to
dope the channel, and random fluctuations in the number of
these dopants are already a major issue in the microelectronics
industry1. Although single dopant signatures have been
observed at low temperatures2–8, the impact on transistor per-
formance of a single dopant atom at room temperature is not
well understood. Here, we show that a single arsenic dopant
atom dramatically affects the off-state room-temperature
behaviour of a short-channel field-effect transistor fabricated
with standard microelectronics processes. The ionization
energy of the dopant is measured to be much larger than it is
in bulk, due to its proximity to the buried oxide9,10, and this
explains the large current below threshold and large variability
in ultra-scaled transistors. The results also suggest a path to
incorporating quantum functionalities into silicon CMOS
devices through manipulation of single donor orbitals.

Progress in nanotechnology has made it possible to observe the
signatures of single dopants in semiconducting nanostructures, for
example, using scanning tunnelling microscopy (STM) tech-
niques2,3 or grown nanowires4. Single dopants have been detected
as a hump in the subthreshold slope of a capacitively coupled
surface channel5–7. Resonant tunnelling transport via an impurity
state has been studied in structures markedly larger than a typical
donor orbital11–15. Resonant transport spectroscopy has even been
performed in a transistor geometry favouring strong hybridization
of a donor electronic wavefunction with a surface channel8. There
is a requirement for both a very small channel volume and a
small number of dopants in the channel if resonant transport
through the first isolated dopant is to be observed. Otherwise,
hybridization with surface states, polarization of nearby dopants,
or the problems arising from there being more than one dopant
in the channel16 will dramatically modify the wavefunction and
energy spectrum. The distance between the source and drain is
also of critical importance, because the barriers will have an
exponential dependence on this length divided by the characteristic
wavefunction extension.

A very natural way to study transport through just one dopant is
therefore to take advantage of CMOS technology to build a very
short, narrow and doped transistor. We fabricated silicon-on-
insulator (SOI) transistors (Fig. 1a) with a geometry and fabrication
process designed to take advantage of the inhomogeneous dopant
profile after ion implantation of the source and drain. A simulation
of this doping profile, based on the real process and a continuous
approximation, is shown in Fig. 1b. A similar simulation taking
into account discrete dopants with a kinetic Monte Carlo approach
for diffusion is shown in Fig. 1c, with the arsenic atom size set to the
mean Bohr radius in bulk silicon, aB¼ 2.2 nm. All the regions with
a concentration above the Mott transition of bulk silicon, that is
nc¼ 8! 1018 arsenic atoms cm23 (ref. 17), must be considered

to be part of the source and drain. Based on these simulations,
the effective electrical channel length is of the order of 10 nm.
The remaining volume available for arsenic dopants below nc is
approximately V¼ 10! 20! 50 nm3. The probabilities of finding
one dopant near the buried oxide (for maximum ionization
energy enhancement) or a dopant cluster, most likely a donor
pair, can be evaluated and compared. For N dopants, the probability
of finding a pair with separation aB or less is given by13

Ppair ¼ 1#
YN

n¼1

ð1# nvÞ

where v is the ratio (4/3)pa B
3/V& 0.005 . For five dopants, Ppair is

only 5%, but it reaches 90% for 30 dopants. At the same time, the
probability of having at least one donor out of five at 1 nm or less
from the buried oxide (BOX) interface is already 25%.

These ultra-scaled dimensions, corresponding to a 10-nm-
technology node transistor1, naturally lead to variability. A set
of 25 nominally identical samples was measured. We found
similar on-state currents at saturation (Vg¼þ2 V) but very large
subthreshold dispersion (Supplementary Fig. S1). Two extreme
room-temperature characteristics, featuring the highest and lowest
off-state currents (at Vg¼22 V), are shown in Fig. 1d. A threshold
voltage of 20.5 V+0.05 is obtained after extrapolating the point
of maximum transconductance in the linear Id–Vg characteristics
of the samples with the lowest off-state current and steepest
subthreshold swing (arrows in Fig. 1d). This phenomenological cri-
terion commonly used in microelectronics is well adapted to such
mesoscopic samples, in which the usual definitions (relying on
self-averaging) are not valid. At T¼ 4.2 K these samples show a
pattern of large drain current oscillations above Vg¼20.2 V and
the drain conductance quickly increases up to or above the
quantum of conductance e2/h& (25.8 kV)21 that fixes the onset
of a diffusive channel at low temperature (not shown). The shift
of the onset voltage from 20.5 V to 20.2 V is due to localization
of carriers at low temperature. Above Vg’20.2 V, resonant states
observed at low temperatures result from the hybridization of
several electronic states, for example, a donor state hybridized
with a surface state8.

New and strikingly different features are observed at low temp-
eratures for samples with large off-state currents at 300 K. Very few
resonances appear at gate voltages down to 21.3 V, that is, when
electrons are pushed far from the gate. A two-dimensional plot of
differential conductance at 4.2 K versus drain–source voltage is
shown in Fig. 2. The gate voltage is translated in energy (referenced
from the band edge) using the lever arm parametera¼ 0.16 extracted
from the Coulomb diamonds. This rather small value for a indicates
that the orbital responsible for this resonance is less coupled to the
gate than to the source and drain; that is, in our geometry, the
electronic state is on the BOX side of the nanowire.
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also predicts an extension of the bound state function along the
nanowire axis and a reduction in the transverse direction9. This
should increase the energy difference between the ground and
first excited state. Indeed, our experiment gives a lower bound of
40 meV for this energy, significantly larger than the expected
21 meV for arsenic in bulk silicon. The shift of electrostatic potential
Vs(z) due to the positive image charge in the BOX is nearly equiv-
alent to the bare Coulomb potential of another ionized donor
located at 4z in bulk silicon. The mean distance between arsenic
donors is 20 nm, resulting in a bare shift of DEI(20 nm)’ 6 meV
for each extra ionized donor. However, donors are located less
than d¼ 5 nm from either the source or drain, which efficiently
screen the bare potential by a factor 2(d/z)2 (ref. 22). DEI(20 nm)
is then reduced to less than 1 meV, a value much smaller than the
observed energy enhancement. The shift due to the ionization of
the second donor is in fact directly measured (’2 2.5 meV) as
the shift of the first diamond as it crosses the second one, which cor-
responds to the Dþ!D0 transition for the second donor (Fig. 2c).
Figure 4 shows the evolution of the first peak with the parallel mag-
netic field. A Zeeman splitting with a Landé factor of g¼ 2 is
observed, both as a shift of the ground state down to lower energy
and as an extra line of differential conductance (no adjustable
parameter). This is in agreement with our interpretation of the
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Figure 2 | Differential source–drain conductance versus gate and drain voltages at 4.2 K for the sample with the largest off-state current (blue line in
Fig. 1d). a, Differential source–drain conductance versus gate voltage at various temperatures. The black lines account for thermal activation to the first
resonance. b, The top horizontal scale is the energy in the channel measured from the threshold voltage. The first peak corresponds to the first arsenic
dopant with a strongly enhanced ionization energy due to dielectric confinement near the BOX interface. The second and third resonances correspond to
different electronic occupations of another donor. All the negative differential conductance lines (in orange) are due to local density-of-states fluctuations in
the source/drain (see Fig. 3). Only two positive differential conductance lines (one for each polarity) are attributed to an excited state of the second peak
(see Fig. 5). c, Detail from the dashed box in b where the first and second diamonds cross each other without being strongly affected. The slight shift
observed for the first diamond and highlighted by the arrow corresponds to the shift of the first donor’s energy due to modification of the static potential
created by the second donor being filled (’2 2.5 meV). d, Simplified energy diagram across the structure, from the gate down to the BOX. Two arsenic
donors are represented, the one closer to the BOX has a larger ionization energy and is probed at large negative values in Vg.
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Figure 3 | Coulomb blockade spectroscopy of the first dopant atom.
a, Differential conductance versus bias voltage Vd at Vg¼21.3 V. b, Close-
up of the first peak of Fig. 2b, recorded at T¼ 100 mK. The differential
conductance is proportional to dnD/dE (parallel to the right edge) or dns/dE
(parallel to the left edge) depending on the exact balance between the
tunnelling rates to the source and drain. The typical 1 meV correlation
energy for the lines is the inverse diffusion time in the electrodes before an
inelastic event (corresponding to a diffusion length of !10 nm).
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The value Vg1¼21.3 V, combined with a¼ 0.16 and a
threshold voltage of 20.5 V, yields an ionization energy for the
first donor of 108+10 meV, a value markedly larger than the
53.7 meV expected18 for bulk silicon. Note that the other sample
shown in Fig. 1d shows a value of 98+10 meV, in other words,
also a strong enhancement. Figure 2a shows that the excess drain
current at lowVg and temperature up to 300 K is due to thermal broad-
ening of these resonances. For instance, for Vg! Vg1, the current is
given by thermal activation to the first resonance: Ids/
exp(2(ea(Vg2Vg1)/kBT)). Subthreshold variability is most affected
by the presence of a single centred donor, which increases the drain
conductance by four orders of magnitude at Vg¼21.5 V and at
room temperature (see Fig. 1d), a much larger effect than reported
previously5. Detailed transport spectroscopy of the first resonance is
shown in Fig. 3. No electronic states exist below Vg1, because no dis-
tortion of the diamond occurs at large drain voltages up to 100 mV
(see Fig. 2). The absence of electrons in the channel at lower energy
is critical to ensure that the spectroscopy of the state at Vg1 is not
modified by electronic correlations with other electrons weakly
bound on extra donors (D0 states). We observe many lines of differ-
ential conductance parallel to both edges of the diamond and succes-
sively positive and negative (see Fig. 3), due to fluctuations of the local
density-of-states (LDOS) in the source and drain19,20. Lines with
different slopes correspond to probing of the source or drain, depend-
ing on the exact balance of the tunnelling rates (Supplementary
Fig. S2). The large observed LDOS fluctuations originate from the
extremely small non-invasive arsenic-doped contacts with a finite
transverse doping gradient. There is no evidence of any differential
conductance line due to an excited state of the donor at least up to
Vd¼ 40 mV.

Donor states in bulk silicon are well described18 by a hydrogenic
model extended by variational methods to account for the aniso-
tropy of the effective mass of silicon. The ground state lies

53.7 meV below the conduction band and the first excited state at
32.6 meV. More recently, strong corrections have been predicted
for silicon nanowires, either because of quantum confinement,
relevant for diameters below 5 nm (ref. 21) or dielectric confine-
ment, which is more important for larger diameters9. Compared
with the bulk silicon case, an enhanced ionization energy is expected
for donors close to a silicon/SiO2 interface, and a reduction in ion-
ization energy for dopants close to the gate, owing to the long-range
screening of the positive core donor charge potential for electrons.
This has a dramatic impact on dopant ionization, even at room
temperature9,10. In our data, the first resonance occurring
108 meV below the conduction band (Fig. 2) illustrates the sensi-
tivity of the ionization energy to the dielectric environment.
Following the methods of ref. 9, we can estimate the correction to
the ionization energy for a single dopant at position r0 and distance
z from the dielectric interface as

DEI ’ kc jVsðr; r0Þjcl

where Vs(r,r0) is the image potential at position r, and c is
the bound state on the donor. The approximation Vs(r,r0)$
Vs(r0,r0)¼ Vs(z) yields

DEI $
1

4pe0

e2

2z

eSi % eSiO2

eSiðeSi þ eSiO2
Þ
’ 30.5meV

z ðnmÞ

where e0 eSi and eSiO2 are the dielectric constants of free space,
silicon and SiO2 respectively. The effects of screening by the
source and drain, as well as quantum confinement21, are neglected.
This estimation indicates that a large effect, as we have observed, is
realistic for a dopant very near the BOX interface (!1 nm). Theory
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Single atom devices have been successful ly 
implemented, confirming the possibility to create novel 
functional devices exploiting quantum phenomena 
occurring at the atomic scale.
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Silicon field-effect transistors have now reached gate lengths of only a few tens of nanometers, containing a
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Introduction
After demonstration of the first semiconductor transis-
tor, it was soon realized that semiconductors require
doping with impurity atoms for achieving useful func-
tionalities [1,2]. Dopants have played a key role in the
fast-paced development of the electronics industry,
dominantly based on silicon. As predicted by Moore’s
law in the 1960s [3], silicon transistors were expected to
go through a miniaturization process, and this trend has
been pursued for nearly half a century now. The transis-
tor’s gate length is now only several tens of nanometers,
and it will be further downscaled to the 22-nm node
and beyond [4]. This miniaturization faces many techno-
logical and fundamental challenges, among which a key
problem is the discrete dopant distribution in the device
channel [5]. Each individual dopant, having basically an
uncontrolled position in the channel, significantly affects
device characteristics [5,6], leading to device-to-device
variability. It was shown that controlled positioning of
dopants by single-ion implantation in the device channel

can reduce threshold voltage variability in metal-oxide-
semiconductor field-effect transistors (MOSFETs) [7].
On the other hand, technological progress offers a

unique opportunity, i.e., electrical access to individual
dopant atoms in nanometer-scale devices. Properties of
dopant atoms that have been so far inferred from mea-
surements of bulk materials, containing a large number
of dopants, can now be associated to a specific dopant
atom through direct measurements.
Recently, breakthrough results indicate the possibility

of individually addressing dopants in silicon, as illu-
strated in Figure 1. When the dopant is located in a
nanoscale-channel field-effect transistor (FET), single-
electron tunneling via the dopant-induced quantum dot
(QD) gives rise to measurable currents. Results illustrat-
ing this operation mode have been obtained at cryogenic
or low temperature in transistors containing in their
channel one or only a few dopant atoms. Single-electron
tunneling spectroscopy of arsenic (As) donors, located
in the edges of FinFET channels, was performed at cryo-
genic temperatures [8-10]. Acceptors, such as boron (B),
were also directly identified in low-temperature trans-
port characteristics of silicon-on-insulator (SOI) FETs
[11,12]. Individual dopants can be accessed even in
dopant-rich environments, where the channel contains
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more than only one isolated dopant atom [13]. In order
to observe individual donor and/or acceptor impurities,
scanning probe techniques are typically used, among
which Kelvin probe force microscopy (KFM) allowed
mapping of dopants in channels of Si nanodevices under
normal operation conditions [14,15].
These findings accelerated research on individual

dopant atoms in silicon nanostructures, as well as on
interactions between dopants and the surrounding
environment. Donor interface coupling has been inten-
sively studied mostly from a theoretical approach
[16-18], mainly for quantum computing [19,20], which
involves transfer of an electron between a donor and a
nearby interface. Furthermore, it has been predicted that
dopant properties are significantly different in nanos-
tructures due to effects such as dielectric confinement
and quantum confinement [21]. It was found that the
activation energy of dopants is enhanced in nanostruc-
tures, leading to reduced doping efficiency in doped Si
nanowires [22]. This opens, however, an additional
opportunity in terms of physics, since it may be possible
to tune the properties of dopants by a suitable design of
the nanoscale environment.
These developments justify an increasing interest in

studies of single dopants in nanoscale Si transistors.
Such studies may eventually enable us to develop an
entire field of electronics, single-dopant electronics, in
which the basic operation mode will be single-electron
tunneling mediated by an individual dopant.
In this paper, we outline some of our recent results,

focused on isolating single dopant features in electrical
characteristics of nanoscale phosphorus-doped channel

SOI-FETs. First, we will show that single dopants can be
electrically addressed even in devices that contain more
than just one isolated dopant in the channel [13]. For
more advanced device functions, coupling between dis-
crete dopants is expected to play a key role. Systems in
which we identified two coupled donors dominating the
characteristics will be described [23]. We will also
address other application possibilities, such as single-
electron turnstiles, that can be conceived using more
complex donor arrays [24-27]. Additional functionalities
can be expected when photons are incorporated in
device operation [28]; as a first step, we will show
results that indicate trapping of single photon-generated
electrons by individual donors in an FET channel. Direct
observation of dopant potentials in device channels
using a Kelvin probe force microscopy technique
[14,15,29] will also be presented. An overview of possi-
ble research directions in the field of single-dopant elec-
tronics will be given before the summary.

Single-dopant transistors
Signatures of single-dopant atoms mediating the current
in FETs have been found recently, in devices that con-
tain a limited number of dopants in the channel. In Fin-
FETs with fine control gates and nominally undoped
channels, it is likely that a few donors diffuse from the
source and drain heavily doped regions into the channel
[8]. At very low temperatures, single-electron tunneling
currents via these donors can be measured [8,9]. Single-
hole tunneling via an isolated acceptor impurity was
also identified in transport characteristics of nanoscale
SOI-FETs with a small number of B atoms implanted in
the channel by low-dose ion implantation [11,12]. These
studies showed direct transport via isolated donor or
acceptor atoms in nanoscale channels, but with a small
number of dopants randomly located in the channel.
Due to this, only a fraction of the measured devices
exhibited transport through dopants [9,11].
Devices with higher doping concentration are attrac-

tive because the presence of dopants in the channel can
be confirmed. The problem is understanding if, in such
dopant-rich environments (channels that contain more
than just one isolated dopant), signatures of transport
via individual dopant atoms can still be observed. For
that purpose, we investigated devices having a structure
as shown in Figure 2a: SOI-FETs with the channel pat-
terned by an electron beam lithography technique to
have a width of about 50 nm and a length between 20
and 150 nm [see Figure 2b]. Top Si layer has a final
thickness of only 10 nm and is doped uniformly with
phosphorus to a concentration ND ≅ 1 × 1018 cm-3 (as
estimated from secondary ion mass spectrometry of
reference samples). A simple estimation would give a

Figure 1 Operation of a single dopant transistor. (a) Schematic
illustration of a single-donor transistor, in this case a transistor that
contains one donor in its nanoscale channel. (b) The conduction
path donor mediates single-electron tunneling from source to drain,
giving rise to a current peak in the low-temperature transfer
characteristics (c).
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On the other hand, technological progress offers a
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dopant atoms in nanometer-scale devices. Properties of
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surements of bulk materials, containing a large number
of dopants, can now be associated to a specific dopant
atom through direct measurements.
Recently, breakthrough results indicate the possibility
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strated in Figure 1. When the dopant is located in a
nanoscale-channel field-effect transistor (FET), single-
electron tunneling via the dopant-induced quantum dot
(QD) gives rise to measurable currents. Results illustrat-
ing this operation mode have been obtained at cryogenic
or low temperature in transistors containing in their
channel one or only a few dopant atoms. Single-electron
tunneling spectroscopy of arsenic (As) donors, located
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Fabrication of scalable qubit arrays constitutes one of 
the most stringent barriers in the field, even for the most 
promising platforms.

The most promising routes towards large-scale universal
quantum computing all require quantum error correction
(QEC)1, a technique that enables the simulation of ideal

quantum computation using realistic noisy qubits, provided that
the errors are below a fault-tolerant threshold. Using the most
forgiving methods, such as the two dimensional surface code2,
these error thresholds can be as high as 1%3, a level that is now
routinely achieved across several qubit platforms4–10. However,
these approaches also require a platform that can be scaled up to
very large numbers of qubits, of order 108. Developing scalable
qubit arrays constitutes one of the most stringent barriers in the
field, even for the most promising platforms.

Silicon CMOS integrated circuits (ICs) are the prototypical
example for scalable electronic platforms, now holding transistor
counts exceeding billions. This remarkable level of integration is
based upon decades of advances in silicon materials technolo-
gies11, and these will also be crucial in the development of high-
quality spin qubits. A key architectural aspect of ICs has been the
use of parallel addressing via word lines and bit lines facilitating
rapid read and write operations on large 2D arrays of bits.
Unfortunately, this method cannot directly be applied to scale
qubit arrays. Unlike transistors, the tolerance levels of qubits are
small, thereby requiring individual tunability.

Here, we show an advanced architecture for parallel addressing
of silicon spin qubits and integrating highly repetitive error
correction methods like the surface code. In addition, we show
that individual qubit stabilization is obtained via floating memory
gate electrodes that can be routinely reset, similar to dynamic
random access memory (DRAM) systems. Altogether, these allow
the design of a platform where the number of addressing lines
increases in a scalable manner proportional to

ffiffiffiffi
N

p
, where N is

the number of qubits. While silicon was recognized early on as a
promising platform in the seminal work of Kane12, leading to
many novel architectures13–19, a key and contrasting feature of
our approach is that each architectural component is based on
existing devices and commercially available technology to provide
a scalable solution.

Results
Physical architecture. The general architecture we propose is
depicted in Fig. 1. We start with a silicon wafer, including an
isotopically enriched silicon-28 layer. After CMOS manufactur-
ing, the top layers host the classical circuitry, and the silicon-28
bottom layer holds the quantum circuit. These are interconnected
via metal lines which penetrate the oxide region, see Fig. 1a. The
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Fig. 1 Physical quantum processor. a A silicon-on-insulator (SOI) wafer is processed, such that the bottom layer of isotopically enriched silicon-28 contains
the 2D qubit array and the top layer of silicon forms the transistors to operate the qubits. These are interconnected through the oxide regions using
polysilicon (or other metal) vias. b Electrical circuit for the control of one Q-gate and one J-gate allowing the required individual, row-by-row, or global
operations, as explained in the main text. c Physical architecture to operate one unit module containing 480 qubits. The inset on the bottom right shows a
plan view cross-section through the qubit plane. Each J gate and qubit is connected via the circuit shown in b
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Figure 10. (a) PL image of an array of NV− centers resulting from resist masking, implantation and annealing. The white dots in the image
result from NV− center luminescence. A lithographic, short-terminated coplanar waveguide (CPW) is also visible. Two single NV− centers
are circled. Reprinted with permission from [111]. Copyright (2010) American Chemical Society. (b) An array of TR12 centers, created by
6 MeV ion implantation into low nitrogen diamond. Reprinted with permission from [93]. Copyright (2009), American Institute of Physics.

Meijer et al [108] demonstrated the implantation of nitrogen
(103–105 N atoms per shot) accelerated to an energy of
2 MeV. Using such a low dose of nitrogen, implanted into a
single crystal diamond, isolated, individual NV centers were
achieved, giving rise to an array of SPSs. However, the damage
associated with implantation prevented the identification of
native NV−s from the implanted ones. To address this issue,
Rabeau et al [109] implanted a distinct isotope of nitrogen, 15N,
and was able to resolve the implanted nitrogen atoms through
the different magnetic resonance signatures. Furthermore,
the lower implantation energy of 7 keV positioned the centers
in a close proximity to the diamond surface, thus enabling
better collection of the emitted light. To improve the lateral
precision of the implantation, a new mask-less approach of
single nitrogen implantation through a pierced AFM tip was
devised. The AFM tip acts as a collimator system in the nm
range and provides a high implantation accuracy [110].

Recently, a chip-scale nanofabrication of an array of single
NV− centers [111] was reported by Toyli et al. Resist apertures
with an average size of 30 nm were fabricated using electron
beam lithography on top of a high purity CVD single crystal
diamond. After development the apertures were implanted
with 20 keV 15N+ ions, resulting in high lateral NV− center
placement accuracy. Figure 10 shows the confocal image of
an array of NV− centers fabricated by this technique. In light
of this remarkable achievement, the main challenge now lies
within deterministic fabrication of high quality NV− centers
close to the diamond surface with photophysical properties
approaching the native NV− centers. In addition to NV−

fabrication, other SPSs such as silicon and carbon related
were successfully generated by ion implantation. Figure 10(b)
shows an array of TR12 centers, fabricated in diamond by ion
implantation.

Attempts to fabricate single NE8 centers by ion
implantation have not been successful to date. Comprehensive
implantation sequences such as implanting nickel and four
nitrogen atoms simultaneously have been attempted without
success [112]. A plausible explanation for the unsuccessful

generation of NE8 center lies within the formation mechanism
of this center, which is shown below:

Ni−s → NE4 + Ci,

NE4 + 2N → NE1,

NE1 + N → NE2,

NE2 + N → NE8,

where Ni−s denotes a nickel atom occupying a substitutional
location and Ci is a carbon atom in an interstitial location.
From the proposed mechanism, it can be seen that the nitrogen
atoms are added one by one to the nickel atom. However,
nitrogen is not mobile under normal annealing conditions
of atmospheric pressure and temperatures of 1200 ◦C, which
limits the bonding of nitrogen atoms to the nickel atom.
Furthermore, the diffusion of four nitrogen atoms to bond
the nickel is a very low probability process that requires
longer annealing times and higher annealing temperatures. In
addition, the NE8 formation first requires the nickel atom to
be in an interstitial position, in a nearest neighbor di-vacancy,
VNiV, to form the NE4 complex. The VNiV fragment
serves as a nucleation center for the migrating nitrogen
atoms into its ligand shell, and this is the precursor of the
nickel–nitrogen centers. The transformation of Ni into an
interstitial requires diffusion of carbon atoms and interstitials
in diamond, which once again requires more extreme annealing
conditions.

To enhance the formation probability of the NE8 complex,
an HPHT anneal is required. This process finally resulted in
the formation of the NE8 center from nickel implanted crystals;
however, no individual centers were resolved [112]. It is hence
unclear if ion implantation can be an effective tool to fabricate
single NE8 color centers.

4. Advanced photophysical measurements of
diamond single-photon sources

Aside from photon statistics, which ensure that single emitters
are addressed, a number of advanced quantum photophysical
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Figure 5. The NE8 center. (a) Crystallographic model of the NE8 center in diamond, consisting of one nickel atom (purple) bonding to four
nitrogen atoms (yellow) in a [1 1 0] plane. (b) Room-temperature PL spectrum showing a ZPL at 793 nm.

Figure 6. The SiV center. (a) Crystallographic model of the SiV center in diamond, consisting of one silicon atom neighboring two
vacancies. (b) Room-temperature PL spectrum showing a ZPL at 738 nm with a visible phonon sideband. The fine structure of the ZPL can
be resolved only at cryogenic temperatures [78, 81].

Single SiV centers were engineered by Wang et al [30]
in a monolithic crystal diamond using the ion implantation
technique. The observed single SiV exhibited extremely low
count rates due to fast non-radiative decay channels and low
QE. Incorporating single silicon emitters into nanodiamonds
is technically challenging. If diamonds are grown on silicon or
silica substrate, silicon atoms diffuse simultaneously into the
growing crystals, forming large clusters of SiV centers which
cannot be isolated [85, 86]. This approach is therefore not
suitable for preparing isolated single SiV centers.

Despite these apparent shortcomings, new results have
emerged to show that single SiV emitters embedded in
nanodiamonds grown on iridium substrate exhibited ultra-
bright single-photon emission [87]. The reported count rate
of ∼5 × 106 counts s−1 is more than three orders of magnitude
higher than that reported in single crystal diamond. Neu et al
showed that the ZPL of the SiV can be shifted by more than
5 nm with a DW factor of ∼0.8. The SiV emitter is fully
polarized in both absorption and emission channels and shows
strong bunching, characteristic of a three-level system.

It is as yet unclear whether the size of the nanodiamonds
or the growth on iridium modifies the emission. The authors
speculate that the iridium substrate is partially responsible for
enhancement of the collection efficiency from the SiV color
centers [87]. The demonstration of MHz polarized emission
is sure to renew interest in this color center.

2.4. Chromium-related color centers

Chromium-related emitters are the latest addition to the pool of
diamond-based single-photon emitters. The emitters were first
discovered by growing nanodiamond crystals on a sapphire
substrate [88]. Chromium is a common impurity in sapphire,
which can be incorporated into a diamond crystal during the
CVD growth [89]. The new class of chromium emitters show
remarkable properties: narrow luminescence in the NIR region,
ultra-bright single-photon emission with the brightest emitter
reaching rates of 3.2 × 106 counts s−1, short excited state
lifetime ∼1–4 ns and fully polarized excitation and emission
behavior [33]. Moreover, some of the emitters are well
described by a two-level model, accounting for the ultra-bright
emission.

The emitters found in nanodiamond crystals can be
divided into two families: three-level emitters, which possess a
FWHM ∼ 4 nm and two-level emitters with FWHM ∼ 11 nm.
Enhanced photophysical studies of these emitters reveal that
the QE of the three-level systems is four times lower than the
QE of the two-level emitters. This indicates that the three-level
systems are losing 75% of the photons through non-radiative
processes. Figure 7 shows PL spectra and corresponding
g(2)(τ ) functions for two typical chromium-related emitters.

The involvement of chromium in the new centers was
unambiguously confirmed by the implantation of chromium
into a monolithic single crystal diamond [90]. Subsequent
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Figure 3. The NV center. (a) Crystallographic model of the NV center in diamond, consisting of a substitutional nitrogen (shown in yellow)
adjacent to a vacancy (V). (b) Room-temperature PL spectrum showing the ZPLs of the neutral (575 nm) and the negatively charged
(637 nm) NV center with pronounced and wide phonon side bands at the lower energy side of each ZPL.

diamonds [44, 45] and later in nanodiamonds [32, 46, 47].
They are readily fabricated using the ion implantation
technique or synthesized during chemical vapor deposition
(CVD) growth. The complex has six unpaired electrons: five
from the neighboring carbon and intrinsic nitrogen atom, plus
an additional electron trapped at the defect site to form the
negatively charged state [48]. Figure 3(b) shows clearly its
emission spectrum with ZPL at 637 nm and a phonon sideband
extended to 800 nm [49]. The excited state lifetime of the
center, approximately tens of nanoseconds, suggest a relatively
strong overall electronic dipole moment of about 2 ×1029 C m
[50], although only 4% of its emission is concentrated in
the ZPL with a Debye–Waller (DW) factor of 0.04. The
fluorescence lifetime of the NV− center is, however, found
to be dependent on the host material, in bulk diamond single
NV− centers display lifetimes around 10 ns [47, 51], whilst in
nanodiamonds (NDs) the lifetime is considerably longer and
variable up to ∼24 ns [52–54]. Due to non-radiative transitions
via the shelving state, the quantum efficiency (QE) of the
center, defined as the probability of emitting a photon once the
system is prepared in the excited state, is estimated to be around
0.7, based on the temperature independent measurements of the
excited state lifetime [55, 56].

Most quantum based applications utilize the fluorescence
properties of the NV− center, but in many instances both
charge states can be found within the same defect center
[57]. Detailed time resolved experiments show that switching
from NV0 to NV− is photo-induced, whereas the reverse
photochromic transformation from NV− to NV0 occurs under
dark conditions with a time constant between 0.3 and 3.6 µs
[57] and irreversible transformation can occur under intense
femtosecond illumination [58]. The mechanism which gives
rise to this inter-conversion is at the present time unclear.
The current hypothesis is that the excess electron forming the
NV− complex can become trapped by defects (e.g. graphitic
surface damage [59]). This hypothesis may also explain the
enhanced stability of NV− centers seen deep in ultra-high
purity diamond.

The photon statistics from a typical single NV− center
show significant bunching at high excitation powers consistent
with the presence of a shelving state. Therefore, the system’s
dynamic results in the NV− center being modeled as a standard

Figure 4. Electronic structure of the negatively charged NV center.
The boxes depict the fine structure of the electronic states for
different temperature and strain regimes. The red and blue solid
arrows indicate allowed optical and magnetic transitions
respectively. The dashed black arrows indicate the sequence of
non-radiative transitions that are believed to be responsible for the
optical spin-polarization of the ground-state triplet. Schematic is
courtesy of M Doherty.

three-level system [47]. In general, the count rates from single
NV− centers in bulk and nanocrystal diamond are ∼40 × 103

[46, 60] and 200 × 103 [61] counts s−1, respectively, with
typical collection efficiencies between 1 and 2% reported for
most imaging systems. Several techniques have been proposed
to increase the collection efficiency from single NV− centers
and are discussed in detail later in this review.

Since the NV− center has an even number of electrons
and C3ν symmetry, group theory states that the many-electron
configuration forms spin triplet states (3A2 and 3E), and spin
singlet states (1E and 1A1) [62]. The ordering of the triplet
ground and excited states is now well established; however, the
energetic ordering of the ‘dark’ singlet states is still contentious
and the currently accepted electronic structure is depicted in
figure 4.
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Figure 5. The NE8 center. (a) Crystallographic model of the NE8 center in diamond, consisting of one nickel atom (purple) bonding to four
nitrogen atoms (yellow) in a [1 1 0] plane. (b) Room-temperature PL spectrum showing a ZPL at 793 nm.

Figure 6. The SiV center. (a) Crystallographic model of the SiV center in diamond, consisting of one silicon atom neighboring two
vacancies. (b) Room-temperature PL spectrum showing a ZPL at 738 nm with a visible phonon sideband. The fine structure of the ZPL can
be resolved only at cryogenic temperatures [78, 81].

Single SiV centers were engineered by Wang et al [30]
in a monolithic crystal diamond using the ion implantation
technique. The observed single SiV exhibited extremely low
count rates due to fast non-radiative decay channels and low
QE. Incorporating single silicon emitters into nanodiamonds
is technically challenging. If diamonds are grown on silicon or
silica substrate, silicon atoms diffuse simultaneously into the
growing crystals, forming large clusters of SiV centers which
cannot be isolated [85, 86]. This approach is therefore not
suitable for preparing isolated single SiV centers.

Despite these apparent shortcomings, new results have
emerged to show that single SiV emitters embedded in
nanodiamonds grown on iridium substrate exhibited ultra-
bright single-photon emission [87]. The reported count rate
of ∼5 × 106 counts s−1 is more than three orders of magnitude
higher than that reported in single crystal diamond. Neu et al
showed that the ZPL of the SiV can be shifted by more than
5 nm with a DW factor of ∼0.8. The SiV emitter is fully
polarized in both absorption and emission channels and shows
strong bunching, characteristic of a three-level system.

It is as yet unclear whether the size of the nanodiamonds
or the growth on iridium modifies the emission. The authors
speculate that the iridium substrate is partially responsible for
enhancement of the collection efficiency from the SiV color
centers [87]. The demonstration of MHz polarized emission
is sure to renew interest in this color center.

2.4. Chromium-related color centers

Chromium-related emitters are the latest addition to the pool of
diamond-based single-photon emitters. The emitters were first
discovered by growing nanodiamond crystals on a sapphire
substrate [88]. Chromium is a common impurity in sapphire,
which can be incorporated into a diamond crystal during the
CVD growth [89]. The new class of chromium emitters show
remarkable properties: narrow luminescence in the NIR region,
ultra-bright single-photon emission with the brightest emitter
reaching rates of 3.2 × 106 counts s−1, short excited state
lifetime ∼1–4 ns and fully polarized excitation and emission
behavior [33]. Moreover, some of the emitters are well
described by a two-level model, accounting for the ultra-bright
emission.

The emitters found in nanodiamond crystals can be
divided into two families: three-level emitters, which possess a
FWHM ∼ 4 nm and two-level emitters with FWHM ∼ 11 nm.
Enhanced photophysical studies of these emitters reveal that
the QE of the three-level systems is four times lower than the
QE of the two-level emitters. This indicates that the three-level
systems are losing 75% of the photons through non-radiative
processes. Figure 7 shows PL spectra and corresponding
g(2)(τ ) functions for two typical chromium-related emitters.

The involvement of chromium in the new centers was
unambiguously confirmed by the implantation of chromium
into a monolithic single crystal diamond [90]. Subsequent
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2. Deterministic Doping Strategies

A central goal in semiconductor quantum optics is to devise
efficient interfaces between photons and atom-like
quantum emitters for applications including quantum

memories, single-photon sources and nonlinearities at the level
of single quanta. Many approaches have been investigated
for positioning emitters relative to the mode-maximum of
nanophotonic devices with the necessary subwavelength-scale
precision, including fabrication of nanostructures around
pre-localized or site-controlled semiconductor quantum dots1–5

or diamond defect centres6, or implantation of ions for defect
centre creation in nanostructures concomitant with the
nanofabrication7,8. However, these approaches have not allowed
high-throughput post-fabrication creation of quantum emitters
with nearly indistinguishable emission in nanophotonic
structures already fabricated and evaluated; such an approach
greatly simplifies the design and fabrication process and improves
the yield of coupled emitter–nanostructure systems.

Unlike quantum emitters such as molecules or quantum dots,
diamond defect centres can be created through ion implantation
and subsequent annealing9,10, enabling direct control of the
centre depth via the ion energy. Lateral control has been
demonstrated through the use of nanofabricated implantation
masks11–16, which have been employed for colour centre
creation relative to optical structures through atomic force
microscope (AFM) mask alignment6, and combined
implantation/nanostructure masking7,8. Implantation through a
pierced AFM tip6 does not require modification of the fabrication
process and allows for implantation after fabrication and
evaluation of these structures. However, the process is
time-consuming, requires special AFM tips and can lead to
reduced positioning precision by collisions with mask walls. As an
alternative, focused ion beam (FIB) implantation of ions,
for example, nitrogen17 and silicon18, can greatly simplify the
implantation process by eliminating the need of a nanofabricated
mask. Similar to a scanning electron microscope, an ion beam can
be precisely scanned, enabling lateral positioning accuracy at the
nanometre scale and ‘direct writing’ into tens of thousands of
structures with high throughput.

The silicon vacancy (SiV) belongs to a group of colour centres
in diamond that has emerged as promising single-photon
emitters and spin-based quantum memories. Among the many
diamond-based fluorescent defects that have been investigated19,
the SiV centre20–23 is exceptional in generating nearly lifetime-
limited photons with a high Debye-Waller factor of 0.79 (ref. 24)
and low spectral diffusion due to a vanishing permanent electric
dipole moment in an unstrained lattice25,26. These favourable
optical properties have notably enabled two-photon quantum
interference between distant SiV centres25,27 and entanglement of
two SiV centres coupled to the same waveguide28. In addition, the
SiV has electronic and nuclear spin degrees of freedom that could
enable long-lived, optically accessible quantum memories29–31.

Here we introduce a method for positioning emitters relative
to the mode-maximum of nanophotonic devices: direct FIB
implantation of Si ions into diamond photonic structures.
This post-fabrication approach to quantum emitter generation
achieves nanometre-scale positioning accuracy and creates SiV
centres with optical transition linewidths comparable to the best
‘naturally’ growth-incorporated SiV reported27. The approach
allows Si implantation into B2! 104 sites per second, which
allows creation of millions of emitters across a wafer-scale
sample. We also show that additional post-implantation electron
irradiation and annealing creates an order of magnitude
enhancement in Si to SiV conversion yield. By repeated cycles
of Si implantation and optical characterization, this approach
promises nanostructures with precisely one SiV emitter per
desired location. Finally, we demonstrate and evaluate the

site-targeted creation of SiVs in pre-fabricated diamond
photonic crystal nanocavities. The ability to implant quantum
emitters with high spatial resolution and yield opens the door to
the reliable fabrication of efficient light–matter interfaces based
on semiconductor defects coupled to nanophotonic devices.

Results
Spatial precision of SiV creation. As outlined in Fig. 1, the
fabrication approach introduced here relies on Si implantation
in a custom-built 100 kV FIB nanoImplanter (A&D FIB100nI)
system (Methods) and subsequent high-temperature annealing to
create SiV centres. The nanoImplanter uses field emission to
create a tightly focused ion beam down to a minimum spot size
of o10 nm from a variety of liquid metal alloy ion sources
(Methods). For the experiments described here, we used an Si
beam with a typical spot size of o40 nm into commercially
available high-purity chemical vapour deposition diamond
substrates (Element6). After implantation, we performed high-
temperature annealing and surface preparation steps to convert
implanted Si ions to SiVs (Methods).
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Figure 1 | Targeted Si ion implantation into diamond and SiV defect
properties. (a) Illustration of targeted ion implantation. Si ions are precisely
positioned into diamond nanostructures via a FIB. The zoom-in shows a
scanning electron micrograph of a L3 photonic crystal cavity patterned into
a diamond thin film. Scale bar, 500 nm; Si is silicon. (b) Intensity
distribution of the fundamental L3 cavity mode with three Si target
positions: the three mode-maxima along the centre of the cavity are
indicated by the dashed circle. The central mode peak is the global
maximum. (c) Atomic structure of a SiV defect centre in diamond.
Si represents an interstitial Si atom between a split vacancy along the
o1114 lattice orientation and C the diamond lattice carbon atoms.
(d) Simplified energy-level diagram of the negatively charged SiV indicating
the four main transitions A, B, C and D26. Do is the energy splitting of the
two levels within the doublets.
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Figure 3. The NV center. (a) Crystallographic model of the NV center in diamond, consisting of a substitutional nitrogen (shown in yellow)
adjacent to a vacancy (V). (b) Room-temperature PL spectrum showing the ZPLs of the neutral (575 nm) and the negatively charged
(637 nm) NV center with pronounced and wide phonon side bands at the lower energy side of each ZPL.

diamonds [44, 45] and later in nanodiamonds [32, 46, 47].
They are readily fabricated using the ion implantation
technique or synthesized during chemical vapor deposition
(CVD) growth. The complex has six unpaired electrons: five
from the neighboring carbon and intrinsic nitrogen atom, plus
an additional electron trapped at the defect site to form the
negatively charged state [48]. Figure 3(b) shows clearly its
emission spectrum with ZPL at 637 nm and a phonon sideband
extended to 800 nm [49]. The excited state lifetime of the
center, approximately tens of nanoseconds, suggest a relatively
strong overall electronic dipole moment of about 2 ×1029 C m
[50], although only 4% of its emission is concentrated in
the ZPL with a Debye–Waller (DW) factor of 0.04. The
fluorescence lifetime of the NV− center is, however, found
to be dependent on the host material, in bulk diamond single
NV− centers display lifetimes around 10 ns [47, 51], whilst in
nanodiamonds (NDs) the lifetime is considerably longer and
variable up to ∼24 ns [52–54]. Due to non-radiative transitions
via the shelving state, the quantum efficiency (QE) of the
center, defined as the probability of emitting a photon once the
system is prepared in the excited state, is estimated to be around
0.7, based on the temperature independent measurements of the
excited state lifetime [55, 56].

Most quantum based applications utilize the fluorescence
properties of the NV− center, but in many instances both
charge states can be found within the same defect center
[57]. Detailed time resolved experiments show that switching
from NV0 to NV− is photo-induced, whereas the reverse
photochromic transformation from NV− to NV0 occurs under
dark conditions with a time constant between 0.3 and 3.6 µs
[57] and irreversible transformation can occur under intense
femtosecond illumination [58]. The mechanism which gives
rise to this inter-conversion is at the present time unclear.
The current hypothesis is that the excess electron forming the
NV− complex can become trapped by defects (e.g. graphitic
surface damage [59]). This hypothesis may also explain the
enhanced stability of NV− centers seen deep in ultra-high
purity diamond.

The photon statistics from a typical single NV− center
show significant bunching at high excitation powers consistent
with the presence of a shelving state. Therefore, the system’s
dynamic results in the NV− center being modeled as a standard

Figure 4. Electronic structure of the negatively charged NV center.
The boxes depict the fine structure of the electronic states for
different temperature and strain regimes. The red and blue solid
arrows indicate allowed optical and magnetic transitions
respectively. The dashed black arrows indicate the sequence of
non-radiative transitions that are believed to be responsible for the
optical spin-polarization of the ground-state triplet. Schematic is
courtesy of M Doherty.

three-level system [47]. In general, the count rates from single
NV− centers in bulk and nanocrystal diamond are ∼40 × 103

[46, 60] and 200 × 103 [61] counts s−1, respectively, with
typical collection efficiencies between 1 and 2% reported for
most imaging systems. Several techniques have been proposed
to increase the collection efficiency from single NV− centers
and are discussed in detail later in this review.

Since the NV− center has an even number of electrons
and C3ν symmetry, group theory states that the many-electron
configuration forms spin triplet states (3A2 and 3E), and spin
singlet states (1E and 1A1) [62]. The ordering of the triplet
ground and excited states is now well established; however, the
energetic ordering of the ‘dark’ singlet states is still contentious
and the currently accepted electronic structure is depicted in
figure 4.
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A single-atom transistor
Martin Fuechsle1, Jill A. Miwa1, Suddhasatta Mahapatra1, Hoon Ryu2, Sunhee Lee3,
Oliver Warschkow4, Lloyd C. L. Hollenberg5, Gerhard Klimeck3 and Michelle Y. Simmons1*

The ability to control matter at the atomic scale and build
devices with atomic precision is central to nanotechnology.
The scanning tunnelling microscope1 can manipulate individual
atoms2 and molecules on surfaces, but the manipulation of
silicon to make atomic-scale logic circuits has been hampered
by the covalent nature of its bonds. Resist-based strategies
have allowed the formation of atomic-scale structures on
silicon surfaces3, but the fabrication of working devices—such
as transistors with extremely short gate lengths4, spin-based
quantum computers5–8 and solitary dopant optoelectronic
devices9—requires the ability to position individual atoms in
a silicon crystal with atomic precision. Here, we use a combi-
nation of scanning tunnelling microscopy and hydrogen-resist
lithography to demonstrate a single-atom transistor in which
an individual phosphorus dopant atom has been deterministi-
cally placed within an epitaxial silicon device architecture
with a spatial accuracy of one lattice site. The transistor oper-
ates at liquid helium temperatures, and millikelvin electron
transport measurements confirm the presence of discrete
quantum levels in the energy spectrum of the phosphorus
atom. We find a charging energy that is close to the bulk
value, previously only observed by optical spectroscopy10.

Silicon technology is now approaching a scale at which both the
number and location of individual dopant atoms within a device will
determine its characteristics11, and the variability in device perform-
ance caused by the statistical nature of dopant placement12 is
expected to impose a limit on scaling before the physical limits
associated with lithography and quantum effects13 are reached.
Controlling the precise position of dopants within a device and
understanding how this affects device behaviour have therefore
become essential14–17. Devices based on the deterministic placement
of single dopants in silicon are also leading candidates for solid-state
quantum computing architectures, because the dopants can have
extremely long spin-coherence18 and spin-relaxation times19, and
because this approach would be compatible with existing comp-
lementary metal-oxide-semiconductor (CMOS) technology.

One of the earliest proposals for a solid-state quantum computer
involved arrays of single 31P atoms in a silicon crystal, with the two
nuclear spin states of the 31P atom providing the basis for a quantum
bit (qubit)5. Subsequently, qubits based on the electron spin states6,7

or charge degrees of freedom20 of dopants in silicon were proposed.
This has led to increased interest in measuring the electronic spec-
trum of individual dopants in field-effect transistor architectures,
where the dopants are introduced by low-energy implantation16

or in-diffusion from highly doped contact regions14,15,17. However,
these approaches are limited to a precision of !10 nm in the pos-
ition of the dopants, and the practical implementation of a
quantum computing device based on this approach requires the

ability to place individual phosphorus atoms into silicon with
atomic precision21 and to register electrostatic gates and readout
devices to each individual dopant.

Figure 1 shows the approach we used to deterministically place a
single phosphorus atom between highly phosphorus-doped source
and drain leads in a planar, gated, single-crystal silicon transport
device. This involved the use of hydrogen-resist lithography22–24 to
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Figure 1 | Single-atom transistor based on deterministic positioning of a
phosphorus atom in epitaxial silicon. a, Perspective STM image of the
device, in which the hydrogen-desorbed regions defining source (S) and
drain (D) leads and two gates (G1, G2) appear raised due to the increased
tunnelling current through the silicon dangling bond states that were created.
Upon subsequent dosing with phosphine, these regions form highly
phosphorus-doped co-planar transport electrodes of monatomic height,
which are registered to a single phosphorus atom in the centre of the device.
Several atomic steps running across the Si(100) surface are also visible.
b, Close-up of the inner device area (dashed box in a), where the central
bright protrusion is the silicon atom, which is ejected when a single
phosphorus atom incorporates into the surface. c, Schematic of the chemical
reaction to deterministically incorporate a single phosphorus atom into the
surface. Saturation dosing of a three-dimer patch (I) at room temperature
(RT) followed by annealing to 350 8C allows successive dissociation of PH3

(II–IV) and subsequent incorporation of a single phosphorus atom in the
surface layer, ejecting a silicon adatom in the process (V).
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The ability to control matter at the atomic scale and build
devices with atomic precision is central to nanotechnology.
The scanning tunnelling microscope1 can manipulate individual
atoms2 and molecules on surfaces, but the manipulation of
silicon to make atomic-scale logic circuits has been hampered
by the covalent nature of its bonds. Resist-based strategies
have allowed the formation of atomic-scale structures on
silicon surfaces3, but the fabrication of working devices—such
as transistors with extremely short gate lengths4, spin-based
quantum computers5–8 and solitary dopant optoelectronic
devices9—requires the ability to position individual atoms in
a silicon crystal with atomic precision. Here, we use a combi-
nation of scanning tunnelling microscopy and hydrogen-resist
lithography to demonstrate a single-atom transistor in which
an individual phosphorus dopant atom has been deterministi-
cally placed within an epitaxial silicon device architecture
with a spatial accuracy of one lattice site. The transistor oper-
ates at liquid helium temperatures, and millikelvin electron
transport measurements confirm the presence of discrete
quantum levels in the energy spectrum of the phosphorus
atom. We find a charging energy that is close to the bulk
value, previously only observed by optical spectroscopy10.

Silicon technology is now approaching a scale at which both the
number and location of individual dopant atoms within a device will
determine its characteristics11, and the variability in device perform-
ance caused by the statistical nature of dopant placement12 is
expected to impose a limit on scaling before the physical limits
associated with lithography and quantum effects13 are reached.
Controlling the precise position of dopants within a device and
understanding how this affects device behaviour have therefore
become essential14–17. Devices based on the deterministic placement
of single dopants in silicon are also leading candidates for solid-state
quantum computing architectures, because the dopants can have
extremely long spin-coherence18 and spin-relaxation times19, and
because this approach would be compatible with existing comp-
lementary metal-oxide-semiconductor (CMOS) technology.

One of the earliest proposals for a solid-state quantum computer
involved arrays of single 31P atoms in a silicon crystal, with the two
nuclear spin states of the 31P atom providing the basis for a quantum
bit (qubit)5. Subsequently, qubits based on the electron spin states6,7

or charge degrees of freedom20 of dopants in silicon were proposed.
This has led to increased interest in measuring the electronic spec-
trum of individual dopants in field-effect transistor architectures,
where the dopants are introduced by low-energy implantation16

or in-diffusion from highly doped contact regions14,15,17. However,
these approaches are limited to a precision of !10 nm in the pos-
ition of the dopants, and the practical implementation of a
quantum computing device based on this approach requires the

ability to place individual phosphorus atoms into silicon with
atomic precision21 and to register electrostatic gates and readout
devices to each individual dopant.

Figure 1 shows the approach we used to deterministically place a
single phosphorus atom between highly phosphorus-doped source
and drain leads in a planar, gated, single-crystal silicon transport
device. This involved the use of hydrogen-resist lithography22–24 to
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Figure 1 | Single-atom transistor based on deterministic positioning of a
phosphorus atom in epitaxial silicon. a, Perspective STM image of the
device, in which the hydrogen-desorbed regions defining source (S) and
drain (D) leads and two gates (G1, G2) appear raised due to the increased
tunnelling current through the silicon dangling bond states that were created.
Upon subsequent dosing with phosphine, these regions form highly
phosphorus-doped co-planar transport electrodes of monatomic height,
which are registered to a single phosphorus atom in the centre of the device.
Several atomic steps running across the Si(100) surface are also visible.
b, Close-up of the inner device area (dashed box in a), where the central
bright protrusion is the silicon atom, which is ejected when a single
phosphorus atom incorporates into the surface. c, Schematic of the chemical
reaction to deterministically incorporate a single phosphorus atom into the
surface. Saturation dosing of a three-dimer patch (I) at room temperature
(RT) followed by annealing to 350 8C allows successive dissociation of PH3

(II–IV) and subsequent incorporation of a single phosphorus atom in the
surface layer, ejecting a silicon adatom in the process (V).
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STM and hydrogen-resist lithography to deterministically 
place individual phosphorus dopant atom within an 
epitaxial silicon device architecture with a spatial 
accuracy of one lattice site 

Atomically Precise Placement of Single Dopants in Si
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We demonstrate the controlled incorporation of P dopant atoms in Si(001), presenting a new path
toward the creation of atomic-scale electronic devices. We present a detailed study of the interaction of
PH3 with Si(001) and show that it is possible to thermally incorporate P atoms into Si(001) below the
H-desorption temperature. Control over the precise spatial location at which P atoms are incorporated
was achieved using STM H lithography. We demonstrate the positioning of single P atoms in Si with
!1 nm accuracy and the creation of nanometer wide lines of incorporated P atoms.
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The ability to control the location of individual dopant
atoms within a semiconductor has enormous potential for
the creation of atomic-scale electronic devices, including
recent proposals for quantum cellular automata [1], single
electron transistors [2], and solid-state quantum com-
puters [3]. Current techniques for controlling the spatial
extent of dopant atoms in Si rely on either ion implanta-
tion techniques or dopant diffusion through optical or
electron-beam patterned mask layers. While the resolu-
tion of these techniques continues to improve they have
inherent resolution limits as we approach the atomic scale
[4]. The work presented here looks beyond conventional
techniques to position P dopant atoms with atomic pre-
cision by using scanning tunneling microscopy (STM)
based lithography on H passivated Si(001) surfaces [5,6]
to control the adsorption and subsequent incorporation of
single P dopant atoms into the Si(001) surface.

First, we show the controlled adsorption of PH3 mole-
cules to STM-patterned areas of H-terminated Si(001)
surfaces and identify both adsorbed PH3 molecules [7]
and the previously unobserved room temperature disso-
ciation product, PH2. We then show, using low PH3 dosed
clean Si(001) surfaces, that both of these room tempera-
ture adsorbates can be completely dissociated using a
critical anneal, and more importantly, that this results
in the substitutional incorporation of individual P atoms
into the top layer of the substrate. Finally, we combine
these two results to demonstrate the spatially controlled
incorporation of individual P dopant atoms into the
Si(001) surface with atomic-scale precision. Of crucial
importance to this final result is that the anneal tempera-
ture for P atom incorporation lies below the H-desorption
temperature, so that the H-resist layer effectively blocks
any surface diffusion of P atoms before their incorpora-
tion into the substrate surface.

Figures 1(a)–1(c) demonstrate the flexibility of STM H
lithography to create different sized regions of bare
Si(001) surface. As we will show, these regions can be
used not only as a template for dopant incorporation but
also to aid in fundamental studies of surface reactions.
In Figs. 1(d)–1(i) we confine the adsorption of phosphine
to such lithographically defined areas of bare Si in

order to identify the dissociation products PH3 and
PH2. Figure 1(d) shows a !2 nm wide line of exposed
Si created using STM lithography on a H-terminated
Si(001) surface that was subsequently dosed with 0.3
langmuir (L " 0:75# 10$6 mbar s) of PH3 gas at room

FIG. 1 (color). A STM tip has been used to remove H atoms
from a H-terminated Si(001) surface to form (a) 200# 30 nm2

rectangular patch, (b) two parallel lines of exposed Si(001)
surface, and (c) five single H-atom desorption sites. The de-
sorption parameters used were %4 V sample bias and 1 nA
tunnel current. The areas of bare Si(001) surface appear
brighter than the surrounding H-terminated surface due to
the additional tunnel current contributed by the Si surface
states [22]. Images (d),(g) show a !2 nm wide lithographic
line and !2 nm patch of hydrogen lithography. After exposure
to PH3, the adsorbed PH3 and PH2 molecules can be seen
within the lithographic areas in images (e) and (h) adsorbing
with c&4# 2' and p&2# 2' periodicities, respectively, as shown
in the schematics (f) and (i).
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The ability to control matter at the atomic scale and build
devices with atomic precision is central to nanotechnology.
The scanning tunnelling microscope1 can manipulate individual
atoms2 and molecules on surfaces, but the manipulation of
silicon to make atomic-scale logic circuits has been hampered
by the covalent nature of its bonds. Resist-based strategies
have allowed the formation of atomic-scale structures on
silicon surfaces3, but the fabrication of working devices—such
as transistors with extremely short gate lengths4, spin-based
quantum computers5–8 and solitary dopant optoelectronic
devices9—requires the ability to position individual atoms in
a silicon crystal with atomic precision. Here, we use a combi-
nation of scanning tunnelling microscopy and hydrogen-resist
lithography to demonstrate a single-atom transistor in which
an individual phosphorus dopant atom has been deterministi-
cally placed within an epitaxial silicon device architecture
with a spatial accuracy of one lattice site. The transistor oper-
ates at liquid helium temperatures, and millikelvin electron
transport measurements confirm the presence of discrete
quantum levels in the energy spectrum of the phosphorus
atom. We find a charging energy that is close to the bulk
value, previously only observed by optical spectroscopy10.

Silicon technology is now approaching a scale at which both the
number and location of individual dopant atoms within a device will
determine its characteristics11, and the variability in device perform-
ance caused by the statistical nature of dopant placement12 is
expected to impose a limit on scaling before the physical limits
associated with lithography and quantum effects13 are reached.
Controlling the precise position of dopants within a device and
understanding how this affects device behaviour have therefore
become essential14–17. Devices based on the deterministic placement
of single dopants in silicon are also leading candidates for solid-state
quantum computing architectures, because the dopants can have
extremely long spin-coherence18 and spin-relaxation times19, and
because this approach would be compatible with existing comp-
lementary metal-oxide-semiconductor (CMOS) technology.

One of the earliest proposals for a solid-state quantum computer
involved arrays of single 31P atoms in a silicon crystal, with the two
nuclear spin states of the 31P atom providing the basis for a quantum
bit (qubit)5. Subsequently, qubits based on the electron spin states6,7

or charge degrees of freedom20 of dopants in silicon were proposed.
This has led to increased interest in measuring the electronic spec-
trum of individual dopants in field-effect transistor architectures,
where the dopants are introduced by low-energy implantation16

or in-diffusion from highly doped contact regions14,15,17. However,
these approaches are limited to a precision of !10 nm in the pos-
ition of the dopants, and the practical implementation of a
quantum computing device based on this approach requires the

ability to place individual phosphorus atoms into silicon with
atomic precision21 and to register electrostatic gates and readout
devices to each individual dopant.

Figure 1 shows the approach we used to deterministically place a
single phosphorus atom between highly phosphorus-doped source
and drain leads in a planar, gated, single-crystal silicon transport
device. This involved the use of hydrogen-resist lithography22–24 to
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Figure 1 | Single-atom transistor based on deterministic positioning of a
phosphorus atom in epitaxial silicon. a, Perspective STM image of the
device, in which the hydrogen-desorbed regions defining source (S) and
drain (D) leads and two gates (G1, G2) appear raised due to the increased
tunnelling current through the silicon dangling bond states that were created.
Upon subsequent dosing with phosphine, these regions form highly
phosphorus-doped co-planar transport electrodes of monatomic height,
which are registered to a single phosphorus atom in the centre of the device.
Several atomic steps running across the Si(100) surface are also visible.
b, Close-up of the inner device area (dashed box in a), where the central
bright protrusion is the silicon atom, which is ejected when a single
phosphorus atom incorporates into the surface. c, Schematic of the chemical
reaction to deterministically incorporate a single phosphorus atom into the
surface. Saturation dosing of a three-dimer patch (I) at room temperature
(RT) followed by annealing to 350 8C allows successive dissociation of PH3

(II–IV) and subsequent incorporation of a single phosphorus atom in the
surface layer, ejecting a silicon adatom in the process (V).
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The ability to control matter at the atomic scale and build
devices with atomic precision is central to nanotechnology.
The scanning tunnelling microscope1 can manipulate individual
atoms2 and molecules on surfaces, but the manipulation of
silicon to make atomic-scale logic circuits has been hampered
by the covalent nature of its bonds. Resist-based strategies
have allowed the formation of atomic-scale structures on
silicon surfaces3, but the fabrication of working devices—such
as transistors with extremely short gate lengths4, spin-based
quantum computers5–8 and solitary dopant optoelectronic
devices9—requires the ability to position individual atoms in
a silicon crystal with atomic precision. Here, we use a combi-
nation of scanning tunnelling microscopy and hydrogen-resist
lithography to demonstrate a single-atom transistor in which
an individual phosphorus dopant atom has been deterministi-
cally placed within an epitaxial silicon device architecture
with a spatial accuracy of one lattice site. The transistor oper-
ates at liquid helium temperatures, and millikelvin electron
transport measurements confirm the presence of discrete
quantum levels in the energy spectrum of the phosphorus
atom. We find a charging energy that is close to the bulk
value, previously only observed by optical spectroscopy10.

Silicon technology is now approaching a scale at which both the
number and location of individual dopant atoms within a device will
determine its characteristics11, and the variability in device perform-
ance caused by the statistical nature of dopant placement12 is
expected to impose a limit on scaling before the physical limits
associated with lithography and quantum effects13 are reached.
Controlling the precise position of dopants within a device and
understanding how this affects device behaviour have therefore
become essential14–17. Devices based on the deterministic placement
of single dopants in silicon are also leading candidates for solid-state
quantum computing architectures, because the dopants can have
extremely long spin-coherence18 and spin-relaxation times19, and
because this approach would be compatible with existing comp-
lementary metal-oxide-semiconductor (CMOS) technology.

One of the earliest proposals for a solid-state quantum computer
involved arrays of single 31P atoms in a silicon crystal, with the two
nuclear spin states of the 31P atom providing the basis for a quantum
bit (qubit)5. Subsequently, qubits based on the electron spin states6,7

or charge degrees of freedom20 of dopants in silicon were proposed.
This has led to increased interest in measuring the electronic spec-
trum of individual dopants in field-effect transistor architectures,
where the dopants are introduced by low-energy implantation16

or in-diffusion from highly doped contact regions14,15,17. However,
these approaches are limited to a precision of !10 nm in the pos-
ition of the dopants, and the practical implementation of a
quantum computing device based on this approach requires the

ability to place individual phosphorus atoms into silicon with
atomic precision21 and to register electrostatic gates and readout
devices to each individual dopant.

Figure 1 shows the approach we used to deterministically place a
single phosphorus atom between highly phosphorus-doped source
and drain leads in a planar, gated, single-crystal silicon transport
device. This involved the use of hydrogen-resist lithography22–24 to
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Figure 1 | Single-atom transistor based on deterministic positioning of a
phosphorus atom in epitaxial silicon. a, Perspective STM image of the
device, in which the hydrogen-desorbed regions defining source (S) and
drain (D) leads and two gates (G1, G2) appear raised due to the increased
tunnelling current through the silicon dangling bond states that were created.
Upon subsequent dosing with phosphine, these regions form highly
phosphorus-doped co-planar transport electrodes of monatomic height,
which are registered to a single phosphorus atom in the centre of the device.
Several atomic steps running across the Si(100) surface are also visible.
b, Close-up of the inner device area (dashed box in a), where the central
bright protrusion is the silicon atom, which is ejected when a single
phosphorus atom incorporates into the surface. c, Schematic of the chemical
reaction to deterministically incorporate a single phosphorus atom into the
surface. Saturation dosing of a three-dimer patch (I) at room temperature
(RT) followed by annealing to 350 8C allows successive dissociation of PH3

(II–IV) and subsequent incorporation of a single phosphorus atom in the
surface layer, ejecting a silicon adatom in the process (V).

1Centre for Quantum Computation and Communication Technology, School of Physics, University of New South Wales, Sydney, NSW 2052, Australia,
2Supercomputing Center, Korea Institute of Science and Technology Information, Daejeon 305-806, South Korea, 3Network for Computational
Nanotechnology, Birck Nanotechnology Center, Purdue University, West Lafayette, Indiana 47907, USA, 4Centre for Quantum Computation and
Communication Technology, School of Physics, University of Sydney, Sydney NSW 2006, Australia, 5Centre for Quantum Computation and Communication
Technology, School of Physics, University of Melbourne, Parkville, VIC 3010, Australia. *e-mail: michelle.simmons@unsw.edu.au

LETTERS
PUBLISHED ONLINE: 19 FEBRUARY 2012 | DOI: 10.1038/NNANO.2012.21

NATURE NANOTECHNOLOGY | VOL 7 | APRIL 2012 | www.nature.com/naturenanotechnology242

A single-atom transistor
Martin Fuechsle1, Jill A. Miwa1, Suddhasatta Mahapatra1, Hoon Ryu2, Sunhee Lee3,
Oliver Warschkow4, Lloyd C. L. Hollenberg5, Gerhard Klimeck3 and Michelle Y. Simmons1*

The ability to control matter at the atomic scale and build
devices with atomic precision is central to nanotechnology.
The scanning tunnelling microscope1 can manipulate individual
atoms2 and molecules on surfaces, but the manipulation of
silicon to make atomic-scale logic circuits has been hampered
by the covalent nature of its bonds. Resist-based strategies
have allowed the formation of atomic-scale structures on
silicon surfaces3, but the fabrication of working devices—such
as transistors with extremely short gate lengths4, spin-based
quantum computers5–8 and solitary dopant optoelectronic
devices9—requires the ability to position individual atoms in
a silicon crystal with atomic precision. Here, we use a combi-
nation of scanning tunnelling microscopy and hydrogen-resist
lithography to demonstrate a single-atom transistor in which
an individual phosphorus dopant atom has been deterministi-
cally placed within an epitaxial silicon device architecture
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ates at liquid helium temperatures, and millikelvin electron
transport measurements confirm the presence of discrete
quantum levels in the energy spectrum of the phosphorus
atom. We find a charging energy that is close to the bulk
value, previously only observed by optical spectroscopy10.
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number and location of individual dopant atoms within a device will
determine its characteristics11, and the variability in device perform-
ance caused by the statistical nature of dopant placement12 is
expected to impose a limit on scaling before the physical limits
associated with lithography and quantum effects13 are reached.
Controlling the precise position of dopants within a device and
understanding how this affects device behaviour have therefore
become essential14–17. Devices based on the deterministic placement
of single dopants in silicon are also leading candidates for solid-state
quantum computing architectures, because the dopants can have
extremely long spin-coherence18 and spin-relaxation times19, and
because this approach would be compatible with existing comp-
lementary metal-oxide-semiconductor (CMOS) technology.

One of the earliest proposals for a solid-state quantum computer
involved arrays of single 31P atoms in a silicon crystal, with the two
nuclear spin states of the 31P atom providing the basis for a quantum
bit (qubit)5. Subsequently, qubits based on the electron spin states6,7

or charge degrees of freedom20 of dopants in silicon were proposed.
This has led to increased interest in measuring the electronic spec-
trum of individual dopants in field-effect transistor architectures,
where the dopants are introduced by low-energy implantation16

or in-diffusion from highly doped contact regions14,15,17. However,
these approaches are limited to a precision of !10 nm in the pos-
ition of the dopants, and the practical implementation of a
quantum computing device based on this approach requires the

ability to place individual phosphorus atoms into silicon with
atomic precision21 and to register electrostatic gates and readout
devices to each individual dopant.

Figure 1 shows the approach we used to deterministically place a
single phosphorus atom between highly phosphorus-doped source
and drain leads in a planar, gated, single-crystal silicon transport
device. This involved the use of hydrogen-resist lithography22–24 to

a

[100]

[010]   S

D

G1

G2

54
 nm

54
 nm

c

Ej. Si

P-SiPH

P

Dissociation IncorporationSaturation dosing

RT T = 350 °C

PH2 H

I II III IV V

PH3

PH3

S

D
b

9.2 nm

9.6 nm

Ejected
Si

Figure 1 | Single-atom transistor based on deterministic positioning of a
phosphorus atom in epitaxial silicon. a, Perspective STM image of the
device, in which the hydrogen-desorbed regions defining source (S) and
drain (D) leads and two gates (G1, G2) appear raised due to the increased
tunnelling current through the silicon dangling bond states that were created.
Upon subsequent dosing with phosphine, these regions form highly
phosphorus-doped co-planar transport electrodes of monatomic height,
which are registered to a single phosphorus atom in the centre of the device.
Several atomic steps running across the Si(100) surface are also visible.
b, Close-up of the inner device area (dashed box in a), where the central
bright protrusion is the silicon atom, which is ejected when a single
phosphorus atom incorporates into the surface. c, Schematic of the chemical
reaction to deterministically incorporate a single phosphorus atom into the
surface. Saturation dosing of a three-dimer patch (I) at room temperature
(RT) followed by annealing to 350 8C allows successive dissociation of PH3

(II–IV) and subsequent incorporation of a single phosphorus atom in the
surface layer, ejecting a silicon adatom in the process (V).
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Si-based quantum computer [3]. Figure 4(c) shows two
desorption sites of diameter !1 nm and separated by
!12 nm. After PH3 dosing and annealing we observe
the incorporation of a single P atom at each of these
lithographic sites, as seen in Fig. 4(d). We note the pres-
ence of two single H atom desorption sites in addition to
the two lithographically defined desorption regions in
Fig. 4(c). However, as seen in Fig. 4(d), these sites do
not produce incorporated P atoms at the low PH3 dose rate
and fluence used. Additionally, in Fig. 4(d), several single
H atom desorption sites are seen as white protrusions
surrounding the left P-Si-H heterodimer. These are the
result of single H atom desorption events during the
350 "C anneal and do not affect the P atom placement.
The !1 nm placement accuracy that we demonstrate here
is more than adequate for the Kane qubit architecture [3].

In summary, we have demonstrated the first controlled
incorporation of single P dopant atoms in Si with atomic-
scale precision. To elucidate this, we have first studied
the interaction of PH3 with the Si(001) surface and, in
particular, observed the substitutional incorporation of
P atoms into the substrate after annealing to 350 "C.
We then employed STM-based H lithography to control
the spatial locations of P atoms incorporated into the
substrate. Critical to this result is that the 350 "C anneal
lies well below the H-desorption temperature such that

the H-resist layer acts as an atomic-scale mask for
controlled P atom incorporation. Preliminary studies to
encapsulate these dopants in Si — and observe the result-
ing change in surface electrostatic potential [20] to con-
firm minimal segregation of array — are underway with
promising results [21]. These results open the door to the
exciting possibility of creating electronic devices in Si
with atomically controlled dopant profiles.
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FIG. 4 (color). STM images of atomically controlled single
P atom incorporation into Si(001). (a) H-terminated Si(001)
with a !1 nm diameter H-desorption point (! 3 dimers long).
(b) The same area after PH3 dosing and annealing to 350 "C
showing a single P atom incorporated at the location defined by
the H-desorption point. (c) Two H-desorption sites separated by
!12 nm. (d) The same area of the surface shown in (c), after
PH3 dosing and annealing to 350 "C. A single P atom has been
incorporated into the surface within both of the two litho-
graphically defined areas. The separation of these two P atoms
(! 12 nm) is of the order of the 20 nm separation required for
the P qubit array of the Kane solid-state quantum computer [3].
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A single-atom transistor
Martin Fuechsle1, Jill A. Miwa1, Suddhasatta Mahapatra1, Hoon Ryu2, Sunhee Lee3,
Oliver Warschkow4, Lloyd C. L. Hollenberg5, Gerhard Klimeck3 and Michelle Y. Simmons1*

The ability to control matter at the atomic scale and build
devices with atomic precision is central to nanotechnology.
The scanning tunnelling microscope1 can manipulate individual
atoms2 and molecules on surfaces, but the manipulation of
silicon to make atomic-scale logic circuits has been hampered
by the covalent nature of its bonds. Resist-based strategies
have allowed the formation of atomic-scale structures on
silicon surfaces3, but the fabrication of working devices—such
as transistors with extremely short gate lengths4, spin-based
quantum computers5–8 and solitary dopant optoelectronic
devices9—requires the ability to position individual atoms in
a silicon crystal with atomic precision. Here, we use a combi-
nation of scanning tunnelling microscopy and hydrogen-resist
lithography to demonstrate a single-atom transistor in which
an individual phosphorus dopant atom has been deterministi-
cally placed within an epitaxial silicon device architecture
with a spatial accuracy of one lattice site. The transistor oper-
ates at liquid helium temperatures, and millikelvin electron
transport measurements confirm the presence of discrete
quantum levels in the energy spectrum of the phosphorus
atom. We find a charging energy that is close to the bulk
value, previously only observed by optical spectroscopy10.

Silicon technology is now approaching a scale at which both the
number and location of individual dopant atoms within a device will
determine its characteristics11, and the variability in device perform-
ance caused by the statistical nature of dopant placement12 is
expected to impose a limit on scaling before the physical limits
associated with lithography and quantum effects13 are reached.
Controlling the precise position of dopants within a device and
understanding how this affects device behaviour have therefore
become essential14–17. Devices based on the deterministic placement
of single dopants in silicon are also leading candidates for solid-state
quantum computing architectures, because the dopants can have
extremely long spin-coherence18 and spin-relaxation times19, and
because this approach would be compatible with existing comp-
lementary metal-oxide-semiconductor (CMOS) technology.

One of the earliest proposals for a solid-state quantum computer
involved arrays of single 31P atoms in a silicon crystal, with the two
nuclear spin states of the 31P atom providing the basis for a quantum
bit (qubit)5. Subsequently, qubits based on the electron spin states6,7

or charge degrees of freedom20 of dopants in silicon were proposed.
This has led to increased interest in measuring the electronic spec-
trum of individual dopants in field-effect transistor architectures,
where the dopants are introduced by low-energy implantation16

or in-diffusion from highly doped contact regions14,15,17. However,
these approaches are limited to a precision of !10 nm in the pos-
ition of the dopants, and the practical implementation of a
quantum computing device based on this approach requires the

ability to place individual phosphorus atoms into silicon with
atomic precision21 and to register electrostatic gates and readout
devices to each individual dopant.

Figure 1 shows the approach we used to deterministically place a
single phosphorus atom between highly phosphorus-doped source
and drain leads in a planar, gated, single-crystal silicon transport
device. This involved the use of hydrogen-resist lithography22–24 to
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Figure 1 | Single-atom transistor based on deterministic positioning of a
phosphorus atom in epitaxial silicon. a, Perspective STM image of the
device, in which the hydrogen-desorbed regions defining source (S) and
drain (D) leads and two gates (G1, G2) appear raised due to the increased
tunnelling current through the silicon dangling bond states that were created.
Upon subsequent dosing with phosphine, these regions form highly
phosphorus-doped co-planar transport electrodes of monatomic height,
which are registered to a single phosphorus atom in the centre of the device.
Several atomic steps running across the Si(100) surface are also visible.
b, Close-up of the inner device area (dashed box in a), where the central
bright protrusion is the silicon atom, which is ejected when a single
phosphorus atom incorporates into the surface. c, Schematic of the chemical
reaction to deterministically incorporate a single phosphorus atom into the
surface. Saturation dosing of a three-dimer patch (I) at room temperature
(RT) followed by annealing to 350 8C allows successive dissociation of PH3

(II–IV) and subsequent incorporation of a single phosphorus atom in the
surface layer, ejecting a silicon adatom in the process (V).
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A central goal in semiconductor quantum optics is to devise
efficient interfaces between photons and atom-like
quantum emitters for applications including quantum

memories, single-photon sources and nonlinearities at the level
of single quanta. Many approaches have been investigated
for positioning emitters relative to the mode-maximum of
nanophotonic devices with the necessary subwavelength-scale
precision, including fabrication of nanostructures around
pre-localized or site-controlled semiconductor quantum dots1–5

or diamond defect centres6, or implantation of ions for defect
centre creation in nanostructures concomitant with the
nanofabrication7,8. However, these approaches have not allowed
high-throughput post-fabrication creation of quantum emitters
with nearly indistinguishable emission in nanophotonic
structures already fabricated and evaluated; such an approach
greatly simplifies the design and fabrication process and improves
the yield of coupled emitter–nanostructure systems.

Unlike quantum emitters such as molecules or quantum dots,
diamond defect centres can be created through ion implantation
and subsequent annealing9,10, enabling direct control of the
centre depth via the ion energy. Lateral control has been
demonstrated through the use of nanofabricated implantation
masks11–16, which have been employed for colour centre
creation relative to optical structures through atomic force
microscope (AFM) mask alignment6, and combined
implantation/nanostructure masking7,8. Implantation through a
pierced AFM tip6 does not require modification of the fabrication
process and allows for implantation after fabrication and
evaluation of these structures. However, the process is
time-consuming, requires special AFM tips and can lead to
reduced positioning precision by collisions with mask walls. As an
alternative, focused ion beam (FIB) implantation of ions,
for example, nitrogen17 and silicon18, can greatly simplify the
implantation process by eliminating the need of a nanofabricated
mask. Similar to a scanning electron microscope, an ion beam can
be precisely scanned, enabling lateral positioning accuracy at the
nanometre scale and ‘direct writing’ into tens of thousands of
structures with high throughput.

The silicon vacancy (SiV) belongs to a group of colour centres
in diamond that has emerged as promising single-photon
emitters and spin-based quantum memories. Among the many
diamond-based fluorescent defects that have been investigated19,
the SiV centre20–23 is exceptional in generating nearly lifetime-
limited photons with a high Debye-Waller factor of 0.79 (ref. 24)
and low spectral diffusion due to a vanishing permanent electric
dipole moment in an unstrained lattice25,26. These favourable
optical properties have notably enabled two-photon quantum
interference between distant SiV centres25,27 and entanglement of
two SiV centres coupled to the same waveguide28. In addition, the
SiV has electronic and nuclear spin degrees of freedom that could
enable long-lived, optically accessible quantum memories29–31.

Here we introduce a method for positioning emitters relative
to the mode-maximum of nanophotonic devices: direct FIB
implantation of Si ions into diamond photonic structures.
This post-fabrication approach to quantum emitter generation
achieves nanometre-scale positioning accuracy and creates SiV
centres with optical transition linewidths comparable to the best
‘naturally’ growth-incorporated SiV reported27. The approach
allows Si implantation into B2! 104 sites per second, which
allows creation of millions of emitters across a wafer-scale
sample. We also show that additional post-implantation electron
irradiation and annealing creates an order of magnitude
enhancement in Si to SiV conversion yield. By repeated cycles
of Si implantation and optical characterization, this approach
promises nanostructures with precisely one SiV emitter per
desired location. Finally, we demonstrate and evaluate the

site-targeted creation of SiVs in pre-fabricated diamond
photonic crystal nanocavities. The ability to implant quantum
emitters with high spatial resolution and yield opens the door to
the reliable fabrication of efficient light–matter interfaces based
on semiconductor defects coupled to nanophotonic devices.

Results
Spatial precision of SiV creation. As outlined in Fig. 1, the
fabrication approach introduced here relies on Si implantation
in a custom-built 100 kV FIB nanoImplanter (A&D FIB100nI)
system (Methods) and subsequent high-temperature annealing to
create SiV centres. The nanoImplanter uses field emission to
create a tightly focused ion beam down to a minimum spot size
of o10 nm from a variety of liquid metal alloy ion sources
(Methods). For the experiments described here, we used an Si
beam with a typical spot size of o40 nm into commercially
available high-purity chemical vapour deposition diamond
substrates (Element6). After implantation, we performed high-
temperature annealing and surface preparation steps to convert
implanted Si ions to SiVs (Methods).
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Figure 1 | Targeted Si ion implantation into diamond and SiV defect
properties. (a) Illustration of targeted ion implantation. Si ions are precisely
positioned into diamond nanostructures via a FIB. The zoom-in shows a
scanning electron micrograph of a L3 photonic crystal cavity patterned into
a diamond thin film. Scale bar, 500 nm; Si is silicon. (b) Intensity
distribution of the fundamental L3 cavity mode with three Si target
positions: the three mode-maxima along the centre of the cavity are
indicated by the dashed circle. The central mode peak is the global
maximum. (c) Atomic structure of a SiV defect centre in diamond.
Si represents an interstitial Si atom between a split vacancy along the
o1114 lattice orientation and C the diamond lattice carbon atoms.
(d) Simplified energy-level diagram of the negatively charged SiV indicating
the four main transitions A, B, C and D26. Do is the energy splitting of the
two levels within the doublets.
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Development of Counted Single Donor Devices using in-situ Single Ion 
Detectors on the SNL NanoImplanter

J. L. Pacheco, M. Singh, G. Ten Eyck, M. P. Lilly, E. Bielejec and M. S. Carroll
Sandia National Laboratories

Accurate placement of P, Sb, or Bi donors

Realization of Single/Double Donor Devices In-Situ Detector Operation

Sandia National Laboratories is a multi-program laboratory managed and operated by Sandia Corporation, a wholly owned subsidiary of Lockheed Martin Corporation, for the U.S. Department of Energy’s National Nuclear Security Administration under contract DE-AC04-94AL85000. 
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Enhancing semiconductor device performance using
ordered dopant arrays
Takahiro Shinada1, Shintaro Okamoto2, Takahiro Kobayashi2 & Iwao Ohdomari1,2

As the size of semiconductor devices continues to shrink, the
normally random distribution of the individual dopant atoms
within the semiconductor becomes a critical factor in determining
device performance—homogeneity can no longer be assumed1–5.
Here we report the fabrication of semiconductor devices in which
both the number and position of the dopant atoms are precisely
controlled. To achieve this, we make use of a recently developed
single-ion implantation technique6–9, which enables us to implant
dopant ions one-by-one into a fine semiconductor region until the
desired number is reached. Electrical measurements of the result-
ing transistors reveal that device-to-device fluctuations in the
threshold voltage (V th; the turn-on voltage of the device) are less
for those structures with ordered dopant arrays than for those
with conventional random doping. We also find that the devices
with ordered dopant arrays exhibit a shift in V th, relative to the
undoped semiconductor, that is twice that for a random dopant
distribution (20.4 V versus 20.2 V); we attribute this to the
uniformity of electrostatic potential in the conducting channel
region due to the ordered distribution of dopant atoms. Our
results therefore serve to highlight the improvements in device
performance that can be achieved through atomic-scale control
of the doping process. Furthermore, ordered dopant arrays of
this type may enhance the prospects for realizing silicon-based
solid-state quantum computers10.
Doping of impurity atoms into semiconductors is essential to

achieving the proper function of semiconductor devices through the
control of electrical characteristics11. So far, the semiconductor has
been assumed to be homogeneously doped in the active channel
region. In nanoscale semiconductor devices, however, the channel
regionwill contain few dopant atoms and the assumption of uniform
dopant distribution is no longer feasible. In this situation, the
statistical fluctuation in dopant atom number due to a random
Poisson distribution causes serious fluctuation in the device’s
functioning.
In order to suppress the conductance fluctuation due to the

fluctuation in the number of dopant atoms, we have previously
attempted to tailor the conductance of submicrometre resistors,
which corresponds to the channel region in semiconductor devices,
by one-by-one implantation of dopant ions, which we refer to as
single ion implantation (SII). In SII, single ions are extracted by
chopping a focused ion beam using a small aperture and high
frequency beam deflection, and the number of implanted ions is
controlled one-by-one by detecting secondary electrons emitted
from a target outside upon a single ion incidence. A broad range of
ion species such as Be, B, Si, P, Fe, Co, Ni, Cu, Ga, Ge, As, Pd, In, Sb, Pt
and Au can now be implanted one-by-one with an aiming precision
of 60 nm (ref. 9) and with potentially higher accuracy by remodelling
the focused ion beam optics for SII. The number of single ions
necessary to tailor the conductance value to a certain value on the

higher side of the initial distribution was implanted in each resistor.
The initial conductance fluctuation (the ratio of the standard
deviation to the average value of conductance from 22 resistors) of
63% was reduced to only 13% (ref. 8). By analysing the origin of the
fluctuation after SII, the residual fluctuation turned out to be the
fluctuation in the dopant atom position. Thus we have found that the
control of not only the dopant atom number but also its position is
essential.
We note that a solid-state quantum computer has been proposed

by Kane10. Kane’s original proposal requires single phosphorus atoms
to be placed in an array in a Si layer beneath an insulating oxide layer.
However, the incorporation of the dopant array is a major problem
that has yet to be overcome. In this Letter, we demonstrate the
fabrication of a semiconductor with an ordered array of dopant atoms.
Figure 1a sketches a simplified version of the resistor. The channel

size is 300 nm wide, 3.2 mm long and 90 nm thick employing a
phosphorus-doped n-type (100) silicon-on-insulator (SOI) sub-
strate (resistivity 8–12 ohm cm) patterned using standard photo-
lithography. A 25 nm silicon dioxide layer covers the channel region
to passivate the surface states, which act as carrier generation-
recombination centres. The devices have a simple back-gated device
configuration on a silicon substrate, where underlying buried oxide
was used as the back gate. The drain current (Id) from the source to
the drain is controlled by the gate voltage (Vg) from the substrate
through the buried oxide of 90 nm thickness. The electrodes attached
along with the channel (Fig. 1b) for measuring the semiconductor
resistivity by the four point probe technique were not employed in this
work. Figure 1c shows an atomic force microscope (AFM) image of
single-ion incident sites in a fission track detector, fabricated by SII.
Typical electrical characteristics (Fig. 2) show that Id increases as

source-to-drain voltage (Vd) increases at a positive back-gate bias,
and saturates beyond the pinch-off point. Figure 2a confirms that our
device is based on the standard field-effect transistor (FET) theory,
and that the Fermi level in the channel is controlled by the back-gate
and drain bias. The device exhibits an accumulation-mode n-channel
transistor behaviour. In advance of SII, the initial threshold voltage
(V i

th) was evaluated by the extrapolation of the linear part of the curve
to the Vg axis in the Vg dependence of Id under a certain Vd of 0.1 V
(Fig. 2b). The measurement was carried out at room temperature by
using a semiconductor parameter analyser (Keithley 4200-SCS) and
in a vacuum to avoid the disturbance caused by adsorbates.
Doubly charged P single ions were implanted one-by-one at 30 kV

into the channel region at a centre-to-centre distance (pitch) of
100 nm through the 25-nm-thick surface oxide by SII, as shown in
Fig. 3a, where a part of the channel region (0.3 mm £ 3.2 mm) is
indicated. The number of implanted ions in the channel was set to be
96. The projected range and the projected range straggling were
calculated to be 86 nm and 22 nm, respectively, by usingMonte Carlo
code SRIM2003 (http://www.SRIM.org). For comparison with the
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Figure 1. Experimental setup for 100% detection of single-ion
incidence. The channel region to be implanted with single ions is
biased at the drain voltage. Doubly charged Si single ions were
implanted at 30 kV through the 25 nm thick SiO2 overlayer.
(This figure is in colour only in the electronic version)

or the positioning of the ions, while our method, which is based
on single-ion implantation, can control both the number and
the positioning of the ions, and that this control is essential for
future nanoscale semiconductor devices.

In single-ion implantation, it is necessary to detect
single-ion arrival in the substrate to control the single-
ion number. So far, ion–solid interactions with target
materials such as secondary electron emission, luminescence,
and electron–hole pair generation have been exploited to
detect ion incidence. In our previous experiment [16], the
detection efficiency was evaluated to be as high as 90% by
detecting the secondary electron emission emitted from Si
covered with a 25 nm silicon dioxide layer. The single-
ion beam-induced charge (SIBIC) imaging technique that has
been developed for single-ion microprobe technology has
been useful for single-ion detection—the technique involves
collecting charges of electron–hole pairs generated by an MeV
single-ion strike [17–19]; this method has been extended
to lower-energy ions [20]. Recent work demonstrated the
detection of 50–70 keV energy ions (Sb and Xe) by monitoring
changes in the current of microscale transistors [21]. In this
paper, we report 100% detection at room temperature of the
one-by-one incidence of 60 keV single phosphorus ions, which
are well known as an n-type dopant for silicon electronics and
a candidate for quantum bits (qubits) in solid-state quantum
computers [22–24], by detecting the minimal drain current
changes in the on-state semiconductor devices resulting from
the defects generated with every single-ion strike.

2. Experiments

Figure 1 depicts our experimental setup for 100% detection
of single-ion incidence. The channel with phosphorus
(P)-doped (100) silicon-on-insulator (SOI) 90 nm thick,
with a resistivity of 0.05–0.1 ! cm, was structured using
standard photolithography and coupled with source and drain

electrodes. A 25 nm thick silicon dioxide layer (depicted in
figure 1 as a transparent layer) covers the channel region to
minimize the mid-gap state within the silicon bandgap and
to protect against any contaminants. The drain current (Id)

from source to drain can be controlled by both the drain
voltage (Vd) and the gate voltage (Vg) from the substrate
through the 90 nm thick buried oxide. The experimental
device was mounted in an SII vacuum chamber, and then
measured at room temperature to check that the drain current
first increases and then saturates with an increasing drain
voltage, confirming the field-effect transistor (FET) behavior
before single-ion implantation. The average drain current
and the standard deviation were measured to be 86.8 nA and
0.3 pA, respectively, under the condition of Vd = 0.01 V and
Vg = 0 V. The fluctuation, the ratio of the standard deviation
to the average value in drain current, was evaluated to be only
0.03%.

Doubly charged Si single ions were implanted at 30 kV
into the center of the channel region that was 2 µm wide
and 4 µm long and was biased at Vd = 0.1 V and Vg =
0 V. The chopping repetition, which is directly related to
the average number of implanted single ions, was set to be
from 250 to 2000 times per single-ion implantation trial. We
have confirmed that the average number of extracted ions
was evaluated to be 0.001 ions/chop under the condition
that the beam current was 0.2 pA and the transient time
of beam chopping was 25 ns. Based on the Monte Carlo
code SRIM simulation model (http://www.SRIM.org), an Si2+

ion implanted at 30 kV into Si with a 25 nm thick SiO2

overlayer travels into the substrate at an average depth of 89 nm
with lateral and longitudinal straggles of 33 nm and 30 nm,
respectively. Each implant produces cascades of displacements
of nearby atoms along the ion track in the Si layer. The
disordered clusters of displaced Si atoms in the channel disturb
carrier transport from the source to the drain, resulting in
abruptly decreasing drain current.

3. Results and discussion

Figure 2 shows representative data of the drain current
variation with time which was taken at a chopping repetition
of 2000. Clearly shown is the stepwise decrease in drain
current at each single-ion implantation. The current change
per single-ion implantation was measured to be on the order of
nA. We defined the detection efficiency of single-ion incidence
as the ratio of the number of stepwise current reductions to
the number of SII trials. Figure 3 shows the relation between
detection efficiency and the chopping repetition. The detection
efficiency increases linearly with an increase in chopping
repetition and saturates at a chopping repetition of 1500. Since
the number of SII trials is exactly the same as the number
of stepwise changes in the drain current, we evaluated the
detection efficiency of single-ion arrival to be 100%. We
noted that this detection efficiency occurs at even a relatively
low bias condition (several 100 V cm−1). In conventional
methods for collecting ion-induced charges, a relatively high
voltage must usually be applied between the two electrodes
to separate electron–hole pairs and immediately produce the
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Abstract

Solid state electronic devices fabricated in silicon employ many ion implantation steps in their
fabrication. In nanoscale devices deterministic implants of dopant atoms with high spatial
precision will be needed to overcome problems with statistical variations in device
characteristics and to open new functionalities based on controlled quantum states of single
atoms. However, to deterministically place a dopant atom with the required precision is a
significant technological challenge. Here we address this challenge with a strategy based on
stepped nanostencil lithography for the construction of arrays of single implanted atoms. We
address the limit on spatial precision imposed by ion straggling in the nanostencil—fabricated
with the readily available focused ion beam milling technique followed by Pt deposition. Two
nanostencils have been fabricated; a 60 nm wide aperture in a 3 µm thick Si cantilever and a
30 nm wide aperture in a 200 nm thick Si3N4 membrane. The 30 nm wide aperture
demonstrates the fabricating process for sub-50 nm apertures while the 60 nm aperture was
characterized with 500 keV He+ ion forward scattering to measure the effect of ion straggling
in the collimator and deduce a model for its internal structure using the GEANT4 ion transport
code. This model is then applied to simulate collimation of a 14 keV P+ ion beam in a 200 nm
thick Si3N4 membrane nanostencil suitable for the implantation of donors in silicon. We
simulate collimating apertures with widths in the range of 10–50 nm because we expect the
onset of J-coupling in a device with 30 nm donor spacing. We find that straggling in the
nanostencil produces mis-located implanted ions with a probability between 0.001 and 0.08
depending on the internal collimator profile and the alignment with the beam direction. This
result is favourable for the rapid prototyping of a proof-of-principle device containing multiple
deterministically implanted dopants.

S Online supplementary data available from stacks.iop.org/Nano/24/145304/mmedia

(Some figures may appear in colour only in the online journal)

1. Introduction

The capability to deterministically dope semiconductor
materials at the nanoscale has many potential applications.
The International Technology Roadmap for Semiconductors

for 2011 [1] suggests future developments in nanoscale
classical complementary metal–oxide–semiconductor devices
could require deterministic doping to address issues
arising from random variations in dopant positions which
are increasingly more significant for sub-50 nm scaled
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ABSTRACT
We report the integration of a scanning force microscope with ion beams. The scanning probe images surface structures non-invasively and
aligns the ion beam to regions of interest. The ion beam is transported through a hole in the scanning probe tip. Piezoresistive force sensors
allow placement of micromachined cantilevers close to the ion beam lens. Scanning probe imaging and alignment is demonstrated in a
vacuum chamber coupled to the ion beam line. Dot arrays are formed by ion implantation in resist layers on silicon samples with dot diameters
limited by the hole size in the probe tips of a few hundred nm.

Beyond imaging, scanning probes (SP) have been integrated
with many surface modification functionalities, such as
patterning by anodic oxidation,1 etching of surfaces through
transport of excited particles from a plasma source,2 and
deposition of metal lines through nanostencils.3,4 Focused
ion beams (FIB) of mostly Ga ions are routinely available
for patterning of materials at a length scale down to about
10 nm. However, a crucial problem in FIB based ion
implantation and pattering results from the need to align the
ion beam precisely with an electron beam to avoid ions
reaching the sample during alignment imaging.5,6 In addition,
most FIB systems can deliver only a single ion species before
timely ion source changes. The integration of a scanning
probe with an ion beam allows high resolution, nondestruc-
tive imaging of the target, and enables alignment of an ion
beam to device features with a few nanometer accuracy. In
our setup7,8 the desired ion beam spot size is achieved with
a collimating hole in the cantilever as a final beam limiting
aperture. This enables us also to align the implantation or
patterning spot with the scanned region by placing the tip at
a precise location. Holes in tips with diameters as small as
5 nm have been formed by FIB drilling of a few hundred
nm wide holes, followed by hole closing via local thin film
deposition.9 Ion beam transport has been characterized for
30 nm diameter holes in nickel foils.10

The integration of ion beams with scanning probes is
similar to the use of a “dynamic nanostencil” for aligned
deposition of sub-100 nm wide metal lines.3,4 Furthermore,
Rangelow et al.2 have used low energy particles transported
through a nanonozzle to locally etch or deposit material. The
nanonozzle also functioned simultaneously as an scanning
probe tip. Our experiment combines the ability to implant
ions with non-invasive scanning probe imaging and align-
ment.
Figure 1 shows a schematic of our setup. The scanning

probe is installed in a vacuum chamber (base pressure 10-8
Torr), coupled to an ion beam line. Ion beams can be
delivered from two ion sources, a medium current source
(few µA) for low energy (1 to 10 keV), low charge state
ions (1 to 3+), and a low current source for high charge
state ions. The latter is an electron beam ion trap (EBIT),
which produces particle pA low emittance (1 mm mrad)
beams of any neon-like ion across the periodic table, and
bare ions up to Kr36+. We use it here for production of Bi45+
beams with a kinetic energy of 180 keV.11 Bi is a donor in
silicon, and a candidate for implementation of electron spin-
based quantum computation.12

A bending magnet in the beam line is used to select a
certain charge state of the used ion species. The beam is
focused by several Einzel lenses into an 8 in. cube where a* Corresponding author. E-mail: apersaud@lbl.gov.
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Beyond imaging, scanning probes (SP) have been integrated
with many surface modification functionalities, such as
patterning by anodic oxidation,1 etching of surfaces through
transport of excited particles from a plasma source,2 and
deposition of metal lines through nanostencils.3,4 Focused
ion beams (FIB) of mostly Ga ions are routinely available
for patterning of materials at a length scale down to about
10 nm. However, a crucial problem in FIB based ion
implantation and pattering results from the need to align the
ion beam precisely with an electron beam to avoid ions
reaching the sample during alignment imaging.5,6 In addition,
most FIB systems can deliver only a single ion species before
timely ion source changes. The integration of a scanning
probe with an ion beam allows high resolution, nondestruc-
tive imaging of the target, and enables alignment of an ion
beam to device features with a few nanometer accuracy. In
our setup7,8 the desired ion beam spot size is achieved with
a collimating hole in the cantilever as a final beam limiting
aperture. This enables us also to align the implantation or
patterning spot with the scanned region by placing the tip at
a precise location. Holes in tips with diameters as small as
5 nm have been formed by FIB drilling of a few hundred
nm wide holes, followed by hole closing via local thin film
deposition.9 Ion beam transport has been characterized for
30 nm diameter holes in nickel foils.10

The integration of ion beams with scanning probes is
similar to the use of a “dynamic nanostencil” for aligned
deposition of sub-100 nm wide metal lines.3,4 Furthermore,
Rangelow et al.2 have used low energy particles transported
through a nanonozzle to locally etch or deposit material. The
nanonozzle also functioned simultaneously as an scanning
probe tip. Our experiment combines the ability to implant
ions with non-invasive scanning probe imaging and align-
ment.
Figure 1 shows a schematic of our setup. The scanning

probe is installed in a vacuum chamber (base pressure 10-8
Torr), coupled to an ion beam line. Ion beams can be
delivered from two ion sources, a medium current source
(few µA) for low energy (1 to 10 keV), low charge state
ions (1 to 3+), and a low current source for high charge
state ions. The latter is an electron beam ion trap (EBIT),
which produces particle pA low emittance (1 mm mrad)
beams of any neon-like ion across the periodic table, and
bare ions up to Kr36+. We use it here for production of Bi45+
beams with a kinetic energy of 180 keV.11 Bi is a donor in
silicon, and a candidate for implementation of electron spin-
based quantum computation.12

A bending magnet in the beam line is used to select a
certain charge state of the used ion species. The beam is
focused by several Einzel lenses into an 8 in. cube where a* Corresponding author. E-mail: apersaud@lbl.gov.
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Figure 1. Device fabrication schematic of a prototype two-donor device for investigation of the controlled coupling of two donor states as a
building block of a large-scale solid state quantum computer device. The device shown here is based on the Morello architecture [9] for spin
readout with two donors placed by deterministic doping. (a) A static on-substrate mask is used to define the location of the implants. (b), (c)
A nanostencil is used to serially address each implant site with the nanostencil step action gated on the ion impact signal. (d) After removal
of the implant mask, control gates are fabricated in positions aligned with the implants. Details of the fabrication of control gates have been
omitted for clarity. (e) The deterministic ion implantation process makes use of the charge generated during an ion impact, with the active
substrate configured as a PIN detector sensitive to 14 keV ion impacts [8]. (f) The unavoidable straggling of ions inside the nanostencil
gives rise to scattered ions exiting the collimating aperture. The static on-substrate mask can prevent most of the scattered ions from
entering the substrate; however, small angle scattering could direct ions into unintended implant sites.

apertures were milled (FIB current 200 pA, duration 300 s)
and were backfilled with Pt from an 15 keV 1 nA electron
beam cracked precursor gas (pressure 10�6 Torr) until the
width was reduced to 60 nm (figures 2(b)–(d)), as imaged
by scanning electron microscopy (SEM). To test the limits
of the method a second nanostencil was fabricated using a
200 nm thick self-supporting Si3N4 membrane in which a
90 nm wide aperture was milled (FIB current 30 pA, duration
20 s) (figure 2(e)) and again backfilled with Pt to a minimum
width of 30 nm wide (figure 2(f)). In backfilling, several Pt
lines were deposited on either edge of the aperture with a
15 keV, 0.5 nA, 8 s duration electron beam to reduce the
aperture width. Transmission electron microscopy (TEM), on
a separate instrument, was used to assess the aperture width.
The resulting feedback to the process control was slow and,
therefore, limited the observed minimum aperture width to
30 nm. Even smaller apertures in Si3N4 membranes with
diameters less than 5 nm have been reported elsewhere [42].

In previous work the limiting lateral precision of an
implant that could be achieved with similar nanostencils was
assessed by measuring the dimensions of the collimating
aperture itself [43], imaging the substrate after implantation
into a resist [44] or by confocal microscopy after the creation
of colour centres in diamond [35, 45, 46]. However, these

methods were not appropriate to measure the intensity or
energy spectrum of the scattered ions. The energy spectrum
is important because it determines the depth to which the
scattered ions can penetrate the substrate and hence disrupt
device function.

In our experiments we took a two-step approach to assess
the precision limitation imposed by aperture straggling on
device fabrication with our nanostencils. In the first step
the three-dimensional structure of the collimating aperture in
the Si nanostencil was characterized using high energy ions
with the technique of scanning transmission ion microscopy
(STIM) using readily available apparatus. A GEANT4 model
was used to fit a model for the internal aperture profile
to the experimental STIM energy spectrum. In the second
step the GEANT4 model was applied to the actual ion
beam to be employed in the deterministic doping process,
which in our case is 14 keV P, in order to assess the
effect of aperture straggling and hence the scattered ions.
An alternative single-step process employing the latter beam
alone is possible, but limited by the poor energy resolution of
the cryogenic ion energy detector required and the uncertain
corrections for the detector degradation due to ion damage.

For the first step we used the MP2 nuclear microprobe
beam line [47] at the University of Melbourne to conduct

3

lens element that acts as a beam limiting aperture of 1 mm
diameter separates the target area and the scanning probe
from the rest of the beam line. The scanning probe tip is
mounted behind this aperture on a flexure stage for coarse
approach of the tip to the surface and is kept fixed in position
during scans and implantation. The target is mounted on a
stage with a 100 µm × 100 µm × 10 µm range and
nanometer precision. Stage motion is used to acquire scan
images from the SP or position the sample at specific
locations.
Because of space restrictions, the integration of a laser

for standard optical detection of the cantilever deflection
signal is impractical here. Instead, we use a piezoresistive
readout scheme. The silicon cantilevers have a piezoresistive
Wheatstone bridge built into the cantilever beam.13 This and
a vacuum preamp stage (×10) result in relatively high signal-
to-noise ratios for imaging. The deflection signal is further
amplified in a second amplifier stage outside the vacuum
chamber, and a low pass filter is applied before the signal is
fed into the SP control hardware. Typical signal strengths
are a few µV per nm deflection. The cantilevers have a
typical spring constant of several N/m. The dimensions of
the beam are about 150 µm × 600 µm.14 The cantilever is
mounted on a ceramic chip, which can also hold a pre-
collimating foil mounted 300-700 µm behind the cantilever
to shield the rest of the sample from ion implantation.8
The final beam limiting aperture is drilled into the

cantilever using a FIB with 30 keV Ga+ ions. Figure 2 shows
scanning electron microscope (SEM) images of the imaging
tip and collimating aperture formed on a cantilever. In case
of a pre-collimator, holes in the cantilever and the pre-
collimator are formed in one drilling step and are therefore
self-aligned. Aspect ratio limitations preclude direct drilling
of small holes in thick samples. We find that aspect ratios

are limited to about 5:1 in FIB drilling of micrometer thick
cantilevers. Smaller hole diameters are achieved by closing
micron size holes via ion (or electron) beam assisted platinum
deposition.9 A thin metal film first closes the micron-sized
hole, and a second hole is then drilled into the Pt film. This
process of hole closing and re-drilling can be repeated until
the desired hole size is reached. It is important here that the
Pt film is thick enough to stop ions, and a few hundred
nanometer film thickness suffices to stop the ions used in
this study. Required stopping ranges can be estimated by
SRIM.15 A Pt film with a thickness of only 100 nm will
efficiently stop 50 keV Ar and 200 keV Bi ions.
Ion beam assisted Pt deposition was also used to build SP

tips onto the cantilever in a defined distance to the drilled
hole.8 Details of the SP setup with FIB processed cantilevers
have been reported elsewhere.8 From the SEM images, the
radius of curvature for the tips can be estimated to a size

Figure 1. Schematic of the setup. A piezoresistive cantilever with
a small hole and an imaging tip is mounted on a pre-collimating
aperture in front of an ion beam lens element. The tip can be
positioned relative to alignment markers on the sample for ion
implantation.

Figure 2. SEM images of the AFM tip (top) and the collimating
aperture (below), both formed by ion beam assisted Pt deposition
in a FIB on a piezoresistive scanning probe sensor. The aperture
diameter is 300 nm, and the radius of curvature is estimated to be
< 100 nm.

1088 Nano Lett., Vol. 5, No. 6, 2005

smaller than 100 nm. From a comparison of line scans across
identical features on a calibrated sample with a commercial
tip and AFM, we believe that the actual tip radius is much
smaller, comparable with commercial tips.
Evidently, sputtering will alter and eventually destroy thin

collimators, and FIB-formed Pt tips were found to blunt after
several hours of imaging in vacuum. Cantilevers can be
refurbished reliably, and tips and holes have been regrown
several times on the cantilever shown here. Inspection with
SEM found holes to be stable after extended beam exposures
(>10 h with ≈ 1 nA/mm2 Ar2+ intensities).8

The effective resolution in local ion implantation and
doping or pattering with ion beams is limited by the
collimator diameter, possible beam broadening in the interac-
tion of ions with the small hole (slit scattering), and also by
range straggling of implanted ions.10 An SP imaging resolu-
tion of a few nm is therefore sufficient in this instrument,
and this also relaxes the requirements for the sharpness of
FIB formed tips.
The results reported in this letter were produced using

silicon cantilevers with a series of four holes: two 4 µm
sized holes, one hole with a 1 µm diameter, and one hole
with a diameter of 300 nm achieved by closing down a bigger
hole with platinum deposition and then re-drilling the hole
in the platinum. The holes were places approximately 50
µm apart.
The image in Figure 3 shows a line scan across a 2 µm

wide alignment dot formed by standard microfabrication
techniques on a silicon surface using the tip shown in Figure
2. The surface roughness determined with this tip is about 1
nm over a (15 µm)2 area, and comparison of a line scan of
one these markers with imaging results, using a commercial
AFM at air, lets us estimate an imaging resolution of better
than 10 nm. For the ion implantation and pattering experi-
ments, the tip was positioned 10 µm above the target surface.
Implantation in contact mode is also possible. We did not
observe effects on image quality when the ion beam was on
during imaging. The sample stage was programmed to move
to a specific position and stay there for a fixed dwell time

before moving to the next defined point. The dwell time was
set to 10 s per spot for exposures with a 2 nA/mm2Ar2+ beam
(6 keV), and the translation speed between points was set to
100 µm/s.

We used poly(methyl methacrylate) (PMMA, positive
tone) and hydrogen silsesquioxane (HSQ, negative tone) as
resists on silicon wafers for demonstration of pattern forma-
tion. The PMMA (molecular weight 495 k) was spun onto
a silicon wafer resulting in a 50 nm high film (prebaked at
60 °C for one minute). The thickness of the HSQ film was
also about 50 nm. Markers were imaged and an off marker
area was selected with the SP. The equivalent argon ion dose
per dot was approximately 1013 cm-2 (or several µC16).

An image of the dot pattern formed by aligned implanta-
tion through the 300 nm hole (Figure 2) is shown in Figure
4 after resist development. The slightly oval dot shape is
due to the low beam quality of the Ar-beam and was also
visible for larger hole sizes, but is not visible when using
the low emittance beam from the EBIT source (see Figure
5).

Figure 3. Line scan of a 2 µm wide alignment markers on a silicon
sample is taken in situ (10-7 Torr) with the tip shown in Figure 2.
The inset shows a 24 × 24 µm2 scan of a marker sample, acquired
under the same conditions. Also shown is an ex situ line scan of
the same dot acquired with a commercial AFM.

Figure 4. Ex situ AFM image of a pattern formed in resist by ion
implantation with scanning probe alignment. Ions used here were
7 keV Ar2 +. Top: PMMA (using the cantilever shown in Figure
2). Bottom: HSQ.
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Figure 4. SEM image of the PS mask after 30 s of oxygen plasma (a) and the relative Gaussian curve indicating the pore distribution (b). The
SEM image of the PS mask after 60 s of oxygen plasma (c) and relative Gaussian curve (d). The PS fraction in random copolymer is 0.58
(R58).

mask after the first cycle of UV and acetic acid followed by 30 s
oxygen plasma treatment for the R58 random copolymer. The
SEM image of the same polymeric film after complete removal
of the PMMA cylinders, i.e. after a second cycle of UV
irradiation and acetic acid followed by a further 30 s oxygen
plasma treatment, is reported in figure 4(c). Software analysis
of the SEM images allowed us to determine the size and spatial
distribution of the pores in the PS matrix. Figures 4(b) and (d)
show the size distributions of the pore diameters as obtained
from the images reported in figures 4(a) and (c), respectively.
The comparison between the histograms in figures 4(b) and (d)
highlights an enlargement of the average pore diameter during
the process for the removal of the PMMA cylinders. In both
cases the shape of the distribution is Gaussian-like. The
analysis was repeated for several SEM images on a set of
samples prepared using the same recipe and the weighted
mean of the pore diameter was calculated. Following this
procedure a mean pore diameter ⟨d⟩ of 15.3 ± 0.3 nm after
the 30 s oxygen plasma treatment and a mean pore diameter of
17.3 ± 0.4 nm after complete removal of the PMMA cylinders
were determined. The center-to-center distance D between the
nearest pores was not modified during the PMMA removal
process. D values were measured by software analysis of
the SEM images obtained from various samples and the mean
value ⟨D⟩ is 33.1 ± 0.3 nm.

The same analysis was performed on the samples prepared
using R62 random copolymer for surface neutralization.
Figure 5(a) shows the SEM image of the PS mask after the first
cycle of UV and acetic acid followed by 30 s oxygen plasma

treatment. The SEM image of the same polymeric film after a
second cycle of UV irradiation and acetic acid followed by a
further 30 s oxygen plasma treatment is reported in figure 5(c).
In both cases the shape of the size distribution of the pores
in the PS matrix is Gaussian-like, as shown in figures 5(b)
and (d). The mean pore diameter ⟨d⟩ was determined to be
16.7 ± 0.4 nm after the first opening cycle and 19.0 ± 0.5 nm
after the second one. The average distance ⟨D⟩ between the
nearest pores was not modified during the process and a mean
value of 33.1±0.2 nm was measured. As previously discussed,
due to the thickness of the R62 random copolymer thin film,
a further cycle of UV irradiation and acetic acid followed by
a final 60 s oxygen plasma treatment is required in order to
completely open the bottom of the pores. Figure 5(e) shows
the matrix after this last cycle and the corresponding size
distribution of the pores is shown in figure 5(f). The mean
pore diameter ⟨d⟩ after the complete opening of the pores was
determined to be 20.7 ± 0.6 nm, while no variations of the
center-to-center distance ⟨D⟩ between the nearest pores was
observed.

To summarize the evolution of the mean pore diameter
in the polymeric films as a function of the oxygen plasma
irradiation time, the ⟨d⟩ values obtained for the two PS-r -
PMMA copolymers are reported in figure 6. According to
these experimental findings, considering equivalent oxygen
plasma exposures, the average dimension of the pores in
the PS matrix is larger in the films deposited on the R62
random copolymer than in those deposited on the R58 random
copolymer. The reported evolution of the pore diameter
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confirm that a huge amount of the impinging Si+ ions is
efficiently trapped in the polymeric mask and only a fraction
of these ions is effectively implanted in the SiO2 substrate.
Moreover it is worth to note that -Si2 values for the samples
implanted throughout the nanoporous PS template correspond
to 31% of the values of the same integrals in the case of the
implantation performed on the bare SiO2 sample. These
values are in good agreement with the expected fraction of
implanted Si+ ions considering the pore/surface ratio of the
nanoporous template. In order to validate this semi-quantita-
tive analysis, we implanted Si+ ions in a slightly different
polymeric template exhibiting the same spacing L0 of the
pores but larger pores with diameter d=20.7±0.7 nm,
corresponding to a pore/surface ratio of 37%. The integrated

-Si2 values for the samples implanted with this nanoporous
template are reported in figure 4 for the fluencies 0.75×1016

and 1.0×1016 ions cm−2, respectively. The integrated -Si2
values of these samples correspond to 50% of the values of
the same integrals in the case of the implantation performed
on the bare SiO2 sample demonstrating that the amount of Si
trapped in the SiO2 can be finely modulated by changing the
Si+ fluence during implantation and by modifying the
dimension of the pores in the mask at the nanometer level.

In summary, ToF-SIMS data demonstrate that there is no
significant loss of silicon during implantation throughout the
nanoporous polymeric mask. Despite the very thin polymeric
film used as a mask, a significative part of the impinging Si+

ions is efficiently trapped by the nanoporous PS template, and
part is effectively implanted into the oxide. No evidence of
shadowing effects due to the presence of the mask is observed
in the explored range of fluencies.

3.3. Minimum fluence for Si NPs formation

EFTEM at the plasmon energy of Si was performed in order
to get evidence of the localized formation of silicon NPs.
With this method, the Si NPs can be imaged directly whatever
their crystalline state and orientation. The images can be
obtained along two perpendicular directions, plan-view and
cross-section. In the obtained images, the NPs appear in white
over a dark background that corresponds to the SiO2 matrix in
which the NPs are embedded [31].

Plan-view images of the implanted films with the lowest
(0.5×1016 ions cm−2) and the highest (1×1016 ions cm−2)
Si+ fluences and annealed at 1050 °C for 30 min are shown
on figure 5. For the highest fluence, Si NPs are grouped
within nanovolumes, with lateral size around 20 nm. These
nanovolumes are placed at the nodes of a hexagonal network
that mimics the original structure of the nanoporous poly-
meric mask. The situation is similar for the medium fluence
(0.75×1016 ions cm−2) (figure 6(c)) in agreement with data
previously reported in the literature [30]. Conversely the
EFTEM images depict a different scenario for the lowest
fluence, where only diffuse circular domains are seen without
any evidence of NPs formation inside these regions. This
situation is confirmed from the corresponding cross-sections
images where, for the highest fluence (supplementary data
figure 2(B)), NPs appear aligned forming a plane at nearly
3 nm in depth from the surface of the SiO2 film and, for the
lowest fluence (supplementary data figure 1(A)), there is no
clear evidence of the presence of silicon NPs. For this last
case, the Si+ fluence can be considered as not high enough to
induce the Si supersaturation needed to lead to a phase
separation between Si and the SiO2 matrix and the subsequent
formation of the Si NPs.

These results demonstrate that combining a nanoporous
BCP template and ULE-IBS, we are able to arrange nano-
volumes, at the node of a hexagonal array, with a limited
number of Si NPs when the fluence is at least above
0.5×1016 Si+ ions cm−2. The isolated Si NPs are confined
in a single plane at a controlled depth from the sample
surface.

3.4. Effects of fluence and annealing duration on the NPs
characteristics

To support our investigation, the projected area of the Si NPs
and the number of NPs per nanovolume were determined by a
numerical treatment of several plan-view images like the ones
of figure 6. The gray-level images were binarized to identify
the different NPs in the SiO2 matrix [31]. A population of at
least 150 NPs was considered for the treatment of each case.
This statistical method allows a direct measurement of the
NPs area, which is more accurate than the one previously
proposed in a previous work [30] where the area of the NPs
was calculated from the measurements of the length and
width of the Si NPs.

Qualitatively, it is observed from figure 6 that Si NPs are
larger for the highest Si+ ion fluence. They appear mainly
elongated except for the medium fluence

Figure 4. The integrated -Si2 values of the ToF-SIMS depth profiles
are reported as a function of implantation fluencies for the flat
samples (red circles). Data are compared with those obtained
implanting through the nanoporous PS template (black circles). A
different BCP template with larger pores (blue circles) was used to
countercheck the capability to control the dose effectively implanted
through the polymeric mask.
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(0.75×1016 ions cm−2) and highest annealing duration
(90 min) where they become more circular (figure 6(e)).
Quantitatively, the results of the treatment of the images are
shown as histograms of frequency of the areas of the Si NPs
in figure 7. If we compare the 30 min annealed samples
masked (b) and not masked (f), we observe that implanting
through the BCP mask induces the formation of a minority
population of larger NPs. Nervertheless, a longer annealing
duration (90 min) allows to eliminate these large NPs. At the
same time, the dispersion in size of the NPs is reduced, which
is a favorable trend towards the controlled fabrication of
nanometric sized NPs. This trend is more pronounced when
decreasing the Si+ ion fluence. With the aim to fabricate
organized NPs of small and same size, it appears clearly that
working with a medium fluence is the best option.

For a further discussion, the data of the histograms for the
medium fluence are displayed in a different way in figure 8.
The Si NPs projected areas are gathered and distributed
among three ranges named ‘small’ for areas lower than
10 nm2, ‘medium’ for areas in the range [10–20] nm2 and
‘large’ for areas higher than 20 nm2. This classification allows
highlighting more quantitatively the main changes due to the
modifications of the fabrication parameters. If we concentrate
on the small NPs range, the 30 min annealing duration allows
to fabricate a maximum level of only 65% of small NPs
whereas a 90 min annealing duration opens the possibility to
reach a value of 85%.

Figure 9 illustrates the average values of the Si NPs areas
and the corresponding average number of NPs per nanovo-
lume as a function of the fabrication parameters. The ordering
of the fabrication parameters was selected in order to better
evidence the previously discussed trends in the NPs char-
acteristics. The mean size of the NPs can be decreased from
16 to 6 nm2 by increasing the annealing duration and
decreasing the fluence. This behavior is opposite to the
increase of the corresponding number of NPs per nanovolume
from 6 to 10. Furthermore, it is noticeable that for the 0.75
1016 ions cm−2

fluence, increasing the annealing duration

from 30 to 90 min has no significant effect on the number of
Si NPs per nanovolume but this number remains too high for
the targeted applications. Therefore, to manipulate at the same
time the size (low dispersion of nanometer sized NPs) and the
number (towards unity) of Si NPs per nanovolume, new
strategies have to be investigated.

4. Discussion

On the basis of the kinetic Monte Carlo simulations of Müller
et al [36] dedicated to the Si NPs formation by phase
separation during annealing in the context of ion beam
synthesis in thin SiO2 films, we tried to get a picture about the
mechanisms of formation and evolution during annealing of
the NPs we fabricated. From figure 6, it appears clearly that
the NPs synthesized by Si+ ion implantation without any
polymeric mask are mostly elongated. The occurrence of Si
NPs with this peculiar shape is well described according to
Müller’s work by a phase separation between Si and SiO2

through a ‘spinodal decomposition’ mechanism. If implant-
ation occurs throughout the BCP mask, the same mechanism
seems to be concerned being enhanced by the confinement of
the Si excess into defined nanovolumes. Indeed, for an
annealing duration of 30 min, confinement of the NPs into
nanovolumes induces the formation of NPs in the ‘medium’

and ‘large’ ranges at the expense of the ‘small’ one. This
result supports the idea that the implanted Si supersaturation
is somehow increased within the nanovolumes, maybe due to
peculiar effects occurring at the interface between the Si rich
nanovolumes and the surrounding matrix. Experimental data
clearly indicate that this condition is favorable for spinodal
decomposition. According to Müller’s study, a very long
annealing duration is necessary to make the elongated NPs
evolve into spherical ones. Indeed, with time, NPs dissolve by
Si loss to the Si/SiO2 interface due to interfacial energy
minimization of the Si/SiO2 mixture [36].

Figure 5. EFTEM images of plan-view samples of the masked SiO2 thin films after Si+ ion implantation with 0.5 1016 ions cm−2 (a) and
1016 ions cm−2 (b) followed by thermal annealing.
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Figure 4. EFTEM plan-view and cross-section images of samples implanted without ((a)–(c)) and with a BC ((d)–(f)), magnification is the
same for all the images. Black and white images (b) and (e) correspond respectively to images (a) and (d) after binarization. Numbers on the
left of figures (c) and (f) correspond to the thicknesses of the silica sublayers (top and bottom) and of the Si NCs projected array (middle).

From a technological point of view it is worth noting that
the proposed methodology is quite general and the coupling of
BC with ULE ion implantation can be reasonably extended to
other ion species. In principle this approach can be applied to
any system where ULE-IBS is able to create nanocrystals. For
example, metallic NCs are of great interest today due to their
localized surface plasmon resonances, which can be used to
develop highly sensitive optical sensors [15, 34]. The results
reported in this work envision the possibility to generate
ordered arrays of metallic nanoparticles embedded in a SiO2
or dielectric matrix. Moreover, by changing the characteristic
of the macromolecules, other BC mask organizations can
be obtained, such as the lamellar configuration, which could
potentially be used for the synthesis of nanowires. The control
on the position of the nanoparticles within the dielectric
matrix can be further improved by properly guiding the
self-assembling process of the BC thin film. This result can
be achieved by different local external factors such as a
previous patterning of the surface, before BC deposition.
The deposition of the BC thin film on pre-patterned
surfaces, usually referred as graphoepitaxy, allows directing
the self-assembly process [35–37]. The registration of the
BC periodic domains with the pre-patterned topographic
structures allows the control of the in-plane positioning of

the periodic features in the polymeric films. In this way the
locations of individual domains can be carefully controlled,
reducing defects in the periodic arrangement and improving
the long range ordering. By combining this approach with
ULE-IBS we could expect to control the positioning of
the nanoparticles in the dielectric matrix with nanometric
precision.

5. Conclusion

For the first time, the 3D control of the organization of Si
NCs has been achieved by ultralow-energy ion implantation
combined with nanostructured block-copolymer masks. By
this way, nanovolumes with a limited number of Si NCs
(average of 8) have been arranged at the node of a hexagonal
array embedded at a controlled depth within a silica thin film.
From the depth positioning of the array of NCs within the
oxide and the statistical measurements on the population of
Si NCs performed using EFTEM imaging, it is shown that
the BC mask acts only as a stencil without modifying the
Si NCs size distribution, density and coverage mean values.
Reducing the pore diameter below 10 nm [19], we could
think to get close to the condition of one particle per pore
and to have a complete control on the positioning of the
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exhibits a sharp peak centered at 520 cm−1 that can be fitted
with a single Voigt curve. This peak is typically associated with
the O(Γ) phonons of the crystalline silicon.57 After
implantation the Raman spectrum of the sample is
characterized by a long tail in the region 400−500 cm−1.
The presence of amorphous silicon is usually associated with
the presence of a broad peak at ∼480 cm−1 in the Raman
spectrum.61 Due to the limited penetration of the P ions in the
silicon substrate when operating at 3 keV, the thickness of the
amorphized region is anticipated to be lower than 10 nm. The
signal generated by this very thin layer is expected to be very
broad, making difficult to clearly resolve the two peaks at 520
and 480 cm−1. The increased intensity of the signal in the
400−500 cm−1 range is associated with the presence of an a-Si
layer at the surface. Accordingly, P activation in the implanted
region can be achieved by a thermal treatment at relatively low
temperature, taking advantage of SPER to recover the
crystallinity of the silicon matrix and to concomitantly
incorporate the phosphorus atoms in substitutional sites of
the silicon crystal promoting their activation. Figure S4 shows
representative Raman spectra of an implanted sample after
removal of the native oxide layer and subsequent annealing at
temperatures ranging from 550 to 1100 °C. No shift of the
position and no broadening of the signal associated with
crystalline silicon is observed irrespective of the annealing
temperatures. The tail in 400−500 cm−1 region is progressively
reduced as the annealing temperature increases. This reduction
is assumed to be indicative of the recrystallization of the
amorphous regions. According to these data the threshold

temperature to achieve an almost complete recrystallization of
the silicon substrate without significant P diffusion is identified
to be ∼650 °C. Figure 5A shows the Raman spectrum upon
annealing at 650 °C (red symbols) of the sample implanted
without any polymeric mask with a P dose of 3.20 × 1014 cm−2.
The symmetry of the peak is almost completely recovered.
Fitting the Raman spectra with a Voight function centered at
520 cm−1 and with fwhm equivalent to the one obtained in the
case of the pristine silicon substrate it is possible to define a
parameter that provide a direct indication of the presence of an
amorphized region in the silicon substrate by integrating the
residuals of the fitting procedure in the 400−500 cm−1 region.
These values, normalized on the intensity of the Voight
function centered at 520 cm−1, are reported in Figure 5B for all
the implanted samples before (blue symbols) and after (red
symbols) annealing at 650 °C. The two sets are characterized
by a significant reduction of the calculated values upon
annealing, suggesting an almost complete recrystallization of
the samples.
To confirm the limited diffusion of phosphorus during the

low temperature thermal treatment, calibrated phosphorus
depth profiles of each sample upon annealing at 650 °C were
acquired by ToF-SIMS analysis and compared with the
corresponding calibrated phosphorus depth profiles obtained
before the annealing. Figure 5C shows two representative
calibrated phosphorus depth profiles before (blue symbols)
and after (red symbols) annealing for the sample implanted
through the mesoporous PS template with a phosphorus dose
of 3.20 × 1014 cm−2. Due to the removal of the native oxide

Figure 6. (a) High resolution electron microscopy image of the implanted regions. (b) Zoom at high magnification of one of the implanted regions.
(c) STEM-EDX elemental mapping in one of the implanted regions. (d) Average P concentration measured in the rectangles of panel c. Data are
reported as a function of depth.
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ABSTRACT: In this work, block copolymer lithography and
ultralow energy ion implantation are combined to obtain
nanovolumes with high concentrations of phosphorus atoms
periodically disposed over a macroscopic area in a p-type silicon
substrate. The high dose of implanted dopants grants a local
amorphization of the silicon substrate. In this condition,
phosphorus is activated by solid phase epitaxial regrowth (SPER)
of the implanted region with a relatively low temperature thermal
treatment preventing diffusion of phosphorus atoms and preserving
their spatial localization. Surface morphology of the sample (AFM,
SEM), crystallinity of the silicon substrate (UV Raman), and
position of the phosphorus atoms (STEM- EDX, ToF-SIMS) are
monitored during the process. Electrostatic potential (KPFM) and the conductivity (C-AFM) maps of the sample surface upon
dopant activation are compatible with simulated I−V characteristics, suggesting the presence of an array of not ideal but working p−
n nanojunctions. The proposed approach paves the way for further investigations on the possibility to modulate the dopant
distribution within a silicon substrate at the nanoscale by changing the characteristic dimension of the self-assembled BCP film.
KEYWORDS: block copolymer, ion implantation, doping, silicon, PS-b-PMMA

■ INTRODUCTION
Linear block copolymers (BCPs) formed by two different
macromolecular chains linked to each other at one end by a
covalent bond have been the subject of an intense research
activity for a long time, since they provide an attractive and
powerful tool for nanoscale fabrication.1 Despite their relatively
simple structure, when annealed above the glass transition
temperature, they spontaneously microphase separate generat-
ing a variety of periodic nanostructures, such as spheres,
gyroids, lamellae and cylinders. The morphology and
characteristic dimensions of the resulting nanostructures can
be efficiently tuned by changing the volume fraction ( f) of the
two blocks, the degree of polymerization (N), and the Flory−
Huggins interaction parameter (χ). The periodicity (L0) of the
microdomains can be varied in the 10−100 nm range by
properly adjusting the molecular weight and the interaction
parameter of the two blocks.2,3 This wide range of possibilities
suggested BCPs as fundamental materials for several
interesting technological applications. In fact, whenever
periodic patterning at the nanoscale over a large surface is
required they represent an extremely attractive alternative for
lithography4−7 and nanotemplating.8,9 Possible applications

include memories,10 sensors,11,12 optically active struc-
tures,13,14 nanoporous membranes,15,16 nanocatalysts,17,18 and
polymer-based photovoltaic cells.19,20
The integration of BCP thin films in conventional

lithographic processes has been widely explored in the
literature21 because of the low cost of the self-assembly
process if compared to conventional photolithography22,23 and
the high throughput if compared to serial lithographic
processes, such as electron beam lithography (EBL).24 After
the deposition of the BCP thin film by spin-coating onto the
substrate, the self-assembly of the microdomains is usually
promoted either via a simple thermal treatment or via a less
standard solvent annealing process.21,25 The morphology of
the nanostructures and their orientation with respect to the
underlying substrate are crucial for lithographic applications. In
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High fluency ion implantation at ultra low energy 
through a block-copolymer mask allows to control 
lateral distribution of dopants in silicon.
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Motivation – Why deterministic ion implantation?

Number of ions is subject to Poisson 
statistics for timed implantation:

Maximum probability of success in 
implanting one single ion is 36.8%
Successfully implanting a chain or 
array of single ions is very improbable

n p

2 13.5%

5 0.67%

10 0.0045%

50 1.9×10-22

Even chains or arrays of a few single implanted atoms, e.g. for quantum 
communication and processing, can only be produced via deterministic 
implantation of counted single ions

Chains or arrays formed by n single implanted 
atoms can only be produced via deterministic 
implantation of counted single ions 

According to Poisson statistic, maximum 
probability of success in implanting one single 
ion ( n = 1 ) per pore is 36.8% SiO2

Si

P+ ions @ 3 keV 

Mesoporous 
Template

2.2 Deterministic Ion Implantation

n Probability
1 36.8%
2 13.5%
3 4.8%
5 0.66%
10 0.0045%

J. van Donkelaar et al., J. Phys. Condens. Matter 27, 154024 (2051)

Poisson’s Tiranny
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Figure 3. Optical micrographs of various scales showing the nanostencil used in the present experiments. The sample to be implanted is
visible through the semi-transparent stencil fabricated in a Si3N4 membrane. (a) View along direction of ion incidence showing the
membrane in which the nanostencil has been fabricated with the sample to be implanted behind. Wire bonds to the on-chip detector
electrodes are visible to the left. (b) The central region of the sample showing four alignment markers surrounding the thin oxide region.
(c) Close-up of the apertures machined in the membrane acting as the nanostencil. The aperture used to collimate the beam for the present
experiments is arrowed. (d) Same view as (b) but with the partially transparent membrane in place.
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Figure 4. Experimental histogram of the number of ions per site
employing signals from the on-chip detector electrodes for the
configuration shown in figure 2(a). See text for a discussion of the
gating protocol and the sites that received fewer than six ions. The
coloured bars represent the normalised Poisson distribution for a
peak of six ions.

we have already demonstrated a diameter of 30 nm (Alves et al
2013). Also required is a reduction in the beam energy as
discussed to reduce straggling. We now turn to the progress
towards this latter goal.

3. On-chip detection system

Although the electron–hole pairs induced by ion impact
produce a high signal-to-noise ratio signal in our p–i–n on-chip
detector electrodes, this advantage reduces for sub-10 keV ions
owing to the encroachment of noise. Two developments are
possible to address this issue. Both require modification of the
detector structure to produce internal charge gain from electron
avalanches triggered in the substrate by high electric fields. At
moderate fields the avalanche process is self-quenched and the
signals are linearly proportional to the ionization. At high
fields the device is operated in Geiger mode and the avalanche
process is not self-quenched. In this case the device therefore
requires a transient bias pulse, synchronized with a beam gate,
to ready the device to receive an ion then quench the avalanche
if an ion impact occurs. In principle a single electron–
hole pair can trigger the Geiger mode avalanche which
represents the ultimate sensitivity. Both modes of operation
are in routine application in silicon devices to detect incident
photons with high sensitivity (Akiba et al 2005, Campbell
2007, Ghioni et al 2007, Tsujino et al 2007) including
several quantum key distribution experiments (Hughes 2002,
Kurtsiefer 2002, Poppe 2004, Schmitt-Manderbach 2007,
Pelso 2009).
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Abstract
To expand the capabilities of semiconductor devices for new functions exploiting the quantum
states of single donors or other impurity atoms requires a deterministic fabrication method.
Ion implantation is a standard tool of the semiconductor industry and we have developed
pathways to deterministic ion implantation to address this challenge. Although ion straggling
limits the precision with which atoms can be positioned, for single atom devices it is possible
to use post-implantation techniques to locate favourably placed atoms in devices for control
and readout. However, large-scale devices will require improved precision. We examine here
how the method of ion beam induced charge, already demonstrated for the deterministic ion
implantation of 14 keV P donor atoms in silicon, can be used to implant a non-Poisson
distribution of ions in silicon. Further, we demonstrate the method can be developed to higher
precision by the incorporation of new deterministic ion implantation strategies that employ
on-chip detectors with internal charge gain. In a silicon device we show a pulse height
spectrum for 14 keV P ion impact that shows an internal gain of 3 that has the potential of
allowing deterministic implantation of sub-14 keV P ions with reduced straggling.

Keywords: deterministic doping, ion implantation, ion beam induced charge, nanostencil

(Some figures may appear in colour only in the online journal)

1. Introduction

To address the challenge of the fabrication of devices which
exploit the internal quantum degrees of freedom of single
atoms in the solid state a number of techniques are being
developed (Schofield et al 2003, Jamieson et al 2005, Shinada
et al 2005, Batra et al 2007, Johnson et al 2010, Jacob et al
2014). These devices could incorporate quantum systems
that bridge the foundations of modern information technology
based on silicon into the future of ultra-scaled devices where
quantum mechanics offers new functionalities for information
sensing, storage, processing and transmission (Dowling and
Milburn 2003).

Here we focus on the development of a technique that
employs ion implantation that is compatible with the process

3 Current address: Australian Radiation Protection and Nuclear Safety
Agency, 619 Lower Plenty Road, Yallambie VIC 3085, Australia.

flow for the fabrication of single atom semiconductor devices
with the standard tools of the industry (Jamieson et al 2001).
The implantation of swift ions into semiconductor materials
has a long history (Wegmann 1980, Rose 1985, Gibbons
1987) and the semiconductor industry presently employs many
implantation steps in the fabrication of a typical large-scale
integrated circuit (Chason et al 1997, Poate and Saadatmand
2002). It is therefore attractive to employ this standard
technique for our purposes. Some parameters for the near-
surface ion implantation of donors into silicon and diamond
are given in table 1. Although the focus of this paper is on
the Si : P system, the data for diamond is included because
considerable work has been done exploring the potential for ion
implantation to fabricate colour centres in diamond for various
quantum technologies. Some progress is being made on the
deterministic conversion of implanted N ions into shallow
N–V− colour centres in diamond and activation as high as 37%

0953-8984/15/154204+09$33.00 1 © 2015 IOP Publishing Ltd Printed in the UK
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Ion implantation for deterministic single atom devices

J. L. Pacheco, M. Singh, D. L. Perry, J. R. Wendt, G. Ten Eyck, R. P. Manginell, T. Pluym,
D. R. Luhman, M. P. Lilly, M. S. Carroll, and E. Bielejec
Sandia National Laboratories, Albuquerque, New Mexico 87185, USA

(Received 5 December 2016; accepted 23 August 2017; published online 4 December 2017)

We demonstrate a capability of deterministic doping at the single atom level using a combination of
direct write focused ion beam and solid-state ion detectors. The focused ion beam system can position
a single ion to within 35 nm of a targeted location and the detection system is sensitive to single low
energy heavy ions. This platform can be used to deterministically fabricate single atom devices in
materials where the nanostructure and ion detectors can be integrated, including donor-based qubits
in Si and color centers in diamond. Published by AIP Publishing. https://doi.org/10.1063/1.5001520

I. INTRODUCTION

Deterministic placement of single atoms is a key capa-
bility for the fabrication of nanometer scale and single atom
solid-state devices in a range of material systems including Si,
diamond, and III-V compounds. Examples of Si-based devices
include donors coupled to quantum dots1 for charge,2 elec-
tron,3,4 and nuclear spin5,6 qubits (quantum bits) and acceptors
coupled to silicon cavities to create phononic qubits.7 Single
color (defect) centers in diamond have a range of applications
including metrology,8 quantum computing using nitrogen-
vacancy (NV) centers,9 and coupling silicon-vacancy (SiV)
centers to photonic cavities for cavity QED experiments.9,10

In III-V materials, deterministic seeding of nucleation sites
for controlling the quantum dot growth locations11 has many
potential applications including the development of single pho-
ton sources.12 In many applications, the placement of single
ions within small volumes is critical. Ion implantation has been
widely applied in the semiconductor industry for introducing
dopants with a nominal depth and dose by varying the implant
energy and the exposure time, respectively. The key challenges
to extending this technique down to single atom control are
the precise control over the atom’s position and the implan-
tation of one and only one atom. Techniques include in situ
ion detection using PIN diode detectors13–15 and FinFETs16,17

and detection of secondary electrons.18

We present a “top down” ion implantation approach to
deterministic single atom device fabrication in Si and in other
material systems suitable for ion detection including dia-
mond19 and GaAs.20 This requires the ability to place the
implanted ions with high positioning precision and determin-
istic control over the number of ions implanted. We use the
nanoImplanter (nI) at Sandia National Labs (SNL), which is
a direct-write focused ion beam platform to control the posi-
tioning of the implanted ion and in situ solid-state detectors
for single ion detection. We demonstrate single ion target-
ing to less than 35 nm allowing for deterministic single ion
implantation. The combination of focused ion beams, direct
write lithography, fast beam blanking and chopping, ion mass
selectivity, in situ detection, and electrical probing are key
features that enable rapid prototyping, customized implanta-
tion, and high throughput fabrication of deterministic single
atom devices. As a test of our “top-down” ion implantation and

detection capability, we have used counted ion implantation to
successfully create donor-based qubit prototype devices.21

II. EXPERIMENT

Focused ion implantation is performed at the Ion Beam
Laboratory (IBL) at SNL using the nI. The nI is a 100 kV
focused ion beam (A&D FIB100nI) with a three-lens sys-
tem designed for high mass resolution using a Wien, or ExB,
filter and single ion implantation using fast beam blanking.
Ion beams from a variety of liquid metal alloy ions sources
(LMAIS), such as AuSiSb, can be extracted. In this manner,
the nI allows for high-brightness ion beams from ⇠1/3 of the
periodic table. Figure 1 shows a schematic diagram of the nI.
The first aperture controls the beam current. The extractor and
first condenser lens voltages focus the ion beam at the ExB fil-
ter. The ExB and second aperture define the mass resolution;
we have demonstrated a mass resolution of (M/�M) > 61 suf-
ficient to separate the individual isotopes of Sb and Si, for
example. This is a key consideration for single atom devices
where the nuclear spin properties may govern device opera-
tion.22 The fast beam-blanker voltage rise-time and the size of
the chopping aperture set the minimum ion beam gating pulse
length to be⇠16 ns. Throughout the paper, this is referred to as
pulse or ion beam pulse. This capability gives explicit control
over the average number of ions implanted. The third aperture
and the objective lens create the third crossover point at the
target plane and define the beam spot size, typically ranging
from 10 to 50 nm. The nI is a direct write lithography platform
combining a high resolution laser interferometry driven stage
and electrostatic draw deflectors to position the beam with a
step size of 0.8 nm when using a 50 µm write field (Raith
Elphy Plus). Single ion positioning precision is determined
by the beam spot size on target convolved with the longitu-
dinal and lateral ion distribution profiles,23 or straggle, in the
substrate.

For single ion detection, we use SNL fabricated avalanche
photo-diode (APD) detectors.24 Figure 2(a) shows an optical
image of an APD with the construction zone, where a nanos-
tructure can be fabricated [Fig. 2(b)], within the active detec-
tion region (between the anode and the cathode). Figure 2(c)
shows a SEM image of an accumulation-mode nanostructure,
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Controlled shallow single-ion implantation in silicon using an active
substrate for sub-20-keV ions
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We demonstrate a method for the controlled implantation of single ions into a silicon substrate with
energy of sub-20-keV. The method is based on the collection of electron-hole pairs generated in the
substrate by the impact of a single ion. We have used the method to implant single 14-keV 31P ions
through nanoscale masks into silicon as a route to the fabrication of devices based on single donors
in silicon. © 2005 American Institute of Physics. #DOI: 10.1063/1.1925320$

The ability to configure semiconductor devices with con-
trolled doping can have many applications. For example,
solid state quantum computer architectures based on nuclear
spin,1 electron spin2 or charge3 require precision placement
of single 31P atoms in a silicon matrix and registration to
control electrodes that allow the quantum state of individual
atoms to be manipulated and read out. Controlled doping
could also overcome performance degradation in sub-
100 nm scale classical devices where lack of precision in
dopant placement and number leads to problems with statis-
tical fluctuations in electrical characteristics.4,5 Atomic-
precision doping techniques employing “bottom-up” nanoas-
sembly have recently emerged6 to address these problems.

Ion implantation is a “top-down” approach to semicon-
ductor doping applied widely due to the ease with which the
depth and spatial distribution of dopants can be controlled by
selection of the ion energy and use of surface masks, respec-
tively. Single-ion control of the implantation process has
been demonstrated based on counting the bursts of secondary
electrons from each ion impact. Sub-100 nm precision place-
ment of single 31P ions has been previously achieved with a
60 keV ion beam in a specially configured focused ion beam
!FIB" microscope, which demonstrated the reduction of sta-
tistical fluctuations in the resistance of nanoscale silicon
resistors.7–9 Recent work has employed highly charged ions
to produce significantly more secondary electrons per ion
strike.10 However, the detection of secondary-electron bursts
does not allow the use of surface masks that can localize the
implant site to within the ion beam diameter, since secondary
electrons are produced regardless of whether the ion impact
is in the mask or the substrate.

Here we demonstrate a method for single-ion implanta-
tion that employs a high-purity active substrate to count the
arrival of single ions and is compatible with the use of
nanoscale surface masks. This method builds on our first
proposal for a role for ion implantation to fabricate quantum
computer devices,11 and our subsequent development of ac-
tive substrates employing integrated metal-oxide-
semiconductor detectors,12–14 now superseded by the present
method. We demonstrate the use of this method to count

14-keV 31P ions implanted %20 nm deep into a high-purity
silicon substrate for the fabrication of prototype devices con-
taining counted donors. We also describe how this method
can be extended to create ordered arrays of single donors.

Our method is based on the ion-beam-induced charge
!IBIC" technique commonly used with MeV light ions !Z
!2",15 which we adapt to the keV heavy ion !Z"2" regime.
By detecting the ionization created by ion implants, this
method has been used to count single 1H+ and 4He+ implants
in the range 15–30 keV16,17 into silicon surface barrier
detectors18 and internally created neutron-induced recoils of
28Si ions with an energy above 20 keV.19 Counting single
sub-20-keV implanted heavy ions is challenging because of
the pulse height defect.16 This arises because a fraction of the
ion kinetic energy is dissipated by pathways other than ion-
ization. A high-efficiency detector configuration is required
to overcome this difficulty.

We employ a high-purity silicon substrate
!"18 000 # cm" itself as the ion implantation detector.20 Ad-
jacent to the implantation site, we fabricate two surface alu-
minum detector electrodes that make contact with two
boron-doped p-wells !%1020 cm−3" !see schematic in Fig. 1
and images in Fig. 2". In our applications, we define a central
implant zone with a surface oxide of 5 nm thickness !con-
firmed with transmission electron microscopy" and a sur-
rounding region with a field oxide of thickness 200 nm. Un-

a"Electronic mail: d.jamieson@unimelb.edu.au

FIG. 1. !Color online" Schematic !not to scale" of the single-ion detection
system integrated into the high-purity Si substrate. The surface detector
electrodes are shown connected to the p-wells on each side of the thin oxide
region which has a width of 10 $m. Ions reach the substrate through the
apertures in the mask between the two vertical dashed lines, and a two-
aperture mask is shown. We also report data from unmasked and 400-
aperture masked devices !see Fig. 3". A transient in the external circuit from
a single-ion impact is shown to the right.

APPLIED PHYSICS LETTERS 86, 202101 !2005"

0003-6951/2005/86"20!/202101/3/$22.50 © 2005 American Institute of Physics86, 202101-1

Data demonstrate the successful creation of a non-
Poisson distribution imposed by the ion detection 
system,
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Abstract
By 2016, transistor device size will be just 10 nm. However, a transistor that is doped at a
typical concentration of 1018 atoms cm−3 has only one dopant atom in the active channel
region. Therefore, it can be predicted that conventional doping methods such as ion
implantation and thermal diffusion will not be available ten years from now. We have been
developing a single-ion implantation (SII) method that enables us to implant dopant ions
one-by-one into semiconductors until the desired number is reached. Here we report a simple
but reliable method to control the number of single-dopant atoms by detecting the change in
drain current induced by single-ion implantation. The drain current decreases in a stepwise
fashion as a result of the clusters of displaced Si atoms created by every single-ion incidence.
This result indicates that the single-ion detection method we have developed is capable of
detecting single-ion incidence with 100% efficiency. Our method potentially could pave the
way to future single-atom devices, including a solid-state quantum computer.

1. Introduction

Given the continuously growing global semiconductor market
for a wide range of electronic products, further miniaturization
of silicon-based transistors and higher chip performances
would be desirable. The continuing challenge in regard
to miniaturization and performance is achieving higher
device densities on silicon chips, which requires not only
lithographical techniques that can define ever smaller device
features, but also the ability to manage precisely the energy
band structure of silicon devices, which are conventionally
achieved through control of the impurity doping process [1, 2].
When a conducting channel dose is set at 1018 cm−3,
the average distance between the implanted impurity atoms
becomes 10 nm, which is nearly the same as the device size—
in next-generation nanoscale semiconductor devices that are
doped at a typical concentration of 1018 cm−3, the active
channel will be ∼10 nm wide and have only one dopant
atom within it. In devices with active channels of this size,

a discrete random distribution of dopants will have deleterious
effects on the performance of the semiconductor devices.
One possible effect is fluctuation in the number of dopant
atoms incorporated into the silicon, resulting in unacceptable
variations in device performance across the wafer [3–7].
Since conventional random channel doping methods probably
will not be available ten years from now [8], controlling
the electrical properties of higher-performance semiconductor
devices toward the nanometer scale will require the one-by-one
controlled doping of single-dopant atoms.

We have recently fabricated semiconductor devices with
ordered dopant arrays [9, 10] by making use of the single-ion
implantation (SII) technique [11–15]. Electrical measurements
of the resulting transistors revealed that there are fewer device-
to-device fluctuations in the threshold voltage (Vth; the turn-on
voltage of the device) of the devices with ordered dopant arrays
than of those with conventional randomly doped distribution.
It must be noted that current technology, which is based on a
random distribution of ions, cannot control either the number

0957-4484/08/345202+04$30.00 © 2008 IOP Publishing Ltd Printed in the UK1
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molecular weights, but identical P4VP volume fractions were 
chosen and are listed as in  Table    1  . In dilute toluene solutions 
(see the Experimental Section), PS -b -P4VP chains assemble into 
spherical aggregates (micelle-type structures) with a P4VP core 
and a PS corona, as toluene is a strongly selective solvent for 
the PS block ( χ  PS, Toluene  ≈ 0.4). [ 14 ]  We observe that the hydroxyl 
group on the SM forms a hydrogen bond having a partial ionic 
character with the pyridine nitrogen in the P4VP block. This 
provides a driving force for the encapsulation of the SM within 
the core of the polymer aggregates. [ 15 ]  The fi nal concentration 
of the dopant precursor in the block copolymer thin fi lms can 
be tuned by varying the molar ratio between the SM and the 
4-vinylpyridine (4VP) unit during the encapsulation stage.    

  The encapsulation of the SM within the core of the polymer 
aggregates was studied using solution state  1 H-NMR spectros-
copy. NMR spectra of PS- b -P4VP/SM mixtures recorded in 
 d  8 -toluene indicate the disappearance of the OH resonance at 
≈4.8 ppm implying successful binding of the SM with the P4VP 
unit via the phenolic OH group (Figures S1 and S2, Supporting 
Information). It should be noted that the OH resonance dis-
appears even when the NMR spectra are recorded in CDCl 3  
(good solvent for PS and P4VP), [ 16 ]  indicating that the SM/P4VP 
interaction is independent of the nature of the solvent. The  1 H-
NMR spectra of PS- b -P4VP/SM mixtures recorded in  d 8  -toluene 
show the presence of a broad peak ≈6.5–6.8 ppm characteristic 
of the aromatic PS protons, while the resonance from the 

aromatic P4VP protons (≈8.5 ppm) is completely diminished. 
This is consistent with the observation that PS- b -P4VP chains 
exist primarily as aggregates in toluene with a PS corona and a 
P4VP core. [ 17 ]  Fourier-transform infrared (FTIR) spectra of thin 
fi lms spun-cast from toluene indicate that the encapsulated 
SMs are retained within the aggregate cores as evidenced, pri-
marily by the loss of the broad OH stretch around 3300 cm −1 , 
in addition to shifts in several aromatic ring stretching modes 
(Figure S3, Supporting Information). [ 15 ]  

 The surface morphology of spun-coated fi lms studied using 
tapping mode AFM reveals a quasi-hexagonal array of spherical 
micelles as seen in  Figure    1  a–c. [ 18 ]  The size and the spacing 
of these micelles depend on the molecular weight and compo-
sition of the PS- b -P4VP block copolymer, while the aggregate 
size distribution is dictated by the solvent composition. [ 17 ]  Con-
sistent with literature reports, spun-cast thin fi lms of these 
micelles comprise a monolayer of micelles on the substrate, 
as evidenced from the atomic force microscopy (AFM) and 
transmission electron microscopy (TEM) image in Figure  1  
and Figure  4 a, respectively. The lateral ordering of the block 
copolymer micelles on the substrate can be tuned to some 
degree via toluene solvent vapor annealing for low molecular 
weight P1. [ 19 ]  However, for larger molecular weight polymers 
P2 and P3, solvent vapor annealing for up to 5 h did not seem 
to improve the long-range order, while longer annealing times 
led to dewetting of the fi lms. [ 20 ]  

Adv. Mater. Interfaces 2015, 2, 1500421
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 Scheme 1.    Schematics for the nanoconfi ned doping process a) solution state self-assembly of the polymer in solution with dopant encapsulation, 
b) spin coating of the micelles to form ordered thin fi lms on the substrates, c) dopant diffusion and drive-in via spike-RTA—green regions indicate 
boron-doped Si in an otherwise undoped Si matrix (gray), and d) chemical structures of the block copolymer and dopant precursors used in this study.

  Table 1.    Molecular weight, composition, and domain spacing of the PS- b -P4VP block copolymers used in this study.  

Polymer MW PS  
[g mol −1 ]

MW P4VP  
[g mol −1 ]

 f  PS  a)  f  P4VP  a) Domain spacing b)  
[nm]

P1 27 000 7000 0.80 0.20 29.6 ± 1.6

P2 58 500 18 500 0.76 0.24 60.6 ± 7.2

P3 109 000 29 000 0.79 0.21 99.1 ± 5.9

    a) Weight fraction;  b) Estimated from the center-to-center distance in tapping mode AFM images of dried fi lms.   
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to the nanometer length scale (limited by lithography resolution 
and pattern fi delity). Additionally, the conventional ion implan-
tation process entails severe crystal damage that can be amelio-
rated by thermal annealing, but only at the cost of nonuniform 
junctions resulting from uncontrolled thermal diffusion of the 
implanted ions. 

 Reliable manufacturing of new ultra small-scale devices 
requires deterministic doping, i.e., control over the exact posi-
tion of dopant atoms in semiconductor structures to produce 
the necessary ultrashallow, doped junctions with well-defi ned 
insulating areas. While monolayer doping, [ 4–7 ]  delta-doping, [ 8 ]  
contact doping, [ 9 ]  and related techniques afford unprecedented 
control over abrupt ultrashallow junctions (sub-5 nm), lateral 
confi nement of dopants in the  x–y  plane is not easily achieved. 
Recently, van der Wiel and co-workers demonstrated lateral 
confi nement of dopants using nanoimprint lithography. In this 
case, the domain spacing of the confi ned dopants was shown 
to be of the order of ≈100 µm with the potential to extend the 
process applicability into the sub-100 nm range by using high-
resolution molds. [ 10,11 ]  In the limiting case, single-ion implan-
tation enables truly deterministic doping, in that the precise 
position of every implanted ion is predetermined. [ 12 ]  While 
this technique can potentially address the abovementioned 
challenge on a local scale, the energy consumption and slow 
throughput associated with the process makes scaling to wafer-
scale substrates cost-prohibitive. Thus, there is a fundamental 
design limitation preventing the fabrication of controllably 
doped junctions on the nanometer length scale. 

 In this work, we have developed a novel technique dem-
onstrating discretely doped shallow junctions (<10 nm) over 
large areas (1 cm 2 ) based on block copolymer self-assembly 
( Scheme    1  ). We show that control over the lateral dopant pro-
fi le in the  x–y  plane can be achieved by varying the size and 
the spacing of the block copolymer domains. Importantly, the 
concentration of dopants in the junctions can be easily tuned 
by varying the dopant precursor concentration in the block 
copolymer thin fi lms prior to thermal diffusion and dopant 
incorporation. This technique is based on the inclusion of 
a small molecule (SM) dopant precursor within the core of a 
block copolymer micelle in solution via hydrogen bonding, 
casting the preformed micelles onto the Si substrate followed 
by rapid thermal annealing to drive the dopant into the sub-
strate, as shown in Scheme  1 . The boronic acid pinacol ester 
functionality has been previously demonstrated to effectively 
dope Si substrates upon thermal annealing. [ 4,5,13 ]  PS- b -P4VP 
was chosen as the block copolymer host given the ability of 
the pyridine nitrogen in P4VP to hydrogen bond to a variety 
of potential dopant precursors and the large difference in 
solubility of the blocks leading to uniform micelle formation. 
Three such block copolymers (P1, P2, and P3) with different 

  Controlling the precise location of dopants in semiconduc-
tors is highly desirable for successful scaling of devices on the 
nanometer length scale. [ 1,2 ]  Presently, such control is achieved 
by energy-intensive and small-scale proof-of-concept processes 
such as single-ion implantation and molecular beam epitaxy. [ 3 ]  
In this communication, we report a novel approach based on 
the self-assembly of a block copolymer, namely, polystyrene-
 block -poly(4-vinylpyridine) (PS- b -P4VP) to form ordered doped 
regions in single-crystalline planar silicon over large areas. 
The position of the dopants and hence, the discrete nature 
of the doping process, is a direct consequence of the periodic 
morphology of the dopant infused block copolymer, which in 
turn depends on the molecular weight and the composition of 
the block copolymer. Shallow boron-doped regions (5–7 nm), 
ordered in a quasi-hexagonal close packed array (30–70 nm 
periodicity), were achieved via spike rapid thermal annealing 
(spike-RTA). The highly modular nature of our approach 
enables precise control over multiple dopant types with con-
centrations between ≈2 × 10 19  and 9 × 10 19  atoms cm −3 . The 
simultaneous control of 3D dopant positions and concentra-
tions enables our approach to lend itself to the fabrication of 
various device features including the channel and the source/
drain contacts for metal-oxide-semiconductor fi eld-effect tran-
sistors (MOSFETs) and electrical insulation trenches, among 
many others. 

 As such devices are scaled down to sub-30 nm channel 
lengths, the stochastic nature of dopant distribution in the 
channel poses severe limitations on the reproducibility of the 
electrical characteristics of the devices. The conventional ion 
implantation process falls short with regard to the scaling needs 
of the semiconductor industry due not only to poor control over 
the spatial distribution of the implanted ions, but also to the 
inability to achieve an implantation range and abruptness down 
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and pattern fi delity). Additionally, the conventional ion implan-
tation process entails severe crystal damage that can be amelio-
rated by thermal annealing, but only at the cost of nonuniform 
junctions resulting from uncontrolled thermal diffusion of the 
implanted ions. 

 Reliable manufacturing of new ultra small-scale devices 
requires deterministic doping, i.e., control over the exact posi-
tion of dopant atoms in semiconductor structures to produce 
the necessary ultrashallow, doped junctions with well-defi ned 
insulating areas. While monolayer doping, [ 4–7 ]  delta-doping, [ 8 ]  
contact doping, [ 9 ]  and related techniques afford unprecedented 
control over abrupt ultrashallow junctions (sub-5 nm), lateral 
confi nement of dopants in the  x–y  plane is not easily achieved. 
Recently, van der Wiel and co-workers demonstrated lateral 
confi nement of dopants using nanoimprint lithography. In this 
case, the domain spacing of the confi ned dopants was shown 
to be of the order of ≈100 µm with the potential to extend the 
process applicability into the sub-100 nm range by using high-
resolution molds. [ 10,11 ]  In the limiting case, single-ion implan-
tation enables truly deterministic doping, in that the precise 
position of every implanted ion is predetermined. [ 12 ]  While 
this technique can potentially address the abovementioned 
challenge on a local scale, the energy consumption and slow 
throughput associated with the process makes scaling to wafer-
scale substrates cost-prohibitive. Thus, there is a fundamental 
design limitation preventing the fabrication of controllably 
doped junctions on the nanometer length scale. 

 In this work, we have developed a novel technique dem-
onstrating discretely doped shallow junctions (<10 nm) over 
large areas (1 cm 2 ) based on block copolymer self-assembly 
( Scheme    1  ). We show that control over the lateral dopant pro-
fi le in the  x–y  plane can be achieved by varying the size and 
the spacing of the block copolymer domains. Importantly, the 
concentration of dopants in the junctions can be easily tuned 
by varying the dopant precursor concentration in the block 
copolymer thin fi lms prior to thermal diffusion and dopant 
incorporation. This technique is based on the inclusion of 
a small molecule (SM) dopant precursor within the core of a 
block copolymer micelle in solution via hydrogen bonding, 
casting the preformed micelles onto the Si substrate followed 
by rapid thermal annealing to drive the dopant into the sub-
strate, as shown in Scheme  1 . The boronic acid pinacol ester 
functionality has been previously demonstrated to effectively 
dope Si substrates upon thermal annealing. [ 4,5,13 ]  PS- b -P4VP 
was chosen as the block copolymer host given the ability of 
the pyridine nitrogen in P4VP to hydrogen bond to a variety 
of potential dopant precursors and the large difference in 
solubility of the blocks leading to uniform micelle formation. 
Three such block copolymers (P1, P2, and P3) with different 

  Controlling the precise location of dopants in semiconduc-
tors is highly desirable for successful scaling of devices on the 
nanometer length scale. [ 1,2 ]  Presently, such control is achieved 
by energy-intensive and small-scale proof-of-concept processes 
such as single-ion implantation and molecular beam epitaxy. [ 3 ]  
In this communication, we report a novel approach based on 
the self-assembly of a block copolymer, namely, polystyrene-
 block -poly(4-vinylpyridine) (PS- b -P4VP) to form ordered doped 
regions in single-crystalline planar silicon over large areas. 
The position of the dopants and hence, the discrete nature 
of the doping process, is a direct consequence of the periodic 
morphology of the dopant infused block copolymer, which in 
turn depends on the molecular weight and the composition of 
the block copolymer. Shallow boron-doped regions (5–7 nm), 
ordered in a quasi-hexagonal close packed array (30–70 nm 
periodicity), were achieved via spike rapid thermal annealing 
(spike-RTA). The highly modular nature of our approach 
enables precise control over multiple dopant types with con-
centrations between ≈2 × 10 19  and 9 × 10 19  atoms cm −3 . The 
simultaneous control of 3D dopant positions and concentra-
tions enables our approach to lend itself to the fabrication of 
various device features including the channel and the source/
drain contacts for metal-oxide-semiconductor fi eld-effect tran-
sistors (MOSFETs) and electrical insulation trenches, among 
many others. 

 As such devices are scaled down to sub-30 nm channel 
lengths, the stochastic nature of dopant distribution in the 
channel poses severe limitations on the reproducibility of the 
electrical characteristics of the devices. The conventional ion 
implantation process falls short with regard to the scaling needs 
of the semiconductor industry due not only to poor control over 
the spatial distribution of the implanted ions, but also to the 
inability to achieve an implantation range and abruptness down 
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Discrete, Shallow Doping of Semiconductors via
Cylinder-Forming Block Copolymer Self-Assembly
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Block copolymer (BCP) self-assembly-assisted doping for semiconductors is
used to achieve discrete doping with nanometer-scale junction depth, high
throughput, and large area coverage. As devices become smaller and more
sophisticated, spatial control of dopants becomes more critical. A variety of
doping methods, such as monolayer doping and 𝜹-doping, have been
developed to replace the conventional doping method, ion-implantation;
however, lateral patterning of dopants relies on photo- or e-beam lithography.
To address these challenges, a self-assembling dopant (boron)-containing
BCP is designed to directly pattern dopants on the nanometer scale. This
method skips the lithography step and is compatible with directed
self-assembly approaches. The effect of the boron concentration in the BCP on
the doping performance is systematically studied by changing the volume
fraction of the boron-containing block while keeping the domain spacing and
the mesoscale morphology constant. Successful self-assembly of the BCP into
a hexagonally packed cylindrical morphology is confirmed by small-angle
X-ray scattering and resonant soft X-ray scattering with a 26 nm
cylinder-to-cylinder distance. Doping silicon using these BCPs enables
discrete doped areas with shallow (7–13 nm) junction depth as demonstrated
by the depth profile of boron, and supported by a sheet resistance study.

1. Introduction

Spatial control of dopants in semiconductors is a critical chal-
lenge for technology miniaturization. The lateral and depth
profiles of dopants in semiconductors, such as silicon, dictate
the resistivity of components, including the source and drain in
electronic devices. As the feature size of devices shrinks to tens
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of nanometers and beyond, the size of the
doped area needs to similarly and simul-
taneously shrink with the scaling of the
components.[1 ] In addition to the smaller
size, the control of precise doping profiles
is also essential to fabricate reliable de-
vices. For example, poor lateral control of
the dopant location causes fluctuation of the
threshold voltage from device to device,[2 ]

whereas overly deep junction depths of
the dopant relative to the component size
cause current leakage. According to the In-
ternational Roadmap for Devices and Sys-
tems (IRDS™) 2021 Roadmap,[3 ] the cur-
rent benchmarks for “More Moore” are for
achieving sub-10 nm node and junction
depth.[4 ]

Precise control of dopant location
and high throughput are often a trade-
off for current nanoconfined doping
technologies.[5 ] Ion implantation is a
conventional doping method for semi-
conductors by bombardment with ionized
dopants, but suffers from spatial resolu-
tion limitations in addition to generation
of crystal defects of semiconductors.[4 ]

Recently, gas-phase monolayer doping[6 ] and 𝛿-doping[7 ] have
been demonstrated to achieve sub-5 nm junction depth doping
of phosphorus in silicon. These approaches have been combined
with lithography to achieve a lateral resolution of hundreds of
nanometers and potentially smaller by e-beam[4 ] and several mi-
crons by optical lithography.[6 ] While these technologies enable
precise placement of dopants, high-vacuum systems are required
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Figure 1. Incorporating boron via covalent bonding in a BCP enables templating nanoscale and shallow doping by BCP self-assembly. Patterned by BCP
thin films, the self-assembled dopant is transferred to the underlying silicon substrates during a spike-RTA process.

for these gas-phase-based methods and multiple steps for lithog-
raphy inhibit high-throughput production. To push miniaturiza-
tion of semiconductor devices forward, overcoming such a trade-
off is critical.

Polymeric spin-on doping,[8–10 ] which is a hybrid of mono-
layer doping[11,12 ] and classical spin-on doping, has the advan-
tage of tailorable molecular structures to address this trade-off.
Monolayer doping consists of the formation of a self-assembled
dopant-containing monolayer that is covalently bonded to the sil-
icon surface, capping with an evaporated SiO2 layer, and a rapid
thermal annealing (RTA) process typically above 950 °C. During
the RTA process, the dopant on the surface diffuses into the sil-
icon crystal lattice, and the junction depth of the dopant can be
controlled by the RTA time and the temperature. The monolayer
doping approach was demonstrated to achieve sub-5 nm junc-
tion depth without introducing defects in the silicon.[11,12 ] Sim-
ilar to the monolayer doping, a spun-cast polymer layer serves
as a source of dopant in polymeric doping, and a subsequent
RTA process drives the dopant diffusion into the target sub-
strate while the matrix polymer degrades, yet without a capping
layer, unlike most monolayer doping processes.[8–10 ] In addition
to sub-10 nm junction depth, tailorable molecular structures of
the polymer enable access to tens-of-nanometer patterning by
leveraging self-assembly instead of photolithography.[13,14 ] Cur-
rent efforts have been devoted to extending polymeric doping to
a variety of molecular architectures, including dendrimers,[15,16 ]

brushes,[17–19 ] and micelles.[9 ] While the dendrimer and brush
approaches have demonstrated control of the dose by changing
molecular weight, spatial patterning is limited to a microme-
ter length scale.[15 ] The micellar strategy, alternatively, success-
fully patterned dopants down to a periodicity of 30 nm and sub-
10 nm junction depth by taking advantage of hydrogen bonding
between small molecular dopants and the lone pairs of nitrogens
in polystyrene-block-poly(4-vinylpyridine) (PS-b-P4VP). However,
this approach is also not amenable to the wealth of technologies
developed for directed self-assembly.

In this work, we leverage block copolymer (BCP) self-assembly
to template nanopatterned dopants with junction depths around
10 nm and a pitch size of 26 nm by thermal annealing. A model
system is designed to incorporate dopant (boron) via covalent
bonding into hexagonally packed cylindrical BCP as shown in

Figure 1. During the RTA process, the self-assembled structure
is pattern-transferred onto silicon, while the matrix polymer de-
grades. Previous studies[8,9 ] indicated that there was no detectable
char left or formation of SiC due to the degradation of polymer
when the annealing temperature is higher than 700 °C. To study
the effects of the boron concentration in the BCP on the dop-
ing performance, the volume fraction of the boron-containing
block was systematically changed while the domain spacing was
kept constant. Moreover, this BCP self-assembly-assisted poly-
mer doping allows for access to not only smaller dimensions but
potentially different morphologies, such as lamellae, bicontinu-
ous double gyroid (Ia3̄d), and sphere phases, just by tailoring
molecular architecture. Moreover, arbitrary shapes, which are rel-
evant for actual devices, are achievable using extensively studied
directed BCP self-assembly.[20–27 ] The guiding pattern pitch for
directed BCP self-assembly is two or three times larger than that
of pitch size of the self-assembled structure of the BCP.

2. Results and Discussion

2.1. Polymer Characterization

The boron-containing monomer (noted as Bpin) was successfully
incorporated into BCPs with different volume fractions to control
the amount of boron introduced into the underlying substrate
and the lateral patterning of the dopant. As shown in Scheme 1,
Bpin and methyl acrylate (MA) were polymerized by reversible
addition-fragmentation chain transfer (RAFT) polymerization.
BCPs that form hexagonally packed cylinders were chosen as a
proof of concept in this study, while other morphologies should
behave similarly. To study the effect of the concentration of boron
in BCPs with a comparable domain spacing (26 ± 1 nm) on dop-
ing performance, the volume fraction of PBpin (ϕPBpin) was sys-
tematically altered as listed in Table 1.

2.2. Structural Study of Dopant-Containing Block Copolymer

The PMA-block-PBpin forms hexagonally packed cylinders (HEX,
C6

p4mm) as determined via small-angle X-ray scattering (SAXS,
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ABSTRACT: An effective bottom-up technology for
precisely controlling the amount of dopant atoms tethered
on silicon substrates is presented. Polystyrene and poly-
(methyl methacrylate) polymers with narrow molecular
weight distribution and end-terminated with a P-containing
moiety were synthesized with different molar mass. The
polymers were spin coated and subsequently end-grafted
onto nondeglazed silicon substrates. P atoms were bonded
to the surface during the grafting reaction, and their surface
density was set by the polymer molar mass, according to the
self-limiting nature of the “grafting to” reaction. Polymeric
material was removed by O2 plasma hashing without
affecting the tethered P-containing moieties on the surface.
Repeated cycles of polymer grafting followed by plasma hashing led to a cumulative increase, at constant steps, in the dose
of P atoms grafted to the silicon surface. P injection in the silicon substrate was promoted and precisely controlled by high-
temperature thermal treatments. Sheet resistance measurements demonstrated effective doping of silicon substrate.
KEYWORDS: doping, semiconductors, polymers, phosphorus, self-assembled monolayers

Doping represents the cornerstone of current semi-
conductor technology. Nowadays, precise control over
dopant dose and distribution at the nanoscale is

required to support further evolution in microelectronics,1

photovoltaics,2−4 solar fuel conversion, sensors, and quantum
computation.5,6 Conventional doping technology by ion
implantation process provides the capability to precisely control
the dopant dose but induces severe crystal damages that make
it incompatible with nanostructured materials. In addition, this
technology cannot be applied to substrates presenting complex
three-dimensional (3D) geometries. Conversely, diffusion
approaches, using solid- and gas-phase sources, represent a
gentle doping solution but lack of the desired uniformity and
control over the areal dose of dopants for miniaturized device
fabrication. Moreover, the presence of undesirable residues is a
significant limitation of this technology.7

Recently, a technology based on self-assembled monolayers
of dopant-containing molecules was proposed as a promising
solution to overcome the limitations of conventional doping
approaches.8,9 This nondestructive technique, usually referred
to as monolayer doping (MLD), guarantees uniform and

conformal coverage of semiconductor surfaces.10 Consequently,
it is fully compatible with nonplanar, restricted-dimension
nanostructured materials, providing control and uniformity of
doping profiles. The formation of sub-5 nm ultrashallow
junctions in planar silicon was reported using both B, P, and As
impurities.8,11−14 Furthermore, n- and p-type doping of
semiconductors other than silicon (InAs,15 InGaAs,16−18

InP,19 Ge20) was achieved using different dopant impurities.
Unfortunately, this methodology demonstrated limited capa-
bility to control the dopant areal dose, that is usually of the
order of 1014 atoms/cm2, corresponding to a doping
concentration of 1020 atoms/cm3 in the silicon substrate.8

Actually surface density of dopant-containing molecules in
MLD is intrinsically limited by steric hindrance effects and
availability of reactive sites on the pristine surface. For P-
containing molecules, a maximum areal dose of ∼8 × 1014
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2. Deterministic Doping Strategies

A central goal in semiconductor quantum optics is to devise
efficient interfaces between photons and atom-like
quantum emitters for applications including quantum

memories, single-photon sources and nonlinearities at the level
of single quanta. Many approaches have been investigated
for positioning emitters relative to the mode-maximum of
nanophotonic devices with the necessary subwavelength-scale
precision, including fabrication of nanostructures around
pre-localized or site-controlled semiconductor quantum dots1–5

or diamond defect centres6, or implantation of ions for defect
centre creation in nanostructures concomitant with the
nanofabrication7,8. However, these approaches have not allowed
high-throughput post-fabrication creation of quantum emitters
with nearly indistinguishable emission in nanophotonic
structures already fabricated and evaluated; such an approach
greatly simplifies the design and fabrication process and improves
the yield of coupled emitter–nanostructure systems.

Unlike quantum emitters such as molecules or quantum dots,
diamond defect centres can be created through ion implantation
and subsequent annealing9,10, enabling direct control of the
centre depth via the ion energy. Lateral control has been
demonstrated through the use of nanofabricated implantation
masks11–16, which have been employed for colour centre
creation relative to optical structures through atomic force
microscope (AFM) mask alignment6, and combined
implantation/nanostructure masking7,8. Implantation through a
pierced AFM tip6 does not require modification of the fabrication
process and allows for implantation after fabrication and
evaluation of these structures. However, the process is
time-consuming, requires special AFM tips and can lead to
reduced positioning precision by collisions with mask walls. As an
alternative, focused ion beam (FIB) implantation of ions,
for example, nitrogen17 and silicon18, can greatly simplify the
implantation process by eliminating the need of a nanofabricated
mask. Similar to a scanning electron microscope, an ion beam can
be precisely scanned, enabling lateral positioning accuracy at the
nanometre scale and ‘direct writing’ into tens of thousands of
structures with high throughput.

The silicon vacancy (SiV) belongs to a group of colour centres
in diamond that has emerged as promising single-photon
emitters and spin-based quantum memories. Among the many
diamond-based fluorescent defects that have been investigated19,
the SiV centre20–23 is exceptional in generating nearly lifetime-
limited photons with a high Debye-Waller factor of 0.79 (ref. 24)
and low spectral diffusion due to a vanishing permanent electric
dipole moment in an unstrained lattice25,26. These favourable
optical properties have notably enabled two-photon quantum
interference between distant SiV centres25,27 and entanglement of
two SiV centres coupled to the same waveguide28. In addition, the
SiV has electronic and nuclear spin degrees of freedom that could
enable long-lived, optically accessible quantum memories29–31.

Here we introduce a method for positioning emitters relative
to the mode-maximum of nanophotonic devices: direct FIB
implantation of Si ions into diamond photonic structures.
This post-fabrication approach to quantum emitter generation
achieves nanometre-scale positioning accuracy and creates SiV
centres with optical transition linewidths comparable to the best
‘naturally’ growth-incorporated SiV reported27. The approach
allows Si implantation into B2! 104 sites per second, which
allows creation of millions of emitters across a wafer-scale
sample. We also show that additional post-implantation electron
irradiation and annealing creates an order of magnitude
enhancement in Si to SiV conversion yield. By repeated cycles
of Si implantation and optical characterization, this approach
promises nanostructures with precisely one SiV emitter per
desired location. Finally, we demonstrate and evaluate the

site-targeted creation of SiVs in pre-fabricated diamond
photonic crystal nanocavities. The ability to implant quantum
emitters with high spatial resolution and yield opens the door to
the reliable fabrication of efficient light–matter interfaces based
on semiconductor defects coupled to nanophotonic devices.

Results
Spatial precision of SiV creation. As outlined in Fig. 1, the
fabrication approach introduced here relies on Si implantation
in a custom-built 100 kV FIB nanoImplanter (A&D FIB100nI)
system (Methods) and subsequent high-temperature annealing to
create SiV centres. The nanoImplanter uses field emission to
create a tightly focused ion beam down to a minimum spot size
of o10 nm from a variety of liquid metal alloy ion sources
(Methods). For the experiments described here, we used an Si
beam with a typical spot size of o40 nm into commercially
available high-purity chemical vapour deposition diamond
substrates (Element6). After implantation, we performed high-
temperature annealing and surface preparation steps to convert
implanted Si ions to SiVs (Methods).
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Figure 1 | Targeted Si ion implantation into diamond and SiV defect
properties. (a) Illustration of targeted ion implantation. Si ions are precisely
positioned into diamond nanostructures via a FIB. The zoom-in shows a
scanning electron micrograph of a L3 photonic crystal cavity patterned into
a diamond thin film. Scale bar, 500 nm; Si is silicon. (b) Intensity
distribution of the fundamental L3 cavity mode with three Si target
positions: the three mode-maxima along the centre of the cavity are
indicated by the dashed circle. The central mode peak is the global
maximum. (c) Atomic structure of a SiV defect centre in diamond.
Si represents an interstitial Si atom between a split vacancy along the
o1114 lattice orientation and C the diamond lattice carbon atoms.
(d) Simplified energy-level diagram of the negatively charged SiV indicating
the four main transitions A, B, C and D26. Do is the energy splitting of the
two levels within the doublets.
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Figure 3. The NV center. (a) Crystallographic model of the NV center in diamond, consisting of a substitutional nitrogen (shown in yellow)
adjacent to a vacancy (V). (b) Room-temperature PL spectrum showing the ZPLs of the neutral (575 nm) and the negatively charged
(637 nm) NV center with pronounced and wide phonon side bands at the lower energy side of each ZPL.

diamonds [44, 45] and later in nanodiamonds [32, 46, 47].
They are readily fabricated using the ion implantation
technique or synthesized during chemical vapor deposition
(CVD) growth. The complex has six unpaired electrons: five
from the neighboring carbon and intrinsic nitrogen atom, plus
an additional electron trapped at the defect site to form the
negatively charged state [48]. Figure 3(b) shows clearly its
emission spectrum with ZPL at 637 nm and a phonon sideband
extended to 800 nm [49]. The excited state lifetime of the
center, approximately tens of nanoseconds, suggest a relatively
strong overall electronic dipole moment of about 2 ×1029 C m
[50], although only 4% of its emission is concentrated in
the ZPL with a Debye–Waller (DW) factor of 0.04. The
fluorescence lifetime of the NV− center is, however, found
to be dependent on the host material, in bulk diamond single
NV− centers display lifetimes around 10 ns [47, 51], whilst in
nanodiamonds (NDs) the lifetime is considerably longer and
variable up to ∼24 ns [52–54]. Due to non-radiative transitions
via the shelving state, the quantum efficiency (QE) of the
center, defined as the probability of emitting a photon once the
system is prepared in the excited state, is estimated to be around
0.7, based on the temperature independent measurements of the
excited state lifetime [55, 56].

Most quantum based applications utilize the fluorescence
properties of the NV− center, but in many instances both
charge states can be found within the same defect center
[57]. Detailed time resolved experiments show that switching
from NV0 to NV− is photo-induced, whereas the reverse
photochromic transformation from NV− to NV0 occurs under
dark conditions with a time constant between 0.3 and 3.6 µs
[57] and irreversible transformation can occur under intense
femtosecond illumination [58]. The mechanism which gives
rise to this inter-conversion is at the present time unclear.
The current hypothesis is that the excess electron forming the
NV− complex can become trapped by defects (e.g. graphitic
surface damage [59]). This hypothesis may also explain the
enhanced stability of NV− centers seen deep in ultra-high
purity diamond.

The photon statistics from a typical single NV− center
show significant bunching at high excitation powers consistent
with the presence of a shelving state. Therefore, the system’s
dynamic results in the NV− center being modeled as a standard

Figure 4. Electronic structure of the negatively charged NV center.
The boxes depict the fine structure of the electronic states for
different temperature and strain regimes. The red and blue solid
arrows indicate allowed optical and magnetic transitions
respectively. The dashed black arrows indicate the sequence of
non-radiative transitions that are believed to be responsible for the
optical spin-polarization of the ground-state triplet. Schematic is
courtesy of M Doherty.

three-level system [47]. In general, the count rates from single
NV− centers in bulk and nanocrystal diamond are ∼40 × 103

[46, 60] and 200 × 103 [61] counts s−1, respectively, with
typical collection efficiencies between 1 and 2% reported for
most imaging systems. Several techniques have been proposed
to increase the collection efficiency from single NV− centers
and are discussed in detail later in this review.

Since the NV− center has an even number of electrons
and C3ν symmetry, group theory states that the many-electron
configuration forms spin triplet states (3A2 and 3E), and spin
singlet states (1E and 1A1) [62]. The ordering of the triplet
ground and excited states is now well established; however, the
energetic ordering of the ‘dark’ singlet states is still contentious
and the currently accepted electronic structure is depicted in
figure 4.
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The ability to control matter at the atomic scale and build
devices with atomic precision is central to nanotechnology.
The scanning tunnelling microscope1 can manipulate individual
atoms2 and molecules on surfaces, but the manipulation of
silicon to make atomic-scale logic circuits has been hampered
by the covalent nature of its bonds. Resist-based strategies
have allowed the formation of atomic-scale structures on
silicon surfaces3, but the fabrication of working devices—such
as transistors with extremely short gate lengths4, spin-based
quantum computers5–8 and solitary dopant optoelectronic
devices9—requires the ability to position individual atoms in
a silicon crystal with atomic precision. Here, we use a combi-
nation of scanning tunnelling microscopy and hydrogen-resist
lithography to demonstrate a single-atom transistor in which
an individual phosphorus dopant atom has been deterministi-
cally placed within an epitaxial silicon device architecture
with a spatial accuracy of one lattice site. The transistor oper-
ates at liquid helium temperatures, and millikelvin electron
transport measurements confirm the presence of discrete
quantum levels in the energy spectrum of the phosphorus
atom. We find a charging energy that is close to the bulk
value, previously only observed by optical spectroscopy10.

Silicon technology is now approaching a scale at which both the
number and location of individual dopant atoms within a device will
determine its characteristics11, and the variability in device perform-
ance caused by the statistical nature of dopant placement12 is
expected to impose a limit on scaling before the physical limits
associated with lithography and quantum effects13 are reached.
Controlling the precise position of dopants within a device and
understanding how this affects device behaviour have therefore
become essential14–17. Devices based on the deterministic placement
of single dopants in silicon are also leading candidates for solid-state
quantum computing architectures, because the dopants can have
extremely long spin-coherence18 and spin-relaxation times19, and
because this approach would be compatible with existing comp-
lementary metal-oxide-semiconductor (CMOS) technology.

One of the earliest proposals for a solid-state quantum computer
involved arrays of single 31P atoms in a silicon crystal, with the two
nuclear spin states of the 31P atom providing the basis for a quantum
bit (qubit)5. Subsequently, qubits based on the electron spin states6,7

or charge degrees of freedom20 of dopants in silicon were proposed.
This has led to increased interest in measuring the electronic spec-
trum of individual dopants in field-effect transistor architectures,
where the dopants are introduced by low-energy implantation16

or in-diffusion from highly doped contact regions14,15,17. However,
these approaches are limited to a precision of !10 nm in the pos-
ition of the dopants, and the practical implementation of a
quantum computing device based on this approach requires the

ability to place individual phosphorus atoms into silicon with
atomic precision21 and to register electrostatic gates and readout
devices to each individual dopant.

Figure 1 shows the approach we used to deterministically place a
single phosphorus atom between highly phosphorus-doped source
and drain leads in a planar, gated, single-crystal silicon transport
device. This involved the use of hydrogen-resist lithography22–24 to
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Figure 1 | Single-atom transistor based on deterministic positioning of a
phosphorus atom in epitaxial silicon. a, Perspective STM image of the
device, in which the hydrogen-desorbed regions defining source (S) and
drain (D) leads and two gates (G1, G2) appear raised due to the increased
tunnelling current through the silicon dangling bond states that were created.
Upon subsequent dosing with phosphine, these regions form highly
phosphorus-doped co-planar transport electrodes of monatomic height,
which are registered to a single phosphorus atom in the centre of the device.
Several atomic steps running across the Si(100) surface are also visible.
b, Close-up of the inner device area (dashed box in a), where the central
bright protrusion is the silicon atom, which is ejected when a single
phosphorus atom incorporates into the surface. c, Schematic of the chemical
reaction to deterministically incorporate a single phosphorus atom into the
surface. Saturation dosing of a three-dimer patch (I) at room temperature
(RT) followed by annealing to 350 8C allows successive dissociation of PH3

(II–IV) and subsequent incorporation of a single phosphorus atom in the
surface layer, ejecting a silicon adatom in the process (V).
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reaction to deterministically incorporate a single phosphorus atom into the
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Atom devices based on single dopants in silicon
nanostructures
Daniel Moraru1, Arief Udhiarto1, Miftahul Anwar1, Roland Nowak1,2, Ryszard Jablonski2, Earfan Hamid1,
Juli Cha Tarido1, Takeshi Mizuno1 and Michiharu Tabe1*

Abstract
Silicon field-effect transistors have now reached gate lengths of only a few tens of nanometers, containing a
countable number of dopants in the channel. Such technological trend brought us to a research stage on devices
working with one or a few dopant atoms. In this work, we review our most recent studies on key atom devices
with fundamental structures of silicon-on-insulator MOSFETs, such as single-dopant transistors, preliminary memory
devices, single-electron turnstile devices and photonic devices, in which electron tunneling mediated by single
dopant atoms is the essential transport mechanism. Furthermore, observation of individual dopant potential in the
channel by Kelvin probe force microscopy is also presented. These results may pave the way for the development
of a new device technology, i.e., single-dopant atom electronics.

Keywords: single-dopant electronics, single-electron tunneling, double-donor systems, multiple-donor systems,
photon, Kelvin probe force microscopy, silicon-on-insulator field-effect transistor

Introduction
After demonstration of the first semiconductor transis-
tor, it was soon realized that semiconductors require
doping with impurity atoms for achieving useful func-
tionalities [1,2]. Dopants have played a key role in the
fast-paced development of the electronics industry,
dominantly based on silicon. As predicted by Moore’s
law in the 1960s [3], silicon transistors were expected to
go through a miniaturization process, and this trend has
been pursued for nearly half a century now. The transis-
tor’s gate length is now only several tens of nanometers,
and it will be further downscaled to the 22-nm node
and beyond [4]. This miniaturization faces many techno-
logical and fundamental challenges, among which a key
problem is the discrete dopant distribution in the device
channel [5]. Each individual dopant, having basically an
uncontrolled position in the channel, significantly affects
device characteristics [5,6], leading to device-to-device
variability. It was shown that controlled positioning of
dopants by single-ion implantation in the device channel

can reduce threshold voltage variability in metal-oxide-
semiconductor field-effect transistors (MOSFETs) [7].
On the other hand, technological progress offers a

unique opportunity, i.e., electrical access to individual
dopant atoms in nanometer-scale devices. Properties of
dopant atoms that have been so far inferred from mea-
surements of bulk materials, containing a large number
of dopants, can now be associated to a specific dopant
atom through direct measurements.
Recently, breakthrough results indicate the possibility

of individually addressing dopants in silicon, as illu-
strated in Figure 1. When the dopant is located in a
nanoscale-channel field-effect transistor (FET), single-
electron tunneling via the dopant-induced quantum dot
(QD) gives rise to measurable currents. Results illustrat-
ing this operation mode have been obtained at cryogenic
or low temperature in transistors containing in their
channel one or only a few dopant atoms. Single-electron
tunneling spectroscopy of arsenic (As) donors, located
in the edges of FinFET channels, was performed at cryo-
genic temperatures [8-10]. Acceptors, such as boron (B),
were also directly identified in low-temperature trans-
port characteristics of silicon-on-insulator (SOI) FETs
[11,12]. Individual dopants can be accessed even in
dopant-rich environments, where the channel contains
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successfully observed using STM techniques on samples
with a specific surface treatment [35,48,49]. STM, how-
ever, relies on measuring tunneling currents between a
metallic tip and the sample, and it can only detect point
charges located in the topmost few layers. SCM is based
on evaluating the capacitance between a tip and the
sample, allowing for subsequent extraction of dopant
profiles [50,51]. This technique is, however, limited by
the tip and sample quality, which strongly affect the
measured capacitance values.
The main issue with mapping dopants in FET chan-

nels is having the ability to measure signals coming
from dopants located within a thin layer of Si, covered
by a thin SiO2 film, as the case of SOI-FETs. The most
suitable way to do that is to detect the long-range elec-
trostatic force created by an ionized dopant. This is the
basic principle of operation for a technique called Kelvin
probe force microscopy (KFM) [52]. Basically, KFM
allows measurement of contact potential difference
between a metallic tip and the sample surface [52], with
additional contributions from dipole formation near the
surface of the semiconductor sample [53].
We have utilized a special setup of KFM, which allows

us to measure FETs fabricated on SOI wafers, at low
temperatures (approximately 13 K), with the possibility
of fully using external biases [see Figure 5a]. Applying
an appropriate bias to the devices can induce depletion
of the channel of free carriers, leaving behind immobile
charges, i.e., ionized dopants. Depletion can be achieved
more readily at low temperatures, at which intrinsic car-
rier concentration is negligible, allowing for a measure-
ment of unscreened ionized dopants [15]. Expected
results are shown in Figure 5b from a simulation of
electronic potential due to a random distribution of
phosphorus (P) donors in a thin Si layer. Using our low-
temperature (LT)-KFM technique, we measured the dis-
crete distribution of P donors in the channel of thin
SOI-FETs [14], as shown in Figure 5c as electronic
potential maps. A darker contrast indicates lower elec-
tronic potential, consistent with the presence of a posi-
tive phosphorus ion (P+). The spatial extension of the
dark spots is typically below 10 nm, while the potential
depth is on average a few tens of meV, as observed
from insets in Figure 5c. These characteristics are in
good agreement with properties of individual P donors,
such as Bohr radius (rB ≅ 2.5 nm) and ground state
energy (E0 = 44 meV). Acceptor impurities, such as
boron (B), could also be observed when measuring
weakly doped p-type Si samples [14]. These results
prove the potential of the KFM technique to resolve the
distribution of dopants in FET channels at single-dopant
level. Our recent studies also demonstrate the ability of
LT-KFM to detect different charge states of isolated or
clustered donors [29].

Summary and conclusions
As briefly outlined, dopants in semiconductors provide a
wide range of applications based on manipulation of ele-
mentary charges and dopant states. Koenraad and Flatté
[54] have recently given an extended review on single
dopants in semiconductors, covering also dopant-based
spintronics and dopants as nonclassical light sources.
A simple overview on the possible directions of

research involving individual dopants, either isolated or
in dopant-rich channels, is shown in Figure 6. Single-
dopant transistors can become attractive candidates for
applications involving electron transport at atomic level.
Studies of coupled donors in nanostructures may reveal
more complex properties that arise from interactions
among donors and between donors and interfaces.
Dopant-based optoelectronic devices can be conceived
based on studies of photon illumination on dopant
arrays. In addition, active research in controlling and
monitoring of discrete dopants in working devices will

Figure 5 KFM observation of discrete dopants in device
channel. (a) Setup for LT-KFM measurements, showing in the inset
the topography of the measured channel area. (b) Simulated surface
electronic potential map due to ionized P donors in a thin Si layer.
(c) Measured electronic potential maps at the surface of P-doped
SOI-FETs (lower panels are line profiles through some of the dark
spots, i.e., regions of lower electronic potential).
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basic principle of operation for a technique called Kelvin
probe force microscopy (KFM) [52]. Basically, KFM
allows measurement of contact potential difference
between a metallic tip and the sample surface [52], with
additional contributions from dipole formation near the
surface of the semiconductor sample [53].
We have utilized a special setup of KFM, which allows

us to measure FETs fabricated on SOI wafers, at low
temperatures (approximately 13 K), with the possibility
of fully using external biases [see Figure 5a]. Applying
an appropriate bias to the devices can induce depletion
of the channel of free carriers, leaving behind immobile
charges, i.e., ionized dopants. Depletion can be achieved
more readily at low temperatures, at which intrinsic car-
rier concentration is negligible, allowing for a measure-
ment of unscreened ionized dopants [15]. Expected
results are shown in Figure 5b from a simulation of
electronic potential due to a random distribution of
phosphorus (P) donors in a thin Si layer. Using our low-
temperature (LT)-KFM technique, we measured the dis-
crete distribution of P donors in the channel of thin
SOI-FETs [14], as shown in Figure 5c as electronic
potential maps. A darker contrast indicates lower elec-
tronic potential, consistent with the presence of a posi-
tive phosphorus ion (P+). The spatial extension of the
dark spots is typically below 10 nm, while the potential
depth is on average a few tens of meV, as observed
from insets in Figure 5c. These characteristics are in
good agreement with properties of individual P donors,
such as Bohr radius (rB ≅ 2.5 nm) and ground state
energy (E0 = 44 meV). Acceptor impurities, such as
boron (B), could also be observed when measuring
weakly doped p-type Si samples [14]. These results
prove the potential of the KFM technique to resolve the
distribution of dopants in FET channels at single-dopant
level. Our recent studies also demonstrate the ability of
LT-KFM to detect different charge states of isolated or
clustered donors [29].

Summary and conclusions
As briefly outlined, dopants in semiconductors provide a
wide range of applications based on manipulation of ele-
mentary charges and dopant states. Koenraad and Flatté
[54] have recently given an extended review on single
dopants in semiconductors, covering also dopant-based
spintronics and dopants as nonclassical light sources.
A simple overview on the possible directions of

research involving individual dopants, either isolated or
in dopant-rich channels, is shown in Figure 6. Single-
dopant transistors can become attractive candidates for
applications involving electron transport at atomic level.
Studies of coupled donors in nanostructures may reveal
more complex properties that arise from interactions
among donors and between donors and interfaces.
Dopant-based optoelectronic devices can be conceived
based on studies of photon illumination on dopant
arrays. In addition, active research in controlling and
monitoring of discrete dopants in working devices will

Figure 5 KFM observation of discrete dopants in device
channel. (a) Setup for LT-KFM measurements, showing in the inset
the topography of the measured channel area. (b) Simulated surface
electronic potential map due to ionized P donors in a thin Si layer.
(c) Measured electronic potential maps at the surface of P-doped
SOI-FETs (lower panels are line profiles through some of the dark
spots, i.e., regions of lower electronic potential).
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3.2  STEM Techniques
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Aberration corrected STEM techniques achieved 
elemental compositional maps and profiles with atomic-
column resolution

D.Hernández-Maldonado et al., Microscopy and Microanalysis, 17 (4), 578–581, (2011)

mrad convergence angles, respectively. Imaging was performed
on an aberration-corrected Thermo Fisher Scientific (TFS)
Titan Themis and a TFS Spectra 300 X-CFEG. Electron
transparent TEM lamellas of rhombohedral (R3̅m) lanthanum
nickelate (LaNiO3) were prepared using a TFS Helios G4 X
focused ion beam (FIB) from a bulk single crystal synthesized
using a recently reported high oxygen pressure floating zone
method.16 See the Supporting Information for full exper-
imental details.
Figure 1a shows a 3D model of LaNiO3 and the same model

projected down a [110] pseudocubic (pc) axis. In each
lanthanum−oxygen column of the [110]pc projection, the
oxygen sites are coherently displaced by 35 pm with respect to
the lanthanum sites in the plane of the projection. The naive
assumption that HAADF-STEM is insensitive to oxygen would

suggest that the lanthanum columns would appear at their
expected crystallographic positions, unaffected by the relatively
displaced oxygen atoms. Experimentally, we find that this is not
the case. An HAADF-STEM image of LaNiO3 in the [110]pc
orientation is shown in Figure 1b. The overlaid arrows, which
indicate the measured displacement of each lanthanum column
from its true lattice position, show that there is a distinct shift
due to the presence of the coherently displaced oxygen atoms,
as will be shown below. The displacements were extracted
using an atom-tracking technique developed for the study of
periodic lattice displacements (see Supporting Information).17

A histogram of the displacement magnitudes is included in
Figure 1c, showing an average apparent displacement of 3.7
pm.

Figure 1. (a) Crystal structure of LaNiO3 showing coherent oxygen atom displacements with respect to the lanthanum atoms in the [110]pc
projection. (b) HAADF-STEM image acquired along the [110]pc projection using an accelerating voltage of 120 kV, with overlaid arrows
representing the measured displacements of lanthanum−oxygen atomic columns with respect to the crystallographic positions of the lanthanum
atoms. (c) Histogram of lanthanum−oxygen column displacements as shown in (b) for a 12 × 12 nm field of view. Panel (b) is presented with an
alternate color scheme in Figure S3.

Figure 2. (a) Cross section of the simulated probe intensity as a function of crystal depth for a probe centered on a lanthanum column in [110]pc-
oriented LaNiO3 with an accelerating voltage of 120 kV. The white dashed line represents the initial probe position, and the lanthanum and oxygen
positions are shown at the top in teal and red, respectively. (b) Difference between the probe intensity cross section in (a) and the perpendicular
cross section in which the lanthanum and oxygen atoms are aligned horizontally when projected onto the plane. The difference map shows a clear
shift in probe intensity toward the oxygen atoms as the electron beam propagates through the crystal. (c) Difference between simulated HAADF-
STEM images of LaNiO3 with and without oxygen atoms included, showing that the oxygen atoms cause a shift in the HAADF signal away from
the crystallographic lanthanum positions and toward the oxygen positions. (d) Lanthanum displacement as a function of crystal thickness measured
from simulated HAADF-STEM images for accelerating voltages of 60, 120, and 300 kV, showing that a higher accelerating voltage reduces the
apparent lanthanum displacements for nearly every thickness. Note the behavior above ∼20 nm for 60 kV is more complicated, likely due to
guaranteed multiple scattering.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.3c01140
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2. Deterministic Doping Strategies

A central goal in semiconductor quantum optics is to devise
efficient interfaces between photons and atom-like
quantum emitters for applications including quantum

memories, single-photon sources and nonlinearities at the level
of single quanta. Many approaches have been investigated
for positioning emitters relative to the mode-maximum of
nanophotonic devices with the necessary subwavelength-scale
precision, including fabrication of nanostructures around
pre-localized or site-controlled semiconductor quantum dots1–5

or diamond defect centres6, or implantation of ions for defect
centre creation in nanostructures concomitant with the
nanofabrication7,8. However, these approaches have not allowed
high-throughput post-fabrication creation of quantum emitters
with nearly indistinguishable emission in nanophotonic
structures already fabricated and evaluated; such an approach
greatly simplifies the design and fabrication process and improves
the yield of coupled emitter–nanostructure systems.

Unlike quantum emitters such as molecules or quantum dots,
diamond defect centres can be created through ion implantation
and subsequent annealing9,10, enabling direct control of the
centre depth via the ion energy. Lateral control has been
demonstrated through the use of nanofabricated implantation
masks11–16, which have been employed for colour centre
creation relative to optical structures through atomic force
microscope (AFM) mask alignment6, and combined
implantation/nanostructure masking7,8. Implantation through a
pierced AFM tip6 does not require modification of the fabrication
process and allows for implantation after fabrication and
evaluation of these structures. However, the process is
time-consuming, requires special AFM tips and can lead to
reduced positioning precision by collisions with mask walls. As an
alternative, focused ion beam (FIB) implantation of ions,
for example, nitrogen17 and silicon18, can greatly simplify the
implantation process by eliminating the need of a nanofabricated
mask. Similar to a scanning electron microscope, an ion beam can
be precisely scanned, enabling lateral positioning accuracy at the
nanometre scale and ‘direct writing’ into tens of thousands of
structures with high throughput.

The silicon vacancy (SiV) belongs to a group of colour centres
in diamond that has emerged as promising single-photon
emitters and spin-based quantum memories. Among the many
diamond-based fluorescent defects that have been investigated19,
the SiV centre20–23 is exceptional in generating nearly lifetime-
limited photons with a high Debye-Waller factor of 0.79 (ref. 24)
and low spectral diffusion due to a vanishing permanent electric
dipole moment in an unstrained lattice25,26. These favourable
optical properties have notably enabled two-photon quantum
interference between distant SiV centres25,27 and entanglement of
two SiV centres coupled to the same waveguide28. In addition, the
SiV has electronic and nuclear spin degrees of freedom that could
enable long-lived, optically accessible quantum memories29–31.

Here we introduce a method for positioning emitters relative
to the mode-maximum of nanophotonic devices: direct FIB
implantation of Si ions into diamond photonic structures.
This post-fabrication approach to quantum emitter generation
achieves nanometre-scale positioning accuracy and creates SiV
centres with optical transition linewidths comparable to the best
‘naturally’ growth-incorporated SiV reported27. The approach
allows Si implantation into B2! 104 sites per second, which
allows creation of millions of emitters across a wafer-scale
sample. We also show that additional post-implantation electron
irradiation and annealing creates an order of magnitude
enhancement in Si to SiV conversion yield. By repeated cycles
of Si implantation and optical characterization, this approach
promises nanostructures with precisely one SiV emitter per
desired location. Finally, we demonstrate and evaluate the

site-targeted creation of SiVs in pre-fabricated diamond
photonic crystal nanocavities. The ability to implant quantum
emitters with high spatial resolution and yield opens the door to
the reliable fabrication of efficient light–matter interfaces based
on semiconductor defects coupled to nanophotonic devices.

Results
Spatial precision of SiV creation. As outlined in Fig. 1, the
fabrication approach introduced here relies on Si implantation
in a custom-built 100 kV FIB nanoImplanter (A&D FIB100nI)
system (Methods) and subsequent high-temperature annealing to
create SiV centres. The nanoImplanter uses field emission to
create a tightly focused ion beam down to a minimum spot size
of o10 nm from a variety of liquid metal alloy ion sources
(Methods). For the experiments described here, we used an Si
beam with a typical spot size of o40 nm into commercially
available high-purity chemical vapour deposition diamond
substrates (Element6). After implantation, we performed high-
temperature annealing and surface preparation steps to convert
implanted Si ions to SiVs (Methods).
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Figure 1 | Targeted Si ion implantation into diamond and SiV defect
properties. (a) Illustration of targeted ion implantation. Si ions are precisely
positioned into diamond nanostructures via a FIB. The zoom-in shows a
scanning electron micrograph of a L3 photonic crystal cavity patterned into
a diamond thin film. Scale bar, 500 nm; Si is silicon. (b) Intensity
distribution of the fundamental L3 cavity mode with three Si target
positions: the three mode-maxima along the centre of the cavity are
indicated by the dashed circle. The central mode peak is the global
maximum. (c) Atomic structure of a SiV defect centre in diamond.
Si represents an interstitial Si atom between a split vacancy along the
o1114 lattice orientation and C the diamond lattice carbon atoms.
(d) Simplified energy-level diagram of the negatively charged SiV indicating
the four main transitions A, B, C and D26. Do is the energy splitting of the
two levels within the doublets.
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Figure 3. The NV center. (a) Crystallographic model of the NV center in diamond, consisting of a substitutional nitrogen (shown in yellow)
adjacent to a vacancy (V). (b) Room-temperature PL spectrum showing the ZPLs of the neutral (575 nm) and the negatively charged
(637 nm) NV center with pronounced and wide phonon side bands at the lower energy side of each ZPL.

diamonds [44, 45] and later in nanodiamonds [32, 46, 47].
They are readily fabricated using the ion implantation
technique or synthesized during chemical vapor deposition
(CVD) growth. The complex has six unpaired electrons: five
from the neighboring carbon and intrinsic nitrogen atom, plus
an additional electron trapped at the defect site to form the
negatively charged state [48]. Figure 3(b) shows clearly its
emission spectrum with ZPL at 637 nm and a phonon sideband
extended to 800 nm [49]. The excited state lifetime of the
center, approximately tens of nanoseconds, suggest a relatively
strong overall electronic dipole moment of about 2 ×1029 C m
[50], although only 4% of its emission is concentrated in
the ZPL with a Debye–Waller (DW) factor of 0.04. The
fluorescence lifetime of the NV− center is, however, found
to be dependent on the host material, in bulk diamond single
NV− centers display lifetimes around 10 ns [47, 51], whilst in
nanodiamonds (NDs) the lifetime is considerably longer and
variable up to ∼24 ns [52–54]. Due to non-radiative transitions
via the shelving state, the quantum efficiency (QE) of the
center, defined as the probability of emitting a photon once the
system is prepared in the excited state, is estimated to be around
0.7, based on the temperature independent measurements of the
excited state lifetime [55, 56].

Most quantum based applications utilize the fluorescence
properties of the NV− center, but in many instances both
charge states can be found within the same defect center
[57]. Detailed time resolved experiments show that switching
from NV0 to NV− is photo-induced, whereas the reverse
photochromic transformation from NV− to NV0 occurs under
dark conditions with a time constant between 0.3 and 3.6 µs
[57] and irreversible transformation can occur under intense
femtosecond illumination [58]. The mechanism which gives
rise to this inter-conversion is at the present time unclear.
The current hypothesis is that the excess electron forming the
NV− complex can become trapped by defects (e.g. graphitic
surface damage [59]). This hypothesis may also explain the
enhanced stability of NV− centers seen deep in ultra-high
purity diamond.

The photon statistics from a typical single NV− center
show significant bunching at high excitation powers consistent
with the presence of a shelving state. Therefore, the system’s
dynamic results in the NV− center being modeled as a standard

Figure 4. Electronic structure of the negatively charged NV center.
The boxes depict the fine structure of the electronic states for
different temperature and strain regimes. The red and blue solid
arrows indicate allowed optical and magnetic transitions
respectively. The dashed black arrows indicate the sequence of
non-radiative transitions that are believed to be responsible for the
optical spin-polarization of the ground-state triplet. Schematic is
courtesy of M Doherty.

three-level system [47]. In general, the count rates from single
NV− centers in bulk and nanocrystal diamond are ∼40 × 103

[46, 60] and 200 × 103 [61] counts s−1, respectively, with
typical collection efficiencies between 1 and 2% reported for
most imaging systems. Several techniques have been proposed
to increase the collection efficiency from single NV− centers
and are discussed in detail later in this review.

Since the NV− center has an even number of electrons
and C3ν symmetry, group theory states that the many-electron
configuration forms spin triplet states (3A2 and 3E), and spin
singlet states (1E and 1A1) [62]. The ordering of the triplet
ground and excited states is now well established; however, the
energetic ordering of the ‘dark’ singlet states is still contentious
and the currently accepted electronic structure is depicted in
figure 4.
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A single-atom transistor
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The ability to control matter at the atomic scale and build
devices with atomic precision is central to nanotechnology.
The scanning tunnelling microscope1 can manipulate individual
atoms2 and molecules on surfaces, but the manipulation of
silicon to make atomic-scale logic circuits has been hampered
by the covalent nature of its bonds. Resist-based strategies
have allowed the formation of atomic-scale structures on
silicon surfaces3, but the fabrication of working devices—such
as transistors with extremely short gate lengths4, spin-based
quantum computers5–8 and solitary dopant optoelectronic
devices9—requires the ability to position individual atoms in
a silicon crystal with atomic precision. Here, we use a combi-
nation of scanning tunnelling microscopy and hydrogen-resist
lithography to demonstrate a single-atom transistor in which
an individual phosphorus dopant atom has been deterministi-
cally placed within an epitaxial silicon device architecture
with a spatial accuracy of one lattice site. The transistor oper-
ates at liquid helium temperatures, and millikelvin electron
transport measurements confirm the presence of discrete
quantum levels in the energy spectrum of the phosphorus
atom. We find a charging energy that is close to the bulk
value, previously only observed by optical spectroscopy10.

Silicon technology is now approaching a scale at which both the
number and location of individual dopant atoms within a device will
determine its characteristics11, and the variability in device perform-
ance caused by the statistical nature of dopant placement12 is
expected to impose a limit on scaling before the physical limits
associated with lithography and quantum effects13 are reached.
Controlling the precise position of dopants within a device and
understanding how this affects device behaviour have therefore
become essential14–17. Devices based on the deterministic placement
of single dopants in silicon are also leading candidates for solid-state
quantum computing architectures, because the dopants can have
extremely long spin-coherence18 and spin-relaxation times19, and
because this approach would be compatible with existing comp-
lementary metal-oxide-semiconductor (CMOS) technology.

One of the earliest proposals for a solid-state quantum computer
involved arrays of single 31P atoms in a silicon crystal, with the two
nuclear spin states of the 31P atom providing the basis for a quantum
bit (qubit)5. Subsequently, qubits based on the electron spin states6,7

or charge degrees of freedom20 of dopants in silicon were proposed.
This has led to increased interest in measuring the electronic spec-
trum of individual dopants in field-effect transistor architectures,
where the dopants are introduced by low-energy implantation16

or in-diffusion from highly doped contact regions14,15,17. However,
these approaches are limited to a precision of !10 nm in the pos-
ition of the dopants, and the practical implementation of a
quantum computing device based on this approach requires the

ability to place individual phosphorus atoms into silicon with
atomic precision21 and to register electrostatic gates and readout
devices to each individual dopant.

Figure 1 shows the approach we used to deterministically place a
single phosphorus atom between highly phosphorus-doped source
and drain leads in a planar, gated, single-crystal silicon transport
device. This involved the use of hydrogen-resist lithography22–24 to
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Figure 1 | Single-atom transistor based on deterministic positioning of a
phosphorus atom in epitaxial silicon. a, Perspective STM image of the
device, in which the hydrogen-desorbed regions defining source (S) and
drain (D) leads and two gates (G1, G2) appear raised due to the increased
tunnelling current through the silicon dangling bond states that were created.
Upon subsequent dosing with phosphine, these regions form highly
phosphorus-doped co-planar transport electrodes of monatomic height,
which are registered to a single phosphorus atom in the centre of the device.
Several atomic steps running across the Si(100) surface are also visible.
b, Close-up of the inner device area (dashed box in a), where the central
bright protrusion is the silicon atom, which is ejected when a single
phosphorus atom incorporates into the surface. c, Schematic of the chemical
reaction to deterministically incorporate a single phosphorus atom into the
surface. Saturation dosing of a three-dimer patch (I) at room temperature
(RT) followed by annealing to 350 8C allows successive dissociation of PH3

(II–IV) and subsequent incorporation of a single phosphorus atom in the
surface layer, ejecting a silicon adatom in the process (V).
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Upon subsequent dosing with phosphine, these regions form highly
phosphorus-doped co-planar transport electrodes of monatomic height,
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bright protrusion is the silicon atom, which is ejected when a single
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reaction to deterministically incorporate a single phosphorus atom into the
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4. Conclusions
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The development of deterministic doping techniques 
represents a big chance for material scientists and 
engineers to develop a new generation of atomic 
scale devices 

Scanning tunneling lithography and single ion 
implantation technologies have been demonstrated 
to guarantee control of dopant position  

New doping strategies based on self-assembling 
materials have been proposed as an alternative 
approach to achieve deterministic doping

D e t e c t i o n o f i m p u r i t y a t o m s w i t h i n a 
semiconductor with atomic resolution represents a 
formidable challenge for metrology
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exhibits a sharp peak centered at 520 cm−1 that can be fitted
with a single Voigt curve. This peak is typically associated with
the O(Γ) phonons of the crystalline silicon.57 After
implantation the Raman spectrum of the sample is
characterized by a long tail in the region 400−500 cm−1.
The presence of amorphous silicon is usually associated with
the presence of a broad peak at ∼480 cm−1 in the Raman
spectrum.61 Due to the limited penetration of the P ions in the
silicon substrate when operating at 3 keV, the thickness of the
amorphized region is anticipated to be lower than 10 nm. The
signal generated by this very thin layer is expected to be very
broad, making difficult to clearly resolve the two peaks at 520
and 480 cm−1. The increased intensity of the signal in the
400−500 cm−1 range is associated with the presence of an a-Si
layer at the surface. Accordingly, P activation in the implanted
region can be achieved by a thermal treatment at relatively low
temperature, taking advantage of SPER to recover the
crystallinity of the silicon matrix and to concomitantly
incorporate the phosphorus atoms in substitutional sites of
the silicon crystal promoting their activation. Figure S4 shows
representative Raman spectra of an implanted sample after
removal of the native oxide layer and subsequent annealing at
temperatures ranging from 550 to 1100 °C. No shift of the
position and no broadening of the signal associated with
crystalline silicon is observed irrespective of the annealing
temperatures. The tail in 400−500 cm−1 region is progressively
reduced as the annealing temperature increases. This reduction
is assumed to be indicative of the recrystallization of the
amorphous regions. According to these data the threshold

temperature to achieve an almost complete recrystallization of
the silicon substrate without significant P diffusion is identified
to be ∼650 °C. Figure 5A shows the Raman spectrum upon
annealing at 650 °C (red symbols) of the sample implanted
without any polymeric mask with a P dose of 3.20 × 1014 cm−2.
The symmetry of the peak is almost completely recovered.
Fitting the Raman spectra with a Voight function centered at
520 cm−1 and with fwhm equivalent to the one obtained in the
case of the pristine silicon substrate it is possible to define a
parameter that provide a direct indication of the presence of an
amorphized region in the silicon substrate by integrating the
residuals of the fitting procedure in the 400−500 cm−1 region.
These values, normalized on the intensity of the Voight
function centered at 520 cm−1, are reported in Figure 5B for all
the implanted samples before (blue symbols) and after (red
symbols) annealing at 650 °C. The two sets are characterized
by a significant reduction of the calculated values upon
annealing, suggesting an almost complete recrystallization of
the samples.
To confirm the limited diffusion of phosphorus during the

low temperature thermal treatment, calibrated phosphorus
depth profiles of each sample upon annealing at 650 °C were
acquired by ToF-SIMS analysis and compared with the
corresponding calibrated phosphorus depth profiles obtained
before the annealing. Figure 5C shows two representative
calibrated phosphorus depth profiles before (blue symbols)
and after (red symbols) annealing for the sample implanted
through the mesoporous PS template with a phosphorus dose
of 3.20 × 1014 cm−2. Due to the removal of the native oxide

Figure 6. (a) High resolution electron microscopy image of the implanted regions. (b) Zoom at high magnification of one of the implanted regions.
(c) STEM-EDX elemental mapping in one of the implanted regions. (d) Average P concentration measured in the rectangles of panel c. Data are
reported as a function of depth.
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A central goal in semiconductor quantum optics is to devise
efficient interfaces between photons and atom-like
quantum emitters for applications including quantum

memories, single-photon sources and nonlinearities at the level
of single quanta. Many approaches have been investigated
for positioning emitters relative to the mode-maximum of
nanophotonic devices with the necessary subwavelength-scale
precision, including fabrication of nanostructures around
pre-localized or site-controlled semiconductor quantum dots1–5

or diamond defect centres6, or implantation of ions for defect
centre creation in nanostructures concomitant with the
nanofabrication7,8. However, these approaches have not allowed
high-throughput post-fabrication creation of quantum emitters
with nearly indistinguishable emission in nanophotonic
structures already fabricated and evaluated; such an approach
greatly simplifies the design and fabrication process and improves
the yield of coupled emitter–nanostructure systems.

Unlike quantum emitters such as molecules or quantum dots,
diamond defect centres can be created through ion implantation
and subsequent annealing9,10, enabling direct control of the
centre depth via the ion energy. Lateral control has been
demonstrated through the use of nanofabricated implantation
masks11–16, which have been employed for colour centre
creation relative to optical structures through atomic force
microscope (AFM) mask alignment6, and combined
implantation/nanostructure masking7,8. Implantation through a
pierced AFM tip6 does not require modification of the fabrication
process and allows for implantation after fabrication and
evaluation of these structures. However, the process is
time-consuming, requires special AFM tips and can lead to
reduced positioning precision by collisions with mask walls. As an
alternative, focused ion beam (FIB) implantation of ions,
for example, nitrogen17 and silicon18, can greatly simplify the
implantation process by eliminating the need of a nanofabricated
mask. Similar to a scanning electron microscope, an ion beam can
be precisely scanned, enabling lateral positioning accuracy at the
nanometre scale and ‘direct writing’ into tens of thousands of
structures with high throughput.

The silicon vacancy (SiV) belongs to a group of colour centres
in diamond that has emerged as promising single-photon
emitters and spin-based quantum memories. Among the many
diamond-based fluorescent defects that have been investigated19,
the SiV centre20–23 is exceptional in generating nearly lifetime-
limited photons with a high Debye-Waller factor of 0.79 (ref. 24)
and low spectral diffusion due to a vanishing permanent electric
dipole moment in an unstrained lattice25,26. These favourable
optical properties have notably enabled two-photon quantum
interference between distant SiV centres25,27 and entanglement of
two SiV centres coupled to the same waveguide28. In addition, the
SiV has electronic and nuclear spin degrees of freedom that could
enable long-lived, optically accessible quantum memories29–31.

Here we introduce a method for positioning emitters relative
to the mode-maximum of nanophotonic devices: direct FIB
implantation of Si ions into diamond photonic structures.
This post-fabrication approach to quantum emitter generation
achieves nanometre-scale positioning accuracy and creates SiV
centres with optical transition linewidths comparable to the best
‘naturally’ growth-incorporated SiV reported27. The approach
allows Si implantation into B2! 104 sites per second, which
allows creation of millions of emitters across a wafer-scale
sample. We also show that additional post-implantation electron
irradiation and annealing creates an order of magnitude
enhancement in Si to SiV conversion yield. By repeated cycles
of Si implantation and optical characterization, this approach
promises nanostructures with precisely one SiV emitter per
desired location. Finally, we demonstrate and evaluate the

site-targeted creation of SiVs in pre-fabricated diamond
photonic crystal nanocavities. The ability to implant quantum
emitters with high spatial resolution and yield opens the door to
the reliable fabrication of efficient light–matter interfaces based
on semiconductor defects coupled to nanophotonic devices.

Results
Spatial precision of SiV creation. As outlined in Fig. 1, the
fabrication approach introduced here relies on Si implantation
in a custom-built 100 kV FIB nanoImplanter (A&D FIB100nI)
system (Methods) and subsequent high-temperature annealing to
create SiV centres. The nanoImplanter uses field emission to
create a tightly focused ion beam down to a minimum spot size
of o10 nm from a variety of liquid metal alloy ion sources
(Methods). For the experiments described here, we used an Si
beam with a typical spot size of o40 nm into commercially
available high-purity chemical vapour deposition diamond
substrates (Element6). After implantation, we performed high-
temperature annealing and surface preparation steps to convert
implanted Si ions to SiVs (Methods).
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Figure 1 | Targeted Si ion implantation into diamond and SiV defect
properties. (a) Illustration of targeted ion implantation. Si ions are precisely
positioned into diamond nanostructures via a FIB. The zoom-in shows a
scanning electron micrograph of a L3 photonic crystal cavity patterned into
a diamond thin film. Scale bar, 500 nm; Si is silicon. (b) Intensity
distribution of the fundamental L3 cavity mode with three Si target
positions: the three mode-maxima along the centre of the cavity are
indicated by the dashed circle. The central mode peak is the global
maximum. (c) Atomic structure of a SiV defect centre in diamond.
Si represents an interstitial Si atom between a split vacancy along the
o1114 lattice orientation and C the diamond lattice carbon atoms.
(d) Simplified energy-level diagram of the negatively charged SiV indicating
the four main transitions A, B, C and D26. Do is the energy splitting of the
two levels within the doublets.
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The ability to control matter at the atomic scale and build
devices with atomic precision is central to nanotechnology.
The scanning tunnelling microscope1 can manipulate individual
atoms2 and molecules on surfaces, but the manipulation of
silicon to make atomic-scale logic circuits has been hampered
by the covalent nature of its bonds. Resist-based strategies
have allowed the formation of atomic-scale structures on
silicon surfaces3, but the fabrication of working devices—such
as transistors with extremely short gate lengths4, spin-based
quantum computers5–8 and solitary dopant optoelectronic
devices9—requires the ability to position individual atoms in
a silicon crystal with atomic precision. Here, we use a combi-
nation of scanning tunnelling microscopy and hydrogen-resist
lithography to demonstrate a single-atom transistor in which
an individual phosphorus dopant atom has been deterministi-
cally placed within an epitaxial silicon device architecture
with a spatial accuracy of one lattice site. The transistor oper-
ates at liquid helium temperatures, and millikelvin electron
transport measurements confirm the presence of discrete
quantum levels in the energy spectrum of the phosphorus
atom. We find a charging energy that is close to the bulk
value, previously only observed by optical spectroscopy10.

Silicon technology is now approaching a scale at which both the
number and location of individual dopant atoms within a device will
determine its characteristics11, and the variability in device perform-
ance caused by the statistical nature of dopant placement12 is
expected to impose a limit on scaling before the physical limits
associated with lithography and quantum effects13 are reached.
Controlling the precise position of dopants within a device and
understanding how this affects device behaviour have therefore
become essential14–17. Devices based on the deterministic placement
of single dopants in silicon are also leading candidates for solid-state
quantum computing architectures, because the dopants can have
extremely long spin-coherence18 and spin-relaxation times19, and
because this approach would be compatible with existing comp-
lementary metal-oxide-semiconductor (CMOS) technology.

One of the earliest proposals for a solid-state quantum computer
involved arrays of single 31P atoms in a silicon crystal, with the two
nuclear spin states of the 31P atom providing the basis for a quantum
bit (qubit)5. Subsequently, qubits based on the electron spin states6,7

or charge degrees of freedom20 of dopants in silicon were proposed.
This has led to increased interest in measuring the electronic spec-
trum of individual dopants in field-effect transistor architectures,
where the dopants are introduced by low-energy implantation16

or in-diffusion from highly doped contact regions14,15,17. However,
these approaches are limited to a precision of !10 nm in the pos-
ition of the dopants, and the practical implementation of a
quantum computing device based on this approach requires the

ability to place individual phosphorus atoms into silicon with
atomic precision21 and to register electrostatic gates and readout
devices to each individual dopant.

Figure 1 shows the approach we used to deterministically place a
single phosphorus atom between highly phosphorus-doped source
and drain leads in a planar, gated, single-crystal silicon transport
device. This involved the use of hydrogen-resist lithography22–24 to
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Figure 1 | Single-atom transistor based on deterministic positioning of a
phosphorus atom in epitaxial silicon. a, Perspective STM image of the
device, in which the hydrogen-desorbed regions defining source (S) and
drain (D) leads and two gates (G1, G2) appear raised due to the increased
tunnelling current through the silicon dangling bond states that were created.
Upon subsequent dosing with phosphine, these regions form highly
phosphorus-doped co-planar transport electrodes of monatomic height,
which are registered to a single phosphorus atom in the centre of the device.
Several atomic steps running across the Si(100) surface are also visible.
b, Close-up of the inner device area (dashed box in a), where the central
bright protrusion is the silicon atom, which is ejected when a single
phosphorus atom incorporates into the surface. c, Schematic of the chemical
reaction to deterministically incorporate a single phosphorus atom into the
surface. Saturation dosing of a three-dimer patch (I) at room temperature
(RT) followed by annealing to 350 8C allows successive dissociation of PH3

(II–IV) and subsequent incorporation of a single phosphorus atom in the
surface layer, ejecting a silicon adatom in the process (V).
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device, in which the hydrogen-desorbed regions defining source (S) and
drain (D) leads and two gates (G1, G2) appear raised due to the increased
tunnelling current through the silicon dangling bond states that were created.
Upon subsequent dosing with phosphine, these regions form highly
phosphorus-doped co-planar transport electrodes of monatomic height,
which are registered to a single phosphorus atom in the centre of the device.
Several atomic steps running across the Si(100) surface are also visible.
b, Close-up of the inner device area (dashed box in a), where the central
bright protrusion is the silicon atom, which is ejected when a single
phosphorus atom incorporates into the surface. c, Schematic of the chemical
reaction to deterministically incorporate a single phosphorus atom into the
surface. Saturation dosing of a three-dimer patch (I) at room temperature
(RT) followed by annealing to 350 8C allows successive dissociation of PH3
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