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Single dopants in semiconductors

Paul M. Koenraad' and Michael E. Flatté?

The sensitive dependence of a semiconductor's electronic, optical and magnetic properties on dopants has provided an
extensive range of tunable phenomena to explore and apply to devices. Recently it has become possible to move past the
tunable properties of an ensemble of dopants to identify the effects of a solitary dopant on commercial device performance
as well as locally on the fundamental properties of a semiconductor. New applications that require the discrete character of a
single dopant, such as single-spin devices in the area of quantum information or single-dopant transistors, demand a further
focus on the properties of a specific dopant. This article describes the huge advances in the past decade towards observing,
controllably creating and manipulating single dopants, as well as their application in novel devices which allow opening the new

field of solotronics (solitary dopant optoelectronics).

dopants meant that reproducible results were rare; as late as 1931,
physicist Wolfgang Pauli opined in a letter! to Rudolph Peierls
that “one shouldn’t work on semiconductors, that is a filthy mess; who
knows whether any semiconductors exist” Eight decades later, the
purity of germanium is better than 1 part in 10", permitting almost
nine orders of magnitude variability in doping concentration. Silicon
purity is similar. Yet even with this current exquisite control, the
dopants usually still play a supporting role in current devices, by mod-
ifying the chemical potential of a material. At these levels of purity,
each unintentional dopant is on average more than a micrometre
away from any other unintentional dopant. Thus devices on the nano-
scale can be expected to have absolutely no unintentional dopants,
and if the doping is carefully controlled a device can be constructed
with one and only one dopant — a solitary dopant optoelectronic,
or solotronic, device. And, as atoms are the building blocks of mat-
ter, a solotronic device is where the miniaturization of semiconductor
devices reaches the limits set by the discrete nature of matter.
Although the properties of individual dopants determine some
aspects of a doped device (such the dependence of carrier freeze-
out on the dopant binding energy), the first effect of individual
dopant dynamics on devices was through electronic noise. About
30 years ago one of the main sources of Lorentz noise in metal-
oxide-semiconductor field-effect transistor (MOSFET) devices was
traced to the trapping and detrapping of charge carriers at impu-
rity centres close to the conduction channel. Owing to the high
purity of the semiconductor materials and the increasingly small
device sizes, discrete impurities started to show up in most device
transport properties. Random telegraph noise from an individual
impurity was first observed at low temperatures in MOSFETs? and
quantum point contact structures® and later at room temperature
in bipolar transistors’. Such developments imply that individual
impurities might ultimately dominate the device characteristics of
future MOSFET transistors®. The potential fluctuations from indi-
vidual impurities in a MOSFET transistor are shown in Fig. la.
Controlled positioning of these impurities can improve threshold
voltage reproducibility for MOSFETs, as shown in Fig. 1b—e (ref. 6).
The International Technology Roadmap for Semiconductors (ITRS)
specifically discusses the need for accurate three-dimensional (3D)
dopant incorporation, profiling and modelling.
The detection of the discrete properties of solitary dopants in
individual devices motivated new device designs that required this
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behaviour. About 10 years ago it was realized that single impurities
could be used to physically realize the ‘qubits of quantum
computation, with a single phosphorus dopant’s nuclear spin’, or a
single dopant’s bound electron spin® or charge’. Single dopants are
suggested not only as qubits for quantum computing but also as non-
classical light sources in quantum information science for quantum
key distribution systems, quantum repeaters, quantum lithography,
multivalent logic and local sensing. Single impurities have already
shown their importance for non-classical light sources through the
demonstration of single-photon emission from nitrogen-vacancy
(NV) centres in diamond'’, isoelectronic tellurium impurity centres
in ZnSe (ref. 11) and N pairs in GaP (ref. 12) as well as triggered
single-photon emission in the case of N-acceptors in ZnSe (ref. 13)
and NV centres in diamond™.

The above examples may be viewed as the initial demonstrations
and model device designs on the path to a fully fledged solotronic
technology, which requires considerable additional fundamen-
tal study and device application. The desirable features of solitary
dopants, such as the reproducible quantized properties of a specific
dopant, make them ideal objects for further scientific study and
robust applications. However, a reliance on the properties of a soli-
tary dopant generates new challenges: device behaviour depends
on the local environment (strain, electric, magnetic and optical
fields) and the dopant position within the device. Scientific study
of single-atom behaviour is most advanced in single-atom and
single-ion electromagnetic traps in vacuum; study of the solitary
dopant in a solid also takes advantage of a natural form of trap-
ping, as the solitary impurity is held in place by the electromagnetic
fields of the host solid around it, but on a length scale orders of
magnitude smaller.

Why is our focus on the solitary dopant in a semiconductor,
rather than a metal or insulator? To reduce the electronic interac-
tion of the single dopant with the host, and preserve some of the
discrete character of the dopant, the host should not be a metal; the
overlap of a host metal’s electronic states and impurity states is too
large for a single impurity to dominate the properties. However, a
host insulator is also less than optimal, for to enable the applica-
tion of external electric fields and couple the single dopant to trans-
port, the host should be a semiconductor. Thus the exploration and
manipulation of a single dopant in a semiconducting host should
be the focus of solotronic research, and holds promise for device
applications as diverse as scalable sources for quantized emission,
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Figure 1| Impurities in a MOSFET device. a, Simulation of the potential
distribution in a 50-nm MOSFET device showing the potential fluctuations
due to discrete impurities in the conduction channel. b,¢, Histograms of the
measured threshold voltage, V., in devices with an ordered (b) or random
(c) dopant distribution. d,e, Calculated potential distribution in the channel
region of a MOSFET with an ordered (d) or random (e) dopant distribution.
Reprinted with permission from: a, ref. 5, © 2003 |EEE; b-e, ref. 6,

© 2005 NPG.

qubits for quantum computation and elements in multivalent
logic. Recent scientific developments have brought these options
within reach, through experimental advances in scanning probe
microscopy, confocal microscopy and single-impurity implanta-
tion. These new techniques are able to address, manipulate and even
arrange individual impurities. We thus have reached a point where
one can start to unravel the interaction of a single impurity with its
environment, pioneer the construction of single-impurity devices
and explore fundamental quantum-mechanical processes on indi-
vidually addressable impurities.

Observing single impurities

The first electronic observation of a single impurity in a semiconduc-
tor material was made in a MOSFET device cooled to low tempera-
ture”. A single bistable impurity close to the conduction channel was
responsible for the observed random telegraph noise. The observa-
tion of random telegraph noise due to single impurities in nanos-
tructured devices is now rather common?®, but it remains a challenge
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to obtain detailed information about the responsible impurity itself.
One exception is the use of noise in a conduction channel to measure
the spin state of a single impurity®. A spin-to-charge transformation
can occur when the impurity, by virtue of the Pauli principle, can
only bind a second electron with opposite spin. Recently this tactic
was applied to monitor the spin resonance of a single paramagnetic
impurity at the Si/SiO, interface'.

Single impurities also manifested their presence in tunnel-
ling. In a double-barrier resonant-tunnelling (DBRT) diode with
a micrometre-sized diameter, features in the I-V curves could be
related to the presence of a single Si donor in the DBRT well'.
Although DBRT structures enabled the determination of the spin-
splitting of an individual Si doping atom located in a GaAs quantum
well'” as well as located in an AlAs barrier'®, and an estimate of the
extension of the wavefunction of the impurity state, their use is
often hampered by the uncontrolled incorporation and unknown
chemical nature of the impurity state. Other tunnelling approaches
have used a single impurity to scan the density-of-states (DOS)
spectrum of a two-dimensional electron gas® or shown the presence
of a single impurity in industrial-type nano-MOSFETs?"%,

Optical identifications of an individual semiconductor impurity
followed after tunnelling identification's, by analysing the electro-
luminescence of a doped large-area DBRT structure and relating
sharp lines to the presence of independent acceptors in the DBRT’s
well®. The application of standard high-resolution optical spectros-
copy on a GaAs sample with a low density of N-pairs allowed for
the first luminescence study of individual isoelectronic N-pairs*.
An improved optical assessment of individual impurities, by opti-
cal excitation and detection, could be obtained by confocal micro-
scopy in combination with solid immersion lenses that reduce the
spot size to about 250 nm in the visible range of the spectrum.
This approach allowed the observation of single NV centres in dia-
mond®. A length scale of 250 nm is still large compared with the
typical distance between impurities, but new approaches, such as
stimulated emission depletion microscopy, show a superior reso-
lution, better than 10 nm for an impurity in diamond?®. For more
common optical analysis techniques, the impurities have to be spec-
troscopically singled out from the background, and their concentra-
tion must be very low. For NV centres in diamond, which can have
concentrations of the order of 10° cm™ or even lower depending on
the growth conditions, this methodology works very well. Owing to
their low density, their spectroscopic isolation from other defects,
and their favourable spin properties (for example long spin coher-
ence time at room temperature”’), NV centres have become the
model system to explore fundamental quantum-mechanical proc-
esses on individually addressable impurities®-*! (see Fig. 2b). Other
interesting systems that have been explored as non-classical light
sources are N-acceptors in ZnSe (ref. 13), Te isoelectronic centres in
ZnSe (ref. 11) and N-N isoelectronic pairs in GaP (ref. 12; Fig. 2a).
Single impurities can also be spectroscopically isolated from the
other (similar) impurities by trapping small numbers of them, or
just one, in a nanostructure with a smaller bandgap than the envi-
ronment, as is the case for Mn acceptors in a GaAs quantum well*
or for Mn in an InAs or CdTe quantum dot****. Optical spin prob-
ing® and manipulation® of a single Mn impurity have been shown
in Mn-doped CdTe quantum dots.

To assess the magnetic properties of a single impurity, a reso-
nating magnetic cantilever can in principle be used, as has been
done successfully to detect single spins on cobalt atoms in glass®.
However, local electron spin resonance (ESR) using a scanning
probe tip provides a more attractive approach to probe and manip-
ulate a single spin. Precession of a single spin on a partly oxidized
silicon (111)-7 x 7 surface was reported two decades ago®. More
recently, a magnetic-field-dependent ESR signal has been obtained
from a single molecule®, and atomically resolved ESR information
can currently be obtained on a silicon 7 x 7 surface®. This opens
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Figure 2 | Imaging of single impurities. Examples of individual impurities in
a semiconductor material as observed by several techniques. Observation
of a, N-N pairs in GaP’. b, NV centres in diamond by scanning confocal
microscopy; ¢, a single Hf atom at the Si-SiO interface by scanning
transmission electron microscopy; and d, Mn acceptors in GaAs by cross-
section STM. The numbers indicate the depth in atomic layers of the Mn
layer below the (110) cleavage surface, and p indicates a Mn atom coupled
to an adsorbate. Reprinted with permission from: a, ref. 12, © 2007 JSAP;
b, ref. 29, © 2008 APS; ¢, ref. 41, © 2005 AIP; d, ref. 92, © 2010 APS.

the route to applying the scanning probe ESR technique to single
impurities. The spin information it provides might solve one of the
most important outstanding problems for conventional scanning
tunnelling microscopy: how to determine the chemical nature of
the impurity under the scanning tip.

Observing the spatial location of single impurities in a semi-
conductor material has been a longstanding challenge for trans-
mission electron microscopy. This was only recently resolved after
the development of annular dark-field scanning transmission elec-
tron microscopy with a spatial resolution of about 0.2 nm. The first
observations of single impurities by this technique were made* on
Sb atoms in Si. The same technique in combination with series of
through-focus images was finally able to pinpoint the 3D position
of individual Hf atoms near a MOSFET interface with an accuracy
of 0.5 nm (ref. 41; Fig. 2c). A serious limitation of this technique is
the weak scattering of electrons by some impurity species, rendering
them undetectable. Promising results in the field of 3D tomography
of impurities in semiconductors include the observation of the 3D
distribution of (impurity) atoms with a so-called atom probe. This
technique removes atoms layer-by-layer by field emission, and uses
spatially resolved time-of-flight analysis to determine the origi-
nal location and atomic mass of the detected atoms*. The difficult
reconstruction process needed to determine the original position of
the detected atoms and impurities in the material and the fact that
only a fraction of all atoms can be detected remain serious chal-
lenges for this new technique.

In the field of scanning probe microscopy, the positions of
impurity atoms were revealed by their impact on the electron
propagation as visualized by a scanning gate probe tip*. Later, this
scanning gate technique was able to resolve directly the position
of individual impurities in a carbon nanotube*. Scanning probe
capacitance spectroscopy was able to resolve the 2D distribution of
silicon atoms in a delta-doped plane in GaAs with a spatial resolu-
tion of a few nanometres®.
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Scanning tunnelling microscopy (STM) performed on the cleaved
edge of a semiconductor crystal remains the most powerful tech-
nique to observe single impurities. Even in some of the first meas-
urements using this technique, individual Si donors in GaAs (ref. 46)
and Zn acceptors in GaAs (ref. 47) were clearly recognized. The local
tip-induced band bending allowed the observation of these impuri-
ties in their neutral as well as their charged state. Cross-sectional
scanning tunnelling microscopy (XSTM) analysis of Mn acceptors
in their neutral state made it possible to analyse and understand the
anisotropic charge distribution of the hole bound to the Mn accep-
tor* (see Fig. 2d). By now, spectroscopic details and the atomically
precise 3D position of individual impurities can be determined®.
Unfortunately the XSTM technique is mainly limited to the natural
(110) cleavage plane of III-V and II-VI semiconductor materials.

In conclusion, the most advanced techniques at the moment for
observing single impurities are optical spectroscopy (especially for
NV centres in diamond), transport spectroscopy in silicon nano-
MOSFETS, and XSTM for impurities in III-V and II-VI materials.
The STM technique shows great promise because of its atomic reso-
lution, wavefunction imaging and charge manipulation possibilities
and the prospects for a combined electric, magnetic and optical
analysis. Obtaining magnetic information, such as spin detection,
on a single impurity remains a considerable challenge for STM, but
recently the first successful analysis of a magnetic Fe impurity in
the surface layer of InSb has been reported*. Additional interesting
approaches in this respect are local ESR and STM-induced lumines-
cence. Examples of observational challenges are related to the detec-
tion and manipulating of single mobile and interstitial impurities®'.

Modelling of impurity states

The marked effect of impurities on the properties of semiconduc-
tors motivated intense theoretical investigation into their properties
early in the history of the field. Almost immediately, the essential
character of impurity states was proposed, as localized states within
a bandgap™. An expansion of the wavefunction in single-particle
localized (Wannier) states, producing a recognizable effective-mass
equation for shallow, Coulombic, bound states, was performed
barely a decade™ after the derivation of the Schrédinger equation.
This approach was subsequently placed on a solid formal footing
even when many-body effects were considered™. Strong, short-
range potentials, which generate deep levels within the gap, can be
efficiently treated using Green’s function techniques to determine
the structure near the impurity™.

In III-V zincblende semiconductors these potentials originate
from an on-site potential from the impurity atom and hybridiza-
tion between the tetrahedrally coordinated dangling bonds of the
surrounding host and the orbitals of the impurity atom*. For tran-
sition-metal substitutional dopants in III-V zincblende semicon-
ductors, the partially filled d orbitals of the impurity atom will split
into a tightly bound set of orbitals corresponding to the E irreduc-
ible representation of the tetrahedral point group, which have poor
overlap with dangling bonds of the nearest-neighbour host atoms,
and an extended set of orbitals of p-like symmetry (corresponding
to the T2 irreducible representation), which overlap well with the
host””. This symmetry-based analysis of the orbitals, introduced in
a tight-binding basis***’, applies equally well to calculations of such
deep levels performed with density functional theory*®. The symme-
try of the bonding in the crystal dominates the wavefunction sym-
metry of these substitutional dopants** (Fig. 3), with a smaller, but
identifiable, effect of spin-orbit interactions®¢'. Symmetry analysis
also provides the low-energy Hamiltonian for strain® and electric
fields® acting on the impurity state, but quantitative values for the
resulting electronic energies require a calculation based on one of
the above methods.

Internal transitions among the electronic states of the impurity
can be detected in a variety of ways in macroscopic ensembles, but
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Figure 3 | Modelling of impurity states. Comparison of a, the charge
distribution around a single Mn acceptor in GaAs as observed by STM

with the charge distribution for the same defect in GaAs as obtained by

b, tight-binding model calculations and ¢, effective-mass model calculations
(after ref. 48). d, The charge distribution as calculated by density functional
theory for a Mn atom in the surface of InAs. The scale for a, b and d is set
by the distance between As rows, which is 0.57 nm. The rows run vertically
inaand b, and horizontally in d. The image in cis 5 nm x 5 nm. Images used
with permission from: a-c, ref. 48, © 2004 APS; d, ref. 67, © 2007 ACS.

have recently begun to be observable in the single-impurity limit.
Calculations of the excited electronic states for Mn dopants® have
been recently confirmed® for Mn in InAs. Symmetry analysis of the
orbitals involved in the NV centre in diamond®® has proved simi-
larly useful in understanding the electronic and optical transitions
among electronic levels associated with this defect centre, including
in the presence of strain. These calculations clarify the origin of the
fluorescence transitions that are crucial to observing single-impurity
dynamics in diamond. However, in the absence of atomically resolved
measurements of the wavefunctions of these levels, the accuracy of
these models for the electronic wavefunctions is unknown.

Each of the above approaches is particularly advantageous for
some impurity—host combinations, and disadvantageous for others.
For shallow impurities, whose wavefunctions extend over millions
of lattice sites, calculations on an atomistic basis are currently com-
putationally intractable, and the effective mass theory is formally
correct from a many-body perspective, so it is the method of choice.
Calculations using density functional theory are commonly limited
to ~100 atoms, and thus cannot simulate more than the very near
vicinity of a single impurity. For deep levels, however, in which the
potential is restricted to within a couple of lattice spacings of the
impurity, these short-range approaches can be accurate. Additional
challenges arise when the impurity is taken out of the high-symme-
try configuration it occupies in the bulk crystal and is placed in a
more complex environment, such as the confinement of a quantum
well or dot, or an applied external electric field.

Creation of single-impurity structures

The controlled creation of single-impurity devices is one of the
greatest challenges in this field. Most single-impurity research up to
now has been performed on impurities randomly selected by either
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Figure 4 | Controlled incorporation of impurities. The creation of controlled
dopant distributions has been achieved for a, single N atoms in diamond

by using an ion-implanter that uses a narrow aperture in a scanning probe
tip to define the implantation spot; b, a tunnel gap (darker) separates
two P-doped source and drain regions (lighter) of Si, created by local
STM-induced hydrogen removal and from a hydrogen-passivated Si
surface (scale bar 50 nm); and ¢, single Mn acceptors in GaAs by STM
manipulation of Mn atoms on the GaAs surface and their STM-induced
incorporation in the GaAs surface layer; the Zn dopant serves as a reference
point in the three images. Reprinted with permission from: a, ref. 68,

© 2009 AIP; b, ref. 77, © 2007 Wiley; ¢, ref. 72, © 2006 NPG.

optical microscopy or STM, or on impurities that were accidentally
present in the device structure. A natural approach to isolate a single
impurity from the background is to trap the impurity in a quan-
tum well*? or a quantum dot***® via growth kinetics. More control
is possible with advances in ion implantation, which have made it
possible to implant single impurities one by one with a lateral accu-
racy of about 20 nm due to straggling of the implanted ions°. Single-
impurity implantation has already been used to create active devices
that involve two phosphorus atoms in silicon®, but the functionality
of this device was restricted by the limited accuracy of the implanta-
tion technique. In the active field of NV centres in diamond, two
teams®®* have developed a technique to implant single N atoms in
diamond, with a final accuracy of about 20 nm, by collimating a
low-dose ion beam of an ion implanter through a small aperture
(<100 nm) in the cantilever of an atomic force microscope (see
Fig. 4a). According to a recent estimate?, this could be sufficient to
build controlled structures containing coherently coupled NV cen-
tres via magnetic dipole interactions. However, to couple the NV
centres efficiently through overlap of the electronic wavefunction
of the defect centres would require a spacing of a few nanometres,
suggesting that further improvements in the implantation technique
are desirable.

The atomic resolution possible with STM has, for some years, sug-
gested its use as an atomically accurate fabrication tool”. Recently,
nearly atomic resolution in single-impurity implantation in the sur-
face layer of GaAs has been demonstrated by STM-induced substi-
tution of Mn, Fe and Co in a (110) GaAs or InAs surface’-”%. The
resolution is limited to about 1 or 2 nm owing to randomness of
the substitution process when the voltage pulse between the surface
impurity and the STM tip is applied. The process is, however, revers-
ible, which allows continued attempts until the intended placement
is achieved. This approach has permitted exploration of the spin—
spin interaction between two Mn atoms’. A first result with the
creation of heterogeneous impurity molecules in the GaAs surface™
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shows great prospects for further progress in controlling spin-spin
interaction at the atomic scale. The options are enormous when one
can start to build heterogeneous impurity molecules composed of
different impurity species that are arranged in artificial patterns.
The prospects for this kind of molecular impurity physics might be
as rich as those in chemistry. The cleaved (110) surface, however, is
currently remote from a device environment, as cleaved-edge over-
growth would be required to fix the impurities stably into a room-
temperature device.

A more direct approach to single-dopant device fabrication has
been to work with a silicon surface terminated with hydrogen. An
STM tip is then used to remove hydrogen atoms locally. After this
step the surface is exposed to phosphine, which bonds only with
the exposed silicon”. Subsequent stripping of the hydrogen from
the surface and the phosphine molecules’™, followed by silicon
overgrowth, allows for the creation of embedded arrangements of
P atoms (see Fig. 4b). Although the final goal of placing a single
P dopant in a functional silicon device has not yet been reached, all
process steps have been demonstrated and functional nanocircuitry
based on homogeneously doped areas has been created”. The ulti-
mate resolution in this case is mainly determined by the chemistry
during the hydrogen removal.

Although the creation of artificial arrangements of impurities in
a semiconductor by STM is rapidly approaching the level of atom
manipulation on metals, no matter how exquisite this work might
be, it would be far more elegant if we could find self-assembly proc-
esses that arranged the impurities spontaneously. Other classes
of interesting defects that remain to be explored are bistable
and mobile impurities, because they would allow for even more
complex functionalities.

Interaction with single impurities

Manipulation and sensing of a single impurity is determined by its
interaction with the environment. This consists, first and foremost,
of the host crystal, but it also encompasses components such as
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confinement potentials, electric and magnetic fields, photons and
phonons, and other impurities nearby. Understanding the interac-
tion of a single impurity with this complex environment is essen-
tial because it allows tuning of the impurity properties as well as
state manipulation and sensing. The environment might also be
detrimental, for instance limiting the coherence and lifetime of the
impurity state. Interaction of an impurity with the host material is,
of course, fundamentally embedded into the modelling described
above. We therefore focus here on the interaction of an impurity
with the other components of the environment.

To make use of single impurities in an active device we need to
be able to manipulate the impurity state through interaction with
the externally controlled portions of the environment. Gate-induced
ionization of impurities, which lies at the basis of most electronic
devices, is probably the simplest operation. Ionizing a single impu-
rity requires either a very low density of impurities in the device
structure or a nanoscale gate. The latter has been demonstrated by
using an STM to ionize single impurities”® and measure for instance
the binding energy of an electron to a Si donor close to the interface
between GaAs and the vacuum”. Charge manipulation on single
NV centres has not yet been shown. The most apparent effect of an
impurity interacting with the electrical field distribution is, of course,
its ionization, but the more subtle effects occurring before ioniza-
tion, such as the effect of an electric field on the binding energy and
the wavefunction, are very useful and interesting. The Stark effect
on impurities has been analysed experimentally for NV centres in
diamond® and P donors in a silicon nano-MOSFET®'. Extensive cal-
culations for the latter case, in which the donor bound electron is not
removed by the ionization process but remains trapped in the com-
bined potential of the donor and the Si/SiO interface, have also been
reported®. It has been suggested that intervalley coupling can have
profound effects on the quantum operation of a P-donor in silicon®.

More importantly from the viewpoint of quantum processing,
it is very useful to find ways of coupling local electric fields to the
spin properties of an impurity. Such an interaction is predicted for a

0 4 8 -4 -2 0 2 4 6 8 10
Bias voltage (V)

Figure 5 | Optical spectroscopy of single impurities. Spectral analysis by confocal microscopy of: a, The manipulation of a single Mn acceptor in a InAs
quantum dot in GaAs and by an external magnetic field. E is photon energy; E, = 1.355 eV; g indicates the photon polatization. b, The interaction of a single
Mn impurity in a CdTe quantum dot with a single additional, gate-voltage-induced, charge carrier confined in the same quantum dot. The indices indicate
the various charged and neutral exciton complexes. Reprinted with permission from: a, ref. 89, © 2009 APS; b, ref. 88, © 2005 Elsevier.
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Mn acceptor® and a hydrogen donor® in GaAs; in both these cases,
spin—orbit interaction is responsible for the coupling between the
external electric field and the spin properties. Experimentally, Stark
tuning of the spin of an electron bound to a Sb impurity® and the
electrical-field-induced Rabi flops of P spin®® in silicon have been
reported recently. Another approach to controlling the magnetic
properties of an impurity is used for magnetic Mn atoms in a CdTe
quantum dot. In such a dot the interaction of a single Mn impurity
with a finite number of charge carriers, controlled by external gating
and residing in the dot, determines the magnetic properties of this
nanosystem® (Fig. 5b).

Optical excitation is a very appropriate way to manipulate either
an impurity or its environment. Excitons bound weakly to an impu-
rity retain their host character, such as those bound to N-acceptors
in ZnSe quantum wells'’. Photoionization can also be used as a tool
to change the charge state of a strongly bound NV centre® or the
population of a quantum dot that interacts with the Mn-impurity
inside®* (Fig. 5a). Optical excitation of NV centres has also been
used to bring it into an excited state’ where the spin properties
are to be modified. The environment of the NV centre affects its
properties through local strain fluctuations® or the spins of neigh-
bouring impurities®*. In the latter case the spin coherence can be
improved by polarizing the spin bath of the other impurities in the
neighbourhood of the NV centre®.

The magnetic field is another convenient external parameter
to couple to impurities and control magnetic properties such as
nearby nuclear spins, or the spin of the donor or acceptor bound
charge carrier. Notable in this respect are recent calculations of the
local density of states and spin anisotropy of Mn impurities close
to a GaAs (110) vacuum interface®®. These results predict the
possibility of detecting the spin orientation of a single Mn impu-
rity by STM topography. Dynamic magnetic fields are, however, not
easily available in devices.

a b

Strain is another environmental parameter that cannot easily
be actively manipulated but is certainly very often an important
component of the impurity environment. The effect of strain on an
effective mass acceptor state can be rather complex but is by now
well understood®. Impurities present near® or in® a strained self-
assembled quantum dot have been studied experimentally, and it
has been shown that strain due to the surface reconstruction is an
essential ingredient in understanding the behaviour of impurities
below a reconstructed surface®>*. The latter result applies to all
impurities observed by XSTM, especially the shallow impurities that
couple most strongly with the surface. The above strains are static;
dynamic strain, such as from a phonon, provides a potential addi-
tional method of manipulating single-dopant electronic structure.

The advantage of semiconductors is the ease in creating low-
dimensional systems such as quantum wells and quantum dots, and
this motivates a study of the confinement effect on impurity states.
For shallow impurities the situation is considered rather straight-
forward, as charge carriers just experience the combined effect of
the impurity potential and the additional confinement potential®.
However, in the case of deep impurities, such as Mn in a quantum
well, the situation becomes less straightforward®. Potential barri-
ers that include vacuum or oxide interfaces are even more complex,
as shown for instance for P donors in Si colloidal dots and nano-
MOSFETS, for which the change of localization is dominated by a
reduction of dielectric screening®®, and at vacuum-semiconductor
interfaces, where a recent study of Si impurities close to the GaAs—
vacuum interface showed that effective mass theory breaks down”™
and strain induced by surface reconstruction plays an essential
role®?>% If the behaviour of impurities is well understood, how-
ever, they could act as a local sensor to probe local properties such
the strain distribution in or near a quantum dot®*® or a strained
interface®>. A more complete understanding of impurities in a con-
fining potential and near an interface is thus much needed.
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Figure 6 | NV centre manipulation. a, Structure of NV centre in diamond; b, energy level structure; ¢, optical imaging of NV centres; d, pulse sequence
for spin manipulation; e, measurements of response of the single impurity to the pulse sequence, along with theoretical results. p(m, = 0) indicates the
probability of the spin in the zero spin-projection state. Reprinted with permission from ref. 101, © 2008 APS.
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The study of impurity-impurity interaction is still an open field,
and thus far only some first results for isolated Mn-Mn pairs have
been published’>® and some first results on the spin lifetime of small
clusters of Mn acceptors in a GaAs quantum well*”. Studying such
impurity-impurity interaction is not only essential for the compre-
hension of impurity band formation, which is an important issue in
magnetic semiconductors such as GaMnAs, but likely to be reward-
ing for the understanding and use of entangled impurity states, and
will also allow us to understand how to read out the spin state of one
impurity by probing another coupled impurity.

Single-impurity devices

To meet the ultimate challenge in single-impurity physics, the
creation of functional single-impurity devices for quantum informa-
tion processing, several proposals have been presented and investi-
gated. These concepts and their (partial) realizations can broadly
be split into optical and electronic devices. NV centres in diamond
and other optically active defects in semiconductors fall into the
category of optical devices, whereas those based on spin prepara-
tion, manipulation and detection by local gates and single-electron
transistors fall into the category of electronic devices.

A first step towards the application of single impurities and
defects in optical devices involves the triggered emission of single
photons. This has been demonstrated successfully for N-acceptors
in ZnSe quantum wells”® and NV centres in diamond'. This is a
first step towards using single impurities as a single-photon source
for quantum key distribution in quantum secure communication.
Optical probing® and orientation® of a single Mn spin has been
shown for an isolated Mn atom in a CdTe quantum dot. Spectacular
progress has been seen in the past few years in quantum informa-
tion processing on NV. This has been shown by a successful prepa-
ration of the spin state of a NV centre by means of optical excitation,
manipulation by RF fields and optical readout®**-1? (see Fig. 6).
Although the NV centre is a point defect and its electron spin is
mostly localized at the defect site, some of its electron spin den-
sity is distributed over the nearest-neighbour carbon atoms. As a
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result, substantial hyperfine and dipolar coupling are present owing
to single nuclei localized close to the defect. The coupling has been
used to control the nuclear spin on a single C nucleus to realize a
two-qubit conditional quantum gate'®. By controlling the nuclear
spin on two individual C nuclei in a nearest-neighbour position,
the entanglement of their spins was shown'®. In another approach
it has been shown that one can probe isolated N spins using an NV
centre'®. Building on such successes in this rapidly expanding field,
new device concepts based on NV centres, for instance a quantum
repeater'®?, are currently proposed. Interestingly, a single NV centre
has also been used as a probe to sense non-invasively the magnetic
field distribution at the nanoscale'®'%, and recently the idea has
been put forward to use a single NV centre in a scanning quantum
decoherence microscope'® (Fig. 7c¢).

A number of electronic device concepts have been suggested
for the quantum manipulation of a single impurity. Kane proposed
that information could be encoded onto the nuclear spins of P
atoms in silicon electronic devices’. Logical quantum operations
on the individual nuclear spins could then be performed by using
externally applied electric fields that control the electronic bound
state around the P atom, which couples both to other P atoms and
to the nuclear spin. The nuclear spins would then be read out by
a charge-based method using spin-polarized electrons that directly
probed the electronic bound state around the P atoms. Vrijen et al.
proposed a SiGe transistor that exploits band-structure engineering
to sense and control a single-donor electron spin®. It is proposed
that by applying a gate bias, one- and two-qubit operations could be
performed, because the electrical field could be used to pull the elec-
tron wavefunction away from the dopant ion into layers of differ-
ent composition having a different g-factor. Owing to the variation
of the g-factor, this displacement changes the spin Zeeman energy,
allowing qubit operations. Readout of the spin information would
be performed indirectly by a charge-based approach using a current
flowing close to the impurity, which owing to the Pauli exclusion
principle can only bind a second electron when this has opposite
spin to the first. Whereas both previous schemes are based on spin
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manipulation, Hollenberg et al. proposed a completely charge-based
quantum computation approach’. In their scheme, two interacting
doping atoms, of which only one is ionized, act as the qubit for the
quantum operations. Local electric fields control the qubit, and
single-electron transistors are proposed for the readout.

Important steps towards the realization of electronic single-
impurity devices for quantum processing in silicon have been
made in the past few years, but many challenges lie ahead. Single
ion implantation has undoubtedly been one of the first important
steps toward single-impurity devices in silicon®. In such implanted
devices, an ordered distribution of single impurities lowers the
threshold voltage of the FET, and the device-to-device fluctua-
tions are smaller. Single-ion implantation has been used to create
silicon devices that use single-electron transistors to demonstrate
the controlled charging of pairs of P atoms in the active channel
of a silicon-based structure®. The results showed that the relaxa-
tion time for the charge state at millikelvin temperature, which is
dominated by charge fluctuations occurring in the background
and phonon emission, can be up to several milliseconds long. Very
recently, transport spectroscopy on a single P donor in silicon has
been demonstrated in a nanoscale transistor where the P donor was
implanted'" (Fig. 7a). As described before, STM-controlled place-
ment of P and subsequent overgrowth by silicon”” (Fig. 7b) is the
most promising method at the moment. It has not yet produced a
device operating on a single P impurity, but it is anticipated that this
approach will open the door for controlled scaling of silicon devices
towards the single-donor limit.

The future of solotronics

Many of the advances described above for single impurities in semi-
conductors have been mirrored, either earlier or later, by similar
advances in the physics of single-electron semiconductor quantum
dots, either electrostatic or self-assembled. Quantum dots offer the
advantage that they come in innumerable variety, depending on
details of their construction; this is also their disadvantage. Control
of gate design and voltage, for electrostatic dots, or growth param-
eters, for self-assembled dots, offers a vast parameter space for
designing a dot for a given purpose. However, no quantum dot is
precisely like any other. Examples of parallel development include
spin manipulation and readout of charge and spin for quantum
information processing in lithographic quantum dots'?, and appli-
cations of self-assembled quantum dots' to single-photon genera-
tion'* and quantum information processing!!*!1¢.

Single impurities are perhaps further ahead than quantum dots
in areas where all-optical techniques can be used, but are behind
quantum dots when gates are essential. The room-temperature
quantum coherence of NV centres in diamond, along with optical
manipulation and magnetic dipolar coupling, permits the potential
realization of a wide variety of quantum device functionality, includ-
ing quantum computation. However, it remains difficult to gate these
centres electrically. If the gating problem can be solved for diamond,
then other types of electronic devices relying on single impurities can
be expected to progress rapidly. In other semiconductor-dopant sys-
tems, where gating has been achieved, single impurities have much
lower optical emission rates and more rapid saturation than single
centres in diamond or single quantum dots. However, quite a few
important advantages are still to be expected when single impurities
are used rather than quantum dots in these materials. For instance,
the spin coherence lifetime of self-assembled quantum dots is limited
by the interaction of the dot with carriers in the omnipresent wet-
ting layers, whereas doping atoms can be introduced as truly isolated
objects. Extremely long spin lifetimes have already been reported for
P in silicon'", which could be even further enhanced in the case that
the environmental spin bath is optically spin-polarized'”’, and much
higher densities of emitters can be obtained by impurities compared
with self-assembled quantum dots. The creation of single-photon
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emitters is normally realized by quantum dots that emit by chance at
the mode of the cavity; in contrast, impurities have excellent repro-
ducible emission energies. Single impurities also do not have the
major drawback of electrostatic dots — their inability to emit pho-
tons. Finally, it may be possible to find spin centres in materials other
than diamond that share diamond’s exceptionally long spin coher-
ence times at room temperature.

Measurement of the full electronic spectrum of an impurity in a
semiconductor, including excited states and spatially mapped wave-
functions, is a goal that seems within reach. Observations of the elec-
tronic spectrum, and the dynamics of carriers within the impurity
states, are well advanced at room temperature for optical probes of
NV centres in diamond. For spatially mapped wavefunctions, STM
on cleaved (110) surfaces has provided extensive information about a
variety of impurities and hosts. Optical single-quantum devices, such
as for quantum information processing, are thus furthest advanced
for NV centres in diamond, whereas single-impurity effects on
device transport are most developed for silicon, germanium, III-V
and II-VI semiconductors. Challenges for diamond include gating,
atomically resolved imaging of dopants, and the control of electronic
interactions among many interacting NV centres. A challenge for
other semiconductors is the achievement of stable single-impurity
properties, including methods of observing a non-equilibrium/
quantum coherent state, at room temperature.

The prospects for electronic single-impurity devices realized in
silicon, III-V or II-VI may be bright in the long run because these
semiconductor materials allow for an almost infinite choice in host
materials, allow the inclusion of a confinement potential such as
quantum wells and quantum dots in the design, and have a mature
multilayer and photonic crystal cavity technology, a wider range of
doping impurities and the possibility of creating conduction chan-
nels and single-electron transistors close to the impurity. It is also
a great advantage that entangled impurity states could be realized
with impurities having a relatively large separation in the range of
10 to 100 nm, and that impurities can be reproducibly positioned on
the atomic scale. As advances continue in observation, modelling,
manipulation, creation and devices, this field of solotronics seems to
be progressing to the point where the essential element of a device
is a single dopant atom, contacted with leads and gates, or optically
addressed. This will bring the semiconductor device community to
the end of the road in device miniaturization.
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