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Room-temperature negative differential resistance
in single-atom devices
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Artem S. Trifonov, 9 ®° Yuri A. Pashkin, @ *@ Oleg V. Snigirev®° and

Vladimir A. Krupenin (2 *2®

We report the observation of negative differential resistance (NDR) in single-atom single-electron devices
based on arsenic, phosphorus and potassium dopants implanted in a silicon host matrix. All devices
exhibit NDR, with the potassium-based one exhibiting NDR at room temperature because of the larger
charging and confinement energies. Our experimental results are reproduced with a simple model that
assumes sequential electron tunnelling through two series-connected charge centres, each having two
discrete energy levels. The model utilises the nonequilibrium Keldysh diagram technique, and its accuracy
is improved by introducing an effective local temperature that depends on the dissipated power and by
semi-classical averaging of fluctuations of the dopant spectra. Our control experiments on undoped
devices revealed the bandgap boundaries of the silicon host matrix which we successfully modelled using
a single-barrier approximation. The use of unconventional dopants in silicon with high characteristic
energies, such as potassium, is a major step forward toward the implementation of room-temperature

rsc.li/nanoscale single-atom electronics.

Introduction

Negative differential resistance (NDR) is the property of some
nonlinear electronic components, in which an increase in
voltage across its terminals results in a decrease in electric
current through it, producing a negative slope on the current-
voltage characteristic." NDR plays a key role in building many
electronic devices such as AC generators and amplifiers,
switchers, memory circuits, etc.” In semiconductor structures,
the mechanism of NDR is related to the tunnelling of charges
through multiple potential barriers when the tunnelling prob-
ability depends on the applied voltages. The essential ingredi-
ents of NDR are well-defined energy levels created by doping in
heterostructures® or spatial quantisation in quantum dots.”
Recently, due to the progress in nanofabrication, it became
possible to create electronic devices whose operation is based on
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single molecules® and atoms.® In such structures, the energy
levels are inherently discrete because of quantum confinement
and strong Coulomb effects, which makes them promising for
the observation of NDR. However, the temperature range in
which NDR can be observed depends on the characteristic energy
scale of particular structures. Experiments on single-molecule
devices report NDR observations in a wide temperature range.” '
A typical NDR mechanism in such devices is charge tunnelling
between two energy levels corresponding to different spatial local-
isations of electron densities, which are in resonance at a certain
value of the applied bias and out of resonance at other values.

An alternative explanation of NDR in molecular structures
was proposed in ref. 16. The authors attributed the formation of
NDR to the enhancement of one of the two tunnel barriers of
the molecular single-electron transistor by the source-drain elec-
tric field. This interpretation was used to explain the experi-
mental results reported previously."”'> However, the proposed
mechanism cannot explain the formation of NDR in strongly
correlated small-size systems'” where the strong Coulomb inter-
action plays an important role and should be taken into
account. It was shown later that strongly correlated low-dimen-
sional structures, including single-electron devices, exhibit NDR
due to the presence of both strong Coulomb interactions and
asymmetry between relaxation rates in tunnel junctions.'®2°

The ultimate electronic device is one in which gate-con-
trolled electron transport occurs through a single atom
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coupled to the source and drain electrodes. The first single-
atom single-electron transistor was built by placing a transition
metal complex in the gap between the two electrodes, with a
gate electrode located under the entire structure.”® A more
technologically viable approach is to use doping, i.e., the inten-
tional introduction of impurities into an intrinsic semi-
conductor, which is commonly used for the purpose of modu-
lating its electrical, optical and structural properties. The
doping process introduces allowed states within the band gap
whose position depends on the host semiconductor and the
dopant used, and determines the binding energy, which, for
conventional dopants like arsenic and phosphorus, is much
smaller than the energy gap of the host semiconductor.

Arsenic and phosphorus are widely used in the semi-
conductor industry as donor dopants in silicon, therefore their
properties have been studied extensively.” Their electric and
electron transport properties as well as the valence electron
binding energy are well understood and were discussed
previously’>*® (see also references therein). The binding
energy of a phosphorus dopant in silicon is p ~ 46 meV and
the size of the corresponding charge centre is rp ~ 2.5 nm that
gives the charging energy EY, = €*/2C ~ 25 meV. The corres-
ponding parameters for an arsenic dopant in silicon are g;g =~
54 meV, rys = 3.9 nm and E° ~ 16 meV.

In contrast, potassium ions are rarely used for implantation
in silicon and silicon dioxide (see SI). This dopant is of par-
ticular interest for building single-atom devices because its
electron and hole energy levels in a Si matrix are located in the
middle of the band gap. In addition, this dopant has a small
effective size of the charge centre and, as a result, high char-
ging energy. Hence, the operation temperature of K-based
devices is expected to be much higher than that of their P and
As analogues.

Potassium behaves as a donor when implanted in silicon;
however, donor levels and electrical properties strongly depend
on the dopant location in the Si crystal lattice. Data on the
binding energy of potassium dopants in silicon is scarce and
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varies greatly: from ex = 0.04 eV (ref. 24 and 25) up to &g = 0.26
eV.>P- 22 guch a large variation of the binding energy could be
due to the different methods of sample preparation and ion
implantation. From these values, one can estimate that the
charging energy of a K dopant in silicon is as high as 330 meV,
which warrants room-temperature device operation (see SI).

Although single-atom single-electron devices based on
single As and P dopants have been demonstrated by several
groups,?>?*2%32 g0 far there have been no reports on devices
in which electron transport occurs through charge states of a
single K atom. Here we present three types of single-atom
devices in which phosphorus, arsenic and potassium atoms
are used as dopants. All three demonstrate NDR, and the
device doped with potassium shows NDR even at room temp-
erature due to a much larger charging energy of K as compared
to conventional dopants. We model charge transport through
the devices assuming sequential electron tunnelling through
two series-connected charge centres, each having two discrete
energy levels. The excellent agreement of the measured data
and simulation results for all devices confirms sequential elec-
tron tunnelling through individual dopant centres as the
origin of the observed NDR.

Results and discussion

The samples measured in this work were fabricated using the
nanofabrication techniques detailed in the Methods section.
The key element of all devices is a narrow constriction, called a
nanobridge, etched in the layer of silicon on silicon oxide, as
shown in Fig. 1. The nanobridge contains dopant atoms of P,
As or K. For detailed characterisation, chips with single-atom
devices were placed in a shielded chip holder and bonded
using Al wires. The devices were characterised at 4.2 K (those
based on P and As) or at room temperature (device based on K)
by measuring the DC current (I) as a function of the bias
voltage (V) and gate voltage (V).
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Fig. 1 False colour images of single-atom single-electron device structure in a scanning electron microscope. (a) Side view. (b) Top view. Blue
colour denotes the silicon layer; green—the insulating layer of silicon dioxide; dark-yellow—the chromium source, drain and gate electrodes. The
estimated gap between the source and drain is ~20 nm and the gap between the gate electrodes and nanobridge is ~10 nm. Note the sloped inner
faces of the gate electrodes in (b): the bottom edge of each gate is closer to the nanobridge than its top edge.
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(a) Electric current through the undoped silicon nanobridge as a function of bias voltage V and gate voltage V. (b) Electric current calculated

using the single-barrier model (see also Fig. 3a). The model fitting parameters are: L = 30 nm, 5L = 0.4 nm, e = -7 eV, g, = —0.6 eV, Ag = 1.3 x 1073
and electrostatic gate lever ag = 0.22. (c) Electric current and (d) differential conductance 9l/dV of the K-doped silicon nanobridge as a function of
bias voltage V and gate voltage Vs at room temperature. The dashed lines indicate the regions of Coulomb blockade (white) and NDR (cyan).

We start with a comparison of charge transport through
two nanobridges of nominally the same dimensions: one is an
intrinsic Si device and the other is a device built of Si doped
with K, see Fig. 2. Because differential conductance and differ-
ential resistance are interrelated, we will use both quantities
when discussing our experimental data.

Fig. 2a shows the measured tunnelling current, I(V, V),
through the undoped silicon nanobridge as a function of the
bias and gate voltages. The growth of the current on the right
and on the left is caused by the induced electron and hole con-
ductivity. It is really remarkable that regions with two different
types of conductivity were measured in the same experiment,
which was possible due to the small length of the nanobridge
(<100 nm) and the close proximity of the gate electrodes. In
addition, one can see that the diagram is almost symmetric
with respect to the horizontal axis V = 0, which indicates that
the intrinsic silicon nanobridge is homogeneous and therefore
the effect of the gate potential is the same for positive and
negative source-drain voltages. At these values of V and Vg, the
current through Si is small, without having any distinct peri-
odic features, and provides just a background for the single-
electron current. Using the slope of the line corresponding to
the onset of current on the right, we estimate the gate to
source-drain leverage for electrons being AV/AVg ~ 1.3. By per-
forming the same procedure for the region on the left, we

This journal is © The Royal Society of Chemistry 2025

estimate the gate to source-drain leverage for holes to be AV/
AV = 0.2. The different values of the lever arm for electrons
and holes can be explained by the different mobilities of the
charge carriers. We associate the region at zero bias and
between —5 V up to about —2 V of the gate voltage as the
region without conductance which corresponds to the silicon
energy band gap. Importantly, K deep dopant levels are
located in the band gap® and we observe single-electron effects
in this region when the nanobridge is doped with K atoms.

The conduction of the undoped nanobridge can be
described with the help of a simple single-barrier model with
a smoothed barrier, as shown in Fig. 3a. For simplicity, we
assume that tunnelling current through the barrier is pro-
portional to the integral of the transmission coefficient over
the Fermi window, i.e. we use a variant of the Meir-Wingreen
formula:**

1V, Ve) = AO%JT(E, V.V fle, V) —fale, V)lde, (1)

with  the standard Fermi distributions fir)(e,V) =
eFev/2\]". .
1+ exp T in the left and right electrodes and a
BL0

dimensionless scaling factor A, depending on the effective
densities of states (DOS) in the electrodes and the geometry of
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Fig. 3 (a) Schematic energy diagram for the single-barrier model. The parameters used in the model are evident from the sketch (see also Fig. 2b).

(b) Energy diagram of the two-dopant model comprising two localised states with two energy levels in each state, nicknamed as “2D x 2L" (see sub-

section Theoretical model for detailed description and notations).

the nanobridge. The barrier transmission coefficient (¢, V, Vi)
has contributions from both electrons and holes and is calcu-
lated numerically as the quantum-mechanical transparency of
the smoothed barrier. This calculation involves a numerical
solution of the one-dimensional Schrédinger equation with a
potential energy U(x) of the smoothed barrier. Barrier smooth-
ing originates from image force correction: a tunnelling charge
experiences attraction to its mirror image on the electrodes,
effectively lowering the barrier height in the vicinity of the
source and drain, U(x) = Ujpear(*) + U(x). In order to prevent
the Coulomb attraction potential sU(x) from diverging at the
interfaces, x = 0 and x = L, we introduce a small coordinate cor-
rection 6L so that 6U(x) « —1/(x + 6L) — 1/(L — x + 6L). This cor-
rection was found to be 0.4 nm which is much smaller than
the barrier length L = 30 nm. Physically, 6L can be attributed
to the uncertainty of the barrier length in the fabricated device
and to the model assumption that the tunnelling charges are
described with the distributed wave functions. The charge
images in the electrodes are not the point charges either,
hence they must be treated in a similar way.

This simple model reproduces reasonably well the experi-
mental current diagram presented in Fig. 2b. The fitting of the
current diagram allowed us to estimate the electrostatic lever
of the gate electrode to be about ag = 0.22 under the assump-
tion that the undoped nanobridge silicon is characterised by
its bulk band gap value E; = 1.17 eV. Therefore, in our experi-
mental setup, a change of gate voltage AV gives rise to a five-
time weaker change agAVg of the nanobridge energy structure.
We believe that some roundness of the edges of the non-zero
current region in Fig. 2a is not perfectly reproduced within the
model current diagram in Fig. 2b due to the neglected
Coulomb interaction between the distributed tunnelling elec-
trons and because of the simplified current formula (1) which
does not account for the quasiparticle DOS in the electrodes.

The behaviour of the electric current and the differential
conductance becomes drastically different for the Si nano-
bridge doped with K, see Fig. 2c and d, respectively. The
current stability diagram presented in Fig. 2c reflects a multi-

Nanoscale

tude of distinct processes occurring within the nanobridge. As
we propose, there is a region on the V-V plane in which only
one dopant is involved in charge transport, but the tunnel
current is completely blocked, forming a characteristic
Coulomb diamond. The size of the Coulomb diamond gives us
an estimate of the characteristic voltage V¢ of the Coulomb
blockade which is half the size of the Coulomb diamond along
the V axis. Clearly, this value is about V¢ =~ 1.6 V, which is due
to a single-electron transport via an individual potassium
dopant. The corresponding charging energy together with con-
finement energy (A€) Ec + Aé = eV /2 = 0.8¢eV is of the same
order as our a priori estimate Ec ~ 330 meV (see SI). It is very
unlikely that positively charged K dopants could form a small
island with a comparable charging energy given Coulomb
repulsion between the dopants. Just outside the Coulomb
diamond at more positive bias voltage, energy levels of a neigh-
bour dopant become activated in the nanobridge and charge
transport takes place through two dopants connected in series.
When the energy levels line up the tunnelling rate increases
giving a lower tunnel resistance. At even higher bias voltage
the levels detune which results in a higher tunnel resistance.
Such alignment and misalignment of energy levels between
the neighbouring dopants repeat as the bias voltage increases
further. This manifests as the emergence of the negative differ-
ential resistance microstructure in a certain range of the bias
and gate voltages just outside the Coulomb diamond. We note
that because of the many factors involved in charge transport,
such as the different energy level structure in the neighbouring
dopants, one cannot expect NDR to manifest symmetrically at
positive and negative bias.

The differential conductance varies by many orders of mag-
nitude and even becomes negative. The black area in Fig. 2d
corresponds to the vanishingly small conductance, 107°G, (Go
= 2¢°/h being the conductance quantum) and lower. The con-
ductance grows rapidly on the right side of Fig. 2d, therefore
Vg is limited to —1 V in it. There is a gentler increase in con-
ductance at V; < —5 V. One can see that the characteristic
region with non-zero conductance (enclosed by a cyan dashed

This journal is © The Royal Society of Chemistry 2025
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line in Fig. 2¢c and d) is very close to a triangular shape, which
is specific to single-electron tunnelling. At the same time, this
triangle-like region contains well-pronounced features with a
strongly varying differential conductance. The positive conduc-
tance alternates with the negative conductance, which corres-
ponds to peaks and dips in the current-voltage characteristic.
We attribute this behaviour to the presence of at least two dis-
crete energy levels between the source and drain electrodes
(extending the model,® see details below). These features
appear to be periodic in the bias voltage, however, the period
is very different on the left and on the right, with the crossover
from one to the other taking place at about —3 V. Although
this sharp transition from one regime to the other is not fully
understood, we believe that the small-amplitude oscillations
can be associated with the involvement of higher density
energy levels in charge transport when the gate voltage is
changed. This effect can be enhanced by band bending, which
can be tuned by both the gate and bias voltages.

The observed negative differential resistance can be
explained by considering a conduction channel with at least
two localised states connected in series between the source
and drain electrodes capacitively coupled to the common side
gate electrode (see the spatial energy diagram in Fig. 3b). The
two localised states may correspond to individual impurity
atoms situated close to each other in the semiconductor
matrix. Since As, P and K atoms serve as donors, each dopant
is electrically neutral only when its valence electrons are cap-
tured. Under finite temperature and bias voltage, dopants
donate their valence electrons freeing some of the localisation
sites. Electronic transport proceeds as follows: a delocalised
electronic quasiparticle near the surface of the source electro-
de’s tip transforms into an electron that tunnels to the nearest
positively charged dopant. Electron tunnelling also enables
hopping between localisation sites. Finally, an electron loca-
lised in the other dopant tunnels into the drain electrode and
excites a new quasiparticle there.

Apart from quantum-mechanical tunnelling, one has to
take into account the Coulomb interaction. Depending on the
effective localisation length Al (which differs by orders of mag-
nitude for the near-surface and deeply buried dopant atoms),
Coulomb repulsion between the localised electrons may have
different strengths scaling as 1/Al. As long as the dopants are
randomly scattered at various depths in the SiO,/Si interface,
we treat all length scales (including localisation lengths) as
free fitting parameters of our model. Even the distance
between the source and drain electrodes is not known exactly a
priori because the electrode tips, as seen in the SEM image of
Fig. 1, can be extended with tightly clustered dopants concen-
trating near the electrode surface. In a nanoscale structure,
material properties such as permittivity € may also deviate sig-
nificantly from their handbook bulk values and must be
treated as fitting parameters. Furthermore, the energy levels
spacing A& of the dopants due to quantum confinement
strongly depends on the unknown localisation length and the
way each dopant atom is incorporated into the semiconductor
matrix, thus A& becomes a subject of optimisation as well.

This journal is © The Royal Society of Chemistry 2025
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Since the measured I-V curves exhibit two current peaks,
we include two spin-degenerate discrete energy levels in the
spectrum of each dopant. The resulting energy spectrum of
the 2D x 2L system as a whole is affected by Coulomb inter-
action and the formation of hybridised quantum states due to
quantum-mechanical tunnelling between dopants. We use the
non-equilibrium diagram technique®**® to model the electron
transport between the two electrodes-reservoirs through the
open quantum system of two sequential double-level localised
states; see subsection Theoretical model for details. For the
given bias and gate voltages and using the set of fitting para-
meters, we calculate the tunnel current in the stationary
regime. Separately, we find and subtract the background
current I, as a function of V described by the exponential

. 14 .
function Ig (V) = Ipo + 1o {exp (7) — 1] , where I, is the offset
0

current, I, and V, are the fitting parameters that represent
typical scales of the background I-V curve. Then we adjust the
fitting parameters of dopants to obtain the best agreement
between the measured and modelled I-V characteristics for
three devices based on As, K and P.

The results of fitting are presented in Fig. 4 and 5, with the
best-fit parameters listed in Table 1. The model provides a
reasonable approximation for the measured data and explains
the observed current peaks as follows. The electric field
between the source and drain electrodes changes the energy
spectra of both dopants differently, and once a pair of energy
levels aligns as shown in Fig. 4b, hybridisation of the corres-
ponding quantum states becomes almost symmetric—that is,
the tunnelling rates between the resulting hybridised states
and each of the electrodes (kinetic coefficients) grow compar-
able to each other. Consequently, a wider conduction channel
opens which we observe in the form of the resonance-like
current peak. Further growth of the bias voltage increases the
offset between the single-particle energy levels and brings
them off the resonance. The increased energy misalignment
breaks the symmetry of hybridisation and couples the hybri-
dised states to the source and drain electrodes unequally, so
the smallest of the tunnelling rates becomes a bottleneck for
the electron transport. This disruption of resonance closes the
conduction channel and makes a negative contribution to the
overall differential conductance. Evidently, this resonant
mechanism of NDR is influenced by the Coulomb interaction,
which modifies the spectra of the dopants while shifting the
original single-particle energy levels &;, to their renormalised

values &, ~ &, + > Uy (see subsection Coulomb energies of
J

the SI for details). In the case of shorter localisation lengths
(stronger Coulomb interaction), the unoccupied shifted energy
levels ¢;, may escape the bias window at low bias voltages and
bring the device into the Coulomb blockade regime with a neg-
ligible tunnelling current.

It is worth mentioning that we implement two additional
features in our model: self-consistent calculation of the
effective local temperature and classical averaging of spectral
fluctuations with a quasi-Boltzmann distribution (see subsec-
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Fig. 5 Pink curves depict /-V characteristics of the measured devices based on K (a) at V& = —3.9 V.and on P (b) at V& = 0.0 V. Best-fit /-V curves of
the corresponding 2D X 2L models are plotted in blue. The energy diagrams used are similar to the one shown in Fig. 4b. The corresponding fitting
parameters are listed in Table 1. The parameters of the background current curves are: (a) lpg = 38.6 pA, Ip = 220 pA, Vo = 1600 mV and (b) lpg =
0mA, Ip =115 mA, Vo = 54 mV.

Table 1 Best-fit parameters of the 2D x 2L model for devices based on As, K and P (see subsection Model parameterisation of the Sl for details)

Dopant Ty, K x, mK pWw " L, nm x4, nm Aly, nm Agy, meV X5, nm Alg, nm Ageg, meV
As 4.2 20 20 6.1 5.03 32.1 13.9 5.03 12.2
K 300 10 24 10.5 2.95 208 13.6 2.95 97.5
P 4.2 10 20 7.4 3.00 28.8 12.6 3.00 8.4

tion Effective local temperature and classical fluctuations of
the SI for details). The effective local temperature of the nano-
bridge may be higher than the average temperature of the bulk

substrate due to the high power (order of 50 pW or higher) dis-
sipated in the nanosized device that was studied in ref. 37.
Therefore, the local nanobridge temperature is expected to

Nanoscale This journal is © The Royal Society of Chemistry 2025
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depend on the dissipated power that can be expressed as IV.
For simplicity, we assume a linear dependence (5) and intro-
duce a new outer loop for the self-consistent solution of (5).
The calculated effective local temperature is plotted as dashed
green curves in Fig. 4 and 5, with the scale shown on the right
y-axes. Interestingly, our model suggests that the temperature
of the P-based device (Fig. 5b) may reach 300 K while its sub-
strate is at the temperature of liquid helium. This seems
reasonable since the P-based device dissipates up to 30 nW of
power in the nanoscale bridge. The self-heating of the As-
based and K-based devices remains relatively mild as long as
the dissipated power is smaller than in the P-based device.

The second extra feature of our model is the Boltzmann-like
averaging of classical fluctuations experienced by discrete
energy levels ¢;,. Physically, the fluctuations of ¢;,, may occur
due to random background charge variations and interaction
between the localised electrons and the substrate phonons
(hence the potential profile of the dopant wells fluctuates).
Since we do not overcomplicate our model with comprehensive
quantum description of these two phenomena, it is reasonable
to account for them on a semi-classical post-processing stage.
Specifically, we calculate tunnelling currents I for an ensemble
of similar model entities differing only by variations of ¢, —
& T 6¢,. Then we average these fluctuating values of I with
Boltzmann-like exponential weights (see subsection Effective
local temperature and classical fluctuations of the SI).
Importantly, the temperature is still calculated self-consistently
for each model entity, so the averaging distribution is a non-
Boltzmann one. As a result, the implemented averaging of clas-
sical fluctuations broadens the current peaks on the -V
characteristics (giving up to several times larger peak width)
and thus significantly improves the fitting accuracy. Without
this semi-classical treatment of background charge fluctu-
ations and electron-phonon interaction, it would be imposs-
ible for our model to show good agreement with the measured
I-V curves.

Finally, we admit that the fitting accuracy could be better
away from the current peak apexes. It seems that our model
tends to underestimate the tunnelling current in the nonreso-
nant regime. This can presumably be attributed to the neglect-
ion of inelastic tunnelling processes. In a non-resonant con-
figuration, the total tunnelling current may increase if one
includes additional conductance channels due to phonon- or
photon-assisted inelastic tunnelling. Interaction with substrate
phonons or infrared/microwave photons may help the loca-
lised electrons tunnel between the localisation sites ¢; # & even
with |e; — &] > T; and thus enhance the tunnelling conduc-
tance under nonresonant conditions.

Conclusions

The main result of this paper is the negative differential resis-
tance that was observed in the measured current-voltage
characteristics of K-doped nanobridges at room temperature.
To the best of our knowledge, this is the first observation of

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

NDR in single-atom devices at room temperature. The
observed current peaks can be explained by the resonant elec-
tron tunnelling through the dopants with discrete energy
levels. Our numerical calculations based on the model of two
sequential two-level dopants tunnel-coupled to the source and
drain electrodes agree with the experimental data collected for
three types of dopants used in the experiments: arsenic, pot-
assium and phosphorus. The quality of I-V curve fitting has
been significantly improved by the two additional features
implemented in our model: self-consistent evaluation of the
local nanobridge temperature and Boltzmann-like averaging of
semi-classical spectral fluctuations. The agreement between
the experiment and the simulations can be enhanced further
if one accounts for inelastic tunnelling processes.

Silicon dioxide doped with potassium atoms is known to be
a dielectric material with a permanent built-in electric charge,
also known as electret.*® It is likely that potassium atoms are
trapped on the surface of the nanobridge, which is oxidised
under ambient conditions,*® thus forming an electret material.
The electret properties of the potassium-doped silicon dioxide
signify the strong single-electron properties, which can be
used to build single-electron reservoir devices with higher
charging energy.

It is also known that K dopants in silicon can group with
vacancies®® in the same manner as N dopants group with
vacancies in diamond.*® We believe that a number of appli-
cations can be envisaged for K-V centres similar to those
found for N-V centres in diamond.*"

Methods

Sample fabrication and measurements

For chip fabrication, we applied the process that is fully com-
patible with CMOS technology and almost identical to the one
utilised in our previous works.”>?*>*>* The commercially
available SoiTec Unibond® SOI wafers had a 55 nm (As, P
doped) and a 110 nm (K doped) thick top Si layer with a resis-
tivity of 10 Q cm. It was isolated from the 725 pm thick Si
handle wafer with the same resistivity by a 145 nm (As, P
doped) and 200 nm (K doped) thick buried oxide layer of SiO,.
The details of the implantation of As and P are described in
ref. 22, 23, 42 and 43, respectively.

Implantation of potassium in Si was carried out in the
HVEE 500 heavy ion accelerator based on the MSU accelerator
complex.** For this, a stable current ion source was built, with
a cathode made from alkali metal aluminosilicates.*®
Potassium aluminosilicate was obtained by heating a paste of
finely dispersed chemical compounds (K,COj3, Al,O3, 2Si0,)
dissolved in methanol on tungsten filaments in a rarefied
atmosphere.

The top Si layer was doped with K ions at a low surface dose
(n ~ 10"-10" cm™?) and low acceleration voltage (300 V). At
such voltages, K ions are implanted in the near-surface layer
penetrating into Si at a depth of about 5 nm. For the given
dopant areal density, one can estimate the average separation
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between the dopants of 6 + 3 nm. We can thus conclude that
electronic transport in our device occurs vig individual dopant
centres. Also, in such implantation regimes, the Si crystal
lattice remains almost undamaged by the ion beam,*®*
hence, high temperature thermal annealing is not needed for
this type of samples.

The fabrication process is based on the conventional top-
down approach, in which a narrow nanobridge containing
individual dopant atoms is shaped in the initially doped top Si
layer of the SOI wafer. First, the desired pattern is formed in
resist by electron-beam lithography (Zeiss-Supra40 scanning
electron microscope equipped with the Raith ELPHY Quantum
pattern generator) and then transferred to the Si layer by reac-
tive ion etching in fluorine plasma.

When forming metallic electrodes, special care was taken to
minimise the gaps between them all. By using well-controlled
electron-beam lithography and the so-called cold development
of the resist,”® we managed to decrease the gap between the
source and drain electrodes to below 20 nm, which is essential
for K dopants with deep energy levels. The gate electrodes are
located at a distance of 5-10 nm from the transistor channel,
allowing the gate voltage to be substantially reduced.

The advantage of the developed fabrication method is that,
with the open transistor channel, it allows further trimming of
the device by successive etching cycles and additional implan-
tation of various dopants.*?

Theoretical model

To describe electron transport through localised states of
dopant atoms, we employ a model of two two-level dopants
connected in series. The second-quantised Hamiltonian of
Anderson*® type reads as follows:

N
S EETE 5SS endl i

Cko i=1 o=1,|
PPV QU
+ Z lko'ck(r a"’ + T k(r l(rcko') + E T'ijo'aio'aja
iCko i#j
+ Z Uii(hy — Ing) (A — 1ny)
l
(A O (A 330
+ Y U — ind)(A; — 1n)), (2)
i<y
where fermionic operator cij creates delocalised electron with
272
y . L
quasi-wave vector k, spin o€{f,|} and energy ¢; = o He

eV, in the conduction band of electrode {€{L, R} (Fermi energy
ug ~ 5 eV, effective mass m ~ me). Electrostatic potentials (such
as eVy) refer to the Fermi level of the grounded substrate, thus
the actual Fermi levels of the source and drain electrodes are
equal to —eV;, and —eVg, respectively. The fermionic operator
a; creates an electron that occupies the i-th localisation site
with spin ¢ and energy ¢;,. Since the measured I-V curves
exhibit two current peaks, we include two discrete energy
levels in the spectrum of each dopant. Thus, the index i
denotes N = 4 levels with i = 1, 2 in the left dopant and i = 3, 4
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in the right dopant. The spectra of both dopants can be
shifted linearly with a common gate potential.

Elastic quantum-mechanical tunnelling events are intro-
duced with the help of internal tunnel amplitudes Ty, (pro-
cesses io < jo) and external tunnel amplitudes 74,(6 (processes
(ko < ic) that are assumed to be proportional to the
quantum-mechanical transparencies of the corresponding
potential barriers derived from geometric dimensions of the
system as discussed in subsection tunnelling rates of the SI.
Inelastic tunnelling assisted by phonons or photons is neg-
lected. Coulomb repulsion between localised electrons is rep-
resented by terms with Coulomb energies U; and filling
number operators 1;, = d;dia and 7; = fi; + #1;. The Coulomb
energies are defined as two-particle electron repulsion inte-
grals between the hydrogen-like wavefunctions chosen as
effective molecular orbitals of the localised electrons. The
parameters of these Gaussian-type orbitals also depend on
geometric dimensions as suggested in subsection Coulomb
energies of the SI. Reference filling factors n{ correspond to
the electrically neutral electronic configuration of impurity
atoms and renormalise their discrete energy spectra ¢;, (see
subsection Coulomb energies of the SI as well). Furthermore,
discrete energy levels ¢;, are subject to classical fluctuations
originating from background charge noise and the discarded
electron-phonon interaction. We account for these fluctu-
ations and self-heating of the devices as discussed in subsec-
tion Effective local temperature and classical fluctuations of
the SI.

The scalable FORTRAN implementation®® of the non-equili-
brium diagram technique equations is used to calculate the
stationary electric current for the given bias and gate voltages.
The general self-consistent calculation iteratively refines elec-
tronic filling factors until each of the stationary retarded and
lesser Green’s functions (their Fourier images) converges to a
value corresponding to the stable solution of the self-consist-
ent simultaneous Dyson and Keldysh equations:

OR

Gij,j( w) =[G (w)”
yn ZGIZO' ljo' )Gﬁ]n( )

) -2l )],
3)

where Gif () = §;/(hw — &, + i0), the stationary advanced

Green’s function G;jg( ) = [ Jw(w)] and tunnel and Coulomb
interactions reside in the self-energies X¥!(w), X3 (w) and

Zf;g(w), respectively (see ref. 50 for details). Once eqn (3) are

solved numerically, one evaluates the expression for the elec-
tric current through the device,
I () = fR (o),

ek
(4)

which is obtained in the standard wideband approximation

I (@

Sy (@ o

, transver-

; ; $ s 0 ¢ &
with the tunnelling rates I, ~ mv;(—eV;) Tiiteto Tyl

sal density v2(hw)[1/eV] of delocalised states and Fermi distri-
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-1
bution functions f? (hw) = [1 + exp 7)] . The form-

alism of NDT allows for different temperatures kgT; of the elec-
trodes. We set them equal kgTy = kgTr = kg7, although the
effective temperature kg7 is calculated self-consistently and
accounts for self-heating of the structure due to the high
density of the dissipated power. The self-heating of similar
nanostructures has already been observed in previous experi-
ments.>” Consequently, it is reasonable to deduce the effective
local temperature T in a self-consistent way rather than to
assume a constant substrate temperature T, throughout the
sample. Specifically, we suggest a simple linear dependence of
the effective local temperature on the dissipated power:

kBT — kBT(17 V) = kBT() + K'IV7 (5)

with the temperature-to-power coefficient k¥ ~ 10 mK pw "
taken as the lowest bound from the I-V curve fitting (the upper
bound remains uncertain). Remarkably, this value is of the
same order as one can estimate from ref. 37, Fig. 5. As a result,
self-consistent calculation of the effective local temperature
makes the broadening of current peaks on I-V curve non-
uniform, which further increases the fitting accuracy.
Subsection Effective local temperature and classical fluctu-
ations of the SI clarifies the way self-heating affects the aver-
aging process of classical fluctuations for ¢,
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