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Platform

We use commercial prototype devices as a 
platform to study dopant transport.
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FIG. 1: a) Scanning Electron Microscope (SEM) image of a
device. b) Schematic representation of our FinFETs. The
gate (light yellow) covers three faces of the channel (dark
yellow). L, H and W represents the channel length, height
and width respectively. In red the physical cross-sectional
area is shown. c) Schematic band profile of the channel region
under the gate as seen by electrons flowing from source to
drain for Vg = 0 V. tox is the gate oxide thickness [1, 2]
d) Same band profile for Vg = 0.4 V e) Typical fits used to
extrapolate Eb and S for a 55 nm width device. Values of
the order of 0.99 where routinely obtained for the statistical
parameter R for fits of all devices with width � 125 nm. In
the inset, differential conductance (G = dIsd

Vsd
) data taken at

different Vg’s and at different T’s are shown.

three faces of the channel. The gate is made of MOCVD
grown TiN with an HfSiO layer deposited to isolate it
from the intrinsic Si channel [5]. Differential conduc-
tance (G = dIsd

dVsd
) data are taken using a lock-in amplifier

technique detecting a signal of 89 Hz applied over Vsd.
Thermionic emission above a barrier can be represented
by the formula:

G = SA∗T
e

kB
exp(− Eb

kBT
) (1)

where A∗ is the effective Richardson constant for Si and
is equal to 2.1× 120 A cm−2 K−2 [6, 12, 13].

Figure 1e shows the G/T versus 1000/T data obtained
from the re-arrangement of the conductance versus Vg

data taken at different temperatures (inset in the fig-
ure). In our case, every set of data is transformed to an
Arrhenius dependence (G/T versus 1000/T at fixed Vg)
in order to perform the fits, as shown in the Fig. 1e.
After this, the data for the Eb versus Vg dependence and
for the S versus Vg dependence can be easily extrapo-
lated using the thermionic fitting procedure. Note that
the thermionic transport model of Eq. 1 depend only on
these two parameters, S and Eb. The accuracy obtained
in the fits made using this equation (as shown in the fig-
ure) demonstrate the validity of the use this model to
study subthreshold transport.

In the first part of this study, we turn our attention
to the results obtained for the dependence of Eb versus
Vg, see Fig. 2a. We readily observe a decrease of Eb

for increasing Vg. As can be seen in the inset of Fig.
2a, this effect is less pronounced for wider nm device.
We attribute this to Short Channel Effects (SCE’s) that
influence the electronic characteristics even at low bias.
The 825 nm devices even need to be negatively biased in
order to observe thermionic transport. This trend is also
reflected by the data of Table I; here the coupling fac-
tors ∂Eb/∂Vg [6] obtained from our thermionic fits (α1)
show a decrease for increasing width. Coulomb blockade
measurements (at 4.2 K) of confined-traped states at the
Channel/Gate interface [6, 14, 15] yield the coupling be-
tween the potential of the channel interface and Vg (α2),
see Table I. From this we can conclude that the coupling
to the channel interface remains constant for increasing
device width, whereas the coupling to the center of the
channel does not.

The data of Table I can be understood fully in the
context of SCE’s. Although the interface will always have
strong capacitive coupling to the gate, the potential in
the channel’s center region can actually become coupled
stronger to the source-drain contacts than to the gate
for certain dimensions. We indeed observe a significantly
reduction of α1 for the two wider devices for which SCE’s
can be expected. In particular in the 875 nm devices,
the channel is so wide compare to the height that the
thermionic barrier in the center of the channel is heavily
reduced. A lower thermionic barrier leads to a higher
electron density in the channel which on its turn will lead
to significant electron-electron interactions. Thermionic
theory, however, is a non-interacting theory [13] and the
fit results for the pre-exponential term of Eq. 1 (were S
is extrapolated) lose their accuracy in the face of electron
electron interactions. We will thus not discuss the results
of the devices with 875 nm width any further.

The Eb versus Vg curves, as depicted in Figure 2a,
all cross each other at around 0.4 V (outlined by the
black circle), before complete inversion of the channel
takes place at Vg∼ 0.5 V [5]. This Vg is equal to the
value for the work function mismatch between the TiN
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In a quantum computer, calculations are
made by the controlled time evolution 
of a set of coupled two-level quantum 

systems (qubits). Since Shor1 showed, four
years ago, that some hard computational
problems — such as factoring integers —
become tractable in a quantum computer,
the desirability of producing a real one has
hardly been a matter for serious debate. It is
a daunting task, but physicists and chemists
have begun to confront the challenge of
building the necessary hardware — and two
papers in this issue show that we are making
progress. 

On page 143, Chuang et al.2 report one 
of the first realizations of a simple but
uniquely quantum-mechanical algorithm
(see box, overleaf), achieved by nuclear
magnetic resonance (NMR) spectroscopy
on the small organic molecule chloroform.
This achievement does not indicate a clear
route to large-scale quantum computation
— but on page 133, Kane3 lays out an 
audacious vision for how that might be
achieved by a radical new design, com-
bining NMR techniques with the semi-
conductor physics that underpins present-
day computer technology.

In NMR spectroscopy, each qubit is real-
ized in the spin orientation of an individual
atomic nucleus — the direction of the
nuclear magnetic dipole. Each dipole can
either reinforce or oppose an externally
applied magnetic field. The first state has
lower energy than the second, and the state
can be changed by the absorption or emis-
sion of a radio-wave photon of the right
energy. This coupling to the radiation field
also provides a way of externally measuring
the spin states of a large ensemble of identical
nuclei on different molecules. Different
nuclear spins on the same molecule interact
through the magnetic dipole force, permit-
ting basic logic functions involving these
qubits to be carried out.

Despite its impressive success, the bulk
NMR approach to quantum computing will
be hard to scale up beyond the quantum-
parlour-game level. First, the simple
approach of distinguishing qubits on a mol-
ecule by their chemical identities becomes
impossible for larger molecules. Second, the
technique requires about 1018 chloroform

molecules in solution to measure success-
fully the result of the computation; such
massive redundancy becomes unfeasible 
if the computation itself requires thousands
or millions of bits. Lastly, the simplicity of
employing a simple organic solution at
ambient temperature presents a basic prob-
lem for scaling up. Successful computation
requires a properly initialized starting state
(with all spins down, for example); but in
thermal equilibrium at room temperature,
the probability that all the spins start out
down in an N-spin molecule decreases 
exponentially with N. 

By marrying the NMR approach with
solid-state physics, Kane provides a vision of
how to solve these problems and make large-
scale quantum computation a real possibili-
ty. The heart of his proposal is the repetitive
device structure shown in Fig. 1. It is made
of exactly the same component parts as pre-
sent-day computer devices — a semicon-
ductor crystal (silicon), dopants (phospho-
rus), an insulating layer and metal gates.
However, its operation bears no resem-
blance to that of a transistor. For example,
the answer to the standard question, “where
does the current flow when the device
switches?” is, “it doesn’t”. Kane’s computer is
the ultimate no-moving-parts machine.

Not even the electrons move, at least not
much.

The qubit in the Kane scheme is again a
nuclear spin, that of a 31P dopant buried
inside the silicon crystal directly beneath a
metal contact (an ‘A gate’). Phosphorus in a
silicon host is an electron donor, meaning
that it has one outer electron which, at room
temperature, moves freely in the crystal 
lattice, carrying the current for transistor
functions. But at a temperature of 100 mK,
this electron is weakly bound to the phos-
phorus ion, and its spin can influence the
state of the nuclear-spin qubit. So by apply-
ing a voltage on the A gate, the bound 
electron can be polarized, changing its over-
lap with the donor nucleus. Now, instead of
the external magnetic field, it is the inter-
action between electron and nucleus that
determines the relative energies of the two
nuclear spin states, and therefore what
radio-wave frequency is required to flip the
spin. So a radio pulse can be used to selec-
tively change the state of only the nucleus
whose electron has been polarized. Other
gates (‘J gates’) influence the overlap of
neighbouring electrons, mediating an in-
direct coupling between 31P qubits, allowing
any operations needed to carry out a quan-
tum algorithm4. This approach eliminates
the first problem of present-day NMR 
quantum computing, by making particular
spins addressable not by their chemical
identity, but by their location under a long
linear array of metal gates.

Kane proposes an elegant scheme for
eliminating the second problem, by reading
out the state of the individual nuclear 
spins. Instead of a direct external measure-
ment of the spin state, which has proved
very difficult5, Kane describes a chain of
interactions connecting the nucleus’s spin
to the macroscopic world. First comes an
operation that maps one of the 31P spins 
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news and views

Real and realistic
quantum computers
David P. DiVincenzo

The first real quantum-mechanical computations have now been made.
But current techniques cannot be scaled up to produce useful quantum
computers. A radical scheme, using semiconductor physics to
manipulate nuclear spins, could be the answer.

Figure 1 The device structure in Kane’s proposal3 for a silicon-based quantum computer. The isolated
dopant 31P nuclear spins are the qubits. The overlying metal gates implement quantum logic
operations by affecting the shape and overlap of the electron wavefunctions surrounding each
phosphorus nucleus. More qubits are added simply by repeating this basic structure.

J gates 
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A. Asenov et al., IEEE Trans. Elec. Dev. 50, 1837, 2003
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into a four-dimensional one where the fourth dimension is
the size of the statistical sample. The result from the physical
simulation of intrinsic fluctuations in ensembles of devices has
to be transferred into statistical circuit level models. Statistical
circuit simulations have to be carried out in order to estimate
at what scaling stage the intrinsic fluctuations in a particular
device architectures will become unacceptable from circuit and
systems point of view.

A. Random Discrete Dopants
The intrinsic parameter fluctuations associated with discrete

random dopants in MOSFETs were predicted in the early
seventies [36], [37] and first treated analytically and numer-
ically in [38]. The predicted threshold voltage fluctuations
were experimentally confirmed for a wide range of fabricated
and measured MOSFETs [7], [39]–[41] down to sub 0.1
m dimensions [42]–[45]. Several analytical models with
different degrees of complexity describing the random dopant
induced threshold voltage fluctuations in MOSFETs have
been developed over the years [38], [39], [41], [46], [47].
Two-dimensional numerical simulations have also been used to
study, to some extent artificially, the effects of random dopant
fluctuations in devices with channel lengths down to 0.1 m
[38], [48], [49].
Due to sheer computational intensity most of the 3D statis-

tical atomistic simulation studies published up to now, which
take into account the discrete random distribution of dopants,
are based on the drift-diffusion (DD) approach [26], [32], [35],
[48], [50]–[54]. In [55], the principles of 3-D atomistic hydro-
dynamic simulations were illustrated but no analysis of fluctua-
tion phenomena on a statistical scale were carried out. Only re-
cently have quantum mechanical corrections based on the den-
sity gradient (DG) algorithm [56]–[58] been introduced into
3-D atomistic DD simulations and used to study the impact
of the quantum mechanical confinement effects on the random
dopant-induced intrinsic parameter fluctuations [59], [60].
It is clear that the drift-diffusion approach does not prop-

erly represent the nonequilibrium carrier dynamics and ballistic
transport effects in decananometer MOSFETs and, hence, un-
derestimates the drain current. However, in atomistic simula-
tions, it can be used with confidence to estimate the threshold
voltage based on a current criterion in the subthreshold region,
where the current is exponentially controlled by the gate and
its underestimation produces a minute error in the calculated
value for the threshold voltage. Above threshold the quantum
corrected DD simulations provide a sufficiently accurate esti-
mate for the variation in the device parameters resulting from
the electrostatics of random discrete dopants, local oxide thick-
ness variations, and LER. Effects associated with mobility and
carrier velocity variation due to variation in the Coulomb scat-
tering from different ionised impurity configurations in eachmi-
croscopically different MOSFET from the sample are also ex-
cluded from the above simulation studies.
A typical atomistic solution domain used in the simulation of

well scaled 50 50 nm MOSFET is shown in Fig. 6(a). The
discrete dopants are placed in the active region of the device in-
cluding the source and drain. In the rest of the simulation domain
the doping charge has a continuous distribution to simplify the

(a)

(b)

Fig. 6. Simulation domain in typical atomistic DG simulations of a 50
50 nm MOSFET. (a) Potential distribution indicating also the positions of the
individual dopants. (b) One equi-concentration contour.

handling of the boundary conditions. In ohmic boundary con-
ditions used at the contact region, the doping concentration is
used to define electro neutrality. This is how boundary condi-
tions are imposed in traditional simulations. Numerical exper-
iments show that only dopants that are adjacent to the active
region of the device influence the fluctuations [61]. Although
the best way to introduce the doping distributions in the atom-
istic simulations would be to use the output from an atomic
scale process simulator [62], [63], all of the previously pub-
lished simulation studies generate random dopant distributions
from continuous doping distributions [26], [48], [50], [51], [53],
[55]. Typically, the expected number of each sort of dopant in
the atomistic simulation region is estimated by integrating the
continuous doping distribution, which is obtained, for example,

Coupling and Coherence
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Thermionic Emission as a Tool to Study
Transport in Undoped nFinFETs

Giuseppe C. Tettamanzi, Abhijeet Paul, Gabriel P. Lansbergen, Jan Verduijn, Sunhee Lee,
Nadine Collaert, Serge Biesemans, Gerhard Klimeck, and Sven Rogge

Abstract—Thermally activated subthreshold transport has been
investigated in undoped triple-gate MOSFETs. The evolution of
the barrier height and of the active cross-sectional area of the
channel as a function of gate voltage has been determined. The
results of our experiments and of the tight-binding simulations
we have developed are both in good agreement with previous
analytical calculations, confirming the validity of the thermionic
approach to investigate transport in FETs. This method provides
an important tool for the improvement of device characteristics.

Index Terms—FinFET, thermionic emission, tight binding (TB).

I. INTRODUCTION

IN RECENT years, many MOSFET geometries have been
introduced to overcome short-channel effects (SCEs) [1].

Among them, one of the most promising is the FinFET geom-
etry [1]–[3]. In this structure, a much stronger gate–channel
coupling can be obtained by the simultaneous action of the gate
electrode on three faces of the channel [see Fig. 1(a) and (b)].
The mechanisms of subthreshold transport can be difficult to
clarify due to the presence of screening [4]. As an example, the
undoped channel version of these devices has a nontrivial and
gate-voltage (Vg)-dependent current distribution. Therefore,
the necessity of the development of tools that could be used to
investigate current distribution has emerged. This knowledge is
expected to allow an improvement of the device characteristics
toward their scaling to the nanometer size regime. For device
widths smaller than 5 nm, full volume inversion is expected to
arise [1]. Wider devices are expected to be in the regime of
weak volume inversion (where the bands in the channel closely
follow the potential of Vg) for Vg ! Vth [1], [5]. Several
groups have investigated the behavior of such weak-volume-
inversion devices using both classical [6], [7] and quantum [8]
computational models, but, to our knowledge, no experimental
method that yields information on the location of the current-
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Fig. 1. (a) Scanning-electron-microscope image of a device. (b) Schematic
view of our FinFETs. (Light yellow) The gate covers three faces of the (dark
yellow) channel. L, H , and W represent the channel length, height, and width,
respectively. In red, the physical cross-sectional area is shown. (c) Fits used
to extrapolate Eb and S in one of our W = 55 nm devices. In the inset,
differential conductance versus Vg data, for different temperatures, are shown.

carrying regions of the channel exists. Taur has studied this
problem analytically for an undoped channel with double-gate
geometry, using a 1-D Poisson equation [5].

The main conclusion emerging from this letter is that, when
the gate voltage is increased, a crossover takes place between
the behavior of the channel at Vg ! Vth and at Vg ∼ Vth,
caused by screening of induced carriers which subsequently
increases the carrier density at the gate–channel interface. To
our knowledge, this prediction has never been directly observed
experimentally. In this letter, we use a 2-D model but the
physical principle is fully analogous to the 1-D case of Taur.

II. EXPERIMENTAL RESULTS

Conductance versus temperature traces for a set of eight
undoped FinFET devices with the same channel length
(L = 40 nm) and channel height (H = 65 nm) but different
channel widths (W = 25, 55, 125, and 875 nm) are presented.
The discussion is focused on one device for each width since
the same behavior for each of the devices of the same width is
found consistently. Our devices consist of a nanowire channel
etched on a 65-nm Si intrinsic film with a wrap-around gate
covering three faces of the channel [Fig. 1(a) and (b)] [3]. An
HfSiO layer isolates a TiN layer from the intrinsic Si channel
[3]. Differential conductance (G = dIsd/dVsd) data are taken
at Vsd = 0 mV using a lock-in technique. Thermionic emission
above a barrier can be represented by the following [4], [9]:

G = SA∗T
e

kB
exp

(
− Eb

kBT

)
(1)

0741-3106/$26.00 © 2009 IEEE
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Fig. 3. Current distributions for (a) Vg = 0 mV and (b) Vg = 400 mV,
obtained using TB simulations for a FinFET geometry and W = 25 nm.
Comparison of the simulated (c) Eb and (d) S with the experimental data for
the W = 25 nm device.

of our FinFETs, with W = 25 nm and H = 65 nm and under
biases similar to the ones of our experiments, the simulated
current distribution shows a crossover from a situation of weak
volume inversion at Vg = 0 mV [Fig. 3(a)] to a situation of
transport confined prevalently at the interface at Vg = 400 mV
[Fig. 3(b)]. Therefore, also from the simulated current distrib-
ution, which gives a good indication of where mobile charges
prevalently flow, a reduction of S with increasing Vg can be
extracted. However, this reduction is not as sharp as in the
experimental data, as these simulations have been performed
at T = 300 K and also due to the absence of interface states
(expected to enhance the effect of screening in real devices) [4],
[10]. As a final benchmark to our experimental method, we have
used the results of the TB simulations to calculate the current
and the conductance at different temperatures and to extract, us-
ing again (1), the simulated Eb and S for a W = 25 nm device.
In fact, in Fig. 3(c) and (d), we compare the simulated values
with experiments and found that we can predict experimental
results with good accuracy, although the simulations overesti-
mate the values of S [probably for the same reasons discussed
for Fig. 3(b)]. In any case, by comparing our experimental
results with the results of the simulations, we have a demon-
stration of the reliability of the method we have developed. This
opens the way of its systematic use to obtain information about
the magnitude and the position of carriers in FET devices in
general and not only in our FinFET structures. In our investi-
gations, we have neglected possible modifications of A∗ due to
the constrained geometry [15] of our devices, as we found them
to be negligible, and we have excluded tunneling regimes of
transport [9], [16] due to different temperature dependences.

IV. SUMMARY

In conclusion, we have presented results that are, at the best
of our knowledge, the first experimental study of the behavior of
the active cross-sectional area as a function of Vg for undoped
FinFETs. In particular, we present conductance traces for a set

of undoped FinFET devices having the same channel length and
height but different width, together with TB simulations for the
device of W = 25 nm, and we compare them to theoretical
calculations. For all these small devices (W ≤ 125 nm), we
propose a mechanism of inversion of the bands from flatband
to band bending in the interface regions, respectively, all as a
function of Vg; therefore, we have, for the first time, directly
observed the theoretical result suggested by Taur [5]. By means
of our results, we have confirmed the validity of thermionic
approach to investigate subthreshold transport in FET devices,
and we have furthermore also given some answers to the funda-
mental technological question on how to localize and quantify
areas of transport in these devices.
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Single Donor Spectroscopy

Characteristics:

• Pair of peaks (D0, D-)

• Charging energy 30-35 meV

(Reduced by nanostructure)

• Odd/even spin filling
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Figure 1 Geometry and electrical characteristics of a single donor located in the channel of a FinFET device. a, Coloured scanning electron micrograph of a typical
FinFET device. Centre blow-up: Schematic diagram of the Si channel with the gate covering three of its faces. The channel and the wrap-around gate are separated by a

nitrided oxide (1.4 nm equivalent SiO2 thickness.) The corner regions are indicated in dark blue. The isolated donors studied here are necessarily located in these corner

regions and are assumed to have diffused from the As source/drain contact extensions. Right blow-up: Band diagram along the y direction showing, from the right, the gate

stack, the oxide, and the interface and Coulomb well with a wavefunction. b, Band diagram along the x direction with the D 0 state in resonance combined with the measured

source/drain current versus gate voltage for a typical sample. QD1 and QD2 indicate resonances of a quantum dot, formed by the confinement provided by the corner effect

and residual barriers in the access regions between the source/drain and the channel. The gate voltage where the band edge in the channel is aligned with the Fermi energy

EF in the source/drain, indicated by ECB, is estimated by subtracting one unit of addition energy from QD1. Below the band edge, there are resonances ascribed to the D0 and

D− charge states of a single donor.

operation of this n–p–n field-effect transistor is to apply a positive

gate voltage to create an inversion in the channel and allow a current

to flow. Under our biasing condition, the current is not carried by

the entire body of these FinFETs but only by its corners
30,31

(see

Fig. 1a, centre blow-up). The cross-section of the current-carrying

region is around 4 nm
2

(ref. 31).

From previous work, the active region of the FinFETs is

known to be sufficiently small to be able to identify a single

arsenic (As) donor in the channel
27

. Low-temperature conductance

measurements show resonances due to the presence of the first

and second electron states of the donor (the D0
and D−

state,

respectively) below the conduction band. The identification of

these states was made on the basis of three criteria: the determined

binding energies, the charging energy and the odd–even spin

filling effect, which is discussed in detail in ref. 27. Applying these

criteria to about 100 FinFETs with 60 nm gate length, we find six

samples showing the typical pair of resonances of a single donor.

Statistically, about one out of seven successfully measured samples

shows the D0
and D−

states. The others either do not show any

resonances below the conduction band or show a complicated

conductance spectrum probably due to (Coulomb) interactions

between other nearby donors or defect states in the channel. We

explain the frequent presence of donors in the p-type channel by

transient enhanced diffusion at the Si–SiO2 interface
32

originating

from the As source/drain contact extensions.

Figure 1b shows a band diagram along the channel (x direction)

combined with the measured source/drain current versus gate

voltage for a sample showing a single donor. The gate voltage

defines the chemical potential of the localized states and the current

peaks whenever a state resides in the energy window of the bias

voltage. The gate voltage at which a resonance occurs is thus a direct

measure for the eigenenergy. The current maxima labelled QD
1

and

QD
2

are resonances of a large quantum dot in the channel, formed

by the confinement provided by the corner effect and residual

barriers in the access regions between the source/drain and the

channel
31

. The gate voltage at which the bottom of the conduction

band in the channel is aligned with the Fermi energy, indicated

by ECB, is estimated by subtracting one unit of addition energy

nature physics VOL 4 AUGUST 2008 www.nature.com/naturephysics 657
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Dopant Transport

•Learn about intrinsic (uncoupled) properties of dopants

• Determination of addition energy

• Excited state spectroscopy

•Interaction in various regimes of coupling to outside world

• Weak coupling: non-interacting

• Strong coupling: multi-electron tunneling and many-body effects

•Nature of interactions:

• Incoherent electron hopping

• Coherent electron transfer

6
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Transport Spectroscopy, example I

7
N. Shaji et al., NP 4, 540, 2008
G.P. Lansbergen et al., ArXiv: 1008.1381

Singlet & triplet exited states in D−
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- exited lifetimes are short (~30ps [PRB 23, 2082, 1980]) compared to slow tunneling rates (1/50-200ns)
- electron leaves from ground state unless this transition is spin bloackaded from a triplet, LET [NP 4, 540, 2008]
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Dynamics from time-averaged current
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Transport Spectroscopy, example II

8G.P. Lansbergen et al., Nano Letters 10, 455-460, 2010

Strongly coupled donor as platform to study coherent interactions, for 
example a Kondo effect.

Coherent interactions
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Coherence Experimentally

• Transport through two coupled donors
• Fano resonances, i.e. coherence

H. Sellier et al., PRL 97, 206805, 2006
J. Verduijn et al., APL 96, 072110, 2010

Coherent transport through a double donor system in silicon
J. Verduijn,1,a! G. C. Tettamanzi,1 G. P. Lansbergen,1 N. Collaert,2 S. Biesemans,2 and
S. Rogge1
1Kavli Institute of Nanoscience, Delft University of Technology, Lorentzweg 1, 2628 CJ Delft,
The Netherlands
2InterUniversity Microelectronics Center (IMEC), Kapeldreef 75, 3001 Leuven, Belgium

!Received 19 November 2009; accepted 23 January 2010; published online 19 February 2010"

In this letter, we describe the observation of the interference of conduction paths induced by two
donors in a nanoscale silicon transistor, resulting in a Fano resonance. This demonstrates the
coherent exchange of electrons between two donors. In addition, the phase difference between the
two conduction paths can be tuned by means of a magnetic field, in full analogy to the Aharonov–
Bohm effect. One of the crucial ingredients for donor based quantum computation is phase coherent
manipulation of electrons. This has not been achieved as yet, and this work presents a stepping
stone. © 2010 American Institute of Physics. #doi:10.1063/1.3318271$

Dopants gained attention in the past years due to their
potential applicability in quantum computation architectures
using the charge or spin degree of freedom.1,2 In a bulk sys-
tem, dopants provide long spin-coherence times.3 Further-
more, the natural potential landscape of a dopant is very
robust and exactly reproducible. However, for practical ap-
plications, the dopants need to be embedded in nanostruc-
tures allowing manipulation and readout of the quantum
mechanical state.1,2 This modifies their bulk properties
significantly4–6 and thus requires new experiments to probe
quantum coherent electron exchange and electronic proper-
ties such as the level spectrum. In this letter, we study trans-
port signatures that provide information about the electronic
coherence. In particular, we report the observation of phase
coherent transport of electrons through two physically sepa-
rated donors, resulting in Fano resonances at low tempera-
ture.

Our devices are three-dimensional silicon field effect
transistors !FinFETs" with a boron-doped channel and a
polycrystalline silicon gate wrapped around the channel.7

Few arsenic dopants !n-type" diffuse into the p-type channel
from the highly doped source/drain regions and modify the
transport characteristics.4 Recently, it has been shown that
the level spectrum of isolated dopants can be determined by
means of low temperature transport spectroscopy.5 However,
this work relies on statistics to find a single dopant in the
transport, and therefore there are also devices that exhibit
multidopant transport. In fact, transport occurs through a
single dopant only in about one out of seven devices with a
fixed gate length and channel height of 60 nm and channel
widths varying between 35 nm and 1 !m.5 All other devices
show multidopant transport or no signatures of dopants at
all.4 The device we discuss in the Letter has a gate length of
60 nm and the channel is 60 nm high and 60 nm wide. The
inset of Fig. 1 shows an electron micrograph of such a de-
vice.

We measure the dc characteristics of our devices,
namely, the drain current, I, and the differential conductance,
G=dI /dVb, versus the gate voltage, Vg, and bias voltage, Vb,
in a three-terminal configuration. The differential conduc-

tance is measured using a lock-in technique with a 50 !V
sinusoidal ac excitation at 89 Hz, superimposed on the dc
bias component. These obtained data can be plot in a stabil-
ity diagram, a two-dimensional color-scale plot with the gate
voltage and bias voltage on the axes. From the stability dia-
gram, measured at low temperature !"4.2 K", one can typi-
cally extract information such as the level spectrum of the
donor and the energy needed to add a second electron to the
system, the charging energy.5

Figure 1 shows the differential conductance as a function
of Vb and Vg. We observe two triangular regions with a non-
zero differential conductance due to direct tunneling pro-
cesses through donor states in the FinFET channel. The cor-
responding resonances at Vb=0 mV are denoted D!2"

0 and
D!2"

− in Figs. 1 and 2. At lower gate voltage !Vg%455 mV",

a"Electronic mail: j.verduijn@tudelft.nl.
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FIG. 1. !Color online" The inset shows an electron micrograph of the device
with the source !s", drain !d", and gate !g" indicated. The differential con-
ductance of this device is measured in a three-terminal configuration. These
data are plotted in a differential conductance stability diagram and reveal
that the transport at 0.3 K is largely determined by a single arsenic donor.
Regions where transport occurs through the neutral D0 state and through the
D− state can be distinguished !indicated by the black dashed lines". In ad-
dition, we observe a two narrow Fano lines in the vinicity of the D!2"

0 and
D!2"

− transport features !indicated by arrows". Inside the Coulomb diamond
there is a zero-bias feature visible which can be attributed to a Kondo effect
!Ref. 8".

APPLIED PHYSICS LETTERS 96, 072110 !2010"

0003-6951/2010/96"7!/072110/3/$30.00 © 2010 American Institute of Physics96, 072110-1
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Magnetic field dependence

Zeeman shift →
D- resonance, spin up

J. Verduijn et al., APL 96, 072110, 2010

direct transport regions are visible, bound by black dashed
lines in Fig. 1. Here the donor is alternating between the
ionized !D+" and neutral state !D0" while electrons traverse
the donor one-by-one. At higher gate voltage !Vg
#530 mV" a second region is visible where the donor alter-
nates between the D0 and the negatively charged state !D−".
The diamond shaped area in between marks Coulomb block-
ade of the donor with a fixed number of electrons. To inves-
tigate the mode of transport we show conductance traces in
Vg at zero Vb as a function of temperature !Fig. 2". Lowering
the temperature from 75 to 50 K results in an increase in the
resonance denoted by D!2"

0 , indicating that the low tempera-
ture quantum transport regime !kBT!"E, with "E the level
spacing" is entered.9 At base temperature !0.3 K" the maxi-
mum conductance exceeds the room temperature value, ap-
proaching 0.67e2 /h. There are several facts proving that the
D!2"

0 /D!2"
− resonances are due to an arsenic donor close to the

Si /SiO2 interface.4,5,7,8 First of all, the charging energy of 29
meV is of the same order as reported earlier for similar
devices.4,5 Second, the spin filling, deduced from the energy
shift in magnetic field, is in agreement with earlier observa-
tions. Note that the first fact is providing strong evidence
against the resonances originating from an electrostatically
defined quantum dot state as reported in Ref. 7.

In addition to the clearly visible D!2"
0 and D!2"

− features
discussed above, two much fainter resonances are visible,
denoted by the arrows in Fig. 1 and labeled as D!1"

0 /D!1"
− . At

high bias, Vb#0, these resonances develop in faintly visible
triangular regions, due to first order sequential tunneling !red
dashed lines", using these lines we find a charging energy of
#35 meV. Furthermore, the resonance at Vg#510 mV
!D!1"

− " shows a linear shift toward higher gate voltages of
about 0.12$0.02 meV /T when magnetic field, B, between
0 and 10 T in the direction of the channel is applied $Fig.
3!a"%, in agreement with the expected theoretical value of
0.116 meV/T for transport through a spin singlet state,4,10

using a Landé g-factor of 2. Altogether this makes us confi-
dent that the origin of the resonances is a second donor. It
must be noted that the D!1"

0 resonance is too weak compared
to the background to observe any shift under magnetic field
unambiguously.

A trace in Vg around the D!1"
− -resonance $Figs. 3!c" and

3!d"% reveals that this resonance has a Fano line shape.11 We
suggest that the two conduction paths, induced by the donors
1 and 2, add in a coherent way, resulting in destructive or

constructive interference, and in this way give rise to a Fano
resonance. Fano resonances have been observed in a wide
range of physical systems.12 To observe this effect, a path
with a constant or slowly varying phase that interferes with a
path with a rapid phase variation is required. In our system,
the phase varies as a function of the energy difference be-
tween the donor state and the chemical potential of the
contacts.13 The gate allows us to tune the energy of the lo-
calized states and thereby effectively, the transport phase.
The remainder of this Letter discusses the nature of the in-
terference in the device.

To gain more insight, we measure differential conduc-
tance traces in Vg around the D!2"

− Fano resonance while ap-
plying a magnetic field parallel to the FinFET channel be-
tween 0 and 10 T $Fig. 3!a"%. We observe that the line shape
changes as we increase the field and even changes symmetry
in an alternating fashion $Figs. 3!c" and 3!d"%. Note that this
symmetry change confirms that the resonance is due to a
Fano effect and excludes the possibility of the shape being
induced by, for example, another nearby charge. This sym-
metry transition indicates that the magnetic field tunes the
phase difference between !at least" two coherent conduction
paths.14 For this to occur, the paths must be physically sepa-
rated and form a closed loop in such a way that a net mag-
netic flux can pierce the formed loop and modify the phase
difference by the Aharonov–Bohm !AB" effect.15 Therefore,
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FIG. 2. !Color online" A differential conductance trace at zero bias in gate
voltage versus temperature is plotted. We observe a strong increase of the
height of the Coulomb oscillations with decreasing temperature. The inset
shows a zoom-in of the D!1"

0 resonance !same axis".
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FIG. 3. !Color online" !a" We plot differential conductance traces as func-
tion of gate voltage and magnetic field. This reveals, by the shift to higher
gate voltages, that the Fano resonance carries spin down electrons which is
consistent with the state being a charged donor state D− !Ref. 4". We fit these
traces using a phenomenological formula and obtained the complex Fano
parameter q !see main text". Furthermore, we fit a linear function to the peak
positions !black dots" and convert this to energy, using the gate coupling %,
to find the shift of the peak as a function of the field, we find
0.12$0.02 meV /T consistent with a shift dominated by the Zeeman energy
!Ref. 10". !b" We plot the argument of q $arg!q"% to quantify the magnetic
field dependence, in particular, the symmetry transition of the peak. The
period of this symmetry transition is found to be 6.5 T. $!c" and !d"% The
Fano formula fits well, R2#0.9, and the peak shows a symmetry transition
as a function of the magnetic field.

072110-2 Verduijn et al. Appl. Phys. Lett. 96, 072110 !2010"
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Symmetry changes

J. Verduijn et al., APL 96, 072110, 2010
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Magnetic field dependence

Two paths contribute in a different way 
due to the presence of the magnetic 
field.

Experimental situation:

Two donors in parallel coupled to 
the leads, with a phase coherent 
conduction path between them

Constructive and destructive 
interference

Aharonov and Bohm, Phys. Rev. 115, 485, 1959

B
I(B)

2

1



| 18

January 13, 2009

Challenge the future

Delft
University of
Technology

14

Surface area loop

A ≈ (4,125 / 6.5) nm2

d ≈ 28 nm

A
d

J. Verduijn et al., APL 96, 072110, 2010

• Loop size consistent with device dimensions!
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Coherent transport through a double donor system in silicon
J. Verduijn,1,a! G. C. Tettamanzi,1 G. P. Lansbergen,1 N. Collaert,2 S. Biesemans,2 and
S. Rogge1
1Kavli Institute of Nanoscience, Delft University of Technology, Lorentzweg 1, 2628 CJ Delft,
The Netherlands
2InterUniversity Microelectronics Center (IMEC), Kapeldreef 75, 3001 Leuven, Belgium

!Received 19 November 2009; accepted 23 January 2010; published online 19 February 2010"

In this letter, we describe the observation of the interference of conduction paths induced by two
donors in a nanoscale silicon transistor, resulting in a Fano resonance. This demonstrates the
coherent exchange of electrons between two donors. In addition, the phase difference between the
two conduction paths can be tuned by means of a magnetic field, in full analogy to the Aharonov–
Bohm effect. One of the crucial ingredients for donor based quantum computation is phase coherent
manipulation of electrons. This has not been achieved as yet, and this work presents a stepping
stone. © 2010 American Institute of Physics. #doi:10.1063/1.3318271$

Dopants gained attention in the past years due to their
potential applicability in quantum computation architectures
using the charge or spin degree of freedom.1,2 In a bulk sys-
tem, dopants provide long spin-coherence times.3 Further-
more, the natural potential landscape of a dopant is very
robust and exactly reproducible. However, for practical ap-
plications, the dopants need to be embedded in nanostruc-
tures allowing manipulation and readout of the quantum
mechanical state.1,2 This modifies their bulk properties
significantly4–6 and thus requires new experiments to probe
quantum coherent electron exchange and electronic proper-
ties such as the level spectrum. In this letter, we study trans-
port signatures that provide information about the electronic
coherence. In particular, we report the observation of phase
coherent transport of electrons through two physically sepa-
rated donors, resulting in Fano resonances at low tempera-
ture.

Our devices are three-dimensional silicon field effect
transistors !FinFETs" with a boron-doped channel and a
polycrystalline silicon gate wrapped around the channel.7

Few arsenic dopants !n-type" diffuse into the p-type channel
from the highly doped source/drain regions and modify the
transport characteristics.4 Recently, it has been shown that
the level spectrum of isolated dopants can be determined by
means of low temperature transport spectroscopy.5 However,
this work relies on statistics to find a single dopant in the
transport, and therefore there are also devices that exhibit
multidopant transport. In fact, transport occurs through a
single dopant only in about one out of seven devices with a
fixed gate length and channel height of 60 nm and channel
widths varying between 35 nm and 1 !m.5 All other devices
show multidopant transport or no signatures of dopants at
all.4 The device we discuss in the Letter has a gate length of
60 nm and the channel is 60 nm high and 60 nm wide. The
inset of Fig. 1 shows an electron micrograph of such a de-
vice.

We measure the dc characteristics of our devices,
namely, the drain current, I, and the differential conductance,
G=dI /dVb, versus the gate voltage, Vg, and bias voltage, Vb,
in a three-terminal configuration. The differential conduc-

tance is measured using a lock-in technique with a 50 !V
sinusoidal ac excitation at 89 Hz, superimposed on the dc
bias component. These obtained data can be plot in a stabil-
ity diagram, a two-dimensional color-scale plot with the gate
voltage and bias voltage on the axes. From the stability dia-
gram, measured at low temperature !"4.2 K", one can typi-
cally extract information such as the level spectrum of the
donor and the energy needed to add a second electron to the
system, the charging energy.5

Figure 1 shows the differential conductance as a function
of Vb and Vg. We observe two triangular regions with a non-
zero differential conductance due to direct tunneling pro-
cesses through donor states in the FinFET channel. The cor-
responding resonances at Vb=0 mV are denoted D!2"

0 and
D!2"

− in Figs. 1 and 2. At lower gate voltage !Vg%455 mV",

a"Electronic mail: j.verduijn@tudelft.nl.
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FIG. 1. !Color online" The inset shows an electron micrograph of the device
with the source !s", drain !d", and gate !g" indicated. The differential con-
ductance of this device is measured in a three-terminal configuration. These
data are plotted in a differential conductance stability diagram and reveal
that the transport at 0.3 K is largely determined by a single arsenic donor.
Regions where transport occurs through the neutral D0 state and through the
D− state can be distinguished !indicated by the black dashed lines". In ad-
dition, we observe a two narrow Fano lines in the vinicity of the D!2"

0 and
D!2"

− transport features !indicated by arrows". Inside the Coulomb diamond
there is a zero-bias feature visible which can be attributed to a Kondo effect
!Ref. 8".

APPLIED PHYSICS LETTERS 96, 072110 !2010"

0003-6951/2010/96"7!/072110/3/$30.00 © 2010 American Institute of Physics96, 072110-1
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In collaboration with David Jamieson at University of Melbourne

Drain current modulation in a nanoscale field-effect-transistor channel
by single dopant implantation

B. C. Johnson,1,a! G. C. Tettamanzi,2 A. D. C. Alves,1 S. Thompson,1 C. Yang,1

J. Verduijn,2 J. A. Mol,2 R. Wacquez,3 M. Vinet,4 M. Sanquer,3 S. Rogge,2 and
D. N. Jamieson1
1School of Physics, University of Melbourne, Victoria 3010, Australia
2Kavli Institute of Nanoscience, Delft University of Technology, Lorentzweg 1, 2628 CJ Delft,
The Netherlands
3INAC-SPSMS, CEA-Grenoble, 17 rue des martyrs, F-38054 Grenoble, France
4LETI-Minatec, CEA-Grenoble, 17 rue des martyrs, F-38054 Grenoble, France

!Received 12 May 2010; accepted 9 June 2010; published online 30 June 2010"

We demonstrate single dopant implantation into the channel of a silicon nanoscale
metal-oxide-semiconductor field-effect-transistor. This is achieved by monitoring the drain current
modulation during ion irradiation. Deterministic doping is crucial for overcoming dopant number
variability in present nanoscale devices and for exploiting single atom degrees of freedom. The two
main ion stopping processes that induce drain current modulation are examined. We employ 500
keV He ions, in which electronic stopping is dominant, leading to discrete increases in drain current
and 14 keV P dopants for which nuclear stopping is dominant leading to discrete decreases in drain
current. © 2010 American Institute of Physics. #doi:10.1063/1.3458783$

Classical metal-oxide-semiconductor field-effect-
transistors !MOSFETs" fabricated by industrial methods are
now sufficiently small that random variations in the number
and placement of dopants results in inconsistent behavior.
This is already a major issue in the microelectronics industry
for devices operating at room temperature.1 Further, the Bohr
radius of a donor electron is now a significant fraction of the
device size resulting in the possibility of quantum mechani-
cal dependent functionalities as observed with adventitiously
doped devices at 4 K.2–4 Emerging deterministic doping
technologies aim to mitigate statistical fluctuations in the
doping of these devices while also providing significant po-
tential for solid-state quantum computers.5–8

Low energy single dopant implantation into micronscale
devices has been reported.9,10 Further, time-resolved control
and transfer of a single electron between two deterministi-
cally implanted P atoms has been demonstrated.11 Determin-
istic doping schemes which employ ion implantation are
based on ion impact signals from electron-hole pairs,9,12 sec-
ondary electrons,13–15 or modulation of the drain current,
Id.10,16,17 For the latter, discrete downward steps in Id have
been observed with low energy Si implantation into a mi-
cronscale silicon-on-insulator !SOI" wire.17 However, for mi-
cronscale MOSFETs, other reports show discrete upward
steps.10,16 By an appropriate choice of ion and implant en-
ergy we can selectively induce discrete upward or downward
steps in Id to elucidate the mechanisms involved in these
opposing responses in nanoscale MOSFETs. The full poten-
tial of new single-atom functionalities requires nanoscale de-
vices. For example, multigate SOI transistors are promising
architectures.18

Here, we examine Id modulation in nanoscale SOI
MOSFETs from the passage through the channel of 500 keV
He+ ions for which electronic stopping is the dominant
mechanism for dissipation of the kinetic energy. We contrast

this with the modulation induced by 14 keV P+ dopants
which mainly stop in the channel and for which nuclear stop-
ping is dominant. In the latter case this modulation is the
deterministic signal where precision placement is optimized
by using a specialized gate structure which also acts as a
surface mask.

We fabricated finFETs with SOI consisting of 20 nm
of Si on a 145 nm thick buried oxide !BOX". Images of
the devices are shown in Figs. 1!c"–1!e". The channel had a
5 nm SiO2 gate oxide.19 The nominal channel dimensions are
listed in Table I. The SiO2 /Si interface is expected to have an
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FIG. 1. !Color online" Nanoscale MOSFET Id collected at a 100 kHz sample
rate during !a" 500 keV He and !b" 14 keV P irradiation. Discrete steps
represent single ion impacts. The time trace has been binned down to !a" 25
kHz, !b" 5 and 0.2 kHz using the time scale of the step as a guide. The
derivative is shown under each trace. Schematics of the devices with chan-
nel width !W", length !L", and height !H" are shown. The top right inset of
!b" shows the second step observed %2 min after the first step. A false color
scanning electron microscopy image, transmission electron microscopy im-
age of the channel cross section, and atomic force microscopy image of a
double gated MOSFET identical to those under study are shown in !c", !d",
and !e", respectively.
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Conclusions

•Phase coherent exchange of electrons between two coupled donors;

•Magnetic field phase tuning by the Aharonov-Bohm effect

• AB loop size consistent with the device dimensions

•Future directions: Coherence in more complex devices
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