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FIG. 4: A bound excited state of the D− can be distinguished
by carefully examining the DC transport a) Current traces of
the D0 resonance ranging from VSD = -30meV to VSD =
+30 meV as function of gate voltage. The green arrows indi-
cate current steps associated with an excited state entering
the bias window. The highly asymmetric coupling and the
sequential nature of the transport quenches the current steps
in the VSD > 0 conducting region (see main text). b) Cur-
rent traces of the D− resonance ranging from VSD = -30meV
to VSD = +30meV as function of gate voltage. The current
step in the VSD > 0, associated with the n = 3-excited or-
bital, must necessarily have a life-time (τ) > 48 ns to show
up as it does in the DC transport. c) Transport processes
responsible for the current characteristics in our single-atom
device. Sequential processes are characterized by relaxation
to the ground state before tunneling out of the atom. Due to
the long life-time of the triplet state, the electron can tunnel
directly out of the triplet to the drain. d) Colormap plot of
b.

regime of tunneling and the highly asymmetric coupling.
The current through the donor atom is given by (see also
[3])

I = e

�
Γ1

in + Γ2
in + ... + Γn

in

�
Γ1

out

Γ1
in + Γ2

in + ... + Γn
in + Γ1

out

(2)

where the the subscript denotes the direction of the rate
(in or out of the donor) and the superscript indicates the
level (where 1 is the ground state) and n indicates the
number of states in the bias window defined by source
drain. The total rate into the atom depends on the
amount of states in the bias window but the outgoing rate
depends only on the rate out of the ground state. The
reflects the sequential nature of the tunneling process, as
an electron transfered to the atom will have relaxed to
the ground state before being transfered to the opposite
lead. Since the atom in our sample is very asymmetrically

coupled, Γin >> Γout for VSD > 0 while Γin << Γout for
VSD < 0. In this asymmetric limit Eq. 2 reduces to

I =
�

e
�
Γ1

in + Γ2
in + ... + Γn

in

�
VSD < 0

eΓ1
out VSD > 0 (3)

The absence of steps for VSD > 0 thus also confirms
the sequential nature of the transport and asymmetric
coupling of the atom.

Figure 4b shows the stability diagram around the D−

resonance where again we see steps associated with ex-
cited states entering the bias window (green arrows). In
contrast to the conduction region of the D0 we do see a
single step in the D− for VSD > 0 (red arrow), belonging
to the excited state at ∼ 9 meV from the ground state
(n = 3). In the sequential limit every incoming electron
should relax to the ground state (see Fig. 4c, red paths)
and the step structure in the conducting region should
be descibed by Eq. 3. With our degree of asymmetry,
the maximum magnitude of any current step (n > 1) in
VSD > 0 equals 0.5 % of the step at n = 1, regardless
of Γn. The latter follows directly from Eq. 3. Further-
more, we can readily observe that the current step for
VSD > 0 is only visible for the n = 3 state and not for
other excited states. That leads us to the conclusion that
the sequential limit does not hold for n = 3, which thus
means that the an electron entering this state does not
relax back to the ground state before exiting the atom.
For the n = 3 -state not to relax back to the ground
state, the life-time (τ) should be larger then the exiting
rate, i.e. τ > Γ3

R. By the magnitude of the current steps
at VSD < 0 we (conservativelly) estimate Γ3

R ∼ Γ1
R, thus

τ > 48 ns.
We attribute the long life-time of the 9 meV excited

state to it being the triplet spin configuration. We know
that certain excited states must have a triplet configu-
ration and from literature we (conservatively) estimate
the life-time of the D0 triplet configuration to be at least
460 ns. The latter value is actually derived from the T1-
time of 400 nm dots defined in a two-dimensional Si elec-
tron system measured by spin echo [26]. Any excited spin
singlet configuration would relax to the (singlet) ground
state within a few ps [27]. Furthermore, a very similar
transport process as we describe has been seen before in
Si double quantum dots [16]. It was dubbed Life-Time
Enhanced transport and is a result of the long spin triplet
lifetimes in Silicon.

In conclusion, we have shown that the two-electron
charge state of gated donors is reduced by a combination
of the deformation of the donor wavefunction and capac-
itive coupling to the environment. The reduced charging
energy, in contrast to bulk donors, allows for bound ex-
cited orbital. By means of DC transport measurements
we can observe which excited states are the triplet spin
configurations, by means of Life-Time-Enhanced trans-
port.
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What can we learn about donor metrology 
from transport measurements?

Multi-gate FET (FinFET) from S. Biesemans group (IMEC)

[Nadine Collaert, IMEC]

• application: lithographically defined Si nanowires (fins) covered by a single gate

• our experiments: single fin devices, here fin width 15 nm & gate length 20 nm
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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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electronic properties is essential

2

Donor deactivation in silicon nanostructures
Mikael T. Björk*, Heinz Schmid, Joachim Knoch, Heike Riel and Walter Riess

The operation of electronic devices relies on the density of free
charge carriers available in the semiconductor; in most semicon-
ductor devices this density is controlled by the addition of
doping atoms. As dimensions are scaled down to achieve econ-
omic and performance benefits, the presence of interfaces and
materials adjacent to the semiconductor will become more
important and will eventually completely determine the elec-
tronic properties of the device. To sustain further improvements
in performance, novel field-effect transistor architectures, such
as FinFETs1,2 and nanowire field-effect transistors3–7, have been
proposed as replacements for the planar devices used today,
and also for applications in biosensing8–10 and power gener-
ation11. The successful operation of such devices will depend
on our ability to precisely control the location and number of
active impurity atoms in the host semiconductor during the fab-
rication process. Here, we demonstrate that the free carrier
density in semiconductor nanowires is dependent on the size
of the nanowires. By measuring the electrical conduction of
doped silicon nanowires as a function of nanowire radius, temp-
erature and dielectric surrounding, we show that the donor ion-
ization energy increases with decreasing nanowire radius, and
that it profoundly modifies the attainable free carrier density
at values of the radius much larger than those at which
quantum12,13 and dopant surface segregation14 effects set in.
At a nanowire radius of 15 nm the carrier density is already
50% lower than in bulk silicon due to the dielectric mismatch15

between the conducting channel and its surroundings.
In bulk semiconductors the coulomb potential of impurity nuclei

gives rise to bound states in the bandgap. The strong screening of
these impurities by the host semiconductor results in ionization
energies of a few hundredths of an electron volt and hence most
impurities are ionized at room temperature. In contrast, in one-
dimensional structures, the proximity to the semiconductor of an
embedding medium of lower dielectric constant reduces the screen-
ing of the impurity potential. As predicted by theory15,16, this
reduced screening leads to an increase of the ionization energies
as a function of decreasing nanowire radius and, consequently, to
a reduction in the number of free charge carriers in the system.
Importantly, the effect of dielectric mismatch is already significant
at dimensions such as those found, for instance, in the current gen-
eration of integrated circuits (45 nmnode), in wire-based sensors 8–10

and in recently demonstrated thermoelectric devices11.
To investigate how resistivity and carrier density depend on the size

of a nanowire device, we first measured the resistivity of silicon nano-
wires doped n-type using phosphorous. Multiple electrical contacts
as shown in Fig. 1a were established to individual wires and the
apparent resistivity rapp was measured for wires having a physical
radius rphys ranging from 6 to 60 nm and donor concentrations ND
of 9 ! 1018 cm23, 3 ! 1019 cm23 and 1.5 ! 1020 cm23 (see
Supplementary Information). Figure 1b shows that rapp increases as
a function of decreasing wire radius for all three donor concentrations.

The observed increase in resistivity could be attributed to
quantum confinement12,13 and/or surface segregation of dopants14,

both of which lead to a reduction of the free carrier density.
However, these effects are expected to take place exclusively at
radii below 5 nm (ref. 17). The more plausible explanation is based
on the occurrence of surface depletion of charge carriers due to inter-
face states, trapped charges, and/or to a size-dependent incorpor-
ation of dopants during growth, a size-dependent mobility, or
finally to an increase in the donor ionization energy due to a dielec-
tric mismatch15 at the wire surface. In the following, we will demon-
strate that the effect we are observing is due to the deactivation of
doping atoms caused by a dielectric mismatch between the wire
and its surroundings.

Because of the presence of interface states on the surfaces of the
wires and trapped charges in the native oxide on these surfaces, the
electronic radius relec, which defines the charge-carrying area and
hence determines the true resistivity rs, does not necessarily equal

ND = 9 × 1018 cm–3
ND = 3 × 1019 cm–3
ND = 1.5 × 1020 cm–3
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Figure 1 | Characterization of n-type silicon nanowires. a, Scanning electron
micrograph of a silicon nanowire contacted by metal electrodes in a
multi-terminal layout. Scale bar, 1 mm. b, Apparent resistivity of nanowires as
a function of physical radius rphys, for donor densities ND of 9 ! 1018 cm23

(red symbols), 3 ! 1019 cm23 (blue symbols) and 1.5 ! 1020 cm23 (black
symbols). The apparent resistivity increases with decreasing radius for all
three doping series. Nanowires with rphys , 17 nm (ND ¼ 9 ! 1018 cm23)
and rphys , 8 nm (ND ¼ 3 ! 1019 cm23) no longer showed ohmic contacts
and were therefore excluded from the analysis.
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Previous simulation studies of single charge trapping have
already demonstrated that the inclusion of random discrete
dopants is essential for reproducing both the shape and the
magnitude of the RTS distribution [20], [21], [23]. However,
simulations that aim at illustrating those effects were previously
performed on simplified generic devices with idealized doping
profiles. In addition, with the exception of [21], previous studies
have focused on the impact of single stray charges and did not
consider the statistical distribution for a number of charged
defect states in a single transistor [20], [22], [23]. From the
reliability point of view, it is also very important to study the
impact of the evolution in the trapped charge density as a result
of negative bias temperature instability (NBTI), positive bias
temperature instability (PBTI), and hot carrier degradation.

In this paper, using 3-D “atomistic” numerical simulation
of large statistical samples of realistic devices, we study the
current changes and the evolution of the statistical distribution
of MOSFET parameters subject to a progressive degradation
and corresponding increase in the stochastic numbers of trapped
charge. The study is done in conjunction with the random
dopant distribution of the transistors in the statistical sample.
Based on the simulation results, we analyze the origin of rare
but anomalously large changes in the transistor parameters as-
sociated with discrete charge trapping. The simulation method-
ology and the transistors considered in this study are described
in Section II. The results of the simulations of single, multiple,
and progressively increasing numbers of trapped charges are
presented and analyzed in Section III, and the conclusions are
drawn in Section IV.

II. SIMULATION METHODOLOGY

A. Device and Simulator

We investigate the distribution of the threshold voltage shift
(∆VT ) and the corresponding relative drain current change
(∆ID/ID) induced by the trapping of electrons on acceptor
type defect states at the Si/SiO2 interface. Statistical ensembles
of typically 700 microscopically different (in terms of atomic
dopant distribution) MOSFETs have been simulated by em-
ploying the Glasgow 3-D drift–diffusion “atomistic” simulator
described in detail elsewhere [24]–[26]. A real 35 nm gate
length nMOSFET fabricated and published by Toshiba [27] has
been used as a reference device in this study. Although the main
reliability concerns in polysilicon gate CMOS are related to
holes trapping in pMOSFETs, we use an nMOSFET reference
device because a string of previous papers [10], [26], [28], [29]
has extensively studied its statistical variability. There is perfect
similarity between electron trapping in nMOSFETs and hole
trapping in pMOSFETs. Furthermore, with the introduction of
high-κ gate stacks, PBTI in nMOSFETs is becoming a critical
reliability concern [30], [31]. Additionally, RTS signals and hot
carrier degradation of nMOSFETs are important for Flash and
DRAM applications.

Fig. 2 shows the calibration of our simulator with re-
spect to the device structure and the experimentally measured
current–voltage characteristics of the reference transistor. The
35 nm MOSFET has a complex doping profile featuring shal-

Fig. 2. Measured (dots) and simulated (lines) ID–VG characteristics of the
35 nm MOSFET at VD = 50 mV and VD = 850 mV. Inset: 2-D geometry
and continuous doping profile of simulated device.

Fig. 3. ID–VG characteristics of fresh microscopically different (in terms
of random dopant distribution) 35 × 35 nm nMOSFETs. Inset: variation of
potential distribution in one of the devices clearly showing the effect of random
discrete dopants.

low arsenic-doped source and drain extensions and an arsenic-
doped polysilicon gate. Retrograde indium channel doping,
together with pocket boron implants, provides efficient short-
channel effect control without unnecessarily increasing the
doping concentration under the gate. Based on the doping
profile obtained from a full process simulation of the reference
device, discrete dopants are statistically generated at random
sites of the silicon lattice of simulated devices, thus creating a
statistical sample of 700 microscopically different transistors.
In the simulations, this gives rise to variations in the ID–VG

characteristics of the nominally identical “fresh” devices, as
depicted in Fig. 3. Density gradient quantum corrections are
implemented in the simulations to handle the artificial local-
ization of mobile charge in the potential wells associated with
the introduction of discrete dopants [32], [33] and to reduce
the mesh-size sensitivity of the simulations, thus ensuring
physically consistent simulations. While it is acknowledged
that the drift–diffusion approach does not include nonequi-
librium transport and, therefore, underestimates the ON-state
drain current in nanometer-scale devices, it is well suited for
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Simulation of Statistical Aspects of Charge Trapping
and Related Degradation in Bulk MOSFETs in the

Presence of Random Discrete Dopants
Muhammad Faiz Bukhori, Scott Roy, and Asen Asenov, Senior Member, IEEE

Abstract—The distribution of fractional current change and
threshold voltage shift in an ensemble of realistic 35 nm bulk
negative-channel metal–oxide–semiconductor field-effect transis-
tors caused by charge trapping on stress-generated defect states at
the Si/SiO2 interface is studied using 3-D statistical “atomistic”
simulations. The simulations take into account the underlying
random discrete dopant distribution in the transistors, which in
conjunction with strategically positioned traps could result in rare
but dramatic changes in the transistor characteristics. The evolu-
tion of threshold voltage distribution as a result of accumulation
of trapped charges in the devices due to progressive negative bias
temperature instability, positive bias temperature instability, or
hot electron degradation is simulated and compared with simple
analytical model predictions and recently published experimental
measurements to demonstrate the necessity to consider statistical
variability in realistic reliability simulations. The magnitude of the
degradation in devices of different geometries is also investigated
where minimal correlation is found.

Index Terms—MOSFET, numerical simulation, random
dopants, random telegraph signal (RTS), reliability, variability.

I. INTRODUCTION

S TATISTICAL MOSFET variability introduced by the dis-
creteness of charge and matter has become a major chal-

lenge to scaling and integration [1]–[4], [13]. The dominant
source of statistical variability in contemporary bulk MOSFETs
is the random discrete dopants in the active region of the
transistors [4]–[9]. Statistical variability approaches 50% of the
total variability in the 45 nm technology generation, and with
the progressive introduction of restricted design rules (RDRs),
it is becoming the dominant component of variability at the
32 nm technology generation [10]. Statistical variability already
profoundly affects SRAM design [3], [11]. In logic circuits, it
causes statistical timing problems [12] and increasingly leads
to hard digital faults. In both cases, the statistical variability
restricts supply voltage scaling, adding to looming power dissi-
pation problems [13].
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Fig. 1. Random microscopic arrangement of discrete dopant atoms in a
MOSFET could produce a narrow current percolation path connecting the
source and drain at the on set of strong inversion. A charge trapped in the
vicinity of such critical current path results in large current reduction and
threshold voltage shift.

In addition to statistical variability, statistical aspects of
MOSFET degradation associated with trapping of carriers in
stress-generated defect states at the semiconductor–oxide in-
terface and/or deeper into the gate stack dielectric are rapidly
becoming a matter of growing concern [9], [13], [14]–[16]. The
stochastic trapping of individual or multiple discrete charges on
defect states results in progressively larger temporary or perma-
nent transistor parameter changes, creating acute problems in
Flash [17], [18] and SRAM [16], [19] memories and in digital
logic blocks. Random discrete charge trapping in the presence
of variability sources, particularly in the presence of random
discrete dopants, results in rare and “anomalously” large current
changes, much higher than those predicted by simple models
based on continuously doped devices [20], [21] subjected to the
same trapped charge distribution. Such a situation is illustrated
in Fig. 1, where a random microscopic arrangement of dopant
atoms near the interface and the associated potential fluctua-
tions produce a narrow current percolation path connecting the
source and drain of a MOSFET. Even a single charge trapping
event in the vicinity of such a critical path will effectively block
the channel, resulting in anomalously large random telegraph
signal (RTS) [20], [22], [23]. Thus, the reliability of modern
nanoscale CMOS transistors has become a truly statistical prob-
lem, characterized by a statistical distribution with relatively
rare but acute changes in the device parameters due to charge
trapping in the fluctuating potential landscape generated by ran-
dom discrete dopants and other statistical variability sources.

0018-9383/$26.00 © 2010 IEEE
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 Transport through localized states

3

energy (n) relative to the energy of the localized states 
permits detailed examination of the various conduction 
mechanisms. In devices where both the length and width are 
much greater than the localization length, two-dimensional 
strong localization effects have been studied for more than 
twenty years [10-13]. It is well established that Mott 
variable-range hopping (VRH) correctly describes the 
conduction mechanism in these samples. For a general 
overview of localized transport, see Shklovskii and Efros 
[14]. 

There are only three types of conduction processes that 
one might expect to occur in the strongly localized regime at 
temperatures below -1 K. These are shown schematically in 
Figure 1. The first is thermally activated tunneling from one 
localized site to another, or Mott hopping, and the 
conductance from such processes decreases exponentially 
with decreasing temperature. The second is direct tunneUng 
of the electrons from the source contact to the drain contact. 
In the samples we studied, the separation between the source 
and drain contacts is greater than 500 nm, and this process 
does not appear to be important. The third and most 
important low-temperature transport process is that of 
resonant tunneling, a process whereby an electron directly 
tunnels elastically from the source contact to one localized 
state in the sample and subsequently tunnels elastically out 
of that state to the drain contact. The last two tunneling 
processes can occur at zero temperature. 

In the case of resonant tunneling, the energy of the 
resonant localized state must be equal to the chemical 
potential in the Fermi surface of the contacts for maximum 
tunneUng probabihty. This probability for electron 
transmission decreases very rapidly when the chemical 
potential changes by an amoxmt greater than the eneigy 
linewidth of the resonant state. Although it is perhaps not so 
obvious, the same is true for hopping. However, if the 
number of paths through the sample is sufficiently limited 
that the number of available states within k^Toiii is small, 
only a few hops will dominate the resistance, and this 
resistance mil be a strong random function of the relative 
values of II and the enei^ies of the states. In both resonant 
tunnehng and hopping, each and every sample has its ovra 
characteristic and different dependence of conductance on ii 
or on ^ te voltage. There is no ensemble averaging in this 
case. 

In the following sections we discuss our experiments on 
resonant tunneling and Mott hopping. Others have observed 
similar results in similar samples, but in this paper we 
discuss primarily our own work, which has previously been 
reported. Results rather than experimental techniques or 
derivations are emphasized. 

Samples where hopping dominates 
The appropriate mesoscopic samples for studies of hopping 
conductivity are relatively long but narrow Si accumulation 
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The three major conduction mechanisms at low temperature are 
shown schematically. In hopping the electrons proceed stepwise 
down the chain. To tunnel from site to site they must pick up thermal 
energy, so that the process is activated. For direct tunneling the 
electrons make a transition directly from filled states in the cathode to 
empty slates in the anode. In resonant tunneling the electrons may be 
considered to tunnel from the cathode into the resonant state, 
1 esonate in the state, and then tunnel out to the anode. For a MOSFET 
device, changing the gate voltage moves the band edge and the 
locali/ed states relative to the chtinical potential of the contacts 

timw w 
laviTs. If the most probable hopping length, R„, is long 
compared to the geometrical width of the sample, the 
conduction is quasi-one-dimensional. Hopping lengths for 
two dimensions are given by i?„ ~ [^/TD(E)f'^, so low 
temperatures, low density of states D(E), and long 
localization lengths are required for one-dimensional 
behavior. In silicon two-dimensional systems, the density of 
states in the ground-state subband is D(E) ~ 1.6 x lO'" 
e V~ cm" and is constant for a wide range of Fermi energies 
[13]. At very small values of the chemical potential, it is now 
well established that the density of states decreases 
exponentially with decreasing gate voltage. If f ~ 30 nm and 
r — 0.1 K,Rg is about 50 nm. 373 
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voltage, when the middle of the channel is the highest point
of the potential profile, the barrier height decreases linearly
with a coupling ! ! dEb=edVg ! 0:68. An extrapolation
of this linear part to zero barrier shows that the conduction
band edge in the channel reaches the Fermi level at 400 mV
gate voltage, value above which the low temperature con-
ductance is expected to rise from zero. However, several
resonances (a1, b1, a2, b2) are visible at energies below the
conduction band edge [inset of Fig. 1(c)]. They come from
isolated dopants in the channel and will be analyzed in
detail throughout the Letter. Figure 1(c) also shows that
residual barriers remain at larger gate voltage. Located in
the access regions, they create a potential well in the
conduction band of the channel, with Coulomb blockade
at low temperature as revealed by the conductance peaks
c1 and c2.

When magnetic field is applied (parallel to the current
here), each peak shifts linearly with field [Fig. 2(a)] and the
slopes are consistent with the Zeeman shift of spins "1=2
having a g factor of 2 as expected for electrons in silicon
(using the conversion factor ! of each peak as discussed
later). Peaks labeled with a 1 (2) correspond to tunneling of
spin-up (-down) electrons under magnetic field. Since the
first visible resonances are always of spin-up type (also
observed in other samples), we conclude that the first peaks
(a1 and b1) correspond to tunneling of a first electron (N !
0 ! 1) on two different impurities (a and b), and the

second set of peaks (a2 and b2) correspond to the second
charge state (N ! 1 ! 2) of each impurity [see Fig. 2(b)].
Note that b1 cannot be the second electron of a1 because a
two-electron ground state must be a singlet with opposite
spins [13]. Peaks c1 and c2 above the band edge are also,
respectively, spin-up and -down under magnetic field. They
correspond to the first and second electrons of a larger dot
(called c) defined electrostatically by the gate in the con-
duction band profile [Fig. 2(c)]. In this sample, the higher
charge states of dot c (N > 2) are not visible probably due
to the progressive loss of Coulomb blockade above
460 mV where the confining barriers disappear. In contrast,
in all samples, the impurities like a and b always have
exactly two charge states (N # 2) as expected for dopants
because their single positive charge can bind no more than
two electrons and with a very small second binding energy
[14]. In addition, the measured Zeeman shifts are experi-
mentally insensitive to the field direction as expected for
the 3D Coulomb potential of dopants as opposed to quan-
tum dots in two-dimensional electron gases (2DEG).

Isolated n-type dopants in the p-type channel may come
from residual impurities in the SOI layer or from ion
implantation of the contacts. Those contributing to the
conductance should be close to the gate because of the
strong band bending and along the edges of the wire
because this band bending is stronger due to the corner
effect [12]. This strong restriction leads to a silicon volume
containing less than one residual donor (considering that
p-type silicon should contain less donors than acceptors).
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voltage, when the middle of the channel is the highest point
of the potential profile, the barrier height decreases linearly
with a coupling ! ! dEb=edVg ! 0:68. An extrapolation
of this linear part to zero barrier shows that the conduction
band edge in the channel reaches the Fermi level at 400 mV
gate voltage, value above which the low temperature con-
ductance is expected to rise from zero. However, several
resonances (a1, b1, a2, b2) are visible at energies below the
conduction band edge [inset of Fig. 1(c)]. They come from
isolated dopants in the channel and will be analyzed in
detail throughout the Letter. Figure 1(c) also shows that
residual barriers remain at larger gate voltage. Located in
the access regions, they create a potential well in the
conduction band of the channel, with Coulomb blockade
at low temperature as revealed by the conductance peaks
c1 and c2.

When magnetic field is applied (parallel to the current
here), each peak shifts linearly with field [Fig. 2(a)] and the
slopes are consistent with the Zeeman shift of spins "1=2
having a g factor of 2 as expected for electrons in silicon
(using the conversion factor ! of each peak as discussed
later). Peaks labeled with a 1 (2) correspond to tunneling of
spin-up (-down) electrons under magnetic field. Since the
first visible resonances are always of spin-up type (also
observed in other samples), we conclude that the first peaks
(a1 and b1) correspond to tunneling of a first electron (N !
0 ! 1) on two different impurities (a and b), and the

second set of peaks (a2 and b2) correspond to the second
charge state (N ! 1 ! 2) of each impurity [see Fig. 2(b)].
Note that b1 cannot be the second electron of a1 because a
two-electron ground state must be a singlet with opposite
spins [13]. Peaks c1 and c2 above the band edge are also,
respectively, spin-up and -down under magnetic field. They
correspond to the first and second electrons of a larger dot
(called c) defined electrostatically by the gate in the con-
duction band profile [Fig. 2(c)]. In this sample, the higher
charge states of dot c (N > 2) are not visible probably due
to the progressive loss of Coulomb blockade above
460 mV where the confining barriers disappear. In contrast,
in all samples, the impurities like a and b always have
exactly two charge states (N # 2) as expected for dopants
because their single positive charge can bind no more than
two electrons and with a very small second binding energy
[14]. In addition, the measured Zeeman shifts are experi-
mentally insensitive to the field direction as expected for
the 3D Coulomb potential of dopants as opposed to quan-
tum dots in two-dimensional electron gases (2DEG).

Isolated n-type dopants in the p-type channel may come
from residual impurities in the SOI layer or from ion
implantation of the contacts. Those contributing to the
conductance should be close to the gate because of the
strong band bending and along the edges of the wire
because this band bending is stronger due to the corner
effect [12]. This strong restriction leads to a silicon volume
containing less than one residual donor (considering that
p-type silicon should contain less donors than acceptors).
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The value Vg1¼21.3 V, combined with a¼ 0.16 and a
threshold voltage of 20.5 V, yields an ionization energy for the
first donor of 108+10 meV, a value markedly larger than the
53.7 meV expected18 for bulk silicon. Note that the other sample
shown in Fig. 1d shows a value of 98+10 meV, in other words,
also a strong enhancement. Figure 2a shows that the excess drain
current at lowVg and temperature up to 300 K is due to thermal broad-
ening of these resonances. For instance, for Vg! Vg1, the current is
given by thermal activation to the first resonance: Ids/
exp(2(ea(Vg2Vg1)/kBT)). Subthreshold variability is most affected
by the presence of a single centred donor, which increases the drain
conductance by four orders of magnitude at Vg¼21.5 V and at
room temperature (see Fig. 1d), a much larger effect than reported
previously5. Detailed transport spectroscopy of the first resonance is
shown in Fig. 3. No electronic states exist below Vg1, because no dis-
tortion of the diamond occurs at large drain voltages up to 100 mV
(see Fig. 2). The absence of electrons in the channel at lower energy
is critical to ensure that the spectroscopy of the state at Vg1 is not
modified by electronic correlations with other electrons weakly
bound on extra donors (D0 states). We observe many lines of differ-
ential conductance parallel to both edges of the diamond and succes-
sively positive and negative (see Fig. 3), due to fluctuations of the local
density-of-states (LDOS) in the source and drain19,20. Lines with
different slopes correspond to probing of the source or drain, depend-
ing on the exact balance of the tunnelling rates (Supplementary
Fig. S2). The large observed LDOS fluctuations originate from the
extremely small non-invasive arsenic-doped contacts with a finite
transverse doping gradient. There is no evidence of any differential
conductance line due to an excited state of the donor at least up to
Vd¼ 40 mV.

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

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

DEI ’ kc jVsðr; r0Þjcl

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

DEI $
1

4pe0

e2

2z

eSi % eSiO2

eSiðeSi þ eSiO2
Þ
’ 30.5meV

z ðnmÞ

where e0 eSi and eSiO2 are the dielectric constants of free space,
silicon and SiO2 respectively. The effects of screening by the
source and drain, as well as quantum confinement21, are neglected.
This estimation indicates that a large effect, as we have observed, is
realistic for a dopant very near the BOX interface (!1 nm). Theory
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also predicts an extension of the bound state function along the
nanowire axis and a reduction in the transverse direction9. This
should increase the energy difference between the ground and
first excited state. Indeed, our experiment gives a lower bound of
40 meV for this energy, significantly larger than the expected
21 meV for arsenic in bulk silicon. The shift of electrostatic potential
Vs(z) due to the positive image charge in the BOX is nearly equiv-
alent to the bare Coulomb potential of another ionized donor
located at 4z in bulk silicon. The mean distance between arsenic
donors is 20 nm, resulting in a bare shift of DEI(20 nm)’ 6 meV
for each extra ionized donor. However, donors are located less
than d¼ 5 nm from either the source or drain, which efficiently
screen the bare potential by a factor 2(d/z)2 (ref. 22). DEI(20 nm)
is then reduced to less than 1 meV, a value much smaller than the
observed energy enhancement. The shift due to the ionization of
the second donor is in fact directly measured (’2 2.5 meV) as
the shift of the first diamond as it crosses the second one, which cor-
responds to the Dþ!D0 transition for the second donor (Fig. 2c).
Figure 4 shows the evolution of the first peak with the parallel mag-
netic field. A Zeeman splitting with a Landé factor of g¼ 2 is
observed, both as a shift of the ground state down to lower energy
and as an extra line of differential conductance (no adjustable
parameter). This is in agreement with our interpretation of the
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Figure 2 | Differential source–drain conductance versus gate and drain voltages at 4.2 K for the sample with the largest off-state current (blue line in
Fig. 1d). a, Differential source–drain conductance versus gate voltage at various temperatures. The black lines account for thermal activation to the first
resonance. b, The top horizontal scale is the energy in the channel measured from the threshold voltage. The first peak corresponds to the first arsenic
dopant with a strongly enhanced ionization energy due to dielectric confinement near the BOX interface. The second and third resonances correspond to
different electronic occupations of another donor. All the negative differential conductance lines (in orange) are due to local density-of-states fluctuations in
the source/drain (see Fig. 3). Only two positive differential conductance lines (one for each polarity) are attributed to an excited state of the second peak
(see Fig. 5). c, Detail from the dashed box in b where the first and second diamonds cross each other without being strongly affected. The slight shift
observed for the first diamond and highlighted by the arrow corresponds to the shift of the first donor’s energy due to modification of the static potential
created by the second donor being filled (’2 2.5 meV). d, Simplified energy diagram across the structure, from the gate down to the BOX. Two arsenic
donors are represented, the one closer to the BOX has a larger ionization energy and is probed at large negative values in Vg.

−0.05

0

0.05

0.1

0.15

0.2

G (e 2/h)

−10

−5

0

5

10

−1.35 −1.325 −1.3 −1.275 −1.25
Vg (V)

− 10

−5

0

5

10

V d
 (m

V
)

V d
 (m

V
)

0 0.05

ba

G (e2/h)

Figure 3 | Coulomb blockade spectroscopy of the first dopant atom.
a, Differential conductance versus bias voltage Vd at Vg¼21.3 V. b, Close-
up of the first peak of Fig. 2b, recorded at T¼ 100 mK. The differential
conductance is proportional to dnD/dE (parallel to the right edge) or dns/dE
(parallel to the left edge) depending on the exact balance between the
tunnelling rates to the source and drain. The typical 1 meV correlation
energy for the lines is the inverse diffusion time in the electrodes before an
inelastic event (corresponding to a diffusion length of !10 nm).
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also predicts an extension of the bound state function along the
nanowire axis and a reduction in the transverse direction9. This
should increase the energy difference between the ground and
first excited state. Indeed, our experiment gives a lower bound of
40 meV for this energy, significantly larger than the expected
21 meV for arsenic in bulk silicon. The shift of electrostatic potential
Vs(z) due to the positive image charge in the BOX is nearly equiv-
alent to the bare Coulomb potential of another ionized donor
located at 4z in bulk silicon. The mean distance between arsenic
donors is 20 nm, resulting in a bare shift of DEI(20 nm)’ 6 meV
for each extra ionized donor. However, donors are located less
than d¼ 5 nm from either the source or drain, which efficiently
screen the bare potential by a factor 2(d/z)2 (ref. 22). DEI(20 nm)
is then reduced to less than 1 meV, a value much smaller than the
observed energy enhancement. The shift due to the ionization of
the second donor is in fact directly measured (’2 2.5 meV) as
the shift of the first diamond as it crosses the second one, which cor-
responds to the Dþ!D0 transition for the second donor (Fig. 2c).
Figure 4 shows the evolution of the first peak with the parallel mag-
netic field. A Zeeman splitting with a Landé factor of g¼ 2 is
observed, both as a shift of the ground state down to lower energy
and as an extra line of differential conductance (no adjustable
parameter). This is in agreement with our interpretation of the
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Fig. 1d). a, Differential source–drain conductance versus gate voltage at various temperatures. The black lines account for thermal activation to the first
resonance. b, The top horizontal scale is the energy in the channel measured from the threshold voltage. The first peak corresponds to the first arsenic
dopant with a strongly enhanced ionization energy due to dielectric confinement near the BOX interface. The second and third resonances correspond to
different electronic occupations of another donor. All the negative differential conductance lines (in orange) are due to local density-of-states fluctuations in
the source/drain (see Fig. 3). Only two positive differential conductance lines (one for each polarity) are attributed to an excited state of the second peak
(see Fig. 5). c, Detail from the dashed box in b where the first and second diamonds cross each other without being strongly affected. The slight shift
observed for the first diamond and highlighted by the arrow corresponds to the shift of the first donor’s energy due to modification of the static potential
created by the second donor being filled (’2 2.5 meV). d, Simplified energy diagram across the structure, from the gate down to the BOX. Two arsenic
donors are represented, the one closer to the BOX has a larger ionization energy and is probed at large negative values in Vg.
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Figure 3 | Coulomb blockade spectroscopy of the first dopant atom.
a, Differential conductance versus bias voltage Vd at Vg¼21.3 V. b, Close-
up of the first peak of Fig. 2b, recorded at T¼ 100 mK. The differential
conductance is proportional to dnD/dE (parallel to the right edge) or dns/dE
(parallel to the left edge) depending on the exact balance between the
tunnelling rates to the source and drain. The typical 1 meV correlation
energy for the lines is the inverse diffusion time in the electrodes before an
inelastic event (corresponding to a diffusion length of !10 nm).

NATURE NANOTECHNOLOGY DOI: 10.1038/NNANO.2009.373 LETTERS

NATURE NANOTECHNOLOGY | VOL 5 | FEBRUARY 2010 | www.nature.com/naturenanotechnology 135

room temperature

cryogenic



Drain current modulation in a nanoscale field-effect-transistor channel
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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

a"Electronic mail: johnsonb@unimelb.edu.au.

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 macroscopy image of a
double gated MOSFET identical to those under study are shown in !c", !d",
and !e", respectively.
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Horizontal position analysis of single acceptors in Si nanoscale
field-effect transistors

M. A. H. Khalafalla,a! Y. Ono, K. Nishiguchi, and A. Fujiwara
NTT Basic Research Laboratories, NTT Corp., 3-1 Morinosato Wakamiya, Atsugi,
Kanagawa 243-0198, Japan

!Received 18 March 2009; accepted 10 May 2009; published online 1 June 2009"

The authors performed conductance measurements to identify the horizontal position of single
boron acceptors in silicon-on-insulator nanoscale field-effect transistors at a temperature of 6 K. The
horizontal position, i.e., how far the acceptor is from the source or drain terminal, is qualitatively
obtained, and it is shown, on the level of single dopants, that the acceptor near the source
significantly affects the subthreshold nature of the transistor. © 2009 American Institute of Physics.
#DOI: 10.1063/1.3147209$

Future nanoscale field-effect transistors !nano FETs" are
expected to be fatally sensitive to electronic charges of a
small number of dopant in the channel.1 On the other hand,
there are reports2–4 of emerging devices using dopant atoms
as a functional part, such as quantum dots !or artificial at-
oms" for the manipulation of electronic charges and spins.
These issues have stimulated recent research interest5–12 in
the identification and detection of single dopants in silicon
which is the material compatible with current large scale
integrations.

The authors previously detected single boron acceptors
in silicon-on-insulator !SOI" FETs6 and identified,
theoretically7 and experimentally,8 their depth position, i.e.,
how far they are from the SiO2 /Si interface. Here, we
present a qualitative analysis of the horizontal position of
single acceptors along the transport channel. The identifica-
tion of dopant position along the transport channel is of great
importance for future highly scaled FETs because it is ex-
pected that dopants near the source terminal would have the
biggest impact on the threshold voltage !VT" of the FETs. We
will show that this is indeed observed for a single dopant
case.

We fabricated pFETs on a !100" SOI substrate #Fig.
1!a"$. They comprise boron-doped !at 2!1016 cm−3" chan-
nel, which is 32 nm thick and 70 nm wide, a p+ source/drain
!thus p+ / p / p+ configuration", and a two-layered !front and
upper" poly-Si gate. The front gate, which is mainly 40 nm
#and 300 nm only for Fig. 1!b"$ long, controls the electrical
potential of a small active wire region underneath it. A nega-
tive upper-gate voltage generates hole accumulation layers,
which act as the electrically induced leads for the nano FET.
The random doping of boron ions resulted in 0–4 acceptors
in the nano channel because of the distribution probability.
Among fabricated devices, we selected the ones with a single
boron acceptor.

All the measurements were done at 6 K, and we set the
substrate back-gate bias !VB" positive so that, the buried ox-
ide !BOX"/Si interface becomes depleted and the hole accu-
mulation layer forms only at the front interface side in both
the nano channel and the electrically induced leads.

First, we explain the transport properties of undoped
!boron ion unimplanted" FETs, which are the bases of the

present analysis. Figures 1!b" and 1!c" show the contour
plots of d log g /dVF versus VF-VR for long-channel !L
=300 nm" and a short-channel !L=40 nm" FETs, where VF
and VR are the voltages at the front-gate and right-lead, and
g!=dI /dVR" is the differential conductance with I the current.
The plot of the derivative of the logarithmic conductance
makes the subthreshold region distinct, seen as black belts

a"Electronic mail: mohammed@will.brl.ntt.co.jp.
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FIG. 1. !a" Schematic top !left" and cross-sectional !right" views of a nano
FET. The SOI thickness is 32 nm. OX and BOX are the gate and buried
oxide, respectively. The front-gate length !L" is 40 or 300 nm and the width
!W" is 70 nm. #!b" and !c"$ The d log g /dVF vs VF-VR in undoped nano FETs
with L=300 and 40 nm, respectively. The no current and strong accumula-
tion regions are indicated as NC and SA, respectively. !d" The conductance
g vs VF at VR=20 mV in !b". !e" Schematic valence band diagram between
the source and drain in a nano FET at positive and negative bias VR at the
right terminal for the case of a grounded !VL=0" left terminal. h+ is the hole
injected through !or over" the barrier from the source terminal.
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between the strong accumulation !SA" and zero-current !NC"
regions. #An actual conductance curve for a fixed VR is
shown in Fig. 1!d".$ In these measurements, we set the left-
lead voltage VL to zero. Thus, when VR!0, which is a nor-
mal pFET operation condition, the hole is injected from the
left-lead, and when VR"0, the hole is injected from the
right-lead, i.e., the right-lead then becomes the source. Fig-
ure 1!e" shows the potential diagram under the subthreshold
condition, where the top of the FET barrier !or the beginning
of the FET channel13" is formed at the source side, and holes
are injected over !or through" the barrier.

In Fig. 1!b", the threshold voltage VT, which is defined as
the onset of SA, as shown by the white dashed line in the
figure, is independent of VR !dVT /dVR%0" for negative VR’s,
while for positive VR’s, VT changes proportionally to VR
!dVT /dVR%1", which is a typical feature seen in long-
channel pFETs. On the other hand, in Fig. 1!c", VT is signifi-
cantly affected by VR, which is due to the short-channel ef-
fect. This is reasonable because the gate oxide of our device
is intentionally designed to be thick !30 nm" to avoid gate
leakage and is comparable to the gate length !40 nm". In
such a case, we have nonzero coupling between the FET
barrier and the drain !hole collector" and obtain the slope
dVT /dVR=−# at VR!0 and =1+# at VR"0, where # is the
ratio of the capacitance between the drain and the FET bar-
rier to the gate capacitance of the FET. The observed slopes
are $1.6 and 2.5, resulting in # being around 1.6.

We now consider nano FETs with single acceptors. Fig-
ures 2 and 3 are the contour plots of d log g /dVF for two
different doped nano FETs. For both figures, the top !bottom"

is the data when the left !right" lead is grounded. One can see
that bright lines, indicated with white !Fig. 2" and black !Fig.
3" solid arrows, are superimposed in the subthreshold black
belt. These are the conductance modulations caused by a
hole capture by the single acceptor6 !see, for example, the
conductance curve in the top-right of Fig. 3". That is, the
bright lines trace the voltage conditions where the acceptor
level and the quasi-Fermi level align. The process of the
acceptor’s trapping and releasing of the hole affects the FET
barrier height and hence the subthreshold characteristics, as
we will discuss later. The illustrations next to the bottom
plots !Figs. 2 and 3" show the valence band edge !narrow,
solid lines" between the source and drain at both polarities
for VL and VR. The bold bar indicated by EA is the acceptor
level. The capacitance model for this acceptor-FET coupled
system is shown in Fig. 2, where the FET channel is simply
represented by the top of the barrier13 coupling to the leads
via the capacitances CmL and CmR and to the gate via the gate
capacitance, Cf. The acceptor coupling to the barrier is rep-
resented by Ci, which is a variable capacitance with the bias
polarities or the barrier horizontal position. We will hereafter
use the index i=1 or 2 when the barrier is near the source
!emitter" or drain !collector".

In Fig. 2, we clearly observe that the pattern of the ac-
ceptor modulation lines is not strongly influenced by the
change in the terminal grounded, whereas the pattern in Fig.
3 is significantly affected when the ground terminal is moved
from the left to the right terminal. These behaviors indicate
that the acceptor in Fig. 2 is located around the channel
center while the acceptor in Fig. 3 is located near the lead,
the right terminal in the present case.
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FIG. 2. Contour plots of d log g /dVF vs VF-VR !top plot" and d log g /dVF
vs VF-VL !bottom plot" for a doped nano FET. The acceptor modulations are
indicated by white solid arrows. In the equivalent circuit, CAL and CAR are
the acceptor to left-lead and to the right-lead capacitances and CmL and CmR
are the FET barrier to the left-lead, and to the right-lead capacitances. Cf is
the capacitance between the FET barrier and the gate and Ci is the coupling
capacitance between the acceptor and the FET barrier. The schematics next
to the bottom contour plot represent the valence band edge between the
source and drain at both polarities for VR or VL. EA !thick bar" is the acceptor
level.
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cated by the dashed arrow. %1 and %2 are the subthreshold shifts due to
single hole charging of the acceptor. The schematics next to the bottom
contour plot represent the valence band edge between the source and drain
at both polarities for VR or VL. EA !thick bar" is the acceptor level.
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p++,p,p++ undoped pFET
location of the channel can be 

scanned and a single acceptor is 
located by trapping/detrapping

Khalafalla APL 94, 223501 (2009)
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Atomic-scale electronics
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[Asenov IEEE Trans. Elec. Dev. 50, 1837, 2003]

bulk → atomistic: a problem for industry, an opportunity for science

S. Rogge

• Background
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Multi-gate FET (FinFET) from S. Biesemans group (IMEC)

[Nadine Collaert, IMEC]

• application: lithographically defined Si nanowires (fins) covered by a single gate

• our experiments: single fin devices, here fin width 15 nm & gate length 20 nm
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 Multi-gate devices: FinFETs from the 
Biesemans group at IMEC
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Resonant Tunneling Spectroscopy: States below the bandedge

ISD (nA)

 VG (mV)

Source Drain

x

E
QD1

QD2

0.1

400

100
1

E
F

D0

D-

Gate

QD1

QD2

D0

D-

source

draingate

FinFET

fin

200 nm

x

y

z |!
GS

|2

( )

2

1 2

2

1 2

4

res

e
G

Γ Γ
Γ Γ

=
+h

1 in 7 samples has peaks below bandedge (two, lower conductance, larger peak separation)

Resonant Tunneling Spectroscopy: States below the bandedge

ISD (nA)

 VG (mV)

Source Drain

x

E QD1

QD2

0.1

400

100
1

E
F D0

D-

Gate

QD1

QD2

D0

D-

source

draingate

FinFET

fin

200 nm

x

y

z |!
GS

|2

( )

2

1 2

2

1 2

4

res

e
G

Γ Γ
Γ Γ

=
+h

1 in 7 samples has peaks below bandedge (two, lower conductance, larger peak separation)

Resonant Tunneling Spectroscopy: States below the bandedge
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resonant tunneling

10Sellier PRL 97, 206805 (2006)

CMP 13-03-09 [47]

Geometry dependence of the Coulomb blockade
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• CB spacing is only dependent on channel length, not on width

• ∆Elevel = 1.3meV via CB(T)⇔ a 60 nm 1D dot ∆Elevel = 1.6meV

• ∆Vgate = 39, 24, 6mV via gate cap → area of 160, 270, 1100 nm2,

assuming the full gate length ∆Vgate → dot width = 2.7, 3.4, 11 nm

I

[Sellier Appl. Phys. Lett. 90, 073502, 2007]

Sven Rogge
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FIG. 1: Coulomb blocked transport in a FinFET transistor.
a) Colored SEM-image of the FinFET. A silicon nanowire
connected to source- and drain -leads (blue) forms the chan-
nel of the transistor. A second silicon nanowire deposited per-
pendicular to the channel (yellow) forms the gate electrode,
which is separate from the channel by a thin nitrided oxide.
b) Two separate charge islands can exist inside the transis-
tor; a quantum dot confined by the triangular potential at
the gate interface and residual barriers in the access regions
between source/drain and channel and a donor/well system
confined by the donors Coulomb potential and a well at the
interface. The localized states formed in these charge islands
are denoted by QDn and D0/D− respectively. c) The poten-
tial landscape in a cross-section from the gate to the channel.
The gate electric field induces a triangular potential at the in-
terface (blue). An accidental donor atom in the channel forms
a Coulombic potential on top of the gate potential (green).

interface. It is noteworthy to mention that this system is

essentially a gated donor where the donor-bound electron

is partly pulled towards the Si/SiO2 interface. The high

gate field, as we will show, also plays an decisive role in

the charging energy and the level spectrum of the D−.

Figure 1b shows the source-drain current of our device

at low bias as a function of gate voltage. At any gate volt-

age where a localized state in the channel is within the

bias window defined by source/drain, it gives a contribu-

tion to the transport and a peak in the current occurs.

As such, we can perform spectroscopy, with the gate volt-

age being a measure for the energy of the level (E = αVG

where α is the coupling between the gate and the level).

Based on the aforementioned criteria, we identify the first

two resonances as the D0 and D− charge states of a sin-

gle As donor. The resonances indicated by QDn are due

to a localized state which is confined by the gate elec-

tric field and two barriers in the access regions between

source/drain and the channel [18–20].

Next we analyzed the charging energy between the D0

and D− charge states. The charging energy of gated

donors can be reduced due to both capacitive coupling

to the leads and deformation of the wavefunction den-

sity due to the gate field. Figure 2 shows a tight-binding

calculation (NEMO-3D [21, 22]) of the charging energy

as a function of gate electric field (F ) and donor depth
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FIG. 2: Colormap of the modeled charging energy as a func-
tion of gate electric field (F ) and donor depth (d). The green
band indicates a modeled charging energy between 30-35 meV
that we also find experimentally. The black data points indi-
cate the positions of 6 samples in the F-d plane, as determined
in a previous publication [NP] from their D0 level spectrum.
The discrepancy between modeled and measured charging en-
ergy is attributed to capacitive coupling to the leads which
will reduce the charging energy, especially for samples close
to the gate interface.

below the Si/SiO2 interface (d). The Coulomb interac-

tion between the two electrons on the donor site were

calculated in a configuration-interaction approach. The

calculations include xx million atoms of a significant part

of the device, with a volume of 10.2 x 30.4 x 30.4 nm. We

chose to set the first dimension of the box at 10.2 nm to

take into account the confinement provided by the corner

regions of the finFET, where the donors are located [20].

It should be noted that the value of 10.2 nm is a rough

estimate that induces a certain degree of uncertainty in

final result. At low F and shallow d the sample is donor-

like and the charging energy is close to the bulk value

of an As donor (52 meV). At high F and deep d the

donor electron(s) are pulled into the interface well and

the charging energy is set by this confining potential (∼
21 meV). In between the two latter extremes the charg-

ing energy makes a smooth transition, as can be expected

from a hybridized system [23]. It should be noted that

the electron(s) in the interface confinement regime are

still localized near the donor and should thus not be con-

fused with the QDn localized states, which are confined

by the barriers in the access regions. The localization of

the D− state near the donor nucleus was derived by plots

of the relevant wavefunction densities.

(More on calculations from Rajib...)

In a previous work, we determined the F and d of six

donor samples by means of their D0 orbital spectrum [14].

[Sellier PRL 97, 206805, 2006]



Assignment of the level spectrum
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Hybridization with well state leads to a molecular system
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[Lansbergen & Rahman, Nature Physics 4, 656, 2008]

hybridization first theoretically predicted by Martins, PRB 69, 085320, 2004→ adiabatic regime for charge manipulation
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Fit excited states of the dopants to model

Measured

Ex,i

F ? , d ?

Predicted

Ex,i (F,d)

R

d

E
C

d

Device E1 E2 E3 EC d F s

(meV) (meV) (meV) (meV) (nm) (MV m! 1) (meV)

10G16 Exp. 2 15 23 30 3.3
TB 2.2 15.6 23.0 3.3 37.3 0.59

11G14 Exp. 4.5 13.5 25 29 3.2
TB 4.5 13.5 25.0 3.5 31.6 0.04

13G14 Exp. 3.5 15.5 26.4 31 3.5
TB 3.6 15.7 26.3 3.2 35.4 0.17

HSJ18 Exp. 5 10 21.5 33 4.0
TB 4.5 9.9 21.8 4.1 26.1 0.63

GLG14 Exp. 1.3 10 13.2 35 4.7
TB 1.3 10 12.4 5.2 23.1 0.28

GLJ17 Exp. 2 7.7 15.5 33 4.0
TB 1.3 7.7 15.8 4.9 21.9 0.77

• a 2D (F, d) fit of the first 3 excited states of the model works well for the 6 samples

• overdetermined, since we fit 3 parameters of 6 samples to a 2D space

• Stotal(As)=0.53 meV equal to the measurement error

[Lansbergen & Rahman, Nature Physics 4, 656, 2008]
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 Fit excited states of the dopants to model

Lansbergen Nature Physics 4, 656 (2008) 
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Single donor fingerprint in transport characteristics
combined with large scale device-simulations yields:
 

• chemical species (VO in Si)
• local field
• depth below the interface
• concentration

Jagannath et al. PRB 23, 2082 (1981)

G.P. Lansbergen IEDM 2008 (10.1109/IEDM.2008.4796794) 
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dominant
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Milan, 19-09-07 [1]

Atomic-scale electronics

“bulk” transistor (FET)

32 nm MOSFET

4 nm MOSFET ???

[Asenov IEEE Trans. Elec. Dev. 50, 1837, 2003]

bulk → atomistic: a problem for industry, an opportunity for science

S. Rogge

• Background

• From I(Vg) peaks → spectra & 
environmental information

• Beyond level spectroscopy
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Exited states in D−
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- electron leaves from ground state unless this transition is blocked ⇒ LET [NP 4, 540, 2008]
- orbital exited lifetimes are short (~30ps [JAP 102, 093104, 2007]), gated D- relaxation observed as slow as 50ns!?

 Information about relaxation processes
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• What can we learn from transport in nanoFETs?

• electrical channel length / extend of the SD region

• variability - dopant density in the channel

• spectrum: chemical species & environment

• Beyond level spectroscopy

• spin and orbital relaxations

• probe coherence

• determine scattering in channel

• future: manipulate spin and orbital state
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FinFET
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FIG. 4: A bound excited state of the D− can be distinguished
by carefully examining the DC transport a) Current traces of
the D0 resonance ranging from VSD = -30meV to VSD =
+30 meV as function of gate voltage. The green arrows indi-
cate current steps associated with an excited state entering
the bias window. The highly asymmetric coupling and the
sequential nature of the transport quenches the current steps
in the VSD > 0 conducting region (see main text). b) Cur-
rent traces of the D− resonance ranging from VSD = -30meV
to VSD = +30meV as function of gate voltage. The current
step in the VSD > 0, associated with the n = 3-excited or-
bital, must necessarily have a life-time (τ) > 48 ns to show
up as it does in the DC transport. c) Transport processes
responsible for the current characteristics in our single-atom
device. Sequential processes are characterized by relaxation
to the ground state before tunneling out of the atom. Due to
the long life-time of the triplet state, the electron can tunnel
directly out of the triplet to the drain. d) Colormap plot of
b.

regime of tunneling and the highly asymmetric coupling.
The current through the donor atom is given by (see also
[3])

I = e

�
Γ1

in + Γ2
in + ... + Γn

in

�
Γ1

out

Γ1
in + Γ2

in + ... + Γn
in + Γ1

out

(2)

where the the subscript denotes the direction of the rate
(in or out of the donor) and the superscript indicates the
level (where 1 is the ground state) and n indicates the
number of states in the bias window defined by source
drain. The total rate into the atom depends on the
amount of states in the bias window but the outgoing rate
depends only on the rate out of the ground state. The
reflects the sequential nature of the tunneling process, as
an electron transfered to the atom will have relaxed to
the ground state before being transfered to the opposite
lead. Since the atom in our sample is very asymmetrically

coupled, Γin >> Γout for VSD > 0 while Γin << Γout for
VSD < 0. In this asymmetric limit Eq. 2 reduces to

I =
�

e
�
Γ1

in + Γ2
in + ... + Γn

in

�
VSD < 0

eΓ1
out VSD > 0 (3)

The absence of steps for VSD > 0 thus also confirms
the sequential nature of the transport and asymmetric
coupling of the atom.

Figure 4b shows the stability diagram around the D−

resonance where again we see steps associated with ex-
cited states entering the bias window (green arrows). In
contrast to the conduction region of the D0 we do see a
single step in the D− for VSD > 0 (red arrow), belonging
to the excited state at ∼ 9 meV from the ground state
(n = 3). In the sequential limit every incoming electron
should relax to the ground state (see Fig. 4c, red paths)
and the step structure in the conducting region should
be descibed by Eq. 3. With our degree of asymmetry,
the maximum magnitude of any current step (n > 1) in
VSD > 0 equals 0.5 % of the step at n = 1, regardless
of Γn. The latter follows directly from Eq. 3. Further-
more, we can readily observe that the current step for
VSD > 0 is only visible for the n = 3 state and not for
other excited states. That leads us to the conclusion that
the sequential limit does not hold for n = 3, which thus
means that the an electron entering this state does not
relax back to the ground state before exiting the atom.
For the n = 3 -state not to relax back to the ground
state, the life-time (τ) should be larger then the exiting
rate, i.e. τ > Γ3

R. By the magnitude of the current steps
at VSD < 0 we (conservativelly) estimate Γ3

R ∼ Γ1
R, thus

τ > 48 ns.
We attribute the long life-time of the 9 meV excited

state to it being the triplet spin configuration. We know
that certain excited states must have a triplet configu-
ration and from literature we (conservatively) estimate
the life-time of the D0 triplet configuration to be at least
460 ns. The latter value is actually derived from the T1-
time of 400 nm dots defined in a two-dimensional Si elec-
tron system measured by spin echo [26]. Any excited spin
singlet configuration would relax to the (singlet) ground
state within a few ps [27]. Furthermore, a very similar
transport process as we describe has been seen before in
Si double quantum dots [16]. It was dubbed Life-Time
Enhanced transport and is a result of the long spin triplet
lifetimes in Silicon.

In conclusion, we have shown that the two-electron
charge state of gated donors is reduced by a combination
of the deformation of the donor wavefunction and capac-
itive coupling to the environment. The reduced charging
energy, in contrast to bulk donors, allows for bound ex-
cited orbital. By means of DC transport measurements
we can observe which excited states are the triplet spin
configurations, by means of Life-Time-Enhanced trans-
port.

CMP 13-03-09 [47]

Geometry dependence of the Coulomb blockade
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• CB spacing is only dependent on channel length, not on width

• ∆Elevel = 1.3meV via CB(T)⇔ a 60 nm 1D dot ∆Elevel = 1.6meV

• ∆Vgate = 39, 24, 6mV via gate cap → area of 160, 270, 1100 nm2,

assuming the full gate length ∆Vgate → dot width = 2.7, 3.4, 11 nm

I

[Sellier Appl. Phys. Lett. 90, 073502, 2007]

Sven Rogge



Challenge the future

Delft
University of
Technology

Acknowledgments

19

• IMEC
N. Collaert, S. Biesemans (FinFETs)

• Purdue
R. Rahman (→SNL), G. Klimeck (tight-binding)

• Melbourne
L.C.L. Hollenberg (theory)
B.C. Johnson, C. Yang, D.N. Jamieson (single-ion implantation)

• Grenoble
R. Wacquez, M. Vinet, M. Sanquer (multi-gate FinFETs)

• Delft
J.Heijden, J.Verduijn, J.Mol, G.C.Tettamanzi, G.P.Lansbergen (→NTT) 

Acknowledgements

• Delft
– Parvesh Deosarran, Stefan Beentjes
– Jan Mol, Arjan Verduijn, Gabri Lansbergen
– Hermann Sellier, Giuseppe Tettamanzi

• IMEC
– Nadine Collaert & Serge Biesemans (FinFET)

• University of Melbourne
– Cam Wellard, Lloyd Hollenberg (Theory)

• Purdue
– Rajib Rahman, Gerhard Klimeck (NEMO)

PhD & postdoc vacancies



4

230 250 270 290 310

!30

!20

!10

0

10

20

30

0

1

2

 

180 200 220 240
-0.4

-0.2

0.0

0.2

0.4

I 
(n

A
)

240 260 280 300
-3

-2

-1

0

1

2

3

I 
(n

A
)

V
G
 (mV)

V
G
 (mV)

!
"2

L

"3

L

"1
L

"3

R

"1
R

V
S

D
 (

m
V

)

V
G
 (mV)

I (nA)

a b

c d

V
SD

 = - 30 mV
V

SD
 = - 30 mV

V
SD

 = 30 mVV
SD

 = 30 mV

FIG. 4: A bound excited state of the D− can be distinguished
by carefully examining the DC transport a) Current traces of
the D0 resonance ranging from VSD = -30meV to VSD =
+30 meV as function of gate voltage. The green arrows indi-
cate current steps associated with an excited state entering
the bias window. The highly asymmetric coupling and the
sequential nature of the transport quenches the current steps
in the VSD > 0 conducting region (see main text). b) Cur-
rent traces of the D− resonance ranging from VSD = -30meV
to VSD = +30meV as function of gate voltage. The current
step in the VSD > 0, associated with the n = 3-excited or-
bital, must necessarily have a life-time (τ) > 48 ns to show
up as it does in the DC transport. c) Transport processes
responsible for the current characteristics in our single-atom
device. Sequential processes are characterized by relaxation
to the ground state before tunneling out of the atom. Due to
the long life-time of the triplet state, the electron can tunnel
directly out of the triplet to the drain. d) Colormap plot of
b.

regime of tunneling and the highly asymmetric coupling.
The current through the donor atom is given by (see also
[3])

I = e

�
Γ1

in + Γ2
in + ... + Γn

in

�
Γ1

out

Γ1
in + Γ2

in + ... + Γn
in + Γ1

out

(2)

where the the subscript denotes the direction of the rate
(in or out of the donor) and the superscript indicates the
level (where 1 is the ground state) and n indicates the
number of states in the bias window defined by source
drain. The total rate into the atom depends on the
amount of states in the bias window but the outgoing rate
depends only on the rate out of the ground state. The
reflects the sequential nature of the tunneling process, as
an electron transfered to the atom will have relaxed to
the ground state before being transfered to the opposite
lead. Since the atom in our sample is very asymmetrically

coupled, Γin >> Γout for VSD > 0 while Γin << Γout for
VSD < 0. In this asymmetric limit Eq. 2 reduces to

I =
�

e
�
Γ1

in + Γ2
in + ... + Γn

in

�
VSD < 0

eΓ1
out VSD > 0 (3)

The absence of steps for VSD > 0 thus also confirms
the sequential nature of the transport and asymmetric
coupling of the atom.

Figure 4b shows the stability diagram around the D−

resonance where again we see steps associated with ex-
cited states entering the bias window (green arrows). In
contrast to the conduction region of the D0 we do see a
single step in the D− for VSD > 0 (red arrow), belonging
to the excited state at ∼ 9 meV from the ground state
(n = 3). In the sequential limit every incoming electron
should relax to the ground state (see Fig. 4c, red paths)
and the step structure in the conducting region should
be descibed by Eq. 3. With our degree of asymmetry,
the maximum magnitude of any current step (n > 1) in
VSD > 0 equals 0.5 % of the step at n = 1, regardless
of Γn. The latter follows directly from Eq. 3. Further-
more, we can readily observe that the current step for
VSD > 0 is only visible for the n = 3 state and not for
other excited states. That leads us to the conclusion that
the sequential limit does not hold for n = 3, which thus
means that the an electron entering this state does not
relax back to the ground state before exiting the atom.
For the n = 3 -state not to relax back to the ground
state, the life-time (τ) should be larger then the exiting
rate, i.e. τ > Γ3

R. By the magnitude of the current steps
at VSD < 0 we (conservativelly) estimate Γ3

R ∼ Γ1
R, thus

τ > 48 ns.
We attribute the long life-time of the 9 meV excited

state to it being the triplet spin configuration. We know
that certain excited states must have a triplet configu-
ration and from literature we (conservatively) estimate
the life-time of the D0 triplet configuration to be at least
460 ns. The latter value is actually derived from the T1-
time of 400 nm dots defined in a two-dimensional Si elec-
tron system measured by spin echo [26]. Any excited spin
singlet configuration would relax to the (singlet) ground
state within a few ps [27]. Furthermore, a very similar
transport process as we describe has been seen before in
Si double quantum dots [16]. It was dubbed Life-Time
Enhanced transport and is a result of the long spin triplet
lifetimes in Silicon.

In conclusion, we have shown that the two-electron
charge state of gated donors is reduced by a combination
of the deformation of the donor wavefunction and capac-
itive coupling to the environment. The reduced charging
energy, in contrast to bulk donors, allows for bound ex-
cited orbital. By means of DC transport measurements
we can observe which excited states are the triplet spin
configurations, by means of Life-Time-Enhanced trans-
port.
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What can we learn about donor metrology 
from transport measurements?

Multi-gate FET (FinFET) from S. Biesemans group (IMEC)

[Nadine Collaert, IMEC]

• application: lithographically defined Si nanowires (fins) covered by a single gate

• our experiments: single fin devices, here fin width 15 nm & gate length 20 nm
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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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Sven Rogge
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 Knowledge of dopant location and their 
electronic properties is essential

2

Donor deactivation in silicon nanostructures
Mikael T. Björk*, Heinz Schmid, Joachim Knoch, Heike Riel and Walter Riess

The operation of electronic devices relies on the density of free
charge carriers available in the semiconductor; in most semicon-
ductor devices this density is controlled by the addition of
doping atoms. As dimensions are scaled down to achieve econ-
omic and performance benefits, the presence of interfaces and
materials adjacent to the semiconductor will become more
important and will eventually completely determine the elec-
tronic properties of the device. To sustain further improvements
in performance, novel field-effect transistor architectures, such
as FinFETs1,2 and nanowire field-effect transistors3–7, have been
proposed as replacements for the planar devices used today,
and also for applications in biosensing8–10 and power gener-
ation11. The successful operation of such devices will depend
on our ability to precisely control the location and number of
active impurity atoms in the host semiconductor during the fab-
rication process. Here, we demonstrate that the free carrier
density in semiconductor nanowires is dependent on the size
of the nanowires. By measuring the electrical conduction of
doped silicon nanowires as a function of nanowire radius, temp-
erature and dielectric surrounding, we show that the donor ion-
ization energy increases with decreasing nanowire radius, and
that it profoundly modifies the attainable free carrier density
at values of the radius much larger than those at which
quantum12,13 and dopant surface segregation14 effects set in.
At a nanowire radius of 15 nm the carrier density is already
50% lower than in bulk silicon due to the dielectric mismatch15

between the conducting channel and its surroundings.
In bulk semiconductors the coulomb potential of impurity nuclei

gives rise to bound states in the bandgap. The strong screening of
these impurities by the host semiconductor results in ionization
energies of a few hundredths of an electron volt and hence most
impurities are ionized at room temperature. In contrast, in one-
dimensional structures, the proximity to the semiconductor of an
embedding medium of lower dielectric constant reduces the screen-
ing of the impurity potential. As predicted by theory15,16, this
reduced screening leads to an increase of the ionization energies
as a function of decreasing nanowire radius and, consequently, to
a reduction in the number of free charge carriers in the system.
Importantly, the effect of dielectric mismatch is already significant
at dimensions such as those found, for instance, in the current gen-
eration of integrated circuits (45 nmnode), in wire-based sensors 8–10

and in recently demonstrated thermoelectric devices11.
To investigate how resistivity and carrier density depend on the size

of a nanowire device, we first measured the resistivity of silicon nano-
wires doped n-type using phosphorous. Multiple electrical contacts
as shown in Fig. 1a were established to individual wires and the
apparent resistivity rapp was measured for wires having a physical
radius rphys ranging from 6 to 60 nm and donor concentrations ND
of 9 ! 1018 cm23, 3 ! 1019 cm23 and 1.5 ! 1020 cm23 (see
Supplementary Information). Figure 1b shows that rapp increases as
a function of decreasing wire radius for all three donor concentrations.

The observed increase in resistivity could be attributed to
quantum confinement12,13 and/or surface segregation of dopants14,

both of which lead to a reduction of the free carrier density.
However, these effects are expected to take place exclusively at
radii below 5 nm (ref. 17). The more plausible explanation is based
on the occurrence of surface depletion of charge carriers due to inter-
face states, trapped charges, and/or to a size-dependent incorpor-
ation of dopants during growth, a size-dependent mobility, or
finally to an increase in the donor ionization energy due to a dielec-
tric mismatch15 at the wire surface. In the following, we will demon-
strate that the effect we are observing is due to the deactivation of
doping atoms caused by a dielectric mismatch between the wire
and its surroundings.

Because of the presence of interface states on the surfaces of the
wires and trapped charges in the native oxide on these surfaces, the
electronic radius relec, which defines the charge-carrying area and
hence determines the true resistivity rs, does not necessarily equal

ND = 9 × 1018 cm–3
ND = 3 × 1019 cm–3
ND = 1.5 × 1020 cm–3
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Figure 1 | Characterization of n-type silicon nanowires. a, Scanning electron
micrograph of a silicon nanowire contacted by metal electrodes in a
multi-terminal layout. Scale bar, 1 mm. b, Apparent resistivity of nanowires as
a function of physical radius rphys, for donor densities ND of 9 ! 1018 cm23

(red symbols), 3 ! 1019 cm23 (blue symbols) and 1.5 ! 1020 cm23 (black
symbols). The apparent resistivity increases with decreasing radius for all
three doping series. Nanowires with rphys , 17 nm (ND ¼ 9 ! 1018 cm23)
and rphys , 8 nm (ND ¼ 3 ! 1019 cm23) no longer showed ohmic contacts
and were therefore excluded from the analysis.
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Previous simulation studies of single charge trapping have
already demonstrated that the inclusion of random discrete
dopants is essential for reproducing both the shape and the
magnitude of the RTS distribution [20], [21], [23]. However,
simulations that aim at illustrating those effects were previously
performed on simplified generic devices with idealized doping
profiles. In addition, with the exception of [21], previous studies
have focused on the impact of single stray charges and did not
consider the statistical distribution for a number of charged
defect states in a single transistor [20], [22], [23]. From the
reliability point of view, it is also very important to study the
impact of the evolution in the trapped charge density as a result
of negative bias temperature instability (NBTI), positive bias
temperature instability (PBTI), and hot carrier degradation.

In this paper, using 3-D “atomistic” numerical simulation
of large statistical samples of realistic devices, we study the
current changes and the evolution of the statistical distribution
of MOSFET parameters subject to a progressive degradation
and corresponding increase in the stochastic numbers of trapped
charge. The study is done in conjunction with the random
dopant distribution of the transistors in the statistical sample.
Based on the simulation results, we analyze the origin of rare
but anomalously large changes in the transistor parameters as-
sociated with discrete charge trapping. The simulation method-
ology and the transistors considered in this study are described
in Section II. The results of the simulations of single, multiple,
and progressively increasing numbers of trapped charges are
presented and analyzed in Section III, and the conclusions are
drawn in Section IV.

II. SIMULATION METHODOLOGY

A. Device and Simulator

We investigate the distribution of the threshold voltage shift
(∆VT ) and the corresponding relative drain current change
(∆ID/ID) induced by the trapping of electrons on acceptor
type defect states at the Si/SiO2 interface. Statistical ensembles
of typically 700 microscopically different (in terms of atomic
dopant distribution) MOSFETs have been simulated by em-
ploying the Glasgow 3-D drift–diffusion “atomistic” simulator
described in detail elsewhere [24]–[26]. A real 35 nm gate
length nMOSFET fabricated and published by Toshiba [27] has
been used as a reference device in this study. Although the main
reliability concerns in polysilicon gate CMOS are related to
holes trapping in pMOSFETs, we use an nMOSFET reference
device because a string of previous papers [10], [26], [28], [29]
has extensively studied its statistical variability. There is perfect
similarity between electron trapping in nMOSFETs and hole
trapping in pMOSFETs. Furthermore, with the introduction of
high-κ gate stacks, PBTI in nMOSFETs is becoming a critical
reliability concern [30], [31]. Additionally, RTS signals and hot
carrier degradation of nMOSFETs are important for Flash and
DRAM applications.

Fig. 2 shows the calibration of our simulator with re-
spect to the device structure and the experimentally measured
current–voltage characteristics of the reference transistor. The
35 nm MOSFET has a complex doping profile featuring shal-

Fig. 2. Measured (dots) and simulated (lines) ID–VG characteristics of the
35 nm MOSFET at VD = 50 mV and VD = 850 mV. Inset: 2-D geometry
and continuous doping profile of simulated device.

Fig. 3. ID–VG characteristics of fresh microscopically different (in terms
of random dopant distribution) 35 × 35 nm nMOSFETs. Inset: variation of
potential distribution in one of the devices clearly showing the effect of random
discrete dopants.

low arsenic-doped source and drain extensions and an arsenic-
doped polysilicon gate. Retrograde indium channel doping,
together with pocket boron implants, provides efficient short-
channel effect control without unnecessarily increasing the
doping concentration under the gate. Based on the doping
profile obtained from a full process simulation of the reference
device, discrete dopants are statistically generated at random
sites of the silicon lattice of simulated devices, thus creating a
statistical sample of 700 microscopically different transistors.
In the simulations, this gives rise to variations in the ID–VG

characteristics of the nominally identical “fresh” devices, as
depicted in Fig. 3. Density gradient quantum corrections are
implemented in the simulations to handle the artificial local-
ization of mobile charge in the potential wells associated with
the introduction of discrete dopants [32], [33] and to reduce
the mesh-size sensitivity of the simulations, thus ensuring
physically consistent simulations. While it is acknowledged
that the drift–diffusion approach does not include nonequi-
librium transport and, therefore, underestimates the ON-state
drain current in nanometer-scale devices, it is well suited for
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Abstract—The distribution of fractional current change and
threshold voltage shift in an ensemble of realistic 35 nm bulk
negative-channel metal–oxide–semiconductor field-effect transis-
tors caused by charge trapping on stress-generated defect states at
the Si/SiO2 interface is studied using 3-D statistical “atomistic”
simulations. The simulations take into account the underlying
random discrete dopant distribution in the transistors, which in
conjunction with strategically positioned traps could result in rare
but dramatic changes in the transistor characteristics. The evolu-
tion of threshold voltage distribution as a result of accumulation
of trapped charges in the devices due to progressive negative bias
temperature instability, positive bias temperature instability, or
hot electron degradation is simulated and compared with simple
analytical model predictions and recently published experimental
measurements to demonstrate the necessity to consider statistical
variability in realistic reliability simulations. The magnitude of the
degradation in devices of different geometries is also investigated
where minimal correlation is found.

Index Terms—MOSFET, numerical simulation, random
dopants, random telegraph signal (RTS), reliability, variability.

I. INTRODUCTION

S TATISTICAL MOSFET variability introduced by the dis-
creteness of charge and matter has become a major chal-

lenge to scaling and integration [1]–[4], [13]. The dominant
source of statistical variability in contemporary bulk MOSFETs
is the random discrete dopants in the active region of the
transistors [4]–[9]. Statistical variability approaches 50% of the
total variability in the 45 nm technology generation, and with
the progressive introduction of restricted design rules (RDRs),
it is becoming the dominant component of variability at the
32 nm technology generation [10]. Statistical variability already
profoundly affects SRAM design [3], [11]. In logic circuits, it
causes statistical timing problems [12] and increasingly leads
to hard digital faults. In both cases, the statistical variability
restricts supply voltage scaling, adding to looming power dissi-
pation problems [13].
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Fig. 1. Random microscopic arrangement of discrete dopant atoms in a
MOSFET could produce a narrow current percolation path connecting the
source and drain at the on set of strong inversion. A charge trapped in the
vicinity of such critical current path results in large current reduction and
threshold voltage shift.

In addition to statistical variability, statistical aspects of
MOSFET degradation associated with trapping of carriers in
stress-generated defect states at the semiconductor–oxide in-
terface and/or deeper into the gate stack dielectric are rapidly
becoming a matter of growing concern [9], [13], [14]–[16]. The
stochastic trapping of individual or multiple discrete charges on
defect states results in progressively larger temporary or perma-
nent transistor parameter changes, creating acute problems in
Flash [17], [18] and SRAM [16], [19] memories and in digital
logic blocks. Random discrete charge trapping in the presence
of variability sources, particularly in the presence of random
discrete dopants, results in rare and “anomalously” large current
changes, much higher than those predicted by simple models
based on continuously doped devices [20], [21] subjected to the
same trapped charge distribution. Such a situation is illustrated
in Fig. 1, where a random microscopic arrangement of dopant
atoms near the interface and the associated potential fluctua-
tions produce a narrow current percolation path connecting the
source and drain of a MOSFET. Even a single charge trapping
event in the vicinity of such a critical path will effectively block
the channel, resulting in anomalously large random telegraph
signal (RTS) [20], [22], [23]. Thus, the reliability of modern
nanoscale CMOS transistors has become a truly statistical prob-
lem, characterized by a statistical distribution with relatively
rare but acute changes in the device parameters due to charge
trapping in the fluctuating potential landscape generated by ran-
dom discrete dopants and other statistical variability sources.
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energy (n) relative to the energy of the localized states 
permits detailed examination of the various conduction 
mechanisms. In devices where both the length and width are 
much greater than the localization length, two-dimensional 
strong localization effects have been studied for more than 
twenty years [10-13]. It is well established that Mott 
variable-range hopping (VRH) correctly describes the 
conduction mechanism in these samples. For a general 
overview of localized transport, see Shklovskii and Efros 
[14]. 

There are only three types of conduction processes that 
one might expect to occur in the strongly localized regime at 
temperatures below -1 K. These are shown schematically in 
Figure 1. The first is thermally activated tunneling from one 
localized site to another, or Mott hopping, and the 
conductance from such processes decreases exponentially 
with decreasing temperature. The second is direct tunneUng 
of the electrons from the source contact to the drain contact. 
In the samples we studied, the separation between the source 
and drain contacts is greater than 500 nm, and this process 
does not appear to be important. The third and most 
important low-temperature transport process is that of 
resonant tunneling, a process whereby an electron directly 
tunnels elastically from the source contact to one localized 
state in the sample and subsequently tunnels elastically out 
of that state to the drain contact. The last two tunneling 
processes can occur at zero temperature. 

In the case of resonant tunneling, the energy of the 
resonant localized state must be equal to the chemical 
potential in the Fermi surface of the contacts for maximum 
tunneUng probabihty. This probability for electron 
transmission decreases very rapidly when the chemical 
potential changes by an amoxmt greater than the eneigy 
linewidth of the resonant state. Although it is perhaps not so 
obvious, the same is true for hopping. However, if the 
number of paths through the sample is sufficiently limited 
that the number of available states within k^Toiii is small, 
only a few hops will dominate the resistance, and this 
resistance mil be a strong random function of the relative 
values of II and the enei^ies of the states. In both resonant 
tunnehng and hopping, each and every sample has its ovra 
characteristic and different dependence of conductance on ii 
or on ^ te voltage. There is no ensemble averaging in this 
case. 

In the following sections we discuss our experiments on 
resonant tunneling and Mott hopping. Others have observed 
similar results in similar samples, but in this paper we 
discuss primarily our own work, which has previously been 
reported. Results rather than experimental techniques or 
derivations are emphasized. 

Samples where hopping dominates 
The appropriate mesoscopic samples for studies of hopping 
conductivity are relatively long but narrow Si accumulation 
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The three major conduction mechanisms at low temperature are 
shown schematically. In hopping the electrons proceed stepwise 
down the chain. To tunnel from site to site they must pick up thermal 
energy, so that the process is activated. For direct tunneling the 
electrons make a transition directly from filled states in the cathode to 
empty slates in the anode. In resonant tunneling the electrons may be 
considered to tunnel from the cathode into the resonant state, 
1 esonate in the state, and then tunnel out to the anode. For a MOSFET 
device, changing the gate voltage moves the band edge and the 
locali/ed states relative to the chtinical potential of the contacts 

timw w 
laviTs. If the most probable hopping length, R„, is long 
compared to the geometrical width of the sample, the 
conduction is quasi-one-dimensional. Hopping lengths for 
two dimensions are given by i?„ ~ [^/TD(E)f'^, so low 
temperatures, low density of states D(E), and long 
localization lengths are required for one-dimensional 
behavior. In silicon two-dimensional systems, the density of 
states in the ground-state subband is D(E) ~ 1.6 x lO'" 
e V~ cm" and is constant for a wide range of Fermi energies 
[13]. At very small values of the chemical potential, it is now 
well established that the density of states decreases 
exponentially with decreasing gate voltage. If f ~ 30 nm and 
r — 0.1 K,Rg is about 50 nm. 373 
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conductance (the minimum of the peaks) increases faster 
than the peak conductance. Figure 6 shows the temperature 
dependence of the peak conductance for a few peaks that 
were well isolated from others at low temperatures. All 
appear simply activated [i.e., G ~ exp^-EJk^T)] for 
T< 0.2 K, with the smallest peaks having the greatest 
activation energies. Above about 0.2 K the data for all four 
peaks fall approximately on a single curve of the form 
InG ~ r~"^, a dependence typical for a statistically averaged 
ID variable-range hopping system. At temperatures between 
0.05 K and 0.1 K, the peak at 4.5175 V seems to show a 
weaker temperature dependence than expected from simple 
activation with the slope, dlnG/dV^^, decreasing as the 
temperature approaches the activation energy (~0.083 K for 
this peak). This decrease is actually due to a change in the 
occupation probabiUty,/(£), of electrons in the locaUzed 
state, and is given by the well-known Fermi-Dirac 
distribution function,/(£) = (g*^-"'"''^ + i)"'. A similar 
effect should occur for the other peaks, but their activation 
energies are higher and the transition is not as evident in 
Figure 6. 

To understand the origin of the conductance fluctuations 
in the ID strongly localized limit, it is useful to model the 

transport process as being similar to conduction in a ID 
random resistor network [20-22]. In this case, the 
conductance is limited by the largest resistor (the critical 
hop) in the chain, and the conductance associated with 
hopping from localized state / to localized state y is given by 

G = G „ e x p | - 2 x , . r ' - 5 ^ [ | £ , - M l 

+ \Ej-^\ + \E,-E^ vl]}' (1) 

where ? is the localization length, x^ is the spatial separation 
of two states, £• is a site energy, and fi is the local chemical 
potential. If this hop is the lowest conductance hop in the 
chain, the conductance of the entire sample is also given by 
Equation (1). If the chemical potential is adjusted to any 
energy at a constant temperature such that E.< ii< Ej 
(assuming £, < Ej), the conductance G is a constant 
independent of M (a flat-topped peak). If/i > Ej or n< £,, 
the conductance on the side of the peak decreases 
exponentially with changing ^ and is given by | dlnG/dfi \ ~ 

This problem of hopping conductivity in a small random 
network has been extensively studied using numerical 
simulation techniques by P. A. Lee et al. [23] and others 
[24-27]. Under the assumption that the localized states have 
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A schematic view of pinched samples. The upper figure is a section 
across the sample. The p+ diffusions create a well parallel to the 
surface. The surface potential resulting from the gate field continues 
the electrons to the surface. The lower figure is a plan of the structure 
showing the location of the n+ contacts, the aluminum gates, and the 
p+ diffusions. 

The pinched sample configuration that we have used [1-6] 
is shown schematically in Figure 2. In this type of stracture, 
the electric field from the p* diffusions confines the electron 
accumulation layer into a channel much narrower than the 
width between the diifiisions. Although the geometrical 
spacing between p* diffusions is 1 ^m, we estimate the 
conduction channel width to be of the order of 20-50 nm at 
low gate voltages [1]. 

Figure 3 shows the main features of the conduction at T = 
1.56, 0.416, and 0.107 K. The conductance, G, increases 
exponentially as either the temperature, T, or the gate 
voltage, KQ, is increased (FQ is roughly proportional to the 
chemical potential \i). Conductance data over a much 
narrower range of gate voltages at 0.05 K are displayed in 
Figure 4. What appeared to be noise at low T and low V^ in 
Figure 3 is actually reproducible but random fluctuations in 

the conductance as a function of V^. Here the fluctuations, 
ACJ, are dramatic, and AG/G are much larger than those 
found in the metallic samples, where they are generally of 
the order of 10"'-10"" of the conductance. The peaks in the 
conductance curves persist to temperatures above 0.5 K at 
approximately the same FQ, albeit broadened and 
overlapped with other peaks. Many of the peaks are 
reproducible over a period of weeks or even months as long 
as the device is kept below ~ 10 K and not shocked 
electrically so as to change the oxide charge. Other devices, 
fabricated from the same Si wafer and nominally identical, 
exhibit the same behavior except for diflFerences in the 
structural detail of the fluctuations. 

The reason that each device is difierent is obvious if one 
considers the number of states in the entire sample within 
/Cg 7" of the chemical potential, /t- If we use the 2D density of 
states, lO'" cm"'eV~', and a temperature of 100 mK so that 
fca T' is 8 X 10~' eV, the total number of states within k^T oi 
II in these devices of area ~5 x 10"' cm"̂  is 8. These would 
be randomly arranged along the conductance channel in 
energy and position. If those within ±5/^7 take part in 
conduction, there are stiU only of the order of at most 100 

I he gate voltage dependence of the conductance is shown at three 
temperatures It can be seen that the conductance increases rapidly as 
d function ot gate voltage and also as a function of temperature, 
especially at low gate voltages. It is also apparent that the 
conductance fluctuations increase rapidly as temperature decreases. 
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energy (n) relative to the energy of the localized states 
permits detailed examination of the various conduction 
mechanisms. In devices where both the length and width are 
much greater than the localization length, two-dimensional 
strong localization effects have been studied for more than 
twenty years [10-13]. It is well established that Mott 
variable-range hopping (VRH) correctly describes the 
conduction mechanism in these samples. For a general 
overview of localized transport, see Shklovskii and Efros 
[14]. 

There are only three types of conduction processes that 
one might expect to occur in the strongly localized regime at 
temperatures below -1 K. These are shown schematically in 
Figure 1. The first is thermally activated tunneling from one 
localized site to another, or Mott hopping, and the 
conductance from such processes decreases exponentially 
with decreasing temperature. The second is direct tunneUng 
of the electrons from the source contact to the drain contact. 
In the samples we studied, the separation between the source 
and drain contacts is greater than 500 nm, and this process 
does not appear to be important. The third and most 
important low-temperature transport process is that of 
resonant tunneling, a process whereby an electron directly 
tunnels elastically from the source contact to one localized 
state in the sample and subsequently tunnels elastically out 
of that state to the drain contact. The last two tunneling 
processes can occur at zero temperature. 

In the case of resonant tunneling, the energy of the 
resonant localized state must be equal to the chemical 
potential in the Fermi surface of the contacts for maximum 
tunneUng probabihty. This probability for electron 
transmission decreases very rapidly when the chemical 
potential changes by an amoxmt greater than the eneigy 
linewidth of the resonant state. Although it is perhaps not so 
obvious, the same is true for hopping. However, if the 
number of paths through the sample is sufficiently limited 
that the number of available states within k^Toiii is small, 
only a few hops will dominate the resistance, and this 
resistance mil be a strong random function of the relative 
values of II and the enei^ies of the states. In both resonant 
tunnehng and hopping, each and every sample has its ovra 
characteristic and different dependence of conductance on ii 
or on ^ te voltage. There is no ensemble averaging in this 
case. 

In the following sections we discuss our experiments on 
resonant tunneling and Mott hopping. Others have observed 
similar results in similar samples, but in this paper we 
discuss primarily our own work, which has previously been 
reported. Results rather than experimental techniques or 
derivations are emphasized. 

Samples where hopping dominates 
The appropriate mesoscopic samples for studies of hopping 
conductivity are relatively long but narrow Si accumulation 
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The three major conduction mechanisms at low temperature are 
shown schematically. In hopping the electrons proceed stepwise 
down the chain. To tunnel from site to site they must pick up thermal 
energy, so that the process is activated. For direct tunneling the 
electrons make a transition directly from filled states in the cathode to 
empty slates in the anode. In resonant tunneling the electrons may be 
considered to tunnel from the cathode into the resonant state, 
1 esonate in the state, and then tunnel out to the anode. For a MOSFET 
device, changing the gate voltage moves the band edge and the 
locali/ed states relative to the chtinical potential of the contacts 

timw w 
laviTs. If the most probable hopping length, R„, is long 
compared to the geometrical width of the sample, the 
conduction is quasi-one-dimensional. Hopping lengths for 
two dimensions are given by i?„ ~ [^/TD(E)f'^, so low 
temperatures, low density of states D(E), and long 
localization lengths are required for one-dimensional 
behavior. In silicon two-dimensional systems, the density of 
states in the ground-state subband is D(E) ~ 1.6 x lO'" 
e V~ cm" and is constant for a wide range of Fermi energies 
[13]. At very small values of the chemical potential, it is now 
well established that the density of states decreases 
exponentially with decreasing gate voltage. If f ~ 30 nm and 
r — 0.1 K,Rg is about 50 nm. 373 
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conductance (the minimum of the peaks) increases faster 
than the peak conductance. Figure 6 shows the temperature 
dependence of the peak conductance for a few peaks that 
were well isolated from others at low temperatures. All 
appear simply activated [i.e., G ~ exp^-EJk^T)] for 
T< 0.2 K, with the smallest peaks having the greatest 
activation energies. Above about 0.2 K the data for all four 
peaks fall approximately on a single curve of the form 
InG ~ r~"^, a dependence typical for a statistically averaged 
ID variable-range hopping system. At temperatures between 
0.05 K and 0.1 K, the peak at 4.5175 V seems to show a 
weaker temperature dependence than expected from simple 
activation with the slope, dlnG/dV^^, decreasing as the 
temperature approaches the activation energy (~0.083 K for 
this peak). This decrease is actually due to a change in the 
occupation probabiUty,/(£), of electrons in the locaUzed 
state, and is given by the well-known Fermi-Dirac 
distribution function,/(£) = (g*^-"'"''^ + i)"'. A similar 
effect should occur for the other peaks, but their activation 
energies are higher and the transition is not as evident in 
Figure 6. 

To understand the origin of the conductance fluctuations 
in the ID strongly localized limit, it is useful to model the 

transport process as being similar to conduction in a ID 
random resistor network [20-22]. In this case, the 
conductance is limited by the largest resistor (the critical 
hop) in the chain, and the conductance associated with 
hopping from localized state / to localized state y is given by 

G = G „ e x p | - 2 x , . r ' - 5 ^ [ | £ , - M l 

+ \Ej-^\ + \E,-E^ vl]}' (1) 

where ? is the localization length, x^ is the spatial separation 
of two states, £• is a site energy, and fi is the local chemical 
potential. If this hop is the lowest conductance hop in the 
chain, the conductance of the entire sample is also given by 
Equation (1). If the chemical potential is adjusted to any 
energy at a constant temperature such that E.< ii< Ej 
(assuming £, < Ej), the conductance G is a constant 
independent of M (a flat-topped peak). If/i > Ej or n< £,, 
the conductance on the side of the peak decreases 
exponentially with changing ^ and is given by | dlnG/dfi \ ~ 

This problem of hopping conductivity in a small random 
network has been extensively studied using numerical 
simulation techniques by P. A. Lee et al. [23] and others 
[24-27]. Under the assumption that the localized states have 
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1 emperature dependence of some of the peaks shown in Figure 5; the 
highest peak has the lowest activation energy. Above approximately 
200 mK, all peaks toUow a • • j ' - " - " ' law The inset shows the 
dependence ot the position of one peak on tempeiature 
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A schematic view of pinched samples. The upper figure is a section 
across the sample. The p+ diffusions create a well parallel to the 
surface. The surface potential resulting from the gate field continues 
the electrons to the surface. The lower figure is a plan of the structure 
showing the location of the n+ contacts, the aluminum gates, and the 
p+ diffusions. 

The pinched sample configuration that we have used [1-6] 
is shown schematically in Figure 2. In this type of stracture, 
the electric field from the p* diffusions confines the electron 
accumulation layer into a channel much narrower than the 
width between the diifiisions. Although the geometrical 
spacing between p* diffusions is 1 ^m, we estimate the 
conduction channel width to be of the order of 20-50 nm at 
low gate voltages [1]. 

Figure 3 shows the main features of the conduction at T = 
1.56, 0.416, and 0.107 K. The conductance, G, increases 
exponentially as either the temperature, T, or the gate 
voltage, KQ, is increased (FQ is roughly proportional to the 
chemical potential \i). Conductance data over a much 
narrower range of gate voltages at 0.05 K are displayed in 
Figure 4. What appeared to be noise at low T and low V^ in 
Figure 3 is actually reproducible but random fluctuations in 

the conductance as a function of V^. Here the fluctuations, 
ACJ, are dramatic, and AG/G are much larger than those 
found in the metallic samples, where they are generally of 
the order of 10"'-10"" of the conductance. The peaks in the 
conductance curves persist to temperatures above 0.5 K at 
approximately the same FQ, albeit broadened and 
overlapped with other peaks. Many of the peaks are 
reproducible over a period of weeks or even months as long 
as the device is kept below ~ 10 K and not shocked 
electrically so as to change the oxide charge. Other devices, 
fabricated from the same Si wafer and nominally identical, 
exhibit the same behavior except for diflFerences in the 
structural detail of the fluctuations. 

The reason that each device is difierent is obvious if one 
considers the number of states in the entire sample within 
/Cg 7" of the chemical potential, /t- If we use the 2D density of 
states, lO'" cm"'eV~', and a temperature of 100 mK so that 
fca T' is 8 X 10~' eV, the total number of states within k^T oi 
II in these devices of area ~5 x 10"' cm"̂  is 8. These would 
be randomly arranged along the conductance channel in 
energy and position. If those within ±5/^7 take part in 
conduction, there are stiU only of the order of at most 100 

I he gate voltage dependence of the conductance is shown at three 
temperatures It can be seen that the conductance increases rapidly as 
d function ot gate voltage and also as a function of temperature, 
especially at low gate voltages. It is also apparent that the 
conductance fluctuations increase rapidly as temperature decreases. 
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Abstract—The distribution of fractional current change and
threshold voltage shift in an ensemble of realistic 35 nm bulk
negative-channel metal–oxide–semiconductor field-effect transis-
tors caused by charge trapping on stress-generated defect states at
the Si/SiO2 interface is studied using 3-D statistical “atomistic”
simulations. The simulations take into account the underlying
random discrete dopant distribution in the transistors, which in
conjunction with strategically positioned traps could result in rare
but dramatic changes in the transistor characteristics. The evolu-
tion of threshold voltage distribution as a result of accumulation
of trapped charges in the devices due to progressive negative bias
temperature instability, positive bias temperature instability, or
hot electron degradation is simulated and compared with simple
analytical model predictions and recently published experimental
measurements to demonstrate the necessity to consider statistical
variability in realistic reliability simulations. The magnitude of the
degradation in devices of different geometries is also investigated
where minimal correlation is found.

Index Terms—MOSFET, numerical simulation, random
dopants, random telegraph signal (RTS), reliability, variability.

I. INTRODUCTION

S TATISTICAL MOSFET variability introduced by the dis-
creteness of charge and matter has become a major chal-

lenge to scaling and integration [1]–[4], [13]. The dominant
source of statistical variability in contemporary bulk MOSFETs
is the random discrete dopants in the active region of the
transistors [4]–[9]. Statistical variability approaches 50% of the
total variability in the 45 nm technology generation, and with
the progressive introduction of restricted design rules (RDRs),
it is becoming the dominant component of variability at the
32 nm technology generation [10]. Statistical variability already
profoundly affects SRAM design [3], [11]. In logic circuits, it
causes statistical timing problems [12] and increasingly leads
to hard digital faults. In both cases, the statistical variability
restricts supply voltage scaling, adding to looming power dissi-
pation problems [13].
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Fig. 1. Random microscopic arrangement of discrete dopant atoms in a
MOSFET could produce a narrow current percolation path connecting the
source and drain at the on set of strong inversion. A charge trapped in the
vicinity of such critical current path results in large current reduction and
threshold voltage shift.

In addition to statistical variability, statistical aspects of
MOSFET degradation associated with trapping of carriers in
stress-generated defect states at the semiconductor–oxide in-
terface and/or deeper into the gate stack dielectric are rapidly
becoming a matter of growing concern [9], [13], [14]–[16]. The
stochastic trapping of individual or multiple discrete charges on
defect states results in progressively larger temporary or perma-
nent transistor parameter changes, creating acute problems in
Flash [17], [18] and SRAM [16], [19] memories and in digital
logic blocks. Random discrete charge trapping in the presence
of variability sources, particularly in the presence of random
discrete dopants, results in rare and “anomalously” large current
changes, much higher than those predicted by simple models
based on continuously doped devices [20], [21] subjected to the
same trapped charge distribution. Such a situation is illustrated
in Fig. 1, where a random microscopic arrangement of dopant
atoms near the interface and the associated potential fluctua-
tions produce a narrow current percolation path connecting the
source and drain of a MOSFET. Even a single charge trapping
event in the vicinity of such a critical path will effectively block
the channel, resulting in anomalously large random telegraph
signal (RTS) [20], [22], [23]. Thus, the reliability of modern
nanoscale CMOS transistors has become a truly statistical prob-
lem, characterized by a statistical distribution with relatively
rare but acute changes in the device parameters due to charge
trapping in the fluctuating potential landscape generated by ran-
dom discrete dopants and other statistical variability sources.
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energy (n) relative to the energy of the localized states 
permits detailed examination of the various conduction 
mechanisms. In devices where both the length and width are 
much greater than the localization length, two-dimensional 
strong localization effects have been studied for more than 
twenty years [10-13]. It is well established that Mott 
variable-range hopping (VRH) correctly describes the 
conduction mechanism in these samples. For a general 
overview of localized transport, see Shklovskii and Efros 
[14]. 

There are only three types of conduction processes that 
one might expect to occur in the strongly localized regime at 
temperatures below -1 K. These are shown schematically in 
Figure 1. The first is thermally activated tunneling from one 
localized site to another, or Mott hopping, and the 
conductance from such processes decreases exponentially 
with decreasing temperature. The second is direct tunneUng 
of the electrons from the source contact to the drain contact. 
In the samples we studied, the separation between the source 
and drain contacts is greater than 500 nm, and this process 
does not appear to be important. The third and most 
important low-temperature transport process is that of 
resonant tunneling, a process whereby an electron directly 
tunnels elastically from the source contact to one localized 
state in the sample and subsequently tunnels elastically out 
of that state to the drain contact. The last two tunneling 
processes can occur at zero temperature. 

In the case of resonant tunneling, the energy of the 
resonant localized state must be equal to the chemical 
potential in the Fermi surface of the contacts for maximum 
tunneUng probabihty. This probability for electron 
transmission decreases very rapidly when the chemical 
potential changes by an amoxmt greater than the eneigy 
linewidth of the resonant state. Although it is perhaps not so 
obvious, the same is true for hopping. However, if the 
number of paths through the sample is sufficiently limited 
that the number of available states within k^Toiii is small, 
only a few hops will dominate the resistance, and this 
resistance mil be a strong random function of the relative 
values of II and the enei^ies of the states. In both resonant 
tunnehng and hopping, each and every sample has its ovra 
characteristic and different dependence of conductance on ii 
or on ^ te voltage. There is no ensemble averaging in this 
case. 

In the following sections we discuss our experiments on 
resonant tunneling and Mott hopping. Others have observed 
similar results in similar samples, but in this paper we 
discuss primarily our own work, which has previously been 
reported. Results rather than experimental techniques or 
derivations are emphasized. 

Samples where hopping dominates 
The appropriate mesoscopic samples for studies of hopping 
conductivity are relatively long but narrow Si accumulation 
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The three major conduction mechanisms at low temperature are 
shown schematically. In hopping the electrons proceed stepwise 
down the chain. To tunnel from site to site they must pick up thermal 
energy, so that the process is activated. For direct tunneling the 
electrons make a transition directly from filled states in the cathode to 
empty slates in the anode. In resonant tunneling the electrons may be 
considered to tunnel from the cathode into the resonant state, 
1 esonate in the state, and then tunnel out to the anode. For a MOSFET 
device, changing the gate voltage moves the band edge and the 
locali/ed states relative to the chtinical potential of the contacts 

timw w 
laviTs. If the most probable hopping length, R„, is long 
compared to the geometrical width of the sample, the 
conduction is quasi-one-dimensional. Hopping lengths for 
two dimensions are given by i?„ ~ [^/TD(E)f'^, so low 
temperatures, low density of states D(E), and long 
localization lengths are required for one-dimensional 
behavior. In silicon two-dimensional systems, the density of 
states in the ground-state subband is D(E) ~ 1.6 x lO'" 
e V~ cm" and is constant for a wide range of Fermi energies 
[13]. At very small values of the chemical potential, it is now 
well established that the density of states decreases 
exponentially with decreasing gate voltage. If f ~ 30 nm and 
r — 0.1 K,Rg is about 50 nm. 373 
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threshold voltage shift in an ensemble of realistic 35 nm bulk
negative-channel metal–oxide–semiconductor field-effect transis-
tors caused by charge trapping on stress-generated defect states at
the Si/SiO2 interface is studied using 3-D statistical “atomistic”
simulations. The simulations take into account the underlying
random discrete dopant distribution in the transistors, which in
conjunction with strategically positioned traps could result in rare
but dramatic changes in the transistor characteristics. The evolu-
tion of threshold voltage distribution as a result of accumulation
of trapped charges in the devices due to progressive negative bias
temperature instability, positive bias temperature instability, or
hot electron degradation is simulated and compared with simple
analytical model predictions and recently published experimental
measurements to demonstrate the necessity to consider statistical
variability in realistic reliability simulations. The magnitude of the
degradation in devices of different geometries is also investigated
where minimal correlation is found.
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I. INTRODUCTION

S TATISTICAL MOSFET variability introduced by the dis-
creteness of charge and matter has become a major chal-

lenge to scaling and integration [1]–[4], [13]. The dominant
source of statistical variability in contemporary bulk MOSFETs
is the random discrete dopants in the active region of the
transistors [4]–[9]. Statistical variability approaches 50% of the
total variability in the 45 nm technology generation, and with
the progressive introduction of restricted design rules (RDRs),
it is becoming the dominant component of variability at the
32 nm technology generation [10]. Statistical variability already
profoundly affects SRAM design [3], [11]. In logic circuits, it
causes statistical timing problems [12] and increasingly leads
to hard digital faults. In both cases, the statistical variability
restricts supply voltage scaling, adding to looming power dissi-
pation problems [13].
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Fig. 1. Random microscopic arrangement of discrete dopant atoms in a
MOSFET could produce a narrow current percolation path connecting the
source and drain at the on set of strong inversion. A charge trapped in the
vicinity of such critical current path results in large current reduction and
threshold voltage shift.

In addition to statistical variability, statistical aspects of
MOSFET degradation associated with trapping of carriers in
stress-generated defect states at the semiconductor–oxide in-
terface and/or deeper into the gate stack dielectric are rapidly
becoming a matter of growing concern [9], [13], [14]–[16]. The
stochastic trapping of individual or multiple discrete charges on
defect states results in progressively larger temporary or perma-
nent transistor parameter changes, creating acute problems in
Flash [17], [18] and SRAM [16], [19] memories and in digital
logic blocks. Random discrete charge trapping in the presence
of variability sources, particularly in the presence of random
discrete dopants, results in rare and “anomalously” large current
changes, much higher than those predicted by simple models
based on continuously doped devices [20], [21] subjected to the
same trapped charge distribution. Such a situation is illustrated
in Fig. 1, where a random microscopic arrangement of dopant
atoms near the interface and the associated potential fluctua-
tions produce a narrow current percolation path connecting the
source and drain of a MOSFET. Even a single charge trapping
event in the vicinity of such a critical path will effectively block
the channel, resulting in anomalously large random telegraph
signal (RTS) [20], [22], [23]. Thus, the reliability of modern
nanoscale CMOS transistors has become a truly statistical prob-
lem, characterized by a statistical distribution with relatively
rare but acute changes in the device parameters due to charge
trapping in the fluctuating potential landscape generated by ran-
dom discrete dopants and other statistical variability sources.
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voltage, when the middle of the channel is the highest point
of the potential profile, the barrier height decreases linearly
with a coupling ! ! dEb=edVg ! 0:68. An extrapolation
of this linear part to zero barrier shows that the conduction
band edge in the channel reaches the Fermi level at 400 mV
gate voltage, value above which the low temperature con-
ductance is expected to rise from zero. However, several
resonances (a1, b1, a2, b2) are visible at energies below the
conduction band edge [inset of Fig. 1(c)]. They come from
isolated dopants in the channel and will be analyzed in
detail throughout the Letter. Figure 1(c) also shows that
residual barriers remain at larger gate voltage. Located in
the access regions, they create a potential well in the
conduction band of the channel, with Coulomb blockade
at low temperature as revealed by the conductance peaks
c1 and c2.

When magnetic field is applied (parallel to the current
here), each peak shifts linearly with field [Fig. 2(a)] and the
slopes are consistent with the Zeeman shift of spins "1=2
having a g factor of 2 as expected for electrons in silicon
(using the conversion factor ! of each peak as discussed
later). Peaks labeled with a 1 (2) correspond to tunneling of
spin-up (-down) electrons under magnetic field. Since the
first visible resonances are always of spin-up type (also
observed in other samples), we conclude that the first peaks
(a1 and b1) correspond to tunneling of a first electron (N !
0 ! 1) on two different impurities (a and b), and the

second set of peaks (a2 and b2) correspond to the second
charge state (N ! 1 ! 2) of each impurity [see Fig. 2(b)].
Note that b1 cannot be the second electron of a1 because a
two-electron ground state must be a singlet with opposite
spins [13]. Peaks c1 and c2 above the band edge are also,
respectively, spin-up and -down under magnetic field. They
correspond to the first and second electrons of a larger dot
(called c) defined electrostatically by the gate in the con-
duction band profile [Fig. 2(c)]. In this sample, the higher
charge states of dot c (N > 2) are not visible probably due
to the progressive loss of Coulomb blockade above
460 mV where the confining barriers disappear. In contrast,
in all samples, the impurities like a and b always have
exactly two charge states (N # 2) as expected for dopants
because their single positive charge can bind no more than
two electrons and with a very small second binding energy
[14]. In addition, the measured Zeeman shifts are experi-
mentally insensitive to the field direction as expected for
the 3D Coulomb potential of dopants as opposed to quan-
tum dots in two-dimensional electron gases (2DEG).

Isolated n-type dopants in the p-type channel may come
from residual impurities in the SOI layer or from ion
implantation of the contacts. Those contributing to the
conductance should be close to the gate because of the
strong band bending and along the edges of the wire
because this band bending is stronger due to the corner
effect [12]. This strong restriction leads to a silicon volume
containing less than one residual donor (considering that
p-type silicon should contain less donors than acceptors).
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FIG. 2 (color online). (a) Differential conductance plotted in
color scale (optimized for each peak) showing the peak shifts
under magnetic field and the g ! 2, S ! 1=2 Zeeman shifts
(solid lines) for spin-up or -down (charging from 0 to 1 or 1 to
2 electrons). (b) Spin polarization of successive resonances and
interpretation in term of two dopants a and b, and one larger dot
c. (c) Conduction band profile with attracting Coulomb potential
of isolated dopants, for an applied gate voltage corresponding to
resonant tunneling through a single dopant in the channel.
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FIG. 1 (color online). (a) SEM images of typical devices; the
scale bar is 200 nm. (b) Cross sections showing n- and p-type
regions. The channel forms at the gate oxide with enhancement
at the top corners. (c) Height of the channel barrier measured at
high temperatures (squares). The band edge EC reaches the
Fermi level EF at 400 mV. Inset: low temperature differential
conductance showing resonances below this threshold (a1 to b2)
and above (c1 and c2).
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voltage, when the middle of the channel is the highest point
of the potential profile, the barrier height decreases linearly
with a coupling ! ! dEb=edVg ! 0:68. An extrapolation
of this linear part to zero barrier shows that the conduction
band edge in the channel reaches the Fermi level at 400 mV
gate voltage, value above which the low temperature con-
ductance is expected to rise from zero. However, several
resonances (a1, b1, a2, b2) are visible at energies below the
conduction band edge [inset of Fig. 1(c)]. They come from
isolated dopants in the channel and will be analyzed in
detail throughout the Letter. Figure 1(c) also shows that
residual barriers remain at larger gate voltage. Located in
the access regions, they create a potential well in the
conduction band of the channel, with Coulomb blockade
at low temperature as revealed by the conductance peaks
c1 and c2.

When magnetic field is applied (parallel to the current
here), each peak shifts linearly with field [Fig. 2(a)] and the
slopes are consistent with the Zeeman shift of spins "1=2
having a g factor of 2 as expected for electrons in silicon
(using the conversion factor ! of each peak as discussed
later). Peaks labeled with a 1 (2) correspond to tunneling of
spin-up (-down) electrons under magnetic field. Since the
first visible resonances are always of spin-up type (also
observed in other samples), we conclude that the first peaks
(a1 and b1) correspond to tunneling of a first electron (N !
0 ! 1) on two different impurities (a and b), and the

second set of peaks (a2 and b2) correspond to the second
charge state (N ! 1 ! 2) of each impurity [see Fig. 2(b)].
Note that b1 cannot be the second electron of a1 because a
two-electron ground state must be a singlet with opposite
spins [13]. Peaks c1 and c2 above the band edge are also,
respectively, spin-up and -down under magnetic field. They
correspond to the first and second electrons of a larger dot
(called c) defined electrostatically by the gate in the con-
duction band profile [Fig. 2(c)]. In this sample, the higher
charge states of dot c (N > 2) are not visible probably due
to the progressive loss of Coulomb blockade above
460 mV where the confining barriers disappear. In contrast,
in all samples, the impurities like a and b always have
exactly two charge states (N # 2) as expected for dopants
because their single positive charge can bind no more than
two electrons and with a very small second binding energy
[14]. In addition, the measured Zeeman shifts are experi-
mentally insensitive to the field direction as expected for
the 3D Coulomb potential of dopants as opposed to quan-
tum dots in two-dimensional electron gases (2DEG).

Isolated n-type dopants in the p-type channel may come
from residual impurities in the SOI layer or from ion
implantation of the contacts. Those contributing to the
conductance should be close to the gate because of the
strong band bending and along the edges of the wire
because this band bending is stronger due to the corner
effect [12]. This strong restriction leads to a silicon volume
containing less than one residual donor (considering that
p-type silicon should contain less donors than acceptors).
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c. (c) Conduction band profile with attracting Coulomb potential
of isolated dopants, for an applied gate voltage corresponding to
resonant tunneling through a single dopant in the channel.
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The value Vg1¼21.3 V, combined with a¼ 0.16 and a
threshold voltage of 20.5 V, yields an ionization energy for the
first donor of 108+10 meV, a value markedly larger than the
53.7 meV expected18 for bulk silicon. Note that the other sample
shown in Fig. 1d shows a value of 98+10 meV, in other words,
also a strong enhancement. Figure 2a shows that the excess drain
current at lowVg and temperature up to 300 K is due to thermal broad-
ening of these resonances. For instance, for Vg! Vg1, the current is
given by thermal activation to the first resonance: Ids/
exp(2(ea(Vg2Vg1)/kBT)). Subthreshold variability is most affected
by the presence of a single centred donor, which increases the drain
conductance by four orders of magnitude at Vg¼21.5 V and at
room temperature (see Fig. 1d), a much larger effect than reported
previously5. Detailed transport spectroscopy of the first resonance is
shown in Fig. 3. No electronic states exist below Vg1, because no dis-
tortion of the diamond occurs at large drain voltages up to 100 mV
(see Fig. 2). The absence of electrons in the channel at lower energy
is critical to ensure that the spectroscopy of the state at Vg1 is not
modified by electronic correlations with other electrons weakly
bound on extra donors (D0 states). We observe many lines of differ-
ential conductance parallel to both edges of the diamond and succes-
sively positive and negative (see Fig. 3), due to fluctuations of the local
density-of-states (LDOS) in the source and drain19,20. Lines with
different slopes correspond to probing of the source or drain, depend-
ing on the exact balance of the tunnelling rates (Supplementary
Fig. S2). The large observed LDOS fluctuations originate from the
extremely small non-invasive arsenic-doped contacts with a finite
transverse doping gradient. There is no evidence of any differential
conductance line due to an excited state of the donor at least up to
Vd¼ 40 mV.

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

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

DEI ’ kc jVsðr; r0Þjcl

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

DEI $
1

4pe0

e2

2z

eSi % eSiO2

eSiðeSi þ eSiO2
Þ
’ 30.5meV

z ðnmÞ

where e0 eSi and eSiO2 are the dielectric constants of free space,
silicon and SiO2 respectively. The effects of screening by the
source and drain, as well as quantum confinement21, are neglected.
This estimation indicates that a large effect, as we have observed, is
realistic for a dopant very near the BOX interface (!1 nm). Theory
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shown in red. b, Simulation of the doping concentration along the channel as a continuous approximation, showing that a maximum is reached near the
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also predicts an extension of the bound state function along the
nanowire axis and a reduction in the transverse direction9. This
should increase the energy difference between the ground and
first excited state. Indeed, our experiment gives a lower bound of
40 meV for this energy, significantly larger than the expected
21 meV for arsenic in bulk silicon. The shift of electrostatic potential
Vs(z) due to the positive image charge in the BOX is nearly equiv-
alent to the bare Coulomb potential of another ionized donor
located at 4z in bulk silicon. The mean distance between arsenic
donors is 20 nm, resulting in a bare shift of DEI(20 nm)’ 6 meV
for each extra ionized donor. However, donors are located less
than d¼ 5 nm from either the source or drain, which efficiently
screen the bare potential by a factor 2(d/z)2 (ref. 22). DEI(20 nm)
is then reduced to less than 1 meV, a value much smaller than the
observed energy enhancement. The shift due to the ionization of
the second donor is in fact directly measured (’2 2.5 meV) as
the shift of the first diamond as it crosses the second one, which cor-
responds to the Dþ!D0 transition for the second donor (Fig. 2c).
Figure 4 shows the evolution of the first peak with the parallel mag-
netic field. A Zeeman splitting with a Landé factor of g¼ 2 is
observed, both as a shift of the ground state down to lower energy
and as an extra line of differential conductance (no adjustable
parameter). This is in agreement with our interpretation of the
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Figure 2 | Differential source–drain conductance versus gate and drain voltages at 4.2 K for the sample with the largest off-state current (blue line in
Fig. 1d). a, Differential source–drain conductance versus gate voltage at various temperatures. The black lines account for thermal activation to the first
resonance. b, The top horizontal scale is the energy in the channel measured from the threshold voltage. The first peak corresponds to the first arsenic
dopant with a strongly enhanced ionization energy due to dielectric confinement near the BOX interface. The second and third resonances correspond to
different electronic occupations of another donor. All the negative differential conductance lines (in orange) are due to local density-of-states fluctuations in
the source/drain (see Fig. 3). Only two positive differential conductance lines (one for each polarity) are attributed to an excited state of the second peak
(see Fig. 5). c, Detail from the dashed box in b where the first and second diamonds cross each other without being strongly affected. The slight shift
observed for the first diamond and highlighted by the arrow corresponds to the shift of the first donor’s energy due to modification of the static potential
created by the second donor being filled (’2 2.5 meV). d, Simplified energy diagram across the structure, from the gate down to the BOX. Two arsenic
donors are represented, the one closer to the BOX has a larger ionization energy and is probed at large negative values in Vg.
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energy for the lines is the inverse diffusion time in the electrodes before an
inelastic event (corresponding to a diffusion length of !10 nm).
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also predicts an extension of the bound state function along the
nanowire axis and a reduction in the transverse direction9. This
should increase the energy difference between the ground and
first excited state. Indeed, our experiment gives a lower bound of
40 meV for this energy, significantly larger than the expected
21 meV for arsenic in bulk silicon. The shift of electrostatic potential
Vs(z) due to the positive image charge in the BOX is nearly equiv-
alent to the bare Coulomb potential of another ionized donor
located at 4z in bulk silicon. The mean distance between arsenic
donors is 20 nm, resulting in a bare shift of DEI(20 nm)’ 6 meV
for each extra ionized donor. However, donors are located less
than d¼ 5 nm from either the source or drain, which efficiently
screen the bare potential by a factor 2(d/z)2 (ref. 22). DEI(20 nm)
is then reduced to less than 1 meV, a value much smaller than the
observed energy enhancement. The shift due to the ionization of
the second donor is in fact directly measured (’2 2.5 meV) as
the shift of the first diamond as it crosses the second one, which cor-
responds to the Dþ!D0 transition for the second donor (Fig. 2c).
Figure 4 shows the evolution of the first peak with the parallel mag-
netic field. A Zeeman splitting with a Landé factor of g¼ 2 is
observed, both as a shift of the ground state down to lower energy
and as an extra line of differential conductance (no adjustable
parameter). This is in agreement with our interpretation of the
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Fig. 1d). a, Differential source–drain conductance versus gate voltage at various temperatures. The black lines account for thermal activation to the first
resonance. b, The top horizontal scale is the energy in the channel measured from the threshold voltage. The first peak corresponds to the first arsenic
dopant with a strongly enhanced ionization energy due to dielectric confinement near the BOX interface. The second and third resonances correspond to
different electronic occupations of another donor. All the negative differential conductance lines (in orange) are due to local density-of-states fluctuations in
the source/drain (see Fig. 3). Only two positive differential conductance lines (one for each polarity) are attributed to an excited state of the second peak
(see Fig. 5). c, Detail from the dashed box in b where the first and second diamonds cross each other without being strongly affected. The slight shift
observed for the first diamond and highlighted by the arrow corresponds to the shift of the first donor’s energy due to modification of the static potential
created by the second donor being filled (’2 2.5 meV). d, Simplified energy diagram across the structure, from the gate down to the BOX. Two arsenic
donors are represented, the one closer to the BOX has a larger ionization energy and is probed at large negative values in Vg.
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Figure 3 | Coulomb blockade spectroscopy of the first dopant atom.
a, Differential conductance versus bias voltage Vd at Vg¼21.3 V. b, Close-
up of the first peak of Fig. 2b, recorded at T¼ 100 mK. The differential
conductance is proportional to dnD/dE (parallel to the right edge) or dns/dE
(parallel to the left edge) depending on the exact balance between the
tunnelling rates to the source and drain. The typical 1 meV correlation
energy for the lines is the inverse diffusion time in the electrodes before an
inelastic event (corresponding to a diffusion length of !10 nm).
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Drain current modulation in a nanoscale field-effect-transistor channel
by single dopant implantation
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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

a"Electronic mail: johnsonb@unimelb.edu.au.

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 macroscopy image of a
double gated MOSFET identical to those under study are shown in !c", !d",
and !e", respectively.
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Horizontal position analysis of single acceptors in Si nanoscale
field-effect transistors

M. A. H. Khalafalla,a! Y. Ono, K. Nishiguchi, and A. Fujiwara
NTT Basic Research Laboratories, NTT Corp., 3-1 Morinosato Wakamiya, Atsugi,
Kanagawa 243-0198, Japan

!Received 18 March 2009; accepted 10 May 2009; published online 1 June 2009"

The authors performed conductance measurements to identify the horizontal position of single
boron acceptors in silicon-on-insulator nanoscale field-effect transistors at a temperature of 6 K. The
horizontal position, i.e., how far the acceptor is from the source or drain terminal, is qualitatively
obtained, and it is shown, on the level of single dopants, that the acceptor near the source
significantly affects the subthreshold nature of the transistor. © 2009 American Institute of Physics.
#DOI: 10.1063/1.3147209$

Future nanoscale field-effect transistors !nano FETs" are
expected to be fatally sensitive to electronic charges of a
small number of dopant in the channel.1 On the other hand,
there are reports2–4 of emerging devices using dopant atoms
as a functional part, such as quantum dots !or artificial at-
oms" for the manipulation of electronic charges and spins.
These issues have stimulated recent research interest5–12 in
the identification and detection of single dopants in silicon
which is the material compatible with current large scale
integrations.

The authors previously detected single boron acceptors
in silicon-on-insulator !SOI" FETs6 and identified,
theoretically7 and experimentally,8 their depth position, i.e.,
how far they are from the SiO2 /Si interface. Here, we
present a qualitative analysis of the horizontal position of
single acceptors along the transport channel. The identifica-
tion of dopant position along the transport channel is of great
importance for future highly scaled FETs because it is ex-
pected that dopants near the source terminal would have the
biggest impact on the threshold voltage !VT" of the FETs. We
will show that this is indeed observed for a single dopant
case.

We fabricated pFETs on a !100" SOI substrate #Fig.
1!a"$. They comprise boron-doped !at 2!1016 cm−3" chan-
nel, which is 32 nm thick and 70 nm wide, a p+ source/drain
!thus p+ / p / p+ configuration", and a two-layered !front and
upper" poly-Si gate. The front gate, which is mainly 40 nm
#and 300 nm only for Fig. 1!b"$ long, controls the electrical
potential of a small active wire region underneath it. A nega-
tive upper-gate voltage generates hole accumulation layers,
which act as the electrically induced leads for the nano FET.
The random doping of boron ions resulted in 0–4 acceptors
in the nano channel because of the distribution probability.
Among fabricated devices, we selected the ones with a single
boron acceptor.

All the measurements were done at 6 K, and we set the
substrate back-gate bias !VB" positive so that, the buried ox-
ide !BOX"/Si interface becomes depleted and the hole accu-
mulation layer forms only at the front interface side in both
the nano channel and the electrically induced leads.

First, we explain the transport properties of undoped
!boron ion unimplanted" FETs, which are the bases of the

present analysis. Figures 1!b" and 1!c" show the contour
plots of d log g /dVF versus VF-VR for long-channel !L
=300 nm" and a short-channel !L=40 nm" FETs, where VF
and VR are the voltages at the front-gate and right-lead, and
g!=dI /dVR" is the differential conductance with I the current.
The plot of the derivative of the logarithmic conductance
makes the subthreshold region distinct, seen as black belts

a"Electronic mail: mohammed@will.brl.ntt.co.jp.
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FIG. 1. !a" Schematic top !left" and cross-sectional !right" views of a nano
FET. The SOI thickness is 32 nm. OX and BOX are the gate and buried
oxide, respectively. The front-gate length !L" is 40 or 300 nm and the width
!W" is 70 nm. #!b" and !c"$ The d log g /dVF vs VF-VR in undoped nano FETs
with L=300 and 40 nm, respectively. The no current and strong accumula-
tion regions are indicated as NC and SA, respectively. !d" The conductance
g vs VF at VR=20 mV in !b". !e" Schematic valence band diagram between
the source and drain in a nano FET at positive and negative bias VR at the
right terminal for the case of a grounded !VL=0" left terminal. h+ is the hole
injected through !or over" the barrier from the source terminal.
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between the strong accumulation !SA" and zero-current !NC"
regions. #An actual conductance curve for a fixed VR is
shown in Fig. 1!d".$ In these measurements, we set the left-
lead voltage VL to zero. Thus, when VR!0, which is a nor-
mal pFET operation condition, the hole is injected from the
left-lead, and when VR"0, the hole is injected from the
right-lead, i.e., the right-lead then becomes the source. Fig-
ure 1!e" shows the potential diagram under the subthreshold
condition, where the top of the FET barrier !or the beginning
of the FET channel13" is formed at the source side, and holes
are injected over !or through" the barrier.

In Fig. 1!b", the threshold voltage VT, which is defined as
the onset of SA, as shown by the white dashed line in the
figure, is independent of VR !dVT /dVR%0" for negative VR’s,
while for positive VR’s, VT changes proportionally to VR
!dVT /dVR%1", which is a typical feature seen in long-
channel pFETs. On the other hand, in Fig. 1!c", VT is signifi-
cantly affected by VR, which is due to the short-channel ef-
fect. This is reasonable because the gate oxide of our device
is intentionally designed to be thick !30 nm" to avoid gate
leakage and is comparable to the gate length !40 nm". In
such a case, we have nonzero coupling between the FET
barrier and the drain !hole collector" and obtain the slope
dVT /dVR=−# at VR!0 and =1+# at VR"0, where # is the
ratio of the capacitance between the drain and the FET bar-
rier to the gate capacitance of the FET. The observed slopes
are $1.6 and 2.5, resulting in # being around 1.6.

We now consider nano FETs with single acceptors. Fig-
ures 2 and 3 are the contour plots of d log g /dVF for two
different doped nano FETs. For both figures, the top !bottom"

is the data when the left !right" lead is grounded. One can see
that bright lines, indicated with white !Fig. 2" and black !Fig.
3" solid arrows, are superimposed in the subthreshold black
belt. These are the conductance modulations caused by a
hole capture by the single acceptor6 !see, for example, the
conductance curve in the top-right of Fig. 3". That is, the
bright lines trace the voltage conditions where the acceptor
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center while the acceptor in Fig. 3 is located near the lead,
the right terminal in the present case.
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level.
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p++,p,p++ undoped pFET
location of the channel can be 

scanned and a single acceptor is 
located by trapping/detrapping

Khalafalla APL 94, 223501 (2009)
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Atomic-scale electronics

“bulk” transistor (FET)

32 nm MOSFET

4 nm MOSFET ???

[Asenov IEEE Trans. Elec. Dev. 50, 1837, 2003]

bulk → atomistic: a problem for industry, an opportunity for science

S. Rogge

• Background

• From I(Vg) peaks → spectra & 
environmental information

• Beyond level spectroscopy
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Multi-gate FET (FinFET) from S. Biesemans group (IMEC)

[Nadine Collaert, IMEC]

• application: lithographically defined Si nanowires (fins) covered by a single gate

• our experiments: single fin devices, here fin width 15 nm & gate length 20 nm
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Delft
University of
Technology

 Multi-gate devices: FinFETs from the 
Biesemans group at IMEC
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Resonant Tunneling Spectroscopy: States below the bandedge
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  Detect states below the bandedge by 
resonant tunneling
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CMP 13-03-09 [47]

Geometry dependence of the Coulomb blockade
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• CB spacing is only dependent on channel length, not on width

• ∆Elevel = 1.3meV via CB(T)⇔ a 60 nm 1D dot ∆Elevel = 1.6meV

• ∆Vgate = 39, 24, 6mV via gate cap → area of 160, 270, 1100 nm2,

assuming the full gate length ∆Vgate → dot width = 2.7, 3.4, 11 nm

I

[Sellier Appl. Phys. Lett. 90, 073502, 2007]

Sven Rogge
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FIG. 1: Coulomb blocked transport in a FinFET transistor.
a) Colored SEM-image of the FinFET. A silicon nanowire
connected to source- and drain -leads (blue) forms the chan-
nel of the transistor. A second silicon nanowire deposited per-
pendicular to the channel (yellow) forms the gate electrode,
which is separate from the channel by a thin nitrided oxide.
b) Two separate charge islands can exist inside the transis-
tor; a quantum dot confined by the triangular potential at
the gate interface and residual barriers in the access regions
between source/drain and channel and a donor/well system
confined by the donors Coulomb potential and a well at the
interface. The localized states formed in these charge islands
are denoted by QDn and D0/D− respectively. c) The poten-
tial landscape in a cross-section from the gate to the channel.
The gate electric field induces a triangular potential at the in-
terface (blue). An accidental donor atom in the channel forms
a Coulombic potential on top of the gate potential (green).

interface. It is noteworthy to mention that this system is

essentially a gated donor where the donor-bound electron

is partly pulled towards the Si/SiO2 interface. The high

gate field, as we will show, also plays an decisive role in

the charging energy and the level spectrum of the D−.

Figure 1b shows the source-drain current of our device

at low bias as a function of gate voltage. At any gate volt-

age where a localized state in the channel is within the

bias window defined by source/drain, it gives a contribu-

tion to the transport and a peak in the current occurs.

As such, we can perform spectroscopy, with the gate volt-

age being a measure for the energy of the level (E = αVG

where α is the coupling between the gate and the level).

Based on the aforementioned criteria, we identify the first

two resonances as the D0 and D− charge states of a sin-

gle As donor. The resonances indicated by QDn are due

to a localized state which is confined by the gate elec-

tric field and two barriers in the access regions between

source/drain and the channel [18–20].

Next we analyzed the charging energy between the D0

and D− charge states. The charging energy of gated

donors can be reduced due to both capacitive coupling

to the leads and deformation of the wavefunction den-

sity due to the gate field. Figure 2 shows a tight-binding

calculation (NEMO-3D [21, 22]) of the charging energy

as a function of gate electric field (F ) and donor depth
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FIG. 2: Colormap of the modeled charging energy as a func-
tion of gate electric field (F ) and donor depth (d). The green
band indicates a modeled charging energy between 30-35 meV
that we also find experimentally. The black data points indi-
cate the positions of 6 samples in the F-d plane, as determined
in a previous publication [NP] from their D0 level spectrum.
The discrepancy between modeled and measured charging en-
ergy is attributed to capacitive coupling to the leads which
will reduce the charging energy, especially for samples close
to the gate interface.

below the Si/SiO2 interface (d). The Coulomb interac-

tion between the two electrons on the donor site were

calculated in a configuration-interaction approach. The

calculations include xx million atoms of a significant part

of the device, with a volume of 10.2 x 30.4 x 30.4 nm. We

chose to set the first dimension of the box at 10.2 nm to

take into account the confinement provided by the corner

regions of the finFET, where the donors are located [20].

It should be noted that the value of 10.2 nm is a rough

estimate that induces a certain degree of uncertainty in

final result. At low F and shallow d the sample is donor-

like and the charging energy is close to the bulk value

of an As donor (52 meV). At high F and deep d the

donor electron(s) are pulled into the interface well and

the charging energy is set by this confining potential (∼
21 meV). In between the two latter extremes the charg-

ing energy makes a smooth transition, as can be expected

from a hybridized system [23]. It should be noted that

the electron(s) in the interface confinement regime are

still localized near the donor and should thus not be con-

fused with the QDn localized states, which are confined

by the barriers in the access regions. The localization of

the D− state near the donor nucleus was derived by plots

of the relevant wavefunction densities.

(More on calculations from Rajib...)

In a previous work, we determined the F and d of six

donor samples by means of their D0 orbital spectrum [14].

[Sellier PRL 97, 206805, 2006]



Assignment of the level spectrum
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Hybridization with well state leads to a molecular system
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[Lansbergen & Rahman, Nature Physics 4, 656, 2008]

hybridization first theoretically predicted by Martins, PRB 69, 085320, 2004→ adiabatic regime for charge manipulation
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  Hybridization with well state leads to a 
molecular system

13hybridization first theoretically predicted by Martins, PRB 69, 085320 (2004)
→ adiabatic regime for charge manipulation



Fit excited states of the dopants to model

Measured

Ex,i

F ? , d ?

Predicted

Ex,i (F,d)

R

d

E
C

d

Device E1 E2 E3 EC d F s

(meV) (meV) (meV) (meV) (nm) (MV m! 1) (meV)

10G16 Exp. 2 15 23 30 3.3
TB 2.2 15.6 23.0 3.3 37.3 0.59

11G14 Exp. 4.5 13.5 25 29 3.2
TB 4.5 13.5 25.0 3.5 31.6 0.04

13G14 Exp. 3.5 15.5 26.4 31 3.5
TB 3.6 15.7 26.3 3.2 35.4 0.17

HSJ18 Exp. 5 10 21.5 33 4.0
TB 4.5 9.9 21.8 4.1 26.1 0.63

GLG14 Exp. 1.3 10 13.2 35 4.7
TB 1.3 10 12.4 5.2 23.1 0.28

GLJ17 Exp. 2 7.7 15.5 33 4.0
TB 1.3 7.7 15.8 4.9 21.9 0.77

• a 2D (F, d) fit of the first 3 excited states of the model works well for the 6 samples

• overdetermined, since we fit 3 parameters of 6 samples to a 2D space

• Stotal(As)=0.53 meV equal to the measurement error

[Lansbergen & Rahman, Nature Physics 4, 656, 2008]
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TB 2.2 15.6 23.0 3.3 37.3 0.59

11G14 Exp. 4.5 13.5 25 29 3.2
TB 4.5 13.5 25.0 3.5 31.6 0.04

13G14 Exp. 3.5 15.5 26.4 31 3.5
TB 3.6 15.7 26.3 3.2 35.4 0.17

HSJ18 Exp. 5 10 21.5 33 4.0
TB 4.5 9.9 21.8 4.1 26.1 0.63

GLG14 Exp. 1.3 10 13.2 35 4.7
TB 1.3 10 12.4 5.2 23.1 0.28

GLJ17 Exp. 2 7.7 15.5 33 4.0
TB 1.3 7.7 15.8 4.9 21.9 0.77

• a 2D (F, d) fit of the first 3 excited states of the model works well for the 6 samples

• overdetermined, since we fit 3 parameters of 6 samples to a 2D space

• Stotal(As)=0.53 meV equal to the measurement error

[Lansbergen & Rahman, Nature Physics 4, 656, 2008]
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Single donor fingerprint in transport characteristics
combined with large scale device-simulations yields:
 

• chemical species (VO in Si)
• local field
• depth below the interface
• concentration

Jagannath et al. PRB 23, 2082 (1981)

G.P. Lansbergen IEDM 2008 (10.1109/IEDM.2008.4796794) 
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Atomic-scale electronics

“bulk” transistor (FET)

32 nm MOSFET

4 nm MOSFET ???

[Asenov IEEE Trans. Elec. Dev. 50, 1837, 2003]

bulk → atomistic: a problem for industry, an opportunity for science

S. Rogge

• Background

• From I(Vg) peaks → spectra & 
environmental information

• Beyond level spectroscopy

 
• Summary!
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- electron leaves from ground state unless this transition is blocked ⇒ LET [NP 4, 540, 2008]
- orbital exited lifetimes are short (~30ps [JAP 102, 093104, 2007]), gated D- relaxation observed as slow as 50ns!?

 Information about relaxation processes
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Slow relaxation due to spin & valley 
selection rules

18

• model fits: charging energy & excited manifolds qualitatively agree
• first excited manifold presides in orthogonal valleys and shows vanishing exchange*
• slow decay ⇒ LET due to combined spin & valley selection rules

* Y. Hada and M. Eto, Phys. Rev. B 68, 155322 (2003)

F, d value from D0 data spin & valley configuration

o
e

o
e

e

theory
symmetry

theory
[meV]

exp.
[meV]

singlet ee 0.0 0
triplet eo 1.5 1
singlet eo 1.6
singlet oo 1.7

 2nd manifold 7.9 9

triplet ee 11.2

e

!e=|k+>+|k-> or !o=|k+>-|k->



Fujisawa et. al. (2001)

smaller than the characteristic size of the QD (phonon bottleneck
effect11). Therefore, the B dependence of t1s–2p in Fig. 2g is because
the phonon emission is suppressed (that is, t1s–2p increases) with
decreasing B when l1s–2p becomes shorter than a, lx and ly.

In order to be quantitative, we calculate the phonon emission rate
from Fermi’s golden rule including both deformation and piezo-
electric coupling with standard GaAs material parameters12,13. For
simplicity, the calculation is done for a circular dot, whose effective
confinement energy is !hqeff ¼ !h

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qxqyð1þq2

c=ðqx þqyÞ2Þ
p

; where
q c is the cyclotron frequency7. As shown by the solid line in Fig. 2g,
we find agreement with the data. The difference (by about a factor of
2 or 3) might come from the assumptions about the confinement
potential and uncertainties in the material parameters. Thus, the
fast energy relaxation in the N ¼ 1 QD can be well understood by
spontaneous emission of a phonon.

In contrast, the relaxation time is very different for theN ¼ 2 QD
(artificial helium). At low magnetic fields (see second stripe in
Fig. 1c for B , 2.5 T), the many-body ground state is a spin singlet
(labelled S) with two antiparallel-spin electrons occupying the 1s

orbital, while the first excited state is a spin triplet (labelled T) with
two parallel-spin electrons, one each occupying the 1s and 2p
orbitals4,5. Because of Coulomb interactions, the energy spacing
between the two states, 1S–T (,0.6meV at B ¼ 0 T), is smaller
than 11s–2p. Energy relaxation from the first excited state (T) to the
ground state (S) not only involves the same change in orbital
momentum as that in the N ¼ 1 QD, but also requires a spin
flip because of Pauli exclusion. A simple phonon-emission tran-
sition from the triplet to the singlet is forbidden by spin
conservation.
We now investigate to what degree this transition is ‘forbidden’.

The simple rectangular pulse technique used for the N ¼ 1 QD is
not useful for this N ¼ 2 QD transition, because the relaxation
lifetime, tS–T, is always beyond the measurable range
ðtS–T . G21

d < 100nsÞ9. Instead, we subject the QD to a double-
step voltage pulse, in which Vg is switched between three voltages,
Vl,Vh andVm (Fig. 3a). First, whenVg ¼ Vl (Fig. 3b), theN ¼ 1QD
is prepared during a sufficiently long period, t l ¼ 100 ns. When Vg

is suddenly increased to Vh (Fig. 3c), an electron can enter to create
theN ¼ 2 triplet state within the interval, G21

s ¼ 3–7ns: Vg ¼ Vh

for the duration th ¼ 100ns–100ms; which is much longer than
G21
s : The triplet may experience a relaxation process during this

time. When Vg is changed to Vm (Fig. 3d), an electron in the triplet
state can tunnel out to the drain, if the triplet state has not yet

Figure 2 Relaxation time of a one-electron QD (artificial hydrogen atom). a, Pulse
waveform used for the electrical pump-and-probe experiment (l, low; h, high). b and c,
Schematic energy diagrams along the z direction showing low and high pulse situations.

The thick and thin vertical lines denote the asymmetric tunnelling barriers. States in the

electrodes are filled up to the Fermi energies, ms for the source and md for the drain. The

source–drain voltage, Vsd, opens a small transport window eVsd ¼ m s–m d < 0.1meV.

Solid and dashed horizontal lines denote filled and empty single-particle states,

respectively. When Vg ¼ Vl (b), the 1s and 2p states are located above ms and md. When
Vg ¼ Vh (c), only the 2p state is located in the transport window. The 2p state is pumped
from the source at a tunnelling rate, Gs < (3 ns)21, and probed at a slower rate,

Gd < (100 ns)21. The current measures the momentum relaxation time of the 2p state,

t1s–2p. d, The average number of tunnelling electrons per pulse, kn tl, measured at 1 T.
The relaxation time, t1s–2p ¼ 10 ns, is obtained from the exponential curve (solid line)

fitted to the data. The inset shows the electron configuration before and after relaxation.

e–g, Magnetic field (B) dependence of e, the energy spacing between the 2p excited state
and the 1s ground state, 11s–2p, f, the longitudinal acoustic photon wavelength, l1s–2p,
and characteristic sizes of the QD (a, lx and ly ), and g, the energy relaxation time, t1s–2p.
The solid line in e is a fitted curve with elliptic confinement energies, !hqx < 2:5meV and
!hqy < 5:5meV: In f, l1s–2p is calculated for the phonon at energy 11s–2p using a GaAs
sound velocity of 5,100m s21. The characteristic lateral size in the x/y direction is given

by l x=y ¼
ffiffiffiffiffiffiffiffiffiffiffi
!h=m*

q
ðq2

x=y þq2
c=4Þ21=4, where m* is the effective mass. The solid line in

g is calculated for spontaneous emission of an acoustic phonon.

Figure 3 Relaxation time of a two-electron QD (artificial helium atom). a, Double-step
pulse waveform to measure extremely long relaxation times. b–d, Schematic energy
diagrams showing low, high and intermediate pulse situations. Solid and dashed

horizontal lines denote filled and empty many-body states, respectively. ms 2md <
0:1meV: When Vg ¼ Vl (b), the spin-singlet ground state S and the spin-triplet first
excited state T are located above ms and md. The system will always become the N ¼ 1

QD after a sufficiently long period, t l ¼ 100 ns. When Vg ¼ Vh (c), the QD can be excited
to the triplet state within G21

s < 7 ns. The triplet state can then relax to the singlet state

during the period, t h ¼ 0:1–100ms: When Vg ¼ Vm (d), the triplet state is probed by
allowing an electron to tunnel into the drain. This period is fixed at tm ¼ 300 ns. e,
Average number of tunnelling electrons per pulse, kn t l at 0 T. The relaxation time, tS–T ¼
200ms; is obtained from the exponential decay (solid line). Inset, electron configuration

before and after relaxation. f, Temperature (T) dependence of the relaxation time tS–T at
0 T. g, The gate voltage (Vh) dependence of tS–T. Vh is also converted into D1 and D3

energy scales. D1 and D3 are indicated in c. The solid line is calculated for cotunnelling
processes. Inset, diagram of these inelastic cotunnelling processes.
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smaller than the characteristic size of the QD (phonon bottleneck
effect11). Therefore, the B dependence of t1s–2p in Fig. 2g is because
the phonon emission is suppressed (that is, t1s–2p increases) with
decreasing B when l1s–2p becomes shorter than a, lx and ly.

In order to be quantitative, we calculate the phonon emission rate
from Fermi’s golden rule including both deformation and piezo-
electric coupling with standard GaAs material parameters12,13. For
simplicity, the calculation is done for a circular dot, whose effective
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2 or 3) might come from the assumptions about the confinement
potential and uncertainties in the material parameters. Thus, the
fast energy relaxation in the N ¼ 1 QD can be well understood by
spontaneous emission of a phonon.
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(labelled S) with two antiparallel-spin electrons occupying the 1s
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is prepared during a sufficiently long period, t l ¼ 100 ns. When Vg

is suddenly increased to Vh (Fig. 3c), an electron can enter to create
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and characteristic sizes of the QD (a, lx and ly ), and g, the energy relaxation time, t1s–2p.
The solid line in e is a fitted curve with elliptic confinement energies, !hqx < 2:5meV and
!hqy < 5:5meV: In f, l1s–2p is calculated for the phonon at energy 11s–2p using a GaAs
sound velocity of 5,100m s21. The characteristic lateral size in the x/y direction is given

by l x=y ¼
ffiffiffiffiffiffiffiffiffiffiffi
!h=m*

q
ðq2

x=y þq2
c=4Þ21=4, where m* is the effective mass. The solid line in

g is calculated for spontaneous emission of an acoustic phonon.

Figure 3 Relaxation time of a two-electron QD (artificial helium atom). a, Double-step
pulse waveform to measure extremely long relaxation times. b–d, Schematic energy
diagrams showing low, high and intermediate pulse situations. Solid and dashed

horizontal lines denote filled and empty many-body states, respectively. ms 2md <
0:1meV: When Vg ¼ Vl (b), the spin-singlet ground state S and the spin-triplet first
excited state T are located above ms and md. The system will always become the N ¼ 1

QD after a sufficiently long period, t l ¼ 100 ns. When Vg ¼ Vh (c), the QD can be excited
to the triplet state within G21

s < 7 ns. The triplet state can then relax to the singlet state

during the period, t h ¼ 0:1–100ms: When Vg ¼ Vm (d), the triplet state is probed by
allowing an electron to tunnel into the drain. This period is fixed at tm ¼ 300 ns. e,
Average number of tunnelling electrons per pulse, kn t l at 0 T. The relaxation time, tS–T ¼
200ms; is obtained from the exponential decay (solid line). Inset, electron configuration

before and after relaxation. f, Temperature (T) dependence of the relaxation time tS–T at
0 T. g, The gate voltage (Vh) dependence of tS–T. Vh is also converted into D1 and D3

energy scales. D1 and D3 are indicated in c. The solid line is calculated for cotunnelling
processes. Inset, diagram of these inelastic cotunnelling processes.

letters to nature
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next step: excited spin and orbital states
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Shot noise in these FinFETs
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Shot-noise suppression [Reznikov PRL 75, 3340, 1995] when channel is fully open consistent with
blastic transport in these narrow channels.
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Determination of scattering in the 
channel: shot noise
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Summary
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• What can we learn from transport in nanoFETs?

• electrical channel length / extend of the SD region

• variability - dopant density in the channel

• spectrum: chemical species & environment

• Beyond level spectroscopy

• spin and orbital relaxations

• probe coherence

• determine scattering in channel

• future: manipulate spin and orbital state

source

draingate

FinFET

fin

200 nm
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FIG. 4: A bound excited state of the D− can be distinguished
by carefully examining the DC transport a) Current traces of
the D0 resonance ranging from VSD = -30meV to VSD =
+30 meV as function of gate voltage. The green arrows indi-
cate current steps associated with an excited state entering
the bias window. The highly asymmetric coupling and the
sequential nature of the transport quenches the current steps
in the VSD > 0 conducting region (see main text). b) Cur-
rent traces of the D− resonance ranging from VSD = -30meV
to VSD = +30meV as function of gate voltage. The current
step in the VSD > 0, associated with the n = 3-excited or-
bital, must necessarily have a life-time (τ) > 48 ns to show
up as it does in the DC transport. c) Transport processes
responsible for the current characteristics in our single-atom
device. Sequential processes are characterized by relaxation
to the ground state before tunneling out of the atom. Due to
the long life-time of the triplet state, the electron can tunnel
directly out of the triplet to the drain. d) Colormap plot of
b.

regime of tunneling and the highly asymmetric coupling.
The current through the donor atom is given by (see also
[3])

I = e

�
Γ1

in + Γ2
in + ... + Γn

in

�
Γ1

out

Γ1
in + Γ2

in + ... + Γn
in + Γ1

out

(2)

where the the subscript denotes the direction of the rate
(in or out of the donor) and the superscript indicates the
level (where 1 is the ground state) and n indicates the
number of states in the bias window defined by source
drain. The total rate into the atom depends on the
amount of states in the bias window but the outgoing rate
depends only on the rate out of the ground state. The
reflects the sequential nature of the tunneling process, as
an electron transfered to the atom will have relaxed to
the ground state before being transfered to the opposite
lead. Since the atom in our sample is very asymmetrically

coupled, Γin >> Γout for VSD > 0 while Γin << Γout for
VSD < 0. In this asymmetric limit Eq. 2 reduces to

I =
�

e
�
Γ1

in + Γ2
in + ... + Γn

in

�
VSD < 0

eΓ1
out VSD > 0 (3)

The absence of steps for VSD > 0 thus also confirms
the sequential nature of the transport and asymmetric
coupling of the atom.

Figure 4b shows the stability diagram around the D−

resonance where again we see steps associated with ex-
cited states entering the bias window (green arrows). In
contrast to the conduction region of the D0 we do see a
single step in the D− for VSD > 0 (red arrow), belonging
to the excited state at ∼ 9 meV from the ground state
(n = 3). In the sequential limit every incoming electron
should relax to the ground state (see Fig. 4c, red paths)
and the step structure in the conducting region should
be descibed by Eq. 3. With our degree of asymmetry,
the maximum magnitude of any current step (n > 1) in
VSD > 0 equals 0.5 % of the step at n = 1, regardless
of Γn. The latter follows directly from Eq. 3. Further-
more, we can readily observe that the current step for
VSD > 0 is only visible for the n = 3 state and not for
other excited states. That leads us to the conclusion that
the sequential limit does not hold for n = 3, which thus
means that the an electron entering this state does not
relax back to the ground state before exiting the atom.
For the n = 3 -state not to relax back to the ground
state, the life-time (τ) should be larger then the exiting
rate, i.e. τ > Γ3

R. By the magnitude of the current steps
at VSD < 0 we (conservativelly) estimate Γ3

R ∼ Γ1
R, thus

τ > 48 ns.
We attribute the long life-time of the 9 meV excited

state to it being the triplet spin configuration. We know
that certain excited states must have a triplet configu-
ration and from literature we (conservatively) estimate
the life-time of the D0 triplet configuration to be at least
460 ns. The latter value is actually derived from the T1-
time of 400 nm dots defined in a two-dimensional Si elec-
tron system measured by spin echo [26]. Any excited spin
singlet configuration would relax to the (singlet) ground
state within a few ps [27]. Furthermore, a very similar
transport process as we describe has been seen before in
Si double quantum dots [16]. It was dubbed Life-Time
Enhanced transport and is a result of the long spin triplet
lifetimes in Silicon.

In conclusion, we have shown that the two-electron
charge state of gated donors is reduced by a combination
of the deformation of the donor wavefunction and capac-
itive coupling to the environment. The reduced charging
energy, in contrast to bulk donors, allows for bound ex-
cited orbital. By means of DC transport measurements
we can observe which excited states are the triplet spin
configurations, by means of Life-Time-Enhanced trans-
port.

CMP 13-03-09 [47]

Geometry dependence of the Coulomb blockade
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• CB spacing is only dependent on channel length, not on width

• ∆Elevel = 1.3meV via CB(T)⇔ a 60 nm 1D dot ∆Elevel = 1.6meV

• ∆Vgate = 39, 24, 6mV via gate cap → area of 160, 270, 1100 nm2,

assuming the full gate length ∆Vgate → dot width = 2.7, 3.4, 11 nm

I

[Sellier Appl. Phys. Lett. 90, 073502, 2007]

Sven Rogge
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Single-dopant devices: Single-electron 
transport through single-dopants

Michiharu Tabe and Daniel Moraru
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self-capacitance of single donor

P in Si

r = a

metal dot & outer shell approximation



self-capacitance of single donor

r = ∞r = a
C=4πε0ε a =3aF

(a=3nm)

Echarge=e2 / 2C
=30 meV

metal dot & outer shell approximation

For 2nd electron, potential 
well almost disappears due 
to e-e interaction.

P in Si



self-capacitance of single donor

r = ∞r = a
C=4πε0ε a =3aF

(a=3nm)

Echarge=e2 / 2C
=30 meV

metal dot & outer shell approximation

For 2nd electron, potential 
well almost disappears due 
to e-e interaction.

P in Si

The donor quantum dot effectively works 
as one-electron trap.
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1-donor FET: single-electron transistor
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Single donor effect in Si FinFET
PRL vol. 97, 206805 (2006)



Single acceptor effect in Si FET
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Channel length dependence - statistics
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Number of sub-peaks increases with channel length !!!



In P-doped FETs, a single donor dominates Id vs. Vg, 
statistically.

Can we make better control for this single 
dopant nature ? 



Disk-shaped channel FETs
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Single donor SET
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2-donor FET: memory effect

memory node

eS D

E. Hamid et al., Si Nanoelectronics Workshop (2010)
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Device structure  
Silicon-on-Insulator (SOI) FET



I-V characteristics of the first peak
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Id-time measurement

Two level-jump indicates single dopant trap in ionized (P+) and 
neutral (P0) states.
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Simulation approach

We introduce variable donor-gate capacitance in this 
simulation.

E. Hamid et al., Si Nanoelectronics Workshop (2010)



Comparison between simulation and experimental results
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Discrete dopants may work as:
 conduction path, as well as traps for single electrons

 basic concept of dopant-based memory



3-donor FET: single-electron turnstile
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Favorable dopant arrangement in nanowire 

FETs
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In some devices, we may find
3-QD array created by discrete dopants



Single-electron turnstile by V

BG

-tuning

D. Moraru et al.., Appl. Phys. Express 2 (2009)
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Single-electron turnstile can be realized:

 using discrete dopants

 with simple biasing circuit

 with capabilities of tunability



Single photon detection by a-few-donor FETs
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Random telegraph signal  a signature of trapping and 
detrapping in the dopant near by conduction path.

M. Tabe et al., 2010 E-MRS, physica status solidi (to be published)



Single photon effects were detected:

 by trapping / detrapping of photo carriers in a 

dopant

M. Tabe et al., 2010 E-MRS, physica status solidi (to be published)



Observation of dopants by LT-KFM



by STM (2005)



by STM （２００７）



Kelvin Probe Force Microscopy

F = 0F ≠ 0
Nonnenmacher et al. Appl. Phys. Lett. 58, 2921 (1991)



ionized 
phosphorus atom

Dopant induced surface potential fluctuations

simulated potential at the surface







Simulated KFM image

simulated surface potential of 
Si cube doped with phosphorus (1x1018cm-3) 

simulated structure 
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individual profiles



KFM observation of individual 
phosphorus atoms

Vg= -3V,
Si layer doped with phosphorus to 1x1018 individual profiles

measurement setup

KFM image = surface potential map

M. Ligowski et.al., APL (2008)



measurement setup

individual profiles
KFM image, 

Si layer doped with boron to 1x1016

surface potential map

KFM observation of individual boron atoms

M. Ligowski et.al., APL (2008)



Scan Area

Structure of SOI-FET device

DEVICE STRUCTURE & KFM SETUP



single-electron transport observed by LT-KFM
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M. Tabe et al., PRL (2010)
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•to develop deterministic doping process:
(i) single ion implantation or equivalent doping techniques, 
(ii) effect of nanometer-scale channel structures, 
(iii) interaction with S/D electrodes,

•to increase dopant potential for room temperature operation
by means of coupled dopants,

•to develop devices having immunity from unavoidable  
fluctuation in position of dopants, 

•to develop single-dopant observation techniques as well as 
theoretical work on dopant physics.

Challenges for the next ten years
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Dopant-based photon detector

hν

dopant storage node

Single-dopant memory

1.4 1.5 1.6 1.7 1.8
0

1

2

cu
rre

nt
 (p

A)

gate voltage (V)
0 200 400 600

10

100
 c

ur
re

nt
 (f

A
)

discharged

 

 

time (seconds)

charged

Donor-donor single-electron exchange

dark

100 200 300
100f

1p
10p

time (seconds)

100 200 300
100f

1p
10p

 

cu
rr

en
t (

A
)

dark

light

Single-photon-induced trapping

Single-dopant transistor

Single-electron tunneling via donor

gate

AC gate

0 25 50 75 100
0

160

320

e x f

 VBG=0 V
 VBG=-5 V

cu
rr

en
t (

fA
)

source-drain bias (mV)

1 MHz

Dopant-based turnstile

Tunable single-electron turnstile

Dopant observation by LT-KFM

Orange：PSource Au (111) Drain Au (111)

H terminated Si nanorod

Theoretical analysis



Serious dopant 
fluctuation!! 

# 
of

 d
op

an
ts

 in
 c

ha
nn

el
 

0

50

100

2000 2010 2020 2030 
year



Serious dopant 
fluctuation!! 

# 
of

 d
op

an
ts

 in
 c

ha
nn

el
 

0

50

100

Viewpoint of 
“atom control”

2000 2010 2020 2030 

Single dopant 
electronics

year



Thank you for your kind attention!!
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Variability has become a major challenge 
to scaling and design 

G. Declerck, Keynote talk, VLSI Technol. Symp. 2005



Statistical variability

The simulation
Paradigm now

A 22 nm MOSFET
In production 2012

A 4.2 nm MOSFET
In production 2023
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Resolving individual dopants
M. Hane NEC



Solution - quantum corrections for electrons and 
holes using DG

G. Roy et al.



How accurate is the DG solution?

A.R. Brown et al.



Potential remedy short/long range potential

N. Sano, IEDM 2000 S. Toriyama, SISPAD W. 2010

Problems in determining kc



DG vs. the Sano approach

DG Sano

Y. Ashisava (Fujitsu)

10x10 nm DG MOSFET
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DG vs. the Sano approach

DG Sano

Y. Ashisava (Fujitsu)

10x10 nm DG MOSFET



The mobility dilemma (1)
Velocity saturation, field dependence

 Field dependent mobility have a meaning in ‘adiabatic’ conditions.
 The high electric field around single dopant cannot be used in the 

field dependent mobility model.
 The velocity saturation is associated with dissipative phonon 

scattering.
 The reduction of velocity around single dopant is associated with 

Coulomb scattering.  

Field distribution in a MOSFET 
with random dopants

Velocity distribution in a MOSFET 
with single dopant



The calibration dilema

 The shape of the continuous simulation and the average ‘atomistic’ 
I-V curves are different.

 The calibration of continuous TCAD simulations to measurements 
which are equivalent to average atomistic simulation  results in 
compensations through the mobility models..
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Short range force corrections and Rutherford 
backscattering

 

E r( ) =
er

4πε0εr r 2 + 2rc
2( )

3
2

C. Alexander et al.



Reproducing the doping concentration mobility 
dependence

C. Alexander et al.



Statistical reliability: transport

 

 

 

 

C. Alexander et al.



Transport (scattering) related variability

C. Alexander et al.



The impact of the transport related variability

DD only DD only

DD+MC DD+MC

35 nm MOSFET

VD=50 mV

VD=50 mV

VD=1 V

VD=1 V

U. Kováč et al.
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Single dopants in NEGF simulations

A. Martinez et al.

Repulsive potential

Attractive potential



DD + DG Solution
Potential

NEGF solution
Electron density
Current density

Nonlinear Poisson
Solution

(auxiliary Fermi 
Level)

Converged?

No

Yes
End

Single dopants in NEGF simulations

A. Martinez et al.



Inverted sombrero potential

Single donor in the channel

A. Martinez et al.
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Dopants in UTB structure and at interfaces

1.2 nm 2.9 nm 12.1 nm
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Application of precise dopant placemen

 Reducing the variability
Should consider interactions with other variability sources
Should consider impact of placement inaccuracy

 Improvement of device performance
Reduce contact resistance
Source/drain resistance
Short channel effects
Mobility and injection velocity

 Beyond Moore devices
Quantum computing
Sensing



CHANNEL

RANDOM

CROSS-
SECTION

Doipant configurations
4nm S/D extension with discrete donors

Arranging the dopants in the S/D



 Screening density affected by gate potential at the channel 
neighboring impurities, strong inhomogeneity of electron density 
and current density

 

 

 v ≈ j/n : Electrons going slower 
closer to the interface than in the 

middle of the cross section

Electron concentration

Jx current density

Arranging the dopants in the S/D



 

Vg=0V Vg=0.3V Vg=0.4V

Arranging the dopants in the S/D
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Challenges

DD simulations
Computational efficiency.
Mobility models that reflect the impact of individual dopants on 
the transport and therefore on the on-current and performance. 
MC Simulations
Computational efficiency.
Efficient short-range corrections for the impurity potential and 
the short range driving force.
Impact of the interface on the short-range corrections and 
driving force.
Efficient techniques for self force avoidance.
QT Simulations
Computational efficiency.
Accurate resolution of the impurity potential.
Efficient introduction of phonon and surface roughness 
scattering.
Coupling to heat flow.
Coupling to first principle DFT simulations.



Adding phonon scattering to NEGF



CQC2T, Centre for Quantum Computation and Communication Technology
The University of New South Wales

a.morello@unsw.edu.au

Control and readout
of a single dopant spin in silicon

Andrea Morello



Spin-based quantum computers

Spin S = 1/2 ⇒ natural qubit
1 = |↑〉

0 = |↓〉

Loss & DiVincenzo, PRA 57, 120 (1998)

Electrostatically defined
quantum dots

“Artificial atoms”

J-gates
A-gates

Individual dopants
e.g. in silicon

Natural atoms

Kane, Nature 393, 133 (1998)



Hollenberg et al., PRB 74, 045311 (2006)

Scalable QC architecture
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Components and milestones

1. Read

|1〉

Spin-dependent tunneling

2. Write

Electron spin resonance

3. Couple

Exchange interaction

4. Transport

CTAP, shuttle, spin bus, …



Schofield et al., PRL 91, 136104 (2003)

STM patterning

1 nm

Counted single-ion implantation

Jamieson et al., APL 86, 202101 (2005)

Placing the donors



SET island underneath the SiO2

MOS Si Single Electron Transistor

Angus et al., Nano Lett. 7, 2051 (2007); APL 92, 112103 (2008)

- - - - - - - - -- - - - - - -

dot

Si

SiO2

Al

Al2O3
2DEG

n+ n+- - -

tunable tunnel barriers

source
drain



Spin readout device for P donors

AM et al., PRB 80, 081307(R) (2009)

∼ 3 donors in the 30×30 nm “active area”
∼ 16 in total

Donor and SET island form a tunnel-coupled parallel double dot

MOS-compatible fabrication



The “Single Electron Reader”

100 nm



Spin to charge conversion

|↓〉

|↑〉
reservoir &
SET island

donor

drain

B
→



Spin readout protocol

I SET

time

En
er

gy load “dot 1”
(P donor)

“dot 2”
(SET)
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Spin readout protocol

I SET

time

empty

En
er

gy

“dot 1”
(P donor)

“dot 2”
(SET)



Single-shot spin readout
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AM et al., Nature 467, 687 (2010)
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AM et al., Nature 467, 687 (2010)

Single-shot spin readout



Spin lifetime T1
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Field dependence of spin lifetime

Load / wait time (s)

Valley
repopulation
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Bulk Si:P data point: within factor 2

J.J.L. Morton, private communication

T1 ≈ 6 s

AM et al., Nature 467, 687 (2010)



Readout fidelity
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Fidelity and visibility
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AM et al., Nature 467, 687 (2010)



Microwave control

Initialize spin-down state

VP

i ESR

I SET

time

V3

V2



Microwave control

ESR
pulse

Excite the spin with resonant microwaves
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time

V3

V2



Microwave control

Pulse to the readout position
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Microwave control

+

Detect spin-up current pulse
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Microwave control

Start over: the qubit is already initialized!

VP

i ESR

I SET

time

V3

V2



On-chip microwave line

Local spin resonance integrated with single-shot readout

No resonator ⇒ Broadband up to 50 GHz
On-chip balun ⇒

lithographic transition CPW → CPS



Single-donor Spin Resonance

First-time spin resonance on a single P donor

ESR combined with single-shot spin readout
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Electrostatic 
potential (V)

-2
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1.5

→ Electric field map in the y-z plane

TCAD model → electric field



SET 
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Si substrate

plunger gate top gate(y=0, z=0)
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Rahman et al., PRL 99, 036403 (2007)
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SET 
island

Si substrate

plunger gate top gate(y=0, z=0)

SiO2

z 
(n

m
)

30 nm

y (nm)
-30 300 15-15

-30

-20
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A (mT)
0 1 2 3 4

2.8 mT

Rahman et al., PRL 99, 036403 (2007)

bulk value A = 4.2 mT

- 2 V 1.4 V

Stark shift of the hyperfine

A(ε) = A(0) (1 + η1ε + η2ε2)

The donor is a local electric field probe



Stark shift of the hyperfine

Kane, Nature 393, 133 (1998)

Essential ingredient of the Kane QC scheme



Single-spin ESR in a MOSFET

Xiao et al., Nature 430, 435 (2004)

The SET can be replaced by a MOSFET channel

Single dopants coupled to a 
nanoelectronic device can be used 

as sensitive local electric field 
probes, by measuring their spin



<n> = 3  ↔ 3 sharp resonant features…

Transport through implanted donors

Vbarrier
P-implant area 

barrier/donor 
gate

Tan et al., Nano Letters 10, 11 (2010)
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…plus the related peaks for the addition of a second electron (D- states)
forming 3 overlapping Coulomb diamonds 

timed P-implant 
<n> = 3

in 50×30 nm



Future work: 2-qubit devices

1st layer
2nd layer
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Future work: 2-qubit devices

JLD RD

LB RB
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Future work: 2-qubit devices

J LD RD

LB RB

top

x

y

30 nm

JRD

Highly tunable and robust architecture 



Summary & Outlook

MOSFET donor-based spin qubit architecture

Measured T1 (up to ∼ 6 s) consistent with P donors in Si

Local spin resonance of a single P donor 

Single-shot spin readout

92% readout visibility with 3 µs rise time 

2-donor devices → logic gates

Rabi oscillations – single-spin coherence

Fast qubit initialization

Single dopant as local electric field probe? 



The Team
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J. Pla, K.Y. Tan, K.-W. Chan, J.P. Dehollain, F. Mohiyaddin, 

F. Zwanenburg, M. Mottonen, C. Escott
A. Morello, A. Dzurak

University of Melbourne
J. van Donkelaar, A. Alves, C. Yang

J. Mc Callum, L. Hollenberg, D. Jamieson



Classical vs. Quantum Computers

• Established technology
• Highly scaled and cost-effective
• Almost universal
• Uncertainty on future progress

• Still in infancy, 
only small “proofs of principle”

• Not universal, few algorithms
• Truly revolutionary
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Nitrogen-Vacancy “Defect” Centers 
in Diamond 

Boris Naydenov, F. Jelezko, J. Wrachtrup
University of Stuttgart
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Biosensor technology &
Molecular Spin sensors

Quantum devices

Sub µm cellular imaging

Scanning probe 
magnetometer

G. Balasubramanian, et 
al. Nature 455, 648 (2008) 

R. Kolesov et al. Nat. Phys. 5, 470 
(2009) 

quantum computing Neumann P. et al., Science
320, 1326 (2008)

Neumann P. et al., Science
329, 542 (2010)

NV in diamond

F. Neugart et al., Nano Lett., 7, 3588 (2010)
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Outline

Nitrogen-Vacancy (NV) Quantum 

Computer

What is an NV  center

NV as a magnetic field sensor

Coherence time of NV

Quantum register based on two 

NVs
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NV Quantum Computer
Array of implanted NV with controllable coupling

Coupling of many NVs via 
magnetic dipolar interaction

Optical read-out

Spin manipulation with MW pulses

Ed ~ 1/d3

Long coherence times

d ≤ 10nm

Nano-scale positioning and high yield of NV production
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NV production

10 µm

N+ ions

Implantation of nitrogen ions
Annealing at T > 700 °C

Cleaning the surface in acid

Yield depends on the impl. energy 1 to 60 %

J. Meijer et. al., APL 87, 261909 (2005).
J. R. Rabeau, et al. APL 88, 023113 (2006)
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1

2

Single center signature: photon antibunching

Single photon source:
H. Weinfurter et al. PRL 85 
(2000)
P. Grangier et al. PRL 89 
(2003)
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Estimating number of defect centers

10 µm

single defect

two defects

three defects
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Spin properties of NV-center

∆ms=0

3A

3E

1A

mw

2800 3000

 

 

 
 

  

30 %

ESR of
single N-V
defect

2800 3000

 

 

 
 

  

30 %

2800 3000

 

 

 
 

  

30 %

ESR of
single N-V
defect

mw

GS
(ground state)

ES Optically Detected Magnetic Resonance

• Spin polarization in ground state 
ms=0
by optical pumping

• Encoding ms=0 and ms=±1 in 
bright and dark state

• Optical read out of spin state
• Spin manipulation with MW

Single spin manipulation and 
read out at room temperature!

ms±1

0

0

±1

F. Jelezko, et .al , Phys. Rev. Lett. 92, 76401 (2004)
A. Gruber et al., Science 276, 2012 (1997)
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NV – Atomic magnetometer

2600 2800 3000 3200

ω2

 

 

Fl
uo

ur
es

ce
nc

e 
(a

. u
.)

Microwave frequency (MHz)

in
cr

ea
si

ng
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B=0

• Zeeman effect on single spin 
• Atomic vector magnetometer.
• Absolute - No calibration.
• Sensitivity depends on the line width. 

G. Balasubramanian et. al, Nature ,455, 648 (2008)
Maze, J. et. al., Nature, 455, 644 (2008)
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π/2

Single electron spin Rabi oscillations

MW

initialize
ms=0 read-out

532 nm

3 µs MW pulse

Laser

Excited-state

effective 2-level system
by Zeeman splitting

MW pulse duration (µs)

π

R. Hanson et al. Science 320, 352 (2008).
P. Neumann et al. Science 320, 1326 (2008).

G. D. Fuchs et al., Science 326, 1520 (2009)
F. Jelezko et .al , PRL 92, 76401 (2004)
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π π/2π/2

τ 2τ

Single Spin Hahn Echo at RT

x
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y

x
y

z

x
y

z

MW
Polarization Readout

F. Jelezko et al PRL,92, 076401 (2004)
L. Childress, et al. Science 314, 281 (2006)

x
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z

x
y

z

NV

13C
Main source of
decoherence
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Coherence time in engineered diamond

π/2

time

ππ/2

 B
 fi

el
d 

 ec
ho

The magnetic field synchronized with the Hahn echo 
sequence, achieved sensitivity 4nT/√Hz 

G. Balasubramanian et.al Nature Materials, 8, 383 (2009) 

Diamond with 0.3 % 13C
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Improving the coherence time by
using dynamical decoupling 

x

z

y
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B. Naydenov et al., arXiv1008:1953v2 (2010)
G. de Lange et al., Science, 330, 60 (2010)
C. A. Ryan et al., arXiv:1008.2197v2 (2010)

Dynamical decoupling with NV
Increasing the coherence time up to 2.4 ms

Limited by the thermal relaxation

Max. magnetic field sensitivity
of 3.5 nT/√Hz  
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How to increase the yield of NV? 

15N2
+ ions 60 keV, 1 ion/μm2

15N2
+z ions 60 keV and C+ 40 keV, 104 ions/µm2

The yield increased
from 20 % to above 50%

However many of the NVs
are from 14N

Just add more vacancies
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How does it work?
Matching the vacancy profile with the nitrogen implantation distribution

B. Naydenov et al. APL, 96, 163108 (2010)
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Detection of low N concentration

Detected nitrogen concentration < 0.07 ppb

Maximum 15NV yield 33 %
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B. Naydenov et al. APL, 96, 163108 (2010)



w
w

w
.pi3.uni-stuttgart.de

3. Physikalisches Institut

NV – NV pair
Implanting with high energy (13 MeV) and good focus

~ 160 nm FWHM

4,8 µm

depth

surface

N+ ions

P. Neumann et al. Nat. Phys., 6, 249 (2010)
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NV Quantum Register

Coupling 40 kHz

P. Neumann et al. Nat. Phys., 6, 249 (2010)
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Conclusions

Outlook
Improve the lateral resolution of the ion implantation

Push the yield close to 100 %

Entanglement and QC algorithms with several NVs 

NV is a unique “defect” center in diamond

Ultra low magnetic field sensing at nano-scale

Very long electron spin coherence time

Quantum register based on two couple NVs
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J. WrachtrupJ. Beck

F. DoldeP. Neumann G. Balasubramanian F. Jelezko J. Tisler

In collaboration with:

S. Pezzagna, D. Rogalla, J. Meier (Bochum) D. Twitchen (Element 6)

V. Richter, R. Kalish (Haifa, Israel)

Thank you ! 

F. Rempp



w
w

w
.pi3.uni-stuttgart.de

3. Physikalisches Institut

Dependence of T2 on the depth of NV
NV depth varies from 40 to 300 nm (Ion energy 30 – 300 keV)

About 20 % discharge
to NV0
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After annealing at T = 1200 C

Removing the defects surround the NV

Now only 6 % show discharging



Directed Self-Assembly: 
Patterning

Christopher K. Ober
Cornell University

Deterministic Doping Workshop, Berkeley, CA 2010



Overview

• Assume all know how polymers driven to 
phase separate by large size

• Classically form spheres, cylinders and 
lamellae

• Size range typically 20 nm, not much 
smaller than good resist

• Some systems capable of <5 nm spacings



3

Block copolymers
• Block copolymers are two or 

more chemically distinct polymers 
linked together with covalent 
bonding

• Sum of entropic and enthalpic 
effects within polymer are 
minimized by microphase 
separation 
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Bates, Frederickson, Phys. Today, Feb. 1999, 32-38.

Poly(styrene-block-methylmethacrylate)



Where are we today?

• Bcps studied largely limited to diblocks 
and classical phases – sphere, cylinder, 
layers

• Bcps used to pattern today are largely at 
weak segregation limit

• What about triblocks?
• Cubic instead of hexagonal – otherwise 

similar today – future?
• Increasing use of inorganic additives



Long Range Order

• Great progress in this area
• Thermal and solvent annealing
• Surface topography
• Surface energy and homopolymer enable 

bends and turns
• Small size (< 5 nm) when controlled 

interactions used to force phase 
separation



Metal Nanodot Memory by Self-Assembled Block Copolymer Lift-Off

A. J. Hong, C. C. Liu, Y. Wang ,J. Kim, F. Xiu, S. Ji, J. Zou, P. F. Nealey, and K. L. Wang, Nano Lett. 
2010, 10, 224-229

poly(styrene-b-methyl methacrylate)

Schematic process flow of the proposed metal nanodot memory 
fabrication using a self-assembled block copolymer lift-off



Metal Nanodot Memory by Self-Assembled Block Copolymer Lift-Off

The polymer template before Cr evaporation
Dimensions are ∼20 nm in diameter, ∼40 nm 

in spacing, and ∼35 nm in height

Cr nanodots after lift-off

A. J. Hong, C. C. Liu, Y. Wang ,J. Kim, F. Xiu, S. Ji, J. Zou, P. F. Nealey, and K. L. Wang, Nano Lett. 2010, 10, 224-229



Templated Self-Assembly of Square Symmetry Arrays from an ABC Triblock 
Terpolymer 

V. P. Chuang, J. Gwyther, R. A. Mickiewicz, I. Manners and C. A. Ross, Nano Lett., Vol. 9, No. 12, 2009

polyisoprene-b-polystyrene-b-polyferrocenylsilane

Bulk morphology sketch of PI-b-
PS-b-PFS pure ISF82 triblock terpolymer

ISF82/PS blend on oxidized Si after spin-coating, annealing in chloroform vapor and RIE etch



Templated Self-Assembly of Square Symmetry Arrays from an ABC Triblock 
Terpolymer

V. P. Chuang, J. Gwyther, R. A. Mickiewicz, I. Manners and C. A. Ross, Nano Lett., Vol. 9, No. 12, 2009

Pattern transfer to form square arrays of posts

Templated in-plane 
cylinders parallel to the 

trench walls, 
surrounding a mix of 
inplane cylinders and 
45°-oriented and 90°-
oriented out of-plane 

cylinder arrays.



Self-Assembly of Metallo-Supramolecular Block Copolymers in Thin Films

C.-A. Fustin,  P. Guillet,  M. J. Misner,  T. P. Russell,  U. S. Schubert,  
J.-F. Gohy, J. Polym. Sci. Part A: Poly. Chem., 46,14, 4719–4724, 2008

terpyridine-functionalized 
poly(ethyleneoxide) and polystyrene 

was mixed with this ruthenium complex 
to create a PS-[Ru]-PEO metallo-

supramolecular copolymer

SFM phase image of a 250 nm thick film
of PS300-[Ru]-PEO225 spin-coated from a 

THF solution that was floated and flipped to 
show the bottom of the original film.

SFM phase image of a film of PS300-[Ru]-
PEO225 spin-coated from a THF solution 

and annealed 24 h in THF vapor.



Rapid directed self assembly of lamellar microdomains from a block copolymer 
containing hybrid

PS-b-PEO, OS1, OS2 (copolymers of 
methyltrimethoxysilane and tetraethoxysilane)

addition of OS provides an additional 
control over the persistence length of 
lamellae and DSA behavior

J. Y. Cheng, J. Pitera, O. H. Park, M. Flickner, R. Ruiza, C. T. Black and H. C. Kim, Appl. Phys. Lett. 91, 143106 2007

PS-b-PEO/OS1 in trenches 
of various widths

directed self-assembly of the PS-b-PEO/OS2 
system in a trench with width of 480 nm and 

length of a) 0.5, b) 1, c) 1.5, and d) 2 µm.



Fabrication of Diverse Metallic Nanowire Arrays Based on Block Copolymer 
Self-Assembly

Schematic for fabrication of metallic 
nanowires via bcp self-assembly

c

Oxidized self-assembled 
PDMS pattern after 
reactive ion etching

Tungsten nanowires

Y. S. Jung, J. H. Lee, J. Y. Lee, and C. A. Ross, Nano Lett. 2010, 10, 3722-–3726



Various metal nanowires

a) Sub-10 nm self-
assembled patterns

b) Tungsten nanowires 

Y. S. Jung, J. H. Lee, J. Y. Lee, and C. A. Ross, Nano Lett. 2010, 10, 3722-–3726

Fabrication of Diverse Metallic Nanowire Arrays Based on Block Copolymer 
Self-Assembly

Platinum nanowires 
adjacent to step edges



Remediation of Line Edge Roughness in Chemical Nanopatterns by the 
Directed Assembly of Overlying Block Copolymer Films

M. P. Stoykovich, K. Ch. Daoulas, M. Muller, H. Kang, J. J. de Pablo, and P. F. Nealey, Macromolecules, Vol. 43, No. 5, 2010

Characterization of PS-b-PMMA lamellae directed to assemble
on chemical surface patterns with undulation roughness

LLER = 140 nm

LLER = 70 nm

LLER = 140 nm

bcp lamellae 
assembled on 

surface patterns



Molecular Transfer Printing Using Block Copolymers

S. Ji, C. C. Liu, G. Liu, and P. F. Nealey, Nano Lett. 2010, 10, 3722-–3726

Schematic of molecular transfer printing (MTP)



Molecular Transfer Printing Using Block Copolymers
Demonstration of MTP of different pattern geometries using ternary blends of block copolymers

SEM images of the photoresist 
pattern, indicative of chemical 

prepatterns, blend films assembled 
on the master surfaces (masters), 

transferred brushes on replica 
surfaces, and reassembled blend 
films on replica surfaces (daughter 

masters).

S. Ji, C. C. Liu, G. Liu, and P. F. Nealey, Nano Lett. 2010, 10, 3722-–3726



Controlling Orientation and Order in Block Copolymer Thin Films

hydroxyl-terminated polystyrene (PS-OH) added to the bcp solution to induce ordering

SFM images of copolymer films without (a) and with (b) added PS-OH (2.5 wt%) 
before solvent annealing, and of solvent-annealed films without (c) and with 

added PS-OH1 of 0.5 wt% (d), 2.5 wt% (e) and 4 wt% (f ).

S. H. Kim, M. J. Misner, and T. P. Russell, Adv. Mater. 2008, 20, 4851–4856



Small scale structures:  Salt Complexation in Block Copolymer Thin Films

S. H. Kim, M. J. Misner, L. Yang,  O. Gang, B. M. Ocko, and T. P. Russell, Macromolecules, 
Vol. 39, No. 24, 2006

polystyrene-block-poly(ethylene oxide) mixed with KI salt to induce ordering

PS-b-PEO with KI (a) as spun and (b) after solvent 
annealing and copolymer films without added KI (c) 

as spun and (d) after solvent annealing.

Shifts in the IR spectroscopy of 
the copolymer with varying 

monomer-to-salt ratios ([O]/[K]) 
indicate complexation of the salt 

with the PEO



P〈MS-b-PHOST
Combined 
Patterning 
System

Standing cylinders of 
P〈MS

Pores after P〈MS 
removal

P〈MS has low Tc:
Remove with 
heat + UV + vacuum

Li, M., et al. Chem. Mater 2004 16 3800.

TMMGU, 
Crosslinker

TPST, 
PAG

PHOST

h

PHOST is a Negative-Tone 
Photoresist

Resolution: 
450nm
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For long range order, thermal annealing will not work!



Switching Orientation using Solvent: 
Last anneal erases previous treatment

THF 

THF 

Acetone
200 nm

200 nm 200 nm

200 nm

Katy Bosworth

Marvin Y. Paik, Joan K. Bosworth, Detlef-M. Smilges, Evan L. Schwartz, Xavier André, Christopher K. Ober, “Reversible 
Morphology Control in Block Copolymer Films via Solvent Vapor Processing: An In-Situ GISAXS Study”, Macromolecules, 
(2010), 43(9), 4253-4260. 



Double Morphology

Electron-beam exposure doses are:
a) 100 µC/cm2

b) 200 µC/cm2

c) 400 µC/cm2. 

Joan K. Bosworth, Jing Sha, Charles T. Black, Christopher K. Ober, “Multiple Block Copolymer Morphologies on a Single Wafer: The
Intersection of Lithography and Solvent Anneal Morphology Switching”, ACS Nano, 2009, 3(7), pp 1761–1766.



What can we do?

• Make periodic patterns – dot, line
• Can load with inorganic and increase etch 

resistance
• Can improve LER
• Can make replicas
• Can pattern and control microstructure in 

single system



How to inject dopant

• Ion implantation through pores cut in bcp 
will work

• But this approach limits options for 
placement and leaves process subject to 
some statistics

• Can we develop method for direct 
placement?

• And drive dopant into silicon?



Neglected Microstructures
• Using rod-coil polymers
• Form crystalline monolayers

J. T. Chen, E. L. Thomas, S. S. Hwang and C. K. Ober, “The Zig-Zag Morphology of a Poly(styrene-b-
hexyl isocyanate) Rod-Coil Block Copolymer”, Macromolecules, 28 (5), 1688-1697 (1995). 
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Rod-coil for dopant placement
• Can we use the precision synthesis of biomaterials with 

the placement of self-assembly?

J. T. Chen, E.L. Thomas, C.K.Ober and G.-P. Mao, “Novel Self-Assembled Smectic Phases in 
Rod-Coil Block Copolymers”, Science, 273, 343-346 (1996). 



Molecular Origami

P. Rothemund, Nature, 440, 297 (2006)



Issues

• DNA is loaded with P
• Molecular size is enormous
• But structure is programmable
• Arbitrary shapes possible – even 3D 

structures
• Is there alternative with good 

characteristics and without bad?



Molecular Origami

• Could we use PNA?
• PNA is a DNA analog 

with a protein 
backbone

• Can use peptide 
synthesis to create 
sequence and spacing

• Use assembly to make 
tailored pattern



BCPs in Doping

• Today bcp templates for targeted doping within 
reach

• Length scale can be down to a few nm’s
• Dopants can in principle be injected through 

pores in bcp film – blocked by other regions
• Synthetic methods exist for precise tailoring of 

bioinspired polymers with placement of dopant 
on exact place on chain

• In future tailored polymer monolayers that carry 
dopant may enable exact placement on 
semiconductor
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Assembly of essential shapes and dimensions
Design Driven Set of Shapes

2007 ITRS, ERM, pp. 18-22
Folding DNA to Create Nanoscale Shapes and Patterns, Paul W. K. Rothemund, 

Nature 440, 297-302 (16 March 2006) 

Size of Molecular Scaffolds

3 nm Mesoporous
Silicate pores  (UMA-A)

Directed Assembly of Complex Shapes  (MIT) Nanovalves (NWU)
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