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Abstract—A three-dimensional self-consistent non-equilibrium
Green’s function approach is used to investigate the influence
of phonon scattering in single dopant nanowire transistors.
Phonon interactions are described within the self-consistent Born
approximation in which both acoustic and optical phonons are
included. Transport properties are then analyzed in the ballistic
and scattering regimes. Ballistic results first confirm the current
hysteresis due to two different screening mechanisms of the
dopant reported by Mil’nikov et-al [1]. The transition between
them is smoothed by the interactions with acoustic phonons which
suppress the current hysteresis. Interestingly our findings also
show a beneficial impact of the optical phonon interactions. They
generate a phonon-assisted resonant tunneling from which can
result a higher current than in the ballistic regime. Finally a
temperature dependance analysis shows that the hysteresis should
be restored at lower temperatures.

I. INTRODUCTION

Thanks to recent technological developments, single–atom
electronics is now conceivable. So far very few works, whether
experimental [2] or theoretical [3], focused on new applications
with single dopant semiconductor devices at room temperature.
In that context, simulations performed by Mil’nikov et-al
predicted a remarkable intrinsic bistability in single dopant
nanowire Metal-Oxide-Semiconductor (MOS) transistor [1].
This bistability results from two distinct screening mechanisms
of the Coulomb potential impurity and could lead to relevant
applications. However the study only considers the ballistic
regime and optical-phonon interactions in the scope of the
resonant tunneling model [4].

In this work, quantum transport simulations are performed
via a three dimensional real–space non-equilibrium Green’s
function (NEGF) approach. Both acoustic- and optical-phonon
interactions are tackled within the self-consistent Born approx-
imation [5], which represents one of the most suited model to
include scattering in nano-devices. Based on this approach,
we investigate the influence of phonon interactions on elec-
tron transport through a single dopant nanowire transistor. A
temperature dependance analysis is also performed.

The paper is organized as follows: Section II gives the
main features of the theoretical approach for the 3D-NEGF
and SCBA formalisms. In section III, we investigate in detail
the impact of phonon scattering in a single dopant nanowire
MOSFET. The suppression of bistability and the influence of
phonon-assisted resonant tunneling are discussed by analyzing
separately acoustic and optical phonons. Eventual restoration
of the hysteresis at lower temperatures is also discussed. The
conclusions of our work are given in section IV.
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Fig. 1. Representation of the considered silicon nanowire transistor with
dopant located at the center of the channel. The silicon cross-section is 2× 2
nm2 and LCH=8 nm. In all the study source/drain doping is ND=1020cm−3

and transport direction is <100>.

II. SIMULATION DETAILS

We consider the n-type silicon gate-all-around (GAA)
MOSFET sketched in Fig. 1. Source, channel and drain regions
are 8 nm long each. The channel is intrinsic and its crystal-
lographic orientation is along the <100> direction. Transport
properties are calculated based on the 3D real-space NEGF
approach expressed within the effective mass approximation.
Hard wall boundary conditions are assumed. The hamiltonian
is then projected on a 3D grid with a real-space mesh equals
to 0.2 nm and an energy interval of 1 meV. Both acoustic
and optical phonon couplings are considered and described
within a local approximation. For a given valley ν of the
conduction band, the general SCBA electron–phonon self–
energy is defined as [6]–[8]

Σ
≶
S,ν(E) =

∑
ν′

∑
q

∣∣∣Mν,ν′

q

∣∣∣2 [ηqG≶
ν′(E ∓ ~ωq)

+(ηq + 1)G
≶
ν′(E ± ~ωq)

]
, (1)

where ~ωq , |Mq|2 and ηq = (e~ωq/kBT −1)−1 are the phonon
energy, the electron–phonon matrix elements and phonon num-
ber, respectively, related to the phonon wave vector q. Within
the elastic assumption, the self-energy for acoustic–phonons
can be reduced to [6]

Σ≶
ac,ν(E) =

Ξ2kBT

ρu2s
G≶
ν (E), (2)

within the scalar deformation potential Ξ approach [9], where
ρ is the density and us is the sound velocity of silicon. On
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Fig. 2. ID − VG characteristics of the nanowire MOSFET of Fig. 1. Four
transport regimes are considered: i) ballistic (squares), ii) SCBA with both
acoustic and optical phonons (solid line), iii) with optical phonons only (dotted
line) and iv) with acoustic phonons only (dashed line with crosses). The
vertical dashed, dotted and dash-dotted lines represent the value of VG=0.375
V, 0.4 V and 0.45 V respectively. T = 300 K and VD=0.1 V.

the other hand, the optical–phonon scattering self-energy Σ
≶
j,ν

can be also re-written as [6], [9]

Σ
≶
j,ν(E) =

~(DtKj)
2

2ρωqj

3∑
ν′=1

gν,ν
′

j

[
ηqjG

≶
ν′(E ∓ ~ωqj )

+(ηqj + 1)G
≶
ν′(E ± ~ωqj )

]
, (3)

for the j−th optical phonon scattering mechanism with cou-
pling constant DtKj and phonon angular frequency ωqj [9].
The prefactor gν,ν

′

j stands for the selection rule as gν,ν
′

j = δν,ν′

for g−type phonons and gν,ν
′

j = (1 − δν,ν′) for f−type
phonons [6].

The electron-phonon matrix elements are calculated using
bulk deformation potentials and phonon frequencies from Ref.
[5]. Only the imaginary part of the self-energies is considered
which stands for including the broadening of the energy levels
and neglecting the shift in energy. Convergence criteria of 1%
and 0.1 % are applied on the current and the electron density
respectively.

Finally, the electron-electron interaction is treated within
the Hartree approximation by solving the NEGF transport
equations self-consistently with Poisson’s equation. In that
scheme, the Coulomb potential of the donor is described by
adding a positive electron charge on the impurity site in the
3D Poisson equation. Although this approach neglects the
chemical nature of the impurity and its short range potential,
it correctly describes the long range coulombic tail which is
assumed to have the largest impact on the transport.

III. SIMULATION RESULTS

Fig. 2 shows the drain current versus gate voltage char-
acteristics (ID − VG) obtained at 300 K in four transport
regimes: i) the ballistic non-interacting case, ii) with both
acoustic and optical phonons, iii) with optical-phonons only
and iv) with acoustic-phonons only. We first note that ballistic
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Fig. 3. Ballistic electron density (top) and current (bottom) spectra for the
two current points at VG = 0.375 V in Fig 2 (defined by the vertical dashed
line). Left column represents the higher branch of the current while right
column represents its lower counterpart. The white line is the first subband
energy profile along the transport direction. T = 300 K and VD=0.1 V.

current depicts a hysteresis from VG ' 0.32 V to VG ' 0.42 V,
confirming the bistability reported by Mil’nikov et al. [1].
Figs. 3(a-c) show ballistic electron density and current spectra
for the upper branch of the current characteristic at VG =
0.375 V (represented by vertical dashed line in Fig. 2). In this
configuration, the dopant level (εr) is above the source subband
energy (εs) and impurity is mainly screened by electrons of the
source. Figs.3(b-d) show the same physical parameters for the
lower branch where εr is now below εs. The donor is then
populated by electrons injected from the drain, leading to a
different screening with a strong reduction of broadening of
the impurity level.

Interestingly, incorporating all phonon interactions removes
the current hysteresis (solid line in Fig. 2). As shown by
Figs. 4(a-b) the broadening of the resonant site does not depend
anymore on its position with respect to εs. It results in a smooth
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Fig. 4. SCBA electron density (top) and current (bottom) spectra with both
acoustic and optical phonons at VG = 0.40 V (a-c) and VG = 0.45 V (b-d)).
In each sub-figure, the white line is the first subband energy profile along the
transport direction. T = 300 K and VD=0.1 V.
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Fig. 5. SCBA current spectrum with only optical phonon interactions
at VG=0.425 V. The component resulting from phonon-assisted resonant
tunneling is clearly visible. The white line is the first subband energy profile
along the transport direction. T = 300 K and VD=0.1 V.

transition of the current when εr goes below εs at VG=0.4 V
(Figs. 4(c-d)).

Current characteristics including separately acoustic and
optical phonons allow to shed light on the scattering influence
(Fig. 2). Interestingly, acoustic phonons suppress the hysteresis
while their optical counterparts preserve it. At low VG acoustic
phonons have the largest impact on the current decrease. The
current obtained with acoustic processes only is almost equal
to the one including all the phonon interactions as is the case
in undoped systems [10]. We checked that acoustic phonons
generate a constant impurity level broadening, Γac ' 20 meV
(' Γph, with all phonons) for the whole range of gate voltages.
The lowering of this broadened level below εs blocks the
resonant transport of source electrons. It then follows a kink in
the acoustic phonon current characteristic at VG=0.35 V which
is still visible when both types of phonons are included.

On the other hand, the weaker coupling with optical
phonons in nanowires [10] induces less modifications of the
electron density. However optical phonons induce electrons
relaxation into the donor state at high VG which results in a
phonon–assisted resonant tunneling as shown in Fig. 5. A sec-
ond “channel of transmission” appears on the current spectra
at 65 meV below the ballistic contribution. This characterizes
electrons injected from the source that relax into the impurity
site by emitting a phonon and subsequently tunnel to the drain
side. Phonon–assisted resonant tunneling generates a current
even larger than in the ballistic regime up to VG=0.5 V (Fig. 2).

In order to quantitatively estimate the impact of the
phonon–assisted resonant tunneling, Fig. 6 shows the ballis-
ticity obtained with all phonons and optical phonons only.
Ballisticity is defined as the ratio of the ballistic current (IballD )
over the scattering one (IscattD ) where IballD is recalculated
with the potential including scattering [7]. We clearly see two
regimes with respect to the gate voltage. For VG . 0.4 V
phonon scattering leads to a current reduction (ballisticities are
below unity). The important difference between “all phonons”
and “optical phonons” simulations demonstrates the impact
of acoustic phonon scattering in this gate voltage interval.
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Fig. 6. Ballisticity (IscattD /IballD ) of the nanowire transistor with i) the optical
phonons only (triangles), and ii) including all phonon interactions (circles).
The current increase at high VG is clearly ascribable to interactions with
optical-phonons. T = 300 K and VD=0.1 V.
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Fig. 7. ID − VD characteristics of the nanowire MOSFET in the ballistic
regime (full dots), and when all phonon interactions are included (empty dots).
VG=0.425 V. T = 300 K.

For VG & 0.4 V ballisticities are above unity. The two
curves are now close to each other which testifies that optical
phonon interactions predominate and that phonon assisted
resonant tunneling is the origin of the abrupt current increase.
Moreover ballisticities slowly decrease with VG since multi-
phonon processes are required when the resonant energy site
εr is well below εs.

It is also important to note that similar results can be
obtained with ID − VD curves by adjusting VG so that the
impurity level is close to εs (Fig. 7). As for ID − VG
characteristics, hysteresis effect appears in the ballistic regime
and it is removed when phonon scattering is incorporated.

To summarize, acoustic phonon scattering reduces current
at low VG and suppresses the hysteresis, while optical phonons
increase the current in the on-regime. However the bi-stability
of the system is expected to be recovered at low tempera-
ture where acoustic-phonon interactions might be significantly
reduced. Moreover the presence of the bistability in output
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Fig. 8. ID − VG characteristics for different temperatures when all phonon
scattering are included. We see that the hysteresis is recovered at T ≈ 150
K. VD=0.1 V.

characteristics raises an important issue for technological ap-
plications. For instance hysteresis might be used for resistance
switching memories which are realized so far with planar
resonant tunneling diodes [11]. We then calculate the impact
of temperature on the current characteristics for intermediate
temperatures (T >100 K).

Fig. 8 represents current characteristics at different tem-
peratures considering the self-energies interactions of Eqs.(2)
and (3). We find that the bistability is restored around 150
K. This is mainly due to the linear temperature dependence
of the self-energy of the acoustic phonon interactions (Eq.(2))
which are at the origin of the hysteresis lifting. Unfortunately
validity of Eq.(2) is restricted to relatively high temperature
calculations where phonon frequencies are much smaller then
thermal energy. For low temperatures, we can show [12] that
dependence of the self-energy is no longer linear. Starting from
the general expression of Eq.(2) and considering energies close
to the localized state εr, the self-energy of acoustic phonons
near the impurity can be expressed as:

Σ≶,IMP
ac,ν (E) =

Ξ2

2ρu2s
G≶
ν (E)× 3

4
~ωc, (4)

where ωc is the critical frequency below which the self-energy
becomes temperature independent. In the case of silicon,
this frequency corresponds to an effective critical temperature
TC ≈ 90 K which generates a small enough level broadening
to obtain the bistability (Fig. 8). This makes us assume that
the hysteresis will be restored when decreasing the temperature
around 150 K. Further developments are however required to
confirm this point.

IV. CONCLUSION

The effects of both acoustic and optical phonon interactions
on a single dopant nanowire MOSFET have been analyzed.
Based on a 3D non-equilibrium Green’s function approach,
we showed that i) phonon scattering suppresses the current
hysteresis at room temperature; ii) the strong acoustic phonon
coupling in nanowires is responsible of this suppression; iii)
contrary to undoped nanowire devices, optical phonons have

an important impact on the on-current. They induce an assisted
resonant tunneling through the impurity level, resulting in
a significant current increase. Finally considering a linear
temperature dependence of the acoustic phonon self-energy, we
showed that the current hysteresis should be restored at 150 K.
Our analytic developments showed that this linear dependence
remains valid down to a critical temperature TC ≈90 K. Below
this value acoustic phonon self-energy should not decrease
anymore. Therefore hysteresis might be restored by cooling
down the system. Additional work is however under progress
to assess the importance of other strong approximations used
in our description of the electron-phonon self-energies, espe-
cially concerning the bulk deformation potentials and the local
description of the interactions.
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