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Abstract— Most device simulation packages performing
quantum transport modeling in thin body Multigate silicon
nanowire devices at nanometer scales neglect the electron-
phonon interaction, assuming devices operate in the ballistic
regime. Here we perform a detailed study on dissipative
quantum transport in multigate silicon nanowire transistor
including acoustic and optical phonons in detail using non-
equilibrium Green’s function formalism in uncoupled mode-
space approach. We find out that g-type phonons are the most
important mechanisms contributing to current reduction in
multigate nanowire both in subthreshold and above threshold
region for silicon nanowire with Snm film thickness. This crucial
rule of g-type phonons stay active even for gate lengths below
20nm, which implies that ballistic models are inadequate to
capture the device characteristics of nanometre devices.

Keywords — dissipative quantum transport, optical phonons,
acoustic phonons, non-equilibrium Green’s function, single band
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L INTRODUCTION

Thin-film SOI and multigate nanowire transistor structures
are considered as a strong contender for the upcoming
generation of ultrascaled transistors with gate length shrunk
down to decananometre scales, due to outstanding control of
channel electrostatics and reduction of short-channel effects
[1-3]. However, the ballistic quantum transport models which
have been utilised to model the devices do overestimate the
drain current in both the subthreshold region and above
threshold because they neglect electron-phonon interactions.
Even the simple inclusion of scattering using the semiclassical
Biittiker probes model is not capable of capturing the essential
behaviour of electron-phonon interactions [4]. Rigorous
modelling of multigate nanowire transistor structures using
three-dimensional (3D) NEGF has been presented previously
in [5] using the deformation potential theory and the self-
consistent Born approximation. The simulation results showed
the considerable reduction of 50% in drain current above
threshold. However, the contribution of different electron-
phonon interaction mechanisms to the current reduction has
not been discussed and is still unclear. There have also been
some studies on electron-phonon interaction in double-gate
MOSFET and CNTFETs using NEGF formalism, where the
role of acoustic phonons (AP) and optical phonons (OP) have
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been studied in detail [6,7]. However, due to complex band
structure and the multi-subband nature of transport in a silicon
nanowire, the results may differ from those obtained for
CNTFET devices. Our intension in this paper is to study
acoustic and optical phonons in silicon nanowires and not to
compare them with other devices. In order to investigate
different electron-phonon mechanisms, we have developed a
three-dimensional quantum simulator based on NEGF
formalism and single band effective mass Hamiltonian
capable of handling different scattering processes.

We perform a detailed study of intravalley acoustic
phonon scattering (AP scattering) and intervalley optical-
phonon scattering (OP scattering) with different phonon
energiecs. We show that optical phonons are more important
for the typical device considered in this study. Detailed study
of energy-resolved current spectrums will be also presented
which reveal the current distribution inside the device and
destroying of the ballistic spectrum. The observations obtained
here can help the device engineers to design faster transistors
with lower sub threshold swing. We will give a brief review of
the simulation procedure followed by results and conclusion.

II.  SIMULATION PROCEDURE

A comprehensive description on the mode-space NEGF
formalism and the self-consistent Born approximation and its
application to electron-phonon interaction can be found in the
literature [4-7]. Here we just give a brief overview of 3D
nanowire simulation in mode-space approach and its
modification to consider AP and OP scattering. In mode-space
framework, the three-dimensional wave function is decoupled
into an energy variation in the 1D-transport direction and 2D
wave function in the confinement directions. Then the 2D
Schrodinger equation is solved in each cross-section to obtain
the corresponding eigenvalues (modes) and eigenfunctions at
each point along the transport direction. The scattering self
energy parameter which includes the effect of electron-phonon
wave function is taken into account by computing the
electron-phonon wave function overlap (form factor). Having
found the modes in each cross section and form factor, we
apply the 1D NEGF quantum transport to each mode to
compute the observable quantities associated with respective
mode. The accuracy of uncoupled mode-space in the case of
electron-phonon interaction has been justified before in the
case of double-gate MOSFET and nanowire structure [5,8].



Uncoupled Mode-Space Hamiltonian

Following the method described in [3] we can build the
effective mass Hamiltonian of the nanowire in uncoupled
mode-space approach as follow:
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is the inverse of the average value of the effective mass in the
cross-section. £, and ¢ are the eigenvalue and eigenfunction at
position x; they can be calculated by solving the 2D
Schrodinger equation as follow:
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in the above equation U is the self-consistent potential at
position x; in transport direction. Having found the subbands
we can set up the 1D the mode space Hamiltonian matrix and
solve the NEGF equations as described in next section to
compute the observable physical quantities.

Steady-State NEGF Equations
Steady-state transport equations for a single subband and a

single valley in the mode-space can be written as [3-5]:
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where 2. , 2, and X, and the self energies due to acoustic
phonons, optical phonons and source/drain contacts,
respectively.

Acoustic and Optical phonons self-energies

Assuming that electron-phonon interactions are local in
space, we can write down the lesser and advanced scattering
self-energies as follow [5-9]:
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where g; is the phonon selection rule and M, is the scalar
electron-phonon coupling element. The expression for M, can
be found in [5]. The first and second term in (6b) and (6¢)
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corresponds to phonon emission and absorption, respectively.
Here, I is the electron-phonon overlap function across mode
m,n at valley v, which is defined as [5]:

1) =& vz

where ¢ is the wavefunction obtained from the solution of the
2D Schrédinger equation at position x=x; as defined in (3).
Finally, np is Bose-Einstein distribution function which is
defined as [5,6]:
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now we can write the imaginary and real part of retarded total
scattering self-energy as follow [5-7]:
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it has been reported that neglecting the real part of the
electron-phonon self-energy does not significantly affect the
results. Hence we have ignored it in our simulations. The
scattering self-energy computed from (6,9) is fed back to (4,5)
to compute the new Green’s function value. This procedure
should be iterated until self-energy and G~ reach convergence
for all energy points. Once this inner convergence achieved,
we check the convergence of outer loop between charge and
potential. The current flowing in the nanowire from layer x; to
X;+; in the transport direction can be written as follows [6-7]:
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this is a general equation which is valid for both ballistic and
dissipative quantum transport equations. Energy-resolved
current density can be plotted by computing (10) for each x-
position independently, which has been used in this paper to
study AP scattering. Also as an additional criterion, in the
entire simulation we check the current continuity. The current
density and criteria for current convergence can be written

as [6,9]:

dE
T

9" . dE
=5 JH.. 6L @) T

)

I -1,|<e
H s 0d (12)
where /; and I, are current density at source and drain contacts
and we have used an error of ¢ = 0.01 as convergence
criterion.

II1.

An overview of quantum transport in 3D nanowire
including elastic and inelastic electron-phonon interaction was
presented in the previous section. In all the simulations we
have considered self-consistency in calculation of scattering

RESULTS AND DISCUSSION



rates and charge density. Now we discuss the effect of elastic
and inelastic scattering mechanisms on the electron transport
and electrical characteristics of multigate silicon nanowire.
Here, we consider a trigate silicon nanowire FET transistor
with <100> channel direction as presented in Fig. 1 The cross
section is Snm x 5Snm. The lengths of the gate and source/drain
extensions are all 10 nm. The buried oxide thickness is 5 nm
and the back gate is grounded. The source and drain contacts
are heavily doped N-type with N;=10"° ¢cm™ while the channel
region is undoped. In order to perform a detailed study of AP
scattering, different gate lengths are used.

Fig. 1. Schematic presentation of the triple gate nanowire used in our
simulation.

Fig. 2 presents the Ips-Vgs curves for ballistic and
dissipative transport regimes has been plotted for V5s=0.4 V in
both linear and log scale. It can be observed that g-type optical
phonons are the dominant scattering mechanism in the
subthreshold region and above threshold for the device under
study. The f~type intervalley scattering involves subbands with
energies higher than the lowest subband, hence they do not
play any role in current reduction [10]. Now let us see how
different g-type phonons contribute to transport and current
distribution in the device. We have considered bulk phonon
energies of 12, 19, 60 meV with the coupling strength M,
equal to 110, 5 and 80 MeV?, respectively. In Fig. 3 we have
plotted the contribution of individual g-type phonon energy on
drain current reduction. We can observe that the 12 meV and
60 meV do not play any role in current reduction. This
behaviour can be explained as follows. Phonons with an
energy less than the thermal energy (k7) cause the back
scattering of the injected carriers into source contact by
phonon emission/absorption and result in drastic reduction of
the drain current. On the other hand, phonons with energies
larger than the thermal energy cause the injected carriers to
lose energy by phonon emission and decrease the probability
of the carriers to get back scattered into the source and hence
less reduction in drain current is observed. With this
explanation of phonon behaviour we can expect that 60 meV
phonon does not contribute to current reduction as obtained by
simulation results. The only two phonon modes which can
contribute to drain current reduction are 12 and 19 meV
phonons and hence we expect that 12 meV be the dominant
phonon energy due to smaller phonon frequency. However,
we should notice that the electron-phonon coupling element
M, in (6) also plays role in determining final scattering rate.
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With regard to higher coupling coefficient of 19 meV phonon
it would be the dominant current reduction factor in silicon
nanowire as obtained by the simulation results. Figs. 4 and 5
show the energy-resolved current and electron density for
ballistic and different g-type energies. We can observe that 12
meV phonon does not have any effect on transport and output
characteristics. Then we can see that 19 meV has reduced both
current and electron density in the channel due to back
scattering of the carriers. Finally, we can observe that high
energy phonons of 60 meV have increased electron density in
the channel by phonon emission without reducing the current
considerably.
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Fig. 2. Ips-Vs curve for L,=30 nm in linear (top) and log scale (bottom).
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Fig. 3. Ips-Vss curve for different energies in optical phonon scattering
mechanisms.
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Fig. 4. Energy-resolved current density for ballistic transport and dissipative
transport with different phonon energies. 19 meV phonons have reduced the
current due to phonon absorption and back scattering of carriers. 60 meV
phonons only spread the current spectrum by phonon emission without
reducing the current magnitude.
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Fig. 5. Energy-resolved electron density density for ballistic transport and
different g-type phonon energies. 19 mev phonons have reduced the charge
density in the channel by phonon absorption. 60 meV phonons have increased
and spread the charge spectrum to lower energies by phonon emission
mechanism.

In order to establish a more detailed understanding
between phonon energy and current reduction mechanisms,
one should compare the current spectrum for different ranges
of phonon energies and electron-phonon coupling elements in
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various cross section of the nanowire. This will give a deep
understanding of parameters variation on quantum transport
which will be the topic of future research work.

IV. CONCLUSION

We have investigated the effect of optical and acoustic
phonon scattering on the electrical characteristics of multigate
silicon nanowire in details. We found out that only g-type and
acoustic phonons contribute to current reduction and for
device dimensions considered here only g-type phonons are
important. We also performed detailed study and comparison
of on current and electron density spectrum for different
g-type phonon energies. We found out that low-energy
phonons are responsible for current reduction by phonon
absorption while high-energy phonons increase the electron
density by phonon emission without modifying the current
magnitude considerably.
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