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Three-Dimensional Simulation of One-Dimensional
Transport in Silicon Nanowire Transistors

Gianluca Fiori and Giuseppe lannaccone

Abstract—We present a simulation study of silicon nanowire
transistors, based on an in-house code providing the self-consis-
tent solution of Poisson, Schrodinger, and continuity equations
on a generic three-dimensional domain. The main assumption,
based on the very small nanowire cross section considered, is that
an adiabatic approximation can be applied to the Schrodinger
equation, so that transport occurs along one-dimensional sub-
bands. Different subband transport models are considered, such
as ballistic transport, either including quantum tunneling or not,
and drift-diffusion. We show that nanowire transistors exhibit
good control of short channel effects, and that barrier tunneling is
significant in the strong inversion regime even for longer devices,
while it is significant in subthreshold only for the shortest channel
lengths. Finally, we show that a subband-based transport model
allows to reach a very good trade off between physical accuracy of
the simulation and computing time.

Index Terms—Ballistic transport, drift-diffusion, Poisson/
Schrodinger, silicon nanowire transistor, three-dimensional, 1-D
subbands.

I. INTRODUCTION

ILICON nanowire transistors (SNWTs) are considered
San interesting alternative architecture to the conventional
planar technology for devices at the end of the ITRS roadmap
[1]-[3], because of their improved electrostatic control of the
channel via the gate voltage and the consequent suppression of
short channel effects [4]-[7].

Actual SNWTs are intrinsically three-dimensional, and spa-
tial symmetries in nonidealized devices cannot be invoked to
reduce the spatial degrees of freedom. In addition, it is well
known that the behavior of field-effect transistors is dominated
by electrostatics, which has therefore to be accurately simulated
in order to reproduce the device electrical behavior.

For this reason, simulations based on the self-consistent
solution of Poisson, Schrodinger and transport equations in
three dimensions represent a required tool to understand device
behavior and extract design guidelines. The solution of the
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Schrodinger equation, in particular, provides the correct density
of states that is significantly different from the bulk density
of states, due to transversal quantum confinement, and has an
obvious direct impact on the charge density.

Semiclassical three-dimensional drift-diffusion simulations
have been performed in [4] and [5] to study the optimized geom-
etry to reduce short channel effects. Still based on semiclassical
simulations, devices with a channel length down to 30 nm have
been demonstrated to have near-ideal subthreshold swing and
strongly suppressed short channel effects. [8]

Quantum mechanical simulations based on the nonequilib-
rium Green’s function (NEGF) formalism have been performed
in [9]-[11], studying fully ballistic transport in SNWT. In those
cases, the effective mass approximation has been used. For
nanowires with diameter smaller than 4 nm, a full band treat-
ment or atomistic simulations are required, since the effective
mass approximation is largely out of its range of validity and
is not able to provide accurate estimates of energy gaps and
dispersion relations in the longitudinal direction [12]. However,
as far as an exploration of the design space is concerned, such
approach is still too computationally demanding.

Another issue is that of the appropriate transport model for
nanowire transistors. As demonstrated in [13], silicon MOS-
FETs with effective channel length smaller than 50 nm will not
be fully ballistic, so it is reasonable to assume that even for
SNWTs a degree of scattering will be present.

Transport in SNWT is then likely to be in an intermediate
regime between fully ballistic and drift-diffusion transport. Dis-
sipative transport can be addressed in a quantum framework as
in [9] by means of the Biittiker probes approach, which cor-
responds to the approximation of a single energy-independent
relaxation length, by the definition of self-energies, which ac-
count scattering within the NEGF formalism [14], or following
an approach similar to that proposed in [15], where drift-dif-
fusion transport in planar MOSFETsS is computed in each 2-D
subband. We believe the latter approach can provide, with rel-
atively reduced computational resources, relevant information
on the degradation of performance with respect to the ballistic
case. The actual device will exhibit performance intermediate
between the two limiting cases of ballistic and drift-diffusion
transport [16].

Here we investigate performance perspectives and scaling is-
sues of triple-gate SNWTs using an in-house developed code
based on density functional theory within the effective mass
approximation, in which electrostatics and transport are eval-
uated self-consistently in the 3-D domain, properly considering
quantum confinement.
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First, we have considered a device structure with rectangular
cross section (5 nm X 5 nm), in which fully ballistic transport in
1-D subbands is assumed. As a consequence, we have been able
to define an upper limit for SNWT performance, deriving signif-
icant quantities such as drain-induced barrier lowering (DIBL)
and the subthreshold swing (S) as a function of the channel
length. Then, the Boltzmann transport equation has been solved
in the drift-diffusion approximation in 1-D subbands, in order
to study the other limiting case of quasi-equilibrium transport.
We shall see that many indexes of device performance are only
slightly dependent on the transport model used, and mainly de-
pend on an accurate evaluation of the electrostatics.

II. BALLISTIC TRANSPORT: MODEL AND RESULTS

The potential profile in the three-dimensional simulation do-
main obeys the Poisson equation

VIe(P)Vh(F)] = —q [p(F) = n(7) + N5(7) = N ()] (D)

where ¢ is the electrostatic potential, € is the dielectric constant,
q is the elementary charge, p and n are the hole and electron den-
sities, respectively, N ; is the concentration of ionized donors,
and N is the concentration of ionized acceptors. Hole, ac-
ceptor, and donor densities are computed in the whole domain
with the semiclassical approximation, while the electron con-
centration in strongly confined regions needs to be computed by
solving the Schrodinger equation with density functional theory
(DFT), within the effective mass and local density approxima-
tions [17], [18]. Since in the considered devices the confine-
ment is strong in the transversal plane x — y and the potential is
much smoother in the longitudinal direction z, the Schrodinger
equation has been adiabatically decoupled in a set of two-di-
mensional equations with Dirichlet boundary conditions in the
x — y plane for each grid-point along z, and in a set of one-di-
mensional equations with open boundary conditions in the lon-
gitudinal direction for each 1-D subband. Therefore, transport
is assumed to occur in decoupled 1-D subbands.

In particular, the two-dimensional Schrodinger equation for
each cross section along z reads

o 1 0 Ko 1 9
2 0r my, Ox 2 0y myy Oy
VXiy(LZh Z) = Eil/(Z)X’L‘V(‘T7y7Z) (2)

Xiv(Z,Y, 2)+

where ¢ runs over subbands, v runs over the three pairs of
minima of the conduction band, x;, and ¢;,, are the 2-D eigen-
functions and the corresponding eigenenergies computed in
the transversal plane at a given z, while m,, and m,, are the
effective masses along the k. and k, axis, respectively, on the
conduction band pair of minima v. The confining potential V'
can be written as V = E¢ + Vi, where E¢ is the conduction
band and V. is the exchange potential within the local density
approximation, which reads [19]

q2
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Vexe = [371-3”(‘177 Y, Z)] (3)
First, we consider the optimistic case of fully ballistic trans-
port [20] and thermionic emission in each subband: electrons are

in equilibrium with their injecting reservoir (source or drain) and

are transmitted with unity probability if their energy in the lon-
gitudinal direction is larger than the maximum subband energy
(Emax), otherwise the transmission coefficient is zero. Clearly,
in this context thermionic emission means that source-to-drain
tunneling is neglected.
If we define the incomplete Fermi integral of order —1/2 [21]
as
b
F_a( ab):/L;dE 4)
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a

the electron concentration can be expressed as

3
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where K p is Boltzmann’s constant, N1p,, is the equivalent one-
dimensional density of states in the v-th pair of minima of the
conduction band, with effective mass m,,, in the longitudinal

direction z
2 (2m, . KT \"*
N, = 2 (e 0

SIS

b

and Er, = Ep,(EF,) if the coordinate z is between the sub-
band maximum and the source (drain).

The source-to-drain current Ipg,, in the generic i-th subband
and in the v-th pair of minima ¢;,, reads

Ins, =25 [ 5u(B)[fs(B) - fo(BNAE ()

where £ is reduced Planck’s constant, and fg and fp are the
Fermi—Dirac functions with the Fermi level of the source and the
drain, respectively, while 7;,, () is the transmission coefficient.

In order to consider the impact of quantum tunneling on de-
vice performance, once computed the self-consistent potential
in the thermionic case, we have also computed the transmission
coefficient in each 1-D subband by means of the transmission
matrix formalism. Here we have made the assumptions that tun-
neling electrons have a negligible effect on the potential, and do
not include them in the self-consistent scheme. Such an approx-
imation can limit the accuracy especially for shorter devices,
quantitatively affecting the difference between the results of the
quantum and the semiclassical model. From here on, this case
will be referred as the quantum fully ballistic case.

From a numerical point of view, the Poisson and Schrodinger
equations have been solved with a predictor/corrector scheme
similar to that proposed in [22].

In Fig. 1 the flow-chart of the implemented algorithm is
shown. Starting from an initial solution, the Schrédinger
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Fig. 1. Flow-chart of the self-consistent 3-D Poisson-Schrodinger solver.

Fig. 2. Three-dimensional structure of the simulated triple-gate SNWT.

equation is solved for the potential $. The nonlinear Poisson
equation is then computed by means of the Newton—Raphson
(NR) algorithm. In particular, at each NR step, the computed
eigenfunctions are kept constant, while the term ¢;,(z) in (5)
is changed to &;,(z) + q[di(z,y,2) — %(z,y,z)], where ¢;
is the potential at the ¢-th NR step. When the NR algorithm
converges, the solution ¢ is compared with ¢ if the two norm
of the difference is smaller than a predetermined value the
algorithm stops, otherwise another cycle is performed with
¢ =9

In Fig. 2 the simulated triple-gate SNWT structure is shown.
The oxide thickness is 1.5 nm, and the channel length L ranges
from 7 to 25 nm. The wire is p-doped with N4 = 107 cm™3
and the source and drain are doped with Np = 102° cm™2. De-
generate statistics is considered in the wire. The gate is metallic
and its workfunction is chosen to adjust the threshold voltage
of all structures to 0.2 V (the threshold voltage is defined here
as the gate voltage required to have Ips = 0.1 pA for Vpg =
0.5 V).

In Fig. 3 an isosurface of the electron concentration for a de-
vice with channel 15 nm, Vgs = Vps = 0.5 V is shown: one
can clearly see that there is a volume inversion, and that the de-
vice is in the saturation regime, as confirmed by the constriction
in correspondence of the drain.

In Fig. 4 the transfer characteristics are plotted for L = 25 nm
and L = 7 nm for a drain-to-source voltage Vps = 0.5 V. For
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Fig. 3. Electron density isosurface (n = 1.4 x 10'® cm~*) computed for the
SNWT with channel length equal to 15 nm, for a gate voltage Vs = 0.5V
and a source-to-drain voltage Vps = 0.5 V.
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Fig. 4. Transfer characteristics computed for Vps = 0.5 V, forthe L = 25 nm
and L = 7 nm devices.

the longer device, in subthreshold, the quantum fully ballistic
and the thermionic emission models give almost the same re-
sults, while differences become relevant for the shorter device.
For a channel length of 7 nm source-to-drain tunneling is sig-
nificant both in subthreshold and in strong inversion conditions,
while for L = 25 nm tunneling is quantitatively relevant only in
strong inversion. Such behavior is clearer if we consider I, and
I, as a function of L, shown in Fig. 5(a) and (b), respectively,
where I,g is defined as the current obtained for Vpg = 0.5V
and a gate voltage Vgs = 0 V, and I, as the current obtained
for Vps = 0.5 Vand Vgg = 0.5 V.

Quantum tunneling gives a contribution dependent on L, and
significant for the I, already for L = 25 nm.

The reason can be understood considering that, for example,
for L = 25 nm the product of the transmission probability times
the occupation factor [111 (F) fs(E)] has the energy dependence
shown in Fig. 6, for thermionic emission (thin line) and quantum
tunneling (thick line).

The subband current is proportional to the area below the
curve. Quantum tunneling adds a contribution that is propor-
tional to the difference between the area a and the area b. The
shape of the subband peak, depends essentially on the vertical
electrostatics, and determines a and b. In addition, as shown in
Fig. 7, the shape only slightly depends on L, since even for the
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Fig. 5. (a) Lon and (b) I, currents as a function of the channel length, for the
quantum fully ballistic and thermionic emission transport models.
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Fig. 6. Argumentof integral in (7): 711 (E) fs(E). The upper curve is the argu-
ment in the thermionic case, while the lower curve the argument in the quantum
case. Tunneling current is larger than the thermionic current, since the area a is
larger than the area b. The inset refers to Vps = 0.5 Vand Vgs = 0.8 V.
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Fig.7. Comparison between the first subband computed for the L = 7 nm and
L = 25 nm devices for Vgs = 0.5 Vand Vps = 0.5 V: the shapes of the
subband peak are almost the same for the two considered cases, which in turns
give the same tunneling currents.

shorter and longer considered devices, the top of the barrier has
almost the same profile.

On the other hand, I is affected by quantum tunneling only
for L = 10 nm and below, and is extremely sensitive to the
channel length. Such dependence is mainly due to the degrada-
tion of the subthreshold slope S with decreasing length [shown
in Fig. 8(a)].
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Fig. 8. (a) Subthreshold swing and (b) drain-induced barrier lowering as a func-
tion of the channel length, for the quantum fully ballistic and thermionic emis-
sion transport models.

In addition, once fixed the threshold voltage, the larger gate-
channel capacitative coupling for longer devices makes the I,
increase as the channel length is increased, while short channel
effects degrade I, in shorter devices. Indeed, as can be seen
in Fig. 8(b), down to 15 nm, S is very good (<70 mV/dec), as
well as DIBL [Fig. 8(b)], while for smaller L, S is degraded by
charge sharing, with a consequent degradation of the I .

III. DRIFT-DIFFUSION TRANSPORT IN 1-D SUBBANDS:
MODEL AND RESULTS

As discussed before, dissipative transport can be addressed
with simple models based on the solution of the continuity
equation in the drift-diffusion approximation in each 1-D sub-
band. In this way it is possible to define a lower limit for device
performance.

In particular, the current density for electrons in the i-th sub-
band and the v-th conduction band pair of minima reads

8&,, on D;,
I, = Qlbn;, M1D,, 92 + anw# (3)

where n1p,, is the electron density per unit length, and 1,,,, and
D,,,, are the mobility and the diffusion coefficient for electrons,
respectively.

For what concerns mobility, here we have assumed a very
simple model, which simply includes velocity saturation by
means of the Caughey—Thomas model [23] in the case of
Maxwell-Boltzmann statistics

Ho

e
[+ ()]
where & is the local longitudinal field, vg,; is the velocity satu-
ration (vga = 1.1 x 107 cm/s), 7y is a constant fitting parameter
(y = 2 is a common value for electrons at room temperature),
while j1o has been taken constant.
We are aware that a more accurate approach would require
a deeper insight into silicon nanowire mobility, including sur-
face, and electron—phonon scattering, but we believe that the
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Fig. 9. (a) I,, and (b) I ¢ currents computed by means of the drift-diffusion
model, as a function of the channel length.

model assumed can still give relevant information on device be-
havior. Here, rather than focus on accurate mobility models for
SNWTs, we want to define a simulation approach that accounts
for drift-diffusion transport in 1-D subbands, representing a
lower limit for device performance. Consistently we use (9)
for the mobility of each subband, and we compute the corre-
sponding diffusion coefficient using Einstein’s relation, instead
of the relationship that would be suitable for Fermi—Dirac
statistics. Given the modular structure of the code, extension to
more complex mobility models is straightforward.

Once computed nip,, , the three-dimensional electron den-
sity (n) reads

iv?

(10)

3
n= Z Z |Xil/|2nlD.;,,'
v=1

i

From a numerical point of view, a continuity equation for
each 1-D subbands is solved using the Scharfetter and Gummel
scheme [24]. Inter-subband scattering is neglected. In possible
extension, it could be included as a generation-recombination
term. To improve convergence of the Newton—Raphson scheme,
we have modified (10), inserting a Maxwell-Boltzmann-like
correcting factor

3
n= Z Z |Xiu|2nlDiy exp
v=1

i

9(¢ — ¢) (11
KpT

Obviously at convergence, (11) reduces to (10).

In Fig. 9 the I, and I, are plotted as a function of the
channel length, computed by means of the drift-diffusion model.
Both I, and I g show the same behavior observed for the bal-
listic models as the channel length varies, while are smaller by
almost a factor two as compared to ballistic currents.

In Fig. 10 instead the subthreshold swing and the DIBL as a
function of L are shown. Even in the drift-diffusion case, S is
very good down to 15 nm.

Conversely, drain-induced barrier lowering is much higher
for ballistic than for drift-diffusion transport. In the former case,
current is essentially controlled by the subband peak, while in
the latter, it is roughly dependent on the whole region between
the source and the subband peak that is farther from the drain.
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Fig. 10. (a) Subthreshold swing and (b) drain-induced barrier lowering com-
puted by means of the drift-diffusion model, as a function of the channel length.

IV. CONCLUSIONS

We have investigated the electrical properties of SNWTs with
detailed quantum simulations considering ballistic transport,
both in the quantum and in the thermionic emission case, in
order to evaluate the upper limiting cases for the performance
of triple-gate SNWTs. SNWTs with diameter 5 X 5 nm offer
promising scaling perspectives down to 10 nm channel lengths,
predicted at the end of the ITRS Roadmap.

A particularly interesting and unexpected result is that the
impact of quantum tunneling is significant in strong inversion
also in longer devices, where source-to-drain tunneling in sub-
threshold is negligible, because it depends essentially on the ver-
tical electrostatics rather than on L.

As expected, in a drift-diffusion transport regime, I, is de-
graded by a factor close to 2 with respect to the ballistic case,
while the I,,,,/Iog ratio is almost independent of the transport
model. On the other hand, short channel effects exhibit a small
dependence on the transport regime.

Finally, we want to stress the fact that our nanowire transistor
simulation tool represents a significant advantage with respect
to the state of the art: it allows to address generic three-dimen-
sional structures with no spatial symmetry, to properly take into
account the impact of quantum confinement on the density of
states through density functional theory, and to treat both bal-
listic and dissipative transport in 1-D subbands. We believe that
the chosen approximations ensure a very good tradeoff between
accuracy and computational resources required.

Further extensions, such as introducing limited intersubband
scattering via a generation-recombination term, or including a
more sophisticated mobility model, or even an energy-balance
model per subband, can be done substantially without modi-
fying the code structure.
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