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Abstract—In this paper, we present a self-consistent and 3-D
quantum simulator for Si-nanowire transistors based on the

Wigner function model and multidimensional Schrodinger-

Poisson algorithm. To achieve a sufficient numerical accuracy
for calculating subthreshold current, we introduced a third-order -

differencing scheme for discretizing the drift term in the Wigner

transport equation. By comparing with semiclassical Boltzmann .

and nonequilibrim Green’s function approaches, the validity of
the present simulator is confirmed. We also demonstrate that the

source—drain tunneling is a critical physical phenomenon related

to a scaling limit of nanowire devices, and the semiclassical simu-
lation measurably underestimates a minimum gate length.

Index Terms—Boltzmann transport equation, gate-all-around -

(GAA) configuration, nonequilibrium Green’s function (NEGF)
method, quantum confinement,

Wigner transport equation.

1. INTRODUCTION

S ILICON-NANOWIRE transistors (SNWTs) are promising k

candidates as extremely downscaled MOSFETs for the
future Si-VLSIs, because device structures with gate-all-around
(GAA) configurations provide better electrostatic gate control
than the conventional planar structures, and a higher current
capability due to an improved electronic bandstructure is ex-
pected {1]|. To understand the device physics of SNWTs and
assess their performance limits, quantum-transport simulator
considering 3-D electrostatic gate control, atomistic effects, and
realistic scattering processes is required. Recently, a number of
computational studies on electrical properties of SNW'Ts have
been reported |2]-{4], but they are based on the semiclassi-
cal Boltzmann transport equation which disregards quantum--
mechanical transport of carriers along the source—drain (S-D)
direction, although the 2-D quantum confinement in its cross
section is considered by solving the 2-D Schridinger equa-
tion. Therefore, such semiclassical computational approaches
are only applicable for decananometer-scaled SNWTs with
channel lengths longer than 10 nm [2]-[4]. However, SNWTs
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Fig. 1.

(a) GAA-SNWT device model and (b) conduction-band valleys of Si.

are expected to be practically used as a high-performance
elemental device in sub-10 nm regime, so precise consideration
of quantum transport of carriers is indispensable [5].

In this paper, we present a 3-D quantum simulator based on a
direct solution of the Wigner transport equation [6], [7], cou-
pled with multidimensional Schrédinger—Poisson algorithm.
The Wigner transport equation is a quantum—mechanical carrier
transport equation that fully considers quantum-mechanical
effects. In particular, we introduced a third-order differencing
scheme (TDS) for discretizing the drift term in the Wigner
transport equation, to achieve a sufficient numerical accuracy
in the subthreshold region. The present quantum simulator can
handle all quantum effects in SNWTs, such as 2-D quantum
confinement and S-D tunneling, where the significance of S-D
tunneling is verified by comparing with a semiclassical Boltz-
mann approach. Furthermore, the subthreshold swings (SSs)
are compared with the results from the nonequilibrium Green’s
function (NEGF) method [8], and its validity and a scaling limit
are discussed.

I[I. COMPUTATIONAL METHOD
A. Model and Theory

The SNWT device model used in this paper is shown in
Fig. 1(a), where GAA structure is employed, and its cross

0018-9383/$25.00 © 2009 IEEE
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Fig. 2. Computational algorithm based on Wigner function model.

section is 3 nm x 3 nm with the gate oxide thickness of 0.5 nm.
The donor concentration in the source and drain regions is
102° cm~3, and the channel region is undoped. The conduction-
band valleys of Si is shown in Fig. 1(b), where the channel
direction is taken as (100) and the confinement directions (010)
and (001) for simplicity. To simulate quantum transport in
such nanowire devices, we have developed a computational
algorithm based on the Wigner transport formalism, as shown
in Fig. 2. In this approach, the 3-D Wigner transport equation
is decoupled into the 1-D Wigner transport equation along
the S-D (x) direction and the 2-D Schrodinger equation in
the transverse (y, z) cross section. Then, Wigner distribution
function is defined for each quantized subband n for the three
pairs of the conduction-band valleys, v = 1—1', 2—2', and
3—3'. This so-called mode-space approximation is considered
to be valid for uniform nanowire devices used in this paper.
The formation of uncoupled quantized subbands is computed
by solving the 2-D Schrodinger equations for each y—z cross
section and each conduction-band valley with the anisotropic
effective masses of conduction band, where the vanishing wave
functions at the Si/SiO. interfaces are assumed. We applied
the Lanczos method based on the modified Gram—-Schmidt
orthogonalization to solve the 2-D Schrédinger equations. Next,
by using the obtained subband profiles EY (x), the 1-D Wigner
transport equation at steady state given in (1) is solved along
the S-D direction

BEOfY 1 [dK rmor o (Of

m}  Ox ot
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where V™%(x, k) is the nonlocal potential term given by

V™ (x, k) = 27d§ sin(k¢) [Eii (X+g> - B <X—§” '

@

This term represents quantum—mechanical effects such as tun-
neling. Note that xy and £ denote the diagonal and cross-
diagonal coordinates between space variables z and z/,
respectively; x = (z + 2')/2, and § = z — z’. Furthermore, it
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is well known that the Wigner transport equation (1) reduces to
the semiclassical Boltzmann transport equation in the limit of
h— 06l [7].

The right-hand side of (1) stands for collisional term. For
phonon scatterings, the collisional term can be represented by
using a scattering integral similar to that in the Boltzmann
transport equation [9], which includes distribution functions
of carriers in different valleys and subbands, and can further
involve quantum features such as collisional broadening. A
discussion on the rigorous inclusion of scattering in the Wigner
approach can also be found in [10]. In this paper, however,
we employed a simplified relaxation-time approximation (RTA)
as a first step to consider scattering effects with moderate
computational resources, as given by [11]-[13]

fN 1l
<5t‘>c~—;[f x k)

i ’k ! en,v /

where 7 and f;” denote the relaxation time and the distribution
functions at equilibrium state, respectively. In this paper, note
that fZ,” was substituted by equilibrium Wigner distribution
functions actually computed at Vp = 0 V, not the analytical
Fermi—Dirac function. We add that (3) ensures charge conser-
vation, while intersubband scattering is not considered. In an
ultrasmall nanowire, the intersubband scattering will not play a
major role, because the minimum energies of the subbands are
well separated by quantization. The value of 7 was calculated
by using the mobility of 500 cm2/(V -s) and the relation
of 7, = miu/e for each conduction-band valley, since the
mobility is a more familiar parameter than the relaxation time.

To analyze the gate control in SNWTs, the 3-D Poisson
equation is self-consistently solved by using the preconditioned
conjugate-gradient method with the incomplete Cholesky
factorization. Since the main purpose of this paper is to demon-
strate the validity of the present Wigner approach, we intro-
duced the effective mass approximation and RTA. However, the
present approach is applicable for atomistic simulation beyond
the effective mass approximation and can include physics-
based scatiering processes [9]. Such extensions are currently
in progress.

B. Discretization Method

As is well known, numerical solutions of the Wigner function
model significantly depend on discretization methods for solv-
ing (1) and (2). Frensley [11] pointed out that discrete Wigner
function is not generally consistent with discrete density oper-
ator, and thus, some of the information contained in the density
operator will be lost in the Wigner function, because the (x, £)
mesh points are only half as dense as the (z, ') mesh points.
A way to incorporate all the (x,z') points might be to use a

-staggered mesh in (X, ) with mesh spacing of A, = (1/2)A,

and A; = 2A,. Mains and Haddad [14] have investigated such
a scheme on the potential term of (2), but it seems to be only
applicable for equilibrium situation due to the requirement for
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central differencing scheme (CDS) to be employed. Therefore,
we adopted in this paper a simpler alternative approach to
provide higher numerical accuracy as proposed by Buot and
Jensen [12], which introduces higher order differencing scheme
for the spatial-derivative term on the left-hand side of (1). We
expect that such a simpler modification will be effective in the
present nano-MOS simulation.

In this paper, we examined three types of differencing
schemes, which are first-order differencing scheme (FDS) [6],

(7], [11]

OX |rps Ay
second-order differencing scheme (SDS) [12]
of | _ F3f0) £4f(x =A) F Flx £24y)
= Q)
9X |sps 24,
and TDS
gji - F2L(XFAX)F3F () £6F(xED)FF(xE24y)
9X | Tps 7AW

(6)

where the upper and lower signs correspond to upwind
(ky < 0) and downwind (k, > 0) schemes, respectively. We
believe that this is the first time to practically apply TDS to
solve the Wigner transport equation (1). It can be readily proven
that TDS corresponds to a hybrid scheme consisting of CDS
and SDS with combination ratio of 2: 1 as follows:

8_f :gf(X+Ax)_f(X—Ax)
Ox|tps 3 24y

LLFBI0 (A F f(£24,)
3 24,

(CDS)

(SDS).

)

Therefore, TDS may possibly be linked to the Mains and
Haddad’s idea mentioned earlier, which is worthy of consid-
eration for further improvement in numerical accuracy and
stability of the Wigner function model.

The conventional boundary conditions for the Wigner trans-
port equation [6] are used in the simulation, i.e., the equilib-
rium Fermi-Dirac functions are imposed for electrons injected
into a device region, while distribution functions for outgoing
electrons are determined by solutions of (1). Such boundary
conditions should be used at contacts sufficiently away from
a quantum region, because electron transport in reservoirs
attached to the device is supposed to be classical.

IIl. RESULTS
A. Higher Order Differencing Schemes

First, Fig. 3 shows the Ip-V; characteristics computed by
applying FDS, SDS, and TDS to the whole device region. First,
for the FDS approach, unexpectedly large subthreshold current
is observed below Vi = 0.2 V. SDS significantly improves
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Fig. 3. Ip-Vg characteristics computed by using FDS, SDS, and TDS for
the spatial-derivative term in the Wigner transport equation. L = 9 nm and
Vp =05V.

such a subthreshold-current behavior, but it occasionally out-
puts negative subthreshold current at small gate biases. TDS
further improves the subthreshold-current behavior and allows
us to estimate the SSs as presented later. On the other hand,
the on-currents at large Vg conditions are almost independent
of the differencing schemes. Therefore, careful treatment of
differencing scheme is needed for a precise simulation in the
subthreshold region. As for computational time, both SDS and
TDS require CPU time about twice as large as FDS. Hereafter,
we will use TDS in the Wigner approach.

B. Multisubband Quantum Transport

Next, we present multisubband quantum transport of
SNWTs. Fig. 4(a) shows the subband profiles and Fig. 4(b) the
electron-density profiles for several quantized subbands along
the S-D direction, where L = 6 nm, Vp = 0.5V, and Vo =
0.25 V. The valleys 1—1’ and 2—2' are completely degenerated
because of the square cross section. These four valleys have the
larger confinement effective mass (m;) in the y- or z-direction,
so their lowest (n = 1) and first higher (n = 2) subbands are
located below the lowest subband of the valleys 3—3' (n/ = 1),
as shown in Fig. 4(a). As a result, most of the electrons are
populated in those four valleys, as shown in Fig. 4(b). This is
favorable from the point of view of drive current, because they
have the smaller transport effective mass of m;.

Next, Fig. 5 shows the variations in the total electron-density
profiles due to gate-bias voltage for the gate lengths of 9
[Fig. 5(a)] and 6 nm [Fig. 5(b)]. Note that each profile is
compared with that from a semiclassical Boltzmann approach
where the 1-D Boltzmann transport equation is solved along
the S-D direction, while the 2-D Schrddinger equations are
solved in the same manner as mentioned in Section II-A. For
Lg =9 nm, a significant difference between the Wigner and
Boltzmann approaches is not observed for all gate biases, as
shown in Fig. 5(a). On the other hand, when the gate length
reduces to 6 nm, the electron densities in the channel are found
to be larger for the Wigner approach, particularly at smaller gate
biases, as shown in Fig. 5(b). This is due to S-D tunneling of
conduction-band electrons discussed later again.

Fig. 6 shows the Wigner and Boltzmann distribution func-
tions computed at Viz = 0.2 V (subthreshold) [Fig. 6(a)] and
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Fig. 4. (a) Subband profiles and (b) electron-density profiles for several
quantized subbands along S-D direction. L =6 nm, Vp =0.5 V, and
Ve =025V,
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Fig. 6. Wigner and Boltzmann distribution functions computed for (a) Vg =
0.2 V (subthreshold) and (b) Vo = 0.4 V (ON-state), for the lowest subband.
L = 6nm and Vp = 0.5 V. Color (gray) scale is different between (a) and
(b) in order to emphasize the tunneling behavior observed in the Wigner result
of (a).

0.4 V (ON-state) [Fig. 6(b)], for the lowest subband. First, at the
subthreshold region, as shown in Fig. 6(a), tunneling electron
waves from source to drain are found in the result of the Wigner
distribution function, and in addition, the dark areas observed in
the source and drain regions denote carrier accumulation due to
quantum repulsion from the spatially varying channel potential.
At the ON-state, as shown in Fig. 6(b), quantum interference
pattern appears in the Wigner distribution function, which
is particularly emphasized in the drain region. On the other
hand, hot-electron relaxation happens in the drain electrode as
found in the Boltzmann distribution function of Fig. 6(b), but
it is not sufficiently thermalized. This suggests that a longer
drain region or realistic phase-randomizing process, instead of
RTA, should be introduced for the ON-state calculation, to be
consistently connected with the classical boundary conditions
described in Section II-B. The asymmetric distribution function
with respect to & = 0 in the source region of Fig. 6(b) represents
that the large drain current is flowing through the device at the
ON-state.

C. Ip—Ve Characteristics

Next, we present current—voltage characteristics of SNWTs
and discuss a scaling limit. Fig. 7 shows the Ip-V; charac-
teristics for Lg =9, 6, and 4.5 nm, computed by using the
Wigner and Boltzmann approaches. In the Wigner approach,
a perceptible increase of the subthreshold current is obtained
for the gate length shorter than 6 nm [15], which is due to
the S-D tunneling as previously described. We note that band-
to-band tunneling is not considered here, because the drain
bias is sufficiently smaller than the effective bandgap energy
of Si nanowire, including quantized energies. On the other
hand, at higher Vi conditions, the two approaches become
closer because thermal injection is a dominant carrier-injection
process at the ON-state. Furthermore, the SSs are calculated,
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and the results are compared with those from the ballistic NEGF
method [8], as shown in Fig. 8, where we also developed the
ballistic NEGF source code in this study. It is found that the
Wigner and ballistic NEGF results coincide closely for a wide
range of gate length shorter than 10 nm. In this paper, to demon-
strate how reasonable the comparison of SS values with the
ballistic NEGF approach, we investigated the effect of carrier
scattering on the Ip-V characteristics for the Wigner and
Boltzmann approaches, as shown in Fig. 9, where the mobility
was varied as 100, 250, and 2500 cm?/(V -s). As a matter
of course, the drain current decreases for the smaller mobility.
However, it should be noted that SS values are barely affected
by the value of the mobility, i.e., carrier scattering. Recently,
the similar results have been reported within RTA based on
the semiclassical Boltzmann approach [2]. Consequently, the
comparison of SS values with the ballistic NEGF approach, as
shown in Fig. 8, is considered to be valid.

Here, it is noteworthy that the Ip—V characteristics of the
Wigner approach becomes closer to those of the semiclassical
Boltzmann approach as the mobility (i.e., relaxation time)
decreases, as shown in Fig. 9. This represents that when the
coherency of electron waves is lost by the carrier scattering,
the semiclassical carrier transport is recaptured in the Wigner
transport equation [13]. This is an interesting and unique feature
of the Wigner transport theory.

Furthermore, from Fig. 8, we can identify an influence of
S-D tunneling on SS values. Indeed, we find that the semiclassi-
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mobility was given by 100, 250, and 2500 cm?/(V - 5). Both of the Wigner
and Boltzmann results are plotted. L = 6 nmand Vp = 0.5 V.

cal Boltzmann simulations without S-D tunneling might predict
about 1-nm-shorter minimum gate length, enabling us to make
electrostatically “well-tempered” GAA-SNWTs with an SS less
than 80 mV/dec [3]. This discrepancy will not be negligible in
practical design of SNWTs with sub-10 nm gate length.

Finally, we describe a subject for future investigation regard-
ing the Wigner function model. As shown in Fig. 7, the present
Wigner approach cannot adequately compute electrical charac-
teristics below certain current level, particularly for the longer
channel devices. This is due to insufficient numerical accuracy
under the conditions leading to higher and wider potential
barriers [14]. For more reliable off-current simulation, we need
to develop more advanced computational techniques, such as
accurate discretization methodology and a proper connection
with the correlated boundary conditions.

IV. CONCLUSION

We presented a 3-D quantum simulator for SNWTs based on
the Wigner function model, which can consider 3-D electro-
static gate control, 2-D quantum confinement, and S-D tunnel-
ing. First, we demonstrated that the higher order differencing
scheme is needed to achieve a sufficient numerical accuracy
in the subthreshold region. The validity of the simulator was
confirmed by comparing with the semiclassical Boltzmann and
NEGF approaches. We also demonstrated that the influence
of S-D tunneling begins to appear notably as the gate length
becomes shorter than 6 nm and also that the semiclassical
Boltzmann simulation without the S-D tunneling measurably
underestimates a minimum gate length. We further pointed
out that some advancement in the computational techniques is
required to apply the Wigner function model to the off-current
analysis.

REFERENCES

[1] N. Neophytou, A. Paul, M. Lundstrom, and G. Klimeck, “Bandstructure
effects in silicon nanowire electron transport,” IEEE Trans. Electron
Devices, vol. 55, no. 6, pp. 1286-1297, Jun. 2008.

[2] S. Scaldaferri, G. Curatola, and G. Iannaccone, “Direct solution of
the Boltzmann transport equation and Poisson-Schrédinger equation for
nanoscale MOSFETSs,” IEEE Trans. Electron Devices, vol. 54, no. 11,
pp. 2901-2909, Nov. 2007.



YAMADA et al.: QUANTUM TRANSPORT SIMULATION OF SNWTs BASED ON THE WIGNER TRANSPORT EQUATION

131

|4

=

{0}

|7

|8

{9

[10]

[l

[12]

[13]

(14

(15}

S. Jin, T.-W. Tang, and M. V. Fischetti, “Simulation of silicon nanowire
transistors using Boltzmann transport equation under relaxation time ap-
proximation,” JEEE Trans. Electron Devices, vol. 55, no. 3, pp. 727-736,
Mar. 2008. :
M. lLenzi, P. Palestri, E. Gnani, S. Reggiani, A. Gnudi, D. Esseni,
I.. Selmi, and G. Baccarani. “Investigation of the transport properties
of silicon nanowires using deterministic and Monte Carlo approaches to
the solution of the Boltzmann transport equation,” IEEE Trans. Electron
Devices, vol. 55, no. 8, pp. 2086-2096, Aug. 2008.

S. Jin, Y. J. Park, and H. S. Min, “A three-dimensional simulation
of quantwmn transport in silicon nanowire transistor in the presence of
electron-phonon interactions,” J. Appl. Phys., vol. 99, no. 12, p. 123719,
Jun. 2006.

W. R. Frensley, “Wigner-function model of a resonant-tunneling semicon-
ductor device,” Phys. Rev. B, Condens. Matter, vol. 36, no. 3, pp. 1570-
1580, Jul. 1987.

H. Tsuchiya, M. Ogawa, and T. Miyoshi, “Simulation of quantum trans-
port in quantum devices with spatially varying effective mass,” /EEE
Trans. Electron Devices, vol. 38, no. 6, pp. 1246-1252, Jun. 1991.

S. Datta, Electronic Transport in Mesoscopic Systems. Cambridge, U.K.:
Cambridge Univ. Press, 1995.

H. Tsuchiya and T. Miyoshi, “Nonequilibrium Green’s function approach
to high-temperature quantum transport in nanostructure devices,” J. Appl.
Phys.. vol. 83, no. 5, pp. 2574-2585, Mar. 1998.

C. Jacoboni and P. Bordone, “The Wigner-function approach to non-
equilibrium electron transport,” Rep. Prog. Phys., vol. 67, no. 7, pp. 1033—
1071, Jul. 2004.

W. R. Frensley, “Boundary conditions for open quantum systems driven
far from equilibrium,” Rev. Mod. Phys., vol. 62, no. 3, pp. 745-791,
Jul. 1990.

F. A. Buot and K. L. Jensen, “Lattice Weyl-Wigner formulation of exact
many-body quantum-transport theory and application to novel solid-state
quantum-based device,” Phys. Rev. B, Condens. Matter, vol. 42, no. 15,
pp. 9429-9457, Nov. 1990.

H. Tsuchiya, M. Ogawa, and T. Miyoshi, “Quantum-mechanical simu-
lation of electron waveguides in linear and nonlinear transport regimes,”
IEEE Trans. Electron Devices, vol. 39, no. 11, pp. 2465-2471, Nov. 1992.
R. K. Mains and G. I. Haddad, “An accurate re-formulation of the Wigner
function method for quantum transport modeling,” J. Comput. Phys.,
vol. 112, no. 1, pp. 149-161, May 1994.

D. Querlioz, J. Saint-Martin, K. Huet, A. Bournel, V. Aubry-Fortuna,
C. Chassat, S. Galdin-Retailleau, and P. Dollfus, “On the ability of the par-
ticle Monte Carlo technique to include quantum effects in nano-MOSFET
simulation,” JEEE Trans. Electron Devices, vol. 54, no. 9, pp. 2232-2242,
Sep. 2007.

Yoshihiro Yamada was born in Kanagawa, Japan,
on June 7, 1983. He received the B.S. and M.S. de-
grees in electrical and electronics engineering from
Kobe University, Kobe, Japan, in 2006 and 2008,
respectively, where he is currently working toward
the Ph.D. degree in the Department of Electrical
and Electronics Engineering, Graduate School of
Engineering.

His research involves quantum-transport modeling
of nanowire devices and first principles simulation of
atomic-scale devices.

Mr. Yamada is a member ol the Japan Society of Applied Physics.

1401

Hideaki Tsuchiya (M’93-SM’'01) was born in
Ehime, Japan, on August 12, 1964. He received the
B.S., M.S., and Ph.D. degrees in clectronic engi-
neering from Kobe University, Kobe. Japan. in 1987,
1989, and 1993, respectively.

In 1993, he was a Research Associate with the De-
partment of Electrical and Electronics Engineering,
Kobe University. He has been engaged in research
of quantum-transport simulation of mesoscopic de-
vices. From 1999 to 2000, he was a Visiting Scientist
at the University of lllinois at Urbana—Champaign,
Urbana. Since 2003, he has been an Associate Professor with the Department of
Electrical and Electronics Engineering. Graduate School of Engineering, Kobe
University. His current rescarch includes the quantum-transport modeling of
nanoscale MOSFETS and the first principles simulation of atomic-scale devices.

Dr. Tsuchiya is a member of the Institute of Electronics, Information and
Communication Engineers of Japan and the Japan Society of Applied Physics.
He was the recipient of the Young Scientist Award in 1998 from the Japan
Society of Applied Physics and the Qutstanding Achievement Award for a
pioneering research on nanoscale device simulator in 2006 from the Institute
of Electronics, Information and Communication Engineers of Japan.

Matsuto Ogawa (S5’82-M'85) received the B.E. de-
gree in electrical engineering and the M.S. and Ph.D.
degrees in electronic engineering from the University
of Tokyo, Tokyo, Japan, in 1980, 1982, and 1985,
respectively.

In 1985, he became a Research Associate with
the Department of Electronic Engineering, Kobe
University, Kobe, Japan, where he is currently a
Full Professor. He has been engaged in research of
lightwave electronics and nanoscaled devices. His
current research includes quantum-transport model-
ing in nanostructures. From 1992 to the end of 1993, he was on leave with IBM
T. J. Watson Research Center, NY, as a Visiting Scientist.

Dr. Ogawa is a member of the Japan Society of Applied Physics and the
Institute of Electronics, Information and Communication Engineers (IEICE) of
Japan. He was the recipient of the Electronics Society Award in 2006 from the
IEICE and the Project Research Award from the Semiconductor Technology
Academic Research Center in 2008.



