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NANOCAD Framework for Simulation of Quantum
Effects in Nanoscale MOSFET Devices
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Abstract—We
NANOCAD, for the modeling and simulation of carrier

introduce our in-house program,
transport in nanoscale MOSFET devices including
quantum-mechanical effects, which implements two
kinds of modeling approaches: the top-down approach
based on the macroscopic quantum correction model
and the bottom-up approach based on the microscopic
non-equilibrium Green’s function formalism. We
briefly review these two approaches and show their
applications to the nanoscale bulk MOSFET device and
silicon nanowire transistor, respectively.

Index Terms—MOSFET, quantum effect, density-
gradient model, non-equilibrium Green’s function
(NEGF) formalism

1. INTRODUCTION

As the MOSFET device shrinks aggressively toward
the sub-10 nm regime, its various characteristic lengths
are now comparable to the thermal de Broglie
wavelength of electrons, and the emerging quantum
mechanical effects strongly affect its electrical and
optical characteristics. Nevertheless, the semi-classical
transport models such as the drift-diffusion (DD) model
[1] and the hydrodynamic (HD) model [2] have been

widely used as the practical workhorse, especially in the

Manuscript received Jan. 13, 2006; revised Mar. 10, 2006.

* School of Electrical Engineering and Computer Science and Nano
Systems Institute-NCRC, Seoul National University, Seoul 151-744,
Korea

** Department of Electronics and Communications Engineering,
Kwangwoon University, Seoul, Korea

*** Department of Electronic Engineering, Gyeongsang National
University, Jinju, Korea

E-mail : sjin@isis.snu.ac.kr

industries, for the device design, characterization, and
development of the compact model (CM). Therefore, the
development strategy to provide the physical and
numerical framework to compromise °‘the physically
accurate’ and ‘verifiable (so useful) in engineering
application’ is critically important in the design, analysis,
and CM in the nanoscale era.

In this paper, we introduce a series of efforts based on
our in-house program, NANOCAD, for modeling the
MOSFET devices
Hierarchically, there may be two approaches: top-down

including the quantum effects.

approach where the macroscopic drift-diffusion type
equation is maintained and quantum correction is added
to account for the quantum effects [3-15] and the bottom-
up approach that starts from the more fundamental
[16,17].
Certainly, there are pros and cons in each approach. The

microscopic quantum transport formalism
bottom-up approach based on the non-equilibrium
Green’s function (NEGF) or the Wigner distribution
function [16-19] gives detailed physics associated with
the wave nature of carriers, whereas it cannot be easily
applied to rather complex multi-dimensional device
Also,

‘engineering models’ that have been well tuned in the

structures. there are discontinuities from the
engineering fields. On the other hand, the top-down
approach is the natural extension of the semi-classical
transport model to include the quantum effects as a
correction term [3-15]. In NANOCAD, we consider both
approaches. For the top-down approach, we implement the
density-gradient (DG) model that extends the DD or
hydrodynamic (HD) model by including an effective
quantum potential in the drift term. For the bottom-up
approach, we implement the non-equilibrium Green’s
function formalism with phonon scattering mechanisms
[20,21]. In Figure 1, the hierarchy of the quantum transport
model in NANOCAD is depicted.
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Fig. 1. Hierarchy of the quantum transport model in NANOCAD.

In Section II, we explain the density-gradient approach
based on the hydrodynamic model, and show the
simulation results of a 25-nm NMOSFET device. In
Section III, we explain the bottom-up approach based on
the NEGF method and show the simulation example
applied to the silicon nanowire MOSFET where the cross
section of the channel is the circle with diameter of 5 nm.
We will conclude this paper by suggesting the future
work in Section I'V.

II. DENSITY-GRADIENT MODEL

1. Basic Models

The density-gradient model can be derived from the
Wigner distribution function defined as [18,19]

f(k,r,t) I dup(r+z r— > tj ik (1)

where

p(r.r) =2 p(rli)i

r') )

is the density matrix and i labels a complete set of states
and p; are real-valued probabilities for the system to be in
the i-th state. From the time evolution of the states, the
equation of motion for the Wigner distribution function
can be written as [18]

of -
a{+v~Vr.f—;(

_1)/ (V,. _Vk )21+1 Vf _ (afj (3)

na4' (20+1)! o),

where V' = -qy denotes the spatially varying potential
energy (y is the electrostatic potential). Macroscopic
quantum hydrodynamic (QHD) equations can be derived
from the moment expansion of (3). The expansion of the
equation involves the integration of powers of moments
(1, k, k%) against f to obtain conservation laws for the
particle, momentum, and energy density. If we assume
the steady-state, the
structure, and that the collision term can be approximated

isotropic and parabolic band

by various relaxation times, the resulting conservation

equations can be written as [7,15]

3
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where m" denotes the effective mass, n is the electron
density, 7, and 7, are the momentum and the energy

relaxation times,

*

F.=nh<kl.>/m (7

i

is the i-th component of the carrier flux,

Ty = h2 <(k,. _<ki>)(k/ _<kj>)> ®)

(k) ©)

is the average energy, w, is the average energy in
equilibrium, and
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is the energy flux density. In the above equation,

0, = 27;31,32 <(kl. (k) (%, —<kj>)2> (11)

is the heat flux. Note that the forms of (4), (5), and (6) are
identical to those of the semi-classical counterparts. To
simplify the above equations, we first neglect the drift
energy in the energy flux and the convection term in the
momentum balance equation. Note that these terms are
also neglected in the conventional HD model. Secondly,
we must approximate O, w-wo, and T; in terms of the
heat flux is

scalar electron temperature 7. The

approximated by the Fourier law as
3 oT
20y =K, (12)

where « is the thermal conductivity. We can also assume
that

(13)

w—w,

3
zEkB (T_To)s

where T is the lattice temperature. To approximate T,
we apply the temperature tensor expression and the
relation between n and V valid at the thermal equilibrium
as [15]

K2 oV

=TS o(n*),
@ ”+12m*k;T O, 0x +o() o

=—k,T'In(n/C)+0(1*), (15)

and
oV Olnn
=k, T +O(n?
Ox. ox; ( ) (16)

1 1

to obtain final expressions up to #*> order. It is noted that

4 . .
FiTyx = FTS 3 +0(h ) since F; does not contain the

zeroth order terms with respect to n by (15) and (16).
The resulting equations for the carrier flux, energy

balance, and energy flux can be written as

nJ (17)

FzynV(l//ﬂ//q)—,uV(kBT
q

V-S—qu//-F+n§kBT_T°=O, (18)
2 T,
and
5
S =—KVT + kyTF, (19)

where y = qrp/m* is the mobility and

2
” o VAl
’ Jn

(20)

is the effective quantum potential and s=r2/(124m") is the

Note that the quantum
correction only appears in the drift term of the carrier

linear gradient coefficient.

flux. The thermal conductivity can be written as

2
K=(5+c]kBTyn (21)
2 q

using the Wiedemann-Frantz law.
We solve (4), (18), and (20) self-consistently with the
Poisson equation

~V-(eVy)—q(p-n+Ny-N,;)=0, (22

where ¢ is the electric permittivity, p is the hole density,
and Np' and N, are the ionized donor and acceptor
densities. Note that our hydrodynamic density-gradient
(HDG) model exactly reduces to the conventional HD
model in the classical limit (,—0) and the DG model in
thermal equilibrium (7—Tj).
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2. Simulation Results

We simulate a bulk NMOSFET whose effective
channel length is 25 nm and physical oxide thickness is
1.5 nm [22]. The gate material is uniformly doped
(5x10”° e¢cm™) n" polysilicon and the channel doping
profile is based on the super-halo to prevent the short-
channel effect [23].
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Fig. 2. Comparison of the CG-VG characteristics between the
DD model tox=15 A and tox=18.2 A and the DG model (the
penetrating boundary condition and the insulating boundary
condition).

We first study the influence of the quantum effect on
shows the Cg-Vg
characteristics of the device. The quantum effect reduces

the gate capacitance. Figure 2
the gate capacitance by 20% and increases the effective
oxide thickness by 3.2 A. The interface boundary
condition also changes the gate capacitance. The pene-
trating boundary condition increases the gate capacitance
slightly compared with the insulating boundary condition.
To see the influence of the interface boundary condition,
we plot the electron density in the inversion layer in
Figure 3. As a reference, we calculate the electron density
using the self-consistent Schrodinger equation solver.
The electron density calculated from the penetrating
boundary condition follows the Schrodinger equation
solver very well, while the insulating boundary condition
shifts the electron density away from the interface by
about 1 A. Figure 4 shows the electrostatic, quantum, and
effective potentials along the 1D cut line through the
center of the channel. The quantum potential smoothes
the potential variation near the Si/SiO, interface, which
prevents the electron density from varying disconti-
nuously at the interface.
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Fig. 3. Comparison of the electron density in the inversion layer
between the Schrodinger equation solver, the HDG model with
new boundary condition, and the HDG model with old
boundary condition.
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Fig. 4. Comparison of the electrostatic, quantum, and effective
potentials along the 1D cut line through the center of the
channel.

3 ! !

10 B
- ’o(;)ogo&)o 500000000
= 107" P e, .....:m“
1 = Loo®
: 75 ! o
§ 10 /7 OOo ....
-6 ] OO ..

10
e p .
: 0
¢ 107 P4

© L]

5 e S

10 , g
O /OO/,.° ---HD (V,=1.2V)
g lo"‘l . 5 ..
~ ,(;O/.. S DV 25 0V
© 01 S o HDG (V =1.2V)
9 10 / u
[ ..' . HDG (V_=50mV)

10-11 /

0.0 0.2 0.4 0.6 0.8 1.0 1

Gate Voltage (V)

Fig. 5. Comparison of the ID-VG characteristics of the MOSFET
between the HD and HDG models when VD is 50 mV and 1.2 V.
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In Figure 5, we compare the Ip-Vg characteristics
between the HD and HDG models. As we include the
quantum effect, the subthreshold slope (SS) and drain-
induced barrier lowering (DIBL) are increased from 93
mV/dec to 108 mV/dec and from 99 mV/V to 145 mV/V,
respectively. Since the quantum confinement effect
increases the effective oxide thickness, the gate electrode
cannot control the channel charge effectively, which
results in the degradation of the SS and DIBL.

Figure 6 shows the Ip-Vp characteristics calculated from
the DG and HDG models. The HDG model predicts
higher on-current up to 26%, which can be explained by
the non-local transport effect.
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Fig. 6. Comparison of the ID-VD characteristics between the DG
and HDG models when VG is 0.8, 1.0, and 1.2V.

III. NEGF ForMALISM WITH PHONON
SCATTERING

1. Basic Models

In the NEGF formalism, the governing equations for
the retarded (G, lesser (G7), and greater (G*) Green
functions are as follows: [24]-[29]

[E—H(rl)]G’(rl,rz;E)
23
—jer’(rl,r;E)G’(r,r2;E)=§(rl—rz), @)

G (r,r;E) =Jdrdr'G’ (r.r;E) (24)
X2 (r,r E)G” (1, rE),

where H is the one-electron Hamiltonian and X', ¥, and
Y° are the retarded, greater, and lesser self-energy
functions. For the intravalley and intervalley phonon
scattering mechanisms, we can obtain spatially local self-
energy functions from the deformation potential theory
and the self-consistent Born approximation [20,21]. In
this case, the quantum kinetic equations in the steady-
state condition are simplified to [20, 21]

ih .
E-H(r)+——— |G (r,riE
l: (r)+27(r;E)}G (r,r, ) 5)
=§(r—r'),
G’ ',E 2
n(r;E)=§ dr'i‘ (rr )‘, (26)
T z’p(r';E)
2
G" |.E
p(r:E)=2L dr'i‘ (rr£) @7

>

V3 7,(rE)

where n(r;E) and p(r;E) are the energy spectrum of the
electron and hole densities and T, 1,, and 7, are the time
constants related to the phonon scattering mechanism
[20], [21]. Derivation and discussion of (23)-(27) and the
implementation details can be found in [20,21].

2. Simulation Results

We simulate cylindrical nanowire transistors as shown
in Figure 7 with the channel lengths varying from 7 to 45
nm. In the simulation, we fix the lattice temperature to 300
K and consider five subbands per each valley, which gives
15 subbands in total. The bulk scattering parameters
reported in [29] are used for the six kinds of intervalley
whereas the scalar

phonon scattering mechanisms,

deformation potential constant = for the intravalley
phonon scattering mechanism is calibrated to 14.6 eV to
reproduce the phonon-limited low field mobility in the
MOS inversion layer [30]. The calculated low field
mobility y, in the channel of the nanowire from the NEGF
formalism decreases from 670 to 614 cm”V™'s™ as the gate
voltage Vg ramps up from —0.4 to 0.3 V, and we assume
that py and the saturation velocity in the DD model are

equal to 614 cm*V™'s™ and 1.07x10” cm/s, respectively.
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Fig. 7. Structure of the nanowire transistor (t;=5 nm, t,,=0.8 nm,
Ls=15 nm, Lp=15 nm, and Ls=7 ~ 45 nm). Transport occurs
along the z-direction and the spatial coordinate and the k-space
coordinate are aligned. Ellipsoidal and parabolic energy band
with three pairs of valley is considered.
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Fig. 8. Comparison of the Ip-V characteristics of the nanowire
transistor with Lg=7 nm obtained from the NEGF formalism
with and without the phonon scattering mechanisms and from
the semi-classical DD model.

In Figure 8, we first compare Ip-V characteristics of the
nanowire transistor with L;=7 nm obtained from the DD
model and the NEGF formalism with and without the
electron-phonon interactions. Regardless of the phonon
scattering, the NEGF formalism predicts larger subthreshold
leakage current compared with the DD model due to the
tunneling current from the source to drain, which is
excluded in the DD model. The subthreshold currents
obtained from the three different methods become very
similar when Ls>10 nm because the tunneling probability
decreases exponentially as the thickness of the barrier
(channel length) increases. To compare the drain current
in the above-threshold region, we compare on-currents

(Ip when V=0.3 V and Vp=0.5 V) obtained from the
three different models as well as their ratio (comparative
magnitudes) as a function of the channel length in Figure
9. When the channel length is 7 nm, the on-current
obtained from NEGF method with the phonon scattering
is about 75 % of its ballistic limit, whereas the DD model
predicts about 57 % of the NEGF method with the phonon
scattering. Therefore, the electronic transport in the
nanowire transistor with Ls=7 nm is close to its ballistic
limit. As the channel length increases, however, the on-
current obtained from the NEGF formalism in the presence
of the phonon scattering gets closer to that from the DD
model, whereas the overestimation of the drain current
from the NEGF method in the ballistic limit gets larger. In
Figure 10, we plot the average electron velocity and the
electron density along the z-direction for Ls=45 nm.
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Fig. 9. Comparison of the on-currents (Ip when V=0.3 V and
Vp=0.5 V) and their ratio as a function of the gate length
calculated from the NEGF formalism with and without the
phonon scattering mechanisms (Iicagering and Ipaniisic) and from
the DD model (Ipp).

In the ballistic limit, the electron velocity and density do
not change much from the entrance of the channel to the
pinch-off region, whereas the electron velocity gradually
increases and the electron density gradually decreases in
the channel when the phonon scattering is present. In the
DD model, the electron velocity is smallest and the
electron density is largest in the channel. We also plot the
energy spectrum of the electron density along the z-
direction when Ls=7 and 45 nm in Figure 11. When Ls=7
nm, the electrons injected from the source to channel do
not have enough time to interact with phonons before
they exit the channel. Therefore, the average energy loss
of electrons in the channel is not significant and the
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electron transport can be regarded as quasi-ballistic.
When Ls;=45 nm, the electrons have more chance to
interact with phonons, and the average energy loss of
electrons in the channel is larger than that in the shorter
channel device. Also, we can observe that the electric
field in the channel before the pinch off region is
relatively small, which suggests that the electron
transport in this region can be treated macroscopically.
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Fig. 10. Comparison of the average electron velocity and the
electron density of the nanowire transistor with Lg=45 nm
along the z-direction calculated from the NEGF formalism with
and without the phonon scattering mechanisms and from the
DD model.
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Fig. 11. Energy spectrum of the 1D electron density [in (10% eV~
'm™)] along the z-direction when the channel length is (a) 7 nm
and (b) 45 nm obtained from the NEGF formalism with the
phonon scattering mechanisms. The minimum subband energy
level and the average energy of the electron flux are also plotted.

IV. CONCLUSIONS

We have explained the two approaches taken in
NANOCAD to include the quantum effects in the
semiconductor device simulations. First, we introduced
the top-down approach, i.e. the extension of the classical
drift-diffusion equation by the introduction of quantum
correction terms. Secondly, the bottom-up approach
based on the NEGF method was introduced. There, we
have introduced our efforts to include the phonon
scattering in the NEGF formalism.
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