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namic (QHD) model. We newly drive a four-moments QET model similar with a classical
ET model. Space discretization is performed by a new set of unknown variables. Numerical
stability and convergence are obtained by developing numerical schemes and an iterative
solution method with a relaxation method. Numerical simulations of electron transport in
Simulation a scaled MOSFET device are discussed. The QET model allows simulations of quantum con-
Numerical method finement transport, and nonlocal and hot-carrier effects in scaled MOSFETs.
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1. Introduction

The semiconductor devices are scaled down into the nanoscale regime to achieve high circuit performance in the future
integrated system. The performance of nanoscale semiconductor devices primarily relies on carrier transport properties in
the short channels. Quantum energy transport (QET) models have been developed to understand such physical phenomena
in scaled semiconductor devices. A full QET model has been derived from the collisional Wigner-Boltzmann equations using
the entropy minimization principle [1]. Numerical simulations using this model, however, have not been performed [2]. Sim-
plified QET models have been proposed as the energy transport extension of the quantum drift diffusion (QDD) model with
Fourier law closure and numerically investigated [3,4]. In Ref. [4], the carrier temperature in the current density is further
approximated by the lattice temperature to bring the model into a self-adjoint form.

In this paper, we develop numerical methods for a QET model derived from a quantum hydrodynamic (QHD) model. To
overcome the difficulties associated with the Fourier law closure, we newly derive a four-moments QET model similar with a
classical energy transport (ET) model [5]. The numerical stability is achieved by developing numerical schemes and an iter-
ative solution method in terms of a new set of variables. Numerical results in a scaled MOSFET are demonstrated.

The paper is organized as follows: In Section 2, a four-moments QET model is derived from the QHD model. In Section 3,
we present nonlinear discretization schemes and an iterative solution method to solve the QET system. In Section 4, numer-
ical simulations of electron transport in a scaled MOSFET are discussed. Some conclusions are addressed in Section 5.

2. 4 Moments quantum energy transport model

The QET models are obtained by using a diffusion scaling in the quantum hydrodynamic equations, similar as in the clas-
sical hydrodynamic model [5]. The QHD model has been derived from the collisional Wigner-Boltzmann equations, assuming
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Fourier law closure [6]. For classical hydrodynamic simulations, the closure relation based on the four-moments of the Boltz-
mann equation has been discussed [7-9], and the four-moments ET models are developed for simulations of thin body MOS-
FETs [5,10]. In this work, we derive a four-moments QET model from four moments equations derived from the collisional
Wigner-Boltzmann equation.

For simplicity, we consider only the case of electrons. The four moment equations have the same form as the classical
hydrodynamic equations [7],

om+V - (nv) = nC,, (
0:(np) + V - (nU) — nFg = nC,, (
or(nw) + V - (nS) — nv - Fy = nCq, 3
V- (nR) — n(wl + U) - Fg = nCpe, (
where n, p, and w are the electron density, momentum, and kinetic energy, respectively. v, U, S and R are the velocity, second
moment tensor, energy flow, and fourth moment tensor, respectively. I is the identity tensor. Fr = —qE, where E is the electric
field. C,, Cp, C., and C, are the electron generation rate, the production of crystal momentum, the energy production, and the

production of the energy flux, respectively. (1), (2), (3), and (4) represent conservation of particles, momentum, energy, and
energy flux, respectively. By assuming parabolic bands, we give the following closure relations for p and U as

p=mv, ()

P
UU:mvivj—#, (6)

where m is an effective mass. The quantum correction to the stress tensor P; was proposed by Ancona and lafrate [11], and
the quantum correction to the energy density W = nw was first derived by Wigner [12], which are given by

2 2

h 0 4
= —nkT,d; + Tom " axox % logn + O(h™), (7)
W = Lmno? +§nkT - L lo n+ 0(h"), (8)
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where T, and h are the electron temperature and Plank’s constant, respectively.
For the collision terms, we employ a macroscopic relaxation time approximation to drive a QET model as follows:

Ci=0, ©)
G =1, (10)
p
_ w-w
C(* _L_F ’ (11)

where 7, and 7. are the momentum and energy relaxation times, respectively. Substituting (5)-(7) into (1) and (2), we obtain
moment equations for conservation of electron number and momentum

on 0
ot o ) =0 (12)
o d o9 oV mny;
at(mny')+<’9)<j(mnyiijrknT"_IZrnnax,-aleOgn> —na—xi— 5 (13)
We further get the following relation:
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With the relation (14), the quantum correction term in (13) is written as
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is the quantum potential. Then, the conservation of momentum is given by

0 0 E)V mnuv;
3 (mnv,)+8—xj(mnvivj+knTH) L

E) o E~)x1 T

(17)
We can define the current density and the electric charge as J; = —qnuv; and q is the positive electric charge. Using a diffusion

scaling in (17), we obtain

B d d oV
T )i = kit o (nTy) + qng, ax; In = Ml oy ~Jis (18)

where p, = +% is the electron mobility. The potential energy is given by

V=—-qo. (19)

From (12), (18) and (19), we obtain the current continuity equation as follows:

%div]n -0, (20)
kT
o= (¥ (n°0) <1900 +7,)). @1)
The energy balance equation is derived from (3) and (4) [7]. The collision term in (2) is rewritten as
qu
Cp=——. 22
S (22)
In analogy to (22), the collision term in (4) is modeled as
qS
Cpe = ——, 23
e (23)
where fi is the energy flow mobility. Neglecting the time derivative term in (2), we get
nFg = V- (nU) + n‘i—v‘ (24)
n

Substituting (24) into (4), the expression of energy flux S is given as

s=wiru). v+%((wI+U)-V-(nU)fv-(nR)). (25)

n

Assuming a heated Maxwellian distribution, the fourth moment tensor R is specified by the classical form as
5
= jkZTﬁI. (26)
Using closure (26), an expression for the energy flux density S, = nS is obtained as

Sh= &(WI +nl)-v+ Hs ((wI +U)-V-(nU)-V- (g nszﬁ1>>. (27)
n

The second term of (27) is the diffusive contributions to the energy flux density which includes the classical form of R. In this

work, we develop a QET model, neglecting quantum corrections in the diffusive contributions to the energy flux density.

Substituting (6)-(8) into (27), the quantum corrections to the energy density W and stress tensor Pj are included in the drift

contributions to the energy flux density S, and neglected in the diffusive contributions. As a result, we obtain a quantum

corrected expression for the energy flux density as

M (SK W 2 ,f§ "
Sn = (2 q 24qulogn 12mgq 8x,-8x, ) U, 2 qHanTwV T (28)

From (3), we get

Tn_TL

€

V-5 = fjn-quf%kn (29)

Assuming that the velocity v is slowly varying in the device region, the following term in (29) is approximated as
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Then, we obtain a four-moments QET model as follows:

€Ap =q(n—p-C), (31)
ldiv]n =0, (32)
q
kT,
Jo=an, (v (n T) nV(g+ m), (33)
kT, n
ba¥ - (P Vi) == " Pyt = f%(w — ), (34)
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where v, = M and u, = % Un. @, @,, and p are the electrostatic potential, chemical potential, and hole density, respec-
tively. p, is the the root-density of electrons. €, q, and k are the permittivity of semiconductor, electronic charge, and Boltz-
mann’s constant. C and T; are the ionized impurity density and the lattice temperature, respectively. The value of effective
mass is given by a single parameter m = 0.26m, in the silicon devices, where my is the mass of a stationary electron. The
quantum parameter for electrons becomes

hz
"= Tagm’ 37)
For a temperature dependent mobility model, we apply the simplified Hinsch’s mobility model [5],
u(Ty) 3 pok -
BEW _ (42 H 7, 1)) 38
o 2 T-T) (38)

where p, and v are the low-field mobility and saturation velocity, respectively.
From (16), the quantum potential equation is derived as

Zb"vzpn = VnPn = 0. (39)

In our model, (39) is replaced by (34) with respect to the variable u, by employing an exponential transformation of variable
P, =vn= mexp(kin vn) [13]. If the variable u, is uniformly bounded, the electron density is maintained to be positive. As
mentioned below, this approach provides a numerical advantage for developing the iterative solution method of the QET
model as well as the QDD model [13].

The system (31)-(36) are solved in the bounded domain Q. The boundary 9Q of the domain Q splits into two disjoint part
I'p and T'y. The contacts of semiconductor devices are modeled by the boundary conditions on I'p, which fulfill charge neu-
trality and thermal equilibrium. We further assume that no quantum effects occur at the contacts. Here, the boundary con-
ditions are given as follows:

(p = qu + (papph n= nD7 Up = UD, Tn = TL on FD7 (40)
Vo-v=V],-v=Vu, -v=VS,-v=0on Iy, (41)

where @, is a built-in potential and ¢, is an applied bias voltage. up = ¢f- £ on the contacts and u, = g, where g is a small
positive constant at the silicon dioxide interface.

3. Discretization and iterative solution method
3.1. Discretization

Space discretization of the four-moments QET model is performed by a new set of unknown variables (¢, u,,n, T,). For the
current density, we have

In=ap, (V (n I‘Z") - % (n’%ﬁ(w + Vn)) (42)

As pointed out in discretization of classical hydrodynamic models [17,18], the total energy flow H = S, + ¢J,,, which consists
of both the thermal energy flow S, and the electrical flow ¢J,, is used to solve the energy balance equation. The total energy
flow can be rewritten as
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Substituting (33) into (44), for the energy flow, we have
~ 5 1 <I<T kT, KT, kT, I<Tn>
Sp=—-52 Vn— ——nV(p +7y,) + —nV—
2 4, au, q q (@ +7n) q q
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——iqus<w(7) &My (<p+yn>> (45)

When the variable ¢ is defined as ¢ = n*I» — nz in the current density J, and ¢ = n(’% > = niy? in the energy flow S,,J, and S,
can be written in the same form, similar as in the classical ET models [10,14],

V=9 (Ve g evio ) ) (46)
where F is the flux. The constant C is defined as C = qu, in J, and C = —3qu, in Sy. By projecting (46) onto a grid line and
using the variable g = fxx @V (® +7,), a one-dimensional self-adjoint form is obtained as

d d d

— F=—— — (e8¢

T F = (G (e759)). (47)

For space discretization, the simulation region is divided into computational cells Q; centered at (;,y;). In a staggered
Cartesian grid, each computational cell is rectangular, and the variables ¢, u,,n, T, are defined at cell centers and the flux
is defined at cell interfaces. For space discretization of (47), we construct high-accuracy nonlinear schemes, applying the fi-
nite-volume method to construct multidimensional schemes. For the flux F = Ce®V (e 8¢), we integrate (47) over the com-
putational cells Q;. Using Green’s theorem, we obtain a discrete form as

|V Fx=g (Fuy = Fiy) + ai(Fry = Fiy). (48)
i
where a; and g; are the cell sizes of the computational cell Q;. In order to find F;,, at cell interfaces, integrating the flux F over
the interval [x;, X;,1], an approximation FH% yields

= M (49)
: fegdx

where y = e 8¢, A similar expression is obtained for F,,_,Fﬁl and F; =P The accuracy of the numerical flux depends on the

explicit integration fx“‘ e~8dx in (49). In order to construct a hlgher accuracy nonlinear scheme, an explicit integration

fx’“ e~2dx is obtained by the piecewise linear approximation of ¢ and T, on the interval [x;,x;,1] [15,16]. Then we have

Fuoy = oo (B ) S22 B, 22, (50)
20k, i1 ij
where B(-) is the Bernoulli function. h,, is defined as h,; = (a},; + a¥)/2. The variables 0} ;,A},; are calculated as follows:
0:., = log [ 1t 1
i+1 — Og ;,’ /(7]1+1,) ni_j)7 (5 )
ij
A= QTH((‘PM.; - @) + (Vnim - Vn,J) = (Miz1j — Mij)- (52)

Such schemes to J,, and S, result in a consistent generalization of the Scharfetter-Gummel type schemes to the QET equa-
tions. The energy balance equation is further discretized using (49). To conserve the total energy flow H = S, + ¢J,, (43), dis-
cretization of the carrier heating term is another key issue [17,18]. Integrating (35) over the computational cell yields

/ V- Sadx
Q;

_ [ _ K bn (3, T.-T
7/9 In - <q0+u (yn+ Alogn))dx /Q"an < dx. (53)

ij )

Here, quantum corrections are included in the carrier heating term. From Gauss’s theorem, the first term on the right hand
side of (53) can be calculated as
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' luS " E — — . & ) b_n .
/Q“_]H.V<(p+u—n<))n+2A10gn)>dx7 /)QU<H<¢+M"</“+2A10gn>>> vdx. (54)

ij

Assuming the Boltzmann statics, the electron density is expressed as

n = n;exp <£WP+I<7M> = n;exp(2uy), (55)

where n; is the intrinsic density. Then, the discretization for Alogn = 2Au, in (54) is obtained by a standard five-point
approximation:

1 1 1 R, +h K. +h
AUt = — i Uiy A Ui+ — Uig — ( s Sy HL T (56)
vy Hij+1 yy Hij-1 X Uitlj x Hi-1j Vi Ry X px |9
aihy. ajhy aihi, agh; ahi by ahi by

The discrete form of the carrier heating term in (53) yields
/ .- V(o+E @, £ bty dx~ —a (], (@0 + 2 (9. +buAtut
o n :un n n n i nj+% Jt+3 'un ”j+% n n

. (q),»,l LA (/ o bnA”u’;))) s (Jn_ 1 (m s (vn o bnA"uﬁ)) e (q)i,l A (v,,. o bnA“uz))), (57)
i1 T, 1 il 2 n i+] il T, ig

Space discretization of (34) is performed following our previous works [13,19] to achieve a Scharfetter-Gummel type
scheme, i.e.,

) a @
J Un j Un, ; _ _ Un . _
h)-‘+1 bue nHJB(“".-Au - u”ij)(uni+1.j - u"u) - ane nJB(u"u uni—l.j)(uni.j unx—lj) * h{:] bne™ 1B(u"i1+1 u”u)(unim
i 1 J
Y
= Up,) — hinbneu"ijB(umj = Un; ) (Uny; — Uny ) — Myl Ay
J
1

where Aj = fﬂu pndx, which is approximated as
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3.2. Iterative solution method

We develop an iterative solution method of the QET model by constructing a Gummel map [20] with a new set of un-
known variables (¢, u,,n, T,) as follows:

(P1) Let ™, n™, p™, T are given, solve the nonlinear Poisson equation with respect to the electrostatic potential ¢™*1,
where m is the number of iteration. Eq. (31) is linearized using a Newton method. Then the linearized equation becomes

2 m 2 m
m+1_q_ n_ B m+1: m _ aam _q_ n_ B m
EAQ X (T;” + Tp) ® qn™ —p" -C) A <T;” + Tp> Q" (60)
(P2) Let ™1, S™ @m T, are given, solve the potential um+!.
m
baV - (P Vu ) — " pu =~ (o1 — ). (61)
Then, using u™! the quantum potential is further calculated as
=20+ - ™ (62)
(P3) Let @™m+1, ym+1 T are given, solve the electron density n™!.
%divjn =0, (63)
Jo = ap,esV (e sn™ g™, (64)

We set the generalized chemical potential by

nml

N
P = —n"log——+ " 4 (65)
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(P4) Let @m+1 ym+1 pmel T™ are given, solve the electron temperature T,

- m+17m+1
AV Sn + iki
2 e
m+1
=y v<<pm“ + s et 4 bnAu;““)) iy (66)
My 2

€

An iterative solution method, which consists of the inner and outer iteration loops, is developed, as shown in Fig. 1. The algo-
rithm using the variable u, in (34) ensures the positivity of the root-density of electrons without introducing damping
parameters [13]. In fact, it is a critical issue to solve for the root-density p, the quantum potential equation

~2byV2 Py + 74 = 0. (67)

In this case, the iterative solution method requires an additional iteration loop to maintain positive solutions for the root-
density of electrons in the inner iteration loop as pointed out in Ref. [21]. Hence, in the inner iteration loop, (67) is replaced
by (34). Therefore, we can enhance the robustness of the iterative solution method by introducing an under relaxation meth-
od with a parameter o, 0 < o < 1, in the outer iteration loop:

T = T g (T™ - T™), (68)
The convergence behavior of electron temperature is shown in Fig.2 as a function of the relaxation parameter. It is clear that

the numerical stability is obtained by the relaxation method.

4. Numerical results

The numerical results are obtained for a 35 nm MOSFET having thin gate oxide thickness of 1.5 nm, uniform substrate
concentration of 2.0 x 10'® cm~3, and n-type doping concentration of 1.0 x 10*° cm~3. The energy relaxation time 7. of
0.1 x 107" ps and a ratio u,/u, of 0.8 are chosen. The MOSFET structure is shown in Fig. 3. The QET model includes a

Solve Poisson equation, continuity Inner loop
equations, and quantum potential

OQuter loop equations at fixed temperature.

Convergence no

Criterion 1

yes

Solve energy balance equations.

m+l _

T™l=1% g (7T -7™),

no Convergence

Criterion 2

Bias up

Fig. 1. An iterative solution method with a relaxation algorithm.
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Fig. 2. Relative error of electron temperature vs. number of iterations at different relaxation parameters.

two-dimensional calculation of the electrostatic potential in the region with boundary A-G-L-F, and a two-dimensional cal-
culation of the variables n, u,, and T, in the silicon region with boundary A-B-E-F. The mixed boundary conditions for the QET
system are assigned as follows:

For the electrostatic potential ¢

(p = qoappl + (plﬂ (69)

at source and drain regions, and back gate, where ¢, is the applied bias voltage, and ¢, is the built-in potential, respec-
tively. The gate region is also treated as a Dirichlet boundary condition with an approximated work function of the material.
At the sides A-B, H-1, ]-K, E-F, we have the homogeneous Neumann condition

ap
e 0. (70)

For the variables n, u,, and T,, we have the constant Dirichlet conditions

(C+1/C* +4n?)/2 at sides B—C and D—E,
2n?/(—C 4 4/C* + 4n?) at the back gate,

T, =T, at sides B—C, D—E, and A—F,
_ {(q(pb)/(Zan) at sides B—C, D—E, and A—F,
"7 | up at the silicon-oxide interface C—D,

n=

(71)

| .5nm thickness

w7 ;j/j// 7 /;////// ]
IOnmI N-type ’_‘)511“1 —
Substrate concentration 2 x [ (¥ cm™3
A P-type B

Fig. 3. Two-dimensional cross section of a 35 nm MOSFET.
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where u, is the small positive constant. At the sides A-B and E-F, the homogeneous Neumann conditions read:

on_ OT, ou,

T T 72)
at the side C-D,

on_oT, _

v (73)

In Fig. 4 and Fig. 5, we compare the electron density distributions calculated by QDD, QET and classical ET models. The
device was biased with V; = 0.8 V and V= 0.8 V. The simulated density distributions are plotted at different positions of the
channel. Fig. 4 shows the electron density distributions perpendicular to the interface at the source end of the channel. The
electron density distributions calculated from the QET and QDD models are almost identical in the inversion layers. Carrier
heating due to the short channel effects results in the spread of electrons towards the bulk in simulations using the QET and
ET models. As a result, the profiles between two models are almost identical at the bulk. The electron density distributions

1e+020 “ T T T
& 164018
1e+016

1e+014

ELECTRON DENSITY(cm

1e+012

16+010 L L -
0 0.005 0.01 0.015 0.02

DEAPTH(um)

Fig. 4. Electron density distributions perpendicular to the interface at the source end of the channel for a 35 nm MOSFET.

1e+020 T T T
o~ 1e+018f

1e+016

1e+014

ELECTRON DENSITY(cm

1e+012 -

1e+010 : ' :
0 0.005 0.01 0.015 0.02

DEAPTH(um)

Fig. 5. Electron density distributions perpendicular to the interface at the drain end of the channel for a 35 nm MOSFET.
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Fig. 6. Lateral profiles of electron temperature distributions calculated by ET (solid line), QET, and QCET models at the same drain bias of V; = 0.8 V and the
same gate bias of Vy=1.2V.

1400 : Y Y ‘ Y |
/ ET vg=1.2V ——
QET vg=1.6V ==rsremen |
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200
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Fig. 7. Lateral profiles of electron temperature distributions calculated by ET (solid line) and QET (dotted line) models at the same drain bias of V; = 0.8 V. ET
model at Vg =1.2'V, QET model at V,=1.6 V.

perpendicular to the interface at the drain end of the channel are shown in Fig. 5. The results clearly indicate that the quan-
tum confinement effect is reduced by the enhanced diffusion towards the bulk due to the high electron temperature near the
drain. The QET model allows simulations of quantum confinement transport with hot-carrier effects in MOSFETSs.

Fig. 6 shows lateral profiles of electron temperature calculated by the QET, QCET, and ET models at the same gate voltage
of 1.2 V. In Fig. 7, we compare the results calculated by the ET model at V= 1.2 V and the QET model at V, = 1.6 V. The sim-
ulations are done at the same drain voltage of 0.8 V. The quantum corrected ET (QCET) model is a simplified QET model based
on [4] with a temperature dependent mobility model (38). In the QCET model, the quantum correction to the energy density
is neglected, and the carrier temperature in the current density is approximated by the lattice temperature [4]. As shown in
Fig. 6, the QET model exhibits a sharper distribution of electron temperature at the lateral direction, when compared to that
calculated by the classical ET model. The electron temperature calculated by the QCET model is further increased. This dif-
ference is caused by the threshold voltage shift due to the quantum confinement transport in the channel. Therefore, as
shown in Fig. 7, the shape of electron temperature distributions calculated by the QET model at V;=1.6 V is close to that
obtained by the ET model at V;=1.2V. In Fig. 8, we present the x-component of the current densities calculated by the
QET and ET models. The results verify that the magnitude of the current density calculated by the QET model at
Vg =1.6 V corresponds to that calculated by the ET model at Vg=1.2 V.
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Fig. 8. x-Component of current densities perpendicular to the interface for a 35 nm MOSFET. ET model at V; = 1.2V, QET model at Vo =12V and V;=1.6 V.

5. Conclusion

A four-moments QET model has been derived by using a diffusion scaling in the quantum hydrodynamic model. Space
discretization of the four-moments QET model has been performed by a new set of unknown variables. Numerical schemes
result in a consistent generalization of the Scharfetter-Gummel type scheme to the QET equations. We can enhance the
robustness of the iterative solution method by introducing a relaxation method. The QET model allows simulations of quan-
tum confinement transport with hot-carrier effects in scaled MOSFETs. The simulation results reveal the difference of elec-
tron temperature distributions between the QET and ET models due to the quantum confinement effects.

Acknowledgement
The authors thank Dr. Shimada for numerical simulations.

References

[1] P. Degond, F. Méhats, C. Ringhofer, Quantum energy transport and drift diffusion models, J. Stat. Phys. 118 (2005) 625-667.
[2] G. Allaire, A. Arnold, P. Degond, T.Y. Hou, Quantum Transport, Springer, 2008. pp. 144-152.
[3] S. Jin, Y.-J. Park, H.-S. Min, Simulation of quantum effects in the nano-scale simiconductor device, ]J. Semi. Tech. Sci. 4 (2004) 32-38.
[4] R.-C. Chen, J.-L. Liu, An accelerated monotone iterative method for the quantum-corrected energy transport model, J. Comp. Phys. 204 (2005) 131-156.
[5] T. Grasser, T.-W. Tang, H. Kosina, S. Selberherr, A review of hydrodynamic and energy-transport models for semiconductor device simulation, IEEE Proc.
91 (2003) 251-274.
[6] C.L. Gardner, The quantum hydrodynamic model for semiconductor devices, SIAM ]. Appl. Math. 24 (1994) 409-427.
[7] S.-C. Lee, T.-W. Tang, Transport coefficients for a sililcon hydrodynamic model extracted from inhomogeneous monte-carlo calculations, Solid-State
Elec. 35 (1992) 561-569.
[8] A. Bringer, G. Schon, Extended moment equations for electron transport in semiconducting submicron structures, J. Appl. Phys. 64 (1988) 2447-2455.
[9] R. Thoma, A. Emunds, B. Meinerzhagen, H.J. Peifer, W.L. Engl, Hydrodynamic equations for semiconductors with nonparabolic band structure, IEEE
Trans. Electron Devices 38 (1991) 1343-1353.
[10] M. Gritsch, H. Kosina, T. Grasser, S. Selberherr, Revision of the standard hydrodynamic transport model for SOI simulation, IEEE Trans. Electron Devices
49 (2002) 1814-1820.
[11] M.G. Ancona, G.J. lafrate, Quantum correction to the equation of state of an electron gas in a semiconductor, Phys. Rev. B 39 (1989) 9536-9540.
[12] E. Wigner, On the quantum correction for thermodynamic equailibrium, Phys. Rev. 40 (1932) 749-759.
[13] S. Odanaka, Multidimensional discretization of the stationary quantum drift-diffusion model for ultrasmall MOSFET structures, IEEE Trans. CAD ICAS
23 (2004) 837-842.
[14] B. Meinerzhangen, W.-L. Engl, The influence of the thermal equilibrium approximation on the accuracy of classical two-dimensional numerical
modeling of silicon submicrometer MOS transistors, IEEE Trans. Electron Devices 35 (1988) 689-697.
[15] M. Rudan, F. Odeh, Multi-dimensional discretization scheme for the hydrodynamic model of semiconductor devices, COMPEL 5 (3) (1986) 149-183.
[16] T.-W. Tang, Extension of the Scharfetter—-Gummel algorithm to the energy balance equation, IEEE Trans. Electron Devices ED-31 (1984) 1912-1914.
[17] A. Forghieri, R. Guerrieri, P. Ciampolini, A. Gnudi, M. Rudan, G. Baccarani, A new discretization strategy of the semiconductor equations comprising
momentum and energy balance, IEEE Trans. Comput. Aided Des. 7 (1988) 231-242.
[18] D. Chen, E-C. Kan, U. Ravaioli, C-W. Shu, R-W. Dutton, An improved energy transport model including nonparabolicity and non-Maxwellian
distribution effects, IEEE Electron Device Lett. 13 (1992) 26-28.
[19] S. Odanaka, A high-resolution method for quantum confinement transport simulations in MOSFETSs, IEEE Trans. CAD ICAS 26 (2007) 80-85.
[20] H.K. Gummel, A self-consistent iterative scheme for one-dimensional steady state transistor calculations, IEEE Trans. Electron Devices 11 (1964) 455-
465.
[21] C. de Falco, E. Gatti, A.L. Lacaita, R. Sacco, Quantum-corrected drift-diffusion models for transport in semiconductor devices, J. Comput. Phys. 204
(2005) 533-561.



	A quantum energy transport model for semiconductor device simulation
	1 Introduction
	2 4 Moments quantum energy transport model
	3 Discretization and iterative solution method
	3.1 Discretization
	3.2 Iterative solution method

	4 Numerical results
	5 Conclusion
	Acknowledgement
	References


