A mixed finite-element scheme of a
semiconductor energy-transport model
using dual entropy variables

Stephan Gadau, Ansgar Jingel, and Paola Pietra

ABSTRACT. One-dimensional stationary energy-transport equa-
tions for semiconductors in the dual entropy variable formula-
tion are numerically discretized employing a mixed-hybrid finite-
element method which has the advantage to fulfill current conser-
vation. Numerical results for two ballistic diodes are presented and
numerical convergence rates are computed.

1. Introduction

The simulation of modern ultra-small semiconductor devices requires the use of ad-
vanced models which are able to deal with physical effects such as carrier heating
and velocity overshoot. The energy-transport equations seem to provide a reason-
able compromise between physical accuracy and numerical efficiency. They consist
of the conservation laws of mass and energy for the electron density n and elec-
tron temperature T, together with constitutive relations for the particle and energy
fluxes J; and Js, respectively, and are coupled to the Poisson equation for the elec-
trostatic potential V. In one space dimension, the scaled stationary equations read
as follows:

(1.1) —0,J1 =0, Ji = 0un — T 'nd,V,
(1.2) —0pJo = —J10,V +W(n,T), Jy = 20,(nT) — 3n0,V,
(1.3) N0,V =n— C(x), xzel=(0,1).

Here, W(n,t) = 3n(l — T)/27 is the relaxation term with the (scaled) energy
relaxation time 7, A denotes the scaled Debye length, and C(z) is the doping profile
(see [13] for details). The equations are completed by the boundary conditions
(1.4) n(0)=n(l)=1, T0)=T1)=1, V(0)=U, V(1)=0.

This energy-transport model has been derived in [2, 6] from the semiconductor
Boltzmann equation by means of a Hilbert expansion method and is referred to



2 STEPHAN GADAU, ANSGAR JUNGEL, AND PAOLA PIETRA

as the Chen model since it has been used by Chen et al. in [4]. The first energy-
transport model has been presented by Stratton [20].

The derivation in [2] provides another formulation of the energy-transport equa-
tions, namely in the primal entropy variables p/T and —1/T, where p is the
chemical potential, related to the particle density by the expression n(u,T) =
NoT?/% exp(p/T), Ny > 0 being a scaled density. Although this formulation makes
clear the connection to thermodynamics, the equations still contain the Joule heat-
ing term —J10,V in (1.2) and are convection dominated, which complicates the
numerical approximation. In [1, 5] is has been observed that the Joule heating
term vanishes if the dual entropy variables w1 = (u — V)/T and we = —1/T are
employed. In these variables, the equations (1.1) and (1.2) become

(15) 7803[1 = 0, Il = Dllazwl + D128xw27
(16) —0ply = W(TL, T), Iy = Dy 0wy + D228xlU2,

where the diffusion coeflicients are given by
3 3,.\%2 3 o
Dy =n, Dizg=Dn= —TL(V+ §T>, Dy = n(V - §T) + EnT .

The main objective of this paper is to present a numerial scheme for the strongly
coupled elliptic problem (1.4)-(1.6) in the dual entropy variables wy, ws.

The numerical discretization of energy-transport models has been investigated
in the physical literature for quite some years (see, e.g., [4, 7, 19]). Mathematicians
employed ENO (essentially non-oscillatory) schemes [12], finite-difference methods
[8], mixed finite volumes [3], and mixed finite elements [9, 10, 14, 17, 18].

More precisely, the authors in [9] employed a mixed-hybrid finite-element method
for (1.1)-(1.2), taking advantage of the drift-diffusion type formulation of the current
expressions. Since zero-order terms are taken into account, the use of standard
mixed finite elements generally does not provide an M-matrix which is desirable in
view of a discrete maximum principle. In order to guarantee the M-matrix property,
finite elements developed in [15, 16] have been used instead.

Another approach has been presented in [17, 18]. The authors of [17, 18] are
working in the dual entropy variable formulation and employ a standard mixed
finite-element scheme together with an artificial time derivative. The disadvantage
of this approach is that a large discrete system has to be solved.

In this paper, we also work with dual entropy variables, but we employ a hy-
bridized form of the mixed finite-element method. Compared to [9], we can use
standard finite elements which are easier to handle than the finite elements of [16]
but still provide the M-matrix property. Compared to [17], we can apply static
condensation to the algebraic system which allows to reduce the complexity of the
discrete problem considerably.

The paper is organized as follows. The mixed-hybrid finite-element discretization
of problem (1.4)-(1.6) is presented in section 2. In section 3 two one-dimensional
ballistic diodes which can be considered as a benchmark model are simulated and
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numerical convergence rates are given. The extension of this approach to two space
dimensions is in preparation.

2. Discretization of the equations

We choose an equidistant grid x; = ¢h, ¢+ = 0,..., N, and the discretization param-
eter h = 1/N. Furthermore, we introduce the following finite-element spaces:

X, = {fe€L?1I): fislinear on (z;_1, ;) for all i},

Y, = {fe€L?1): fis constant on (x;_1,x;) for all i},

Z, = RNt

In several space dimensions, one may choose a “hybridized” Raviart-Thomas space
of lowest order (see, e.g., [9]). Although the Poisson equation can be discretized
with standard finite elements, we choose a mixed formulation also for this equation
since the electric field —0,V is used to compute the fluxes. For this, we define the
field-like variable E = A\20,V. The mixed-hybrid finite-element discretization of
(1.3) reads as follows: Find Ej, € X, U, € Y}, and V), € Z), satisfying V}! = U,
VhN 1 = 0 (the superscripts denote components of the vector V},) such that

Z ()\2/ Eh¢h dx +/ Uhamgéh dx — [thﬁhﬁ:l) = 0,
i=1 Ti—1 Ti—1
N T T
> </ Oy Epihy, dx —/ (np — C(x))bn d:c) = 0,
i=1 Ti—1 Ti—1
N
- Z [NhEh]gmcz,l =0
=1

for all ¢, € Xy, ¥y € Yy, and pp, € Zj satisfying /J%L = uf:’“ = 0. The first
equation is obtained from a weak version of A\™2E = 8,V using integration of parts
and summation of all (z;_1,z;). Here, Fj is an approximation of E, and both Uy,
and V}, approximate the potential V. The second equation is a discrete weak form
of 0,FE = n(V,wy,w2) — C(x), and the third equation implies the continuity of
E}, at the nodes. The particle density n(V,wy,ws) = (—wsz) /% exp(w; — Vaws) is
approximated by nj = n(V;,wgh,wgh), where, on each (z;_1,z;),

B A

i—1 i
Vi i _ Win T Win

2 ) wjh - 2 9

Before we can give the mixed-hybrid form of (1.5)-(1.6), we need some definitions.
The inverse of D is denoted by A = (A;;); j=1,2 (which depends on V', w;, and
ws), where

j=12.

2w3 Qw3 2w
2 —5 Doy, Az = T D,
3n n

An=g0

D227 A12 = A21 = -
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and set A, = A(V,,w,,wh,) and W), = W(V,,w’,,wh,) on each (z;_1,;).
Furthermore, we use the notations

I = (Iin, Ion) "y wn = (vin,v2n) ", wp = (wip, wap)

Then, the mixed-hybrid formulation of (1.5)-(1.6) reads as follows: Find I}, € X, =
XZ, v, €Y = Yhz, and wy € Zp, = Z,QL satisfying the boundary conditions such
that

N @ z;
(2.1) Z </ On - Aply dx +/ Uy - Oppp dx — [Py, 'wh]i,’;1> = 0,
i=1 Ti—1 XTi—1
N x; T
(2.2) Z </ Wy - 0Ty do — Wi - ¥n dm) = 0,
i=1 Ti—1 Ti—1
N
(2.3) > L), =0
i—1
for all ¢y, € X, ¥ € Yy, and py, € Z, satisfying p), = pp 7' = 0. Equation

(2.1) is derived from the weak formulation of the first equations in (1.5)-(1.6); (2.2)
comes from the weak form of the second equations in (1.5)-(1.6); and finally, (2.3)
imposes the continuity of the fluxes across the inter-element boundaries.

We apply static condensation in order to reduce the size of the discrete system.
This yields an algebraic system for the Lagrange multipliers V},, wyy, and wsy, only.
Locally, we can express the variables Uy, vip, von, and Ey, I1p, Iop in terms of the
Lagrange multipliers. Indeed, we obtain

2

i =i h . ) e
Ui =7 i) wi= ( i,

a3
Wap

h2
12)2 ) ~ 1AW

where

In order to derive the dependence of Ej and I, on the Lagrange multipliers, we
use the local basis

v L we(@isnm) o R i(wiei @), v € (wim1, )
poi(r) = { 0, else, Pri(r) = { 0, else

in X}, since the continuity is forced by the Lagrange multipliers. On each interval
(331‘_1, a:i) we can write Eh = EéhgbOi + Eihd)li and Ih = Iéhd)oi + I{hqi)li, where

Ei, A2 VicL N h 0
) - 2w e n _
(Eih) R\ v ) te i —a )

<Iéh> _ 1<D11th Dmth)(wih )+h< 0 )
Iy, h \ DainMp  Daop My, wh), 2\ W,
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and

At _( 11 i Wi _
Dh—Ah, Mh—< 0 O), wjh_(ﬂj;-h)7 _]—1,2.

The nonlinear system for V},, w1, wep, is solved by a combination of the Newton
and Gummel method. First, we compute the solution of the thermal equilibrium
U = 0 as an initial guess of the iterative procedure. Then we increase the applied
voltage by the voltage increment AU = 50mV and solve the coupled subsystem
(1.5)-(1.6) using the Newton method up to convergence. Then we perform one
Newton iteration step in the linearized Poisson equation,

(24) A0,V =P = =220,V + 0l — C(x), V(0) = (1) =0,

where ng) = n(Vh(l),wglh'H),wth)) and the functions wgth), wélhﬂ) are the solu-

tions of the previous flux subsystem. Then we set Vh(H_l) = Vh(l) + V. If ||V]]2
is smaller than a prescribed tolerance and if the right-hand side in (2.4) is small
enough we stop the Gummel iteration and increase the applied voltage again to
start the next Gummel iteration.

Remark. The coefficients of A}, can be easily computed since, on (z;_1,z;), we
have

xZ; _ —
(2.5) l/ e~ @1h=Vr®2n) Jo — o= (@1h—VaW2n)

h LTi—1
One might think that a better approximation of A is obtained by taking the linear
interpolants of Vj, wyp, wap in the exponent. Denoting by Jj the linear interpolant
operator, one could choose

(2.6) l/ml e~ (In(win)=JIn(Va)Wan) 4,
hJais

or
Ti-1

The integral (2.6) can be computed explicitly since the exponent is a linear func-
tion. However, we observed that the approximation (2.6) requires much more nodes
than (2.5) to ensure the convergence of the iterative system. On the other hand,
(2.7) needs to be calculated numerically. This can be done, for instance, with the
functions

T T
Fi(x)= e””Z/ e dt and F_ (x) = e_IZ/ e“dt, xzeR.
0 0

The mapping F_ is referred to as the Dawson function and can be approximated
efficiently with Chebyshev polynomials and asymptotic expansions [11]. For both
(2.5) and (2.7) the same number of nodes can be taken. The approximation (2.7)
leads to a slightly faster convergence of the Gummel iteration compared to (2.5),
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but every iteration step is more time consuming. Therefore, we have chosen the
simple formula (2.5). O

3. Numerical results for ballistic diodes

As numerical examples we simulate two nTnn™ ballistic diodes. In the first exam-
ple, we choose the same numerical data as in [6]. More precisely, the device length
is 0.6 um and the doping profile C(x) equals 2 - 105 cm ™3 for x € (0.1pm, 0.5um)
(channel or n region) and 5-1017 cm ™3 elsewhere (n* regions). The ambient temper-
ature is 300 K, the relaxation time 79 = 0.4 ps, and the applied voltage U = 1.5'V.
The computations are performed on a uniform grid with 101 nodes. (We notice
that the scheme also works for 40 nodes.)

In Figure 1 the electron temperature T und electron mean velocity u = I /qn (g
being the elementary charge) are displayed. The electrons are moving from right to
left. They heat up in the channel region and are close to the ambient temperature
in the n* regions. The mean velocity shows a small velocity overshoot around
x = 0.14 pm. The maximal temperature equals T,,x = 2348 K and the maximal
velocity iS Umax = 1.404 - 107 cm/s. These values are in very good agreement with
the results of [6], where Thax = 2330K and umayx = 1.44 - 107 cm/s have been
reported.
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FIGURE 1. Electron temperature (left) and mean velocity (right)
versus position in a ballistic diode with channel length 0.4 yum.

As a second example we present the temperature and mean velocity of a ballistic
diode with channel length of 90nm (Figure 2). The length of the n* regions is
also 90 nm such that the total length of the device equals 270nm. The physical
parameters are the same as in the first example but the applied voltage is now
U = 1V. As expected, the temperature is smaller than in the first example since
the voltage and the channel length are smaller. The overshoot of the mean velocity
almost vanishes.
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FIGURE 2. Electron temperature (left) and mean velocity (right)
versus position in a ballistic diode with channel length 90 nm.

2.1072 0.1819 — 0.6591 — 0.3858 —
1-1072 0.0639 | 1.5089 | 0.2358 | 1.4828 | 0.1367 | 1.4968
6.67-1073 | 0.0348 | 1.5027 | 0.1285 | 1.4965 | 0.0745 | 1.4980
5-1073 0.0226 | 1.5015 | 0.0835 | 1.4977 | 0.0484 | 1.4990

TABLE 1. Relative errors and convergence rates for Vj,np, Th,.

In Table 1 we present, for the first example, the relative errors

[|un — w2
RE(w) =

where uy, is some numerical solution and u* the reference solution, and the numerical
convergence rates CR for the potential, the particle density, and temperature. For
this, we have employed piecewise linear interpolation of the Lagrange multipliers
Vi, wip, and wap. The reference solution is the numerical solution obtained on a
very fine mesh with A = 0.33 - 10~%. We observe that the convergence rates are
around 1.5 which is in good agreement with the results of [6].
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