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UNIFORM CONVERGENCE OF AN EXPONENTIALLY FITTED
SCHEME FOR THE QUANTUM DRIFT DIFFUSION MODEL*
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Abstract. We analyze an exponentially fitted finite element scheme for the unipolar quantum
drift diffusion model in one-dimensional space. The existence of discrete solutions is shown under
very mild assumptions, and convergence of a subsequence is proved by compactness arguments. The
scheme is constructed in such a way that it reduces in the semiclassical limit to the well-known
Scharfetter—-Gummel discretization for the classical drift diffusion model. We derive uniform error
bounds which allow for the semiclassical limit on the discrete level. Numerical tests underlining the
analytical results are presented.
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1. Introduction. From the earliest days of semiconductor industry there has
been a never-ending drive towards increased miniaturization. The original aim was to
produce more devices per unit area, but now scientists and engineers are exploiting
quantum size effects to introduce new electronic properties into existing materials.
Many devices, like MOSFETSs or resonant tunneling structures, already reached the
decanano length scale [19]. The Semiconductor Industry Association (SIA) projects
that by 2009 the leading edge MOS device will employ a 0.05 pm length scale and
an oxide thickness of 1.5 nm or less. But already today quantum mechanical effects,
like confinement in barrier structures or inversion layers as well as direct tunneling
through the oxide causing gate leakage in MOS structures are no longer negligible
[18]. Hence, scientists are in charge to develop “correct” models which can be easily
incorporated into existing modern simulation tools.

During the last years much effort has been spent on the derivation and analysis
of macroscopic quantum models, which allow for an accurate description of the un-
derlying physics of the devices by reasonable numerical costs. Nowadays, there exists
a whole hierarchy of macroscopic models leading from the quantum hydrodynamic
(QHD) models [25, 20] over the quantum energy transport (QET) model to the quan-
tum drift diffusion (QDD) model, which can be derived from a moment expansion of
the Wigner—Poisson system (see [26, 31] and the references therein for a comprehen-
sive overview). Recently, extensions of these models were derived, which are better
suited to deal with quantum tunneling and coherence effects [21, 22, 13, 17].

In this work we analyze a new numerical scheme for the QDD model. The math-
ematical analysis and numerical understanding of this model is in a rather mature
state [31]. Essentially, this model is a dispersive regularization of the classical drift
diffusion (DD) model of Van Roosbroeck [29], which accounted for the immense suc-
cess of the macroscopic theory of charge transport in semiconductors and is commonly
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used (with all its enhancements) in modern simulation tools. First, Ancona [8], An-
cona and Tiersten [5], and Ancona and Iafrate [10] proposed a quantum correction
of this well-understood system. This density-gradient theory is impressively capable
of describing the correct device behavior in the vicinity of strong inversion layers in
MOS structures when compared to one-electron quantum mechanic simulations [8].
But already the shrinking device size poses severe numerical problems, since the local
field strength increases and interior layers in the solution become more abrupt [14].
The QDD model was employed for the simulation of many quantum semiconductor
devices and has proved its numerical efficiency, especially in several space dimensions
[7, 11, 37]. Due to its numerical robustness it is already programmed into the 2d/3d
PROPHET simulation code from Lucent Technologies as well as into various commer-
cial device simulators, e.g., those from ISE and Silvaco. Encouraging comparisons
with Schrédinger—Poisson simulations can be found in [3, 37].

The unscaled QDD model equations stated on a bounded domain Q C R¢, d =
1,2, or 3, read as

1
(1.1a) % o div =0,
qkpTo s q h? Ayn J
1.1 _— = — -2
(1.1b) -, Vn+mnVV 2m2nV Tn p

which are self-consistently coupled with the Poisson equation for the electrostatic
potential

(1.1c) —eAV =g (n— Caop) -

The variables are the electron density n = n(z,t), the current density J = J(z,t), and
the electrostatic potential V' = V(x,t). The physical constants are the elementary
charge ¢, the Boltzmann constant kg, the effective electron mass m, and the reduced
Planck constant i. For the values of these constants we refer the reader to [29].
Physical parameters are the permittivity e, the relaxation time 7, and the lattice
temperature Ty. The time-independent doping profile Cyop = Cyop() represents the
distribution of charged background ions.

In this paper we consider the stationary QDD model for unipolar devices in one-
dimensional space. We introduce the diffusion scaling, where the new dimensionless
quantities are marked by a tilde:

n— Cm ’ﬁ‘7 C(dop - Cm C~’clop7 xr — Ljv
L? . kpTy -~ kpToChn 1o =
t— Mg v Bloy g Tl 5
kBToTQ Lm

Here, (), denotes the maximal absolute value of the doping profile Cy,p, and L is a
characteristic device length, e.g., the diameter. Defining the scaled Planck constant
¢ and the scaled Debye length A,

2 h2 2 EkB TO

S T YmkpToL? T £C, 12

and introducing the quantum quasi-Fermi level F' via J = nd,F, we can divide
equation (1.1b) by n and integrate once. This yields the scaled QDD model stated
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on the bounded domain © = (0,1):
(1.2a) Oz (N0 F) =0,
—Egaiw/%/ﬁ +log(n)+V =F,

(1.2¢) 220,V =n— Clop-

(1.2b)

Throughout the paper we assume that Cgop € L°(Q). In (1.2) the electron den-
sity n = n(xz) > 0, the quantum quasi-Fermi level F = F(z), and the electrostatic
potential V = V(z) are unknown.

The model equations (1.2) are supplemented with Dirichlet boundary conditions
modeling the Ohmic contacts of the device:

(13) n=np>0, V=Vp S VtVip, F=Fp ¥ F +V.yy onoQ,
where V., is the applied biasing voltage. This set of boundary conditions is motivated
by its analogy to the classical DD model [30, 27, 28]. Nevertheless, the correct choice
of the Dirichlet data is still an open problem. A recent discussion can be found in
[6]. Clearly, the thermal equilibrium density n., is a possible candidate for np. The
built-in potential is given by V¢4, and F¢, is chosen accordingly.

Remark 1. The restriction to the unipolar case is just to keep the notation
simple. In fact, Ben Abdallah and Unterreiter [1] proved existence of solutions and
considered the semiclassical limit for the bipolar case. The results of this paper are
easily extendable to the bipolar setting.

So far, only standard discretization schemes were employed, which require very
fine meshes to ensure an adequate resolution of the desired quantities. To account for
this problems we want to generalize the classical Scharfetter-Gummel (SG) discretiza-
tion for the DD equations [35] to this quantum model. A first step in this direction
can be found in [9, 4] where a nonlinear discretization scheme is suggested. Here, we
follow a different approach [33] since we are moreover interested in a scheme which is
stable in the semiclassical limit € — 0 recovering the classical SG scheme. However,
the SG method relies on the introduction of the so-called Slotboom variable which
allows for the symmetrization of the continuity equation [29]. This is impossible in
the formulation (1.2) of the QDD model, since we have the additional quantum Bohm
potential. Nevertheless, we can deal with this problem by interpreting the Bohm
potential as a correction of the classical electrostatic potential V' and introducing the
corrected potential G via

Gz—gQ&QL‘f/\ﬁ/ﬁ—i—V

which yields for the current density J = d,n 4+ nd,G; i.e., the drift is now given by
G. Then, system (1.2) can be written as

(1.4a) OzJ =0, J=0n+nd,G,
amx\/ﬁ

NG
(1.4c) ~A20,V =1 — Cagp.

(1.4b) —&? +V =aG,

We introduce the generalized Slotboom variable u = e“n, which yields for the current

density J = e~ %0,u. Assuming vanishing quantum effects and vanishing quantum
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current at the boundary, we get
(1.5) G=Vp, u=¢e"np ondQ.

This nonlinear system is discretized using a mixed finite element discretization for
the current density J and the Slotboom variable u, and standard linear elements for
n and V. For an overview of stabilized discretization schemes for the classical DD
model see [23] and the references therein.

We prove under very mild assumptions that the resulting nonlinear discrete sys-
tem possesses a solution and that at least a subsequence of the sequence of discrete
solutions converges to a continuous solution. Since we have no uniqueness for the
QDD model in general, we cannot expect convergence of the full sequence. The proof
is based on a variational argument similar to the one used in [1] and the derivation of
appropriate a priori bounds. Especially, we can show that a discrete solution fulfills
the same maximum principle as a continuous solution.

Our mixed finite element scheme is chosen in such a way that in the case of
vanishing quantum effects (¢ = 0) one recovers the classical SG discretization of
the DD model. By deriving a priori bounds on the discrete solutions which are
independent of €, we can even perform the semiclassical limit ¢ — 0 on the discrete
level and derive estimates on the convergence rate, which are uniform in ¢.

We present simulations of a ballistic diode and a resonant tunneling structure
which exactly reproduce the predicted accuracy results underlining the feasibility of
our approach. Moreover, these simulations show that the asymptotic constant in the
error estimate for the current density seems to be almost independent of the size of the
scaled Planck constant e, which is essential from the engineering point of view, since
it allows for an accurate computation of the current density also in the semiclassical
limit.

The paper is organized as follows. In section 2 we introduce our nonlinear dis-
crete scheme and section 3 is devoted to the proof of the existence and convergence
of discrete solutions. The semiclassical limit is performed in section 4, where also
uniform convergence rates are given. Finally, simulations of a ballistic diode and a
resonant tunneling structure are presented in section 5. Concluding remarks are given
in section 6.

2. A generalized SG discretization. In this section we present a discretiza-
tion of system (1.4) in the spirit of the well-known SG discretization for the classical
DD model [35]. Here the drift is given by the generalized potential G, such that we
have to take additional care about (1.4b) which involves the quantum Bohm potential.

First, we write (1.4) in a weak form. For notational convenience we define the
spaces

X =H}Q), X¥=L*Q),

and testing appropriately we get the following:
Findnenp+X,VeVp+X,GeGp+ X, and J € X such that

(2.1a) /eGJ~de—/8m (eGn)~de:O,
Q Q

(2.1b) /Q J 0y dz = 0,



1652 RENE PINNAU

(2.1¢) 52/9896\/5(% (j%) dr = /Q(G— V)¢ dz,
(2.1d) A2 /Q 0,V O, ¢ dx = /Q(n — Clop) ¢ dx

forallog € X and T € X.
We discretize (2.1) on the possibly nonuniform grid 0 =29 <21 < -+~ <ay =1
defining the subintervals and the grid spacing by

I = (zi—1,7], hi=mx;— 21, h=maxh;.
3
We employ finite-dimensional spaces of linear and constant finite elements:

X, ={weH)Q):wl, €P,i=1,... N},
Lp={weL*Q) :w|, € Ri=1,...,N}.

For every function w € C°(€Q) let w! denote the linear interpolant verifying
w!(z;) = w(z;) for i = 0,..., N. We will make frequent use of the following interpo-
lation result [23].

PROPOSITION 2.1. There exists a constant ¢ > 0, independent of h, such that

1/2
|w — wI‘Hl(Q) <ch (Z |w|§{2(1i)) ’

7

1/2
lw — w1|L2(Q) <ch® (Z |w|§r2(1i)>

for allw e HY(Q) N {H(L;), foralli=1,...,N}.
Let (-,-) denote the standard inner product on L?(2). We define its discrete
analogue using the trapezoidal rule

N
(u,v)p, def /Q(uv)I dx = Zwiu(xi)v(xi),

=0

where w; > 0 denotes the corresponding weights of the quadrature formula. We have
the following consistency result for the discrete inner product.

LEMMA 2.2. Let f,g € Xp. Then there exists a constant ¢ > 0, independent of
h, such that

[(f:9) = (£, 9)nl < h® 02 f1l 120y 10291l L2 -

The corresponding discretization of (2.1) reads as follows:
Find np, € np + Xy, Vi, € Vp + Xy, Gr € Gp + Xp, and Jn € Xy, such that

(223) (eGh Jh7Th) - (Bx (eGh nh)l 7Th> = 07
(2.2b) (Jh, 0xn) =0,

2 I ¢7h ! _
(2.2¢) & 0,y 0. ( W) — (Gh = Vi bn), -

(22d) )‘2 (8@“th 8z¢h> = (nh - CVdopa ¢h>h
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for all ¢, € Xy, and m, € Xy,

The discretization of the generalized Slotboom variable u is given by wu, =
(eGh np )I.

We define the piecewise constant function G, by

~ 1
eCrl = — | e da.
hi Jr,

Using that the discrete current density Jp, is constant on each element and the identity

I
Gﬁmqy)zmwMAmmﬂ
h

we can rewrite (2.2) equivalently as follows:
Findny e np+Xp, Vi, € Vp+ Xy, up € up + Xy, and Gy, € Gp + Xy, such that

(2.3a) (7% duwn, da0n) =0,

I
(2.3b) &2 (895(\/117)17830 (ﬁ%) ) + (log(nn)", ¢n), = (log(un)" = Vi, é1), »

(23C) >\2 (azvh, 8z¢h) = (nh - Cd0p7 ¢h)h .

Remark 2. Formally, we deduce from (2.2¢) that for € = 0 it holds that G, =V},
and the mixed finite element scheme reduces to the classical one. Note that in contrast
to the classical SG scheme, (2.3a) determines the unknown corrected potential Gy,
while (2.3b) is now the one for the electron density ny,.

Remark 3. The nonlinear discretization scheme developed in [9, 4] is based on
finite differences and differs in the discretization of (2.3b). There, additionally some
kind of exponential fitting is used for this equation; i.e., the electron density is approx-
imated by an exponential function on each element. The scheme performs extremely
well especially for large grid-spacings, but so far no numerical analysis is available. It
is worth noting that an exponential transformation (n = exp(w)) was also employed
in the study of the transient problem [27, 28], but a numerical analysis for the fully
discrete tranformed system is left for future research.

3. Existence and convergence of discrete solutions. We show that the
nonlinear discrete system (2.3) possesses at least one solution and we derive a priori
bounds on the sequence of discrete solution which ensure that there exists a sub-
sequence converging to the continuous solution. The existence proof is based on a
variational argument, which also allows to derive the desired a priori bounds.

We state the main theorem of this section establishing existence of a discrete
solution and its convergence.

THEOREM 3.1. For each h > 0 there exists a discrete solution (np, Vi, Gp,up) €
(np,Vp,Gp,up) + X;} of (2.3). Further, there exists a subsequence, again denoted
by (nn, Vi, Gr,up), such that

4

() Vi Grown) — (Vi V.Gow) i [HY@)]",

for h — 0, where (n,V,G,u) € (np,Vp,Gp,up) + X* solves the continuous problem
(2.1).
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COROLLARY 3.2. The sequence of discrete current densities (Jp,) possesses a
subsequence such that J, — J in L*(Q) for h — 0.

Remark 4. Generally, we cannot expect convergence of the whole sequence, since
the continuous as well as the discrete QDD model may admit for multiple solutions.
Uniqueness can only be proven near to the thermal equilibrium state, i.e., for small
applied biasing voltages Veu:+ [34].

For the existence proof we employ Brouwer’s fixed point theorem. We define the
closed, bounded, and convex set

def _
Un = {up € up + Xp i u < uy, <1},

where the lower and upper bound are given by

def . __ def
U = mmeVDnD, U = maerDnD.
o0 o9

On this set we define the fixed point mapping T}, : Uy, — Uy, where up = Tj,(wp)
is calculated via the following iteration:
1. Find (np, Vi) € (np,Vp) + X7 as the solution of

(3.1a) )
e (am<m>f,ax (f%) ) T (log(m)" é1), = (log(wn)’ — Vi é),

(31b) /\2 (azvha az¢h) = (nh - Cdopa ¢h)h
for all ¢pp, € Xi,.

2. Set G, = log(wy,)! —log(np)!.

3. Find up € up + X, as the solution of

(3.2) (eféhaxuh, am,,,) -0

for all ¢y, € X,.

3.1. Well-posedness of the fixed point mapping. The well-posedness of the
first step is the content of the following result, which also provides uniform bounds
on the electron density nj; and the potential Vj.

LEMMA 3.3. Let wy, € Uy, be given. Then there exists a unique solution (np, V) €
(np,Vp)+X? of the nonlinear system (3.1). Further, there exists a constant 6 € (0,1),
independent of h, such that

(3.3) 6 <nj, <1/6, H(\/th)’H

Proof. For the proof we employ a variational argument following the ideas in [36].
Let H(s) be a primitive of log(s)! with H > 0. We introduce the auxiliary variable

Oh def v/Tn. On the closed set

<1/6 Vi <1/6.
ey 10 Walliioy <1/

def
Ru = {pn: pj € np+ Xn,pn >0},

we define the functional

N
E(p) 62/Q|8mpf‘2 dr+ Y wiH(p})
=0

A? 2 al
+ ? / |8;Vh[p2 - Cdop” dxr — Zwi IOg(wZ) pfa
Q

=0
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where Vj, def Vilp? — Caop] € Vp + X, is the unique discrete solution of Poisson’s
equation A%(9, Vi, 0:6n) = (p* — Caop, dn)n for all ¢, € X),. Identifying p with its
vector of nodal values in RNY*! one easily verifies that E possesses a unique minimizer
pn € Ry, since E is bounded from below, continuous, and convex with respect to p,%
[34]. The minimizer also satisfies the Euler-Lagrange equation

(34) e? (8‘Lp£7al¢h) + (Ph IOg(pi)Iv (Z)h)h = (ph(log(wh)I -V [;02 - CdOpDv ¢h)h

for all ¢, € X,
Now we derive uniform estimates on the solution. In the following let § € (0, 1)
denote not necessarily identical constants, which are assumed to be independent of h.

Choosing pp def /np € Ry, as a comparison function we clearly have E(pp) < E(pp),
from which we deduce

9 N
52/ |5mp£’2 da:—&—%/ ‘GIVh[p,QL—CdOp”Q dm—l—ZwiH(p?)
@ @ i=0

< E(pp) + [log(@)| (pn; pn)y, -

This yields immediately the existence of a constant 6 € (0,1), independent of h, such
that

Haﬁlfp{LHL2(Q) < 1/0 and HathHLQ(Q) < 1/0

Employing Sobolev’s embedding theorem in one-dimensional space [2], i.e., H HQ) —
C%P(Q), B €[0,1/2), we find a uniform constant 6 € (0,1) with

HpilLHco,H(Q) g 1/0 and HVh”COﬂ(Q) g 1/0
A direct calculation finally yields [|n ||« q) < 1/6, for some uniform constant 6 €
(0,1).

Next we prove the uniform positivity of p,. Let [¢]~ denote the linear interpolant

= % min(0, ¢). Testing (3.4) with ¢, = [on — p]~ for p > 0 yields

of ¢
e (8uphs Oulon — pI7) = ([~ log(p)" +log(wn)" = Valph, — Caopl] ps [on = pI7),

which can be estimated as follows:

2

& (9ephs ulpn = pI7) < ) [wi—Tog(p}) + log(uw) = 1/0)pilpi = p)”]

=
(=)

IN

if we choose 82 = ¢~ Y%, Further we calculate

N
(Duph Oulpn — p)7) =D _ hilpirs — pi) [(piv1 — p)~ = (pi — p)7]
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Hence,

N 2
> hil(piyi—p)” = (pi —p)"|" <0,
=0

which implies (pi11 —p)” = (pi —p) ", € {0,..., N — 1}, and due to the positivity
of pp we have

(pi—p)~ =0 forallie{0,...,N}.

Thus, it holds that, p;, > p and n; > p?, respectively. O

An easy consequence of Lemma 3.3 is the following result, which establishes uni-
form L*°(2)-bounds on the discrete generalized potential Gy,.

COROLLARY 3.4. Let wy, € Uy, be given. Then there exist uniform bounds G,G >
0, independent of h, such that

(3.5) G<GL<G.

Further, Corollary 3.4 and standard results from elliptic theory [16, 24] yield the
unique solvability of (3.2).

LEMMA 3.5. Let Gy, € Gp+ Xy, be given with Gy, > G uniformly in h. Then there
exists a unique solution up € Uy, of (3.2). Further, there exists a constant 0 € (0,1),
independent of h, such that

(3.6) [unll o) < 1/06-

3.2. Proof of the existence theorem. The results derived so far ensure the
well-posedness of the fixed point mapping and we are now in the position to prove
the convergence theorem.

Proof of Theorem 3.1. First we note that the fixed point mapping T}, is well
defined and continuous due to Lemma 3.3, Corollary 3.4, and Lemma 3.5.

Identifying u; with its vector of nodal values in RN*! we deduce the existence of
a fixed point up € Uy, from Brouwer’s fixed point theorem [38], since U}, is a closed,
convex and compact subset of RV*1.

The uniform bounds given in Lemma 3.3, Corollary 3.4, and Lemma 3.5 imply
the existence of a subsequence (pp, , Vi, , Ghy, Un, ) such that

(p;llk,th,th,uhk) — (p,V,G,u)  weakly in [HI(Q)]4,

for hy — 0, where (p2,V,G,u) € (np,Vp,Gp,up) + X?7.

These convergences are by far sufficient to pass to the limit in (2.3): due to
Sobolev’s embedding theorem we have p{lk — p and also pp, — p in L*>(£), such
that we can deduce the strong H'() convergence of (pj ) from (3.4). Standard
results from elliptic theory [24] yield

Vi, =V in HY(Q),
up, —u in HY(Q),

and finally G, — G in HY(Q) for hy, — 0.
Hence, (p2,V, G, u) is in fact a solution of (2.3), which ends the proof. 0
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3.3. Convergence rates. For completeness we also state a result establishing
convergence rates for the finite element discretization (2.2). Since we consider a fully
nonlinear system of equations which may admit multiple solutions, we have to impose
an additional assumption on the isolatedness of the continuous solution.

THEOREM 3.6. Let (n,V,G,u) € [HQ(Q)]4 be a solution of the continuous prob-
lem and assume that the Fréchet derivative (I —DT)(u) € L(HY(Q), HY(Q)) of =T :
HY(Q) — HY(Q) at u is boundedly invertible. Then there exists a constant hg > 0
such that for h < hg there exists a solution (np, Vi, Gp,up) of the discrete problem
(2.3). Further, there exists a constant ¢ > 0, independent of h, such that

(3.7) In = nallgr ) + IV = Vallgo) + lw = unll g gy < ch.

The proof can be found in [32]. Note that here the constant ¢ generally depends
on ¢, such that the performance of the semiclassical limit is not possible on this level.
In the next section we will use different techniques to overcome this problem.

4. Semiclassical limit—Uniform convergence. In this section we provide
estimates independent of the parameter £, which allow to perform the semiclassical
limit in the numerical scheme recovering the classical SG discretization.

We need estimates on the discrete solution, which are independent of ¢ and h,
generalizing the estimates given in section 3. Examining carefully the proofs of that
section, we conclude that they crucially depend on ¢, since we exploited the mono-
tonicity of the quantum Bohm potential. But in fact we can introduce a different fixed
point mapping. The key idea is to reinterpret the equation for n as the one for G and
vice versa. This yields the fixed point map N : np + X — np + X with N(m) = n,
where given m € np + X the solution n is calculated via the following iteration:

1. Find V € Vp + X such that

(4.1a) )\2/9830V8I¢ dﬂc:/ﬂ(m—Cdop)(b dx
forall p € X.

2. Find (n,G) € (np,Gp) + X? such that
4.1b - 0:G Oy dx — | Oyn 0y do =0,
(4.1b) /n ¢ dx /Q n0,¢ dz
4. 0 0) de= | (G-V)pd
(4.10) @ [ oo () o= [(G-vioa
forall p € X.

Remark 5. The reader easily verifies that the fixed point mapping N is well
defined and possesses a fixed point exploiting the relation G = F — log(n). Hence,
(4.1) is just a reformulation of (1.2).

Also the discrete system (2.2) can be reformulated in the former manner:

Findnp, € np + Xy, Vi, € Vp + Xy, and Gy, € Gp + X, such that,

(4.2a) —/ Oy, Oy, d — /th 0:GrOxbn dx = (fn, én) ,

(4.2b) / Dx( <j7%) dz = (Gn = Vi, @n)n,

(4.2¢) )\2/ 02 Vi 030 dx = (np, — Caops Pn)n
Q
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for all ¢p, € Xp,.
Here, the right-hand side f}, is given by

(fns &n) déf/efcham (e“"np) Opph d:ﬂ—/ e, (%) D, da.
Q Q

The main result of this section reads as follows.

THEOREM 4.1. Let (n,V,G,u) € [HQ(Q)]4 be a solution of the continuous prob-
lem (1.2) and assume that the Fréchet derivative (I — DN)(n) € L(H' (), HY(Q)) of
the mapping I — N : HY(Q) — H*(Q) at a solution n is uniformly bounded invertible,
i.e.,

|( - DN <M,

-1
) ||L(H1(Q),H1(Q)
where M > 0 is independent of €.

Then there exists a constant ¢ > 0 such that for each 0 < ¢ < g9 with g =
eo(h) > 0 we have the uniform estimates

(4.3a) [n =7l 1) < ch,
(4.3b) IV = Vallgrqy < ch,
(4.3¢) G — Gh”Hl(Q) < ch,
(4.3d) l[u— uh”Hl(Q) <ch,
(4.3e) |J — JhHLQ(Q) <ch.

The proof of Theorem 4.1 is done in several steps.

4.1. Regularity of weak solutions. First, we show that a weak solution of

system (2.1) is in fact in [HQ(Q)]4 and that the stronger norm is also uniformly
bounded in €. This generalizes the results given in [1].
THEOREM 4.2. Let (n,V,G,J) be a weak solution of (2.1). Then it holds that

(n,V,G) € [HQ(Q)]?’ and there exists a constant K > 0, independent of €, such that
Inll g2y + Vg2 ) + Gl g2y < K.

Proof. We eliminate G and J in (1.4) and introduce the auxiliary p = y/n, which
yields the fourth-order equation

Pi
p

2
2Paa

52pa:mxz — & - 2/019: -2 - 2,01:V:r - PVM =0

supplemented with boundary conditions

P =PD, Pzxz= 0 on 0f).

This equation possesses a unique weak solution p € H*(2) (see [27]). Testing the
fourth-order equation with ¢ = —p,, we get

i 5
sz/pimdx—l—aeQ/ﬂdw+2/pizdx+2/—mpmdx
Q Q p Q QP

+ 2/ P VaPax dm—i—/ PVixPre dx = 0.
Q Q
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From the Gagliardo—Nierenberg inequality [24] we derive

1/4 3/4
1pall Loy < 1 lloll s ol

with ¢; = ¢1(Q2) > 0, which yields, using Poincaré’s inequality,

2
*Pm = ; ”pavHL4 Q) HPMHLQ(Q
c2(2)

P

3/2

| /\

1ol1%/2 Hpum(m

—_

< 5 ol + 2 ||p||H1

Note that the upper and lower bounds p < p < p are also uniform in e (see [1]).
Further, the Gagliardo—Nierenberg inequality gives

7/12 5/12
9wl gy < €3(2) llpl sty o3t -

which yields

3 2
3
[ 22 < Sl

g2 S 7/4

||p||H3(Q) ||pHH1(Q)

| /\

I /\

HPHHS(Q) +53 5 ||P||H1(sz

Finally, we derive from Sobolev’s embedding theorem and standard regularity results
[24]

2 [ paVipe < 2oz Ipoe 2@y IVell i

1 2 2 2
<7 1P2allz2(0) + callplla o) IV 20

IA

1 2 4
1 P22y + calloll g o

and

1
/ pVJ;.’L‘pJ}J; = _F/ ppww(ﬂ2 - Cdop)
Q Q

1 2

SV 120l oo 0y UlPl Lo () + 1Caopll o () 1Pzl L2 ()
1 _

S g ||Pm||i2(9) + CS(Aapa Cdop)~

Combining these estimates and using Poincaré’s inequality we get

g2 9 1 2
E/mem-i-z/ﬂpm; SCG(Qa)‘vﬁv ”pHHl(Q))’
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where cg is independent of €. R ~

Hence, we established [|p]|f72) < K for some K > 0 uniformly in € and due
to the uniform upper and lower bounds, it even holds that |[n| sz < K. The
uniform boundedness of || V|| ;72 (q) and [|G|| g2 (g, follows now from the standard elliptic
theory. ]

4.2. Uniform bounds on the discrete solution. Secondly, we derive uniform
bounds for the discrete solution of system (2.2).

LEMMA 4.3. There exist constants K > 0 and 0 € (0,1), independent of € and
h, such that

/R 1y + Vil o) + lwnllans @) + 1Galla o) < K
0 S Np,Up S 1/9

Proof. By construction we have u < up, < u. Further, infg, E is also uniformly
bounded in ¢, such that each term of E(pp) is uniformly bounded. This implies
(V1] w1 < K, where the constant K > 0 is independent of ¢ and h. Mimicking the
proof of Lemma 3.3 we get 6 < nj,, where 6 € (0,1) is independent of ¢ and h. This
yields G, < 1/6, which in turn implies [[up|| g1(q) < K.

Now let £, € Ry, be the unique minimizer of the classical energy functional

2
Eetass(§) = /Q H(E) do+ % /Q 02 Val€? — Cuopl|” d /Q log(un)" € da.

For p, = \/ny, it holds that E(pr) < E(&) and Egass(§n) < Eerass(pn), which implies

/|51p£’2 dxg/ 0.6 da.
Q Q

In fact, we can calculate &, explicitly from &2 = (uj, e="*)!. The bounds derived so
far ensure the uniform boundedness of &, in H'()) with respect to ¢ and h.
Hence, we finally get H(./nh)IHHl(Q) < K and nj, < 1/6 as well as —1/6 < G,.

From Gy, = log(uy)! — log(ny)! we deduce that |Ghllg1 (o) < K by a direct calcula-
tion. a

4.3. Consistency of the discrete fixed point operator. Third, we introduce

some auxiliary problems, which allow to derive the consistency of the two steps of the

fixed point mapping N. Let 7 def N(np) € np + X and define 71, € np + X as the

solution of
—/ Dyhiy, Oy d: — / i, .G, 00 dz = (fn, P)
Q Q

for all ¢ € X. The functions V and G as well as V, and G}, are defined in analogy.
Standard results for finite element approximations of linear elliptic equations di-
rectly yield the following result [16].
LEMMA 4.4. Let (7, Vi) be defined as above and (nn, Vi) is a discrete solution
of (4.2). Then there exists a constant ¢ > 0, independent of € and h, such that

lien = nall 2 ) + HVh B VhHHl(Q) =
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. - . . def & . def
Further, we introduce the auxiliary variables @ = e“fA € up + X and @, =

eCrivy, € up + X, which fulfill

7/ eféﬁrﬁ Oy¢pdr=0 and — / e~ Crnd iy, Oy dz = (fr, B)
Q Q
for all p € X.
Taking the difference of these two equations and testing with ¢ = @ — 4 € X

yield

e G100t — )| o) < He—G —Gn

Lo (@) 102 @nll 120y + I full 20 -

from which we deduce
(4.4) i = anll 1 gc{HGGhHHI(Q)+h}.

Further, we have by a direct calculation

(45)  0e(h— i)l ey < (IIfW =)oy + G - G’L“mm)

for some constant ¢ > 0.
We need the following consistency result, which can be easily derived by cumber-
some calculations and thus are omitted here for the sake of a compact presentation.
LEMMA 4.5. There exists a constant ¢ > 0, independent of € and h, such that

sup  |(fn, 9)| < ch.
H¢HH1(Q):1

Next, we prove the key estimate, which will finally allow for the derivation of the
uniform convergence rates.

LEMMA 4.6. Let G be defined as above and G, a solution of (4.2). Then there
exists a constant ¢ = c(n, v, é) > 0, independent of € and h, such that

fou -

2 1.2 2
L2(Q)§c(h +h7 e A= nnllg) +e )

Proof. We define

A, 2 [ .o, (jﬁ) dr,

(An(nn), 0) < Ez/ﬂaw(\/ﬁ)l Dy (\;%)I dz.

First, we estimate the difference G, — GI. Due to (4.1) it holds that

(An(nn), ¢n) = (Gh = Vi, ¢n)n for all ¢, € X,
(A7), ¢) = / (G=V)pdr forall ¢ € X.
Q
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Testing the difference of these two equations with ¢ = G, — Gl e X, yields

(An(nn) — A(n), @)
= (Gh ~G— (Vs — V)Ab) + (G = Vi, @) = (Gh — Vi, 9),,

= (Gn=G"0) + (6" = G.6) = (V= V.0) + (Gn = Vs 6) = (Gi = Va9),.
which implies, due to Lemma 2.2,

<,

<fer-

o P [vi 7| e

+1h? 10:(Gh = Vi)l 2o 1028l 120y + (An(nn) — An (), ¢)
+ (An() — A(R), ) -

. Nl

We estimate termwise. First,

(A (nn) — Ap(2), )] :52/51c (mf\/ﬁ)faz <\/ﬁ>l d

Q
+s2/ﬂaz(m)faz< ¢ —\%y dz

2 -~ ¢\
S€ |0 (\/TT \/ﬁ) L2(Q) O <\/ﬁ> 12(9)
2 / o ¢\
e ||6w (Vi) ’L?(ﬂ) <\/7Th \/ﬁ> L2(@)

which can be estimated using Proposition 2.1 by

[(An(np) — Ap(R), 9)| < e%ca

(3

(G~ )

O (W B \/ﬁ) L2(Q) £2(9)

+e%es 0. (v )|l 20

L2()

and employing the uniform bounds derived so far

[(An(nn) — An(R), $)| < |Inn — ﬁHHl(Q) {5204 H¢||H1(Q) +ees ||aw¢HL2(Q)}

< ecq ||Inn — ﬁ||H1(Q) ||¢’||H1(Q)

for some uniform constants ¢; > 0,i=1,...,6.



A UNIFORMLY CONVERGENT SCHEME FOR THE QDD MODEL 1663

Second, employing successively Proposition 2.1 we get
an(a) — a0l == [ o ((va) - V&) o (%) da
0 Vi

+52/Qaw (\/ﬁ)laz [(\fﬁ)l (jﬁﬂ

_ dx
; ¢
<é &c( va _\F) ax( )
2 ( ") "Iia@ v/l
o], () ()
+e° (|0, (ﬁ) L2(Q) o Vi Vi L2()
A o
< ecrh H\/ﬁHHﬂQ) H¢”H1(Q) +e%esh H\/ﬁ H2(Q)

< co R[] g2y 191 11 )

for some uniform constants ¢; > 0,1 =17,8,9.
Combining the estimates derived so far we have

HGh — (A;IHL2(Q) § Ezcﬁhil th — ’ﬁHHl(Q) + ¢9 52

-

L2(Q) * HVh B VHL2(Q) tan HaI(Gh - Vh)HLz(Q) 7

where we employed the inverse estimate ||| 1 () < ch—! 168l 12(q) for all ¢, € X
Finally, we use again Proposition 2.1 to end with

o ¢

< {h 7 =il o) + 2+ h2+ k). O

L2(Q)

Next, we estimate the remaining difference nj, — n.

LEMMA 4.7. Let i be defined as above and ny, a solution of (4.2). Then there
exist constants ¢ = ¢(f,V,G,4) > 0, independent of € and h, and g9 = go(h) > 0
such that for € < eq it holds that

Inn = 2tll o ) < che

Proof. We estimate

nn = 2l gy < Ilnn = Anll gy + 1w = 2l g1

and using Lemma 4.4 as well as (4.4) and (4.5)
I = sy < 1 {16 = oy + G = €], 0}

S
H'(Q)

SCQ{HGhéIH +Hé’—é” +h}
H1(Q) H(Q)
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and employing Proposition 2.1 and the inverse estimate ||¢n|| g1 q) < ch™1 onllz2(0)
for all ¢, € X}, we have using Lemma 4.6

s = 2l §c3{hHGH Lz(mm}

< o {h+ 172 = Al g ) + h'E2

+ht HGh - GI‘
H2(9)

for some uniform constants ¢; > 0,7 =1,...,4. Now we assume
h2
2 < 5(2) def —,
204
which yields the desired estimate || — 71| 1 () < ch, With ¢ = 2¢4 + 1. 0

4.4. Proof of the uniform convergence result. Now we are in the position
to prove the main theorem of this section.
Proof of Theorem 4.1. We have the identity

ny =+ N(n) = N(ng) = (I = DN(€))(n —n) = ni, — i + i, —
which yields
I =l oy < = DNl s g sy I = Al -
Hence, we have due to Lemma 4.7
In =1l g1y < ch

for some constant ¢ > 0, independent of € and h. Finally, the other uniform estimates
follow from standard results for the approximation of elliptic equations. 0

5. Numerical results. In this section we present numerical simulations under-
lining the feasibility of the previously analyzed extended SG discretization. We study
a ballistic nT—n-nT diode fabricated of GaAs and a resonant tunneling structure.
Both devices consist of a channel and source and drain contact regions, which are
assumed to be equally long. The channel is moderately doped with a doping density
of 5-102' m~3, while the drain and source are highly doped with 10?4 m~3. The res-
onant tunneling diode has the same underlying structure, but the channel is replaced
by a quantum well sandwiched between two barriers. This resonant barrier structure
is itself sandwiched between two spacer layers (see Figure 5.1). The physical effect
of the barriers is a shift in the Fermi level, which can be modeled by an additional
step function B added to the electrostatic potential; i.e., V is replaced by V + B.
Since, we need more smoothness of B for the numerical analysis, we used instead a
smoothed function B, which is depicted together with the doping profile in Figure 5.2.
We choose a scaled Debye length of A2 = 1072 and set the scaled biasing voltage to
Vert = 5. To emphasize the large gradients occurring in the electron density in the
case of the resonant tunneling diode, we show in Figure 5.2 also the computed den-
sities for the different values of the scaled Planck constant €. These are in fact a
consequence of the barrier function and can only be smoothed for large €. Note that
for €2 = 10~° there is already no visible difference to the classical solution.

Remark 6. There is numerical evidence that the QDD model shows negative
differential resistance for some resonant tunneling diodes [34, 15], but one has to admit
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Source (highly doped) Source (highly doped)
Spacer Layer

Channel (moderately doped) Barriers Channel (moderately doped)

Spacer Layer

Drain (highly doped
Drain (highly doped) rain (highly doped)

F1G. 5.1. Diode structure (left: ballistic, right: RTD).

- =10
- &2=10°
\ =107
~ — =0

Fic. 5.2. RTD (left: doping profile, barriers, right: electron densities).

that the model is far from giving accurate quantitative results for this application.
This stems from the fact that the model is mainly designed for scattering dominated
transport and no quantum coherence is included. Nevertheless, this device is a good
test example due to the large gradients in the electron density near to the barriers.
For the computations we used several uniform grids of variable size and the dis-
cretization (2.2). To investigate the semiclassical limit numerically we decreased the
scaled squared Planck constant €2 from 107! to 0. The discrete nonlinear system is
solved with a damped Newton iteration, which proved to be stable. In Figure 5.3 to
Figure 5.5 we present the errors in the electron densities n, the electrostatic potentials
V, and the generalized potentials G measured in the H'(Q)-seminorm. Further, we
depict in Figure 5.6 the error of the current densities J in the L?(Q)-norm. The left
picture always corresponds to the ballistic diode, while the right one shows the error
for the resonant tunneling structure. Since in both cases an analytical solution is not
available, we take the solution on the finest grid (h = 1/4096) as the “exact” solution.
The numerical results show in both cases that the error behaves like O(h) for
all independent variables. Further, the scheme is stable in the semiclassical limit
since the convergence rate is not affected by the size of €. Note that the error in
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=107
& =10°
5 &=10°
o =0

10 - - 10
10" 10° 10 10" 10" 10° 10 10"
h h
F1G. 5.3. Error of the electron density (left: ballistic, right: RTD).
10’ r r 10° r r
- =107 20
& 2=10? & 2=10?
5 =107 5 =107
6 =0 6 =0

o . ] -
10 10 10 10 10
h
F1G. 5.4. Error of the potential (left: ballistic, right: RTD).
10° 10"
=107
& =107
- £=10"
6 =0

1G-G, I, ,

-

-

2

Error of the generalized potential (left: ballistic, right: RTD).

el
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+r§:m:; IR
sl & £2=10°
e =10 5 =10
6 =0 o =0

F1G. 5.6. Error of the current density (left: ballistic, right: RTD).

the electron density and the generalized potential of the RTD is much more affected
by the size of €, which is a consequence of the additional barrier function B. Most
interestingly, in both cases the error in the current density even does not depend on
€. This observation is essential from the engineering point of view, since it allows for
an accurate computation of current voltage characteristics also in the semiclassical
limit.

6. Conclusions. We presented and analyzed a new stabilized finite element dis-
cretization for the quantum drift diffusion model, which is a generalization of the
well-known Scharfetter—Gummel discretization for the classical drift diffusion model.
The scheme yields the expected approximation errors and allows for the performance
of the semiclassical limit on the discrete level, in such a way that the error estimates
hold uniformly. The extension to bipolar devices is straightforward. Further, the
numerical scheme can be easily extended to space dimensions larger than one using,
e.g., the finite element spaces described in [12]. However, the proofs in this paper are
not directly extendible, since we employed embedding theorems and inverse estimates,
which crucially depend on the space dimension.
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