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ABSTRACT. A finite-volume scheme for the stationary unipolar quantum drift-diffusion equa-
tions for semiconductors in several space dimensions is analyzed. The model consists of a
fourth-order elliptic equation for the electron density, coupled to the Poisson equation for
the electrostatic potential, with mixed Dirichlet-Neumann boundary conditions. The nu-
merical scheme is based on a Scharfetter-Gummel type reformulation of the equations. The
existence of a sequence of solutions to the discrete problem and its numerical convergence to
a solution to the continuous model are shown. Moreover, some numerical examples in two
space dimensions are presented.
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1. INTRODUCTION

The performance of modern ultrasmall field-effect semiconductor devices is strongly in-
fluenced by quantum confinement transport close to the device gate or by direct tunneling
through the channel potential barrier [26, 28]. In order to describe and numerically predict
these effects, two main model approaches are possible, employing either a full quantum de-
scription of the charge transport or a macroscopic model including quantum corrections. The
first approach may rely, for instance, on nonequilibrium Green’s function models [9] or Wigner
equations [16]. These models provide accurate physical results but they are computationally
very costly, in particular in multidimensional simulations. The second approach includes
quantum models derived from a Wigner-Boltzmann equation by using a moment method
and suitable closure conditions [21]. There exists a hierarchy of macroscopic quantum mo-
dels leading from quantum hydrodynamic equations [15, 18] to quantum energy-transport [10]
and quantum drift-diffusion models [1]. The quantum drift-diffusion model has the advantage
that well-established numerical methods developed for the classical drift-diffusion equations
can be adopted. It is widely employed in the engineering community (see, e.g., [4, 35, 37])
and it is implemented in commercial device simulators like ISE and Silvaco. Moreover, it
describes the correct behavior of quantum confinement and tunneling effects in MOSFET
(metal-oxide semiconductor field-effect transistor) structures [1, 3]. On the other hand, its
numerical treatment is far from being trivial since it contains an equation with fourth-order
derivatives, and a careful numerical analysis is needed.
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First numerical discretizations of the quantum drift-diffusion model were based on stan-
dard techniques, like finite differences [2] and standard finite elements [14]. High drain biases,
however, may lead to large electric fields and large gradients of the electron density, which
may give numerical difficulties in coarse grids when using standard techniques. These prob-
lems can be overcome by employing nonlinear schemes, such as the finite-difference nonlinear
scheme of Ancona [2] or the Scharfetter-Gummel type discretization of Pinnau [32]. Numeri-
cal convergence results for these schemes can be found in [32, 33]. For related results, we refer
to [24]. Another direction is the use of finite-volume schemes [29]. However, no numerical
analysis to show the numerical robustness of finite-volume schemes or multidimensional dis-
cretizations seems to be available in the literature. In this paper, we provide a finite-volume
analysis for the multidimensional quantum drift-diffusion model for the first time.

The (scaled) stationary equations in a bounded domain  C R? (d < 3) read as

Ay/n
. _ 2 _
(1) divJ =0, J=—¢“nV <7\/ﬁ > + Vn—nVV,

(2) MNAV =n - C(x).

The variables are the electron density n, the electron current density J, and the electrostatic
potential V. The physical parameters are the (scaled) Planck constant £ > 0 and the Debye
length A > 0. The function C(x) represents the concentration of charged background ions
(doping profile). The nonlocality of quantum mechanics is approximated by the fact that
the equations of state do not only depend on the particle density but also on its gradient.
Therefore, equations (1)-(2) are also called the density-gradient model.

Equation (1) contains fourth-order derivatives. It is convenient to reformulate (1) as a
system of second-order equations which are numerically easier to treat than the original
formulation. Introduce the quantum Fermi potential F' as the sum of the so-called Bohm
potential —e2A/n/\/n, the thermodynamic potential logn, and the electric potential V.
Then we can write (1) as

(3) div(nVF) =0, F=—22Y" 1oen_ v

NLD
The model equations are supplemented with physically motivated mixed boundary condi-
tions. We assume that the boundary 02 consists of contacts I'p and insulating parts T'p.
On the contacts, the electron density, the Fermi potential, and the electrostatic potential are
prescribed, whereas the remaining boundary parts are insulating:

n=mnp, F:FD, V:VD OIll_‘D7
Vvn-v=VF -v=VV-v=0 only,

where v is the exterior unit normal vector to 0€2. The boundary density np is usually equal
to the equilibrium density, and Vp is the applied potential. The Dirichlet condition for F
is derived from the assumption that no quantum effects occur near the contacts, i.e., the
quantum Bohm potential Ay/n/+/n vanishes on I'p [20], such that Fp = lognp — Vp. No-
flux conditions for the electron current density and the electric field lead to homogeneous
Neumann conditions on I'y for F' and V, together with an additional homogeneous Neumann
condition for /n.

The quantum drift-diffusion equations (1)-(2) were derived from the Wigner-BGK equation
by a moment method and a Chapman-Enskog expansion [10]. The closure of the moment
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equations is realized by a quantum Maxwellian, which is the minimizer of the von Neu-
mann quantum entropy subject to the constraint of a given particle density. The quantum
drift-diffusion model can also be derived in the relaxation-time limit from the quantum hy-
drodynamic equations [22]. The existence of a weak solution to (2)-(3) was shown in [5].
Existence results for the one-dimensional transient equations can be found in [24, 25]. The
multi-dimensional case (without pressure and electric field) was analyzed in [19, 23].

In this paper we analyze a finite-volume scheme applied to the stationary quantum drift-
diffusion equations. Since the electron density might change by several orders of magnitude,
we employ a Scharfetter-Gummel type formulation, similar as in [32]. Such a formulation was
also utilized in the finite-volume scheme presented in [29] but with a different set of variables.
Moreover, the paper [29] does not contain any numerical analysis.

Defining the total potential as the sum of the Bohm potential and the electric potential,

Ayin
— 2 _
G =t -V,

n, we can formulate the current balance equation as

div(e=“Vu) = 0.

and the Slotboom variable u = &

This expression corresponds to the exponential fitting formulation of the classical drift-
diffusion equations [27]. Setting further p = \/n, the system (2)-(3) is written in the new
variables (u, G, p, V') as the following system of second-order equations,

(4) div(e “Vu) =0, G =logu —2logp,
(5) —e2Ap = p(logu — 2log p + V),
(6) NAV =p? - C(z) inQ,

with the boundary conditions

(7) u=up, V=Vp, p=pp onlp,
(8) Vu-v=Vp-v=VV-vr=0 only,

where up = np exp(—=Vp) and pp = \/np.

In the next section, we introduce the finite-volume scheme and present our main results.
Furthermore, a discrete Sobolev inequality is proved. Section 3 is concerned with the proof
of the existence of a solution to the numerical scheme. The proof is based on a fixed-point
argument and the minimization of the discrete energy motivated by [5]. As a by-product, we
show L estimates independent of the discretization parameter using a discrete Stampacchia
technique. A priori gradient estimates are proved in section 4. Furthermore, the convergence
of (a subsequence of ) approximate solutions to a solution to the continuous problem is shown.
In Section 5, some numerical examples for simple two-dimensional ballistic and resonant-
tunneling diodes are given. Finally, we conclude in Section 6.

2. NUMERICAL SCHEME AND MAIN RESULTS

In this section, we introduce some notations and our assumptions, present the finite-volume
scheme for (4)-(6), and state our main results. Finally, we prove a discrete Sobolev inequality
needed for the L estimates below.
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2.1. Notations and assumptions. The domain (2 is an open bounded polygonal subset of
R? if d = 2 (polyhedral if d = 3). Its boundary satisfies

(9) N=TpUTyecC™ TpnNTy =0, Ty is open in IQ, meas(T'p) > 0.
In order to define the notion of weak solution for (4)-(8), we introduce the space
HH(Q) ={pc H(Q):¢p=00nTp}

(we note that H}(Q) = H}(Q) when I'p = 99Q). The boundary data are defined on the whole
domain and satisfy

(10) up, pp,Vp € HY(Q) N L®(Q), inf pp > 0,
D

and the doping profile satisfies
(11) C e L*(Q).
We say that (u, p, V') is a weak solution to (4)-(8) if
u€up+HLHQ), p€pp+HHQ), VeVp+HHQ)
and if for all ¢ € H},(Q), it holds

(12) / e CVu-Vodr =0, G = log(u) — 2log(p) in Q,
Q
(13) 52/ Vp-Vodr = / p(logu —2log p + V) pda,
Q Q
2 . = — 2 —
(14) A /QVV Vodx /Q(p C(z))pd.

An admissible mesh of € is given by a family 7 of control volumes (which are open and
convex polygons in R? and polyhedra in R3), a family &€ of edges in R? (or faces in R?), and
a family of points (xx)xer which satisfies Definition 5.1 in [12]. This definition implies in
particular that the straight line between two neighboring centers of cells (x g, 1) is orthogonal
to the common edge o = K|L. We assume that the triangulation is such that each edge (face)
is contained in either I'p or I'y. The size of the triangulation is defined by

size(T) = max diam(K).

The set £ is split into two subsets, the set &yt of interior edges and the set Eext of boundary
edges. Furthermore, we set Eoxy = EL, UEL,, where £L, contains all Dirichlet boundary edges
and &Y, all Neumann boundary edges. For a control volume K € 7, we denote by f the set

X
of its edges, Ex int the set of its interior edges, £ Il% the set of edges included in I'p, Sﬁﬁm

ext

the set of edges included in I'y, and Exext = & I%ext U Sg’ext. In the following, we denote by

d the Euclidean distance in R? and by m the measure in R? or R4, For given ¢ € &, we
define
4 — { d(zg,xr) if o € &y, 0 = K|L,
7 d(xK, U) ifoec&x, o€ 5K,ext7

where d(z,0) = infyc, d(xk,y). We make the following regularity hypothesis on the mesh:
(15) there exists ¢ > 0 such that for all K € 7, 0 € g : d(zk,0) > (d,.

For all o € £, we introduce the transmissibility coefficient 7, = m(co)/d,-.
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2.2. Finite-volume scheme and main results. The finite-volume scheme now writes, for
all K € T, as

m(K
(16) Z To(px — pr) + Z To(pr — pP) = 22 )(loguK—210ng+VK)pK,
UGSK’int’ JGSIL() ext
o=K|L '
m(K
(17) Z To(Vik = V) + Z Te(Vig = VP) = — §\2 )(p%(—C'K),
TEEK int; UGSII:() ext
oc=K|L ’
(18)  Gg =log(uk) — 2log(pxk),
(19) Y ree GFC R (g —u) + > e (ug — ul) =0,
UegK,int» 0'65}? ext
o=K|L ’

where the Dirichlet boundary conditions and the doping profile are discretized in the following
way:

1 1
Py = /PD(S)d57 ul = /UD(S)dS,

m(o) m(o)
1

= m(o) /JVD(s)ds, Ck = m(lK)/KC’(x)da:

forall c Cc T'p and K € 7. Let N be the number of control volumes in 7. The scheme
(16)-(19) is a system of 4N nonlinear equations in 4N unknowns, (px, Vi, Gk, uK)keT, OF
alternatively, in 3N unknowns, (px, Vi, UK )KkeT-

For a given mesh, the above scheme (if it admits a solution which will be proved below)
provides some solution vectors of the form (ax)rxe7, where a = p,V,G,u. We denote by a
the vector (ax)rxe7r and by ar the piecewise constant function, defined on 2, which equals
arg on K. Let X(7) be the set of functions from € to R which are constant on each control
volume of the mesh. With this notation, it holds a7 € X (7).

In Section 3, we will establish that there exists a solution to the finite-volume scheme. Our
main result reads as follows.

D

e}

Theorem 1. Let Q be an open bounded polygonal or polyhedral subset of R% (d < 3) satis-
fying (9) and let T be an admissible mesh satisfying (15). Furthermore, we assume that the
boundary data and the doping profile satisfy (10) and (11). Then the finite-volume scheme
(16)-(19) admits a solution (pr,Vr,ur) € X(T)? satisfying pr > p > 0 in Q for some p
independent of the triangulation. B B

Let (73)n>0 be a sequence of admissible meshes indexed by h, the size of the mesh. These
meshes are supposed to satisfy (15) with ¢ not depending on h. For a = p, V, G, u, we denote
by a, = a7, € X(7},) an approximate solution given by the scheme on the mesh 7;. In
Section 4, we prove the convergence of a sequence of approximate solution (pp, Vi, up) to a
weak solution to (4)-(8) as h — 0, as formulated in Theorem 2 below. For sake of simplicity,
we assume that 92 = I'p, but the result still holds for mixed Dirichlet-Neumann boundary
conditions.

Theorem 2. Let Q be an open bounded polygonal or polyhedral subset of R% (d < 3) satisfying
(9) with 9Q = T'p and assume that the boundary data and the doping profile satisfy (10) and
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(11). Let (Tp)n>0 be a sequence of admissible meshes satisfying (15) and (pp, Vi, un)n>0 be a
sequence of approximate solutions given by the scheme (16)-(19). Then there exists (p,V,u)
such that, up to a subsequence, py, — p, Vi, — V and up — u strongly in L*(Q)) as h — 0,
and (p,V, 1) is a weak solution to the system (4)-(8) satisfying p > p > 0 in €.
2.3. A discrete Sobolev inequality. We denote by || - ||4,o the usual norm on L(Q) (1 <
q < o0) and we write for ayr € X(7)
1/q
lazlloo = ( D mE)a) " ifq<oc, llarlea = sup laxl.
KeT KeT

Moreover, with a sequence (a,),cen , we define the discrete H'-seminorm
ext

9 9 1/2
lar|,T = ( Y melak—ar)’+ Y. Y Tlak —ao) )
Zi%n‘t[’/ KET o—egil(),ext

By the sum over all o € &y, 0 = K|L we understand the sum of all interior edges o each of
which is the common edge of some control volumes K and L.

Lemma 3. Let Q C R? (d < 3) be a polygonal or polyhedral domain satisfying (9) and let T
be an admissible mesh satisfying (15). Furthermore, let 1 < g < oo ifd=2 and 1 < q <6 if
d = 3. Then there exists a constant cg > 0 depending only on 2, ¢, d, and q such that for all
ar € X(T) and (ag)aeggct satisfying a, = 0 for all o € EX,,

larllg0 < eslar|iT.

The discrete Sobolev inequality is shown in [8] in the special case 9 = I'p and in [6] for
g = 2. We also refer to [13] for complementary results. The proof of Lemma 3, which is
adapted from the proof in [6], is given here for completeness of the presentation.

Proof. We notice that X (7) embeddes in the space BV () of functions of bounded variation
and the latter space embeddes continuously into L% (=1 (Q). Tt can be shown (see [6, Lemma
3.2] for details) that there exists a constant ¢(2) > 0 only depending on 2 such that for all
v € X(T) with v, = 0 for all o € X

xt )

(3 mm)r”) T <o)X m@hk v+ Y Y mle)xd).

KeT 0EEimts KeT gegD
O'ZK‘L K,ext

We take v = |a7|?@1/4 and employ the fundamental inequality

“amq(d—l)/d _ |aL|q(d—1)/d‘ < Q(dd_l)(|aK|q(d—1)/d—1 + !aLIQ(d_l)/d_l) lax — ar,

for ¢ > d/(d — 1). Then the Cauchy-Schwarz inequality and hypothesis (15) give

(d=1)/d  2¢(Q)g(d —1
( Z m(K)|aK]q> < C()ch)( Z m(o)|ax| @/ ax — ay,
KeT 0€E&int,

o=K|L

3> mlo)ax|" D ag|)

KET 0'651? ext
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2¢ 1/2
< 2D i (Y mloddlo, o)l P10
KeT o€k
_ 2¢()g(d—1) 2q(d—1)/d—2 /2
-—m:mmﬂéﬂmm )

since ) e m(0)d(zx,0) = dm(K). Applying Hélder’s inequality, we obtain

(3 m( a6 < d(@, (3 miaofact) "

KeT KeT
and hence,
1
larllg0 = ( Z rn(K)]aqu> . <cglarh T,
KeT
where cg = 2¢(Q)(Q, q)q(d —1)/+/d(. The application of Holder’s inequality is possible only
if 2¢(d — 1)/d — 2 < g, which is true if g < oo and d =2 or if ¢ < 6 and d = 3. O

3. EXISTENCE OF A DISCRETE SOLUTION

In this section, we prove Theorem 1. The proof is based on Brouwer’s fixed-point theorem
and discrete Stampacchia-type estimates. We assume that hypotheses (9), (10), (11), and
(15) hold and we set

U = 1anuD, uw=supup, U={(urg)rker:u<ug <uforal K €T}
D Tp

The set U is convex and compact. The fixed-point mapping T : Y — U, w — wu, is defined as
follows:

(1) Compute (p,V) = ((px)rxe1, (VK )Ker) by solving scheme (16)-(17), where u in (16)

is replaced by w.

(2) Set Gx =logwg — 2log px for all K € 7.

(3) Compute u = (ux)ker by solving scheme (19).
We need to prove that the mapping 7" is well defined by establishing that each of the above
steps admits a unique solution and that 7" maps U into itself.

3.1. Existence and uniqueness of (p,V). For given w € U, we show the existence and
uniqueness for (16)-(17) (with u replaced by w) by minimizing a discrete energy functional.
To this end, we denote by H the primitive of log which vanishes at the point s =1 (H(s) =
slog(s) —s+ 1,0 < s < c0) and define the discrete energy functional

E(P7V):52 Z TU(PK_PL)2+52 Z Z To(pK_paD)Q

Zi‘?{r‘m[y/ KGT 0-651? ext
)\2
Y e S Y Y
o€&nt, KeT 068}3 oxt
o=K|L
+ 3 mE)HE) — S m(K) g log wic.
KeT KeT

The first two terms express the discrete quantum energy, the third and fourth term the discrete
electric energy, and the last two terms are related to the discrete thermodynamic energy. For
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given p = (pi)xer € RY, scheme (17) admits a unique solution V = (Vi )ger € RY, thus
defining the mapping ® : RN — RY | p+— V = ®(p) (recalling that N is the number of control
volumes). We can now define the functional 7 : [0,00)Y — R, n(p) = E(p, ®(p)).

Lemma 4. The functional n admits a unique minimizer p € [0,00)", and (p,®(p)) is a
solution to scheme (16)-(17).

Proof. The functional 7 is well defined, continuous on the convex set [0,00)" and satisfies
n(p) = Y m(K)(H(pk) — log(u)pk ).
KeT

This implies that 7 is bounded from below and weakly coercive (n(p) — oo as |[p| — o).
Therefore, 1 possesses a minimizer p satisfying the Euler-Lagrange equations 0n/dpk(p) =0
for all K € 7. The partial derivative of 7 is given by

877 oF OF 8VK/
20 —_— P —(p,®
(20) oo P = g P 2PN+ D g0 ®(0) 5 (),
K'eT
where
OE 2 2 D
5 (@) =2 > ok —p)+26* Y olpk —p7)
PK e >
o K,int» O'GgK Jext
oc=K|L
+2m(K)pr log(pfe) — 2m(K)px log wie,
oF 9 9
8VK/ (pa (I)(p)) =A Z TU(VK’ - VL) + A Z TO'VK’-
oc€kr, o—eg}?/ ext
o=K'|L

Then the last term in (20) can be rewritten as

> 8iE(p,ﬂﬁ(p))WK/ (0 =X > 7o(Vir— VL)(aVK’ _ %)

K'eT 8VK, apK c€&nt, apK apK
o=K'|L
OV
(21) + )\2 Z Z TO'VK’ K
K'eT gegl

K/ ext

In order to reformulate the first term on the right-hand side, we differentiate (17) (written
for K') with respect to pg:

Vi OV, ) OV
22 Ty — =)+ To— = —2m(K)pgdxr: foral K' €T,
% (G = 5 ) gz G (K)pxSxx

O':K'|L K/ ext

where dg g denotes the Kronecker symbol. Multiplying this equation by Vi and summing
over K’ € T yields, after a discrete integration by parts,

Y TU<6VK’ WL)(VK/—VL +A2 Y Z TUWK/VKIZf?m(K)pKVK-

0 0
O'Gginty pK pK K'eT O'GSD
o=K'|L ©




A FINITE-VOLUME SCHEME FOR THE QUANTUM DRIFT-DIFFUSION MODEL 9

Inserting this expression into (21), the derivative (20) becomes

ﬁ(p) = 92¢2 Z Ta(,OK — pL) + 2¢? Z Ta(pK - pg))

Opk
P 0EEK ints oeé‘}[(’ oxt
o=K|L

+ 2m(K)pg log(p%) — 2m(K ) pr logwy — 2m(K)p Vi, K eT.
This shows that the Euler-Lagrange equations are equivalent to scheme (16), and the mini-
mizer p is such that (p, V = ®(p)) solves (16)-(17).

We prove now that the minimizer is unique. The idea is to show the pseudo-convexity
inequality

(22) <\/9p1 (1-0) pz) < On(p1) + (1 = 0)n(p2)

holds for all 0 < # < 1 and p; # pg, from which the uniqueness follows immediately. This
property has been first used in [30] for a quantum thermal equilibrium model. In order to
prove (22), we split 7 into three parts: the discrete quantum energy 7q (corresponding to the
first two terms in E(p,V)), the discrete electric energy ny (corresponding to the third and
fourth terms in F(p,V)), and the discrete thermodynamic-type energy ng (corresponding to
the last two terms in E(p,V')). Since H is strictly convex, the functional ny satisfies (22)
with 7 replaced by 1. Furthermore, the mapping ® is linear with respect to p? and z > 22
is convex, implying that

nv <\/9P1 ) < Onv(p1) + (1 —0)nv(p2)

for all 0 < @ < 1 and p1, p2. The functional 7g satisfies the same inequality (with ny
replaced b y n¢) since the following elementary inequality holds for all (z1,z2), (y1,y2) € R?
and 0 <0 <1:

(Vout + (1= 0023 — \Jouz + (1L 003)” < 01— 1) + (1 O)(2 — 10)”

Indeed, we compute

(Voat + (1= 0)a3 — \Jouz + (1= 0)38)” — (0w — )2 + (1~ B)(2 — 10)?)

= —2(\/03:% +(1- 0)$§\/9y% + (1 —0)y3 — (Oz1y1 + (1 — 0)x2y2)>,

and an expansion of the right-hand side shows that it is nonpositive. O

Remark 5. In Lemma 4, we have proved that the functional n admits a unique minimizer p
and that (p,V = ®(p)) is a solution to the scheme (16)-(17). It implies that (16)-(17) has a
solution but it does mot necessarily imply that this solution is unique. In order to define the
mapping T without ambiguity, we precise in step (1) that (p, V') is obtained by minimizing 7.

3.2. L™ estimates for p and V. We show that p and V' are bounded from above and below,
using a Stampacchia technique [36] as suggested in [17].

Lemma 6. Let (p,V) be a solution to (16)-(17) (guaranteed by Lemma 4). Then there exist
constants V., V € R, and p, p > 0 such that for all K € T,

0<p<px<p, V<Vk<V.
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Proof. The strategy of the proof is as follows. First, we show that V' is bounded from above.
This bound allows us to derive an upper bound for p, which provides a lower bound for V.
Finally, the lower bound for V' implies the strict positivity of p.

First step: upper bound for V. We set ¥ = max{z,0} for z € R. Let W > supp, Vp.
We multiply scheme (17) by (Vx — W)™ and sum over K € 7. By definition, we have
(VP —W)* =0 for all 0 € EL,. Then, after a discrete integration by parts,

> (Ve = Vo) (Ve = W)T = (Vi = W)F)

Uegintv
o=K|L
+ > Y (Vg = VPV = W)t = (VP —w)T)
KGngglfg’ext
1
<2 > m(K)|Ck|(Vk = W)*.
KeT

Applying the following inequality on the left-hand side
(z —y) (T —yT) > (@™ —yT)? for all (z,y) € R?,
and the Cauchy-Schwarz inequality on the right-hande side, we conclude that
> 1o (Ve = W) = (v = W)H)

Uegintv
o=K|L

2

+ 3N (Ve - W)t = (VP - w)t)?

KeTUEg}?,ext
< (3 mmck) (X mu)vie - wy?)
KeT KeT

which is rewritten as

1
(Ve = W) ir < 5lIClaall (Ve = W)

2,0-

We introduce the set Ay = {K € T : Vg > W} and define m(Aw) = > ey, m(K).
Applying Hélder’s inequality, we find that

(VT = W)* 20 < (V7 = W) lgom(Aw) /279, g > 2.
Hence, by the discrete Sobolev inequality (Lemma 3),
(23) 1(Vr = W)*Flgq < em(Aw)' /274, 2 <q <6,
q7

where the constant ¢ > 0 depends on Q, (, d, ¢, ||Cl/2,0, and A\. Choosing Z > W and
observing that Az C Ay and (Vx — W)+t > Z — W for all K € Az, we infer that

> m(K) (Ve —W)H)1> Y m(K)(Z - W),
KeT KeAyz

which is equivalent to

(24) 1(Vr = W)*llg = m(A2)9(Z —W).
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Thus, (23) and (24) imply that
Cq

(Z - W)

We can now apply the following lemma due to Stampacchia (see Lemma 4.1 in [36]).

m(Ayz) < m(Aw)?t Z>W, 2<q<6.

Lemma 7. Let ¢ be a nonnegative and nondecreasing function, defined for all W > Wy, such
that, if Z > W > W,

H2) < =g’

where ¢ > 0, @ > 0, and B > 1. Then there exists W* > Wy, depending only on Wy, ¢, «,
and (3, such that p(W*) = 0.

We apply this lemma to the function ¢(W) = m(Aw) and ¢ > 4. Thus, there exists V
such that m(Ay) = 0 and hence, Vg <V for all K € 7.

Second step: upper bound for p. We multiply (16) by (px — M)*, where M > supr, pp,
and sum over K € 7. Observing that, by definition, (p? — M)+ = 0 for all o € £, and
integrating by parts, we obtain

> 1olpx = pr) (o — M)* = (pr, — M)T)
i,

+2 > (px =) ((px = M)* — (pr — M)*)

KeT geg}? ext

= 5% > m(K)pk(px — M) (log wi — 21og px + Vic).
KeT
The right-hand side is nonpositive if M > My = exp((logu + V)/2). Hence, taking p =
max{supr, pp, Mo}, we arrive at |(p —ﬁ)ﬂ%ﬂ— < 0, which implies that px < p for all K € 7.
Third step: lower bound for V. This part is similar to the first step. Multiplying (17) by
—(W — Vi)t for W < infr, Vp, summing over K € 7, and employing the upper bound for
p yields

1
(W =V i < 517+ Claall(W = V1) |20,

and the conclusion follows as in the first step.
Fourth step: lower bound for p. This is similar to the second step. Setting

p = min { %ngpp,exp (%(logg +K)>} > 0,

we multiply (16) by (p — px)* and sum over K € 7. Then we proceed as in the second
step. O

3.3. Proof of Theorem 1. In section 3.1, we have proved the well-posedness of the first
part of the definition of the fixed-point map 7. In the second step, we define G by Gx =
logwg —2log px for K € T (see (18)). The L estimate for p and the fact that w € Y imply
L*> bounds for G:

G =logu—2logp < Gk Sézlogﬂ—ﬂogg forall K € T.

It remains to show that scheme (19) possesses a unique solution u € U.
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Actually, (19) is a system of linear equations. We consider the case u? = 0 for all o € 2
multiply (19) by ug, and sum over K € 7. Then

> reen R TCIR (e —up)? 4 Y0 Y e Rug = 0.

o€&int, KeT gecgl
O':K|L K,ext

,ext?

Since m(I'p) > 0, this shows that ux = 0 for all K € 7. Therefore, the matrix of the linear
system is invertible, and the scheme admits a unique solution.

It is not difficult to derive L bounds for u. Indeed, multiply (19) by (ux — @)™, sum over
K € 7, and argue similarly as in the proof of Lemma 6 to obtain |(uz — ﬂ)ﬂ%j < 0 and
hence, ug < w for all K € 7. In an analogous way, we find uxg > u for all K € 7.

Thus, the mapping T : U4 — U, w — u, introduced at the beginning of section 3, is well
defined and continuous. The Brouwer fixed-point theorem ensures the existence of u € U such
that T'(u) = u. Let (p, V') be the corresponding solution to (16)-(17) and define G according
to (18). Then (p,V,G,u) is a solution to (16)-(19). Notice that we cannot conclude from
Brouwer’s theorem the uniqueness of solutions to the full system (16)-(19).

4. NUMERICAL CONVERGENCE

This section is devoted to the proof of Theorem 2. Given a solution (p,V,G,u) to (16)-
(19) on a mesh of size h, we denote now by (pr,Vr,Gr,ur) € X(T)* the corresponding
approximate solution. First, we prove some discrete H' estimates satisfied by (pr, Vr,ur).
Then, from a sequence of meshes (7p)p~¢ of size h, we can define a sequence of approximate
solutions denoted by (pp, Vi, up)rs0- We show the compactness of the sequences (pp)p>0,
(Vi)rh=o and (up)p>0 and weak compactness of some approximate gradients. These estimates
allow us to pass to the limit in the numerical scheme.

4.1. Discrete H! estimates.

Lemma 8. Let Q be an open bounded polygonal or polyhedral subset of R? (d < 3) satisfying
(9) and let T be an admissible mesh of size h satisfying (15). Furthermore, we assume (10)
and (11). Let (pr,Vr,Gr,ur) be a solution to the finite-volume scheme (16)-(19). Then,
there exists a constant ¢ > 0, not depending on h, such that

lprhr <c¢, \Vrhir<e, |urhr<ec

Proof. We follow here the proof of Lemma 4.1 in [7]. First, we define the discrete functions
p?, V7D and u? by

pr(@)=pR, VP (2)=Vi, up(z)=ug VreK,

where p? (respectively V2, ul) is the L? projection of pp (respectively Vp, up) on K.
The scheme (16) rewrites

(25) > telpx —p)+ Y Tolpx —p2) =m(K)fx

0EEK int» ocEl
’ K,ext
o=K|L o
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with fx = e ?(logux — 2log px + Vi )pr. Multiplying (25) by px — p2 and summing over
K € 7, we obtain

> m(E) ficlor = pR) = > 7low = p1) (o = p1) = (0 = p7))

KeT 0€Eint,
o=K|L
+3 > mlex —p?)((px—p?) — (pR —p(’?))
KeT geel

K,ext
> (o7l — 10212
=5 PTIiT — IPTI1,T )"

Applying the Cauchy-Schwarz and Young inequality, we find that for o > 0,

1
D 2 D2
Z m(K) [k (px — pg) < EHfTHz,Q +allpr — p7ll2,0-

KeT
On the one hand, the L estimates on u, V and p ensure that || fr|2q is bounded and,
on the other hand, we can apply the discrete Sobolev inequality proven in Lemma 3, giving
lor = P23, < c&(lprl3 7 + 1713 7). Choosing, for instance, v = 1/(4¢%), we arrive at the
desired estimate |p7|1,7 < c.

The proof of the estimate |V7|; 7 < c is similar as the scheme (17) also rewrites under the
form (25) with V instead of p and fx = —A"2(p% — Ck). Finally, multiplying the scheme
(18) by ux — u, summing over K € T, and using the upper bound on G, we directly obtain
lurlr < vl 0
4.2. Compactness properties. In this section, we recall that the discrete H! estimates
satisfied by a sequence of approximate solutions imply the strong convergence in L? of a
subsequence of approximate solutions and the weak convergence of a sequence of approximate
gradients.

Let us first define the approximate gradients. For each edge (face if d = 3) of the mesh o,
we define the diamond D, (see Figure 1) by

D, = {tex+(1—1t)y,t€[0,1],y €} if 0 CON, 0 € Ex ext,
Do = {teg + (1 —-t)y, t €[0,1], y € o}
U{ter +(1—t)y,t€[0,1),yco} ifo€&n,0=K]|L.
For an edge o € £k, we denote by vk , the normal to o outwards K.

Let a7 € X(T) and (ag),cep, be some boundary values. As in [7] and [11], we define the

approximate gradient V7 a7 (x) for z € D, by

r:zg?) (ar, —ag)vk,e if o € &n,0 = K|L,
T _ m(o) .
(26) Viar(z) = m(g?g)) (ap —ar)vko, if o€ &L,

0 if o € EN

ext*

In the sequel, we will write V" = V7=, Let us consider a sequence of admissible discretizations
(T1)n>0 of an open bounded polygonal subset Q C R? and a sequence of functions (az)n>o
with ap, € X (7). We recall the convergence results established in [12] (for the functions) and
[11] (for the gradients): if there exists K > 0 such that |ay|1 7, < K (we consider here the H'
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D, for o C 082

D, for o = K|L

FIGURE 1. Definition of the diamond D, associated to an edge o (d = 2)

seminorm with I'p = 9Q and a, = 0 for 0 € Exy) for all A > 0, then there exists a € H&(Q)
such that, up to a subsequence, (aj) converges to @ in L?(Q2) and (V"ay;,) converges weakly
to Va in L2(Q)d as h — 0. Due to the discrete H! estimates on o1, Vr and ur, we conclude
the following convergence result.

Lemma 9. Let Q be an open bounded polygonal or polyhedral subset of R% (d < 3) satisfying
(9) with 0 = T'p. Let (Tp)p>0 be a sequence of admissible meshes satisfying (15) and
(Phy, Vs up)n>o be a sequence of approximate solutions given by the scheme (16)-(19). Then
there exists (p,V, @) such that p— pP € H(Q), V-VvPe HE(Q), u—uP € H}(Q) and, up
to a subsequence, pp, — p, Vi — 17, up, — 0 strongly in L*(), as h — 0, and V'p,, — Vp,
ViV, = VV, Vi, — Vi weakly in L*(Q).

4.3. Proof of Theorem 2. To conclude the proof of Theorem 2, it remains to prove that
(p,V,u) obtained in Lemma 9 is a weak solution to (4)-(8). Therefore, we prove that the
sequence of approximate solutions satisfies the weak formulation (12)-(14) with some error
terms.

Lemma 10. Let Q be an open bounded polygonal or polyhedral subset of R? (d < 3) satisfying
(9) with 0 = T'p. Let (Tp)p>0 be a sequence of admissible meshes satisfying (15) and
(Phy, Vs un)n>0 be a sequence of approzimate solutions given by the scheme (16)-(19). For all
¢ € C(Q), it holds, for h > 0 small enough, G, = log(uy,) — 2log(pp) in  and

(27) / e~ iy, - Vodr| < Kgh,
Q
(28) 52/ V' - Vodx — / pr(logup, — 2log pj, + Vi) ddz| < Kyh,
Q Q
(29) 2 [TV Vor [ (6 - Cla)oda < Koh,
Q Q

where Kg > 0 does not depend on h.

Proof. We focus here on the proof of (28) as the proofs of (27) and (29) are similar.
Let ¢ € C°(Q2). We suppose that h = size(7) is small enough such that supp¢ C {x € Q :
d(z,08) > h}. Multiplying (16) by ¢x = ¢(xx) and summing over K € 7, we obtain the
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equation €24 — B = 0, where

A= Z To(px — pr)(¢x — ¢1) and B = Z m(K)(logug — 2log pr + Vi )pr bk

O‘Egint, KeT
oc=K|L
Since
|9 vo = 3 / (01— pr)V6 - i da
Ueglnt:
o=K|L
/(10guh —2log pp + Vi)pn¢ dz = Y~ m(K)(logug — 2log p + V) )PK 7 / ¢ dz,
Q KeT
we have
oL — Pk
A—/Vhph'v¢d$= m(o) PL—PK/ <—V¢'VKU dx,
Q oez&im m(DU)( ) Dy da ,
o=K|L

B — /(log up, — 2log pp, + Vi) pn¢ dx
Q
1
= E m(K)(logug —2log prc + Vi )px <¢K - (K)/ o dﬂ?) .
KeT m K

Observing that ¢ € C2°(Q) and size(7) = h, there exists kg > 0 depending only on ¢ such
that, for all K € 7 and 0 = K|L,

1
\“”K‘nm/ﬂx

Therefore, employing the Cauchy-Schwarz inequality and the discrete H! estimate for pj,, we
find that

< kgh and < kgh.

‘ﬂﬁd%_w.%g

/Vhph Vo de| <ch > m(o)|pL — px|
Ueglnh
o=K|L
5\ 1/2 1/2
<eh( > wlor—pxl?) (Y mio),) " <en,
Uegjm;, Uegint:
o=K|L o=K|L

where ¢ > 0 is a generic constant independent of h, and, due to the L™ estimates on wuy, pp,
and V},, it also holds

'B - / (logup, — 21og pp, + Vi) pro dz| < ch.
Q

Since e2A — B = 0, the above computations imply (28). O

Passing to the limit as h — 0 in (27), (28), and (29) shows that the sequence (f)\,f/,ﬂ)
obtained in Lemma 9 is a weak solution to (4)-(8), which finishes the proof of Theorem 2.
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5. NUMERICAL EXAMPLES

In this section, we present some numerical simulations of a two-dimensional ballistic diode
and a resonant tunneling diode (RTD). The ballistic GaAs nTnn™ diode, whose geometry is
shown in Figure 2, consists of a highly doped source and drain region (the doping density
equals 1024 m=3) and a moderately doped channel (doping density of 5 - 102! m=3).

FIGURE 2. Geometry of the ballistic diode

For the scaled model this results in Q = (0,1) x (0,1/3), I'p =T% uT'L ({0} x (0,1/3)) U
({1} x (0,1/3)), and the doping profile C(z) is given by

[ 5-107% if1/3<w<2/3,
(30) cen={ > L

The resonant tunneling diode has the same ntnn™ structure as the ballistic diode but the
channel is replaced by a quantum well sandwiched between two AlGaAs barriers. The double
barrier structure is placed between two GaAs spacer layers, as shown in Figure 3 (a). We
stress the fact that this structure is very simplified but captures the main device geometry; we
refer to [31] for a more realistic geometry for a resonant tunneling transistor. Moreover, this
section is intended to verify the properties of the numerical scheme rather than to simulate
full-feature physical devices.

The physical effect of the barriers is a shift in the quasi-Fermi potential level, which is
modeled by an additional step function B(x,y) = B(x), depicted in Figure 3 (b), added to
the electric potential. From a numerical point of view, we replace Vi in (16) by Vx — By,
where By is the L? projection of B on K. The step function B is a piecewise constant
function, which equals B (the barrier height) in the barriers and 0 else.

For the ballistic and the resonant tunneling diodes, the scaled boundary conditions are
np =1onIT'p, Vp =0 on T% and Vp = Vi on FlD. With these values, it follows that
pPD = +\/ND, Up = npe” VP and Gp = logup — lognp in .

The devices are simulated using the quantum drift-diffusion equations as discretized in
scheme (16)-(19). The first two equations (16) and (17) are numerically solved by Newton’s
method, whereas a fixed-point iteration is employed for the full scheme. The iteration pro-
cedure is coupled to a continuation in the applied voltage, i.e., the discrete system is solved
for some applied voltage Voxt + AV, using the solution for Ve as an initial guess, and AV is
the voltage increment.

5.1. A test case. First, we consider a test case presented by Pinnau in [32]. We choose a
scaled Debye length A\ = 1072 and a scaled biasing voltage Vg = —5. The scaled barrier
potential B is set to 0 for the ballistic diode and to 1 for the resonant tunneling diode. Figure 4
presents the electron density for different values of the scaled Planck constant e, computed
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B(z)
y barriers [ T ——
. 0 : : —
space layers 0 1/3 2/3 1
(a) Geometry (b) Step function

FIGURE 3. Resonant tunneling diode

with the scheme (16)-(19) on a fine triangular mesh made of 10752 triangles. For 2 = 1077,
we notice large gradients for the electron density close to the barriers. The profiles are similar
to those obtained by Pinnau in [32] using a finite-element scheme in one space dimension.

Next, we wish to compute the convergence rates of the scheme. To this end, we compute
the numerical solution to the scheme (16)-(19) on a sequence of rectangular meshes with only
one cell in the y-direction. The coarsest grid is made of 30 rectangles and the sequence of
meshes is obtained by dividing successively the rectangles by 2. The finest grid is made of
7680 rectangles and the numerical solution on the finest grid is taken as reference solution for
the computation of the L? error for the variables n, V and G.

Figure 5 presents the error in L? norm between the approximate solution and the reference
solution for the ballistic diode (left column) and the resonant tunneling diode (right column).
The numerical results show a convergence rate of order one for all variables, even for rather
small values of . However, for €2 = 1075, the first-order convergence rate is obtained for
sufficiently small values of h only.

5.2. Numerical simulation of a resonant tunneling diode. We consider now a GaAs-
AlGaAs double barrier structure. The geometry of this resonant tunneling diode is shown in
Figure 3 (a) and the doping profile is the same as above. The physical parameters and the
scaling are chosen as in [34]. More precisely, the length of the device is L = 750 A and the
lattice temperature equals T' = 77 K. The physical constants are the reduced Planck constant
h = 1.05-1073* VAs?, the Boltzmann constant kg = 1.38 - 10723 VAsK™!, the charge of
electrons ¢ = 1.6-107!? As and the permittivity of GaAs, e = 12.9¢g = 1.14-107'0 AsV~!m~1.
In the device, the effective electron mass is assumed to be constant m = 0.126-my = 1.07-1073!
kg and the mobility of electrons is 4 = 2.5 m®>V~!'s~!. Then the thermal voltage is defined
by Ur = kgT/q = 6.64 - 1073V and the scaling yields

2 h2

S — =8.41-107%
6kpTmL?

_987.1073, A= _<UT

© -~ qCpL?

Notice that the effective electron mass constant is chosen larger than the physical value for
GaAs, m = 0.067 - mg, in order to emphasize the negative differential resistance effect in the
voltage-current characteristics (see below).
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FIGURE 4. Electron densities in the diode (left: ballistic, right: RTD) for
different values of 2.
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First, we compute the thermal equilibrium (applied voltage Vexy = 0 V). The electron
density n and the electric potential V' are shown in Figure 6 for different values of the barrier
height: B = 0 eV (ballistic case), B = 0.1 eV and B = 0.2 eV. Again we observe large
gradients of the electron density close to the barriers.

Figure 7 shows the current-voltage characteristics when the barrier height is assumed to
be B = 0.3 eV. The peak is achieved at the potential Vot = —0.18 V and the valley at
Vext = —0.245 V. The nonmonotone behavior of the current-voltage curve is called negative
differential resistance effect, which allows one to use these devices in ultra high-speed circuits.
Finally, the electron densities at the peak and the valley are presented in Figure 8.

6. CONCLUSIONS

In this paper, we have analyzed and numerically tested a finite-volume scheme for the
multidimensional quantum drift-diffusion equations with physically motivated boundary con-
ditions. The existence of solutions to the discrete scheme was proved employing the Brouwer
fixed-point theorem and the minimization of the discrete energy functional. As a by-product
of the minimization procedure, we obtained discrete H' a priori estimates, which allowed us to
prove the convergence of the discrete solutions to a solution to the continuous model. Numer-
ical tests have shown that the convergence rate is of order one. Interestingly, the convergence
rates seem to be uniform in the scaled Planck constant. A finite-element scheme with such
a property was derived by Pinnau for the one-dimensional model, see [32]. Furthermore, we
have simulated a simple two-dimensional resonant tunneling diode with a slightly enlarged
effective mass constant, showing negative differential resistance. Our results show the good
performance and stability of the finite-volume scheme.
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FIGURE 6. Equilibrium densities (left) and electric potential (right) for differ-
ent values of the barrier height.
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