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EXISTENCE AND LOCAL UNIQUENESS FOR THE
STOKES-NERNST-PLANCK-DRIFT-DIFFUSION-POISSON SYSTEM
MODELING NANOPORE AND NANOWIRE SENSORS*

LEILA TAGHIZADEH' AND CLEMENS HEITZINGER}

Abstract. This work gives analytical results for a system of transport equations which is the un-
derlying mathematical model for nanopore sensors and for all types of affinity-based nanowire sensors.
This model consists of the Poisson equation for the electrostatic potential ensuring self-consistency and
including interface conditions stemming from a homogenized boundary layer, the drift-diffusion equa-
tions describing the transport of charge carriers in the sensor, the Nernst-Planck equations describing
the transport of ions, and the Stokes equations describing the flow of the background medium water.
We present existence and local uniqueness theorems for this stationary, nonlinear, and fully coupled
system. The existence proof is based on the Schauder fixed-point theorem and local uniqueness around
equilibrium is obtained from the implicit-function theorem. The maximum principle is used to obtain
a-priori estimates for the solution. Due to the multiscale problem inherent in affinity-based field-effect
sensors, a homogenized equation for the potential with interface conditions at a surface is used.

Keywords. Stokes-Nernst-Planck-drift-diffusion-Poisson system; nanowire sensors; nanopore sen-
sors; existence; local uniqueness.
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1. Introduction

The objective of this work is to prove existence and local uniqueness of the solution
of a system of partial differential equations that is fundamental for the mathematical
modeling of field-effect sensors and for nanopore sensors in a self-consistent manner. We
start with a short description of the applications covered by the system of equations in
order to describe the physical system and to explain the root of the model equations.

Field-effect biosensors based on silicon nanowires have been realized in experiments
in recent years [39,40, 48], and field-effect gas sensors based on metal-oxide nanowires
have been demonstrated as well [15,26,27]. The common working principle of these
affinity-based sensors is that the target molecules to be detected change the charge
concentration at the sensor surface, which in turn modulates the conductance of the
semiconducting nanowire. The currents through the nanowires are recorded and indicate
the amount of target molecules present.

A schematic diagram of a nanowire field-effect biosensor is shown in Figure 1.1. The
main advantage of this type of affinity-based sensor compared to currently employed
technology is its label-free operation; no fluorescent or radioactive markers are required.
Further advantages are high sensitivity, real-time operation, and high selectivity. The
concept is a very general one, since any DNA oligomers, RNA oligomers, and antigens
with known antibodies can be detected. Therefore there is a wide range of applications
including biomedicine, biotechnology, and the food and drug industries.

In the case of gas sensors, reducing or oxidizing gases react with the surface of the
nanowire in reactions that are not yet fully understood. These reactions result in charge
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transfer from or to the surface of the nanowire. Again, this change in charge concentra-
tion modulates the current through the nanowire. Applications include the detection of
toxic gases such as carbon monoxide and hydrogen sulfide, which are important, e.g., in
environmental monitoring and process technology. Despite the experimental progress in
recent years, the detection mechanisms are not completely understood and quantitative
models are necessary in order to gain insight into the physical processes.

Fic. 1.1. Schematic diagram of a manowire field-effect sensor (top) and a z-y cross section
(bottom), displaying the different subdomains as well as the source and drain contacts.

The third application governed by the system of equations investigated here are
nanopore sensors. The main application areas of nanopore sensors are DNA sequencing,
protein sequencing, and single-molecule detection following the principle of a Coulter
counter. Notable experimental progress towards the repeatable fabrication of well-
defined nanopores has been made [7,11-13,17,23,24,28-30,33,38,45]. Overviews of this
field can be found in [8,25,46].

A schematic diagram of a nanopore device is shown in Figure 1.2. The aqueous
solution on both sides of the membrane with the nanopore contains anions and cations.
An electric potential is applied across the membrane and results in ionic currents through
the nanopore. The ionic currents are measured. When a target molecule translocates
the nanopore, the ionic currents are reduced as in the detection mechanism of a Coulter
counter. In order to quantify the on- and off-currents as well as the forces on the target
molecules, it is therefore necessary to understand the transport of the ions and of the
background medium, i.e., water.

Mathematical models relevant to the quantitative understanding of field-effect sen-
sors have already been studied, e.g., in [1, 20,22, 34,47]. Mathematical problems stem-
ming from the modeling and simulation of nanowire field-effect sensors have been solved
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Fic. 1.2. Schematic of a nanopore sensor with typical contacts for measuring currents. The ionic
current between two compartments is measured in this manner.

recently. The multiscale problem inherent to this sensor type was solved in [19], and
existence and uniqueness for the stationary homogenized model, excluding the Stokes
equation, was shown in [2]. A stochastic version of the multiscale problem was solved
in [21]. A parallel numerical algorithm was developed in [3]. Based on these results,
realistic nanowire biosensors were simulated and optimized [4,5, 10, 35]. The surface
reactions at gas sensors were investigated in [41-43], and noise and fluctuations due to
surface processes were modeled and simulated in [44]. In the present work, we extend
the drift-diffusion-Poisson system with interface conditions [2] stemming from homoge-
nization [19] by a model for the liquid, i.e., the Stokes-Nernst-Planck equations.

The predominant model for nanopores is still the drift-diffusion-Poisson system,
which does not take into account the flow of the background medium. The drift-
diffusion-(Navier-)Stokes-Poisson system was theoretically investigated in [37]. The
main difference to the present results is that the present ones are more general, holding
for nanowire sensors and nanopores, and that they include interface conditions at ma-
terial interfaces due to homogenized surface layers. The present results also include a
third subdomain to cover realistic devices, and the uniqueness proofs here are based on
the implicit-function theorem.

The rest of this paper is organized as follows. In Section 2, the model equations
are described in detail. In Section 3, necessary assumptions are presented and weak
solutions of the system are analyzed. In Section 4, our main results are presented and
existence and local uniqueness of the weak solution are proved. Finally, the conclusions
are drawn in Section 5.

2. The model equations

In this section, we present the system of equations which models nanoscale devices
including nanowire and nanopore sensors. First, we describe the geometry of the de-
vices including the subdomains, their equations, and the boundary conditions in each
subdomain. Then the system of equations is summarized in the last subsection of this
section.
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2.1. The subdomains. We begin by describing the geometry of the devices
(see Figures 1.1 and 1.2). The domain is 2 C R3 and consists of three subdomains: the
semiconductor (silicon) Qg;, the dielectric (silicon dioxide) oy, and the electrolyte Qq.

These subdomains contain different types of charge carriers and have different physi-
cal properties, and hence they are governed by different equations. The Poisson equation
for the electrostatic potential V' provides self-consistency and is solved on the whole do-
main Q. In the first subdomain (g;, the drift-diffusion equations are used to model
charge transport. In the second subdomain €., there are no charge carriers, so that
only the Poisson equation holds. In the third domain {};q — the aqueous solution con-
taining cations and anions — we consider an isothermal, incompressible, and viscous
Newtonian fluid of uniform and homogeneous composition with cations and anions. In
this subdomain, the Stokes-Nernst-Planck-Poisson system holds. (In the biological lit-
erature, it is customary to call the Fokker-Planck or drift-diffusion equations without
recombination the Nernst-Planck equations.)

The boundary layer at the sensor surface is responsible for recognition of the analyte
molecules and therefore of great importance. In the case of biosensors, solving a homog-
enization problem gives rise to two interface conditions for the Poisson equation [19].
These interface conditions depend on the surface-charge density and the dipole-moment
density of the boundary layer. In the case of gas sensors, the model for the surface
charge is a system of ODE that models surface reactions [14,41]. Both of these surface
models are included in the following and consequently the results hold for both bio- and
gas Sensors.

In the case of nanopores, there are charging effects of the surface. They result in
a constant charge concentration at the manifold between Q,x and ;4. Some nanopore
sensors contain a recognition element (see Figure 1.2) that is also governed by the drift-
diffusion equations.

Throughout the rest of the paper, we assume that the domain  CR3 is bounded
and convex. In summary, the domain Q C R? is partitioned into three subdomains €g;,
Qox, and (g, and the manifold I' between Qo and (4 either in nanowire or nanopore
sensors. The subdomains and corresponding equations are shown in Figures 1.1 and
1.2. Furthermore, Dirichlet boundary conditions are applied at the contacts, and no-
flux (Neumann) conditions are used on the other boundaries.

2.2. The domain Qg; (semiconductor). The first subdomain Qg; consists of
the nanowire, a semiconductor. Here the drift-diffusion-Poisson equations

—V-(AVV)=Cqop+p—n, (2.1a)
V-Jn=R(n,p), (2.1b)
V.-Jp=—R(n,p), (2.1¢)
Jn=D,Vn—p,nVV, (2.1d)
Jp=—DpVp—p1,pVV, (2.1e)

are used to model the transport of electrons and holes, where V is the electrostatic
potential, A is the permittivity, and Cyop, is the doping concentration. The variables n
and p are the concentrations of electrons and holes, respectively, J,, and J, are their
current densities, D,, and D,, are the diffusion coefficients, u,, and p, are the mobilities
of electrons and holes, and R is the recombination rate. We use the Shockley-Read-Hall
recombination rate

np—n?
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where n; is the intrinsic charge density and 7, and 7, are the lifetimes of the free
carriers. Under reasonable assumptions, the results here also hold for other choices of
the recombination model.

Furthermore, we assume that the Einstein relations D, =Urp, and D,=Uru,
hold, where Ur is the thermal voltage Ur :=kpT/q with a value of ~0.025V for silicon
at room temperature (¢ >0 is the elementary charge).

In the Slotboom variables u and v, which are defined by

n=:nze"/Vry, (2.2a)
p=:nze” V/UTy, (2.2b)
the recombination rate becomes
uv—1

R:=n

iTp(eV/UTu—i— 1) +7, (e V/Ury41)°
Then, using the Einstein relations, the system (2.1) becomes

—V-(AVV) =n;(e” VY70 —e"UT0u) + Cqop,

. VU - uv—1
Ur¥-(une V) = o 0 1) S rn (e V0T 0 £1)
uv—1

_ —-V/U —
UrV-(upe Tvv)_Tp(eV/UTu—I—1)+Tn(6_V/UTU+1)'

The boundary 0f2 is partitioned into Dirichlet and Neumann boundaries. The
Dirichlet boundary conditions

V|8QD:VD, u|agSi,D:uD, and ’U|aQSi’D:UD (2.3)

hold on the Dirichlet boundary 9Q2p and are chosen such that the Ohmic contacts are
charge neutral.

To determine the potential and the concentrations on the boundary 0Qg; p, we
make these assumptions.

(1) The total space charge vanishes on 9Qg; p, i.e.,
pp —np+Caop =0. (2.4)

(2) The densities are in equilibrium on 9Qg; p, i.e.,
ppnp=n;. (2.5)

(3) The boundary values for the potential are the combination of the built-in potential
Vi and the applied potential U, i.e.,

VSi,D = U(:ZZ) + Vbi(iﬁ).

Clearly, in thermal equilibrium, we have U =0. Furthermore, using (2.2), we define

up(x)=n; teWi@/Urp (x), (2.6a)

vp(z) =n; e @/Urp L (1), (2.6b)
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where
n(r) = 5 (Cuop ) +y/CHp () +402)
pp(r)= % (—Cdop(x) +1/Ciop () +4nf) .

These expressions can be found by substituting (2.5) into (2.4) so that charge neu-
trality at the contacts is ensured.
Therefore, the built-in potential is given by

np (1’) C’dop (LC) C’gop (.1?)
(2)=Urln| ————~ | =Url 1
Vi) =Ur n(niuD(x)) Urln uD(x)( 2n; + 4n? + )
using (2.6).
The zero Neumann conditions
VV-n=0, Vu-n=0, and Vv-n=0 on 0 N, (2.7)

hold on the Neumann part Qg of the boundary as well.

2.3. The surface (interface conditions). The fast varying spatial structure of
the charge concentration in the boundary layer between the liquid and the surface gives
rise to a multiscale problem, whose deterministic version was solved by homogenization
[19]. For the sake of notational simplicity, we introduce a local coordinate system such
that the normal vector of the manifold I, i.e., the interface between €4 and Qoy, points
in the positive z-direction and is located at  =0. The rest of the coordinates are parallel
to the interface and are denoted by y.

The main result in [19] states that the fast varying charge concentration at the
manifold I" can be replaced by two interface conditions that depend only on the slow
variable. Even in the absence of a homogenization problem, the jump in the permittiv-
ity A gives rise to two continuity conditions because of physical reasons: The continuity
of the potential and the continuity of the electric displacement field must hold. In sum-
mary, we can replace the fast oscillating charge in the boundary layer at the manifold T’
between ;4 and Qo by the two interface conditions

V(0+,y) =V (0—,y) =a(y), (2-8a)
A(0+)0,V (0+,y) — A(0—) 0,V (0—,y) =7(y) (2.8b)

after homogenization, where o and ~ are given by the dipole-moment and the surface-
charge densities of the boundary layer. The functions « and «y in the interface conditions
are given by the microscopic models M, (V') and M, (V') for the dipole-moment density
and the surface-charge density of the boundary layer as functions of the potential V. The
microscopic models M, and M, have been realized, e.g., by Metropolis Monte-Carlo
simulations [10], by Poisson-Boltzmann calculations [18], and by systems of ordinary
differential equations for surface reactions [14,41].

As mentioned above, in [10] a Metropolis Monte-Carlo (MMC) algorithm was devel-
oped for the simulation of biomolecules and free ions in the constant-voltage ensemble.
In this method, a simulation box is considered including an electrolyte and target (bio-
Jmolecules fixed at the charged bottom of the box as well as free ions. A simulation in
the MMC constant-voltage ensemble starts with a random state of the system, i.e., the
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locations of all ions are random. A new state of the system is generated by randomly
adding or deleting a pair of ions, changing the position of an ion while avoiding overlaps,
and by transferring a random amount of charge between the walls. Then the potential
energy is calculated for each state of the system. The interactions between all pairs of
charge types, i.e., the ion-ion, the ion-biomolecule, the ion-plate, the biomolecule-plate,
and the plate-plate interactions, are included in this calculation and the long-range con-
tributions of the Coulomb forces are taken into account via integration over infinitely
many periodically repeated cells. If the movement of a charge reduces the energy of
the system, the new state is unconditionally accepted, while otherwise the movement
is allowed only with a certain probability that depends exponentially on the energy
difference. Finally, the surface-charge density « and the dipole-moment density a are
calculated as integrals over the charge concentration in the simulation cell [6].

2.4. The domain Q. (oxide). In Q.x, there are no charges and the Poisson
equation is simply

—V-(AVV) =0.

No other equations are solved on Q.

2.5. The domain j;, (liquid). In the domain Oy, of the liquid, we consider
two types of charge carriers, namely positively and negatively charged ions, which are
modeled by their number densities ¢ and ¢~. In the remainder of the paper, the
notation ¢* is used to refer to both of them simultaneously.

Their spatially inhomogeneous concentrations generate an electric field and an elec-
tric force in the liquid. An electroosmotic flow develops which, on the other hand, feeds
back on the particles. This leads to a complicated interplay between electrophoretic
movement and electroosmotic flow in a varying electric field. The drift-diffusion-Stokes-
Poisson system models such phenomena in a self-consistent manner based on these three
conservation laws.

e The electric field E satisfies Gauss’s law with the moving particles as the free
charge density. This couples the electric field to the number densities ¢* yielding
the Poisson equation.

e The velocity field u of the fluid conserves mass and momentum (Stokes equa-
tions), which relates the liquid flux to the gradient of the pressure P. In the
momentum balance, an electric body force enters, which couples the fluid flow

to the electrostatic field and the number densities ¢*.

e The evolution of the number densities ¢* of the charged particles are governed
by transport equations such as the drift-diffusion or Nernst-Planck equations,
which can be viewed as the mass-balance equations for the respective particle
species. In the mass flux, a convective and an electric drift term are present.
This couples the number densities ¢* to the fluid flow and the electric field.

The Poisson-Nernst-Planck part for our model equations are the system

~V-(AVV)=ct —c, )
-V-J =0, )
V- Jt =0, (2.9¢)
J =D V¢ —p ¢ VV—cu, (2.94d)
Jt=—-DtVet —putetvv 4 ctu, (2.9¢)
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where A is the permittivity, V is the electrostatic potential, ¢~ and ¢ are the concen-
trations of anions and cations, respectively, D~ and D7 are their diffusion coefficients,
©~ and pt are their mobilities, and u is the velocity field of the liquid. The two terms
c u and c¢tu in (2.9d) and (2.9¢) are nonstandard and provide the link to the Stokes
equation.

The boundary conditions

c* :cﬁ on 08)p 1ig and J¥n=0 on O8N 1ig (2.10)
hold, where n is the normal vector and
JE =FD*Vcet - pF VY +uct (2.11)

are the current densities.
The Stokes equations in the present model are

—pAu+VP=—q(ct—c)VV, (2.12a)
V-u=0, (2.12b)

where p is the viscosity and P is the pressure of the liquid. The Stokes equations treat
the liquid as an incompressible flow of a Newtonian fluid which flows slowly. Equation
(2.12b) is the mass-continuity equation.

The Dirichlet boundary condition is the no-slip condition

u=0 on 6QD7liq (213)

on fluid-solid interfaces. This implies that the flow vanishes at the boundary. No
boundary condition is given for P. Since both pairs (u,P) and (u, P+ const.) satisfy
the Stokes Equations (2.12)—(2.13), P is determined only up to a constant by the Stokes
Equations (2.12) and the boundary condition (2.13) [16].

2.6. The system of equations. In summary, the system of equations consid-
ered here are what we call the drift-diffusion-Nernst-Planck-Stokes-Poisson system with
interface conditions, i.e., the drift-diffusion system (2.1) with the interface conditions
(2.8), the Nernst-Planck system (2.9), and the Stokes Equations (2.12), all of which
are coupled self-consistently by the Poisson equation. This system describes general
nanowire sensors (see Figure 1.1) as well as general nanopore sensors (see Figure 1.2)
even including transducers around the nanopore.

The model equations hence are the system

— V- (AVV)=Cqop —ni(ev/UTu— e_V/UTv) Vo € Qg;, (2.14a)
—V-(AVV) =0 VeeQo,  (2.14b)
~V-(AVV)=ct —¢c~ vz € Qyiqs (2.14c)
—pAu+VP=—(ct —c7)VV V€ Qiig, (2.14d)
V-u=0 Vl‘EQ]iq, (2146)
— V- (DE*VE) FpEV - (EVV) + (u-V) et =0 Va € Qi (2.14f)

V- (e UTV ) = s w1 Og: 2.14
UrniV-(une Vu) anp(eV/UTqul)+Tn(e*V/UTv+1) Vo e ilsi (2.14¢)

-1

UrniV - (upe” VY7 V0) =n; el Vo € Qsi, (2.14h)

" (eVUTu+ 1)+ 7, (e V/IUT w4 1)
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V(0+,y) = V(0—,y) =aly) vz eT, (2.141)
A(0+)0,V (0+,y) — A(0—)0, V (0—,y) =(y) Vzerl, (2.14j)
a=Mu(V) VzeT, (2.14k)
y=DM,(V) Vzel, (2.141)
V=Vp Veedlp, (2.14m)
n-vv=0 VeedQy,  (2.14n)
u=up, V=vp Veedpgi, (2.140)
n-Vu=0=n-Vov VredQngsi, (2.14p)
u=0 Vrediq, (2.14q)
t=c} Vo €OQp g, (2.141)
JE n=0 Vo €N iq.  (2.14s)

3. Assumptions and weak solutions
The coefficients and boundary conditions in (2.14) must satisfy the following as-
sumptions.

ASSUMPTIONS 3.1.

(1) The bounded domain QCR3 has a C? Dirichlet boundary 0Qp, where |0Qp|>
0. The Neumann boundary 0x, where |0Qx|>0, consists of C* segments. The
Lebesgue measure of the Dirichlet boundary OQp is nonzero. The C?-manifold T C Q)
splits the domain Q into two nonempty domains Q7 =0 UQg; and Q~ =iq S0
that meas(I'NON) =0 and TNIQC NN hold.

(2) The coefficient functions A(z), pn(x), and p,y(x) are uniformly elliptic and bounded
functions of position x with the properties that
0<A™ <essinfeqA(z) <||A(2)|| L) SAT <00 a.e. inQ

and

0< piy < () < gy <00,

0<py, < pp(a) < pyy <00
a.e. in Qsi. Furthermore, A(x)|q+ € CH(QT,R3%3), A(z)|q- € CH(Q™,R3*3), and
(), pin (z) € C1(Qsi, R3*3) hold.  For the data, the inclusions f(z)€ L>(Q),
Vp(z)e HY2(0Q)NL®(T), ¢5(x) € HY/?(8sq) and up,vp(z) € HY/?(00s;) hold.
Similar assumptions hold for coefficients in Quiq: the coefficients p, u* and p~ are
uniformly elliptic and bounded.

(3) The doping concentration Cqop(x) is bounded above and below and we define

C:= inf Cyop(z) < C(x) <sup Cyop(x) =:C.
e e

(4) There are constants K>1, CT, and C~ in RT satisfying

1
e <up(z)<K Vo € 0Qsi.p,
1
e <wvp(z)<K Vo € s p,
C~<ch(x)<C™ Vo € 0Qiq, D,
C~<cp(z)<Ct V€ 0 iq,p-
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(5) The microscopic models M, and M., depend continuously in H'(2) on the po-
tential V (z). For every potential V(z) in H'(Q)NL>®(Q), the inclusions a(y)=
Mo (V(y)) € HY2(T) N L= (T) and +(y) = My (V(y)) € L= (T) hold.
To write the weak formulation of the boundary-value problem (2.14), we consider
the more general form

-V (A" (z)Vw)+g(z,w)=f Ve Q\T, (3.1a)
w=wp Ve dQp, (3.1b)
n-Vw=0 Vo ey, (3.1c)
w(0+,y) —w(0—,y) =a(y) Vel (3.1d)
A*(0+)0,w(0+,y) — A*(0—) 0, w(0—,y) =~(y) VzeTl. (3.1e)

The system (3.1) is a generalization of the Poisson equation with interface conditions.
Here (3.1a) includes (2.14a)—(2.14c) if A* and w are replaced by the permittivity A and
potential V', respectively, and it includes (2.14g) and (2.14h) if A* and w are replaced
by pne’/UT and u, or ,upe_v/ UT and v, respectively. Uniform ellipticity holds in each
of these cases per Assumptions 3.1. In both cases, g and f denote the nonlinear and
linear zero-order terms in these equations.

In order to give the weak formulations and to define weak solutions, we intro-
duce the underlying function spaces. We suppose 1 <p<oo and denote the standard
Lebesgue spaces for R?-valued functions by LP(£2;R?), in particular LP(2):= LP(Q;R)
and the standard Sobolev space by W1 (Q;R?), in particular H!(Q;R?):= W12 (Q;R9).
Moreover WP (Q) :=WLP(;R), in particular H(2) :=W12(;R). We use the Hilbert
space HY(Q): =W, *(Q), where the subscript 0 denotes functions with vanishing traces.
We define the Hilbert space

H,(Q):={weH" (Q)|Tw=g} (3.2)

as the solution space of admissible V, u, v, ¢*, and ¢~. The trace operator 1" is well-
defined and continuous from H'(Q) onto H'/2(9Q) for the Lipschitz domain Q. It
is defined such that Tw=g, where g is Dirichlet lift of wp:=w|sq,. If g vanishes
everywhere, we obtain the test space

Hy(Q)={weH"(Q)|Tw=0}. (3.3)
We additionally define
H&iV’O(Q;RS) = {w e L (R | V-we L*(Q) Au-n=0 on 89}
as the solution space of admissible velocity, and
L3(Q):={weL*(Q)| [w=0}

as the test spaces of admissible pressures. Vanishing averages are enforced in order to
make the solution unique. Multiplying the Equations (3.1) by a test function ¢, € H3 ()
and integrating by parts, we obtain the weak formulation

ar(w,¢1) =L1(f1) Vo1 € Hy (), (3.4)

where the bilinear form a;(-,-): H, () x Hg () =R and the functional £(-): Hg () —
R are defined by

al(w,¢1):=/QA*Vw-V¢1 +/Qg(w)¢1
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and

51(¢1)5=/Qf¢1+/rwﬁ1~
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For w:=V € Hy, (Q) we recover the Poisson equation and for w:=ue H  (Qs;) or w:=

vE H%D (Qsi) with v=0, we recover the transport equations.
To find the weak formulation of the Stokes equations

—pAu+VP=—q(ct —c)VV Va € Qiiq,
V-u=0 V{,CEQHQ,
u=0 Vx e 8QD7hq

and the Nernst-Planck equations

— V- (DEVE) FpEV - (EVV) + (u- V)t =0 Va € Qi
ci:C:[t) Vxeaﬂp,ﬁq,
JE.n=0 Va € 00 i,

(3.5a)
(3.5b)
(3.5¢)

(3.6a)
(3.6b)
(3.6¢)

we multiply the Equations (3.5a) and (3.5b) by test functions v € H&iv,O(Q;RB) =:X and

Q € L3(Q) =: Z, respectively to obtain

a(u,v)+b(P,v)=4{(v) YveX,
b(Q7u):0 VQ e Z,

(3.7a)
(3.7b)

which is a mixed problem. The two bilinear forms a: X x X =R and b: Zx X — R and

the functional £(-): X — R are defined by
a(u,v) ::/ pVu:Vv,
Q

b(z,w)::—/divwz,
Q

L(v) ::/Qfsv

with fs:=—q(ct —¢7)VV for ue X and P Z.

and

Furthermore, multiplying (3.6a) by a test function ¢o € H}(2), we introduce the
bilinear form as: H' (Q) x Hi(Q) =R and the functional ¢5: H}(Q)—R and to find
D

the weak formulation
az(c*,¢2) =La(¢2) Vo€ Hy (),
where
alct bn)i= | DEVEEVonst [ VY Vo,
lo(p2):=0
for ¢t e Hc% Q).

(3.8)
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We can now define the notion of a weak solution of system (2.14).

DEFINITION 3.1 (Weak solution of system (2.14)).  The vector (V,u,v,u,P,ct,c™,a,7)
is a weak solution of the drift-diffusion-Nernst-Planck-Stokes-Poisson system (2.14) if
it satisfies the following conditions.
(i) V(z)e L>=(Q)NH, (Q) and u(z),v(z) € L*(QNH, . (Q) solve (3.4) for all

¢1 € H& (Q)

u(x) EH(}iV’O(Q;Rd)ﬂLOO(Q;Rd) and P € L3(Q) solve (3.7a) and (3.7b) for all

veHy, o(GRY) and Q € L§(Q), respectively.

ct(x) ELOO(Q)HH%(Q) solves (3.8) for all po € HL(Q).

Moreover, a(z) € L (T)NHY2(T') and v(z) € L*(T) satisfy (3.4).

(ii) The boundary conditions

V=Vp Ya e dp,

u=up Vo € 0Qp si,
v=up Vo €dQp si,
u=0 Vo € 02D liqs
c* :cjf) Va € 00D ligs
JE n=0 Va € 00N 1ig,
n-VV=0 Ve e oy,

n-Vu=0=n-Vv Vo € 00N si

hold, where n is the unit outward facing normal vector of the boundary 9. The
interface conditions

V(0+,y) =V (0—,y) =a(y) vz eT,
A(0+)0,V (0+,y) — A(0—)0, V (0—,y) =~(y) Ve el

hold as well.

4. Main results

In this section, we state the main results and prove the existence and local unique-
ness of a solution by applying the Schauder fixed-point theorem and the implicit-function
theorem, respectively. The main issue of the model equations is how to treat the differ-
ent equations on a single domain and how the interface conditions (2.8) influence the
estimates of the solution. The interface conditions result in jumps in the potential V'
and in the field —0, V. The size of the jumps depends on the values of o and v so that
large values of « or «y yield large absolute values of the potential.

Using the assumptions above, we state and prove the main results in the following
subsections.

4.1. Existence of weak solutions. The main result which states the existence
of a solution of system (2.14) is the following theorem.

THEOREM 4.1 (Existence of a weak solution of system (2.14)). Under Assumptions 3.1,
there exists a weak solution

(Viwo,u, Pet e o0y) € (HN(@)NL¥(9) x (B! (Qs:) N L™ (0s1))”
x (Hhy 0(@QuigiR) VL (QigsRY) ) x (L3(S1iq) N1 (i) )
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2
X (Hl(Qﬁq)me (Qﬁq)) x (L(T) N HY/2(T")) x LA(T)
of system (2.14). The solution furthermore satisfies the L™ -estimates

Vo<V(@) <VT  inQ,

1
Xgu(x)SK n Qg;i,
1
Egv(z)gK n Qg;i,
ct< ci(m) §6i in Qiqs

where CT €RT, C~ cRT, KcR*, and

R 1 [e2 1 42
V™ :=min (582 Vp,Urln (ZKni (C+4/C "‘4”7:)) —Sl{lszL> , (4.1a)
K — 2 .
VT :=max <sup Vp,Urln (27% (C+y/C +4n12)> 1ngL> . (4.1b)

oQp

Here C <C(z)<C holds and Vy, is the solution of the linear equation [2, Lemma 3.1],
for which the estimate

Vil o) < C(Hf||L2(Q) Vol g2 00y + lall grrze + ||’VHL2(F))
holds for a positive constant C.

Proof. The proof is based on the Schauder fixed-point theorem and the estimates
are obtained from a maximum principle. The main idea of the proof follows [2,31,37],
while the emphasis is on the different fixed-point map and the different estimates.

(1) We start by defining the fixed-point function. First we choose a suitable space N
to define the function F': N — N, which will be shown to satisfy the assumptions
of the Schauder fixed-point theorem. We define

N:= {(u,v,cﬂcia,’y) \ % <u(z),v(z) <K ae. in Qg;,CF <& () §6i a.e. in Qq,

a,7 bounded a.e. on T, K,éi, c* €R+}.
The function F is defined as
F(U1,’L}1,CT,C;,O¢1,71) = (Uo,v(),Cg_,CE,O(o,’Yo),

where  (ug,vo,cf,cy,0,%) is given (from the previous iteration) and
(ul,vl,cf,cf,al,'yl) is computed from the given solution as follows.

1) Solve the elliptic boundary-value problem with interface conditions

— V- (AVV}) = Cop — ni(e¥V/ U0y — e~ V1/UTqyp) Vo € Qs;, (4.2a)
~V(AVV1)=0 VoeQu,  (4.2b)
~V-(AVV)=cf —cy Va € Qg (4.2¢)
V1(0+,y) = V1(0—,y) =ao(y) Vrel, (4.2d)
A(0+)0: Vi (0+,y) — A(0—)9:V1(0—,y) =70(y) Vzer, (4.2e)
Vi=Vp VeedQp,  (4.2)
n-VV; =0 Vo ey (4.2g)

for V.
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2) Solve the elliptic problem

-1
UrV - (pne" VT V) = 117 Ve Qgi, (4.3
TV - (pne Vuy) Tp(evl/UTuo+1)+Tn(€_V1/UTU0+1) z€Qgi, (4.3a)
U1 =Up Vxe&'QD,Si, (43b)
n-Vu; =0 Vo € QN si, (4.3¢)
for uy.
3) Solve the elliptic problem
—1
UrV - (upe™"/Ur Vo, ) = Lot VoeQs, (4.4
T (:U’pe 'Ul) Tp(evl/UTu0+1)+TTL(67V1/UT/UO+1) x S ( a)
V1 =Up VJL‘E@QDSi, (4.4b)
n-Vv; =0 Vx e 891\]731, (44C)
for vy.
4) Solve the elliptic problem
—pAu; + VP =—(cf —c5)VV Vo € Quig, (4.5a)
V-u; =0 V.TEQHQ, (45b)
u; =0 Vo e é)Qﬁq, (450)
for u; and P;.
5) Solve the elliptic problem
— V- (DEVE) FpEV - (EVV) (0 - V)eE =0 Vo ey, (4.6a)
Cli = C% Vxe 8QD,11q, (4.6b)
Ji‘l’l:O VxeaQNth. (4.60)
for .

6) Update the surface-charge density and dipole-moment density according to the
microscopic models by

al(y) ::Ma(‘/l) zel, (473)
n(y)=M,(Vi)  =xel. (4.7b)

For simplicity, from now on we will denote the solution of iterations by
(V,u,v,u,P,ct,c™,a,7) instead of using the index 1.

(2) All boundary-value and initial-boundary-value problems are understood in the weak
sense. Hence, a fixed point of the nonlinear operator F' is a weak solution of our
coupled problem (2.14). We show the existence of a fixed point for the function F
by showing that it is well-defined and completely continuous. Finally, we apply the
Schauder fixed-point theorem after verifying its assumptions in (i)—(v).

(i) First, we check that F' is well-defined. One can apply standard elliptic exis-
tence results to the aforementioned problems, see e.g. [32,36], in general. Poisson
and drift-diffusion Equations (4.2)—(4.4) have unique weak solutions (V,u,v,a,v) €
(HY(Q)NL>(Q)) x (Hl(QSi)ﬂLC’O(QSi))2 x (L=*(T)NHY*(')) due to [2, Theo-
rem 2.2]. The Stokes problem (4.5) is also uniquely solvable (see e.g. [9, The-
orem 2.1] and [36, Theorem 7.4.1]), i.e., there exists a unique weak solution
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(u,P) € Hlj, o(hig; R?) x L§(Qiq), while the pressure P is only determined up to a
constant. Imposing a zero mean value, i.e., imposing fQP:O, leads to uniqueness
of P in L3({hiq). Furthermore, a unique weak solution (c¢*,c¢™) € H*(Qyiq) N L>(Q)
of the Nernst-Planck Equations (4.6) exists due to [32, Theorem 3.3.16]. We
note that the fixed-point operator F is solely a function of concentrations the
(¢*,¢7,u,v). Therefore a fixed-point (c¢*,c™,u,v) of F only solves the respective
transport equations for ¢, u, and v. However, two suboperators which solve the
Poisson and Stokes equations contain the necessary information about the electro-
static potential V', the velocity field u, and the pressure P.

Therefore, all boundary-value problems involved in the definition of fixed-point
map F' are uniquely solvable. Hence, F' is well-defined.

(ii) N is closed and convex due to its definition.

(iii) We show that F' maps N into itself. To obtain the estimates, we apply
Lemma 3.3.14 in [32] to the first problem (4.2) to find a unique solution V. To
this end, we define

1 _
9(V)i=aqni (e —KemV/T) —qC,

~

~ 1 _ —
g(V) ::qni(KeV/UT ~ % V/UT) —qC,

where g and g are monotonically increasing for all z € Q.

Solving the algebraic equations
g(VJringL) =0,
g(V +supVy) =0,
~

where V7, is the solution of the linear elliptic boundary-value problem in the exis-

tence lemma [2, Lemma 3.1] yields
~ K — 2 9
V—l—nglzf\/'L:UTln(2 '(C—i— C —|—4ni)),

_ 1 [ a2
Z—l—sngL—UTln(QKni(Q—l— C +4ni)).

Hence, using Lemma 3.3.14 in [32], we find the estimates

V(x) > min (58fD VD’UTIH(Z;n- (C+ \/Q2+74nf)) —sngL) =V,

(2

V(x) Smax(sup VD,UTln(QK (C+ \/62+4nf)) —ingL) =Vt

oQp n;

for all x € ). Therefore, we obtain a unique solution Vi, and it satisfies the estimate
Vo <V(z)<V™t in Q.

Additionally, we define

1

()= —
I L (KeVTUr $1) 47y (Ke V /Ur 41)
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N(u) - Ku—1
N R ) e )

Then the equation g(u)=0 yields u =K and the equation g(u)=0 yields u=1/K.
Similarly, we find v =K and v=1/K. Thus, we have 1/K <u(z),v(z) <K in Qg;.

Regarding ¢* (z), we use the same lemma as for u and v and consider
9(c*)=FuV - (FVVF),

~

~

() =FptV- (FVVT).

~

Solving the equations g(c*)=0 and g(c*)=0 yields

~

+._ A
ct = —vvi ,
C2
ct = ,
~ VVF

where ¢; and ¢y are constants. Then using Lemma 3.3.14 in [32], we obtain the
estimates

C1
Ci::max< sup et 7)
p=A D> )
00D 1ig VA%
—=+ . . + C2
C ZZHIIH( inf ¢ 7>
piq P VVT

for all z € Qj;q. Therefore, we obtain unique solutions ¢* which satisfy the estimate
+ + —+ .
C<c*(z)<C in Qigq.

Therefore, FF maps N into itself.

(iv) We now show that F is continuous. The continuity of F' is a consequence of
its well-posedness, meaning that a unique solution exists for each problem and it
depends continuously on the data. The continuous dependence of the H'-norm of
the solution on the data follows from the estimate in [2, Lemma 3.2] for the semi-
linear elliptic problems and continuity of the right-hand sides of the corresponding
problems. Also, « and « depend continuously on «g and vy due to the continu-
ous dependence of V' and the continuity of the microscopic models M, and M,.
Therefore, F' is continuous.

The continuous dependence of (V,u,v,u,P,ct,c™,a,7) on the data of the problems
in (4.2)—(4.7) implies that there is a positive and continuous function H such that

IVl + 1l i ugsrey + 15 e (@) + P (@) + 1l 22 (25 + 0]l 11 (261)
< H(HCdOPHL?(Q), HC$|

£2(Qu)s VDl 17200 s [[un [l 1172 (00041)

lvp ||H1/2(aszs;), ||0¢0||H1/2(r)’ ||70||L2(r))

holds. Hence the inequality

IV Iz )+ ]l 2 @ugire) + 1P e g et @) e o @ug



CLEMENS HEITZINGER AND LEILA TAGHIZADEH 2105

+ ||u||H1(QSi) + Hv”Hl(QSi) <C

holds for a positive constant C. Furthermore, ||a g1 (ry and |||/ z1(r) are bounded
due to the assumptions on M, and M.,.

(v) We show that the image F'(N) is precompact, i.e., the closure of F(N) is com-
pact. The image F(N) is bounded as a subset of H'(Q) x H*(Q1iq;RY) x H ()2 X
H'(Qg;)? x HY(T")? which — based on the Rellich-Kondrachov theorem — is compactly
embedded in L2(0) x L(Quiq;RY) x L2(iq)? x L?(Qsi)? x L*(T')2. This means that
the closure of F(N) is compact, which implies that F'(N) is precompact.

(3) According to (i)—(v), the Schauder fixed-point theorem can be applied to the func-
tion F', which proves existence of a fixed-point of this function, and thus the exis-

tence of a weak solution of the original problem is shown.
|

2. Uniqueness of weak solutions. Theorem 4.1 shows the existence of
weak solutions of the system (2.14). Then the question arises whether the solutions
are unique. Based on numerical evidence, the solution starts to oscillate between two
functions when large voltages are applied as Dirichlet boundary conditions.

Furthermore, it is well-known that in the derivation of the drift-diffusion equations
from the Boltzmann equation one essentially assumes that the particle momenta are
distributed according to a Boltzmann-Maxwell distribution. However, large applied
voltages result in fast particles which are not taken into account by this distribution.

These two reasons, namely the shortcomings of the drift-diffusion equations as a
transport model as well as the numerical evidence, suggest that the solutions are not
unique in the case of large applied voltages. Indeed, we will show next that the solution
is unique in a neighborhood around thermal equilibrium and hence uniqueness is only
a local property for sufficiently small Dirichlet boundary conditions.

Since uniqueness is only local, the maximum principle is not helpful for proving
uniqueness. To prove local uniqueness, we will use the implicit-function theorem.

Before we can state and prove local uniqueness, we must specify thermal equilibrium
more precisely. The situation where the current densities of ions and molecules, i.e.,
J*, Jp, and J, vanish is called thermal equilibrium. Then the applied potentials at all
r contacts that constitute the Dirichlet boundary 0Q2p are equal to the Fermi level. If
the equilibrium dipole-moment and surface-charge densities are called «, and 7., respec-
tively, and the equilibrium potential V., the liquid velocity u., and liquid pressure P,
then V., u., and P, are solutions of the equilibrium boundary-value problems

V- (AVV,) = quOp ni(e Ve/UTiefve/UT) Vo € Qg;,

V- (AVV,)=0 V2 € Qo
—V~(AVV6):q(cj—c;) Va € (g,
Ve(0+,y) = Ve (0—,y) = ae(y) Veel,
A(0+)0, Ve (0+,y) — A(0—) 05 Ve (0—,y) = (y) VeeT,
V. =Vp(0) Ve op,
vV, -n=0 Vo € 0Qy,

whose solution V, exists uniquely due to [2, Lemma 3.2], and the solution (u.,P.) of

—pAu,+VP.=—q(ct —c,)VV, Va € Qiiq,

€

V-u,=0 YV € Qyiq,
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u. =0 Vl‘eaﬂpﬁq,

exists because of [9, Theorem 2.1]. In the first equation above, o, and 7. are the
equilibrium values and at the second problem, V, is obtained from the first problem.

The above system is solved by introducing an initial equilibrium solution and a
fixed-point map which is defined by the above BVPs similar to what we did in (4.2)—
(4.7).

We will be able to show local uniqueness of solutions of the problem (2.14) around
the equilibrium solution (Ve,ue,ve,cei,ue,Pe). To apply the implicit-function theorem,
we have to show that the Fréchet derivative of the problem has a bounded inverse
at the equilibrium solution. To this end, we estimate the norm of the inverse of the
linearization of the system (2.14) at the equilibrium solution. As mentioned before,
the main assumption is that the Dirichlet boundary conditions for the potential are
sufficiently small. More precisely, we assume that the Dirichlet boundary conditions for
the potential V' are constants on each of the r segments of the the Dirichlet boundary
0Qp s and denote the potentials there by the vector U := (Uy,Us,---,U,).

In order to prove local uniqueness for small applied voltages, the following assump-
tions are used.

ASSUMPTIONS 4.1.
(1) The domain QCR3 is open and bounded, and the boundary O is as smooth as
necessary (see Assumptions 3.1).

(2) The Dirichlet data (Vp,up,vp,up,cy,cp) are a Lipschitz-continuously differen-
tiable function of U :=(Uy,Us,---,U,.), R" — H?(2) x H*(Qsi)? x H?(iq)?.
(3) The Fréchet derivatives M,, and M., of the interface models M, and M., with re-

spect to V' exist, they are in HY/?(T) and L*(T), respectively, and they satisfy the
imequality

Mo, (V) gz oy + 1M (V) | 220y < ClIV 12 (0) (4.8)

in a neighborhood of the equilibrium potential V. with a sufficiently small constant
C.

(4) The recombination rate R has the form R=(uv—1)K(x,V,u,v), where K(z,-,-,-) €
C%(RxR2) holds for x€Q where the derivatives O u,oy KV u,0) are bounded

uniformly for all (V,u,v) in bounded subsets ofoR%r and for all multiindices v
with |v| <2. Furthermore, there are constants k and K such that either 0 <k <
K(z,V.(x),1,1) <E or K(x,Ve(z),1,1)=0 for all x €.

THEOREM 4.2 (Local uniqueness of weak solutions of (2.14)).  Under Assumptions 3.1
and 4.1, there exists a sufficiently small o € R with |U| <o such that the system (2.14)
has a locally unique solution
(VX(U),u* (U), 0" (U),u*(U),P*(U),c™* (U),a*(U),7*(U))
€ H*(Q) x H*(Qs1)? Hayy o (i R?) x H? (Quiq)® x HY/*(T') x L*(T).

It depends continuously differentiably on the Dirichlet boundary data U as a function

{UeR"||U| <o} — H*(Q) x H*(Qs;)? x Hgiwo((th;ﬂ%?’) x H?(Qiq)?
x HY2(I') x L*(T).
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Proof.  Uniqueness is proved using the implicit-function theorem. We define the
function

where
X :=L*(Q) x L*(Qs1)? x H, o (QiqiR®) x L (Qiq)* x HY/2(T') x L*(T),
and G is defined by the left-hand sides of the boundary-value problems

~ V- (AV(V +Vp)) = qCaop

+qn (eVHVPIUT (G gy ) — e (VHVE)/UT (544 ) =0 VzeQg, (4.9)
~V-(AV(V +Vp)) =0 Vi € Qox, (4.9b)
— V- (AV(V+Vp)) —q((ct+¢h) — (¢ +¢p)) =0 Vo€ ig, (4.9¢)
—pAutq((ct+eh)—(c+ep))V(V+Vp)+VP =0 Vi € g, (4.9d)
V-u=0 Vo€ Qig, (4.9e)

— DAt +e5) FutV-(( (ci—&—cD V+VD))+(u-V)(c}+c§)=0 Vi e Qyq, (4.9f)

Urn;V - (une(V+VD)/UTV(u+uD))

—((d+up)(0+vp)—-1)K (x,V—l—VD,a—l—uD,f/—i—vD):O Vo egi, (4.9g)
UTniv.(Mpe_(V+VD)/UTV(U+vD))
—((ﬂ—l—uD)(f)—i—UD)—1)K(x,V+VD,ﬂ+uD,ﬁ+vD):O Vo eQg, (4.9h)
V(0+,y) =V (0—,y) = a(y) Voel, (4.91)
A(04+)0,V (0+,y) = A(0-)2, V (0—.y) =(y) vael, (4.9))
a=M,(V+Vp) Veel, (4.9k)
N =M (V+Vp) vzel, (4.91)
V=0 Vo edQp, (4.9m)
4=0="10 VzedQpsi, (4.9n)
n-Vv=0 Vo €Iy, (4.90)
n-Vi=0=n-Vv VeI si, (4.9p)
u=0 Ve dp g, (4.99)
=0 Va € O0p 1iq, (4.91)
JE-n=0 Vo €I0N1q, (4.95)

which are obtained by substituting V:=V —Vp(U), t:=u—up(U), o :=v—vp(U), and

¢t :=ct —cE(U) into the system (2.14). B is an open subset of H3(Q\T') x H3(Qs;)? x
H3 g1y (i R?) X H3(iq)® x H'/2(T') x L*(T) with

H3(Q):={pc H*(Q)|Vé-n=00n90N, p=00n00p}, (4.10a)

H3 4iv(Q):={0 € H*(Q) |V -¢=0inQyq, =00n9p}. (4.10b)
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The sphere S,, with radius o; and center 0 is a subset of R".
We claim that the set B and the radius o1 can be chosen such that

u=0u+up(U)>0, v=0+vp(U)>0, and ct=¢F+c5(U)>0.

holds for all U € S, (0) and for all (V,a,0,u,P,éT,é,a,7) € B. Since the recombination
rate R is only defined for positive concentrations u and v and the concentrations c*
are nonnegative [37], the above conditions are satisfied. To this end, it is sufficient to
choose B bounded and small enough, i.e., ||i]| g2 (qg,) is sufficiently small. This results
in a small ||a]| e (g, since ||| L) < C||i| g2y holds for all uwe H?*(U). Therefore,
we can conclude that u>0. The same argument ensures that v and ¢* are positive if
B is bounded and small enough.

On the other hand, since G((V,ﬁ,ﬁ,u,P,é*,é*,a,v),U) € x implies that
(V,ﬁ,f),u,P, ¢t a,y) € B and U € S,, (1), and products of functions in B (a subset of
H?) are in L?, it follows that the function G is well-defined.

The equilibrium solution ((Ve—VD(O),O,O,ue,PE,O,O,ae,%),O) is a solution of the
equation G((V,ﬂ,ﬁ,u,P, cl,c:,a,'y), U) =0. To apply the implicit-function theorem, the
Fréchet derivative

DG:=D,;

(V,i,9,u,Pctc™,a,7)

G((‘/e*VD(O)voaOaue7P67070aa6775)30)

must have a bounded inverse. Suppose (g1,92,93,94,95,96,97,98,99) € x. To find the
inverse of the Fréchet derivative, we have to solve the equation

DG(a’l7a/2aa‘37a/47a'57a65a‘7aa87a/9) = (gl792ag3ag47g5ag6vg7ag87g9) (411)

for a;, 1€{1,2,...,9}. To write this equation as a boundary-value problem, we have to
linearize the original equation (4.9) first. Thus, DG takes the form

—V-(AV)+ Ly qnie¥e/Vt —gnie="/Ur 0 0 0 0 00
0 Ly -K 0 0 0 0 00
0 -K L 0 0 0 0 00
0 0 0 —pA VYV qVV, —qVV,. 00
0 0 0 V-0 0 0 00,
0 0 0 Veb 0 Ly 0 00
0 0 0 Ve, 0 0 Ly 00
—M!(V.) 0 0 0 0 0 0 10
— M (Ve) 0 0 0 0 0 0 01

where

Ve/Ur | o=Ve/Ur
=oni( )
Lo:=Urn;V- (uneVe/UT V) - K,
Ly :=Urn;V- (e V/V7V) ~ K,
Ly:=—DTA+u, -V,
Ls:=—D"A+u.-V.

Lll

The first row corresponds to the linearized Poisson equation in g;. The three rows in

~V-(AV)+ Ly qnie¥e/U7 —gn;e=V</Ur 00 0 000
~V-(AV) 0 0 000000
~V-(AV) 0 0 00-gq00
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correspond to the linearized Poisson equation in {1g;, (o, and (g, respectively.

Therefore, Equation (4.11) is equivalent to the boundary-value problem

7V~(AVa1):fqni<< 0,

Jreve/UTQQ,(;VG/UT%)+g1
—V-(AVa1)=n
=V (AVa1)=q(as—ar)+ g
Urn; V- (uneVC/UTVag) =Kas+ Kas+go
Urn;V - (upe_Ve/UTVag) =Kaz+ Kas+gs
—pAag+Vas=—qVV.(ag—ar)+gs
V-as=gs
— D% Aag+u.-Vag=—-Vc as+gs
—D™Aar—u.-Vay=—-Ve, as+gr7
a1(0%,y) —a1(07,y) =as
A(07)0,a1(07,y) — A(07)Da1(07,y) =ayg
ag =My (Ve)ar +gs
ag =M (Ve)a1 +go

a1 =0

az=0=ag

n-Va; =0
n-Vas;=0=n-Vag
as=0

H'V(IG:OZD'VCW

eVe/Ur 4 o=Ve/Ur
a1

Ve QSia

Vi € Qox,

YV € Quig,
V€ Qg
VCCEQSi,

YV € (g,

vV € Qiig,
Vo € Quig,
VCL’EQHq7
Vrxel,

Ve el,
Veel,
Veel,

V€ oflp,
Vo € 08p s,
Ve e oy,
Vx e BQ]\@Si,
YV € 02D ligs
Va € 00N 1iq-

As stated in Assumptions 4.1, either 0 <k < K <% or K =0 holds in €g;. In both
cases, there exist unique solutions as and as of the Equations (4.12¢)—(4.12f) due to |2,
Lemma 3.2]. Therefore, there exists a positive constant C' such that the estimate

llazll 2 os) + sl m20s) < Cllg2ll20s) + 1931122 (0s1))

(4.13)

in Qg; holds. Furthermore, there exist solutions ag and a7 for equations (4.12i)—(4.12j)

and a sufficiently small constant Cs such that the estimate

lae |l 2 (euiq) T 1ozl 2 () <196l 2 (1) T 19711 22 () + Crllaall a2y

(4.14)

holds. The Stokes Equations (4.12¢)—(4.12h) also have unique solutions a4 and a5 with

the estimate

laall 2 (Quq) + lasl 2 (i)

< C2(llgall 22 (g) + 19511 L2 (uiq) T+ @6 2 (211) + a7 2 (001))

<C2(llgall L2 (q) T 1951 L2 (uiq) T 196 L2 (Qu1) T 1971l L2 (021 + Crllaal| 2 (0sy))-

Hence, we have

(1= C1C2)laall 2 (uq) < Co(llgallL2(ug) + 11951 L2 (@) + 1961l L2 (211) + 1971 22 (1))
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for sufficiently small Cy, i.e., if C;C5 <1. We conclude that

llas || 2 (uq) + a7l 2 (1) §2H96||L2(Quq>+2||g7||L2<an)+||94||L2(Quq)+H95||L2(Q(uq>~ )
4.15
After substituting as, as, as and ag into (4.12a), the estimate

a1l z2() < Cs(llg1llL2(@) + 921l L2 (@s) + 193] L2 (0s) 21196 || L2 (219
+2[|g7ll L2 (1) + 194l 52 (2u1) F 1195 22 (10) + a8 r2r2(r) + @l L2 ry)

follows. By Equations (4.12m)—(4.12n) and Assumption 4.1, there exists a sufficiently
small constant Cy such that the inequality

las 1720y + laollL2ry < Callar || z2(0) + 971l g2 0y + 1198l 22y

holds. For sufficiently small Cy, i.e., if C3C4 <1, we find

(1= C3Cy)|larllaz(0) < Cs(llg1ll 2 (o) + 1921l 22 (q) + 193] 22 (0u1q) T+ 1941l 2 (2110
+1lgsll L2 (uq) T 21196 L2 () T 21971 22 (211) + 21 98]

w2y +2ll99 e (ry)-

Therefore, the Fréchet derivative of G at the equilibrium solution has a bounded inverse,
i.e., there is a constant C such that

-1

1D I<c,

)G((VE _VD(0)7070au€7P6a0707a6776)50)

(V,d,9,u,P,ct e a,y
where the norm is the operator norm of

X — H2(Q) x H?(Qg:)* x H;y o(Quigi R?) x H? (Qiq)® x H/2(T') x L*(T).
Finally, the implicit-function theorem yields the assertion. O

5. Conclusions

This work presents a fully coupled stationary system of partial differential equations
as the basic mathematical model for nanowire sensors as well as for nanopore sensors.
It also presents existence and uniqueness results for this system of equations. The new
model considers all three subdomains with different transport properties in nanoscale
devices of these kinds and includes the Stokes equations for describing the background
medium. This model completes the predominant model which does not take into account
the flow of the background medium and only uses the drift-diffusion-Poisson system.
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