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Abstract nextnano is a simulation tool that aims at provid-

ing global insight into the basic physical properties of re-

alistic three-dimensional mesoscopic semiconductor struc-

tures. It focuses on quantum mechanical properties such as

the global electronic structure, optical properties, and the ef-

fects of electric and magnetic fields for virtually any geom-

etry and combination of semiconducting materials. For the

calculation of carrier dynamics, two models are currently im-

plemented that provide results for the limiting cases of highly

diffusive or purely ballistic quantum-mechanical transport.

In this paper, we present an overview of nextnano’s present

and future capabilities and discuss some key concepts in the

areas of code structure, numerical techniques, and electronic

structure principles.
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1 Introduction

nextnano is a large software package that aims at provid-

ing insight into a wide range of physical properties of re-

alistic semiconductor nanostructures of virtually any shape

and composition [1]. This package is not the first of its

kind. For instance, Kumar, Laux, and Stern have developed a

three-dimensional Schrödinger-Poisson solver called Scraps
many years ago [2, 3] and many one-dimensional and some

two-dimensional Schrödinger-Poisson solvers are available
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for free or commercially on the internet [4, 5]. In addition,

there are many commercial semiconductor simulation tools

(TCAD) available. But their primary focus lies understand-

ably on semiclassical carrier transport in silicon devices, and

they often treat quantum mechanical effects as perturbations

[6–8].

nextnano has the opposite goal by focusing on nano-

structures where quantum mechanical effects such as elec-

tronic band structures, optical matrix elements, magnetic

field effects, or tunneling effects play a vital role. Using an

extensive materials database for Si/Ge and III-V materials

including nitride semiconductors, their binary, ternary, and

quaternary alloys, and both zincblende and wurtzite crystal

structures, a wide variety of quantum structures with almost

arbitrary device geometries can be modeled.

Since most nanostructures are strained materials,

nextnano performs a global strain minimization based on

macroscopic elasticity theory. Once the strain field has been

calculated, the piezoelectric and (for wurtzite) pyroelec-

tric charges are determined. Then the electronic structure

is calculated within a multiband k · p envelope function ap-

proximation. Here, exchange-correlation effects are taken

into account through the local density approximation and

the Hartree electron-electron interaction by self-consistently

solving the Poisson equation. In addition, we also include

the spin-orbit interaction and the Zeeman term in order to

deal with magnetic field and spin effects. Optical interband

and intraband transition matrix elements between electron

and hole wave functions can be calculated as well. Finally,

we have also extended nextnano to include self-consistently

semiconductor-electrolyte interactions in order to enable the

simulation of ion sensitive field effect transistors (ISFETs).

All of the above features deal with equilibrium systems.

Therefore, in order to enable the simulation of nanodevice

properties under applied bias, nextnano also includes two
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models for the carrier transport. One is a WKB-type approach

that we termed the quantum-drift-diffusion method, where

we assume that the carriers are locally in equilibrium, char-

acterized by a local Fermi level. The other approach, termed

the contact block reduction method [9, 10], is based on an

efficient method to compute the ballistic current through an

arbitrarily shaped open system with any number of leads.

2 Program flow and code structure

The program flow of nextnano can be summarized as follows.

The user specifies the input using a text file that defines the

geometry and the materials of the nanostructure, the contact

bias, and all other information needed to describe the physi-

cal system under consideration. The syntax of this input file

is concise and allows even very complex structures to be

characterized by a few lines. Then, in the initial phase, the

program evaluates the bulk band structures of all constituent

materials, performs a global strain calculation, and deter-

mines the new band edges and piezoelectric charges. Subse-

quently, the Poisson equation, current equation, and many-

band Schrödinger equations are solved self-consistently. Fi-

nally, in a post-processing step optical matrix elements and

ballistic currents can be computed.

Originally, nextnano was written in Fortran 90. But as the

code (termed nextnano3) grew organically instead of in a

planned fashion, it eventually consisted of 250000 lines of

very difficult to maintain code and a complete rewrite became

necessary. Therefore, we are currently developing a new ver-

sion called nextnano++ that is written mostly in C++ ex-

cept for core numerical libraries and that uses modern object-

oriented programming methods as classes and generic pro-

gramming in order to avoid code duplication. Furthermore,

all input files use a powerful hierarchical syntax that can eas-

ily describe even complicated device geometries. These input

files are then parsed using a Bison generated parser module

and validated for errors using an approach similar to the one

used for validating XML files.

3 Numerical techniques

The numerical methods used in nextnano are dictated by

the simple fact that all equations we need to solve are par-

tial differential equations (PDEs) in position space. Here we

employ box integration finite differences for discretization.

Compared to standard finite differences, this method has the

advantage that discontinuities in a material parameter M(x)

are naturally taken into account for second order differential

operators ∂̂i M(x̂)∂̂ j , since this method is in first order flux

conservative due to the Gauss theorem. The grid itself is al-

ways assumed to be a nonuniform tensor product grid. Such

tensor grids have the advantage that no complicate meshing

algorithm is required and the discretization can be easily and

very efficiently implemented.

After discretization, all differential operators in the PDEs

have now become banded sparse matrices which due to the

underlying tensor grid have either diagonal or block diag-

onal sparsity structure. Here, every PDE that is a boundary

value problem (such as the Poisson, the drift-diffusion, or the

strain equations) becomes a large system of linear or nonlin-

ear equations after discretization, while the k·p Schrödinger

equation yields a large matrix eigenvalue problem with dis-

cretized wave functions.

The resulting linear systems are relatively easy to solve

using iterative methods as the preconditioned conjugate gra-

dient method, the preconditioned composite step conjugate

gradient method, or (in case of non-Hermitian matrices) the

preconditioned composite step biconjugate gradient method

[11, 12]. As preconditioner we usually employ an incom-

plete Cholesky factorization, or, for Poisson operators, the

very fast fill-in-free Dupont-Kendall-Rachford method [13].

If the original system is nonlinear in the solution vector, we

use standard algorithms such as the Newton method with in-

exact line search to remap these problems into a sequence of

linear solutions.

Solving the very large matrix eigenvalue systems result-

ing from the discretization of the k·p equations is computa-

tionally much more demanding. However, since for the k · p
equations the occupation of electron and hole states falls off

exponentially with the energy distance from the Fermi level,

only relatively few quantum states near the Fermi level are

needed to calculate the carrier densities. This allows us to

use highly efficient iterative eigenvalue methods such as the

Lanczos or Arnoldi iteration [12].

Since developing a fast and robust eigenvalue package is a

very challenging and time consuming task, we usually rely on

already available software libraries and customize these for

our needs. For example, we find ARPACK [14] to be a very

reliable and moderately fast software tool for finding the low-

est energy eigenstates of sparse real and complex Hermitian

matrices. However, ARPACK is still not fast enough for the

huge system matrices that occur in three-dimensional quan-

tum simulations and an additional preconditioner is needed.

Such a preconditioner can be easily obtained by utiliz-

ing the Chebyshev polynomials Tn(E) for a spectral trans-

formation. Here we use that if the Hermitian matrix Ĥ has

the spectrum {En}, the matrix T (Ĥ ) must have the spec-

trum {T (En)}. Since the polynomials Tn(E) increase very

rapidly for |E | > 1, we can use these Tn(E) to make the de-

sired eigenvalues at the lower end of the spectrum very large,

which accelerates the convergence of the Arnoldi iteration

in ARPACK by at least of factor of 10. For example, finding

the lowest 30 eigenvalues of a test one-band problem with

105 grid nodes can now be achieved in less than 15 seconds
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on a standard 3 GHz Pentium 4 PC. This result shows that

memory exhaustion now surpasses excessive CPU time as

the main concern for quantum simulations.

Finally, in order to solve the coupled Poisson-Schrödinger

system, we employ an approximate quantum charge density

inside of Poisson’s equation in order to estimate the depen-

dence of the density on the potential through Schrödinger’s

equation. Using this estimator the coupling between both

equations is much decreased and rapid convergence is

achieved [15]. Recently, we have refined this technique fur-

ther by projecting the Hamiltonian into the subspace spanned

by all already known eigenvectors, and then diagonalizing

this small subspace matrix. With this method yet again only

half as much work is needed to obtain the correct solution.

4 Electronic structure principles and techniques

nextnano relies on the k · p envelope function approximation

to compute the global electronic structure of the nanostruc-

ture. The basic idea of this method is to patch up the bulk

k · p Hamiltonian of each constituent material such that the

global Hamiltonian remains Hermitian. While this method

is inferior to microscopic electronic structure methods such

as pseudopotential or empirical tight-binding schemes on an

atomic scale, it is the method of choice for structures that ex-

tend over many tens or hundreds of nanometers and reflects

accurately the extended electronic states in a mesoscopic de-

vice.

Even though the envelope function approach is well es-

tablished, it is less widely known that this method is plagued

by several ambiguities and instabilities that can lead to un-

physical ghost states [16, 17], artifactual oscillatory wave

functions, and incorrect bound states at interfaces [18]. We

have been able to eliminate these problems by a careful treat-

ment of so-called far-band contributions to the bulk k · p
Hamiltonians, by defining an operator ordering that leads to

manifestly self-adjoint Hamiltonians, and by employing an

upwinding scheme for discretizing derivatives. Since a de-

tailed discussion of all of these effects goes far beyond this

short review, we will only briefly sketch the rationale behind

the upwinding scheme as a typical example.

In the envelope function approach, every bulk k · p Hamil-

tonian Ĥbulk (k) is Fourier transformed into real space and

replaced by a global Hamiltonian Ĥglobal (−i∇) for the en-

velope functions. However, when Ĥglobal is mapped onto a

discrete real-space lattice, the discretization of the first order

space derivatives is not unique. For example, one could use

centered differences

d

dx
F(x) → F(x + h) − F(x − h)

2h
, (1)

which unfortunately lead to serious problems as unphysical

solutions F(x) that rapidly oscillate between nearest grid

lines. And plain forward or backward differencing results

into a non-Hermitian Hamilton matrix. In order to eliminate

this problem, we have employed a combination of forward

and backward differencing that guarantees the hermiticity of

the Hamiltonian, i.e.

d

dx
F(x) → ± F(x ± h) − F(x)

h
, (2)

Hglobal (−i∇) =
[

forward

backward

]
. (3)

With this discretization a second-order derivative term is

added to each first order derivative that vanishes in the limit

of zero grid spacing h → 0. This second order term now

suppresses the high-frequency components which constitute

the spurious solutions, while the physically accurate low-

frequency components remain unchanged. This approach is

analogous to upwinding schemes that are used for hyperbolic

differential equations in hydrodynamics [19].

5 Inclusion of magnetic fields

An important feature of nextnano is its ability to solve the

relativistic multi-band Schrödinger equation in an arbitrarily

oriented magnetic field. Somewhat unexpectedly, this is a

very demanding and complex problem. It turns out that the

minimal coupling Hamiltonian

Ĥ = 1

2m
[p̂ + eÂ(x)]2 + V (x̂) (4)

is unsuitable for spatial discretization [20]. This is a conse-

quence of the fact that, even for a spatially constant magnetic

field, the vector potential A(x) must increase at least linearly

with |x|. But since any chosen A(x) will be large on some

boundaries and small on others, this leads inevitably to a pro-

nounced gauge dependence and therefore large errors of the

resulting eigenvalues and eigenfunctions.

We have developed a discretization of the multiband en-

velope function Hamiltonian that reestablishes gauge invari-

ance by replacing the finite difference equation resulting from

(2) by the discrete version of the covariant derivative Di

used in lattice gauge theory [21]. This derivative is defined

by

Diψ (x) = lim
ε→0

1

ε
[U (x + εêi , x) ψ (x + εêi ) − ψ (x)]

U (x + εêi , x) = exp

[
i
e

h̄

∫ x+εêi

x
A(x′)dx′

]
, (5)
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and the corresponding Hamiltonian now reads as

Ĥ = D̂2

2m
+ V (x̂) . (6)

It is easy to verify that this Hamiltonian is equivalent to (4)

in the limit ε → 0. Since now the vector potential only ap-

pears in a phase factor U , the matrix elements cannot grow

indefinitely anymore for large x and gauge invariance can be

manifestly ensured.

6 Carrier transport

We now turn to the calculation of carrier transport in

nextnano. As already mentioned, there are currently two

models available for studying the electronic structure and

carrier transport under an applied bias, namely the quantum-

drift-diffusion method [22, 23] and the contact block reduc-

tion method [9, 10, 24]. The latter is based on the solution of

the Schrödinger equation for an open quantum mechanical

system and does not include any scattering or decoherence.

We will focus here on the first method which uses the first

moment of the Boltzmann equation to determine the current

and quantum mechanics to calculate the carrier density. In

many nanostructures, the current j(x) is limited by several

heterobarriers and therefore very small. In such a situation,

it is reasonable to assume that the carriers are close to ther-

modynamic equilibrium. For a unipolar device and in the

absence of recombination or generation, the basic equations

read then

n(x) =
∑

i

|ψi (x)|2 f

(
EF(x) − Ei

kBT

)
j(x) = μn(x)∇EF(x), ∇ · j(x) = 0, (7)

where n(x) is the carrier density, ψi and Ei the eigenstates

from solving the Schrödinger equation, EF(x) the quasi-

Fermi level, and μ the mobility. Note that the quantum states

Ei get occupied nonuniformly in this model which is only

meaningful if the potential varies slowly and the total current

through the device is small.

Recently, we have performed a detailed assessment of this

model by comparing it with fully self-consistent nonequlib-

rium Green’s function calculations (NEGF) [25]. In Fig. 1, we

compare nextnano and NEGF calculations of the conduction

band profile for a 10 nm InGaAs quantum well structure for

0 V and 0.08 V bias, respectively. This quantum well supports

two bound states that become resonances under sufficiently

high bias. For small bias, we find that the NEGF results agree

excellently with nextnano even though the balance between
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Fig. 1 Assessment of the quantum-drift-diffusion method by self-
consistent non-equilibrium Green’s function calculations

the carrier concentration outside and inside the quantum well

is far from trivial.

7 Results and applications

Many groups around the world are using nextnano to model

devices and quantum structures in the Si-SiGe and III-V ma-

terial systems, as far as we can judge from the feedback of

our users and the 10 to 15 downloads per day from our web

site. Examples for such applications are for instance semi-

conductor based Mach-Zehnder interferometers [26], dou-

ble gate and wrap-gate MOSFETs, three-dimensional III-V

nanostructures fabricated by cleaved edge overgrowth, exci-

tonic energies in quantum dot molecules and arrays under

bias, and GaN based ISFETs for biosensing applications.

As an illustration, we show here two concrete applica-

tions. As first example, we have used the relativistic 8-band

k · p model in nextnano to calculate the effective g-tensor

of InAs/InP nanowire quantum dots as a function of the dot

length (see Fig. 2). A comparison of our results with experi-

mentally determined values [27] finds an excellent agreement

without any fitting parameters; we find that the g-factors are

close to the free electron values for the smallest dots and tend

towards the bulk InAs values with increasing length of the

nanowire dots.
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Fig. 2 Effective g-factor of InAs/InP nanowire-based quantum dots
with different lengths for magnetic field perpendicular to the wire axis.
The full line indicates nextnano results, the data points are experimental
values from Ref. [27]. The diameter of the wire ranges from 50 to
70 nm

Fig. 3 Carrier density in a triple-gate MOSFET with a 5 × 5 nm chan-
nel and 25 nm gate length

Secondly, we show a simulation of a triple-gate MOSFET

in Fig. 3. The Si wire forming the channel has a 5 by 5 nm

cross section. The total length of the Si wire is 45 nm, the

gate length is 25 nm, and the oxide thickness is 1.5 nm. The

figure shows the charge density in the open channel at a gate

voltage of 0.5 V but no applied source-drain voltage. For the

center of the gate region, cross sections of the conduction

band profile and the carrier density are shown as well. Note

the asymmetry in the charge density that is caused by the

gate extending over three sides of the Si wire.
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