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ABSTRACT

Surface and volume imperfections can significantly affect the performance of nanoscale or microscale
devices used in photonics, optoelectronics or scientific instrumentation. In this article we present an open
source software package for Finite-Difference Time-Domain electromagnetic field calculations suitable
for calculations on graphics cards. Its special features include handling realistic models of imperfect
nanoscale objects, such as treatment of arbitrary geometries including addition of random roughness
to any geometrical object. The method is compared to conventional optical approach represented by
Rayleigh-Rice theory. Practical applicability is demonstrated using a calculation of variation of field
enhancement at proximity of a rough nanoscale antenna and rough particle scattering. It is shown that
such approach can be namely useful in the areas where many repeated calculations are necessary, e.g.
when studying how the optical response of nanoscale objects can vary when they are rough.

Program summary
Program Title: GSvit
CPC Library link to program files: https://doi.org/10.17632/k424zbsxnk.1
Licensing provisions: GPLv2
Programming language: C
Nature of problem: If we want to analyse impact of random imperfections, in particular surface roughness,
on optical response of nanoscale and microscale objects, we need to run many calculations with
different random realisations. GSvit is a general electromagnetic field solver optimized for running such
calculations, via fast computing on graphics cards and algorithms for loading of arbitrary data and
modification of their geometry to construct randomly rough surfaces and interfaces.
Solution method: Finite-Difference Time-Domain method implemented on computer processor and on
graphics card, with advanced pre-processing in order to add realistic roughness to 3D objects.
Additional comments including restrictions and unusual features: The current version of software, including
the documentation and downloadable examples can be found on http://gsvit.net/.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Phenomena related to interaction of

formed micro- and nanostructures are related to many scientific

areas, with rapidly increasing number of potential industrial ap-
plications. Advanced manufacturing techniques allow the creation
of new materials and functional devices, e.g. in the field of plas-
monics and optoelectronics. There are also many novel measuring
instruments which employ local electromagnetic field scattering,
like tip-enhanced Raman spectroscopy, surface-enhanced Raman

light with artificially
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spectroscopy, or near field infrared spectroscopy. Various nanoan-
tennas, antenna arrays and localized scattering centres are be-
ing produced for these purposes. In order to increase reliability
of manufacturing processes it is important to be able to anal-
yse potential effects of imperfections and irregularities on device
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performance. This can be rarely done analytically and a numer-
ical solution capable of incorporating imperfections is therefore
needed.

In order to treat the interaction of electromagnetic field with
structures similar to its wavelength, we need to utilise fully its
wave nature in order to incorporate all the scattering, diffrac-
tion and interference processes. Several techniques can handle this
problem and are used for nanoscale optical calculations, for ex-
ample Direct Moment Method [1], Green’s tensor technique [2],
or Reciprocal-space Perturbative Method [3]. Each approach has its
strengths and weaknesses and is best suited for particular types of
problems. Here we present a Finite-Difference Time-Domain based
approach (FDTD) [4].

FDTD is a well-established computational method and is al-
ready widely used in the field of nanoscale optics. It is capable
of solving nearly arbitrary problems in electromagnetics, at least
in principle. Its main drawback is the requirement of a fine spa-
tial grid (compared to the wavelength), which limits applicability
to conventional optical phenomena (e.g. with visible wavelength
and millimetre or centimetre size optical elements) because it then
leads to excessive computational demands. However, the natural
range of scales in nanoscale and microscale optics is favourable
for FDTD. Hence, it is becoming a common technique for calcu-
lations in plasmonics [5,6], optoelectronics [7], microscopy [8-11]
and similar areas. Many computational tools already available for
nanoscale optics calculations, both commercial and open source
[12], employ FDTD.

FDTD calculations presented in scientific literature are fre-
quently based on simple geometrical models [6,9,13] which are not
capable of treating realistic material imperfections, such as non-
ideal geometries, surface roughness, or various inhomogeneities.
One possible reason may be that setting up complex models in-
volving deviation from ideal geometries is time-consuming and
that more detailed models in FDTD still require significant com-
putational time, as a dense space discretisation needs to be used
and all the algorithms related to FDTD then become prohibitively
slow.

Of all the possible imperfections, we concentrate on surface
roughness as this error source is frequently present in many
nanoscale and microscale systems. All manufacturing processes
result in some surface roughness, which can be controlled only
to some extent. Usually roughness only decreases device perfor-
mance, but in a few specific cases it can also be helpful, for in-
stance with hot spots in tip-enhanced Raman spectroscopy [14] or
in surface-enhanced Raman spectroscopy [15].

In this article we present algorithms developed for including
the random roughness easier in the framework of FDTD. For statis-
tical analysis we namely need methods generating rough nanoob-
jects with known statistical properties in the computational do-
main, and a FDTD solver fast enough to run many calculations
with different realisations of the rough object. On the basis of
our proof-of-concept studies [16,17] we have developed the open
source GSvit solver [18], focusing on topics that we found missing
or inadequate in other software packages:

1. Graphics card computing support for calculation speedup.

2. Treatment of realistic geometries determined experimentally,
e.g. loading data like surface topography or form from different
measuring instruments.

3. Capability to create objects with realistic roughness, or alter
surface properties of loaded objects, running multiple calcula-
tions for different random seeds.

The performance of data modification algorithms is validated
by comparison to classical optical theory, and its practical appli-
cability is demonstrated on calculation of local field enhancement
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at proximity of a rough single rod metallic nanoantenna and on
scattering by a rough sphere. Although this work focuses on dis-
tinctive functions of GSvit, it has to be noted that it is an universal
computational package which can also deal with typical tasks in
computational electromagnetics, similarly to the other FDTD pack-
ages.

2. GSvit overview
2.1. FDTD basics

The Finite-Difference Time-Domain method is a widely used
method for complete numerical solution of Maxwell equations in
discretized space. For a linear, isotropic, non-dispersive and pos-
sibly lossy material the Maxwell equations describing the time
evolution of electric and magnetic field intensity vectors E and H
can be written in the following form

oH 1 1 .
— =——VxE——M+0*H) (1)
ot iz iz

JE 1 1

— =-VxH-—-(J+0E) (2)
it ¢ &

where p is the magnetic permeability, ¢ is the electrical permit-
tivity, o is the electric conductivity, o* is the equivalent magnetic
loss, and M and ] are the magnetic and electric source current
densities. These equations provide the basis of the FDTD method,
calculating electric and magnetic field intensities in a staggered
grid (E and H are shifted by a half of the grid spacing).

Using a dense discretisation (at least /10 where A is the wave-
length of the incident light) and directly solving the electric and
magnetic field in a leap-frog scheme leads to a stable algorithm
suitable for many problems in physics and engineering. Combined
with the many related additional algorithms that have been de-
veloped in the last fifty years, FDTD can be used for nearly any
material. If treated carefully, it can be accurate down to 1% in the
area of nanoplasmonics as reported in Ref. [19]. Its main disadvan-
tages are the necessity of a dense discretisation and complicated
handling of smooth boundaries with an arbitrary orientation (stair-
casing effect). On the other hand, due to its simple formulation it
can be easily implemented. Furthermore, it results, such as elec-
tromagnetic field distribution in the simulation domain, can be
readily interpreted. It is also highly parallelisable as it consists
of relatively simple equations repeatedly solved in all grid points,
which is also the reason why it is convenient for graphics card
(GPU) computing [16,17,20,21].

2.2. Structure of the program

The package consists of two main executables, GSvit and XSvit.
GSvit is the backend numerical solver, which can be run as a com-
mand line program. It is written in C and optionally uses graphics
cards based on the Nvidia CUDA computing interface. XSvit is the
graphical interface and also serves as a parameter file editor, either
via visual definition of the model or direct editing of the parameter
file. XSvit can be used for creating or altering the parameter files,
running the numerical solver and running Gwyddion [33] which
serves as the viewer for most of the results. It is written in C, with
Gtk+ graphical toolkit.

Apart from the basic FDTD computational approach known as
Yee’s algorithm [22], which is used for electromagnetic field prop-
agation, the software implements also the following extensions:

e Point and dipole sources, total/scattered field (TSF) and pure
scattered field (SF) source formulations, including sources
in an infinitely extending layered medium [23] and focused
sources based on the plane wave decomposition [24].
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e Periodic boundary conditions, simple second order bound-
ary conditions [25] and convolutional perfectly matched layer
boundary (CPML) conditions [4].

o Near-field-to-far-field (NFFF) transform using the time domain
approach [28] and field teleportation [27] for crossing empty
spaces.

e Staircasing reduction via effective medium and local subgrid-
ding [26].

e Dispersive media treatment using the piecewise linear re-
cursive convolution (PLRC) approach and auxiliary differential
equations (ADE) approach [4].

Full details about functionality of different FDTD extensions and
their relation to the basic Yee’s algorithm can be also found in the
literature, e.g. the monograph [4].

2.3. Parameter and media files

The command line part, GSvit, is controlled by a parameter file
passed as the only command line argument. It is a plain text file
defining all the aspects of the computation as a sequence of two-
line directives. The first line always consists of a keyword defining
the directive type, the second depends on the keyword and speci-
fies the values. As an example consider the following text file:

POOL
200 200 200 1e-8 1le-8 le-8

COMP
1000

SOURCE_TSF
10 10 10 190 190 190 0 0 0 1 633e-9 1

MEDIUM_ VECTOR
material file.txt

MEDIUM_ SPECTRAL
5 20 -1 42

OUT IMAGE
Ey 150 100 -1 -1 ey snapshot

It provides all the basics for running a simulation on an artifi-
cially modified sphere as discussed in section 4.5. POOL speci-
fies the computational domain of 200x200x 200 voxels with voxel
spacing of 10 nm (10~% m) and COMP runs 1000 steps of the
Yee’s algorithm to propagate the planar electromagnetic wave, in-
jected via Total/Scattered field source boundary condition defined
by SOURCE_TSF. This wave interacts with an object described by
the material file given by MEDIUM VECTOR and modified with
MEDIUM_ SPECTRAL modifier by adding roughness with 5 vox-
els RMS, 20 voxels correlation length and using 42 as the random
seed. The output, given by OUT IMAGE, will consist of electric
field E, images taken in the yz plane with x = 100 voxels. First
150 steps will not be saved.

The only missing piece is the object the light wave interacts
with. A germanium sphere with radius of 40 voxels centred in
the domain at (100, 100,100) can be defined by a single-line
material file.txt

4 100 100 100 40 99 Ge
In practice multiple outputs are usually set, absorbing boundary

conditions are added by BOUNDARY ALL and a near-field to far-
field transform (requested by a NFFF directive) is used to get the
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far-field response of the optical system. The full documentation of
parameter files is provided on the project pages [18], alongside
with many examples how to run different calculations, including
complete examples of object boundary modification using methods
presented in section 3.2.

2.4. GPU calculations

By default, all the algorithms are executed on the main proces-
sor (CPU), using double precision arithmetic with parallelisation
handled by OpenMP [29]. Optionally, some algorithms can be run
on the GPU instead of the CPU, based on the use of NVIDIA CUDA
tools [30]. GPU can be utilised in two different ways:

1. At each step (i.e. Yee step) all the data are synchronized back
to the CPU to perform operations with higher precision arith-
metic, output results, run external sources, or simply to save
graphics card memory (allocating only data necessary for each
kernel call). This approach typically leads to a three- to six-
times speedup compared to pure CPU execution, namely due
to limited bandwidth of data transfer between the main mem-
ory and graphics card memory.

2. All the computations are performed on the GPU and the data
are synchronised only for outputs (i.e. not every step). Time
values of NFFF data are produced at the end of the compu-
tation. This can lead to more than seventy-times speedup as
shown below even for quite a straightforward FDTD imple-
mentation on the GPU.

For GPU kernel implementations and for nearly all the algorithms,
a one-to-one correspondence between GPU threads and compu-
tational space points is preserved. The basic data structures are
stored in the GPU global memory. Each thread takes the neighbour
values (or whichever are necessary for the computation), and af-
ter the computation it updates the value in the global memory. On
one hand, this approach does not utilise the device memory opti-
mally as shared memory is not used at all. On the other hand, it
avoids code variants for different memory accesses, keeping the
code simple—while still providing a significant speedup as dis-
cussed below.

In some cases, for instance NFFF computations, it is not possi-
ble to establish a one-to-one correspondence between GPU threads
and computational space points as this could lead to memory ac-
cess conflicts in the accumulators, where the integration of sur-
face currents over the NFFF boundary is being performed. A set of
auxiliary accumulators was used in this case to split the integra-
tion between more GPU kernels without accessing the same global
memory.

3. Data loading and generation methods for realistic geometry
treatment

3.1. Data input

The basic way to define the material distribution in the FDTD
computational domain is to add solid geometrical shapes—such
as boxes, spheres or cylinders—with given material properties. By
means of Constructive Solid Geometry, i.e. using unions and inter-
sections of these basic entities, even quite complicated structures
can be created.

Even more general structures can be defined as tetrahedral
meshes, as produced for example by Tetgen [31] from input cre-
ated in a 3D modeller such as Blender [32]. The data can also be
entered as a voxel-by-voxel array of material properties in the .vtk
format, allowing a detailed control of the material distribution, e.g.
producing gradients in optical properties.
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Surface topographies can also be input as Gwyddion height
fields (height maps), i.e. 2D arrays of height values. Gwyddion
[33] is a modular multiplatform software for scanning probe mi-
croscopy (SPM) data analysis which can process most of native
SPM manufacturer data formats (plus several data formats used
in confocal microscopy, scanning electron microscopy and other
microscopy techniques). It also features many data synthesis al-
gorithms, so artificial surfaces can be prepared in Gwyddion and
loaded into GSvit. Direct use of the height fields is useful namely in
virtual SPM applications of FDTD in which we simulate the interac-
tion of light with a surface at every pixel of the image. The height
field can be then shifted arbitrarily with respect to the beam in
order to produce data from the requested position.

Using a combination of different geometry loading approaches,
we can model structures representing many real experimental sit-
uations. However, for the handling of statistical phenomena like
surface roughness, this is still often only the starting point. The
loaded objects can be further modified within GSvit to perturb
their boundaries.

3.2. Object modifiers

In order to add inhomogeneities such as roughness or vari-
able layer thickness to inputs prepared for computation, one could
use an external software and prepare such data in a 3D modeller
(for instance) and load them as a tetrahedral mesh. This approach
turned out to be impractical as the control of surface parameters
is quite limited in 3D modelling software. Moreover, to perform
statistical analysis of electromagnetic field propagation, we need
to run many simulations with different realisations of a particular
roughness that would all have to be created in the 3D modeller.

A better approach is to alter the surface topography of selected
objects within the FDTD package at the beginning of the compu-
tation. In GSvit this is achieved by object modifiers, allowing an
automatic creation of different instances of the rough object with
given roughness parameters. We can then run multiple calculations
of the light-object interaction and evaluate the results statistically.
Here we describe three basic algorithms for object modification
developed for GSvit: vector displacement modifier (sec. 3.2.1), ran-
dom Gaussians and arbitrary function modifiers (sec. 3.2.2), and
the growth modifier (sec. 3.2.3). The second method was devel-
oped entirely for purposes of this work. The first is analogous to
displacement mappings used in computer graphics; the third was
based on existing models of surface growth [35].

Recently there has been growing interest in application of poly-
nomial chaos and stochastic FDTD methods to the problem of mod-
elling systems with rough boundaries [37,36]. They can be con-
siderably more efficient than the classical Monte Carlo approach
implemented in GSvit. However, Monte Carlo can be immediately
used with any simulation of physical roughening process (added
as a roughening operator to GSvit), whereas these approaches re-
quire efficient parametric representations—and the path from the
former to the latter is seldom short or straight. The choice made
in GSvit enables the accommodation of experimental roughening
procedures. For maximum efficiency with well-studied roughness
models one may have to look elsewhere.

3.2.1. Vector displacement modifier

In this method voxel values are altered by replacing them with
values taken from displaced positions, defined by the vector dis-
placement field. This has no effect within a homogeneous region
but perturbs object boundaries—and can also be used to perturb
material gradients or other properties. The vector displacements
consist of three 3D arrays (x,y,z) of the same volume as the
computational domain. They are filled by correlated noise using
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Displacement field

20 nm 30 nm

Function

Columnar

Fig. 1. The effect of the various surface roughness modifier types applied to a
sphere of 1 nm diameter. In the case of the vector displacement field (section 3.2.1)
the correlation length is from 10 nm to 40 nm as indicated. The function modi-
fier (section 3.2.2) is shown for two random Gaussian function modifiers and two
function modifiers constructed as a mix of sines. For the material growth modifier
(section 3.2.3), the relaxation jump probability and upsampling factor is gradually
increased resulting in a progression from fractal-like to columnar roughness.

a spectral synthesis method. To do this, Fourier transform coeffi-
cients are set to define suitable spectral properties of the noise
and an inverse Fourier transform is used to get the displacement
fields.

In the case of Gaussian roughness, the most common rough-
ness model, the Fourier transform coefficients moduli are set to
the product of three Gaussian functions, in x, y and z as follows:

F(K) = exp[—(mT/2)*|K[?/2] (3)

where K = 2(i/Xres, j/Yres, K/Zres), T is the desired correlation
length and Xes, Yres and zpes are the voxel resolutions in respective
directions. Phases are set as uniform random numbers in the range
of [0, 27r). This produces a displacement field with the correct cor-
relation length. The variance parameter Sq is set by normalising
the integral of |F|? to Sé. The material in each voxel is then re-
placed by the material from a nearby voxel determined by the x,
y and z shifts and rounded to an integer. An advantage of this
procedure is that its natural parameters are the output rough-
ness parameters Sq and T. An example of the results obtained for
Gaussian roughness and different correlation lengths is shown in
Fig. 1.

3.2.2. Random Gaussians and arbitrary function modifiers

To add roughness with shape controlled in the direct space (as
opposed to frequency space) we created an alternative procedure,
based on blurring the object boundary, altering the blurred arrays
and thresholding. The following steps are performed (see Fig. 2 for
a schematic illustration):

1. First the object is formed by a set of voxels with values set to
one; the rest of the computational domain is set to zero (void).

2. The object is blurred in 3D to create a smooth transition be-
tween the material and void regions.

3. The object is altered by adding 3D Gaussians to random loca-
tions in the computational domain. They are added with both
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Function addition

Thresholded result

-

Sine wave

-

Random Gaussians

Fig. 2. Scheme of object boundary modification by function addition, illustrated for a sine function and random Gaussians.

positive and negative signs and a selected distribution of half-
widths.

4. The resulting floating point array is thresholded, producing
again in an object with sharp boundaries, now perturbed by
the Gaussians.

The procedure has three parameters: half-width of the Gaussians,
the number of iterations and the probability of placing a Gaussian
at a voxel. By varying the parameters and/or running the whole
algorithm multiple times, complex roughness can be created on
the object surface. An example is given in Fig. 1.

A major disadvantage of this procedure is that the relation be-
tween its parameters and resulting roughness parameters is com-
plex and not known analytically. Obtaining roughness with pre-
scribed properties requires solving an inverse problem. Practically,
this is done by roughening flat surfaces and evaluation of their
statistical parameters, e.g. using the surface analysis available in
Gwyddion. This is discussed in more detail in sec. 4.2. A benefit of
the method is that the range of surfaces that can be generated is
much broader than for spectral synthesis.

Instead of random roughness addition, an arbitrary 3D function
can be used instead to perform the object modification. The pro-
cedure is almost identical, only the blurred object is now modified
by a user-defined function evaluated at every voxel. An example is
shown in Fig. 1 for modification by sine functions.

3.2.3. Growth modifier

To create more realistic rough surfaces that would be statisti-
cally similar to surfaces of deposited materials (e.g. by evaporation
or sputtering), we implemented a Monte Carlo growth simulation
that can be applied to any object or set of objects. The procedure
is based on ballistic particle deposition with limited relaxation
to local energy minima (maximum number of bonds). Shadowing
during the growth leads to the formation of a variety of columnar
structures. The procedure is similar to those presented in works
dealing with the simulation of sputter deposition of thin films
[34,35] and was used for 2D material modification in our previ-
ous work [38]:

1. First the selected object and its surroundings are upsampled
(usually by a factor of 2 or 3) to get a higher resolution for the
growth process, as generation of realistic surface roughness by
the growth procedure needs sufficiently large objects (in terms
of the number of voxels).

2. A predefined number of particles is sequentially simulated,
coming from all the faces of the computational volume with
a random distribution of direction and hitting the object.

3. When a particle hits the object, it can relax to locations in its
neighbourhood if it is energetically favourable (more bonds)
and when the probability of such a jump is above some
threshold value (that can be understood as a temperature fac-
tor in the context of deposition techniques).

The process is repeated for the requested number of particles, typ-
ically in the order of millions. Instead of letting particles to hit the
object from all directions, the particle source can be limited for in-
stance to selected faces of the computational domain, matching
more closely geometrical conditions in various deposition tech-
niques. The procedure has three parameters: relaxation probability,
maximum relaxation radius, and the number of particles.

The growth method can simulate a wide variety of randomly
rough surfaces, from locally smooth surfaces (high jump probabil-
ity, large radius), to columnar structures, to very porous surfaces
with a self-affine fractal structure (low jump probability, small ra-
dius). The range of roughness parameters that can be obtained is
discussed in the next section—but again, the relation between sim-
ulation parameters and surface parameters is complex. An example
of structures grown on a sphere for different algorithm parameters
is shown in Fig. 1.

4. Results and discussion

In this section we present the results of software performance
tests to show and discuss the achievable simulation speeds and
sizes of the computational domain. We also verify the roughness
addition approach by comparing its results with a classical optical
theory, which is for this range of surface parameters the Rayleigh-
Rice theory. Finally, we present two examples of running a sim-
ulation on a statistical ensemble of rough object realisations to
show the variation of the output field values related to different
roughness realisations They were selected to demonstrate practi-
cal applications of the two modifiers most relevant in nanoscale
optics problems—vector displacement for a well-defined roughness
and growth modifier to simulate a deposition process.

4.1. CPU and GPU performance

In Fig. 3 we present the Yee’s algorithm speed as evaluated
on a number of available computer processors (both single thread
and multithreaded) and graphics cards. The figure shows the time
taken by 400 steps of the Yee’s algorithm in a 200x200x200 vox-
els large computational domain. In Fig. 4 the time needed for a
single calculation is plotted as a dependence on the number of
threads used on a CPU. To see the dependence for a large num-
ber of threads we used a high performance computing system for
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Fig. 3. FDTD implementation performance on different computer processors and graphics cards (time necessary for calculating the same problem on different systems). (For
interpretation of the colours in the figure(s), the reader is referred to the web version of this article.)
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Fig. 4. FDTD performance on a 32-core AC922 (8335-GTG) system up to 32 threads
shown as time necessary for calculating the same problem in all the cases. Dashed
lines correspond to ideal linear scaling.

this test. The IBM® Power® System AC922 (8335-GTG) server is a
2-socket server that offers 32 cores. We can see that the algorithm
scales almost linearly with increasing number of available cores.
The deviations for large number of cores and large problem sizes
indicate that it ceases to be purely CPU-bound and becomes lim-
ited also by memory bandwidth in these cases.

An important aspect of FDTD is also the required memory. The
computation domain size is usually limited by the size of the com-
puter memory. Therefore, even if we remove the speed bottleneck
by using GPU, the computed volume bottleneck persists. As an ex-
ample, on Geforce GTX Titan X with 12 GB RAM, the limit is 328
million voxels, which, at space discretisation of 10x10x10 nm,
which we typically use for calculations in the visible range, means
a volume of approximately 7x7x7 micrometres.

4.2. Roughness generation algorithms

While the vector displacement modifier creates surfaces whose
statistical properties can be controlled by the modifier parame-
ters—roughness value and correlation length—this is not the case
for the growth modifier. A connection between algorithm parame-
ters and resulting statistical properties had to be established.

In order to test performance of the ballistic deposition-based
growth algorithm we carried out a numerical study of the depen-
dence of roughness statistical properties on algorithm parameters.
All the methods described in this paper can be applied to objects
with any geometry. However, for the evaluation a flat base ob-
ject is preferable because a complex base object geometry makes
the separation of geometry and roughness more difficult and in-
creases the uncertainty of obtained roughness parameters. A flat
substrate allows utilising common statistical analysis techniques
for surface measurements. Therefore, the following methodology
was used (see Fig. 5A):

1. A thin parallelepiped object was placed in the centre of the
computational volume.

2. A growth object modifier was applied to the object, using pa-
rameters chosen from a predefined set.

3. A central part was cut from the modified object to avoid bor-
der effects. The central part was used in all following evalua-
tions.

4. The fractal dimension was calculated using the cube-counting
method.

5. A height field was constructed from the central part (see Fig. 6
for few examples).

6. The thickness of the deposited (or subtracted) material was
evaluated from the average surface value.
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Fig. 5. Computational domain geometry for (A) roughness evaluation and (B) rod antenna field enhancement calculation.

400

400 ‘\7 l 1 300
B |

4 200

300
100
z [nm]

200

100

1000
800

600

800 400 y [nm]

600
400

x [nm] 200 200

0

Fig. 6. Series of snapshots of the growth process for the same random seed and
increasing number of particles. The z axis placement of the surfaces corresponds to
real layer thickness.

7. The root mean square value Sy of roughness was evaluated
from the surface.

8. The power spectral density function (PSDF) was calculated and
averaged from the individual surface profiles and fitted by
Gaussian PSDF model:

quT 272
W1(Kx) = ——=exp(—K;T*/4), 4
where T is the correlation length. Note that this is based on
assumption that the surface correlation function is Gaussian,
which is not necessarily true for many of the surfaces.

The parameters of the growth object modifier were chosen to
cover the widest possible spectrum of statistical properties the
methods can produce (based on a preliminary parametric survey).
A snapshot of a single growth process, taken for different num-
ber of particles is shown in Fig. 6. By combining all the results,
a database of surface properties was created, referring to partic-
ular object modifier parameters. By searching in the database we
can choose roughening parameters leading to the desired surface
roughness.

Fig. 7 shows the summary of all the surface statistical param-
eters that were achieved within the growth modifier study using
various probability factors, numbers of particles, etc. We can see

that although the three statistical parameters are correlated (which
is expected as it follows from the roughness growth theory [35]),
a wide range of roughness parameters can be simulated.

Since the surface roughness generation is a statistical process,
every surface has slightly different statistical properties even if the
input parameters are identical. We repeated the surface modifica-
tion with the same parameters fifty times to assess the variation of
resulting statistical parameters with random seed used for the cal-
culation. For the fifty runs the following results and variances were
obtained: Sq =1.924+0.05 nm, T =2.34+0.1 nm, Dy =2.33£0.06.
From this we can conclude that the individual randomly rough sur-
face realisations are sufficiently similar for practical simulations.

Checking what surface properties are obtained for a flat ob-
ject with selected modifier parameters can be seen as a general
technique for using the object modifiers in practice. However, it
still has some disadvantages. First, such preparation can be time-
consuming even if we normally do not need to build an entire
database similar to the one used here. Second, if the objects are
concave, with deep trenches, caverns or similar complicated ge-
ometry, the resulting statistical properties may differ from the
predicted ones. However, flat geometry is the only case for which
roughness parameters such as Sq can be evaluated in a standard
manner.

4.3. Comparison to theoretical calculations

Adding well-controlled imperfections to objects in FDTD calcu-
lations is useful for studying their impact on the optical response
for geometries that are more complex than what could be han-
dled by classical optical theories. For the same reason, however, a
verification of FDTD results by comparing them with explicit theo-
retical calculations must be done using a simpler model system
which can be described by the theory. Therefore, we compared
the FDTD-computed specular reflection from a rough surface with
second-order Rayleigh-Rice theory.

Rayleigh-Rice theory expresses the Fresnel coefficient rg of light
specularly reflected from a rough system as the sum of the corre-
sponding coefficient for a smooth system and perturbation term
Arg:

T'q,rough = Tq,smooth + ATy . (5)

Index q distinguishes the polarisation (p or s). The perturbation
term is expressed using an integral with spectral density of rough-
ness W (K) over the space of spatial frequencies K € R?:
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Fig. 7. Database of resulting statistical parameters for various parameters of growth object modifier.

Arg = / foO W K) dK, (6)
R2

where f; is a complicated function of K, optical constants and
the incidence angle ¥ [39-41]. Vector K’ is equal to K' =K —
noko sin 9pex, where ng is the refractive index of the ambient and
ko is the corresponding wave vector. Other approaches for mod-
elling of light specularly reflected from rough systems exist and
are widely used in optics, for instance diffraction theories or ef-
fective medium approximations. However, Rayleigh-Rice theory is
valid for larger Sq/A ratios than effective medium approximations
(EMA) and does not require locally smooth surfaces, unlike diffrac-
tion theories. It is, therefore, a suitable theoretical approach for the
following comparison.

The model system was a germanium prism with varying Gaus-
sian roughness modelled by spectral synthesis for S; =0 to 50 nm
and fixed T = 100 nm. The FDTD calculation was run in a com-
putational volume of 500x500x 150 voxels spaced equally in all
directions by 10 nm and containing the 5 x 5 x 1.5 pm? large Ge
prism. A Gaussian beam with wavelength of 633 nm was incident
on the prism in the z axis direction. The specular reflection was
evaluated using NFFF transformation. The results were normalised
to the reflectance of smooth surface in order isolate the effect
of roughness by eliminating the differences between the analyti-
cally known reflection from a smooth plane and FDTD results. In
this case the difference was about 5% because of the combination
of large extinction coefficient of germanium and FDTD discretisa-
tion that is fine enough to represent the chosen roughness, but
not fine enough to represent the spatial field decay in germanium
with high accuracy. If the voxel size is 4 times smaller the er-
ror in smooth germanium reflectance drops below 1%, however
such voxel size would already need an extremely large mesh if
the roughness should be added.

The results are compared in Fig. 8a. It can be seen that FDTD
slightly underestimates the impact of roughness. It is most likely

an effect of staircasing, i.e. discretisation of simulated roughness.
In particular, FDTD gives almost no effect for Sq small compared to
voxel size—such small roughness cannot be represented correctly
in the voxel grid. This could be improved either by conformal mod-
elling (at the cost of computation speed) or by using an EMA,
weighing the materials in each voxel.

Fig. 8a shows the results of using the Bruggeman EMA [42],
frequently employed to model roughness, for representing the ef-
fective medium in voxels filled only partially by Ge. The addition
of EMA improved the agreement for large Sq, where it could help
representing fine roughness details not captured by the voxel grid.
However, for small roughness the results in fact became worse—
the curve has non-zero derivative at Sq = 0. This is not surprising;
it is well known that the relation between EMA effective roughness
layer and Sq should be quadratic [43], but voxel material averaging
gives a contribution linear in Sq.

There could be also other factors contributing to the differences.
For instance the displacement field modifier can generate over-
hangs, whereas the Rayleigh-Rice theory assumes that surface is
described by a (single valued) function. Therefore, the assumptions
in the two approaches do not match exactly. Nevertheless, we can
conclude that the FDTD results agree well with theoretical calcula-
tions for the reflectance of rough surfaces—provided that one takes
care to choose a voxel size which can represent well the rough ma-
terial boundary. In addition to keeping the voxel size below tenth
of the wavelength, as needed by the Yee algorithm, it must also
be kept small enough to incorporate the fine details of the rough-
ness. In Fig. 8b we show how the result depends on voxel size for
one of the roughnesses shown in Fig. 8a, with mean square rough-
ness of 32 nm and correlation length of 100 nm. It can be seen
that when the voxel size increases, the reflectance increases to-
wards the smooth surface value (which would be 1). When EMA is
used, the effect is less pronounced as the staircasing effect is re-
duced. The range in which we can prove it is however limited—by
the amount of computer memory on the lower end and discreti-
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Fig. 9. (a) examples of generated rough rod antennas; (b) statistical results for the peak value of field enhancement as a function of roughness correlation length.

sation limit required by the Yee algorithm on the upper end. It
should be noted that the Gaussian roughness created by spectral
synthesis is locally smooth, which is certainly a benefit when we
discretize the surface. For other roughness models, providing sur-
faces with higher amount of high spatial frequency components it
might be more difficult to find a suitable voxel size. A convergence
test similar to the one shown in Fig. 8b can help with such deci-
sion.

4.4. Application example: a rod antenna

Here we present an example of interaction of light with a more
complex rough nanoobject and a statistical evaluation of the influ-
ence of surface roughness. The example is still one of the simplest
possible—an isolated nanoantenna formed by a single cylindrical
rod capped by hemispheres. Using the approach presented above,
in particular the growth object modifier, we created 60 different
rough rod realisations for each set of parameter values. We then
evaluated the resulting local field enhancement close to the rod
apex. Spectral dependences of the field enhancement were calcu-
lated, and for a larger statistical ensemble also the enhancement
value for the peak in this spectrum was evaluated.

Details of the numerical experiment are as follows: the com-
putational domain was a box with sides of 410 nm x 260 nm x
260 nm, with a voxel spacing of 1 nm (see Fig. 5B for schematics).

It contained an aluminium rod of length approximately 120 nm
(varying with different roughness realisations), placed in vacuum.
We used the growth modifier to add a roughness to the rod, the
parameters were chosen the database of the growth modifier pa-
rameters generated on a flat surface as described in section 4.2.
All rods prepared for this calculation had the same mean square
roughness Sq = 3 nm, but different correlation lengths T from 2
to 8 nm. From the resulting thicknesses we tested that the growth
modifier produces results are consistent with the simulations of
flat surface that were used for database creation. A few examples
of the generated rods are shown in Fig. 9a.

Within the FDTD calculation the rod was illuminated by a plane
wave using the total/scattered field approach with wavelengths
ranging from 250 to 800 nm. The calculation was performed wave-
length by wavelength. A second order absorbing boundary condi-
tion was used to let the light leave the computational domain. To
reach a steady state, 12000 time steps were calculated, using the
time step value of 0.8 - At, where At is the time step evaluated
from FDTD stability criterion. Piecewise linear recursive convolu-
tion approach was used to treat the rod, formed of aluminium. The
time step was adjusted by the factor 0.8 to keep the metal treat-
ment approach stable. The computation output consisted of time
dependences of field values in a defined position from the ideal
rod apex in direction of its axis. Field amplitudes were evaluated
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after reaching a steady state after a transient period at the start of
the computation.

The spectral dependences of the field enhancement in the vicin-
ity of the rod are plotted in Fig. 10 for rods with different correla-
tion lengths. We can see that the overall enhancement varies in an
order of magnitude, which is an effect of randomness in the rod
surface shape. In some cases the roughness increases the field at
the apex, namely due to lighting rod effect at sharp features point-
ing towards the point where the field is evaluated. In some cases
the field intensity is even slightly smaller than for a smooth rod.
We can also see shifts in the peak wavelength (maximum enhance-
ment), which is mostly related to the rod length—despite taking
care to prepare rods with the same mean length. Although this
could still be caused by imperfections in our rod modification ap-
proach, it is possible mean rod length is no longer the parameter
determining the peak wavelength when a relatively large rough-
ness is present.

The 60 different realisations of each rough rod were used to ob-
serve how the peak value of the field enhancement varies among
different instances. To prevent a systematic error in the effective
rod length, we searched the maximum value of the enhancement
for each rod type independently. In Fig. 9b results of statistical
analysis of the peak value of the field enhancement at the vicinity
are shown, as evaluated from this statistical ensemble. We can see
that there is a large variation in the field enhancement factor, par-
ticularly for larger surface correlation lengths. Yet there is no clear
dependence of the mean enhancement factor on the correlation
length. We could expect an influence of the correlation length on
the enhancement for much longer rod antennas and longer corre-
lation lengths, which will be the subject of a following study. The
presented approach gives us an estimate of how much the real rod
enhancements can vary in contrast to an ideal rod shape. A possi-
ble explanation is the presence of some hot spots close to the rod
end, similarly to what was observed in tip-enhanced Raman spec-
troscopy [14] or in surface-enhanced Raman spectroscopy [15].

The capability of evaluating the local variances of the electro-
magnetic field intensity caused by roughness is the most important
feature of the presented approach. Results like those shown in
9b can help us understand how the imperfections caused by the
manufacturing process in nanoscale optics propagate to the optical
performance of the device. By coupling the FDTD solver with algo-
rithms for local data modifications we can perform such studies in
an efficient way.

4.5. Application example: a rough particle Mie scattering

In the second example we show an application of the vector
displacement modifier to light scattering by rough spheres. Light

10

Fig. 11. The effect of roughness on Mie scattering on a spherical particle. Results
for two different roughness values, 3.3 nm (5 voxels) and 10 nm (20 voxels), are
compared with smooth sphere (shown as solid black curve). The light intensities
are plotted as relative.

scattering on an ideal spherical particle is described by the well
known Mie solution [44]. This infinite series-based solution of the
scattering problem is employed in many practical applications, e.g.
in aerosol particle counters. Real particles are, however, not ide-
ally spherical. Many works have proposed methods for inclusion
of shape imperfections, both using more complex analytical mod-
els and numerical simulations [45]. Surface roughness is one of the
common possible distortions and we can use the surface modifiers
in GSvit to explore its impact on the angular scattering diagrams.
Since the angular dependence of scattering depends heavily on
particle radius, it is important to do such analysis for particles of
the same size, which can be achieved using the vector displace-
ment modifier.

A sphere of 400 nm radius (equal to 60 voxels for 6.667 nm
voxel size) and relative permittivity of 4 was used. The computa-
tional domain was 360x360x360 voxels large and the sphere was
located in its centre. It was illuminated using the Total/scattered
field formalism by monochromatic light with 633 nm wavelength,
with 2nd order absorbing boundary conditions. NFFF transforma-
tion was used for calculating field amplitudes of light scattered
to different directions and perpendicular polarisation components
were evaluated.

The reference solution for an ideal sphere was calculated both
using FDTD and Mie’s scattering. Since staircasing, present in FDTD
calculations, leads itself to the introduction of imperfections, we
fitted the FDTD result by the Mie’s solution to obtain the effective
optical radius. For the smooth sphere it was 400.2 nm. We also
evaluated a voxel-based effective radius by counting all the voxels
occupied by the material and calculating the radius of a sphere
with the same volume, which was 400.02 nm for the smooth
sphere.

Rough spheres were created by applying the spectral synthesis
modifier with correlation length 20 nm and two different rough-
ness values Sq =3.33 and 10 nm. For each roughness value, ten
different curves were calculated for different random seeds of the
modifier. The results are plotted in Fig. 11.

We can see that for the smaller roughness Sq = 3.33 nm the
curves match quite closely the smooth sphere solution, with only
minor deviations from the reference curve. The corresponding
voxel-based radius was 400.18 4+ 0.4 nm while the best fit from
Mie solution was 400.04 £ 0.17 nm. For the larger roughness Sq =
10 nm (see also the example in Fig. 1) the result deviates from
the Mie’s solution considerably more, in particular backscattering
is increased significantly. Even though the voxel-based radius is
nearly the same (400.2 + 0.9 nm), the best fit from Mie solution
is 398.2 4+ 0.3 nm, so the effective optical radius seems to become
smaller with increasing roughness.

Similarly to the first example the possible variants of calcu-
lation are numerous and a systematic study will be topic of a
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forthcoming paper; here we wanted to illustrate the benefits of
having a combination of a set of surface modifiers with a FDTD
solver.

5. Conclusion

We have presented a graphics card-compatible Finite-Difference
Time-Domain solver with a set of extensions allowing local mod-
ifications of surface properties of objects in the computational
domain. By combining fast computing on graphics cards and ran-
dom surface topography modifications we can perform systematic
studies of the effect of surface roughness on various nanoscale
optics systems performance. This was validated by comparison to
Rayleigh-Rice theory and illustrated by two examples, a study of
roughness impact on variations of a rod nano-antenna field en-
hancement and angular scattering by rough spheres. As the surface
modifiers can be applied to basically any object, the range of po-
tential applications of the presented approach is wide.

The benefit of performing the object modifications directly in
the framework of the FDTD solver is that the additional informa-
tion obtained during the roughness addition can be further used,
e.g. to set up a local higher density grid or to calculate the effective
material properties in the main grid. Even when the parameters
used for object topography modification need to be determined
via a trial-and-error approach, this allows substantially better con-
trol of the roughening process than in standard 3D modelling
packages. Surface modification via ballistic deposition also intro-
duces the basic physical phenomena known from diffusion-limited
growth studies, and the created roughness should therefore bet-
ter represent the topography of real objects in the micro- and
nanotechnology area. All the presented algorithms are part of a
publicly available open source software.
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