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ABSTRACT: Available ray tracers are usually writtes monolithic applications where the user canntgrekthe
simulation model. Additionally, ray tracers suitalior solar cells, are usually made for classigaloal systems,
whereas many effects in solar cells cannot be sitedl with such systems: for example, luminescerterniads
require dynamic light sources, whose intensity degeon the earlier event of absorbing a photonol@come
these commonly experienced limitations, we haveeli@ed a ray tracing framework calledbaLos, with the
major goal of extensibility. Each element of a dation (e.g. materials, geometries, surface-efjeistsepresented
by a single plugin. Almost arbitrary effects candmgled and modeled by user-written plugins withowawing the

source-code of the framework.
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1 INTRODUCTION

Ray tracing has been an important part of soldr cel
modeling. Yet, there is only very few ray tracirafteare
available to specifically simulate the optical peapes of
solar cells, as for example the freely availablévere
RavySiM [1]. Ray tracing systems developed in
photovoltaic institutions are well suitable, butrelg
available outside the particular institution. Most
commercially available ray tracers are not designiid
solar cells in mind, with the exception cfN§AURUS [2],
and it is often difficult to adjust them to solaells.
Additionally, ray tracers suitable for solar celise
usually made for classical optical systems, whensaisy
effects in solar cells cannot be simulated with hsuc
systems: for example, luminescent materials require
dynamic light sources, whose intensity dependshan t
earlier event of absorbing a photon.

To overcome these commonly experienced
limitations, we have developed a ray tracing framew
that allows the users to extend the model capigsilit
without knowing or changing the source-code of the
framework.

2 THE RAY TRACING FRAMEWORK

Common ray tracing software is usually written as
monolithic applications. These concepts leave rench
for user-defined extensions to the simulation moué
have adopted a ray tracing framework where each
element (e.g. materials, geometries, surface arld bu
effects) is represented by a single plugin. Thiftwsoe
technology allows the users to write their own fisg
and add almost arbitrary effects to the ray tracimaglel.
This is exemplified in Fig. 1: plugins that defire
volume or a surface effect (e.g. absorption antiesiag)
are added to a geometry, which is, in turn, agatugin.
By connecting these plugins, complex objects can be
created in a modular way. The definitions of inparnd
output-data within the tool-chain are accessibleugh
the framework libraries. Therefore, even partsheftool-
chain can be replaced by self-written applicationisile
staying compatible to the residual tools.
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Figure 1: Plugins can be combined easily to create
complex objects

2.1 The concept of the framework

In the plugin concept, every part of a simulatieny.
light sources, geometries, materials, etc., iseasgmted
by a single independent part of code: the plugiachE
plugin can provide three kinds of connections t® it
environment: properties, connectors and ports:

1. The plugin-properties are defined for allowing
the user to control the plugin’s representation in
the simulated scene. For example, a plugin which
provides a cubical geometry may contain
properties like its width, height and length.

2. Connectors and ports are used for defining how
each plugin relates to the other plugins. Each
connector provided by a plugin represents a type
of function, like being a light source or geometry,
which is supported by this plugin. On the other
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hand, each port used by a plugin requests a
function which is needed for proper plugin
functionality. For example, a surface effect, like
coating, needs a connection to the associated
geometry in order to fulfill its task.

3. By creating connections between different
plugins, an object can gain additional
functionality. For example, a geometry plugin
which is connected to a material plugin represents
a physical object. Additional connections to
surface- and volume-effects can be used for
further enhancements as indicated in Fig. 1, e.g. a
surface effect representing an anti-reflection
coating (ARC) or scattering.

With this concept, a geometric body representing a
semiconductor material may the same time be defined
as a dynamic light-source to include radiation from
radiative recombination. The distribution of excess
carriers must be inserted from a device simulator,
though, because a ray tracer calculates only the
optical, not the electrical properties.

2.2 The structure of the framework

The base of the newly developed framework is made
up by multiple libraries, the so called core-liliear They
contain definitions of the framework data typesvad as
classes and interfaces for information exchangeds
plugins and simulator. For an overview, see FigF@r
this reason, each plugin created by a user muktdeat
least one core-library for correct implementatidnite
interface. We have made efforts in implementing the
core-libraries in such a general manner that almost
arbitrary effects can be added and modeled.
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Figure 2: The framework structure consist of three parts:
core, tool-chain and user created content

Additionally, several utility classes can be fouRdr
example, a parser as well as a lexical scannemnedpéul
for reading external input files, which are createith
user-friendly input scripts.

Based upon these core-libraries, the framework tool
chain was developed, as indicated in the middi¢ qfar
Fig. 2. It separates into definitions and applmasi The
application-part is made up by the compiler- and
simulator-application (their usage in the simulatio

process will be described in the next section)hdligh
the tool-chain is ready to run, the compiler andwudator
applications can be replaced easily if necessahis T
possibility is due to the definitions-part of thaokchain.

It consists of definitions of the simulation scrighguage
as well as of the structure of a compiled simufatio
package.

While the core-libraries and tool-chain are impatt
parts of the framework, the biggest part of thetraging
will be done by user-created content, indicatedthia
lower part of Fig. 2, like plugins or data filesy Reeping
the plugin interfaces as small as possible ancpiedgent
of each other, each plugin stays accessible arshibal
For example, as long as a geometry plugin does not
explicitly references a surface effect, surfaceaff can
be changed without side effects to the geometry.

All plugins are written in the Java programming
language. Therefore, they are nearly independeief
particular operating system (OS). For this reasbis
especially  suitable  for  distributed computing
environments, where the computing server is runoimg
a UNIX-like OS, while the user works with a Micrdso
os.

2.3 The simulation process

To keep the simulation process as flexible as
possible, it is split up in three separated stsjpsulation
description, compilation and simulation.

Each simulation process starts with a descriptibn
the scene. During this step, the user defines #udl u
simulation elements, their connections and progerti
For this step within the simulation process, tha-thain
offers a simple but powerful script language. By
providing a script language instead of a graphicser
interface (GUI), the process of defining a simuwlati
stays very flexible.

For example, when running the tracer in a distabu
computing environment, users might want to change a
simulation on the simulation server instead ofdfamring
it to their local computer. The usage of a scritguage
makes it easy to use Secure Shell (SSH) or othesote
based applications for executing changes. Furtheymo
using a script language approach instead of binary
simulation files makes it easy to extend the tdwin by
new tools — last but not least by a GUI applicafianthe
scene description!

The second step within the simulation proces$iés t
compilation of the created simulation descriptiboring
the compilation process, the compiler parses the
description and determines the used plugins as agll
their properties and connections. Based on the gathe
information, the compiler generates a compiled
simulation package which contains the used plugsis
well as a simplified simulation description for the
simulator.

By separating the compilation of a descriptiomfro
the actual process of simulation, it is possible to
introduce extended process steps. For example, a
compiled simulation package can be easily transfieto
other computers in order to perform distributed
computations.

As a final step within the simulation process, the
simulator application is executed on the compiled
simulation package. During simulation, the plugare
loaded into memory and the inter-plugin connectiares
created. After generating the requested simulatizene,
the actual ray tracing process is started. By defaul
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Monte Carlo approach is chosen. However, the core
libraries enable the user to create plugins foerss ray
tracing, where rays are started from a detecta. @n
“eye”), which can be used to visually control the
constructed geometries in the scene.

An unlimited number of geometrical objects can be
defined, because the tracer is non-sequential, imgan
that the ray is able to determine in which bodyisit
momentarily situated. While we constructed the core
libraries, various questions emerged: who knows in
which body the ray is momentarily situated? Thetphp
the geometrical body, or an external “authority”h&V
knows the photon’s polarization state (if neededjfo
exercises a termination criterion for each ray? hSuc
questions brought us to rather fundamental progedf
guantum mechanics, and we always found it mosteleg
for programming to follow nature’s way of doingnls.

The information gathered during tracing is
determined by the user in the simulation descniptio
because gathering all the data would very sooneegkce
the available RAM. A user-defined set of calculated
results can be stored in the simulation packagecamnd
either be evaluated manually or by user created- pos
process plugins.

3 COMPARISON TO AN ESTABLISHED TRACER

In order to give a proof-of-concept and to vetifie
results created by the simulator, a simple scepaishn
Fig. 4 is simulated. It consists of a wafer witthickness
of 180 um. The wafer has a 79 nm thin silicon déri
coating on its illuminated side with refractive exdn =
1.9. An area-shaped light source is used for pelipatar
illumination with unpolarized light. This scenelisilt up
using five kinds of plugins as indicated in Fig. 5.
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Figure 4: Scene used for comparison. The used area light
source emits unpolarized photons. Each photorthts
wafer in perpendicular direction. See Fig. 5 fatHer
description of colors.

As reference, we choose the well-known ray tracer
SUNRAYS [3]. Due to the fact that BIRAYS was
exclusively developed for the simulation of solalls; it
is an especially well suited reference.

Figs. 6 and 7 show that an excellent agreement is
found between BDALOS and SINRAYS.

Area light source for illumination
(Photon source plugin)

:

Wafer made up by four plugin types

Surface detector for counting
reflected photons

Silicon nitride coating
(Surface effect and material plugin for SiNy)

Cubic substrate
(Geometry and material plugin for Si)

Surface detector for counting
transmitted photons
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Figure 5: Five kinds of plugin are used for creating the
desired scene.

0.7

e Sunrays
¢ Daidalos

06

0.5

04

0.3

Transmissivity

0.2

0.1

0.0
200 400 600 800 1000 1200 1400

Wavelength A [nm]
Figure 6: Comparison of simulated transmissivity
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4 CONCLUSION

A plugin-based framework for extendable ray trgcin
is presented. It satisfies the special needs airsmdll
development by a highly flexible implementation. iBles
the provided basic environment, nearly arbitrary
extensions can be added by writing new plugins.

The proof of concept is shown by comparison with
the established ray tracing softwa®UNRAYS. An
excellent agreement has been found.
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