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ABSTRACT

In this thess a new mehod for deveoping redigic Smulaion modds of
advanced solar cells is presented. Severad dectrical and optical properties of exotic
materids, used in such dedgns, are researched and caculated. Additiond software has
been developed to facilitate and enhance the modeling process. Furthermore, specific
modes of an InGaP/GaAs and of an InGaP/GaAsGe multi-junction solar cdls ae
prepared and are fully smulated. The mgor stages of the process are explained and the
gmulaion results ae compared to published experimenta data Findly, additiond
optimization is peformed on the last dae-of-the-at cdl, to further improve its
efficiency. The flexibility of the proposed methodology is demondrated and example
results are shown throughout the whole process.
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EXECUTIVE SUMMARY

One of the mgor limiting factors in space missons and applications is the
production of dectric power. Even though a plethora of energy sources have been
invented and are widdly used in terrestrid applications, most of them are not practica for
use in gpace gpplications: thar large volume, weight and cooling requirements are only
some of the forbidding reasons. An abundant, renewable, smdl, and lightweight power
source has yet to be discovered.

The use of solar cdls is currently the best solution to this energy problem. They
are light, they require dmost no maintenance and they are totadly renewable. However,
their effidency is limited and that has resulted to the congtruction and deployment of
solar arays spanning many cubic meters. This done is the cause of many problems of
maostly mechanica nature, like sowage volume, aerodynamic drag and maneuverahility.

Advances in semiconductor design and fabrication has lead to the development of
tandem cdls in complex monalithic dructures caled multijunction cdls Ther high leve
of effidency dlows dgnificant reduction in aray Szes. Such an advance in the desgn of
solar cells could open up new vistas for the design of gpacecraft.

Although many anayticd models of solar cells have been crested and published,
damost 4dal ressach on the desgn of sola cdls is currently conducted using
experimentation. This is in part due to the lack of computer-based tools with a complete
design environment and a full set of modds to smulate dl aspects of an advanced solar
cdl, except for the Slvaco Virtua Wafer Fabrication (VWF) suite of tools. Despite the
capabilities of VWF, to date there are no published accounts of its use to develop
multijunction solar cdlls

In this thess, a methodology is introduced for usng VWF — and in paticular
Atlas within that suite of tools — to mode advanced solar cells. It smplyfies the process
by abdracting fabrication detals and focusng on the device itsdf. Additiondly, the
software developed to post-process the output of Atlas in another tool caled Matlab, is
discussed. This software was also used to adjust and calibrate parameter values for use by

Xii



Atlas in modding advanced solar cdls. Such parameters include eectricd and opticd
properties of exotic materias, often used in high—end cells. As most of them remain to be
gudied by the photovoltaic community, their properties must be interpolated from the
properties of ther components. Due to the norHinearity involved, severa bowing
parameters are used in more complex interpolation functions.

As a fird atempt to verify the correctness of this agpproach for designing
advanced solar cdls, an InGaP/GaAs cdll is developed. The first step is to mode and
amulate a smple GaAs cdl. Voltage, current, IV characteristic and frequency response
results are collected and compared with published experimenta vaues. Although the
amilaity observed is remakable, severd parameters were tuned to atain better
accuracy. The improved moded is smulated again and new results are obtained. This
process is repeated until the desred level of accuracy is obtained. Additiond layers (eg.
BSF, buffers, windows) are added to the basic device to create a more advanced
sructure. Each step is followed by a comparison and eva uation of results.

Using the same approach, an InGaP cdl is formed. Both cells are then placed in a
mechanicaly sacked configuration to investigate shadowing phenomena. An appropriate
tunnel junction is dso developed to dectricdly interconnect the two cdls, resulting in a
cregtion of a multijunction cell. The dimensons and sructurd characteristics used are
identicd to those in published cdls The fact that the results dso match is a good
indication of the vaidity of this methodology.

The find case sudy reported in this thess is of a triple InGaP/GaAsGe
multijunction cdll. This dructure is only vagudy described in the literature, therefore
requiring some modding decisons. Those are made based on the experience gained from
previous deps in this research. The smulation results closdly agpproximate published
results from experimentation. Finaly, an optimization process is used for determining the
best combination of thicknesses of the three cdls involved. The results obtained from the

optimization process correspond to those obtained for the origind design.
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l. INTRODUCTION

A. BACKGROUND

We live in the age of space exploration and conquest. Deep space missions, space
gations, shuttles and satdlites are currently everyday news. As technology advances and
gpace applications become more and more demanding, their requirement for more energy
becomes imperdive.

On the other hand, one of the mos dgnificant factors in any kind of space
misson, is weght. This is due in pat to both technologica limitations and cost
consderations. With an average cost exceeding $20,000 per pound and electric power
sysems (EPSs) condituting dmost 30% of the tota spacecraft's weight, the need for
efficient and renewable power sourcesis crucid.

Solar cels outweigh dl these energy sources due to their smdl weight and ther
relaively high power dendty. However, solar arrays are dill very large and n some cases
have a surface of more than 30n?. This causes many problems due to their increased
sowage volume, aerodynamic drag, and radar cross-section. The ability to maneuver
such a large aray and the vibrations that accompany an operation like that are also
limiting factors.

Advances in semiconductor design and fabrication are very rgpid and everyday
provide new idees and means for improving cdl peformance. After the impressve
evolution of the 1839's primitive Sdenium to the currently most popular Slicon cel,
cutting—edge  technology has presented date-of-the—art triple and quadruple
multijunction cells. These advances provided for a reduction of solar aray sSze by a
factor of two, while more recent developments are expected to achieve even grester
reductions. Therefore, innovative solar cell design is of the utmost importance to the
design of new spacecraft.

A number of ggnificant publications fully describe various aspects of device
characterigtics and modding. However, dl of them were focused on very specific issues,
lacking the breadth of a complete smulation tool.



Today, experts s0ldy utilize the aove andytic modds. Despite their credibility,
they only describe a smal fraction of the phenomena that take place in a complex solar
cdl, providing very little indght into the characteridics of the find product. For this
reason, current research on the deveopment and optimization of solar cels reies
primarily on the use of experimentation. However, in such experiments, many undesired
factors are involved. Most of them have to do with the details of the fabrication process
used. This may result in confuson and mideading conclusons. Other important sde
effects ae the long time required to set up the experiments (eg., fabrication,
devdopment of ingrumentation) and the high cost associated with  conducting
experiments.

The Silvaco Software Packege is a suite of integraled smulation and andyss
tools for use in dectronic design. One of its mgor components of this suite of tools s the
Virtua Wafer Fabrication package (VWF). Within VWF, the ATLAS tool ads in the
desgn and deveopment of al types of semiconductor and VLS devices, from smple
bipolar transstors to EEPROMs. The phenomena modeled start from smple eectrica
conductivity and extend to such things as therma andyss, radiation, and laser effects A
wide variety of detalled layer-growth processes and materia properties (eg. mobilities,
recombination parameters, ionization coefficients, opticd parameters) add to the fiddity
of the dmulaion. However, no effort to utilize this powerful tool for the modding of
advanced solar cdls has been reported in the literature by researchers or the
manufacturers of solar cdlls.

B. OBJECTIVE

The research issues addressed in this thess ressarch ae as follows whether
ATLAS can be successfully used for smulaing complex solar cell dructures, how to
prepare the necessary infragtructure for such tasks, and how to smulate devices of
different levels of complexity. In addressng the last issue, the results obtaned via
smulation, are compared with published experimental data.



C. RELATED WORK

As it was mentioned earlier, no published papers were found in conferences or
journds about fully modding and smulaing dl mgor aspects in the behavior of an
advanced solar cdl. This is the reason why this methodology is considered to be nove.
However, interest in this area was seen by students a the Naval Postgraduate School. The
most remarkable work existsin Ref. 30 and 34.

In Ref. 34, modding of a smple one-junction cel, usng Silvaco, was performed
and its IV characteristic was produced. No other results were shown and no comparison
to experimenta data was presented.

In Ref. 30, dark-current andyss of solar cdls was manly peformed. An
indication of the usage of Slvaco for ther smulation was dso briefly provided. Within
this, there was an attempt to smulate a triple MJ cdl, but little results were presented and
no comparison with experimenta results was dore.

D. ORGANIZATION

Chapters 2 and 3 ae an introduction to semiconductor physics and basc
electronic devices. The principles and mgor functiona characterigics of both smple and
advanced solar cells are explained in chapters 4 and 5. In chapter 6, anove methodology
for amulaing dae-of-the—art cdls is introduced and is continued throughout chapter 7
with the research of materid properties. They both form the basis of the following two
chapters. In chapter 8, a duad multijunction cell is condructed, smulated and the results
are veified againg published experiments. The first part of chapter 9 smulates a cutting—
edge cdl and dso veifies its results with published experiments. Findly, an optimization
of thiscdl is performed in the second part of this chapter.

Chapter 10 concludes the thesis with a summary and recommendetions for future

work.
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I[I.  INTRODUCTION TO SEMICONDUCTORS

This chepter contains introductory information about semiconductors and the
physics surounding their nature and functiondity. It is addressed to Sudents not very
familiar with such concepts. Readers wel versed in this area might rather go directly to

Chapter 3 or 4.

A. BASIC PHYSICS
The various materials can be categorized according to their electrica properties as

conductors, semiconductors and insulators. Resistivity r and its reciprocal conductivity s
are two of the most important eectrica properties. Table 2.1 digplays the resistivity and
conductivity for various types of materias:

Resistivity p (2 — cm)
10 10% 104 1022 10 108 10 104 102 1 w02 1wt 1w0% 107

1T -~ 1T 1T 1T "1 "1 71T *“T17 "“7 "1 771

Germanium (Ge) Si]:er
® Class
Nickel oxide Silicon (Si) anper
.(pure)
Diamond Gallium arsenide (GaAs) Alum-inum
.{pure)
Gallium phosphide (GaP) Platinum
® Sulfur *
Fused Cadmium sulfide (CdS) l.iismuth
-quartz
P BT SR S R R B R B S |

0% 107%™ 102 10 10 1wt 1wt 10?1 102 104 108 108
Conductivity g (S/cm)

!._— Insulator |l Semiconductor "-"‘— Conductor -+|

Table2.1. Resdtivity for various materid types [from Ref. 1:p. 18].

It is well known that materids are comprised of aoms. Each aom has a nucleus

and dectrons revolving around it. The nucleus consgs of protons and neutrons. The



dtractive force between the postive charged protons and the negative charged eectrons
are respongble for holding this structure together.

According to Niels Bohr, dectrons exist in specific orbits or shels around the
nucleus, the outermost of which is cdled a valence shell. They can trandtion to a shdl of
higher (or lower) energy leve by absorbing (or losing) energy, equd to the difference of
the two levels (Figure 2.1). This energy can have the form of a photon or heat.
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Figure 2.1. Trangtion of an eectron from one shell to another.

Insde a materia, however, things are a hit different. At 0°K al dectrons are
tightly held by ther atoms and the materia has zero conductivity. As temperature rises,
heat increases the energies of vaent dectrons and some of them bresk free from their
aoms. Those ae cdled free electrons. Ther number incresses dragicdly with
temperature. Free eectrons are directly responsble for the dectrical conductivity of a
materid and actudly participate in current flow. Hence, as temperature increases, so does
conductivity. This is true up to a certain temperature. Above that, there are no more
electrons to become free and the conductivity stops to increase.

On the other hand, atoms oscillate due to heat. As temperature increases, this
oxillation becomes larger. Free eectrons moving in the materid bounce on the
oxtillating aoms and reduce ther speed. The larger the oscillation, the bigger the
difficulty of movement for the free dectrons. This way temperature decreases
conductivity. The balance between the two factorsis shown in Figure 2.2
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Figure 2.2. Conductivity vs. Temperature.

Free dectrons are affected by eectrogtatic forces produced by nearby atoms. In
order to achieve chemicd dability, every aom requires a full vdence shdl. This is
adways done with eight eectrons, except for the firs shdl, which only requires two.
Elements with five or more vaence dectrons hold those tightly in ther aoms and attract
others in an attempt to reach a chemicdly dable sate. The additionad eectrons will
increase the negaive charge of the atoms. These aoms now have an overdl negative
charge and are called negative ions. On the contrary, dements with three or less vaence
electrons dlow them to escgpe, using one shdl bdlow as vadent, again reaching a sable
date. This loss will result in an excessve postive charge. These atoms are now cdled
positive ions. The produced positive and negative ions are electrodaticaly attracted and
an ionic bond is created. Elements with four vaence eectrons do not receive or offer any
of them. Ingtead, they share them with other atoms. This way a covalent bond is crested.
Electrons exiging in the inner shdls require 0 much more energy to change energy leve
that they will not concern us.

Free dectrons have higher energies and are said to exist in the conduction band.
Electrons not freed from ther atoms have lower energies and are sad to exis in the
valence band. Energies between the conduction and the vaence bands form the bandgap
Eg. Electrons can exist in the conduction or the vaence band, but not in the bandgap. In
conductors, the conduction and the vaence bands overlap, thus there is no bandgap, as
illugrated in Figure 2.3. For this reason, dectrons can easly move from one band to the

other. Finally, E; tends to decrease with temperature.
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Figure 2.3. Energy bandsin various materid types.

The number of free dectrons, and thus conductivity, can be increased by offering
amounts of energy to them a least equa to the bandgap. Obvioudy conductors do not
require any such energy. On the contrary, in order to reach noticeable conductivity levels,
insulators require large amounts due to their large E; Semiconductors with much less
energy reach levels amost as good as conductors.

While dectricd sysems use exclusvely conductors and insulators, electronic
sysems are entirely based on semiconductors. That is because of their unique ability to
behave as conductors and as insulators according to our needs. All diodes, transstors and
thyrigors are built usng semiconductive materids. The most common semiconductors
ae dlicon (S) and Germanium (Ge) whose atomic structure is shown in Figure 2.5.
Those ae dso cdled group IV maerids due to the number of vadent eectrons
Additiondly, compound semiconductors can aso be used like Galium Arsenide (GaAs)
and Indium Phosphide (InP). Those are cdled group 111-V materids. Other types may be
[1-V1 like CdS and ZnO, IV-V like SC or IV-VI like PbS and PbTe. Mogt of them can
be seenin the brief periodic table of Figure 2.4.
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Figure 2.5. Atomic structure of Si and Ge.

B. CRYSTAL STRUCTURES

As mentioned earlier, eectrodatic forces of neighboring atoms atract eectrons
and form ions, in ther atempt to reach chemicd dability. Electrogtatic forces among
these ions form symmetric lattices that are cdled crystals. One of the smplest crydds is
that of O, and Ga, producing a smple cubic dructure. S and Ge form a more complex
caysd cdled cubic face centered as shown in Figure 26. Each crysta dructure is
completely defined by anumber cdled lattice constant a.




N

Figure 2.6. Examplesof crystd Structures.

The cryddline dructure is necesscy and very important in the production of
wafers. Badly—maiched dructures may display unforeseen dectricd behavior and very
poor mechanical properties.

Production of crystdline materids in large Szes can be very expensve. Materids
composed of very smdl crydds or grains are cdled polycrystalline. These have inferior
properties than crysaling, but are much cheaper to produce. Materias with no crystd
uniformity are cdled amorphous and their properties are far inferior, but they are very
cheap. They are used where large areas of chegp semiconductive materid is needed, such
asdisplays, imagers and terrestrid solar cdlls eic.

C. CARRIERS

Another way to represent the dructure of a semiconductor in two—dimensons is
illugrated in Figure 2.7. In this the vadent dectrons, being shared among aoms with
covaent bonds, are clearly shown. Also shown is the charge of the nucleus (protons)
related to those eectrons. Since each atom has dl four of its valent éectrons, it is not
eectricdly charged.

All dectrons, initidly, exist in the vaence band. If an éectron somehow absorbs
enough energy to enter the conduction band, it bresks the covaent bond, leaves the
crystdline structure and becomes free. The atom that owned that eectron is now left with
an excessve pogtive charge. This charge is cdled hole. It has a postive charge equd to
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the absolute vadue of the dectron’s charge and is located where the free dectron used to
be. Both the free eectron and the hole form a pair caled eectron-hole pair (EHP). The
above descibed phenomenon is cdled ionization or generation. The production rate of
EHP's is a srong function of temperature. On the other hand, dectrons moving fredy
through the cydd tend to recombine with holes. This way EHP's disgppear. This
phenomenon is caled recombination and its rate is proportiona to the number of existing
holes and free dectrons. In thermd equilibrium the ionization and the recombination rate
are equal keeping the number of EHP s congtant.
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Figure 2.7. Structure of a semiconductor.

Pure semiconductor crydas, that do not contain any foreign atoms, ae caled
intrinsic. In an intrinsic semiconductor a UK there are no EHP's. As temperature rises,
however, the heat absorbed by the materid will creste a number of EHP's and the
conductivity of the materid will increese. Since EHP's are responsible for conductivity,
they are cdled intrinsic carriers. Their number increases logarithmicaly. For S, Ge and
GaAsthisis shown in Figure 2.8.
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Figure 2.8. Intringc carrier dengity vs. Temperature [after Ref. 2:p. 19].

This number, athough it seems large, is actudly a very smdl percentage of the
total atoms in the semiconductor. Thisis better shown in Table 2.2.

Intrinsc
Semiconductor | atoms/cm® _ . _
carriers/cm ratio Bandgap [eV]
Ge 4.4240% 24405 1:1.840° 0.66
Si 54072 1.4540%° 1:3.440% 1.12
GaAs 4.4240% 1.7940° 1:2540%% 1.424

Table 2.2 Carrier concentration in intrinsic semiconductors at 300°K
[after Ref. 2:p. 850].

Elements other than semiconductors aso have carriers. If an eement has three or
less dectrons in the valence band, then its predominant carriers are holes and it is caled
an acceptor. Usudly, acceptors have three valence dectrons grivalent). If an dement has
five or more vaent dectrons, then its predominant carriers are eectrons and it is caled a
donor. Usudly, donors have five vaent dectrons (pentavalent). The process of adding
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impurities in an intrindc semiconductor is cdled doping. This way the semiconductor
becomes extrinsic and obtains new, very important electrical properties.

As a donor aom enters the crysd, it forms covdent bonds with the
semiconductor atoms, but aso fas a number of éectrons involved in no bonds with other
atoms. Those are loosdly held within the donor atom and become free eectrons. Because
of this excessve number of eectron cariers, the materia is caled n-type. Any materid
can be used as a donor as long as its aom has more vaent eectrons than the
semiconductor atom it replaces. N-type materids are said to have dectrons as majority
carriers and holes as minority carriers. On the contrary, acceptor atoms will not have
enough vadent dectrons to share with neighboring semiconductor atoms and a hole will
be created. As there is now an excessve number of holes, the materid is caled p-type.
Any maerid can be used as an acceptor as long as its aom has less vdent eectrons than
the semiconductor atom it replaces. P-type materias are said to have holes as mgority
cariers and eectrons as minority carriers. Both types of semiconductors can be seen in
Figure 2.9.
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Figure 2.9. Structure of doped semiconductors.

The number of mgority cariers is andogous to the doping in a materid, while

the number of minority carriers is andogous to temperature. Note that both p- and n-type
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materids reman neutrd. However, the effect of doping is great to the eectricd

properties of the materid even a very smal concentrations (1 : 10°). Adding to the
previous table, it is shown that the effect on the conductivity and the bandgap is

sgnificant:
Intrinsic Extrinsic
Semicond. | atoms/cm®
carriers/cm’ ratio E,[eV] | carriers/cm® | ratio | E,[eV]
Ge 442407 2.440" 1:1.840° | 0.66 4.4240" 1:10° | 001
S 5407 1.4540™ 1:3440% | 112 540" 1:10° | 005
GaAs 442407 1.7940° 1:2540° | 1424 4.4240" 1:10

Table 2.3 Carrier concentration in intringc and extringc semiconductors a 300°K

[after Ref. 2:p. 850].

In a materia, the concentration of mgority carriers (o for electrons in rtype or
ppo for holes in p-type materids) is equa to the concentration of carriers created by the
semiconductor plus the concentration of carriers created by the impurity. According to

the above table this will be approximady equa to the concentration of impurity atoms
(Np for donor or N for acceptor).

On the other hand, the concentration of minority carriers (ny for electrons in p-

type or pno for holes in n-type materias) times the concentration of mgority cariers is
constant (px = n?) in thermd equilibrium. According to the above:

n-type p-type
majority carriers Nno @Np Ppo @Na
minority carriers Pno @ / Np Npo @17/ Na
product p xn ni n?

Table 2.4 Carrier concentration relations.
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D. FERMI LEVEL

All the above phenomena are described as very precise and digtinct. However, in
redlity they are ruled by Heisenberg's principle of uncertainty. Thus, any reference to the
direction, concentration, energy etc of eectrons or holes should more precisdy be done
using probabilistic expressons.

In an intrindc semiconductor a 0°K, dl dectrons have energies below a certain
levd cdled Fermi level Er. As temperature rises and EHP's are created, electrons of
energies higher than Er appear, populating the conduction band. This is described in the
Fermi-Dirac distribution function that is equd to:

f(E)=— 1

1+ ERVRT

Where E is the electron energy, E is the Femi levd, k is Boltzmann's congtant and T is

the absolute temperature. A plot of f(E) is shown in Figure 2.10.
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Figure 2.10. Fermi didribution.
As doping tekes place, the carrier concentrations change and so do the

populations on the various energy levels and the Er. Dopants introduce more energy
levels within the energy bands. Thisis shown in Figures2.11 and 2.12.
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Figure2.11. Band diagram, dendty of states, Fermi—Dirac distribution and carrier

concentrations [after Ref. 2:p.23].
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If a donor introduces energy levels close to the conduction band, then a very smal
amount of energy is needed to ionize its dectrons to the conduction band. This is caled
shallow donor. Similarly, acceptors tha introduce energy levels close to the vaence
band, require little energy to ionize its holes into the vaence band. This is cdled shallow
acceptor. Dopants away from their corresponding bands are caled deep dopants Some
materials (like Si) can behave as donors or as acceptors depending on which site (Ga or
As in GaAs) of the semiconductor they occupy. Other materids (like Cu and Au) have a
very complicated behavior and introduce multiple energy levels These ae cdled
amphoteric.

In redity, even the purest semiconductors contan a sgnificant number of both
donor and acceptor impurities. Their conductivity type is determined by the prevailing
concentration of dopants, as the effect of one dopant is countered (compensated) by the
effect of another. Even though dl semiconductive materias fdl into this category, the
ones that contain dggnificant amounts of both dopants are cdled compensated
semiconductors. Compensation is used to counter the effects of “unwanted” impurities in
amaterid.

If the concentrations of both dopants are very large and equd, the materid is
cdled strongly compensated. In spite of the fact that impurities are spread throughout the
materid, thar didribution is not absolutdy even. Therefore, energy fluctuaions versus
position are observed. In some cases, smdl portions of the conduction band exist below
Er (electron droplets) and in others, smdl portions of the vaence band exist above E
(hole droplets). This will introduce unique properties where the materid behaves like an
insulator containing conductive spots. Also, eectrons with low energies and holes with
high energies are trgpped within the droplets and cannot move around the materid like
the rest of the carriers (Figure 2.13). As aresult the materid’ s conductivity is affected.
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Figure 2.13. Strongly compensated materia [after Ref. 3:p. 66].

E. CARRIER TRANSPORT

If there is a higher concentration of carriers in a part of a doped semiconductor,
then those cariers will tend to diffuse, spreading evenly dl over the materid. This is
andogous to a gas expanding evenly in a container. The current produced by this
movement of cariers is cdled diffusion current (Ip) and is anadogous to the mgority
carier concentration and thus the doping. The cariers (holes) shown in the falowing
example (Figure 2.14) move to the right, where their concentration is smdler, producing
In. Note that if the carriers displayed were eectrons, |p would be reversed.

® o0,

Figure 2.14. Diffuson current.
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Current can also be produced by the movement of carriers by an externd force,
like an dectric or a magnetic fiedd. This will produce a current caled drift current (lg
and is andogous to the minority carrier concentration and thus the temperature. Is will
obvioudy be proportiond to the intensty of the fidd, too. Agan in the following
example (Figure 2.15) the carriers displayed are holes.
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Figure 2.15. Drift current.

F. MOBILITY

We mentioned before that under thermd equilibrium, the population of energy
levds is given by the Fermi-Dirac didribution. However, when an dectric fidd is
goplied, or when light produces EHP's etc, the materid is not under equilibrium. In this
case the equations of table 2.4 do not apply. Instead of the Fermi energy leve Er, the
electron and hole Quas—Fermi energy levels Er,, Ern must now be used. In equilibrium
conditions we have B = Ern = Erp. The new distributions become:

_ 1
fn(E) - 1+ e(E_ EFn)/kT

1
f (E)=
o(E) LT BT

In vacuum, an dectron that exids indde an dectric fidd will accderae
congantly. On the contrary, indde a materid, the dectron will origindly acceerate, but

as its spead increases it will collide more and more often with the atoms of the lattice.
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Additiondly, it will be affected by the charge of ionized impurities in the materid. These
callisons will decderate it. Thus, the eectron will soon stop accderating and will reech a
constant average speed called drift speed. The ratio of that speed to the applied fidd is
cdled mobility m Mohility decreases with temperaiure and impurity concentration
(Figure 2.16) due to the carrier scattering mentioned above.

Mobility is adso reduced near the surface of the materid due to surface or
interface scattering mechanisms. In order to avoid this, a carier dendity gradient can be
cested by vaying the doping dendty in the semiconductor. Findly, mobility is

anaogous to the per mittivity eq

10% =
= Un: electron mobility |
7 Hp: hole mohility l
. 2 B} R AL R
Si € 10°L
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3
@
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&
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3
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doping leve [cn™]
Figure 2.16. Mohility vs. doping leve [after Ref. 2:p. 29].
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G. RECOMBINATION

Energy—band levels vary as a function of the momentum of eectrons. There are
maerids tha have thar minimum E; and thar maximum E, a the same momentum k.
Some of them are GaAs, InP etc and are cdled direct. All the others like S, Ge etc are
cdledindirect. In Figure 2.15, E-k diagrams of Ge, S and GaAs are shown.
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Figure 2.15. Energy—band structures vs. momentum of Ge, S and GaAs
[after Ref. 2:p. 17].

A hole is actudly a pogtion in the latice missng an dectron. As seen in
paragraph C, during recombination this empty space becomes occupied by some eectron
and 0 this paticular EHP disgppears. Thus, both eectron and hole cease being carriers.
During this phenomenon the dectron trandts into a date of lower energy. In order to do
that it must release an energy quantum equd to the difference of its origind and its find
gate. This can be donein three ways.
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emit a photon (radiative recombination)
emit a phonon (non—radiative recombination)

kineticaly excite another eectron (Auger recombination)

Recombination can be characterized as.
band—to—band or direct recombination
band—to—impurity, trap—assisted or indirect recombination
surface recombination

Auger recombination

Direct recombination is when an dectron in the conduction band combines with a
hole in the vdence band, without change in the éectron’'s momentum. This type of
recombination occurs in direct materids such as Ge and GaAs. Since N0 momentum is
required the recombination rate is the highest. The lifetime of a carrier is the reciproca of
its recombination rate, therefore in this case thislifetime is very short.

Indirect recombination occurs in indirect maerids like S. Impurities, sructurd
defects of the lattice and inteface phenomena can creste energy levels ingde the
bandgap. Those are cadled recombination centers E.. E is filled a equilibrium, however,
an dectron from there may jump down to the vadence band combining with a hole. The
energy E-E, emitted is usudly offered to the lattice as heet. This way a hole is created in
E. In a quite amilar fashion, an dectron from the conduction band may drop down to E
occupying the hole and rdeasng energy E—E. Macroscopicdly, two cariers, a free
electron and a hole, have recombined and energy E—E, has being released. The result is
the same as direct recombination, but the process is different. This is dso known as
Shockley-Read-Hall (SRH) recombination. Direct and indirect recombination graphs can
be seenin Figure 2.18.

As E- approaches the middle of the bandgap, the recombination rate increases
snce the energy required for the completion of each step is less. Besdes, more than one
recombination center may exist in a maerid. Many of them can paticipate in an indirect

recombination done in multiple seps. This is cdled multiple-level recombination (Figure
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2.19). Since the energy required now for the completion of each dep is even less, the

recombination rate increases further.

7~—
<~V

Figure 2.19. 2-leve indirect recombination.
Sometimes when an eectron moves from E to E or from E to E, it is themaly

re—excited back to its origind dae Since the phenomenon was not completed,

recombination did not occur. This is cdled temporary trapping and E is dled trapping
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levd E;. The oppodte phenomenon of recombination is the generation of carriers and is
cdled ionization. Thiswas discussed in paragraph A.

Surface recombination is due to the dangling bonds a the surface of a
semiconductor. This abrupt discontinuity of the lattice introduces a large number of
energy dates caled surface states. These serve as recombination centers and thus
increase the recombination rate.

We have seen that during impact ionizetion an dectron with high kingtic energy
collides with a gtationary one and produces an EHP. Auger recombination is observed at
very highly doped materids and is exactly the oppodste. The energy produced by the
recombination of an EHP is given to a third carier. Usudly, this energy is later logt to the

| attice as phonons.

H. TUNNELING

Assume two isolated semiconductive materids being brought very close to eech
other. Their band diagram would look like the one in Figure 2.20. According to
conventional physics, carriers can move from one materid to the other only by going
over such energy barrier. This can only be done by obtaining equa or larger energy. On
the contrary, quantum physcs view the behavior of cariers as probability functions.
Consequently, there is dways a probability of a carrier going through the energy barrier
without changing its energy as in Figure 221. Tunneling is a phenomenon tightly related
to quantum theory. According to this a carier with low energy has a probability of
jumping to the other 9de of an energy barier without increasing its energy. The carrier
does not go over the barrier, snce that would require energy absorption, rather it goes
through the energy barier (is tunnded) and retans its origind energy. This is a
phenomenon with many applications in dectronics and solar cdls, as will be explaned in
later chapters.
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Figure 2.20. Band diagram of two close-by semiconductors.
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1. SEMICONDUCTOR JUNCTIONS

A. P-N JUNCTION

The p—n junction was invented and explaned by W. Shockley in “The
theory of p—n Junctions in Semiconductors and p—n Junction Trangstors’ in 1949 [Ref.
2].

1. Formation

It is known that doped semiconductors a equilibrium have no charge and no
diffuson current. Assume two such maerids, one p-type and one n-type If they are
brought in contact with each other, a series of phenomena are observed.

Firg of al, holes (mgority cariers) from the p—type will begin to diffuse into the
n—type. Similarly, dectrons from the n—type will begin to diffuse into the p—type. Both
will contribute to the development of a large diffusion current Ip, which is obvioudy
andogous to the number of mgority cariers and thus the doping. During this process,
holes diffusng across the junction into the n-type maerid, will recombine with the
exiding dectrons and both cariers will disappear from the scene. Similarly, eectrons
diffusng across the junction into the p-type materid will recombine with the exiging
holes and will, again, disgppear. This carier depletion will lead to the formation of an
area near the junction where no carriers will be present. This area is caled the depletion
region.

At the same time, impurity aoms, in the depletion region, that have logt thar
cariers are either pogtively (donors) or negatively (acceptors) charged. Consequently, a
negative charge will be built up a the p-doped sde of the junction and a postive charge
a its n-doped gde. This in turn, will form an eectrogetic fied that will oppose the
diffuson of cariers. Also, minority carriers on each sde will be forced by this fidd to
their oppogite ends creating a smdl drift current Is due to therma generation. This is
obvioudy anaogous to the number of minority carriers and thus the temperature. As time
progresses, the charge build—up (and therefore the fieddld and the depletion region)
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becomes bigger and so does Is while Ip decreases. A steady state is reached when k
becomes equd in magnitudeto Ip.

A voltage differentid Vo of about 0.7V for S or 0.1V for Ge is developed
between the two materids with its negative dde on the p—doped materid. This is a
barrier voltage that is respongble for the reduction of Ip. However, this voltage cannot
be measured physicdly. If we attempt to attach eectrodes on the materids to measure it,
then another junction will be crested between each eectrode and the semiconductor.
These will develop voltages equal, but opposite to the origind. So, the tota voltage and
the externa current will be zero. If that was not the case, then the p-n junction could be
used as a power source producing dectricity out of nothing. This would be againg the
energy conservation principle. A p-njunction is shown in Figure 3.1.
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Figure 3.1. Schematic of p—n junction formation.
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From an energy—levd point of view, the p— and the n-type materids have
different Fermi levels. As the two materids become connected, the exchange of carriers
will equdize the Fermi levels. Also, a gradud interface is formed between the two

conduction and valence energy levels, as shown in Figure 3.2,
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Figure 3.2. Band diagram of p—n junction formation.
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2. Forward Bias

Assume that a voltage is applied externdly to the junction as illugtrated in figure
3.3. A large number of mgority carriers will be congtantly provided on both ends. These
cariers will tend to diffuse towards their opposite ends. Additiondly, the externa voltage
applied will force {nject) maority carriers to their oppodite ends. In the process, they will
neutrdize the charge in the depletion region, narrowing it. Therefore, the barrier voltage
across the junction becomes smaler and so b increases greatly. At the steady dSate, b —
Is=1orl @Ilp, which is very large. Thisis cdled forward bias. A representation is shown
in Figure 3.3 and the band diagram in Figure 3.4.
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Figure 3.3. Schematic of aforward biased p—n junction.
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Figure 3.4. Band diagram of the forward biased p— junction.

If we record the current | over the voltage V, we get the characteristic curve of
the forward biased p—n junction. This looks like the on in Figure 3.5, where Vp = W is
equal to 0.7V for S or 0.1V for Ge. Note that | increases greetly for only a smal increase
of V after Vp.

i >
Vb \Y
Figure 3.5. Characterigtic curve of the forward biased p—n junction.
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3. Reverse Bias

Assume now that voltage is gpplied externdly to the junction in the opposite way,

as shown in figure 3.6. In this case the externd source will draw mgority carriers from

both sdes and provide them with excessve minority cariers. This will increase the

imbdance of charges near the junction, widening the depletion region, increesng the
barrier voltage and therefore decreasing b. At the steady state Is— Ip =1 or | @Iswhich

is vary andl. This is cdled reverse bias. A representation is shown in Figure 3.6 and the

band diagram in Figure 3.7.
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Figure 3.6. Schematic of areverse biased p—n junction.
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Figure 3.7. Band diagram of the reverse biased p—n junction.

The characterigtic curve for the reverse biased pn junction can be seen in Fgure

"
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Figure 3.8. Characteristic curve of the reverse biased p—n junction.
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4. Breakdown

Assume a reverse-biased p—n junction. It is explaned that for any externd
voltage V the current | is smal and gpproximately equa to Is However, if V increases
above a certain threshold, the current suddenly becomes very large as if the junction was
forward-biased. This threshold is cadled breakdown voltage Vz. There are two
phenomena that are respongble for this behavior. For ingance in S, if \z < 5V then the
predominant mechaniam is the zener effect, if Vz > 7V it is the avdanche effect and if 5V
< Vz < 7V then ether or both effects occur and contribute to the breskdown
phenomenon.

In the zener effect (or tunneling effect), the eectrostatic field in the depletion
region is srong enough to bresk covalent bonds and generate EHP's. From an energy
point of view, an dectron is tunnded from the vaence to the conduction band,
penetrating through the bandgap. Due to the same fiedd, created minority carriers will be
swept to the oppogite side. Thus, eectrons will be forced to the r-doped and holes to the
p—doped region. This exchange of minority cariers is o intense that creates a large
current equd to |. With only smal changesin V the current | varies gregtly.

In the avalanche effect (or avalanche multiplication), the minority carriers that go
through the depletion region have very large kinetic energy. As they collide with atoms
they are able to bresk covadent bonds and create EHP's (impact ionization). This is dso
cdled ionizng collison. The new cariers created may have sufficient energy to repesat
this phenomenon and creste more EHP's. This continues in the form of an avaanche
Again, minority cariers are swept to their opposte sides and this creates a large current |
with only smdl changesin'V.

The avdanche effect is more sudden and abrupt than the zener effect. However,
neither is dedtructive as long as the power disspated is less than the maximum alowed
by the physica characterigtics of the device.



5. Capacitance, Ohmic L osses and Overview

The exigence of charge in the depletion region adso behaves like a capacitor.
Since this charge is more when the junction is reverse-biased, its capacitance is aso
higher. There are many gpplicaions (ie tuning) that make use of this property. However,
in most cases it is paradtic and desgners try to diminae it because it limits high—
frequency operation.

Like every non-Hded materid, p— junctions have inherent ohmic resstances
throughout dl their mass. Thee are usudly very smdl and mogt times negligible due to
the high doping of the maerids. However, this is dill a factor when very smdl dgnds
are applied.

Overdl, the p—njunction has a characterigtic that looks like the one in Figure 3.9:

Figure 3.9. Characteristic curve of the p—n junction.
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B. M-S JUNCTION

The fird semiconductor device was actudly the metal-semiconductor junction
(M=S), which was invented by Braun as early as 1874. Its concept is smpler than the pn
junction explained before.

The energy difference between the Fermi levd Er and the energy levd of the
vacuum {vacuum level) is called the work function. When two materiads make contact, at
equilibrium, the Fermi levels become egudized. The work function of each materid
remans unchanged except near the junction. There, the vacuum levels become
continuous with a gradua interface, thus affecting the work function. In our case, when a
metd and a semiconductor make contact, their energy bands are shown below. Note the

energy barier formed which obsructs the exchange of cariers across the junction

(Figure 3.10).
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Figure 3.10. Band diagram of M-S junction formations.
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If a voltage is gpplied to an M-S junction, the energy bands change leves
Assume a junction with n—doped semiconductor. If the potentid of the metd is more
pogtive than the potentid of the semiconductor, then the barier becomes smdler and
electrons move from the semiconductor to the metad easier. This is an ohmic junction. On
the contrary, if the potertid of the metd becomes more negdtive, the barier incresses
and dectrons can no longer move from the semiconductor to the meta. This is a
rectifying junction.

The same is d<0 illusrated below usng current dendgties. For the non-biased
junction with n—doped semiconductor, the current dendties in the metd and in the
semiconductor are balanced. The current from the metal to the semiconductor (M® S)
and the one from the semiconductor to the metd (S® M) are equal and so no total current
is observed.

In ohmic mode, the semiconductor energy levels are raised. The M® S current
remans the same since the barier height is unchanged in that sde. However, the barrier
height becomes smdler on the semiconductor sSde and therefore, the S® M current
largdly increases and prevails over the M® S.

Smilarly, in rectifying mode, the M® S current remains the same, but now the

S® M current decreases and the tota current observed is very smdl. Using the same
reasoning, corresponding conclusons can be derived for a junction with p—doped
semiconductor. All three cases are shown in Figure 3.11.

The generd characterigtic and use of the M-S junction is very smilar to those of
the p—n junction. Its big advantage, however, is the fact that its capacitance is much
sndler — due to the absence of minority carriers — and that makes it ided for high-
frequency applications. The M-S junction is aso called a Schottky junction.
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C. OHMIC CONTACT

If the interface region of an M-S junction is highly doped, then the barier region
developed is quite narrow. When any kind of bias is applied to the junction, éectrons do
not go over the barier, instead, they are tunnded through it. This changes its behavior
totdly making it resemble a regular smdl ohmic ressance. This is cdled a tunneling
ohmic contact. It is represented in Figure 3.12 and is characteristic can be seen in Figure
3.13.
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Figure 3.12. Band diagram of: (&) Schottky and (b) tunneling ohmic junction.
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Figure 3.13. Characteristic curves of an ohmic (red) and a Schottky (blue) junction.
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D. TUNNEL JUNCTION

The regular p—n junction as described ealier is built usng lightly doped
materids. The concentration of impurities is around 1:10° atoms of semiconductor. In
1958, the Japanese scientit Leo Esaki created a p—n junction using highly doped
materids with impurity concentration around 1000:10° meking them degenerate. The
new junction develops a region of differentid negative resstance, not seen in any other
device Thisiscdled tunnel junction.

As shown in the energy diagram of Figure 3.14, the Fermi levels exig within the
bands themsdves, due to the heavy doping. This creates a unique formation of the bands
interface around the junction. For the same reason, the depletion region is far narrower
than this of a regular p—n junction. This enables eectrons to be tunneed through the
barrier, without any change in their energy, indead of going over it. This is cdled band-
to—band tunneling. The tunnding phenomenon was explained in the previous chepter.
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Figure 3.14. Band diagram of atunnd junction.
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In the characterigtic FV curve (Figure 3.15), the forward current is increasing to a
peak |, at V, and then is decreasing to a smaler valey current ky at Vy, only to increase
agan like a regular p—n junction. The region between V, and V, is that of negative

ressance.

| A

V; lv ¢

Figure 3.15. Characterigtic curves of atunnd (red) and aregular (blue) p—n junction.

From the carrier transport point of view the FV curve is formed in the following
way. When the junction is reverse-biased, tunneling of eectrons from the p-sde vaence
band to the n-side conduction band is observed (Figure 3.16q). If the bias is zero the
eectrons tunnded from the p— to the n— dde are in bdance with those tunnded the
opposite direction and so no current is observed (Figure 3.16b). If forward bias is applied,
electrons are tunnded from the n—side conduction band to the p—side vaence band
increasing the current (Figure 3.16¢). As the bias increases, the common energy levels of
the n—side conduction band and the p—side valence band are reduced and so the current
decreases (Figure 3.16d). As the bias increases further, a point is reached when there are
no more common energy levels and so tunneling can no longer occur. Electrons now flow
from the n-dde to the p—dde conduction bands, absorbing energy and going over the
barrier like aregular p—n junction (Figure 3.16€).
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Figure 3.16. Tunnd junction energy diagrams for each section of the I-V curve
[after Ref. 2:p. 518].
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Characterigtic curves of the so common Ge and GaAs are shown in Figure 3.17.
Other ways to build tunnding junctions are by using metal—insulator—semiconductor or
metal-insulator—metal technologies Tunnd junctions have many applications in high
frequency circuits aswell as multijunction solar cdlls as explained in the next chapter.

| : : : —»
0 0.2 0.4 0.6 0.8 1 V[V]

Figure 3.17. Characteristic curves of a Ge (blue) and a GaAs (blue) tunne junction
[after Ref. 2:p. 530].

E. DIRECT AND INDIRECT TUNNELING

In the previous chapter the direct and indirect materids were defined and their
recombination differences were explaned. Smilar differences exi in tunnding, too.
Electrons are tunnded from the minimum of the conduction band energy—momentum (E-
k) curve to the maximum of the vdence band EXk curve. In direct tunneling, those two
points have the same momentum. Direct tunnding occurs in direct bandgap materids, but
dso in indirect materias when the applied voltage is large enough to accelerate dectrons
aufficiently to trangtion between the bandgap at equa point of momentum.

When the minimum of the conduction band E—k curve is not the same as the
maximum of the vdence band E—k curve, the phenomenon is cdled indirect tunneling.
This difference in momentum Dk is supplied by phonons or impurities. In phonon—
assisted tunnding, the sum of the phonon energy plus the initid eectron energy must
equd the find dectron energy after the tunnding.



Ee (inity + Eph = Ee fin)

Smilaly, the sum of the phonon momentum plus the initid dectron momentum must
equd thefind eectron momentum after the tunnding.

Ke inity + Kpn = Ke (fin)
This way, both energy and momentum are conserved.
Direct tunneling, when possble has a larger probability of occurrence than
indirect. Also, indirect tunnding with only one phonon is more probable than with
several phonons (Figure 3.18).

@
Figure 3.18. Direct (a) and indirect (b) tunndling [after Ref. 2:p. 519].

F. HETEROJUNCTIONS

A junction created by the same semiconductive materid is cdled homojunction.
As both ddes of the junction have the same lattice condant, the crystal atoms form
smooth chemicad bonds in the interface area. Homojunctions of materids with the same
type of conductivity (p— or rtype) are caled isotype while those with a different one are
cdled anisotype.



Junctions created using different materids are cdled heterojunctions. Since now
the lattice congtants do not maich, the atoms create chemica bonds in the heterointerface
by adjusing their postions. This crestes srain and causes crysta didocations and
dructure imperfections in depth. This will incresse carrier scattering and hence decrease
their mohility. Additiondly, atoms with dangling bonds will form carier trgps acting as

recombination centers, which will decrease carrier lifetime (Figure 3.19).

_o—0 9

Fgure 3.19. Cryga didocation in heterojunction.

For this reason, materids with amilar lattice congtants are used, like GaAs with
AlAs. The use of ternary compounds, like GaP + InP, is aso recommended, as their
proportion can adjust ther lattice congtant to the required levels. (GaP)os1(InP)o.ag °
Gay.511n9.49P is matched to GaAs.

Another way is to choose a subdrate crystd plane that is dightly offset from a
mgor crysa plane so that the distance between the atoms on the subgrate surface
goproximates the digance between the aoms in the deposted film of another
semiconductor materid. This may adso lead to a deflection of the didocations, so that
they are primarily located near the heterointerface [Ref. 3 p. 222].
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From an energy point of view, the formaton of the heterointerface uses the

vacuum and Fermi energy levels in a way very dmilar to tha of the M-S junction

explained in paragraph B and isilludrated in Figure 3.20.
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Figure 3.20. Band diagram of heterojunction formations.

The use of heterogtructure films on porous S has been proposed. The microscopic
idands and grooves of the S surface rdieve the dtrains and reduce didocations. Findly,
the use of dterndive, very thin layers of the two materids is caled superlattice and is
known not only to reduce the formation of didocations, but increase the carrier mobility
of the device. For example, GaAs has a bandgap of 1.42eV and Aly3Gay.7AS has 1.72¢eV.
Their difference is 0.3eV. The process used to produce such precisdy thin layers is cdled
molecular beam epitaxy (MOCVD). The undoped dructure will look like in figure 3.21a
S can be used to dope the AlGaAs and make it rtype while the GaAs remains undoped.
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This will rase the Feemi levd and change the energy diagram like in figure 3.21b.
Electrons from the donor (S) in AlGaAs will move into the GaAs layers because of their
lower energy conduction band. Now the donor atoms that would cause carrier scattering
ae separaed from the cariers (Figure 3.21), hence the dectron mobility in GaAs is
increased. This increase is far greater than that of the bulk materid and thus the carrier

mobility is substantially improved.
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Fgure 3.21. Band diagram of superlattice formation
(8 undoped and (b) AlGaAs doped [after Ref. 2:p.128].

Some heterojunction agpplications include photonic devices like photodetectors,

photodiodes, semiconductor lasers and solar cdls.
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V. SOLAR CELLS

A. SOLAR ENERGY
The sun’'s very high temperaure is due to the nudear fuson reaction of hydrogen
into helium. Every second, 640'Kg H, is converted to 440°Kg He The difference in

mass is cdled mass loss. It is converted into energy which, according to Eingein's

rdaion E=mc?, is equd to 440°°J This energy is emitted as electromagnetic radiation.

Its wavelength spans the ultraviolet and infrared region (0.2 to 3mm) [after Ref. 2:p. 791].
This energy arrives outside the earth’'s amosphere with an intensity of 1365W/n?

and a specific spectrd didtribution caled air mass zero (AMO). As it approaches the

surface, it is atenuated by infrared absorption due to water—vapor, ultraviolet absorption

due to ozone and scattering due to arborne dust and aerosols. The various solar energy
gpectral  didributions are specified in detall in the ISO dsandards, a brief summary of
whichisshowninthe Table4.1:

. ) . Incident solar Weather Spectral
Height Sun's position power [W/n?] conditions distribution
outsde atmosphere - 1365 - AMO
surface q=90° (zenith) 925 optimum AM1
surface q=48° 963 USA average AM15
surface q=60° 691 average AM2

Table4.1. Solar energy spectrd distribution conditions [after Ref. 1, 2, 3, 4].

For space applications AMO is used, while for terrestrial gpplications both AM1 and
AML1.5 (most common) are used. Both are shown in Figure 4.1.
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Figure4.1. AMO (blue) and AM1.5 (red) solar energy spectrd distributions
[data after Ref. 31].
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B. OPTICAL PROPERTIES

A beam of light is shined a a semiconductor (incident beam) with a certain angle.
If this angle is large enough, part of this eectromagnetic energy will be reflected back by
the semiconductor's surface with an equd angle (Sndl's law). The res of it will be
refracted indde the materia with a smdler angle (Figure 4.2). The ratio of the incident
and the refractive angles is equd to the ratio of the speed of light outsde and indde the
materid. Thisratio is cdled refraction index ny.

a C

incident — ~outside =n
r
a Cc

refractive inside

From the energy refracted in the semiconductor again only a part is absorbed. The
res of it goes through and exits the materid from its other sde with an angle equd to the
incident angle. The amount of energy absorbed is described by the absorption index c.
The complex index of refractionn” is defined as:

n, =n, x(1-i?)

Figure 4.2. Path of light beam through semiconductor.
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Another way to describe the optica properties of a materid is the dielectric

function e. Thisisgiven by:

e=g tie, =(nzik)? fromwhich € =n?-k? and e, =2nk

Findly, reflectivity R isgiven by:

_ (n-1)2+k?
(n+1)%+k?

The vadues of e, e, n and k vary according to the materid and the wavelength of
the light shined. For S e; and e, can be seenin Figure 4.3.
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Figure4.3. e; (blue) and e; (red) for Si[after Ref. 6].

It is obvious that the light that is reflected or not absorbed (passed through)
contains energy that is log for the solar cdl. In order to increase absorption, the
materid’s thickness is increased. However, the reduction of reflection is not tha easy.
The smplex method is the use of very thin layers of anti—reflective coating (ARC)
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materids like MgF, and ZnS. More sophisticated and expensve methods involve the
cregtion of microgrooves on the surface of the semiconductor. Light rays reflected from
one groove hit ancther and findly enter the materid. This is shown in Figures 4.4 and
4.5.

Figure 4.4. Surface with microgrooves [after Ref. 1:p. 326].

Figure4.5. Light path in microgroove.

Sill, not al photons entering a solar cdl are used. A number of them just happen
to go through it unaffected. A technique to reduce this number is usng a very wel shined
metalic plate as the bottom contact of the cell. Photons not used are now reflected by it
and re-enter the cdl layers. This way, the probability of them not being used is reduced
by haf. An improvement of thet introduces a thin oxide layer above the bottom contact to
increase its reflectivity (Figure 4.6).
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Figure 4.6. Improved reflective bottom contact.

The energy produced by a solar cdl is directly proportiond to the intendty of
light shining on it. In order to increase this amount, various lens and mirror congtructions
(concentrators) are used. These are much chegper than cdls and can greetly reduce the
totd cost of produced energy, since less cdls are now required. However, in space
goplications, their weight is very high and the cogt rdlated to it largely exceeds that of the
cdls Thisredtrictstheir use only to terrestrid applications.

C. FUNDAMENTALS

We have seen earlier that electrons can be excited with heat and that atoms can be
ionized to produce EHP's. Another way to offer such energy to a materid is photons
(photogeneration), thus light. In a dngle type semiconductor this cregtion of cariers
leads to an increase in conductivity.

In a p—n junction, however, those cariers will become separated (carrier
separation) and minority cariers will be swept across the junction, due to the
eectrogatic fidd of the depletion region. This way, an excess of eectrons (negetive
charge) will be observed in the n-type semiconductor and similarly, an excess of holes
(positive charge) will be observed in the p-type. This excess of mgority cariers will
develop a voltage differential on the two Sdes of the device (figure 4.1). This voltage is
quite large for the M-S junctions of the contacts to counter and therefore, can be easily
measured. If a resstance is connected to the device, current (photocurrent) will flow.

This phenomenon is caled photovoltaic.



In order to creste an EHP, a specific minimum quantum of energy is required.
This is equa to the bandgap Ey of the semiconductor. A photon entering the cell with
energy less than Ey will not be absorbed and will pass through it. A photon with energy

equal to Ey is ided for the creation of an EHP. Findly, a photon with larger energy will

create an EHP offering energy equa to F and waste the remaining amount as hest to the
lattice. Such heat, however, will deteriorate the electrica properties of the materid.

As the amount of photons entering the materiad becomes larger, so does the

number of generated EHPs. Hence, the photocurrent increases and the produced power

increases, too. Unfortunately, a number of carriers recombine insgde the materid before

they are collected a the contacts. This number becomes very large in semiconductors
with dgnificant amount of recombination centers. A schematic of a cdl is shown in

Figure4.7.
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Figure4.7. Schematic of asmple solar cell.




The derived -V curve (illuminated characteristic) is illugrated in Figure 4.8a
with the red line. It manly exigs in the 4th quadrant, which means tha it produces
energy. Note the gmilaiity to the 1-V shown in the same figure in blue. This is the
characteridtic in the absence of light and is cdled dark current characteristic. As a power
supply, the illuminated characteristic can be presented inverted like in Figure 4.8b. \oc is
the open circuit voltage and Ig: is the short circuit current. The blue rectangle is caled
maximum power rectangle and corresponds to the values of V and | for which the power
produced (P=V*) becomes maximum. The ratio of the maximum power rectangle to the
Vo g rectangleis caled fill factor FF.

F F— Smaxpower — Vmax %ax

S V. %

Voc-lsc oc “'sc

The power conversion efficiency n of the solar cdl is the ratio of the maximum produced

power Pnax to theincident power P of the light.

n= IDmax — FFXVOCXISC
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Figure4.8. Dark (blue) and illuminated (red) characteristic curve of the solar cell.
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If the light propagates towards the y—axis, then its intendty can be expressed by
F(y). The light absorption would then be dF(y)/dy. This leads to the following equation:
dF(y)
—>*=-aF
dy (¥)
where a is cdled absorption coefficient. The distance l/a is cdled light penetration
depth and itsrelaion to F is show in Figure 4.9:

A
F

F/e

>
V/a (light penetration depth) y
Figure4.9. Light intendty F in semicondactor vs distance from surface y [Ref. 3].

D. TEMPERATURE AND RADIATION EFFECTS

The effects of temperature on the resdivity of materids were explained in
previous chapters. In solar cdls and in semiconductors in generd, it was shown that a
gndl incresse in temperaiure facilitates EHP generation and hence is bendficid to the
eectricd properties of the materids. However, further risng of temperaiure causes an
unwanted increase in thelr resigtivity, drastically deteriorating their behavior.

In addition to that, the phenomenon of diffuson becomes more intense as
temperature rises. This leads to an increase of k. However, Vioc decreases exponentialy
with temperature, countering the benefit of the higher Iz and further reducing the
maximum power produced by the cdll.

The knee of the cdl's 1-V curve dso becomes more round (soft) with
temperature. This way, the maximum power rectangle and the fill factor are decreased. It
is obvious now thet, overdl, the efficiency of the cel is greetly reduced as temperature
rises (Figure 4.10).
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Figure 4.10. Effect of temperature on the I-V curve (a)
and the normdized efficiency (b) of solar cells.

For space applications, radiation that exists outsde the earth’'s atmosphere can
dso have a ggnificat effect on sola cdls High-energy paticles, entering the cdll,
cregte imperfections in the lattice structure that act as recombination or trgpping centers.
This partticle bombardment is continuous and thus, the cdl output decreases with time
Vaious materids are affected differently by radiation. For example S is more sendtive
than Ge. Also, p—on—n cels are aso more sengtive than ron—p. In order to cope with
this problem, severd techniques are used. Introducing Li to the latice is one of them. Li
can diffuse to and combine with the created defects and so prevent the degradation of the
cel. Another method is the placement of a thin cover (usudly cerium—doped) in front of
the cdl to filter out some of the high—energy particles (Ref. 2).

E. CELL TYPES

Photovoltaic phenomena were firs observed and studied by the French scientist
Henri Becquerel in 1839. The fird maerid used was selenium in 1877. Better
understanding of the mechanics involved was provided by Einstein in 1905 and by
Schottky in 1930. Chapin, Pearson and Fuller were the first to develop a S solar cdl, in
1954, with 6% efficiency. (ACREWeb, http://acre. murdoch.edu.au)
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One way to categorize solar cdls is by ther substrate materid. The most common
materials used are S, Ge and GaAs. S is actudly sand and =0 it is very chesgp. It dso has
better efficiency than Ge or GaAs, but is more sendtive to radiaion. Even though Ge and
GaAs ae not very efficient, their combination in a multijunction cdl (discussed later) can
produce much better results, but with a big increase in fabrication cost. Findly, S is non-
toxic and non—poisonous, in contradiction to GaAs. For al these reasons it is widdy used
for terrestrial applications while Ge and GaAs are more used for space applications.

According to the amount of materid crydadlization, a cdl can be amorphous,
polycryddline or sngle—crysta. The easest and chegpest method for creating solar cells
is by udng non-crydaline or amorphous semiconductors (Figure 4.11c). The problem
with such maerids is the exigence of many dangling bonds that act as recombination
centers. To cope with this problem, semiconductor—hydrogen dloys, with farly large
concentration of Hy, are used. H tends to tie up those bonds and reduce the number of
recombination centers. S—H (a—S), Ge-H and S—C—H have been built and are usad in
cdls. Maybe the most important advantage of this type is its combination with thin=film
technology. This provides the ability to produce large—area cdls, udng smdl amounts of
semiconductive materid. It aso dlows thar faorication on vaious even flexible,
ubstrates (glass, plagic eic) a very low cost. Ther efficiencies are not very high,
reaching only up to 15%, therefore they are mostly used in commercid appliances and
terrestrial applications.

Polycrysdline cels ae produced from thin (approx 300mm) dices of
semiconductive materid that contains a number of large crystallites separated by grain
boundaries (Figure 4.11b). This is done by pouring molten materid into a cylindrica or
rectangular mold and dlowing it to st. A dgnificant number of recombination centers
exig on the borders of the crysalites. The fabrication cost is a little higher, but the
efficiency of the cdl is much better reaching 20%. Much of the cost increase is attributed
to the materid lost as sawdust during the dicing process.

Single crystd cdls (Figure 4.11a) are produced from dices of a large (usualy 6-
8") dngle crydd ingot cdled boule. This ingot is grown by dowly lifting a smdl cysd
over a highly—pure mdt of the same semiconductive materia. The wafer produced is an
amog pefect latice with very little impurities or defects. The efficency of these cdls is
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the highest available reaching 25%, but the whole process of growing the crystd, added
to the dicing loss, makes these cdls very expensve. Single crystd cdls are mosily used
for space applications where the need for high—dendty and lightweight power sources is
more important than fabrication cog.

dangling
bonds
(©
@

gran
boundaries
(b)

Figure4.11. (a) Sngle—crystd, (b) polycrysaline and (c) amorphous materid.

F. CONTACTS

Since the efficency of dl types of solar cdls is not high, it is essertid to
minimize losses wherever possible. One area is the method used to collect the produced
current. Electrical contacts may introduce junction voltages and ohmic resstances. In
order to diminate the fird, layers of meta—semiconductor dloys on top of highly—doped
semiconductive materia  are introduced between the contact and the cdl. Ohmic
resstance can be diminated by usng very lon—resdivity metas like gold (Au).
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The bottom contacts of a cdl are esder to devdop as the only additiona
condderation is that they have a good reflective surface, as seen in paragraph B. On the
contrary, top contacts require more examination as they block photons from entering the
cell Ghadowing effect). For this reason, various grid structures have been developed. On
one hand, these grids need to be thick enough for good conductivity and dense enough for
collecting as much photogenerated carriers as possble. On the other hand, they need to
be thin and sparse enough to avoid casting too much shadow on the cell. A very common
compromise is a shadowing (or shadow loss) of 10% for sngle cysta cells Some
contact configurations can be seen in Figure 4.12.

Figure 4.12. Collector grids.

However, amorphous cells would require a much more dense grid. This is due to
the fact that ther cariers digolay very smdl horizontd movement. Such a grid would
cast too much shadow over the cdl, making it unusable For this reason transparent
contacts, with smdler conductivity, have been developed. These are made by usng a
transparent conducting oxide (TCO) such as tin oxide (SnO2). Amorphous cedls are
usudly built the oppodte way. Firs the TCO layer is crested in the form of a glass
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superstrate. All the cell layers are then built on it from top to bottom using thin—film technology.
In the end, the bottom metal contact is added.

G. ARRAYS

As seen before, a cdl usudly has a Vos less than 2V and a Iz of a fewv mA
providing a totad power of 2-3Watts. In order to use solar cells in a wider range of
goplications, a number of cdls is connected in series to increase the voltage and then in
pardld to increase the current provided. Those congructions are caled modules. Thin-
film modules can be huilt directly, bypassing the sngle—cdl stage. Furthermore, modules
can be connected together to form much larger power arrays in the range of severd
MWaitts (Figure 4.13).

()

Figure 4.13. (a) Solar cdl, (b) module and (c) array
[after Ref. 32).
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V. MULTIJUNCTION SOLAR CELLS

A. BASICS

We have seen previoudy that a materid can be ionized by photons with energies
higher than its bandgap, or in other words with wavelengths lower than the wavelength
corresponding to this bandgap. The eguations connecting photon energy and wavelength
arethefollowing:

E=hf ad c=24

where E is the photon energy, | is its wavelength, f is its frequency, c is the speed of light
and h is Plank’s congant. Photons with energies lower than the bandgap go through the
materid unaffected and unused (Figure 5.1).

A

Irradiance

Irradiance

03 05 07 09 11 13 15 17 19
Wavdength [rmm]

Figure5.1. Absorption energies and wavelengths for Ge, GaAs and GalnP
on AMO spectrum.
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This might lead to creating only Ge cdlls, snce they can asorb mogt of the solar
gpectrum. Another reason that might lead to the same concluson is shown in the -V
curves of the individud cdls in Figure 52. Obvioudy, Ge cdls produce much more

current per cn? than others However, its voltage is much smaler and so the power
output per areaunit of Geissmdler thanthisof S.

Bl ) ) !

Current [mA/cm?]

_______________________________________

] | | | | |
1] 0z 0.4 0.6 0.8 1 1.2 1.4
Woltage [

Figure5.2. 1-V curvesfor S, Ge, GaAs and GalnP cdlls.

An optima combination is the mechanicd dacking of dl these types (one over
the other) and connected in series. This is cdled tandem cell. Cdls with the higher
bandgap are placed above cdls with lower bandgap. This way, a cdl will absorb the
higher—energy photons and will produce eectric power. At the same time, it will alow
the lower—energy photons to pass through it. These will enter the next cdl in line and so
on... There is virtudly no limitation to the number of cels stacked, as long as their
bandgaps are different. In theory, the efficiency of such cdl can reach 60%. The sum of

the cdls individud spectrum responses produces the response of the tandem cdl. This
method is called spectrum separation (Figures 5.3 and 5.4).
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Figure 5.4. Spectrum separation [after Ref. 19].
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B. MONOLITHIC MULTIJUNCTION CELLS

Mechanicdly stacked cells have a lot of additiona volume and weight due to the
gacking mechanisms used. This is a serious disadvantage for space applications. In
addition, a sgnificant amount of energy is lost due to reflection as light goes from one
cdl to the other. In an attempt to diminate these problems, the monolithic tandem cdls
were created. In these cdls, oxide layers are used to provide eectrica insulation between
cdls. A number of interna contacts were dso used to perform the in—series connection of
cdls. These contacts were dso made externd to provide vaduable information of the
individud cdlls (Figure 5.5).

GanP
GaAs
Ge
oxide
contact

I [

Figure 5.5. Monoalithic tandem cell.

However, sgnificant loss and shadowing led to the creation of what is now cdled
monadlithic multijunction cell (MJ cdl). The problem with smply connecting cels
together lies to the fact that new junctions would be created between cdls. Those
junctions would be reversed—biased and their depletion—egion dectrodatic fiedd would
oppose the flow of cariers towards the contacts. This would prevent the cel from
producing any current.

Instead, specidly prepared tunnd junctions can be used to solve this problem. A
reverse-biased tunnel junction will conduct current the desrable way, due to the
tunneling phenomenon explained in earlier chapters. The tunnd layers are aways more
heavily—doped than the cel layers. For this reason, intermediate junctions formed
between the tunnding junctions and the cdls will conduct current from the p to the p*
regions and from the A to the n regions. This will dlow current flow instead of hindering
it. Although the tunnding junction layers introduce condderable losses that affect the
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ovad| efficency of the cdls they ae
connecting cdls (Figure 5.6).

currently the mogt attractive technique for

n n
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Figure 5.6. (a) Smple connection of cdls and (b) connection using tunneling junction.

C. CURRENT DEVELOPMENTS

We have seen previoudy that layers of different materias, grown on top of each
other, create dangling bonds that act as recombination centers. For this reason, the need
for udng latticeematched layers is agpparent. Unary semiconductors like Ge and binary
like InP have fixed lattice congtants and therefore cannot be maiched directly. On the
other hand, ternary like GalnP and quaernay like AlGanP dloys can eadly be
congtructed to have dmost any desirable lattice congtant.

When non-matching materids (i.e. unary and binary) are required to be placed in
contact together, a method called windowing can be used. According to this, a thin layer
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(window) of an dloy is grown between them to diminae the unwanted surface
recombination. The window creates a gradient that smoothes-out the lattice difference.
Its bandgep is carefully sdected to be higher than the bandgep of the cdls bdlow it.
Additiondly, with its small thickness, the window does not consume vauable photons.

As photogeneration takes place, minority carriers diffuse towards the junction of
the cdl. However, some of them tend to diffuse the opposite way, towards the back
aurface of the cdl, introducing more losses. To avoid tha, a thin highly—doped layer is
placed right below the cdl, cregsting an dectrodtatic fidd that will push minority cariers
towards the junction. This is cdled back surface field (BSF). Thicker BSFs are often used
above the subgtrate, forming what is called a high— ow junction.

At this moment, the triple MJ cdl (Figure 5.7) with the highest efficiency (29.3%)
published is built by Spectrolab [Ref. 19]. It is built on a Ge substrate, which aso acts as
a base for the bottom cdl. On top of it is the Ge emitter and an AlGaAs window. Two
heavily—doped n and p GaAs layers follow, forming the tunnd junction between the
bottom and the middle cdl. On top of it is a GanP BSF and then the GaAs middle cdl
with its GalnP window. Another GaAs tunnd junction follows and &bove that the
AlGanP BSF of the top cdl, the top GalnP cdl itsdf and its AlInP window. The surface
of the cdl is covered with an ARC to diminate reflection. Below the contacts only, there
is a GaAs layer. This is cdled cap and is used to facilitate current movement to the
fingers. It dso protects the underlying layers from being damaged when the contects are
hested during bonding. In following chapters we will modd the pats of this
configuration individualy and then combine them to form the whole sructure The same
company is dso experimenting with a quadruple AlGanP/GaAsGanNASGe MJ cdl
with even higher efficiency.
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Figure 5.7. Spectrolab’striple MJ cdll [after Ref. 19].
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VI. SIMULATION SOFTWARE

After a thorough review of the exising modeing and andyss tools, dong with
related publications, the suite of tools and reusable modds developed by Silvaco [Ref.
14] was dected. In this chepter, the Strategy and methodology, for modding solar cells
usng Silvaco, is discussed. An overview is dso given of the software that was developed
or reused in order to enhance its functiondity and to meet the modeling and smulation
needs for researching advanced solar cells.

A. MODELING TODAY

There is a vey lage number of publications avalable that document the
modeling of amost every aspect of solar cdl function and behavior. These span from the
macroscopic eectrical to the microscopic molecular levd and have very high accuracy
and credibility.

However, they dl address individua solar cel viewpoints, without providing a
complete coverage of the complex combination of phenomena that actudly teke place.
Thus, there is a need to sdect and use a large number of different models, in order to
sudy an actud complete cdl structure. An important consideration is the fact that not dl
of these models are compatible with each other. This makes their sdection prone to
errors, quite hard, and time consuming. In addition, each one exposes the researcher to
many detalled parameters that usudly creste a lot of unnecessary confuson. All the
above make complete smulation of advanced solar cdlls aforbidding task.

As a consequence, solar cdl research today is conducted by actudly fabricating
cdls and experimenting with them. Then, researchers theorize about the collected results.
Although that methodology provides the most credible results, it may aso lead to some
confuson. The reason lies in the huge number of factors that adways need to be
consdered, most of which are more relevant to the fabrication process used and not the
cdl itsdf. Therefore, many combinations of parameters need to be materidized like
materid types and characteridics, doping, dimensons, fdbrication conditions and
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processes. This is not only a time and personnd consuming task, but can aso be
expensve to carry out. The number of experiments, needed to answer questions, is adso
very large, due to the fact that experts are not allowed to focus on a certain issue. Instead,
they need to consider and develop the design and the complete fabrication process of the
cdl under study. Additiondly, in any kind of experiment there is dways a number of
unpredictable factors that may introduce deviation among results.

Extendve research, of the exiding literature and COTs, reveded that no
methodology, copping with these problems, currently exists. Smdl attempts were found
to lack the breadth of a complete smulaion tool. For this reason, they have not been
adopted by the Photovoltac community. In this theds, a new method for developing a
redistic mode of any type of solar cell is presented.

B. SILVACO

Slvaco is a company that specidizes in the cregtion of Smulation software
targeting amogt every aspect of modern dectronic design. In their TCAD suite of toals,
the company provides modding and dmulaion capabilities for smple Spice-type
circuits dl the way to detalled VLS fdbrication (Figure 6.1). User—friendly environments
are used to facilitate desgn and a vast number of different modeling options. The tools
provide for creating complex models and 3D gructura views.

The phenomena modded range from smple dectrical conductivity to such things
as thermd andyss, radiation and laser effects A wide variety of detailed layer-growth
processes and materia properties (eg. mobilities, recombination parameters, ionization
coefficients, opticd parameters) add to the accuracy of the smulation. However, todate
thesre is no publicly avalable documentation of efforts by researchers or solar cdl
manufacturers to utilize this powerful tool for the modding of advanced solar cdls, but

only of Smple structures.
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TCAD

Virtual Wafer Fab Analog Alliance L egacy
Process & device smulators Andog/digita smulation IC design
Athena Vyper Discovery
Simulatein 1D and 2D dl SPICE parameter 3-level hierarchical

processing steps such as
lithography, etching,
deposition, implantation,
oxidation, diffusion and
silicidation for silicon and
compound semiconductor
technologies

extraction and worst-case
statistical analysis

Crusade
Design and verification
capabilities for analog and
mixed-signal |C designs

parasitic extraction
solution for fab users
(interconnect
characterization), cell
library designers and chip
level designers

Atlas
Simulatein 2D and 3D the
electrical characteristics of
all modern device
technologies

FagtAtlas
Fast physical device
simulator for MESFETS
and HEMTs optimized to
provide interactive TCAD
for modern I11-V FET
devices

Resilience
Characterize and model
reliability effects: hot
carrier injection,
electromigration and oxide
integrity

Celébrity

Custom |C Design from
schematic capture to

pattern generation

Victory
1D, 2D and 3D technology
simulator combining
process and device
simulation in one simulator

Figure6.1. Silvaco's TCAD suite of tools [after Ref. 14].

For this purpose, Atlas is a good combinaion of sophigticated in—depth device

andyss in 2D or 3D. In addition, it abdracts away dl fabrication detals, shifting the
focus of the modder to the actud design. Like the rest of TCAD applications, it is based
on hundreds of widdy accepted publications, verified for their accuracy and correctness

73



by numerous researchers. This variety provides for features such as the following and
others[Ref. 10 p. 1.4]:

DC, AC smdl-9gnd, and full time-dependency
Drift-diffuson transport models

Energy balance and Hydrodynamic trangport modes
Laitice heating and heatsinks

Graded and abrupt heterojunctions

Optodectronic interactions with generd ray tracing
Amorphous and polycrystdline materias

Generd drcuit environments

Stimulated emission and radiation

Fermi-Dirac and Boltzmann gatigtics

Advanced mobility models

Heavy doping effects

Full acceptor and donor trap dynamics

Ohmic, Schottky, and insulating contacts

SRH, radiative, Auger, and surface recombination
Impact ionization (loca and non-locd)

Floating gates

Band-to-band and Fowler-Nordheim tunnding
Hot carrier injection

Thermionic emission currents

C. WORKING WITH ATLAS

Atlas can accept structure description files from Athena and DevEdit, but dso
from its own command files. Since, for the purposes of this thess detailed process
description is not required, the later is the more atractive choice. The development of the
desred dructure in Atlas is done usng a dedaative programming language. This is
interpreted by the Atlas dmulation engine to produce results. A brief wak—through of

how a dructureis built and Smulated follows.

1. M esh

The firgt thing that needs to be specified & the mesh on which the device will be
congtructed (Figure 6.2). This can be 2D or 3D and can be comprised of many different
sections. Orthogond and cylindrica coordinate systems are available. Severd constant or
vaiable dengties can be specified, while scading and automatic mesh relaxation can dso
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be used. This way, a number of minimum triangles is cregted; this determines the
resolution of the Smulation. The correct specification of the mesh is very important for
the find accuracy of the results. If the number or dengity of triangles is not high enough
in regions, such as junctions or materid boundaries, the results of the smulation will be
crude and possbly mideading. On the other hand, use of too many triangles will likely
leed to Sgnificant and unnecessary increases in execution time.
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Figure6.2. Typica mesh.
2. Regions

The materid regions need to be specified next. Here, dl parts of the grid are
assigned to a specific materid (Figure 6.3). This can be sdected out of Silvaco's own
library or can be custonm-made by the user. In addition, heterojunction grading between
materials can also be described.
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Figure 6.3. Regions specified.

3. Electrodes

To define the dectrodes of the device, their podtion and size need to be entered.
Additiona information about their materids and workfunctions can be supplied if
needed.

4, Doping

Each materia can be doped by any dopant to the desired concentration. This can
be done in a regular uniform way, in a linear or even a Gaussan digtribution. Non-
standard doping profiles can dso be inputted from other TCAD programs or from custom
ASCII files. More advanced doping can be used by usng the built—in C interpreter.
Automatic optimizations of the mesh according to doping can be performed afterwards.
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5. Material Properties

Materids used throughout the smulation can be sdected from a library that
includes a number of common edements, compounds and aloys. These have their most
important parameters dready defined. However, in solar cdls the use of exotic materids
is not unusud. For such purposes, there is the ability to fully define dready exiding or
brand new materids, down to ther smdlest detal. Such properties range from the
essentiadl bandggp and mobility al the way to laser absorption coefficients. Contact
information and workfunctions can also be entered here.

6. Models

More than seventy modes can be used to achieve better description of a full range
of phenomena. Each model can be accompanied by a full sat of its parameters, when
these differ from the default. Again new models can be described using the C interpreter

capability.

7. Light

When lighting is important for a device (like in solar cdls), there is the &bility to
use a number of light sources and adjust their locetion, orientation and intendty. The
gpectrum of the light can be described in dl the necessary detail. Polarization, reflectivity
and raytrace are d'so among the smulator’ s features.

8. Simulation Results

Once everything is defined the user can take unbiased measurements, bias certain
contacts, short others and take more measurements (Figure 6.4). This way kc, Voc and
other values can be read. Additionaly, |-V curves and frequency responses may be
obtained. From these, a variety of diagrams can be displayed usng a program cdled
TonyPlot. An additiona feature is the ability to take measurements from any part of the
device and see a 2D or 3D picture of various metrics such as carrier and current dengties,
photogeneration, potentid and e-fidds. Thee pictures are invauable for the indghts
they offer.
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Figure 6.4. Electron concentration picture and |-V curves.

D. SIMULATION SOURCE CODE

The full st of source code used to program the smulaions described in the
following chapters can be found in Appendix F. In order to enhance underganding, ad
further development by others and avoid unnecessary repetitions and confusion, the
following scheme has been used to present the code. All the files contain main sections
structured the same way:
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go atlas

# Definition of constants
Mesh

X- Mesh

Y- Mesh

Regi ons

El ectrodes

Dopi ng

Mat eri al properties
Model s

Li ght beans

H O OH OH OH OHF OH OH OB OH

Sol vi ng

Each commented section is filled usng code from its corresponding subsections.

For example for deriving the Iz and Vo of asmple GaAs cell, the code becomes:
go atl as
# Definition of constants
# Mesh
nmesh space. nul t =1
# X-Mesh: surface=500 un2 = 1/200, 000 cn?
x. mesh | oc=-250 spac=50
x. mesh | oc=0 spac=10
x. mesh | oc=250 spac=50
# Y- Mesh
# Vacuum
y.mesh loc=-0.1 spac=0.01
# Emitter (0.1 um
y. mesh | oc=0 spac=0.01
# Base (3 um
y. mesh | oc=3 spac=0.3
# Regi ons
# Emitter
regi on nunrl material =GaAs x.m n=-250 x.max=250 y.m n=-0.1 y. max=0
# Base
regi on num=2 material =GaAs Xx. m n=-250 x.max=250 y. m n=0 y. nmax=3

# El ectrodes
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el ectrode nane=cat hode top
el ectrode nane=anode bottom
# Dopi ng
# Emtter
dopi ng uni formregion=1 n.type conc=2el8
# Base
dopi ng uni formregi on=2 p.type conc=1lel?
# Material properties
mat eri al TAUN=le-7 TAUP=le-7 COPT=1.5e-10 AUGN=8. 3e-32 AUGP=1. 8e- 31
# GaAs
materi al material =GaAs EG300=1.42 PERM TTI VI TY=13.1 AFFI NI TY=4. 07
material material =GaAs MJUN=8800 MJP=400
material material =GaAs NC300=4. 7el17 NV300=7el8
material material =GaAs index. fil e=GaAs. opt
# Model s
nodel s BBT. KL
# Li ght beans
beam nunmr1 x.origin=0 y.origin=-5 angl e=90 \
power. fil e=AMDsi | v. spec wavel . start=0.21 wavel . end=4 wavel . nun=50
# Sol vi ng
# Get Isc and Voc
solve init
solve bl=1
contact nane=cat hode current

sol ve icat hode=0 bl=1

If now, the IV characteristic must be produced, only the “Solving” section needs
to be changed with code from the corresponding subsection. This could very well be
handled by usng object-oriented programming. Unfortunatdly, VWF does not support
such functiondity. The scheme used here is an attempt to provide a subditute even
though it isa primitive one.

E. EXCHANGING DATAWITH MATLAB
In spite of the functiondlity provided by TonyPlot, there is often the need to
exchange data between TCAD and more flexible and generd environments such as
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Matlab. Since this functiondity is not supported by the program, pat of this thess
involved the development of several Matlab functions to provide this. The source code
can be found in Appendix G.

1. Creating Silvaco input files

Before running a amulation, severd input data must be provided to the program.
One st of inputs conssts of solar spectrum power files and materia optical parameter
files VEC2SPEC cregtes the power file for any solar spectrum specified in its input.
Using this function, power filesfor AMO, AM 1.5 and AM2 were created.
Function name: VEC2SPEC
[nput arguments. wavel: An aray with the wavedengths to be saved.

int:  An array with the corresponding intengties.
filename: The name of the file to be saved.
Output arguments: none
Syntax: VEC2SPEC(wavd, int, filename)
OPT29LV creates n and k opticd parameter files for various materids. This was
used to produce files for dl the materids used in this research (i.e. Ge, GaAs, GaP, InP

etc).
Function name OPT2SILV
Input arguments. filename The name of the .mét file that contains the data

t. Thetype of data “€" for €l and €2 vs. energy [€V] and “n” for
n and k vs. wavelength [m]
Output arguments: none
Syntax: OPT2SILV((filename, t)

2. Extracting results

All Sllvaco numericd data may be saved a log files These may contain totaly
different types of data DISPLOG scansalog file and displays the types of its contents.
Function name: DISPLOG
[nput arguments: filename The name of the .log file to be read.

Output arguments: none
Syntax: DISPLOG(filename)
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An example of itsoutput is.
>> di spl og(' GaAs-1-1V")
ATLAS
El ectrodes:

1. cathode

2. anode

Val ues:

=

Light Intensity beam 1
Avai | abl e photo current
Sour ce photo current
Optical wavel ength

cat hode Vol t age

cat hode Int. Voltage
cat hode Current

anode Vol t age

© © N o ok WD

anode Int. Voltage
10. anode Current

Various log files have a peculiar format. PARSELOG trandates this and parses al

exiding data.
Function name: PARSELOG
[nput arguments: filename: The name of the .log file to be read.

Output arguments. prog. The name of the program thet origindly created the file.
numOfElec. The number of eectrodes for which datais provided.
edecName: A cdl containing the name of these dectrodes.
va: Thenumber of different types of vauesin thefile.
vadName A cdl containing the names of those types.
dataa A marix containing the actud data Columns contan data

of the same type.
Syntax: [prog, numOfElec, elecName, val, vaName, data] =
PARSEL OG(filename)
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PLOTLOG creates plots of datathat exist in alog file.
Function name: PLOTLOG
[nput arguments: filename The name of the .log file to be read.

x—axis  The number of the data type to appear on the x-axis. This
is the number that is shown by the DISPLOG function.
y—axis. The number of the data type to appear on the y-axis. This
is the number that is shown by the DISPLOG function.
dyle  The dyle of the line to be used for the plot. See PLOT
function for the supported styles.
xmult:  Multiplication factor for the values on the x—axis.
ymult: Multiplication factor for the vaues on the y—axis.
Output arguments. none
Syntax: PLOTLOG(filename, x—axis, y—axis, style, xmult, ymult)

EV2UM , UM2EV and E2NJ are dso written to implement unit transormations for
supporting the above files.
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VIl. MATERIAL PROPERTIES

The next portion of theds study contains the research related to how various
materids and thelr physcd and eectricd properties are modeled. This was a chalenging
task as most of the materias used in advanced solar cell technology are exotic and little
published research exigts.

A. CURRENT STATUS

Andyticd modeing relie on the use of eguations to gpproximate the actud
behavior of — in our case — solar cdls. As such, they require a detailed description of the
device to be smulated and the materids that are usad in its condruction. It will become
goparent in later chapters that the sdection of the appropriate materid type and
composition as wel as its dectricd properties are very important to the efficiency of both
redl and smulated cells.

According to the exiging literature, the materids modly used are the single
element semiconductors S and Ge and the binary compounds GaAs and InP. In addition
to those, many ternary and quaternary compounds are aso used in most cases. These are
dloys of three or four of the Al, As, Be, Cd, Ga, Hg, In, N, P, Pb, S, Sb, Sc, Se, Te, Zn
and other, less common, dements. The large number of these combinations provides
electronic device researchers with a vauable abundance of choices.

However, the dectricd and physicd propeties of each materid cannot be
theoretically caculated with enough accuracy. Instead, they need to be measured in very
precise and expensve experiments. Therefore, the materid abundance, mentioned earlier,
crestes a huge task for physcigs. The dsngle dement semiconductors and the binary
GaAs have been dudied exhaudtively. However, for the rest of the binaries, only ther
magor and most important properties are published. For the ternaries and quaternaries,
vay little is avalable and most of the times the only solution is provided by
interpolating the properties of their binary components.
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B. SILVACO LIBRARY

Slvaco maintains a propety library of many materids common to edectronic
devices. However, in an effort to push solar cdl efficiency to higher levels, researchers
tend to use many exotic materids. For them, Silvaco's library is under development and
mostly incomplete.

The models used in this thesis are heavily dependent on the following properties.

Bandgap &

Electron and hole dengity of states N and Ny

Electron and hole matilities MUN and MUP

Lattice congtant a

Permittivity

Electron and hole lifetimes TAUN and TAUP

Electron effinity

Radiative recombination rate COPT

Electron and hole Auger coefficients AUGN and AUGP

Optical parameters n and k
Vdues for mogt of these have been provided by various publications. As another part of
this thess, a large number of such publications has been researched. Theis collection of
information has been identified, categorized and compared. Findly, the best have been
sdected and used in the smulations described in this thess. Parameters, for materials not
found in publications, have been mathematicaly approximated. In addition, severd well-
sudied cedls were dso used as references to provide caibration for these unknown
values.

Furthermore, a very large number of additiond parameters can dill be specified.
However, they mostly represent secondary phenomena. These will be approximated by
vaues of wel-known materids like S, Ge or GaAs. Due to the secondary sgnificance of
the properties, bad agpproximations will only lead to errors within acceptable noise

margins
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C. LATTICE MATCHING AND ALLOY PROPERTIES

An dloy is crested with a combination of binary compounds under certain
proportions. Thus, one part of the ternary GalnP is actudly x parts GaP plus x parts
InP. A way to represent thisis (GaP)y(InP)1—x or Smpler Gam_xP.

The properties of the aloy have vaues between those of the properties of its
components. This is rardly a linear 1:x relaionship, as shown in Figure 7.1, but most of
the times it can be approximated as such. For example, GaAs has a lattice congtant
a=5.65A, GaP has a=5.45A and InP has a=5.87A. In order to lattice match Ga m_P to

GaAs we need
~ a -a
B gars = ap X+ p {1- X) U X:GaAsfamP
GaP InP
which returns X@.52 (Gag.s21np.4gP). GaP has E=2.35eV and InP has E=1.42eV so, in
this case, its bandgap will be
GalnP_ GaP InP
Eg an —X>Eg a +(1_X)>Egn
which retuns Ey@.9eV. Other properties can adso be caculated the same way for

ternaries and quaternaries.

Sﬂ T T | T ] T T T T T 1 T
r-valley
AP
Eb L ™~ s,  uosoocc x.uaﬂﬂy |
LI eeee. L-valley
(GaP.
< 2.0F -
Q
(=
& 15F -
-
o
2 1.0F -
Ll
0.5F d
ﬂ ﬂ 1 M 1 i 1 M 1 5 1 M 1 r]Sb-
5.4 5.6 5.8 6.0 6.2 6.4 6.6

Lattice constant (A)
Figure 7.1. Bandgap vs. lattice congtant for binary compounds [Ref. 33].
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When higher accuracy is required, sets of bowing parameters have been published

to produce a better gpproximation to this norHinearity. For ternaries the quadratic form
E, 5" =30E "+ (1-X)E, " —XX1-X)Boarp  [Ref. 33]
is used where Bggne is the bowing parameter for GalnP. For quaternaries like the
Al Gay_xIn,P;1_y the expresson
XAL- X)[(1- Y)EFSP +yENSN + y1- y)[0ESI +(1- X) ]

AlGalnP —
Eg =

XX1- X)+yx1- y)
[Ref. 33]

can be used where E/N®* and E;N®" are the bandgaps for AkGay xP and Al,Gay In

respectivly and E/M'™ and E;7*™ are the bandgaps for AlinP,, and GalnPy,
respectively as calculated above.

D. OTHER CALCULATIONS
Temperature compensation for the bandgep can be cdculated by usng the
following equation:
aT?
T+b
wherea, b and either Ei(T) or Ey(0) can easly be found in existing research.
The effective dendty of states of eectrons N¢ and holes Ny can be found using

Eg (T) = Eg (O) -

3 3
* ol ¥ 07
2600>p m, k & ad N, =2 600D “Vki [after Ref. 10:p. 3.5]

N.=2 :
C h2 6 h2 5

where m is the effective mass of the carrier in question, h is Plank’s constant and k is
Boltzmann's congtant.
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E. RESULTS

A detalled set of mgor materid parameters has been produced by literature
research and cdculations as well as cdibration from well-known cells. Tables 7.1 to 7.5
show the values that were finaly produced and used for the purposes of this research. All

Nitrides are zinc blende. Numbers in blue color indicate that the vaues were found in

exidig literature, while numbers in green have been caculated. All properties are at
300°K unless other wise indicated. Vaues indicated with a “NR”

were not found

anywhere in published research. The opticd parameters n and k are different for every

wavelength. Due to the large quantity of numbers, they are not shown here.

O] < - o\
_ Lum X — Lum X — LUU) X — L o
g QOO 8 ¥ —~ Q_oo 6\ ¥ —~~ Q_OO 6 ¥ —~~ % §
8 189 53 | 82|89 | S22 | 82| 89| 53| €| 268
© ol © o] Lol © o fo i~ © o] ©
s c > S c > 1S c > IS c <
c L = < 2 = c 2 - ©
s} 0 as] mn 9
Si 1.12
Ge 0.67
GaAs | 1.519 | 0.5405 204 1.981 0.46 204 1.815 0.605 204 1.42
AlAs | 3.099 0.885 530 2.24 0.7 530 2.46 0.605 204 2.16
AIN 4.9 0.593 600 6 0.593 600 9.3 0.593 600 6.28
AlIP 3.63 0.577 372 2.52 0.318 588 3.57 0.318 588 2.45
GaN | 3.299 0.593 600 4.52 0.593 600 5.59 0.593 600 3.45
GaP * NR NR 2.35 0.577 372 2.72 0.577 372 2.27
InAs | 0.417 0.276 93 1.433 0.276 93 1.133 0.276 93 0.35
InN 1.94 0.245 624 2.51 0.245 624 5.82 0.245 624 2
InP 1.424 | 0.363 162 *x NR NR 2.014 0.363 162 1.35

* 2.886 + 0.1081 [1 — coth(164 / T)]
* 2384 _3.740°X

Table 7.1. Bandgap parameters for unary and binary materias.
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2] (%]
@ 8 0 0
S S — — 2 =
= ® ® s I
= 2 ‘E‘ o .GE) = .g = ;‘Z ‘?Z Ne5™ D5
= 8 = > = o€ =" 0 CR= =
s | o= | ES9 | E3 | &5 | &5 | 85 | 85| 28 | 238
S| £° | 5 ET | PE | PE | Ez | Fa | ze | E3
® S < o = 'v S j=p=) &< g <
s > = > © °
C>U % I +
o 3 (] <
T T
Si 5.43 11.9 4.17 0.92 0.54 1500 500 2.8el19 1.0gel
Ge 5.66 16 4 1.57 0.28 3900 1800 | 1.04el9 6e18
GaAs | 5.65 13.1 4.07 0.063 0.5 8800 400 4.7e17 7el8
AlAs 5.66 10.1 2.62 11 0.41 1200 420 3.5e19 | 6.6e18
AIN 4.38 NR NR NR NR NR 14 NR NR
AIP 5.45 9 NR 3.61 0.51 60 450 2.1e20 | 9.2e18
GaN 4.5 12.2 NR 0.22 0.96 380 130 3.1e18 | 2.4el9
GaP 5.45 111 4 4.8 0.67 160 135 3.2e20 | 1.4el9
InAs 6.06 14.6 4.54 0.021 0.43 33000 450 9.2el1l6 | 7.1el8
InN 4.98 NR NR 0.12 0.5 250 - 1.3e18 | 8.9el8
InP 5.87 12.4 4.4 0.325 0.6 4600 150 5.6el8 | 1.2e19
Table 7.2. Mgor parameters for unary and binary materias.
Material Bowing parameter EgG Bowing parameter ng Bowing parameter Eg"
[eV] @0°K [eV] @0°K [eV] @0°K
AlGaAs —0.127+1.31x 0.055 0
AlGaP 0 0.13 NR
AllnAs 0.7 0 NR
AlinP -0.48 0.38 NR
GaAsP 0.19 0.24 0.16
GalnAs 0.477 1.4 0.33
GalnP 0.65 0.2 1.03

Table 7.3. Bowing parameters for ternary materias.
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. Bowing parameter Eg* Bowing parameter E,"
_ Bowing parameter Eq [ge\F/)] @0°K 9 [ge\e] @0°K 9
Material (on f[grvt]hggg\ dgap) (for quantities other than | (for quantities other than
y 9ap the bandgap) the bandgap)

AlGaN 0 0.61 0.8
AlinN 16-9.1x NR NR
GaAsN 120.4-100x NR NR
GainN 3 0.38 NR
INAsN 4.22 NR NR

Table 7.4. Bowing parameters for ternary Nitrides.

o o 3 14
o 4+ 55| 573 @ 73 IS &
. (US| E |2 |~ |8E| 3|2 28| B | Be
— QO O — = > =y =* c = =a — Y=
g 58| s> | ES| 23| oE|CE| €5 25| z2 | =28
o Y= —_ —_ P =
= (552 |5 | & | 28| 328|5z oy 22 | 2z
L SE| §¢ S |7s| © o
T I IGJ +_C
AlGainP | 2.3 | 565 | 11.7 | 42 | 285 | 064 | 2150 | 141 | 1.2e20 | 1.28¢19
AinP | 24 | 565 | 11.7 | 42 | 265 | 064 | 2291 | 142 | 1.08e20 | 1.28e19
GanP | 1.9 | 565 | 11.6 | 4.16 3 064 | 1945 | 141 | 1.3e20 | 1.28e19

Table 7.5. Magor parameters for the ternary (Aly s21no.4sP, Gag 511My.49P) and
quaternary (Alp 25Gap 251 o 5P) lattice matched to GaAs materials used.

F. MOBILITY VSDOPING

The mobility vaues mentioned above are for undoped materiads. However,
mohbility changes very much with doping. The vdues for GaAs ae in Table 7.6 and
Figure 7.2. For the purposes of this thess, the GaAs mohility vaues used are interpolated
from this table For other materids mobility vaues are derived udng this table as a
guiddine.
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Doping concentration [cm™]

3

e~ mobility MUN [cm?/V>s]

h* mobility MUP [cm?/\V>s]

1.0el4

2.0e14

4.0e14

6.0el14

8.0e14

1.0el15

2.0e15

4.0e15

6.0e15

8.0el5

1.0el16

2.0e16

4.0e16

6.0el6

8.0el6

1.0e17

2.0el17

4.0el7

6.0el7

8.0el7

1.0e18

2.0e18

4.0e18

6.0el18

8.0el18

1.0e20

8000.0

7718.0

7445.0

7290.0

7182.0

7300.0

6847.0

6422.0

6185.0

6023.0

5900.0

5474.0

5079.0

4861.0

4712.0

4600.0

3874.0

3263.0

2950.0

2747.0

2600.0

2060.0

1632.0

1424.0

1293.0

1200.0

390.0

380.0

375.0

360.0

350.0

340.0

335.0

320.0

315.0

305.0

302.0

300.0

285.0

270.0

245.0

240.0

210.0

205.0

200.0

186.9

170.0

130.0

90.0

74.5

66.6

61.0

Table 7.6. Mobility vs doping concentration [data after Ref. 10].
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Figure 7.2. Mohility vs doping concentration [data after Ref. 10].

G. OPTICAL PARAMETERS

The meaning of opticd parameters was explaned in chapter 4. The vaues
required for the purposes d this research are the n and k for wavelengths in the range of
0.2nm to 6nm. Atlas can receive this input, separately for each materia, from an ASCII
file of gpecific format. Non—existent vaues are automaticaly interpolated.

This data can only be derived by experiments and measurements performed on the
esch material, under very drict conditions. These have been publicized among others in
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Ref. 5. The materids covered in those are mogt of the unaries and binaries, but only a
small number of ternaries and quaternaries. Hence, the only way to produce the necessary
numbersis interpolation.

In Figure 7.3, the k parameter for Iny sGap sP (red) has been interpolated from GaP
(blue) and InP (violet) usng a smple agorithm. Photons are absorbed by the materid
when Kk is grester than zero. Therefore, the wavelength where k first becomes non-zero,
corresponds to energy approximately equal to the bandgap E. This can easly be verified
for GaP and InP from Table 7.1. However, the result for InGaP does not seem correct.
For this reason, a more sophisicated and enhanced agorithm (OPTINTERP) was
implemented in Matlab and used throughout the smulations. Figure 7.4 shows the correct
results. The full source code can be seen in Appendix G.

Function name: OPTINTERP
[ nput arguments. f1: Thename of thefirg .mét file to be used in the interpolation.
f2: The name of the second .mat file to be used in the
interpolation.

r. Therdio f1:f2 of the interpolation.

Output arguments. wavd: An aray with the wavelengths of the resulting parameters.
n: Anarray with the n optica paramater.
k: Anaray with the k optica paramater.

Syntax: [wavel nk] = OPTINTERP(f1, f2, 1)
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Figure 7.3. Optical parameter k vs wavelength and energy
(smple interpolation).
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Energy [&]

Figure 7.4. Optica parameter k vs wavelength and energy
(enhanced interpolation).
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VIIl. BUILDING A MULTIJUNCTION CELL

This chapter uses the methodology introduced in chapter 6 and the results on
material properties of chapter 7 to provide a complete smulation of an actua solar cell.
This paticular cdl is sudied very much by researches and a large number of
publications provide vauable experimenta data This data is used to veify the

simulation results and thus vaidate the process.

A. THE PROCESS

Even though TCAD is a tool with many festures and varied functiondity, the fact
that it has not been used to modd advanced solar cells might raise doubts about the
vaidity of its output when it is used for such a purpose. The plethora of ill unexplored
materid and optica parameters involved, are dso a cause of vaid concern about the
accuracy of the produced results. For the third and magor part of this thess, these issues
have been addressed and resolved.

The devdopment of a complete modd sarts with the building of a p—n junction
which is the smplest possble device. This involves a thorough verification process. The
device is fully amulated and the results are compared to published experimenta results
of admilar devices. Various parameters and characteristics of the modd are then twesked,
to agpproximate the results in those publications more closdy. The whole process is
repeeted, as in a spird (Figure 8.1), until a satisfactory level of accuracy is reached. For
the sake of smplicity and briefness, only the results of this process are presented here.
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Structure

Simulation
development

- >
e
Resllts Paramet?r
comparison tweeking

Process

Figure 8.1. Verification process.

After the device is fully developed and its behaviour is verified, additiond layers
are added to it. The new dructure then goes through the same verification process
decribed earlier, thus dlowing for dating with a smple modd and incrementaly

adding and accessng successive layers of complexity. Many of these devices are later
combined to create an advanced solar cell (Figure 8.2).

Additior
of layers

Figure 8.2. Cell development process.
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B. THE SSIMPLE GaAsCELL

A very common materid used in solar cdls is GaAs It produces rdatively high
current (Iss @25mA/cm2) and a voltage of Voc @0.9V. On this firg atempt, the cel will
have the basic n-on—p structure shown in Figure 8.3:

Emitter n+GaAs 0.1mm  2el18cm®

Base  p+GaAs 3mm lel7cm®

Figure8.3. Smple GaAscdl.

In the beginning, the mesh (Figure 8.4) is created, taking specid care to make it
denser near the junction and to have enough divisons per layer.

o 0.1
0.5 |
] 0 _éﬁ —
P W
[y [y J
[m] i [m]
o ] S0l
= 1.5 = .
2 - 0.2 1
25 - 0.2 __
3 r = T T T — " T T T : T " T
=200 -100 u] 10 200 =200 -100 u] 100 200
Mlicrons Microns

Figure 84. The mesh.
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After the materid regions and the doping levels are specified, a full set of materid
properties is defined. For smplicity, at this step, the eectrodes are consdered to be ided
and transparent. Findly, severa types of results are programmed to be cdculated. One of
them is the potentid build—up, as well as the eectrodtatic field of the depletion region at
the junction, both of which can be seenin Figure 8.5.

-0.1 -0.1

Microns
(]
=
Microns
[}
—

0.2 0.2

0.2 0.2

-200 -100 1] 100 200 -200 -100 ] 100 200
Microns Mlicrons
@ (b)

Figure 8.5. (a) Potential and (b) Electrogtatic field.

At this stage of development the cell has a Vioc = 0.93V and an Isc = 25.2mA/cn?
which are very close to the expected values. Furthermore, the 1-V characteristic can be
plotted (Figure 8.6) to ad in the determination of the cdl’s operating poirnt, fill factor,
efficiency etc.
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Figure 8.6. 1V characteridtic.

The frequency response (Figure 8.7) can be used in researching ways to improve
performance. The god is to expand the frequency range in which the multijunction cdl is
active and thus produces current. To succeed in this, cdls that respond to different
frequency ranges must be identified and used. The normdized current - used here and
throughout this theds - is actudly the short-circuit current produced by the cdl, for a
gngle opticad wavdength of the AMO light shined upon it. This is normdized to its

maximum value, in order to facilitate comparison.
100 . . . .

&0

&0

40

normalized cathode Current [%)]

20

oz 0.3 0.4 0.5 0.6 0.7 0.8 0.
Ciptical wavelength [um]

Figure 8.7. Freguency response.
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Ancther impressive grgph dlows the viewing of the currert as it is created by the
various wavelengths (Figure 8.8).

0z . b

Figure 8.8. Electron current dengity per wavelength.

C. IMPROVING THE CELL

As discussed in chapter 8, the addition of a BSF below the cdl is one of the most
important improvements. It should dightly increese I and voltage to Voc @ 1V. The
materid selected is InGaP |attice matched to GaAs.

For purposes of mechanicd drength, the cdl should aso be built on a much
thicker (@.3mm) subgirate. GaAs is a good materia to use. However, the junction of the
substrate and the BSF should not create a field that opposes the movement of carriers
towards the eectrodes. For this reason, a heavily doped GaAs buffer layer is grown
between them. Together with its window layer the cdl becomes like in Figure 89 and
8.10:
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rMlicrons

Window n+AllnP  0.05nm  1e19cni™
Emitter n+GaAs 0.1mm  2e18cm®

Base  p+GaAs 3mm lel7cm®

BSF ptInGaP 0.1mm  2el8cn
Buffr p+GaAs 0.3mm  7el8cm

Substrate p+ GaAs  300mm  1el9cmi

Figure 8.9. Improved GaAs cdll.

The mesh of the cdl now becomes.
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Figure 8.10. The mesh of the improved cell.
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The additional eectrostatic field of the BSF can also be seen in Figure 8.11:

005
0.1
0.15
0.z
-200 -100 ] 100 200 -200 -100 ] 100 200
MiCrons MiCrons
@ (b)

Figure8.11. (a) The BSF and (b) the depletion region dectrogtatic fieds.

Now the cell has a Vbc = 1V and an lg- = 27.6mA/cn?. These vaues are dmost
the same as those publicized of actud GaAs cdlsin Ref. 15-18.

D. THE COMPLETE InGaP CELL

A gmilar cdl can be built usng InGaP. This maeria, when lattice-maiched to
GaAs, has higher bandgap (Eg = 1.9eV). Therefore, its Voc is adso expected to be larger.
This ds0 agrees with Figure 5.2. According to the same figure, Is: is expected to be
lower. Usng the same process utilized before, the cdl is smulated and is found to
produce Voc = 1.3V and |- = 11mA/cn?.

With its own BSF, buffer and window layersthe cdll looks like in Figure 8.12:
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Window n+AllnP  0.03mm  <2el8cm™
Emiter n+InGaP 0.05mm  2el8cni™>
Base  p+InGaP 055mm  1.5el7cm®
BSF pt InGaP  0.03rm  2e18cm™
Buffer pt+AllnP  0.03mm 1el8cm™

Figure 8.12. The complete InGaP cell.

The complete cel now has Voc = 14V and I = 19.1mA/cn?. Taking into
account that shadow losses, caused by an actua opague contact, are not considered at this
point, the results are very smilar to those in Ref. 15-18. The IV characterigic and the

frequency response of the cell can be compared to the ones of the GaAs cdl as follows in

Figure 8.13.
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Figure 8.13. ThelVsof the complete individud InGaP and GaAs cdlls.
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E. THE TUNNEL JUNCTION
As seen in earlier chapters a tunnd junction (Figure 8.12) is actudly a very thin

p+ InGaP 0.015mm  8el8crm™®
n+ InGaP 0.015mm  1e19cm

Figure8.12. A tunnd junction.

and heavily doped p—n junction.

When smulated, it produces the dark IV characteristic of Figure 8.14. Obvioudy
the created junction can easily handle the current produced by the above cdlls.

o]

Current [Afcrme)
r N
= =
i

2
=

) S SR S S ———

-50] :
-2 -1.5 -1 0.5 o 0.5 1 1.5
Yoltage [V]

Figure 8.14. |-V characteridtic of the tunnd junction.
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F. THE InGaP / GaAsMECHANICALLY STACKED TANDEM CELL

In a firs atempt to creste a tandem cdl, the mechanicaly stacked dructure
(Figure 8.15) was used for smplicity. This is the placement of the InGaP over the GaAs
cdl. The two cdls are not in contact. Insteed, they are separated by a thin layer of
vacuum. Vacuum is a very good insulator for the voltage levels used here. Also it does
not absorb or ater light as it goes tirough it. Each cdl has its own ided and transparent

contacts.

Window n+AllnP  0.03nm <2el8cm™
Emitter n+InGaP  0.05mm  2e18cmi®

Base  p+InGaP 055mm  1.5el7cm®

BSF ptInGaP 0.03nm  2el8cm®
Buffr  p+AllnP  0.03mm  1el8cm

—

—

Window n+AllnP  0.05nm  1el9cm™
Emitter n+GaAs 0.1mm  2el18cm®

Bae ptGaAs 3mm lel7cm™

BSF ptInGaP 0.1mm  2el8crm®
Buffr p+GaAs 0.3mm  7el8cm

Substrate p+ GaAs  300mm  1el9cmi

Figure 8.15. The mechanicaly stacked tandem c4ll.
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The actud dructureisillustrated in Figure 8.16:
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Figure 8.16. The mechanicaly stacked tandem cell in Silvaco:
(& Thewhole structure, (b) expanded view of the two cells,
(c) expanded view of the two cdll junctions.

As expected, both cells produce the same voltage as before. The top cdl is totaly
unaffected. On the contrary, the bottom one produces less current, due to the fact that
higher energy photons have been absorbed by dl the layers over it. This current becomes
amost equa to the current produced by the top cel (current matching). This can be seen
in the new frequency response (Figure 8.17). The eectricd characterigtics of the top cdll
are the same, s0 Voc = 1.4V and I = 19.1mA/cn?. The bottom cell is changed and now
has Voc = 1V and Is: = 19mA/en.
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===== GaAsindividua
— GaAs stacked
= InGaP both cases

norrmalized Current [%]

]
0.2 0.3 0.4 0.5 0.6 0.7 0.5 0
Optical wavelength [um]

Figure 8.17. Frequency response of the stacked cells
compared to that of theindividud cdls.

The potentid build—up can be seen in Figure 8.18.
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Fgure 8.18. The potentid build—up.
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G. THE InGaP / GaAs DUAL MULTIJUNCTION CELL
The next step is to connect the two cells using the tunnd diode developed earlier.
The smulated cell produced Voc = 2.49V and |- = 19mA/ent.

[ | Window n+AlllP  0.03nm <2elScmi®
Emitter n+InGaP  0.05mm  2e18cmi

op [ | Bae  p+InGaP 055mm  1.5el7cnT®

cell
BSF ptInGaP  0.03mm  2el8cm™
Buffr  p+AllnP  0.03mm  1e18cm®
tunnel p+ InGaP 0.015mm  8el8crm™®
junction n+ InGaP 0.015mm  1e19cnm™
Window n+AllnP  0.05nm  1el9cm™>
Emitter n+GaAs 0.1mm  2el8cm
bottom { | Base  p+tGaAs 3mm 1el7cm®
cell
BSF ptInGaP 0.Imm  2el8cm™
| | Buffer p+GaAs 03mm  7el8cm®

Substrate p+ GaAs  300mm  1el9cmi®

Figure 8.19. The multijunction cell.

The IV chaacteristic (Figure 8.20) is changed as expected and the frequency
response (Figure 8.21) is actudly the sum of the responses of each cdl. Both are in
agreement with experimenta datafound in Ref. 15-18.
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= Smulation results
===e= Experimentd results

0 i i i i i i i
02 03 04 05 0B 07 08 09 1
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Figure 8.21. Fregquency response of the multijunction cell.
(experimentd data after Ref. 15-18)

Even though this cdl is dill not exactly the same as the one presented in Ref. 15—
18, the close agreement of smulated and experimental results observed here is a strong

indication that the methodology used is correct. Encouraged by this, further additions and
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improvements to the cdl can be modded to improve the desgn. This is done in the
following sections where the modeled cell becomes dmost identical to those referenced.

H. THE COMPLETE InGaP / GaAsCELL

The find step (Figure 8.22) is to add an ARC layer on top to minimize reflections.
A cap layer and red golden contacts are dso added. The bottom contact is shined and
becomes a back surface reflector (BSR) to reflect photons back into the cell.

Au - Cap n+GaAs 0.3mm
ARC ARC

(| Window n+AllnP  0.03mm <2el8cni
Emitter n+InGaP  0.05mm 2el8cm™

©p{ | Base  p+InGaP 055nMm  15el7cm®

cell
BSF ptInGaP 0.03nm  2el8cmi™
Buffr  p+AllnP  0.03mm  1e18cm®
tunne p+ InGaP 0.015mm  8el8cni™
junction n+ InGaP 0.015mm  1e19cni™
Window n+AllnP  0.05nm  1el9cm™
Emitter n+GaAs 0.lnm  2el8cm™
bottom { | Bae  prGaAs 3mm lel7cni
cell
BSF ptInGaP 0.1mm  2el8cm®
Buffr p+GaAs 0.3mm  7el8cm®

Substrate p+ GaAs  300mm  1el9cmi®

Figure 8.22. Find verson of the multijunction cdl.
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Thefind IV characterigtic (Figure 8.23) reflects those improvements.
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Figure 8.23. Find IV characteristic of the multijunction cdll.
(experimenta data after Ref. 15-18)

The smulated cdl produced Voc = 2.49V and lg- = 24mA/cn?. This result is very
smilar to the Voc = 2488V and I @ 23mA/cn? found in Ref. 15-18. The I-V
characterigtic and the frequency response are dso in agreement.

Another interesting graph shows the photogeneration rate (Figure 8.25 and 8.26)
vs. the wavelength of the light (Figure 8.24). Note how the top and the bottom cells are

active and produce current in different wavelengths, according to therr frequency
response.
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Figure 8.24. AMO solar spectrum distribution.
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Figure 8.25. Photogeneration in the MJ cell (expanded view of the top cell).
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Figure 8.26. Photogeneration in the MJ cell (expanded view of the bottom cell).
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IX. DEVELOPING AND OPTIMIZING A
STATE-OF—-THE-ART MULTIJUNCTION CELL

This find chapter has two mgor parts. The firg part is the modeling of a state—of—
the—art triple multijunction solar cdl. It is a successful atempt to smulate a device
currently on the cutting edge of technology. This way, the demonstrated methodology is
used as a high—end research tool. On the second part, parametric analyss is used, to
optimize the cell, adding to the vaue of the proposed process.

A. FIRST STAGE OF DEVELOPMENT

The cdl with the highest efficency ever published has been built by Spectrolab
Inc and is described in Ref. 19. Under AMO, this cdl is measured to produce Voc =
2.651V, I = 17.73mA/cn?, to have efficiency = 29.3% and FF = 84.3%. Unlike the cdl
dudied in the previous chapter, dl recent publications on advanced cells treat structurd
details as proprietary information. Therefore, layer thicknesses and doping levels are not
revesled.

Usng the process explained earlier and experience gained from the research of cdl
development, a set of probable values has been produced in order to smulate this cdl.
Thiswas used as afirg esimation.

Ge is a materid with very low bandgep (Eg = 0.67€V). This means that it can
produce energy even with very low—energy photons. As upper cels absorb most of the
high—energy photons, Ge is ided for a bottom cdl in a multijunction configuration. As
seen in figure 5.2, Ge cdls can produce very high current. Unfortunately, this advantage
will largely remain unused, as this current will be choked by the aove cdls in the stack.
Its Voc is quite smdl (only 0.3V) and does not seem to be very important. However, the
cell developed in the previous chapter produced only a totd Voc = 2.49V. An increase of
0.3V would lead to the significant power increase by 12%.

The double cedl dudied in the previous chapter is used again and a Ge cdl is
amply attached below it. Smdl changes have been implemented to match the design of
Ref. 19. Hence, the tunnd junctions are now created usng GaAs, dl the buffer layers
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have been removed and some materids used for the window layers are changed. The new

Structure can be seen in Figure 9.1:

Au - Cap n+GaAs 0.3nm

ARC ARC

(| Window m+AllnP  0.03mm <2el8cm
Emitter n+InGaP 0.05mm  2e18cm®

top
ceII< Base ptInGaP  0.55rm  1.5e17cm

BSF p+ AllnGaP 0.03rm  2el8cn™

tunne pt+ GaAs 0.015mm  8el8cmi™
junctior n+ GaAs 0.015Mmm  1el9cm
Window n+InGaP  0.05mm  1el9cmi®
Emiter n+GaAs 0.1mm  2el8cm
middle {
cell Bae  p+tGaAs 3mm lel7cm
BSF ptInGaP 0.1mm  2el8cm
tunne p+ GaAs 0.015mm 8el8cm™
junctior n+ GaAs 0.015mm  1el9cmi®
Window n+AlGaAs 0.05nm  7el8cmi™
Emitter n+ Ge 0.lmm  2el8m?
bottom <
cell Substrate p+ Ge 300mm  lel7cm®
\ /

Figure9.1. Triple MJcel prototype.

The smulaion retumned Voc = 2.655V and I = 17.6mA/cm2 which are
obvioudy very cose to the results published in Ref. 19. Great smilarity dso exids in the

116



IV characterigtic (Figure 9.2) and in the frequency response shown below. This leads to

the bdief that the configuration smulated is very cose to the actud configuration built
and published by Spectrolab.

= :
15 ________ Lo T [ *) W
1'\]E I I I I I
% 10 F---- efficiency = 29.5% |-----r-------r4------{
= FF = 85% ' '
© 51 — Smuaionresuts [T
===== Experimentd results
0 : : : : :
] 0.5 1 1.8 2 25 c

“oltage [%]

Figure 9.2. |V characterigtic of the prototype triple MJ cell.
(experimental data after Ref. 19)

Like before, the frequency responses of both the individua and stacked cells have
been produced and can be seen in Figures 9.3 and 9.4. Also the response of the total
multijunction cell is provided and compared to the experimentd results.

R S S S S
: 1 GaAs Ge
3 N e AN
|5 \! ====- Geindividua
E """ TP T T i = Ge stacked
= | A B 5 5 5 ' | === GaAsindividud
% gl L j ..-f.i.] = GaAsstacked
= : : : : : | = InGaP both cases

08 1 1.2 14 16 18
Optical wavelength [um]

Figure 9.3. Frequency response of all cdls.
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normalized Current [%)]

= Smulation results
===== Experimentd results

02 04 0B 08 1 12 14 16 18
Optical wavelength [um]

Figure 9.4. Frequency response of the totd MJ cell.
(experimenta data after Ref. 19)

Even though — unlike in chapter 8 — the cdl is not described in detall in Ref. 19 or
in any other publications, the close agreement of sSmulated and experimentd results
suggests that the structure developed here is not far from the Structure aigindly built and
tested by Spectrolab in the reference.

The photogeneration rate (Figure 9.6) for various wavelengths of the AMO
spectrum (Figure 9.5), seen in the previous chapter, is aso created here.
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Optical Wavelength [um)]

Figure 9.5. AMO solar spectrum distribution.
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Figure 9.6. Photogeneration rate vs. opticad wavelength.
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B. PARAMETRIC ANALYSISAND OPTIMIZATION

The current produced by a dngle cdl is in direct andogy with its thickness and
more specificaly with the thickness of its base. As the base becomes thicker, the current
produced becomes larger. In multijunction cells this principle is dso true. However, the
thicker a cdl is, the more photons it absorbs and thus, less photons are alowed to pass
through to the other cdls bellow it. This “shadowing” affects greatly the lower cdls and
may lead them to photon davation. Therefore, a thick top cel will cause the current
produced by lower cels to decrease. The vaious thicknesses have little effect on the
opencrcuit voltages of the cdls, thus, the sdection of the opentcircuit current done can
be used as afactor for overal power optimization.

In a multijunction configuration, each cdl behaves like a current source. All these
current sources are connected in series (Figure 9.7). Consequently, the tota current
produced by the structure is equd to the smalest current produced by the individud cdls.
Hence, a cdl tha is too thin or too shadowed will result in lower overdl performance,
creating a bottleneck for the others.

Figure9.7. A multijunction solar cell asa set of current sources connected in series.

The top cdl, obvioudy, cannot be shadowed and absorbs dmost dl photons in the
range of 0.2 to 0.6mm. The remaning photons enter the middie cel where wavdengths
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from 0.6 to 0.9nm are absorbed. Findly, the remaning photons in the range of 0.9 to
1.6mm are absorbed by the bottom cell (Figure 9.8).

Liaht spectrum N
= Ge frequency response
- GaAsfrequency
= |nGaP freaquency response
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Figure 9.8. Light propagation through cells.

From published research, it is known that top cells usudly have thicknesses in the
range of 05 to 0.7mm, while middle cdls have aound 2 to 4mm. A number of
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amulatiions have been executed and the thicknesses of those cdls have been varied in a
bit wider ranges. The first result shown is the short-circuit current of the top cdl vs. its
thickness (Figure 9.9). Note that no other parameter affectsthis cell.

19

18.5

—
[mu]

17.5

Tap cell Current [mAJcre]

02 03 04 05 0B 07 08
Top cell thickness [um]

Figure 9.9. Top cdl short-circuit current vs. top cell thickness.

Because of its pogtion, the shadow casted by the bottom cdl does not affect any
parts of the structure. Therefore, its thickness will be chosen to be as high as possible to
increese the current produced. However, the thickness of the middle cdl will greetly
affect it as shown in Figure 9.10.
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Bottorn cell Current [mAvcr?]

17.5
1

Middle cell thickness [um)]

Figure 9.10. Bottom cell short-circuit current vs. middle cdll thickness.
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Findly, for desgning the middle cdll, both its thickness (due to the shadowing on
the bottom cell) and the thickness of the top cell need to be considered. For this reason,
thefamily of curves of Figure 9.11 is produced.

21 : .
20 ' :
L \\ i
S 19 :
:f __________________ 5‘
£ \
= 18 o
o '\
5 —
E 1?' ___________________________ -
E top cell
= thickness ---+
= 16 :
E 1
= S i
15
: : : : : 14 : : : :
02 03 04 05 0B 07 0g 1 2 3 4 5 B
Top cell thickness [um] hliddle cell thickness [um)]

Figure 9.11. Middle cdl short-circuit current vs. top and middle cell thickness.

In order to derive a conclusion, the above graphs are combined. The total current
is the minimum current of the three cdl airrents. This is aso the actud current produced
by the multijunction combination of the three cdls due to their in-series connection.
Therefore, the total short-circuit current is the best indication of the output power and the
efficency of the whole cdl and that is why it is dso plotted. Firdt, a set of grgphs of dl
the currents vs. the thickness of the top cdl can be seen in Figure 9.12. There, dl the
above-mentioned theory becomes evident. In this s&t, the optimum point seems to be for
top cdl thickness equal to 0.55mm and middle cdl thickness equa to 3rm. A dmilar st
of graphs, but this time, vs middle cdl thickness, follows in Figure 9.13. The optimum
point is dso found a the same combination of cell thicknesses. Another way to locate the
optimum point is by usng the contour plot of the total current seen in Figure 9.14 or the
3D surface plot in Figure 9.15.
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Figure 9.12. All short-circuit currents vs. top cdll thickness.
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An interesting observation is that, even though the thickness of the middle cdl has
a mgor effect on the bottom cdl current (as seen in Fgure 9.10), the multijunction
combination of cdls is little affected by it. This concluson is very reasonable and is due
to the fact that the bottom cdl rardy becomes the limiting current source in the Structure.
Therefore, the thickness of the middle cdl has little effect on the totd current produced.
The bottom cdll is a Ge one and due to its smal bandgap, will asorb more photons and
will produce more current than dl other cells (see Figure 5.2). Additiondly, its frequency
response shows that it will mainly work in a region of opticad wavelengths very different
and larger than the GaAs or InGaP cdls (see Figure 9.3). Therefore, the shadowing of the
upper cellswill not reduce its current enough to make it alimiting factor in the design.

The results of the optimization process point towards the results obtained in the
previous section and ae very dmilar to the ones in Ref. 19. This indicates that the
structure tested earlier was dready optimized. This choice is not atributed to luck. As it
was explained in the beginning of this chapter, the two upper cdls were amog identica
to the dud cdl tested in chapter 8. That cdl was experimentally optimized by its creators
and dl the detals of its dructure were fully described in ther publication. These
paraneters were dso used in this smulation. The addition of the bottom cdl did not
change the optimum point of the triple-cell structure due to the reasons mentioned in the

previous paragraph.
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X. CONCLUSIONSAND RECOMMENDATIONS

A. RESULTSAND CONCLUSIONS

A novd methodology was presented for modding and developing state-of-the—
at solar cdls It is believed that it will be of great vaue to the photovoltaic industry and
the developers of gpacecrafts. Since amost al ressarch on advanced solar cdls is
currently conducted via expensve and complex experimentation, the proposed smulation
method is expected to help reduce that cost, smplify the desgn process, and dlow the
designer to focus on the final result.

In this thess as a fird dep, the exotic maerids used in such desgns were
identified and dl their mgor dectricd and opticd parameters were researched or derived.
In addition, software code was developed to adjust and cdibrate ATLAS for the task of
dmulaing solar cdls More software was dso developed to exchange data between
ATLAS and MatL ab, thus enhancing the abilities of the package.

An InGaP/GaAs dud multijunction cdl was built and was fully smulaed. The
whole process was done in stages and detailed explanaions were provided. Every result
was dso compared with published experimenta results to verify the close agreement and
accuracy of this methodology. This has formed a paper thet has been submitted for
publication in the 9th IEEE Internationd Conference on Electronics, Circuits and
Systems - ICECS 2002 September 15-18, 2002, in Dubrovnik Croatia.

A dae-of-the—at InGaP/GaAgGe triple multijunction cdl was dso built and
gdmulated. Although the dtructurd detaills of the cdl were not avalable, the cdl was
tweaked according to the experience gained on solar cdls and the results matched the
experiments very closdy. Another paper was written and has dready been accepted for
publication in the 6th WSEAS International Conference on CIRCUITS — July 714, 2002
in Rethymna Beach, Rethymnon, Crete, Greece.

Additiond optimization was findly done on the triple cdl atempting to further
improve its efficiency. The modding, smulation and optimization of the triple cdl has
been submitted, as a paper, for publication in the 29th IEEE Photovoltaic Specidists
Conference (PV SC) — May 20-24, 2002 in New Orleans, Louisana USA.
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B. FURTHER OPTIMIZATIONS AND RECOMMENDATIONS

There ae sevad dements that might improve the peformance of the
configuration tested. One of these is the addition of buffer layers bedow each cdl, to
achieve better lattice matching of cdls and tunnd junctions. Another very important
improvement could be the addition of a BSF layer for the Ge cdl. An attempt was made
to incorporate both enhancements and the result was an increase in the Voc by 0.15V
(5.6%) and a totd efficiency of 30.5%. This is a proposal to researchers for further
development. However, due to the time limitations of this thess, detalled results were not
presented here. They may be researched in future work.

Anocther topic, tha may be the subject of further research, is the investigation of
various doping concentration effects on the eectrical and optica properties of materids,
with the am of attaining higher levels of accuracy.

Additiondly, in this thess the layer boundaries are trested as being drictly
defined and their doping is assumed to be uniform. However, during any fabrication
process, maerid diffuson and gradudly varying doping are the dominant characterigtics
in a device Ther sudy will dlow the smulaion and modding of both the basc cdl
sructure and the actud fabricated implementation.

The posshbility of rediation effects on solar cdls and whether these can be
amulated usng VWF may be invedigated in the future. This is a very important field for
space applications.

Shining laser beams on cdls may aso be researched. Lasers can be used for
providing additional photons to the cdl, but dso for countering some of the radiation
effects.

Finaly, modding of secondary phenomena could dso increase the accurecy of
the results produced.
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APPENDIX A. LIST OF SYMBOLS

Symboal Description Unit
a Angle deg
a Absorption coefficient mt
a L attice constant A
AUGN / AUGP Electron / hole Auger coefficients cm/s
C Capacitance F
c Speed of light m/'s
COPT Radiative recombination rate cnls
E Energy ev
e Didectric function —
e, e, Nk Opticd constants _
es Permittivity F/cm
Ec Bottom of conduction band eV
Er Fermi energy leve eV
Ey Energy bandgap eV
Bv Top of vdence band ev
f Frequency Hz
f(E) Fermi—Dirac didtribution function -
h Mank’s congtant Js
hn Photon energy eV
| Current A
Io/ls Diffuson / drift current A
I Short circuit current A
k Boltzmann's constant JK
KT Therma energy eV
m Effective mass me
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m (MUN) / m, (MUP)
n
n
Nc/ Ny
Np / Na

Mo / Ppo
MNbo / Pno
nin

S
-
TAUN/ TAUP
\%
Voc

Electron / hole mobility

Power conversion efficiency

Photon frequency

Electron / hole density of states

Donor / acceptor impurity atom concentration
Magority Xminority carrier concentration product
Maority carrier (electrons/ holes) concentration
Minority carrier (lectrons/ holes) concentration
Refraction / complex refraction index

Power

Reflectivity

Resitivity

Conductivity

Absolute temperature

Electron / hole lifetimes

Voltage

Open circuit current

Absorption index

Affinity
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APPENDIX B. GREEK ALPHABET

Letter Pronounciation Upper case L ower case
Alpha ‘dpha A a
Beta ‘veeta B b
Gamma ‘yama G g
Ddta ‘delta D d
Epsilon ‘epsilon E e
Zeta ‘zegta V4 z
Eta ‘ecta H h
Theta ‘thegta Q q
lota ‘yota I i
Kappa ‘kapa K k
Lambda ‘lamda L I
Mu mee M m
Nu nee N n
Xi ksee X X
Omicron ‘omikron @) o]
Pi pee P p
Rho rho R r
Sgma ‘dyma S S
Tau taf T t
Upsilon ‘ipseelon U u
Phi fee F j
Chi hee C c
Ps psee Y y
Omega om'eya W w

The phenctic 'y’ is pronounced like in ‘y—es' or ‘y—dlow’.
The phonetic ‘d’ is pronounced likein ‘thHs' or ‘th-ere
The phonetic ‘th’ is pronounced like in ‘th—ank’ or ‘th=nk’
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APPENDIX C. SOME PHYSICAL CONSTANTS

Quantity Symbol Value
Boltzmann's congtant k 1.38066407% JK
Electron charge e 1.602184071° Cb
Electronvolt eV 1.60218407° J
Electron mass at rest me 0.9109389740° Kg
Proton mass at rest m 1.6726231407%" Kg
Plank’s constant h 6.6260755407>* Js
Light speed in vacuum c 2.9979245840°8 m/s

APPENDIX D. UNITS

Fundamental Units

Quantity Unit Symbol
Length meter m
Mass kilogram Kor
Time second S
Current ampere A
Temperature degree Kelvin K
Light intengty candda Cd

Additional Units

Quantity Unit Symbol
Angle radian rad
Solid angle seradian s
Matter quantity male mol
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Produced Units

Quantity Unit Symboal Equivalence
Surface square meter nr n
Volume cube meter nt nt
Veocity - nvs /s
Acceleration - ms’ m's’
Density - Kg/m? Kg/m®
Momentum - Kgxn/s Kgxn/s
Force Newton N K gr/'s?
Frequency Hertz Hz Us
Pressure Pascal Pa N/n?
Viscocity - Nos/n? Nos/n?
Energy Joule J K grrf/s?
Heat - J K gnt/s
Power Waitt wW Nx/s
Electric charge Coulomb Cb A%
Electric potential Volt \Y; Kgrt / AS®
Electric resistance Ohm W Kgnt | A>S
Electric conductivity Semens S mA%s / Kg
Electric capacitance Farad F A%s" | Kgaf
Electric iductance Henry H Kot | A>S
Magnetic flux Weber Wb K gnt/AS
Magnetic induction Teda T Kg/ A%
Light flux Lumen F cdsr
lllumination Lux Ix cd/ n?
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APPENDIX E. MAGNITUDE PREFIXES

M agnitude prefix Symbol Multiple factor
yotta Y 1x10M+24
Zetta Z 1x10M+21

exa E 1x10M+18
peta P 1x107M+15
tera T 1x10M+12
goa G 1x10M+9
mega M 1x10"+6
kilo K 1x10M+3
hecto h 1x10M+2
deka da 1x10M+1
- - 1x10M0
deci d 1x10M-1
centi c Ix10M-2
milli m 1x10"-3
micro K 1x10™-6
nano n 1x10M-9
pico p 1x10M-12
femto f 1x10"-15
atto a 1x10"-18
zepto z 1x10M-21
yocto y 1x10"-24
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APPENDIX F. ATLAS SOURCE CODE

A. MAIN STRUCTURE

go atl as

Definition of constants
Mesh

X- Mesh

Y- Mesh

Regi ons

El ectrodes

Dopi ng

Materi al properties
Model s

Li ght beans

Sol vi ng

HHHFHHHHFHHHH

B. COMMON SECTIONS
1. Mesh and X—M esh

mesh space. mul t =1

X-Mesh: surface=500 un? = 1/200,000 cn?
. mesh | oc=-250 spac=50

.mesh [ oc=0 spac=10

. mesh [ oc=250 spac=50

X X X H#

2. Material Properties
materi al TAUN=le-7 TAUP=1le-7 COPT=1.5e-10 AUGN=8. 3e-32 AUGP=1.8e- 31

# Vacuum
mat eri al material =Vacuum real .i ndex=3. 3 i nmag. i ndex=0

# Ge

material material =Ge EG300=0. 67 PERM TTI VI TY=16 AFFI NI TY=4
mat eri al materi al =Ge MUN=3900 MJP=1800

mat eri al material =Ge NC300=1. 04e19 Nv300=6e18

mat eri al material =Ge index. fil e=Ce. opt

# GaAs

material material =GaAs EG300=1.42 PERM TTI VI TY=13.1 AFFI Nl TY=4. 07
mat eri al materi al =GaAs MUN=8800 MUP=400

mat eri al materi al =GaAs NC300=4. 7e17 Nv300=7e18

mat eri al material =GaAs i ndex. fil e=GaAs. opt

# I nGP

material material =l nGaP EG300=1.9 PERM TTI VI TY=11. 62 AFFI NI TY=4. 16
mat eri al material =l nGaP MJUN=1945 MJP=141

material material =l nGaP NC300=1. 3e20 Nv300=1. 28e19

mat erial material =InGP index.file=lnGP-1.9. opt
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# Al nP (=InAsP)

mat eri al material =l nASP EG300=2.4 PERM TTI VI TY=11. 7 AFFI NI TY=4. 2
mat eri al material =l nASP MUN=2291 MJP=142

mat eri al material =l nAsP NC300=1. 08e20 Nv300=1. 28e19

material material =1 nAsP i ndex. fil e=AllnP. opt

# Al nGaP (=l nAl AsP)

material material =l nAl AsP EG300=2.4 PERM TTI VI TY=11.7 AFFI N TY=4.2
mat eri al materi al =l nAl AsP MUN=2150 MJP=141

mat eri al material =l nAl AsP NC300=1. 2e20 NVvV300=1. 28e19

material material =I nAl AP index.file=AllnP. opt

3. Models
modas BBT.KL TATUN TRAP.TUNNEL

4, Light Beams

beam num=1 x.origin=0 y.origin=-5 angle=90 \
power.fileseAMOsiIv.spec wave .gart=0.21 wave .end=4 wave .num=50

B. InGaAs/ GaAsCELL
1. Bottom Céll
a. Y—Mesh

Vacuum

.mesh [ oc=-0.15 spac=0.001
W ndow (0.05 um

.mesh [ oc=-0.1 spac=0.01
Emitter (0.1 um

.mesh | oc=0 spac=0.01
Base (3 um

.mesh loc=1.5 spac=0.3
.mesh [ oc=3 spac=0.01
BSF (0.1 um

.mesh loc=3.1 spac=0.01
Buffer (0.3 um

.mesh | oc=3.4 spac=0. 05
Substrate (300 um
.mesh | 0c=303. 4 spac=50

< #HIK #HF< #HBI<< KK HF< ##< H< H#*

b. Regions

# W ndow Al I nP (=l nAsP)

regi on nun=1 material =l nASP x. m n=-250 x.max=250 y.m n=-0.15 y. nmax=-0.1
# Emitter

regi on num=2 material =GaAs x. m n=-250 x. max=250 y.nm n=-0.1 y. nax=0

# Base

regi on nun=3 material =GaAs x. m n=-250 x. max=250 y. m n=0 y. max=3

# BSF

region num=4 material =InGP x.m n=-250 x.max=250 y.m n=3 y.max=3.1

# Buffer

regi on nun=5 material =GaAs x.m n=-250 x. max=250 y.m n=3.1 y. max=3. 4
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# Substrate
regi on num=6 material =GaAs x. m n=-250 x. max=250 y. mi n=3.4 y. max=303.4

C. Electrodes

el ectrode nanme=cat hode x. m n=-250 x.max=250 y. m n=-0.15 y. max=-0. 15
el ectrode name=anode x. m n=-250 x.max=250 y. m n=303.4 y. max=303.4

d. Doping

# W ndow

dopi ng uni formregion=1 n.type conc=1el9
# Emitter

dopi ng uniformregi on=2 n.type conc=2el8
# Base

dopi ng uni form regi on=3 p.type conc=1el7
# BSF

dopi ng uni formregi on=4 p.type conc=2el8
# Buffer

dopi ng uni formregi on=5 p.type conc=7el8
# Substrate
dopi ng uni form regi on=6 p.type conc=1el9

e Solving

(1) I and Voc

# Get Isc and Voc

solve init

met hod gumel meaxtraps=10 itlimt=25
sol ve b1=0.9

met hod newt on maxtraps=10 itlim t=100
sol ve bl=1

cont act nanme=cat hode current

met hod newton maxtraps=10 itlimt=100
sol ve i cathode=17.404e-8 bl=1

sol ve icathode=0 bl=1

(2) Frequency response

# Get frequency response
solve init
|l og outfile=freq-bot.| og

solve b1=0.1 | anbda=0. 2
solve b1=0.1 | anbda=0. 25
solve b1=0.1 | anbda=0. 3
solve b1=0.1 | anbda=0. 35
solve b1=0.1 | anbda=0. 4
sol ve b1=0.1 | anbda=0. 45
sol ve b1=0.1 | anbda=0.5
sol ve b1=0.1 | anbda=0.6
sol ve b1=0.1 | anbda=0. 65
solve b1=0.1 | anbda=0.675
solve b1=0.1 | anbda=0.7
solve b1=0.1 | anbda=0. 75
solve b1=0.1 | anbda=0. 8
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solve bl1l=0.1 | anbda=0. 83
sol ve b1=0.1 | anmbda=0. 84
sol ve b1=0.1 | ambda=0. 85
sol ve b1=0.1 | anmbda=0.9
solve bl1=0.1 | anbda=0. 95
solve bl1=0.1 | anbda=1
solve bl=0.1 | anbda=1.2
2. Top Cel

a. Y-Mesh
# Vacuum
y. mesh | oc=-0.87 spac=0.003
# W ndow (0.03 unm
y. mesh | oc=-0.84 spac=0.003
# Emitter (0.05 um
y. mesh | oc=-0.79 spac=0.003
# Base (0.55 um
y. mesh | oc=-0.5 spac=0.1
y. mesh | oc=-0.24 spac=0. 003
# BSF (0.03 um
y. mesh |l oc=-0.21 spac=0.003
# Buffer (0.03 um
y. mesh |l oc=-0.18 spac=0.002

b.

# W ndow Al I nP (=l nAsP)
region nunrl material =l nAsP
0.84

# Emtter

region num=2 material =l nGP
0.79

# Base
regi on
0.24

# BSF
regi on
0.21

# Buffer AlInP (=InAsP)
region nunm=5 material =l nAsP
0.18

Regions
. m n=-250
. m n=-250

nunF3 material =l nGaP . m n=-250

nunF4 material =l nGaP . m n=-250

. m n=-250

C. Electrodes

el ectrode nanme=cat hode x. m n=-250 x.max=250
el ectrode nane=anode x.m n=-250 x.max=250 y

d. Doping

# W ndow

dopi ng uni formregi on=1 n.type conc=1.95el8
# Emitter

dopi ng uni formregi on=2 n.type conc=2el8

# Base

dopi ng uni formregi on=3 p.type conc=1.5el7
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.max=250 y.mn=-0.87 vy
.max=250 y.mn=-0.84 vy
.max=250 y.mn=-0.79 vy
.max=250 y.mn=-0.24 vy
.max=250 y.mn=-0.21 vy

y. mn=-0.87 y. max=-0. 87
.mn=-0.18 y. max=-0. 18

. mxX=-

. maXx=-

. max=-

. mxX=-

. maXx=-



# BSF

dopi ng uni form regi on=4 p.type conc=2el8

# Buffer

dopi ng uni formregi on=5 p.type conc=0.95el8

e Solving
(1) lcandVoc

# Get Isc and Voc

solve init

met hod gumel maxtraps=10 itlimt=25
sol ve bl1=0.9

met hod newton maxtraps=10 itlimt=100
sol ve bl=1

cont act nanme=cat hode current

met hod newton maxtraps=10 itlimt=100
sol ve i cathode=14. 364e-8 bl=1

sol ve icat hode=0 bl=1

(2) Frequency response

# Get frequency response
solve init

Il og outfile=freqg-top.|og
sol ve bl1=0.1 | anmbda=0. 2

solve b1=0.1 | anbda=0. 25
solve b1=0.1 | anbda=0. 3
solve b1=0.1 | anbda=0. 35
sol ve bl1=0.1 | anbda=0. 4
sol ve b1=0.1 | anbda=0. 45
sol ve b1=0.1 | anbda=0.5
solve b1=0.1 | anbda=0.6
solve b1=0.1 | anbda=0. 65
solve b1=0.1 | anbda=0. 675
solve b1=0.1 | anbda=0.7
solve b1=0.1 | anbda=0. 75
solve b1=0.1 | anbda=0. 8
sol ve b1=0.1 | anbda=0. 83
sol ve b1=0.1 | anbda=0. 84
sol ve b1=0.1 | anbda=0. 85
solve b1=0.1 | anbda=0.9
solve b1=0.1 | anbda=0. 95
solve b1=0.1 | anbda=1
solve b1=0.1 | anbda=1.2

3. Stacked Cdl
a. Y-Mesh

Vacuum

.mesh [ oc=-0.87 spac=0. 003
W ndow (0.03 um

.mesh | oc=-0.84 spac=0.003
Emitter (0.05 um

.mesh [ oc=-0.79 spac=0. 003

< < #F< H#*
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Base (0.55 um

.mesh loc=-0.5 spac=0.1
.mesh [ oc=-0.24 spac=0. 003
BSF (0.03 um

.mesh | oc=-0.21 spac=0.003
Buf fer (0.03 um

.mesh [ oc=-0.18 spac=0. 002
Vacuum (0. 015 um)

.mesh | oc=-0.165 spac=0.002
Vacuum (0. 015 um

.mesh [ oc=-0.15 spac=0.001
W ndow (0.05 um

.mesh [ oc=-0.1 spac=0.01
Emitter (0.1 um

.mesh [ oc=0 spac=0.01

Base (3 um

.mesh loc=1.5 spac=0.3
.mesh [ oc=3 spac=0.01

BSF (0.1 um

.mesh loc=3.1 spac=0.01
Buffer (0.3 um

.mesh [ oc=3.4 spac=0. 05
Substrate (300 um

.mesh [ 0c=303. 4 spac=50

< #HIX #H< #HI<< K< HF< #< H< #< < #HF< < < H#

b. Regions

# W ndow Al I nP (=l nAsP)
region num=l material =l nAsP
0.84

# Emitter

region nunF2 material =l nGaP
0.79

# Base

region num=3 material =l nGaP
0.24

# BSF

region nunm=4 material =l nGaP
0.21

# Buffer AllnP (=InAsP)
region nun¥5 material =l nAsP
0.18

# Vacuum

region num=6 nmmaterial =Vacuum
0. 165

region num=7 material =Vacuum
0.15

# W ndow Al I nP (=l nAsP)

X. m n=-250 x.max=250 vy.mnm n=-0.87

X. mn=-250 x.max=250 y.m n=-0.84

X. mn=-250 x.max=250 y.m n=-0.79

X. mn=-250 x.max=250 y.m n=-0.24

X. mn=-250 x.max=250 y.m n=-0.21

X. m n=-250 x.max=250 y.nin=-0.18

X. m n=-250 x.max=250 y.m n=-0.165

. max=-

. mxX=-

. maXx=-

. max=-

. mxX=-

. maXx=-

. max=-

regi on nunm=8 material =l nAsP x. m n=-250 x.max=250 y.mn=-0.15 y. max=-0.1

# Emtter

regi on nume9 materi al =GaAs x. m n=-250 x.max=250 y. m n=-0.1 y. nax=0

# Base

regi on num=10 material =GaAs x. m n=-250 x. max=250 y. m n=0 y. nax=3

# BSF

regi on nun=11 material =l nGaP x. mi n=-250 x. max=250 y. m n=3 y. max=3.1

# Buffer

regi on num=12 material =GaAs x.m n=-250 x.max=250 y.m n=3.1 y. nax=3. 4
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# Substrate
regi on num=13 material =GaAs x.m n=-250 x.max=250 y. m n=3.4 y. max=303. 4

C. Electrodes

el ectrode nanme=cat hode x. m n=-250 x.max=250 y. m n=-0.87 y. max=-0.87
el ectrode nanme=cc x.m n=-250 x.max=250 y.m n=-0.18 y. max=-0.18

el ectrode nanme=ee x.m n=-250 x.max=250 y.m n=-0.15 y. max=-0. 15

el ectrode name=anode x. m n=-250 x.max=250 y. m n=303.4 y. max=303.4

d. Doping
# W ndow
dopi ng uni formregi on=1 n.type conc=1.95el8
# Emtter
dopi ng uni form regi on=2 n.type conc=2el8
# Base
dopi ng uni formregi on=3 p.type conc=1.5el7
# BSF
dopi ng uni formregi on=4 p.type conc=2el8
# Buffer
dopi ng uni formregi on=5 p.type conc=0.95e18
# W ndow
dopi ng uniformregi on=8 n.type conc=1el9
# Emtter
dopi ng uniformregi on=9 n.type conc=2el8
# Base
dopi ng uni form regi on=10 p.type conc=1lel7
# BSF
dopi ng uni formregi on=11 p.type conc=2el8
# Buffer

dopi ng uni formregi on=12 p.type conc=7el8
# Substrate
dopi ng uni form regi on=13 p.type conc=1el9

e Solving

(1) IlsxcandVoc

# Get Isc and Voc

solve init

met hod gumrel nmaxtraps=10 itlimt=25
sol ve bl1=0.9

met hod newton maxtraps=10 itlimt=100
solve bl=1

contact nanme=enmitter current

met hod newton maxtraps=10 itlimt=100

#solve ienmtter=3.67113e-8 icat hode=14.3731e-8 bl=1
solve iemtter=3.67113e-8 bl=1

solve iemtter=0 bl=1

(2) Frequency response

# CGet frequency response
solve init
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| og outfil e=l nGaP- GaAs- stack-freq. | og

solve b1=0.1 | anbda=0. 2
solve b1=0.1 | anbda=0. 22
solve b1=0.1 | anbda=0. 24
sol ve b1=0.1 | anbda=0. 26
sol ve b1=0.1 | anbda=0. 28
sol ve b1=0.1 | anbda=0. 3
sol ve b1=0.1 | anbda=0. 32
solve b1=0.1 | anbda=0. 34
solve b1=0.1 | anbda=0. 36
solve b1=0.1 | anbda=0. 38
solve b1=0.1 | anbda=0. 4
solve b1=0.1 | anbda=0. 42
sol ve b1=0.1 | anbda=0. 44
sol ve b1=0.1 | anbda=0. 46
sol ve b1=0.1 | anbda=0. 48
sol ve b1=0.1 | anbda=0.5
solve b1=0.1 | anbda=0.52
solve b1=0.1 | anbda=0. 54
solve b1=0.1 | anbda=0. 56
solve b1=0.1 | anbda=0. 58
solve b1=0.1 | anbda=0.6
sol ve b1=0.1 | anbda=0. 62
sol ve b1=0.1 | anbda=0. 64
sol ve b1=0.1 | anbda=0. 66
sol ve b1=0.1 | anbda=0. 68
solve b1=0.1 | anbda=0.7
solve b1=0.1 | anbda=0. 75
solve b1=0.1 | anbda=0. 8
solve b1=0.1 | anbda=0. 83
solve b1=0.1 | anbda=0. 84
sol ve b1=0.1 | anbda=0. 85
sol ve b1=0.1 | anbda=0. 86
sol ve b1=0.1 | anbda=0. 87
sol ve b1=0.1 | anbda=0. 88
solve b1=0.1 | anbda=0. 89
solve b1=0.1 | anbda=0.9
solve b1=0.1 | anbda=0. 92
solve b1=0.1 | anbda=0. 95
solve b1=0.1 | anbda=1
sol ve b1=0.1 | anbda=1. 2

4. Tunnd Junction

a Y-Mesh

.mesh [ oc=-0.18 spac=0. 002
Tunnel emtter (0.015 um
.mesh [ oc=-0.165 spac=0.002

Tunnel base (0.015 un)
.mesh [ oc=-0.15 spac=0. 001

< #F #F<

b. Regions

region nunFl material =InGP x.m n=-250 x.max=250 y.m n=-0.18 y. max=-
0. 165
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region nunm=2 material =InGaP x.m n=-250 x.max=250 y nmin=-0.165 y.nmax=-
0.15

C. Electrodes

el ectrode nanme=cat hode x. m n=-250 x.max=250 y.m n=-0.18 y. max=-0.18
el ectrode name=anode x. m n=-250 x.max=250 y.m n=-0.15 y. max=-0. 15

d. Doping

dopi ng uni formregion=1 p.type conc=8el8
dopi ng uni formregion=2 n.type conc=1el9

e Solving
(1) IV characterigtic

solve init

sol ve vcat hode=0
sol ve vcat hode=-0.5
sol ve vcat hode=-1
sol ve vcat hode=-1.5

|l og outfile=lnGP-td-1V.I|og
sol ve vcat hode=-2

sol ve vcat hode=-1.75

sol ve vcat hode=-1.5

sol ve vcat hode=-1. 25

sol ve vcat hode=-1

sol ve vcat hode=-0.75

sol ve vcat hode=-0.5

sol ve vcat hode=-0.3

sol ve vcat hode=-0.2

sol ve vcat hode=-0.1

sol ve vcat hode=0
sol ve vcat hode=0.
sol ve vcat hode=0.
sol ve vcat hode=0.
sol ve vcat hode=0.
sol ve vcat hode=0.
sol ve vcat hode=0.
sol ve vcat hode=0.
sol ve vcat hode=0.
sol ve vcat hode=0.

O©CO~NOOULWNPE

5. MJ Cdl
a. Y—Mesh

Vacuum

.mesh [ oc=-0.87 spac=0. 003
W ndow (0.03 um

.mesh [ oc=-0.84 spac=0. 003
Emtter (0.05 um

.mesh [ oc=-0.79 spac=0.003
Base (0.55 um

.mesh oc=-0.5 spac=0.1

< #HXK #F<< #< H#
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.mesh [ oc=-0.24 spac=0. 003
BSF (0.03 um

.mesh [ oc=-0.21 spac=0. 003
Buffer (0.03 um

.mesh | oc=-0.18 spac=0.002
Tunnel emtter (0.015 um
.mesh [ oc=-0.165 spac=0.002
Tunnel base (0.015 un)
.mesh [ oc=-0.15 spac=0. 001
W ndow (0.05 um

.mesh [ oc=-0.1 spac=0.01
Emtter (0.1 um

.mesh [ oc=0 spac=0.01

Base (3 um

.mesh loc=1.5 spac=0.3
.mesh [ oc=3 spac=0.01

BSF (0.1 um

.mesh loc=3.1 spac=0.01
Buffer (0.3 um

.mesh | oc=3.4 spac=0. 05
Substrate (300 um

.mesh [ 0c=303. 4 spac=50

< FX #HFX< #HF<< < #H# < #H#¥< #F¥K #HF¥K #HFK< #H#< #<

b. Regions

# W ndow Al I nP (=l nAsP)
region num=l material =l nAsP
0.84

# Emitter

region nun¥2 material =l nGaP
0.79

# Base

region nun=3 material =l nGaP
0.24

# BSF

region nunm=4 material =l nGaP
0.21

# Buffer AlInP (=InAsP)
region nun¥5 material =l nAsP
0.18

# Tunnel enmtter

region nune6 material=InGP x.mn=-250 Xx.

0. 165
# Tunnel base

. m n=-250

. m n=-250

. m n=-250

. m n=-250

. m n=-250

. max=250

. max=250

. max=250

. max=250

. max=250

. m n=-0.

. m n=-0.

. m n=-0.

. m n=-0.

. m n=-0.

87

84

79

24

21

max=250 y.nin=-0.18

region num=7 material =InGP x.m n=-250 x.max=250 y.mn n=-0.165

0.15

# W ndow Al I nP (=l nAsP)

. max=-

. max=-

. mXx=-

. max=-

. mXx=-

. max=-

. max=-

regi on nunme8 material =l nAsP x. m n=-250 x. max=250 y.min=-0.15 y. max=-0.1

# Emtter

regi on num=9 material =GaAs x.m n=-250 x. max=250 y.m n=-0.1 y. max=0

# Base

regi on nunm=10 material =GaAs x. m n=-250 x.max=250 y. m n=0 y. nax=3

# BSF

regi on nunrll material =I nGaP x. m n=-250 x. max=250 y.ni n=3 y. max=3.1

# Buffer
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regi on nun=12 material =GaAs x.m n=-250 x.max=250 y.m n=3.1 y. nax=3. 4
# Substrate
regi on nun=13 material =GaAs x. m n=-250 x.max=250 y. m n=3.4 y. max=303. 4

C. Electrodes

el ectrode nanme=cat hode x. m n=-250 x.max=250 y. m n=-0.87 y. max=-0.87
el ectrode name=anode x. m n=-250 x.max=250 y. m n=303.4 y. max=303.4

d. Doping
# W ndow
dopi ng uni formregi on=1 n.type conc=1.95el18
# Emitter
dopi ng uni formregi on=2 n.type conc=2el8
# Base
dopi ng uniformregi on=3 p.type conc=1.5el7
# BSF
dopi ng uni formregi on=4 p.type conc=2el8
# Buffer
dopi ng uni formregi on=5 p.type conc=0.95e18
# Tunnel
dopi ng uni formregi on=6 p.type conc=8el8
# Tunnel
dopi ng uni form regi on=7 n.type conc=1el9
# W ndow
dopi ng uni formregi on=8 n.type conc=1el9
# Emitter
dopi ng uni formregi on=9 n.type conc=2el8
# Base
dopi ng uni formregi on=10 p.type conc=1el7
# BSF
dopi ng uni formregi on=11 p.type conc=2el8
# Buffer

dopi ng uniformregi on=12 p.type conc=7el8
# Substrate
dopi ng uni form regi on=13 p.type conc=1el9

e Solving
(1) I and Voc

# Get Isc and Voc

solve init

met hod gumrel maxtraps=10 itlimt=25
sol ve b1=0.9

met hod newton maxtraps=10 itlim t=100
sol ve bl=1

contact nanme=cat hode current

met hod newton maxtraps=10 itlimt=100
sol ve i cat hode=8.17e-8 bl=1

sol ve i cathode=0 bl=1
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B. InGaAs/ GaAs/ GeCELL
1. Bottom Cdll

a. Definition of Constants

set bot Lo=0

set bot W ndowThi ck=0. 05

set botEmitterThick=0.1

set bot BaseThi ck=300

set bot BaselLo=$bot Lo

set bot BaseM d=$bot BaselLo- $bot BaseThi ck/ 2
set bot Em tter Lo=$bot BaselLo- $bot BaseThi ck
set bot WndowLo=$bot Eni tterLo-$bot Em tter Thi ck
set bot H =$bot W ndowLo- $bot W ndowThi ck
set bot BaseDi v=$bot BaseThi ck/ 20

set botEm tterDi v=$bot Emi tter Thi ck/ 20

set bot W ndowDi v=$bot W ndowThi ck/ 20

set |ightY=$botHi -5

b. Y-Mesh
# Vacuum
y. mesh | oc=$bot H spac=$bot W ndowDi v
# W ndow
y. mesh | oc=$bot W ndowLo spac=$bot W ndowDi v
# Emtter
y. mesh | oc=$botEnitterLo spac=$botEnmitterDiv
# Base
y. mesh | oc=$bot BaseM d spac=%bot BaseDi v
y. mesh | oc=$bot BaseLo spac=$botEnmitterDi v
C. Regions
# W ndow
regi on nunm=1 mat eri al =GaAs X. m n=-250 X. max=250 y. m n=$bot Hi
y. max=$bot W ndowLo
# Emitter

region numF2 material=CGe x.mn=-250 x.max=250 y.m n=$bot W ndowLo
y. max=$bot Em tterLo

# Base

region nunF3 material=Ge x.mn=-250 x.max=250 y.m n=$botEm tterLo
y. max=$bot BaselLo

d. Electrodes

el ectrode nanme=cat hode x. m n=-250 x.nmax=250 y. m n=%$bot H y. max=%bot Hi
el ectrode name=anode x.m n=-250 x.nmax=250 y. nm n=$bot Lo y. max=$bot Lo

e Doping

# W ndow

dopi ng uni form regi on=1 n.type conc=1el9
# Emtter

dopi ng uniformregi on=2 n.type conc=2el8
# Base

dopi ng uniformregi on=3 p.type conc=1el7
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f. Light Beams

beam nunmrl x.origin=0 y.origin=$lightY angl e=90 \
power.fil e=AMIsi |l v. spec wavel .start=0.21 wavel . end=4 wavel . num=50

0. Solving
(1) lgand Voc

# Get Isc and Voc

solve init

met hod gumel maxtraps=10 itlimt=25
sol ve bl1=0.9

met hod newton maxtraps=10 itlimt=100
solve bl=1

cont act nanme=cat hode current

met hod newton maxtraps=10 itlimt=100
sol ve i cathode=3. 1654e-7 bl=1

sol ve icathode=0 bl=1

(2) Frequency response

solve init
| og outfil e=l nGaP- GaAs- Ge-bot-freq.| og

solve b1=0.1 | anbda=0. 22
solve b1=0.1 | anbda=0. 3
solve b1=0.1 | anbda=0. 4
solve b1=0.1 | anbda=0.5
solve b1=0.1 | anbda=0.6
solve b1=0.1 | anbda=0.7
sol ve b1=0.1 | anbda=0. 8
sol ve b1=0.1 | anbda=0.9
solve b1=0.1 | anbda=1

solve b1=0.1 | anbda=1.1
solve b1=0.1 | anbda=1.2
solve b1=0.1 | anbda=1. 3
solve b1=0.1 | anbda=1.4
solve b1=0.1 | anbda=1.5
solve b1=0.1 | anbda=1.6
sol ve b1=0.1 | anbda=1.7
sol ve b1=0.1 | anbda=1. 8
solve b1=0.1 | anbda=1.9
solve b1=0.1 | anbda=2.1
solve b1=0.1 | anbda=2. 2
solve b1=0.1 | anbda=2. 3
solve b1=0.1 | anbda=2. 4
solve b1=0.1 | anbda=2.5
solve b1=0.1 | anbda=2.6
solve b1=0.1 | anbda=2.7
sol ve b1=0.1 | anbda=2. 8
solve b1=0.1 | anbda=2.9
solve b1=0.1 | anbda=3

solve b1=0.1 | anbda=3.1
solve b1=0.1 | anbda=3. 2
solve b1=0.1 | anbda=3. 3
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solve b1=0.1 | anbda=3. 4
solve b1=0.1 | anbda=3.5
solve b1=0.1 | anbda=3.6
solve b1=0.1 | anbda=3.7
solve b1=0.1 | anbda=3.8
solve b1=0.1 | anbda=3.9

2. Middle Cell

a Definition of Constants

set m dLo=0

set m dW ndowThi ck=0. 03

set m dEm tterThi ck=0. 05

set ni dBaseThi ck=0. 55

set m dBsf Thi ck=0. 03

set m dBsfLo=$m dLo

set m dBaselLo=$m dBsf Lo- $m dBsf Thi ck

set m dBaseM d=$m dBaselLo- $m dBaseThi ck/ 2
set m dEm tterLo=$m dBaselLo- $nm dBaseThi ck
set m dW ndowLo=$ni dEmi tter Lo-$m dEni tter Thick
set m dH =$m dW ndowLo- $ni dW ndowThi ck
set m dBsf Di v=$m dBsf Thi ck/ 20

set m dBaseDi v=$mi dBaseThi ck/ 20

set m dEmi tterDi v=$m dEnmi tter Thi ck/ 20

set m dW ndowDi v=$m dW ndowThi ck/ 20

b. Y—-Mesh
# Vacuum
y. mesh | oc=$ni dHi spac=$mi dW ndowDi v
# W ndow
y. mesh | oc=$mi dW ndowLo spac=$ni dW ndowDi v
# Emitter
y. mesh |l oc=$m dEmitterLo spac=$ni dEnitterDiv
# Base
y. mesh | oc=$m dBaseM d spac=%$m dBaseDi v
y. mesh | oc=$m dBaselLo spac=$m dBsfDi v
# BSF
y. mesh | oc=$m dBsfLo spac=$m dBsfDi v

C. Regions

# W ndow

regi on num=1 mat eri al =l nGaP X. m n=-250 X. max=250 y. m n=$m dH
y. max=$m dW ndowLo

# Emitter

region nunF2 naterial=GaAs x.mn=-250 x.nmax=250 y.m n=$m dW ndowLo
y. max=$m dEm tterLo

# Base

region num=3 nmaterial =GaAs x.m n=-250 x.max=250 y.m n=$m dEmtterlLo
y. max=$mi dBaselLo

# BSF

region nunr4 material=InGP x.mn=-250 x.nmax=250 y.n n=%ni dBaselo
y. mex=$m dBsf Lo
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d. Electrodes

el ectrode nanme=cat hode x. m n=-250 Xx.max=250 y. m n=$m dH y. max=$m dH
el ect rode nanme=anode x.m n=-250 x.nmax=250 y. m n=$m dLo y. max=$m dLo

e Doping
# W ndow
dopi ng uni formregi on=1 n.type conc=1.95el18
# Emitter
dopi ng uni formregi on=2 n.type conc=2el8
# Base
dopi ng uniformregi on=3 p.type conc=1.5el7
# BSF

dopi ng uni formregi on=4 p.type conc=2el8

f. Solving

(1) I and Voc

# Get Isc and Voc

solve init

met hod gumrel maxtraps=10 itlimt=25
solve b1=0.9

met hod newton maxtraps=10 itlimt=100
sol ve bl=1

contact nanme=cat hode current

met hod newton maxtraps=10 itlimt=100
sol ve i cat hode=1.376e-7 bl=1

sol ve i cathode=0 bl=1

3. Top Cdl
a. Definition of Constants

set topLo=0

set topW ndowThi ck=0. 03

set topEm tterThi ck=0.05

set topBaseThi ck=0.55

set topBsf Thick=0.03

set topBsfLo=%$topLo

set topBaselLo=$t opBsfLo- $t opBsf Thi ck

set topBaseM d=$t opBaselo- $t opBaseThi ck/ 2
set topEm tterLo=$t opBaselo- $t opBaseThi ck
set topW ndowLo=$t opEmi tterLo-$topEn tterThick
set topH =$t opW ndowLo- $t opW ndowThi ck
set topBsfDi v=$t opBsf Thi ck/ 20

set topBaseDi v=$t opBaseThi ck/ 20

set topEmtterDi v=$t opEm tter Thi ck/ 20

set topW ndowDi v=$t opW ndowThi ck/ 20

b. Y-Mesh
# Vacuum
y. mesh | oc=$t opH spac=%$t opW ndowDi v
# W ndow
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. mesh | oc=$t opW ndowLo spac=$t opW ndowDi v
Emitter

.mesh | oc=$t opEm tterLo spac=$topEmtterDi v
Base

.mesh | oc=$t opBaseM d spac=%$t opBaseDi v
. mesh | oc=$t opBaselLo spac=$t opBsfDi v
BSF

.mesh | oc=%$t opBsf Lo spac=$t opBsfDi v

< HFEL < #HF<< #<

C. Regions

# W ndow Al I nP (=l nAsP)

regi on num=1 mat eri al =l nAsP X. m n=-250 X. max=250 y. m n=$t opH
y. max=%$t opW ndowlLo

# Emtter

region nunme2 material=InGP x.mn=-250 x.max=250 vy.n n=%$topW ndowLo
y. max=$t opEmi tterLo

# Base

region nunF3 material=InG@P x.nmn=-250 x.nmax=250 y.m n=$topEmtterlLo
y. max=$t opBaselLo

# BSF Al I nGaP (=InAl AsP)

region nunr4 material=InAl AsP x.m n=-250 x.max=250 vy.m n=$topBaselLo
y. max=$t opBsf Lo

d. Electrodes

el ectrode nane=cat hode x. m n=-250 x.nmax=250 y. m n=$topH y. max=%t opH
el ect rode nanme=anode x.m n=-250 x.nmax=250 y. m n=$topLo y. max=%$t opLo

e Doping
# W ndow
dopi ng uni formregi on=1 n.type conc=1.95el8
# Emtter
dopi ng uni form regi on=2 n.type conc=2el8
# Base
dopi ng uni formregi on=3 p.type conc=1.5el7
# BSF

dopi ng uni formregi on=4 p.type conc=2el8

f. Solving
(1) |g:and\Joc

# Get |Isc and Voc

solve init

met hod gumrel maxtraps=10 itlimt=25
solve b1=0.9

met hod newton maxtraps=10 itlimt=100
sol ve bl=1

cont act nanme=cat hode current

met hod newton maxtraps=10 itlimt=100
sol ve i cat hode=8.4714e-8 bl=1

sol ve i cathode=0 bl=1
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3. Stacked Cdll

a. Definition of Constants

set divs=10

set topBaseThi ck=0.55

set mi dBaseThi ck=0. 55

set topW ndowThi ck=0. 03

set topEmitterThi ck=%$t opBaseThi ck/ 10

set topBsf Thick=0.03

set m dW ndowThi ck=0. 03

set m dEni tterThi ck=$ni dBaseThi ck/ 10

set m dBsf Thi ck=0. 03

set bot W ndowThi ck=0. 05

set botEm tterThick=0.1

set bot BaseThi ck=300

set tunnel Thi ck=0. 015

# Bottom

set bot Lo=0

set bot BaseLo=$bot Lo

set bot BaseM d=$bot BaselLo- $bot BaseThi ck/ 2
set bot EmitterLo=$bot BaselLo- $bot BaseThi ck
set bot W ndowLo=$bot Emi tt er Lo- $bot Eni tt er Thi ck
set bot Hi =$bot W ndowlo- $bot W ndowThi ck

set bot BaseDi v=$bot BaseThi ck/ $di vs

set bot Emi tterDi v=$bot Emi tter Thi ck/ $di vs
set bot W ndowDi v=$bot W ndowThi ck/ $di vs

# Bot Tunnel

set bot Tunnel Lo=$bot Hi

set bot Tunnel M d=$bot Tunnel Lo- $t unnel Thi ck
set bot Tunnel H =$bot Tunnel M d- $t unnel Thi ck
set tunnel Di v=$t unnel Thi ck/ $di vs

# M ddl e

set m dLo=$bot Tunnel Hi

set m dBsfLo=$m dLo

set m dBaselLo=$mi dBsf Lo- $mi dBsf Thi ck

set m dBaseM d=$m dBaselLo-$m dBaseThi ck/ 2
set m dEm tterLo=$nm dBaselLo- $m dBaseThi ck
set m dW ndowLo=$ni dEni tterLo-$m dEm tter Thick
set m dHi =$ni dW ndowLo- $mi dW ndowThi ck

set m dBsf Di v=$m dBsf Thi ck/ $di vs

set m dBaseDi v=$ni dBaseThi ck/ $di vs

set m dEm tterDi v=$m dEmi tter Thi ck/ $di vs
set m dW ndowDi v=$nm dW ndowThi ck/ $di vs

# Top Tunnel

set topTunnel Lo=$m dHi

set topTunnel M d=$t opTunnel Lo- $t unnel Thi ck
set topTunnel Hi =$t opTunnel M d- $t unnel Thi ck
# Top

set topLo=$t opTunnel Hi

set topBsfLo=%topLo

set topBaselLo=$t opBsfLo- $t opBsf Thi ck

set topBaseM d=$t opBaselo- $t opBaseThi ck/ 2
set topEm tterLo=$t opBaselo- $t opBaseThi ck
set topW ndowLo=$t opEmi tterLo-$topEm tterThick
set topHi =$t opW ndowlLo- $t opW ndowThi ck

set topBsfDi v=$t opBsf Thi ck/ $di vs
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set topBaseDi v=$t opBaseThi ck/ $di vs

set topEm tterDi v=$t opEm tter Thi ck/ $di vs
set topW ndowDi v=$t opW ndowThi ck/ $di vs

# Li ght

set |ightY=$topHi -5

b. Y-Mesh
Vacuum
.mesh | oc=$t opHi spac=$t opW ndowDi v
W ndow
.mesh | oc=%t opW ndowLo spac=%t opW ndowDi v
Emtter
.mesh | oc=$topEmtterLo spac=$topEm tterDiv

Base

. mesh | oc=$t opBaseM d spac=%$t opBaseDi v

. mesh | oc=$t opBaselLo spac=$t opBsfDi v
BSF

.mesh | oc=$t opBsf Lo spac=$t unnel Di v
Vacuum

.mesh | oc=$t opTunnel M d spac=$tunnel Di v
Vacuum

.mesh | oc=$m dHi spac=$tunnel Di v
W ndow

. mesh | oc=$ni dW ndowLo spac=$m dW ndowDi v
Emitter

.mesh |l oc=$m dEnitterLo spac=$ni dEmitterDiv
Base

. mesh | oc=$%$ni dBaseM d spac=%$ni dBaseDi v

.mesh | oc=$ni dBaseLo spac=$m dBsfDi v

BSF

.mesh | oc=$m dBsf Lo spac=$tunnel Di v
Vacuum

. mesh | oc=$bot Tunnel M d spac=$t unnel Di v
Vacuum

.mesh | oc=$bot H spac=%tunnel Di v

W ndow

. mesh | oc=$bot W ndowLo spac=$bot W ndowDi v
Emitter

.mesh | oc=$bot Emi tterLo spac=$botEmtterDi v
Base

. mesh | oc=$bot BaseM d spac=$bot BaseDi v
. mesh | oc=$bot BaseLo spac=$botEnitterDiv

KK #HX #¥X #XK¥ #HF¥X< #X¥ H<¥< < #¥<¥ #H¥<¥ #F¥< #¥ HFXK< #< K HF< #< #H< H#

C. Regions

# W ndow Al I nP (=l nAsP)

regi on num=1 mat eri al =l nAsP X. m n=-250 X. max=250 y. m n=%t opHi
y. max=%$t opW ndowlLo

# Emtter

region nunF2 nmaterial=InGP x.mn=-250 x.max=250 vy.nm n=$topW ndowLo
y. max=$t opEm tterLo

# Base

region nume3 material=InGP x.nmn=-250 x.nmax=250 y.m n=%topEmtterLo
y. max=%t opBaselLo

# BSF Al I nGaP (=l nAl AsP)
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region nunr4 material=InAl AsP x.m n=-250 x.max=250 y.n n=$%topBaselo
y. max=$t opBsf Lo

# Vacuum

region nume5 material =Vacuum x. m n=-250 x.max=250 y. m n=%topTunnel Hi
y. max=$t opTunnel M d

#Vacuum

region num=6 material =Vacuum x. m n=-250 x.nmax=250 y.m n=$topTunnel M d
y. max=$t opTunnel Lo

# W ndow

regi on nun=7 mat eri al =l nGaP X. m n=-250 X. max=250 y. m n=3$m dHi
y. max=$m dW ndowLo

# Emtter

region nunme8 material=GAs x.nmn=-250 x.nmax=250 vy.nm n=$m dW ndowLo
y. max=$m dEmi tterLo

# Base

region nunr9 material=GaAs x.m n=-250 x.max=250 y.m n=$m dEmtterlLo
y. max=$m dBaselLo

# BSF

region nunFl0 material=InGP x.m n=-250 x.max=250 y. m n=$m dBaselLo
y. max=$m dBsf Lo

# Vacuum

region numrll material =Vacuum Xx.m n=-250 x.max=250 y. m n=%bot Tunnel Hi
y. max=$bot Tunnel M d

#Vacuum

region num12 material =Vacuum x. m n=-250 x.nax=250 y. m n=$bot Tunnel M d
y. max=$bot Tunnel Lo

# W ndow

regi on num=13 mat eri al =GaAs X. m n=- 250 X. max=250 y. m n=$bot Hi
y. max=$bot W ndowlLo

# Emtter

region nunrl4 nmaterial=Ge x.mn=-250 x.max=250 y.nm n=$bot W ndowLo
y. max=$bot Em tterLo

# Base

region nunFl5 material=Ge x.mn=-250 x.max=250 y.m n=$botEnm tterLo
y. max=$bot BaselLo

d. Electrodes

el ect rode nane=gate Xx.m n=-250 x.max=250 y. m n=$t opH y. max=%t opHi
el ect rode nanme=drai n x.m n=-250 x.nmax=250 y. m n=$t opLo y. max=%$t opLo

el ectrode name=col | ector x.m n=-250 x.nmax=250 y. nm n=3$m dH y. max=$m dHi
el ectrode name=em tter Xx.m n=-250 x.max=250 y.m n=$m dLo y. max=$m dLo

el ectrode name=cat hode x. m n=-250 x.max=250 y. m n=$bot H y.max=$bot Hi
el ectrode name=anode x.m n=-250 x.nmax=250 y. m n=$bot Lo y. max=$bot Lo

e Doping
# W ndow
dopi ng uni formregi on=1 n.type conc=1.95el8
# Emitter

dopi ng uni formregi on=2 n.type conc=2el8
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# Base
dopi ng uni form regi on=3
# BSF
dopi ng uni form regi on=4

# W ndow

dopi ng uni form regi on=7
# Emtter

dopi ng uni form regi on=8
# Base

dopi ng uni form regi on=9
# BSF

n

p

.type

.type

.type
.type

.type

conc=1. 5el7

conc=2e18

conc=1. 95e18

conc=2e18

conc=1. 5el7

dopi ng uni formregi on=10 p.type conc=2el8

# W ndow

dopi ng uni formregi on=13 n.type conc=1el9

# Emtter

dopi ng uni form regi on=14 n.type conc=2el8

# Base

dopi ng uni formregi on=15 p.type conc=1el7

f. Light Beams

beam num=1 x.origin=0 y.origin=$lightY angl e=90 \
power . fil e=AMDsi | v. spec wavel .start=0.21 wave
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APPENDIX G. MATLAB SOURCE CODE

A. VEC2SPEC

% VEC2SPEC Converts spectrumdata to a Silvaco spec file.
% VEC2SPEC(wavel, int, filenanme) creates the file fil enane. spec
% and stores the wavel and int information of the spectrum

% (c) 2001 by P. M chal opoul os

function vec2spec(wavel, int, filename)

% Error checking

Il en = | engt h(wavel);

if (len ~= length(int))
di sp(' ERROR! Vector |engths nust agree.')
br eak;

end

%lnitialize output file

file = fopen([filenane '.spec'], 'W);
fprintf(file, "%, len);
% Save data to file
for i = 1:1en,
fprintf(file, '"\n% %', wavel (i), int(i));
end
fclose(file);
B. OPT29LV
OPT2SI LV Convert an optical paraneter mat file into a Silvaco

file.

% OPT2SILV(filenane, t) Creates the Silvaco optical paraneter file
fil enane. opt

%fromthe filename.mat file.

%If t="e' then filename.mat nust contain eV-el-e2 data

%If t="n'" then filenanme. mat nust contain wavel -n-k data

% (c) 2001 by P. M chal opoul os

function opt2silv(filenanme, t)

% Load data
| oad([' Data\' filenanme '.mat'])

% Convert to conmmon units

if t =="'e
wavel = ev2umeV);
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[n kK] = e2nk(el, e2);
end

%lnitialize file

file = fopen([' Data\' fil ename
Il en = I ength(wavel);
fprintf(file, "%l\n', len);

.opt'], '"w);

% Save data to file
for i = 1:len

fprintf(file, "%l % %\n', wavel (i), n(i), k(i));
end

fclose(file);

C. DISPLOG

% DI SPLOG Displays the properties of a Silvaco log file.
% DI SPLOG(fil enanme) prints the major properties of a Silvaco log file.

% (c) 2001 by P.M chal opoul os
function displog(filenane)

[ program nunOf El ectrodes, electrodeNane, values, valueNane, data]
par sel og(fil enane);

di sp(program
di sp(' El ectrodes: ')

for i = 1:nunCfEl ectrodes,
disp([' ' nunm2str(i) '. ' electrodeName{i}])
end
di sp(' Val ues: ")
for i = 1:val ues,
disp([' ' nunm@str(i) '. ' valueName{i}])
end

D. PARSELOG

% PARSELOG Parses a Silvaco log file.
% [ prog, nunmO¥Elec, elecName, val, val Name, data] =PARSELOE fi | enamne)
% parses filenanme.l og and returns:

% prog . the programthat generated the log file

% numf El ec : the nunber of el ectrodes

% elecName : a cell with the nanes of the el ectrodes

% val . the nunber of different types of val ues contai ned

% val Nanme : acell with the names of those val ues

% dat a :amtrix with the actual data (each colum is a val ue)

% (c) 2001 by P. M chal opoul os

function [program nunOfElectrodes, electrodeNane, values, valueNane,

data] = parsel og(fil ename)

data = [];
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% Read

file =

while 1
lin
i f

% Transl ate data codes and parse data

SW
cas

cas
cas
cas
cas

cas

log file
fopen([fil enane

e = fgetl (file)
~i schar (line),

tch line(l)

e 'v' % program used
[token, line] = strtok(line);
[token, line] = strtok(line);
program = token;

e '# % comment s

e'y'

e 'z

e 'f' % el ectrode nanes
[token, line] = strtok(line);
[token, line] = strtok(line);
nunCf El ect rodes = str2numn(token);
el ectrodeNanme = cel |l (nunCf El ect r odes, 1) ;
for i = 1:nunCf El ectrodes,

[token, line] = strtok(line);
el ectrodeName{i} = token;

end

e 'p' % data properties
[token, line] = strtok(line);
[token, line] = strtok(line);

val ues = str2n

val ueNane = ce

for i = 1:valu
[token, i
t oken = st
switch tok
case 2

val ueNarme{i} = [el ectrodeNane{1}

case 3

val ueNare{i} = [el ectrodeNane{2}

case 4

val ueName{i} = [el ectrodeNanme{3}

case 5

val ueName{i} = [el ectrodeNane{4}

case 6

val ueNarme{i} = [el ectrodeNane{5}

case 7

val ueNare{i} = [el ectrodeNane{6}

case 20

val ueNarme{i} = [el ectrodeNane{1}

case 21

val ueName{i} = [el ectrodeNane{2}

case 22

val ueNarme{i} = [el ectrodeNane{3}

case 23

val ueNarme{i} = [el ectrodeNane{4}

case 24

val ueNare{i} = [el ectrodeNane{5}

case 25

.1og']);

break, end

um(t oken) ;
Il (val ues, 1);
es,

ne] = strtok(line);

r2num(t oken);
en
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val ueNarme{i} = [el ectrodeNane{6} ' Current'];

case 85
val ueNarme{i} = 'Available photo current’;
case 86
val ueNanme{i} = 'Source photo current’;
case 87
val ueNanme{i} = 'Optical wavel ength';
case 91
val ueNarme{i} = 'Light Intensity beam1';
case 601
val ueNarme{i} = [el ectrodeNane{1} ' Int. Voltage'];
case 602
val ueName{i} = [el ectrodeNane{2} ' Int. Voltage'],;
case 603
val ueName{i} = [el ectrodeName{3} ' Int. Voltage'];
case 604
val ueNarme{i} = [el ectrodeNane{4} ' Int. Voltage'];
case 605
val ueNarme{i} = [el ectrodeNane{5} ' Int. Voltage'];
case 606
val ueNarme{i} = [el ectrodeNane{6} ' Int. Voltage'];
ot herw se
di sp(' Unknown val ue nane')
end
end
case 'd' % dat a val ues
dataLine = [];
[token, line] = strtok(line);
for i = 1:val ues,
[token, line] = strtok(line);

val ue = str2doubl e(token);
dat aLi ne = [dat aLi ne val ue];
end
data = [data; datalLine];
ot herwi se
di sp(' Unknown comrand')
end
end
fclose(file);

E. PLOTLOG

% PLOTLOG Plots a Silvaco log file.

% PLOTLOGfil enanme, x-axis, y-axis, style, xmult, ynult) Creates

% a plot of the value in y-axis vs the value in x-axis with val ues

% and data derived fromfilenanme.log. The line style used is specified
% after that. The x and y values are scal ed according to xmult and

% ymul t accordingly.

% (c) 2001 by P.M chal opoul os
function plotlog(filenanme, x, y, p, nmx, my)

[ program nunOf El ectrodes, electrodeNane, values, valueNane, data]
parsel og(fil enane);
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sX = sign(x);

sy = sign(y);

x = abs(x);

y = abs(y);

if (x > values) | (y > values),
di sp(' ERROR! Axis paraneter can not be found.')

el se
pl ot (sx*data(:,x)"' *nx, sy*data(:,y)'*my, p), grid on
title([filename '.log from' prograni);

x| abel (val ueName{x});
yl abel (val ueName{y});
end

F. OPTINTERP

%  OPTI NTERP I nterpol ates optical paraneters.

% OPTINTERP(f1, f2, r) Interpolates the optical parameters found in
%fl.mt and f2. mat with a ratio of r and returns the wavel, n

% and k of the result.

% (c) 2002 by P. M chal opoul os

function [wavel, n, k] = optinterp(file2, filel, ratio)

% Load optical paraneters for material 1
load(['Data\' filel '.mat'])

wavel Compl = ev2unm(eV);

[nCompl kCompl] = e2nk(el, e2);

% Load optical parameters for nmaterial 2
| cad(['Data\' file2 '.mat'])

wavel Conp2 = ev2um(eV);

[ nConmp2 kComp2] = e2nk(el, e2);

% Perform sinple interpolation

wavel Result1l = wavel Conpl,;

nResult = nConpl*(1-ratio) + nConp2*rati o;
kResult = kConmpl*(1-ratio) + kConp2*rati o;
kResultl en = | engt h(kResul t);

wavel Result = wavel Conpl;

% Locate the area where only k1 or k2 is zero
kConmp2ch (kComp2 ~= 0);

kConmplch (kCompl ~= 0);

kResul tch = xor (kConp2ch, kConmplch);

area = find(kResultch);

areal en = length(area);

% | npl enent correction in material 2
kComp2ch = kConp2;
i ndex = find(~kConp2ch);
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kComp2ch(index) = [];

kComp2chl en = | engt h( kConp2ch);

kComp2ch = kConmp2ch(kConp2chl en - arealen + 1 : kConp2chl en);

wavel Conp2ch = wavel Conp2;

wavel Conmp2ch(index) = [];

wavel Conmp2chl en = | engt h(wavel Conp2ch) ;

wavel Conmp2ch = wavel Conp2(wavel Conp2chl en - ar eal en + 1
wavel Conmp2chl en);

% | npl enent correction in nmaterial 1

kComplch = kCompl;

i ndex = find(~kConplch);

kComplch(index) = [];

kComplchl en = | engt h(kConplch);

kConmplch = kConplch(kConplchlen - arealen + 1 : kConplchlen);
wavel Comrplch = wavel Conpl,;

wavel Complch(index) = [];

wavel Complchl en = | engt h(wavel Conmplch);

wavel Conmplch = wavel Conpl(wavel Conplchl en - ar eal en + 1
wavel Conplchl en);

% Conbi ne corrections
kResultch = kConmplch*(1l-ratio) + kConp2ch*rati o;

% Snoot h- out result
kResultchl = kResultch(1);
[h index] = min(abs(kResult - kResultchl));

ratio = linspace(0, 1, arealen);
kResult(index + 1 : index + arealen) = kResultch.*ratio + kResult (i ndex
+ 1 : index + arealen).*(1-ratio);

kResult (i ndex + arealen + 1 : kResultlen) = kResult(index + arealen + 1
kResul t| en) *0;

wavel = wavel Resul t;
n = nResul t;

k = kResul t;

F. EV2UM

% EV2UM Converts photon energy (eV) into wavelength (um.
% (c) 2001 by P. M chal opoul os

function um = ev2um ev)

h = 6.6260755e- 34;

eV = 1.60218e-19;
c = 2.99792458e8;

ev = ev * eV,

f = ev /| h;

wavel = c¢ ./ f;
um = wavel / 1le-6;
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G. UM2EV

% UMEV Converts photon wavel ength (um) into energy
% (c) 2001 by P. M chal opoul os

function ev = unmev(um

h = 6.6260755e- 34;

eV = 1.60218e-19;
c = 2.99792458e8;

wavel = um * 1le-6;
f =c ./ wavel;

ev = h * f;

ev = ev ./ eV,

H. E2NK

% E2NK  Convert the el, e2 pairs into n, k pairs.
%[n K] = E2NK(el, e2)

% (c) 2001 by P. M chal opoul os

function [n,k] = e2nk(el, e2)

ap = (el + sqrt(el.”2 + e2.72)) | 2;
an = (el - sqrt(el.”2 + e2.72)) | 2;
app = ap >= 0;
anp = an >= 0;
err = (app < 0) & (anp < 0);
err = sumerr);
if err ~=0
di sp(' ERROR! ')
end

a=ap .* app + an .* anp

=}
1

sqrt(a);

X
1

e2 ./ (2 * n);
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