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Zusammenfassung (Summary in German)

Wiéhrend der Energieverbrauch in Europa und den USA nur noch langsam wichst, steigt
der Verbrauch in Schwellenldndern wie China, Indien und Afrika stark an. Dabei steigt
pro Jahr der Primérenergieverbrauch der gesamten Erdbevolkerung durchschnittlich um
1.8 %. Bis 2040 wird also ein Primérenergieanstieg von 40 % erwartet. Auf der anderen
Seite, fithren die hohen Umweltbelastungen durch den COs Ausstofl der Automobile
sowie ein erhohtes Umweltbewusstsein beziiglich des Klimawandels zu immer gréflerem
Interesse an Elektromobilitdt und alternativer Energiegewinnung. Aufgrund dessen, wird
der Strombedarf voraussichtlich stédrker wachsen als der Primérenergiebedarf. Wahrend
die CO9 neutralen Atomkraftwerke erhebliche Probleme mit nuklearem Abfall und End-
lagerung haben, ist die Kernfusion von der kommerziellen Nutzung noch 30-50 Jahre
entfernt. Aufgrund dessen ist die Nachfrage nach erneuerbaren Energien in den letzten
Jahren weiter gestiegen und wird auch in den nachsten Jahren steigen miissen, um den
Energiebedarf nachhaltig decken zu kénnen. Auch die Entwicklung im Bereich der Satel-
liten (Hochleistungs-Satelliten und steigende Zahl von Kleinsatelliten) fithrt zu hoherem
Strombedarf im Weltall und dementsprechend zu einem erhéhten Bedarf an Stromquellen
mit hohen Leistungsdichten.

All die oben genannten Probleme und Herausforderungen kénnen mithilfe von hocheffizien-
ten Solarzellen gelost werden. Ein Ansatz fiir solche ist eine Mehrschichtsolarzelle, die
aus vier unterschiedlichen, iibereinander gewachsenen Materialien besteht. Wahrend das
Wachstum drei dieser Materialien gut kontrolliert werden kann (GaAs, (GasgyInsgy )P
und Ge), sind die bei der Herstellung der nétigen 1eV Schicht in MOVPE entstehenden
Probleme noch nicht gelost. Hier schliefit die vorliegende Arbeit an und stellt einige

Losungsansétze fiir diese Probleme vor.

Diese Arbeit behandelt den gesamten Zyklus von der Synthese iiber die Untersuchung der
Prékursoren beim Wachstum unterschiedlicher Halbleiter wie Ga(NAs), (Galn)(NAs) und
Ga(NAsSb) bis hin zur Herstellung von Solarzellen auf Basis des erworbenen Wissens.

Zu Beginn wurde ein neuer Préakursor, das DTBAA, im Vergleich zum etablierten Prakursor
(UDMHy) beim Ga(NAs) Wachstum untersucht. Hierbei wurde festgestellt, dass die N
Einbaueffizienz bei DTBAA um einen Faktor von 15 - 20 hoéher ist als beim UDMHy.



vi Zusammenfassung (Summary in German)

Weiterfiihrende Experimente mit (Galn)(NAs) zeigten auch hier eine 60 - 80 mal héhere N
Einbaueffizienz im Vergleich zu UDMHy. Dieses Verhalten ist darauf zuriickzufithren, dass
der N Einbau im (Galn)(NAs), welches mit UDMHy hergestellt wurde, extrem reduziert
wird, wenn zusétzliches TMIn angeboten wird. Dieses Verhalten wurde in Verbindung mit
DTBAA nicht beobachtet.

Der DTBAA Préakursor wurde im Verlauf dieser Arbeit sechs mal hergestellt, mit jeder
Herstellung wurde eine Verbesserung der Prakursorqualitdt angestrebt. Aufgrund dessen
wurde mit jedem neuen DTBAA Prékursor eine O und C Untersuchung an Ga(NAs) und
(Galn)(NAs) Strukturen durchgefithrt. Diese zeigte eine deutliche Reduzierung des O
Gehalts, wihrend nur eine geringe Anderung des C Gehalts beobachtet wurde. Gleichzeitig
wurde TMIn als eine Quelle fiir C Einbau identifiziert, da der C Gehalt sich vom Ga(NAs)
zu (Galn)(NAs) um den Faktor zwei erhohte.

Es wurden daher weiterfithrende Experimente, mit dem Ziel den C Einbau zu reduzieren,
durchgefiihrt. Hierzu wurde zum DTBAA gewachsenen (Galn)(NAs) zusitzliches TBAs
hinzugefiihrt, um mittels eines erhdhten V/III Verhéltnisses den C Einbau zu reduzieren.
Im Folgenden wurde der als C Quelle identifizierte TMIn Prakursor durch TIPIn, eine
alternative In Quelle, substituiert. Beides fiihrte zu einer C Reduktion in DTBAA
gewachsenen (Galn)(NAs) Schichten.

In (Galn)(NAs) Schichten, die mit UDMHy hergestellt wurden, ist die Hohe des C Einbaus
weiterhin ein Problem, welches die Qualitiat des Solarzellen-Materials reduziert. Dies-
beziiglich wurden Experimente mit zusitzlichem TMSb durchgefithrt. In diesem Fall
wurde TMSb als sogenannter surfactant verwendet, um den C Einbau zu reduzieren.
Entgegen den Erwartungen wurde kein positiver Effekt des TMSbs auf den C Einbau
beobachtet. Vielmehr wurde die Herstellung vom (Galn)(NAs) Material noch schwieriger,
da das zusdtzliche TMSb den N Einbau stirker reduziert als bereits fiir TMIn beobachtet.
Ein weiteres Material, welches mittels DTBAA hergestellt wurde, ist das Ga(NAsSb).
Dieses Material wird als eine mogliche Alternative zu einer 1eV (Galn)(NAs) Schicht
gitterangepasst auf GaAs diskutiert, konnte jedoch bis zur vorliegenden Arbeit nicht mit
konventionellen Prakursoren mittels MOVPE hergestellt werden. In DTBAA gewachsenem
Ga(NAsSb) wurde eine Reduktion des N Einbaus festgestellt, die jedoch um Groéfenord-
nungen niedriger war als in Verbindung mit UDMHy. Aufgrund dessen konnte zum
ersten Mal eine 1eV Ga(NAsSb) Schicht gitterangepasst auf GaAs hergestellt werden.
Leider zeigten die SIMS Untersuchungen einen hohen O Einbau, der die Qualitit der
optoelektrischen Eigenschaften des Halbleiters reduzierte. Weitere Experimente miissen
mit einem gut aufgereinigten Préakurser folgen, um das Potential des Ga(NAsSb) Materials

mit (Galn)(NAs) vergleichen zu konnen.

Mit dem in dieser Arbeit erzielten Ergebnissen wurden fiinf unterschiedliche Solarzellen
hergestellt, zwei basierend auf UDMHy und drei auf DTBAA. Dabei wurde festgestellt,
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dass mit UDMHy hergestellte Solarzellen stets die besseren Charakteristika aufwiesen.
Das ist darauf zuriickzufithren, dass der O Einbau in den DTBAA basierten Solarzellen um
GroéBenordnungen héher ist. Innerhalb der mittels DTBAA hergestellten Solarzellen fiihrte
der reduzierte C Einbau nur zu geringfiigigen Verdnderungen, da die Materialqualitit
aufgrund des vorhandenen O stark leidet.

Durch die Simulation der EQE konnte die aktive Schichtdicke sowie Diffusionsldnge
der Minoritatsladungstrager abgeschétzt werden. Hierzu wurden die besten Solarzellen,
eine basierend auf UDMHy und die andere basierend auf DTBAA, ausgewéhlt und
gegeniibergestellt. Dabei wurde festgestellt, dass die UDMHy Solarzelle einen aktiven
Bereich von ca. 400 nm und eine Diffusionsldnge von ca. 300 nm aufweist. Im Vergleich
dazu weist die mittels DTBAA hergestellte Solarzelle eine aktive Dicke von nur 180 nm
und eine Diffusionslénge von nur 60 nm auf.

Experimente mit TIPIn anstelle von TMIn zeigten, dass die Voc der damit hergestellten
(Galn)(NAs) Solarzellen erhoht werden kann. Gleichzeitig wurde eine Reduktion der
Stromdichte beobachtet. Diese kann jedoch mit dem fluktuierenden In Gehalt, der mit
TIPIn beobachtet wurde, erklirt werden.

Die Ergebnisse dieser Arbeit zeigen, dass der DTBAA Prékursor ein hohes Potential hat
die Qualitat des (Galn)(NAs) Wachstums zu verbessern und den etablierten Prakursor
UDMHy zu ersetzten. Fiir einen grofifiichigen Einsatz von DTBAA muss zundchst der
O Einbau durch den Prékursor um zwei bis drei GroBlenordnungen reduziert werden. In
Kombination mit TTPIn und TBAs kann ein sehr niedriger C Einbau realisiert werden. In
diesem Fall miisste die Ursache der In Fluktuation evaluiert und behoben werden.

Das Ga(NAsSb), eine Alternative zu (Galn)(NAs), wurde erstmals in der MOVPE durch
DTBAA erméglicht. Weitere Experimente mit diesem Material sowie die Herstellung von
Ga(NAsSb) und (Galn)(NAsSb) Solarzellen miissen in Zukunft mit hochreinem DTBAA
durchgefiihrt werden, um das Potential des Priakursors auszuschépfen und einen realen

Vergleich zu etablierten (Galn)(NAs) Solarzellen zu erméglichen.
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CHAPTER 1

Introduction

The energy consumption of the earth’s population is greatly increasing'. While the
energy use in MWh/capita value is around 40 in the EU and 80 in the USA, China
(18 MWh/capita), India (6 MWh/capita) and Africa (7 MWh/capita) still have a lower
energy consumption?. Given that around half of the world’s population is based in these
latter three areas and that the economic growth in China and India in particular is very
rapid, the need for higher energy will grow significantly in the future. The average growth
of global primary energy consumption over a ten year period is 1.8 %3. Consequently, the
demand for primary energy is expected to increase worldwide by around 40 % until 2040.
At the same time, climate change as well as air pollution in cities are becoming more
dramatic due to fossil fuels. The development in the automotive industry towards electric
cars will increase the demand for electricity even more. All these developments urge for
environmentally sustainable energy sources. Nuklear energy, as a C'Os neutral energy
supply has major drawbacks: nuclear waste disposal, which needs to be storaged costly,
and no deep geological repository has been found as of today. The potentially less harmful
fusion reactor is still 30 - 50 years away from commercial use®®. Therefore, a sustainable
energy supply must be developed on the basis of renewable energies like wind power,
hydropower, bio energy and solar energy.

Additionally, development in the satellite industry, especially research satellites as well as
the Mars expeditions, demand an energy source with a high energy production to weight
ratio.

Hence, the development of commercially competitive solar cells with conversion efficiencies
of around 50 % would address the environmental sustainability issues as well as the
extraterrestrial energy supply issue. One approach is the fabrication of a four junction
solar cell consisting of 0.7, 1, 1.42 and 1.85eV materials®. Gallium indium nitride arsenide
((Galn)(NAs)) as well as gallium nitride arsenide antimonide (Ga(NAsSb)) are the two
materials discussed as a 1eV material. So far, no sophisticated solar cell growth process
was achieved with metalorganic vapor phase epitaxy (MOVPE), as precursor induced

interactions and incorporation of parasitic atoms deteriorate the (Galn)(INAs) as well
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as Ga(NAsSb) material quality. The nitrogen (N) incorporation in (Galn)(NAs) was
observed to decrease by 75 % in comparison with gallium nitride arsenide (Ga(NAs)) when
alloyed with 8% indium (In)”. The N incorporation decrease is even more dramatic when
alloying Ga(NAs) with antimony (Sb). This is the reason why no 1eV Ga(NAsSb) material
was realized by MOVPE as of yet. Therefore, novel precursors, namely di-tertiary-butyl
arsano amine (DTBAA) and di-tertiary-butyl antimony tertiary-butyl amine (DTBSbTBA)
were synthesized by the chemistry department of the Philipps-Universitiat, Marburg and

investigated in this work to evaluate the potential for dilute N growth.

This thesis is structured as follows: the precursor synthesis and fundamentals of the
materials and solar cells will be described in Section 2. In Section 3 the experimental
investigation methods and solar cell investigation procedure will be discussed. The results
of this work will focus on the 1eV material (Galn)(NAs) and will also discuss the growth
of Ga(NAsSb) material. The growth of Ga(NAs) with DTBAA will be presented in Sec-
tion 4.1, followed by the (Galn)(NAs) growth in Section 4.2. Here, several approaches will
be discussed: DTBAA grown (Galn)(NAs), (Galn)(NAs) growth with Sb as a surfactant
and tri-iso-propyl indium (TIPIn) for carbon (C) incorporation reduction. Section 4.3
focuses on Ga(NAsSb) grown with either DTBAA or DTBSbTBA. Finally, solar cell

results will be discussed in Section 5.

As this work is written in a cumulative form the published data will be summarized only.
Corresponding sections are marked with an asterisk (*). Unpublished data is presented in

more detail.



CHAPTER 2

Novel Precursors and Investigated Materials

Chapter 2 will give an overview of the investigated materials and explain the demand for

novel precursors, which have been investigated in this work.

2.1 Synthesis of Novel Precursors

The most recent important innovation in precursor development for III/V semiconductor
growth was the invention of tertiary-butyl arsine (tBuAsH,, TBAs) in 1987%. This
precursor step by step substitutes arsine (AsHs). TBAs is not only less toxic? !, but it

°C,1214 enabling arsenic (As) based

also decomposes at growth temperatures below 650
low temperature MOVPE.

Challenging materials like dilute nitrides require special growth conditions such as low
temperatures going along with low intrinsic doping densities as well as high growth rates
for commercial use. Commercial precursors do not always meet the demands for these
specific growth conditions. The substitution of ammonia (NH3) by 1,1-dimethylhydrazine
(HoNN(CHs)2, UDMHy) shifted the investigation focus on N related problems, such as
unintentional C incorporation and low N incorporation efficiency. Only small progress
was achieved in this field as of yet. A further development in the search for a solution
for N related problems is the invention of novel N precursors. In the past, several
precursors like hydrazine, tertiary-butyl amine, n-Butyl amine, di-isobutyl amine, allyl
amine, cyclopentyl amine, aniline, benzyl amine, nitrogen trifluoride were investigated.
However, no advantages in comparison with the established N precursor was found 12:13:15-20,
Tertiary-butyl hydrazine (tBuNHNHs, TBHy), which has an N incorporation efficiency
five times higher than UDMHy”, is discussed as a potential N precursor. Unfortunately
the purity requirements have not been fullfilled so far!'”. Therefore, novel and innovative
precursors for I11/V materials are still of great interest, as the choice of the precursor
strongly affects the growth characteristics and ultimately the material quality?!.

The novel precursors should be liquid and show a sufficient vapor pressure, which should

optimally be higher than 10 mbar for group V and higher than 1 mbar for group III ele-



4 2 Novel Precursors and Investigated Materials

ments?? 2%, For lower vapor pressures, different supply techniques like liquid injection?62?

are discussed. Further challenges for the precursor synthesis include the demand for an
enormously high purity (>9N). This high level of purity must go along with high stability
at room temperature while ensuring full decomposition at rather low growth temperatures
in a range between 400 and 600 °C. Furthermore, economical aspects must be taken into
account regarding the production costs, which include the synthesis, purification and
chemical waste disposal. In summary, precursor design and synthesis is challenging in
terms of the choice of ligands, purification requirements and economical aspects. We
tackled these problems, in cooperation with the research group of Prof. Dr. von Hénisch
and Dr. Benjamin Ringler from the chemistry department of the Philipps-Universitit Mar-
burg. While they carried out the synthesis and purification of DTBAA and DTBSbTBA
molecules, our working group was investigating the growth characteristics as well as the

potential for the MOVPE growth of these precursors.

2.1.1 Di-Tertiary-Butyl Arsano Amine (tBusAsNH,, DTBAA)

For the synthesis of the novel N precursor, di-tertiary-butyl arsano amine (tBugAsNHo,
DTBAA), depicted in Figure 2.1 a), firstly tertiary-butyl (¢Bu) groups need to be attached
to commercially available AsCls3. The so-called Grignard Reaction® shown on the left-
hand side of Equation 2.1 is utilized to synthesize the tertiary-butyl magnesium chloride
(tBuMgCl), which is needed for further alkylation. Therefore, magnesium (Mg) powder
and diethyl ether (Et2O) are placed in a flask equipped with a dropping funnel and a
condenser. The tertiary-butyl chloride (tBuCl), which serves as a tBu-source, is dissolved
in EtoO and added drop-wise via the dropping funnel over a period of 3.5 hours. The Mg
inset between the tBu group and the chloride results in the formation of tBuMgCl.

In the next step, a two-fold substitution of arsenic trichloride (AsCls) is carried out.
Therefore, the Grignard solvent was added over a period of 3h drop-wise to the AsCls-
Et20 solution at 0°C. This suspension was stirred for 13 h and slowly warmed to room
temperature within 5hours. Hereby, di-tertiary-butyl arsano chloride (tBuaAsCl) and
magnesium chloride (MgCls) are formed (cf. Equation 2.1 right). The solid MgCly is
filtrated off in order to obtain a clear solution of tBusAsCl in Et9O. The solvent was
removed under reduced pressure conditions. tBuoAsCl was obtained as a colorless oil after

purification by fractional distillation with a yield of 77 %.

Grignard Reaction

tBu
tBuCl + Mg ——> tBuMgCl ; AsCl; + 2 tBuMgCl ——> As —Cl +2 MgCl, ¥ (2.1)
Et,0 0 gy
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For the ammination, tBusAsCl is dissolved in EtoO and cooled down to 0°C. An excess
of NHj is passed through the solution. The NH3 reacts with tBuyAsCl and forms DTBAA

as well as ammonium chloride (NH4Cl):

Bu_ Bu_
As-Cl+2NH, ——> As —NH, + NH,Cl ¥ (2.2)
tBu B0 gy

The NH4Cl is filtered off and the EtoO removed under reduced pressure conditions. In the
next step the DTBAA is purified by fractional distillation. A further distillation is done in
order to bottle the precursor directly into a bubbler (cf. Figure 3.1). Detailed descriptions

of the synthesis were published by Scherer et al.3!, Sterzer et al.3? as well as Ringler et al.33.

Figure 2.1: Schematic 3D representation of the three alternative molecules utilized in this
work: a) DTBAA b) DTBSbTBA ¢) TIPIn

2.1.2 Di-Tertiary-Butyl Antimony Tertiary-Butyl Amine (¢Buy;SbN(H)tBu, DTBSbTBA)

To achieve the synthesis of di-tertiary-butyl antimony tertiary-butyl amine (tBuaSbN(H)tBu,
DTBSbTBA) (depicted in Figure 2.1 b)), the reactant di-tertiary-butyl antimony chlo-
ride (tBugSbCl) must be synthesized.

This synthesis is performed similarly to the tBusAsClI reactant described in Section 2.1.1.

The detailed synthesis is described in more detail by Benjamin Ringler33:34:
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Grignard Reaction

tBu
tBuCl+ Mg ———> tBuMgCIl ; SbCl; + 2 BuMgCl —> Sb — Cl + 2 MgCl,{ (2.3)
Et,O Et,O BuY

The tertiary-butyl amine (tBuNH3) does not react with tBuaSbCl, and a metallisation
of the amine must be performed. Hereby, normal-butyl lithium (nBuLi) dissolved in
normal-pentane (nPentane) is added drop-wise to a tBuNHj solution which is at -20°C,

diluted with nPentane, leading to tBulNLi and gaseous nButane:

H
nBuLi + tBuNH, ——> tBuN’  + nButane?t (2.4)

nPentane “Li

In the following step, tBusSbCl dissolved in nPentane is added drop-wise to the tBuNLi-
nPentane solution at 0°C. This leads to DTBSbTBA and lithium chloride (LiCl) elimi-

nation:

tBu\ H tBu\ /tBu
Sb - Cl + tBuN — Sb-N_  +LiCl} (2.5)
tBu Li nPentane tBu H

Lastly, the LiCl is filtered off, and the nPentane is removed under reduced pressure.
Purification by fractional distillation yields DTBSbTBA as a colorless oil with a yield of
81 %.

2.1.3 Tri-Iso-Propyl Indium (iPrsln, TIPIn)

The synthesis of tri-isopropyl indium (iPr3In, TIPIn) (Figure 2.1 ¢)) is also performed via
Grignard Reaction. In this case, iso-propyl chloride (iPrCl), Mg and Et,O are utilized to
synthesize the iso-propyl magnesium chloride (iPrMgCl). The iPrMgCl is subsequently
added drop-wise to indium(III) iodide (Inl3), dissolved in Et2O. This reacts with TIPIn

and magnesium chloride iodide (MgClI) elimination:

Grignard Reaction iPr
\
iPrCl + Mg ? iPrMgCl  ;  Inl; + 3 iPrMgCI T In —iPr +3 MgCll ¥ (2.6)
2 2 /
iPr

The solids were filtered off, and the purification of TIPIn is carried out by distillation.

Detailed syntheses are described by Neumueller®® and Hoffman36.
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2.2 Fundamentals of Investigated Materials

In this section, an overview of the investigated materials will be given. Firstly, the physical
background will be discussed in order to explain fundamentals, which are required for
a detailed understanding of the following sections. Further sections will introduce each
material system individually, beginning with the host material gallium arsenide (GaAs) and

subsequently discussing the effects of the incorporation of In, N and Sb into the host matrix.

All materials investigated in this thesis are of a crystallin zinc blende structure. This
111

structure consists of two face centered cubic (fcc) crystals shifted by (7,7,7) of the lattice
constant in respect to each other3” 3%, Each of these fcc structures is occupied either by a
group IIT or a group V atom. In contrast to the energy states in a single atom, the energy
levels around the valence electrons in a periodically arranged crystal are not discrete. The
periodicity of the atoms in combination with valence electron interaction due to small
distance leads to a splitting of the discrete energy levels and therefore to the formation
of a quasi continuous band of energy states. These so-called energy bands are one of the
main characteristic of crystals3”39. The highest band which is occupied by electrons at
T = 0°C is called the valence band (based on valence electron), whereas the subsequent
band is referred to as the conduction band. The configuration of these two bands defines
the optical and electrical properties of a crystal. The energy gap between the valence and
conduction band is referred to as band gap. An other important value for describing a
semiconductor is the Fermi Level 3739 (Efperms). It is defined by the energy up to which all
energy states are filled at 7' = 0 K. Hereby, Fermi Dirac statistics?%4! describe the energy
distribution dependent on temperature, taking into account the density of states. In a
perfect crystal, no energy states are available between the bands. Nevertheless, crystal
defects and impurities (e.g. O, C) result in localized energy states within the band gap.
Consequently, the Epeqm; as well as the material properties are changed.

Materials with a fully filled valence band and an empty conduction band are either
semiconductors (Eyq, < 4eV) or insulators (Eyqp = 4eV). If the valence band is
not fully filled or the conduction band overlaps with the valence band, the material is
considered to be a metal.

The left part of Figure 2.2 shows an overview of the band gap in real space with some
doping and defect energy states. A shallow defect level is located in close proximity to
the band gap edges and strongly affects the semiconductor electron and hole transport
properties. This effect is used to tailor the electrical properties of semiconductors and is
referred to as doping. When substituting an atom with an atom of higher valency, the
excess electron has only a weak bond to the positively charged atomic nucleus. This weakly
bound electron needs only a small amount of energy to be exited to the conduction band.
This so-called n-doped semiconductor has a defect energy level close to the conduction

band. Semiconductors which are p-doped have an additional energy level in the band
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Figure 2.2: Band structure in real as well as reciprocal space. Several defect states are
shown in the real space plot for a schematic overview.

gap close to the valence band edge. This kind of doping is achieved by substituting
a host atom with an atom of lower valency, inducing an absence of an electron, also
referred to as hole, and therefore an energy state within the band gap. Typical doping
densities are in the range of 10*® - 10'® atoms/cm3, whereas the typical material den-
sities are around 10%? atoms/cm?. Deep level defects such as oxygen (O) in GaAs are
close to the band gap center and act as non-radiative recombination centers*> 6. Para-
sitic C incorporation occurs in different material systems due to the nature of MOVPE.

This effect was investigated in detail for GaAs by Jiang et al.%” as well as other groups®51.

The band structure in reciprocal space38:52:53

, which is depicted in Figure 2.2 on the
right-hand side, contains additional information on a semiconductor. The relative location
of the conduction band maxima and minima defines the semiconductor as either direct or
indirect. In a direct semiconductor the absolute valence band maximum and the absolute
conduction band minimum are both at k = 0 (I" point). If the absolute conduction band
minimum is not allocated at £ = 0 (dotted parabola), additional phonons (Ak) are needed
for the electron transition to fulfill momentum conservation®%°>. This in turn, decreases
the light matter interaction probability in comparison with a direct semiconductor because
an additional quasi particle is required for this process. Therefore, direct semiconductors
such as GaAs, gallium antimonide (GaSb) and indium arsenide (InAs) are more favorable
in terms of optoelectronics. Silicon (Si), germanium (Ge) or gallium phosphide (GaP) are
examples for indirect semiconductors. The curvature of the bands in the vicinity of £k = 0

is approximated by the parabolic function F = Zfrlff . This concept takes the environment
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of the electrons in the semiconductor into account and combines these influences into the
effective mass. The effective electron mass is usually lower than the effective hole mass.
This can be estimated by the curvature in the vicinity of £ = 0 of the bands plotted in
k-space. The effective electron mass increases with higher band gap®, as seen in Table 2.1.
Due to a higher electron density and therefore more interactions, the band structure of the
filled valence bands is more complex than the structure of the conduction band®%. On
the right-hand side of Figure 2.2, the heavy hole band has a lower curvature in comparison
with the light hole band, indicating a higher effective mass for the heavy hole band. A
further band is the so-called spin-orbit split off band. This band emerges from the electron
spin interaction with the atomic nucleus and therefore strongly depends on the atomic

mass, which is connected to the atomic number®’.

3.5 . , @ Direct Semiconductor
Q Indirect Semiconductor
r .GaN —— Bowing (Direct Band Gap)
------ Bowing (Indirect Band Gap)
3.0 Bowing (Cacwmg 16.2 eV) Ga(NAs)
——Band Anti Crossing Ga(NAs)
25} AIP |
> éGaP
@ - AlAs
g 20Ff ‘
O
2
o 1.5
m
10 F
0.5
0.0 . 1 L 1

44 48 52 56 60 64
Lattice Constant [A]

Figure 2.3: Band gap vs. lattice constant plot for direct and indirect monocrystalin and
V/III semiconductors. Lines represent the ternary combination possibilities of the connected
binary materials. Dotted line stands for indirect and straight line for direct semiconductor.
The BAC calculation for a fix band bowing is shown in orange. Real band gap vs. lattice
constant behavior is shown in red.

Gallium Arsenide

Since all experiments discussed in this thesis are based on the gallium arsenide (GaAs)
host matrix, an insight into this material is given in the following section. GaAs is a
widely used III/V semiconductor with a direct band gap of 1.422eV and a lattice constant
of 5.65325 A (zink blende structure) at room temperature. Several applications in the
optoelectronic field, i.e. light emitting diodes (LEDs) and light amplification by the
stimulated emission of radiations (LASERs)®® or solar cells®®, were realized using GaAs

as a host material between 1962 and 1970. Furthermore, GaAs is utilized in various kinds
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60-62

of transistors . Due to its popularity and the fact that the manufacturing process

is established at very high quality, GaAs wafers are broadly available for a subsequent
overgrowth with different kinds of III/V materials. A detailed description of GaAs
can be found in literature%.

arsenide ((Galn)(NAs)) and Ga(NAsSb) growth on GaAs.

This work focuses on Ga(NAs), gallium indium nitride

Compound semiconductors, GaAs alloys

When alloying GaAs with InAs or gallium nitride (GaN), the characteristics of these
materials begin to intermix. While the lattice constant can be linearly interpolated
between two binary materials (Vegard’s Law%?), band structure changes are more complex
(cf. Eq 2.7). Figure 2.3 shows the band gap vs. lattice constant plot. This graph holds a
tremendous amount of information for the binary III/V materials as well as their ternary
alloys. Direct semiconductors are represented with solid lines, indirect ones with dotted
lines. Selected material properties are summarized in Table 2.1, including the band
gap values and lattice constants which are needed to calculate the characteristics of a
ternary compound. The gallium indium arsenide ((Galn)As) material is realized
by combining GaAs and InAs. (Gaj_zIn;)As material with an x(In) of 0.01 exhibits
properties close to GaAs. The band gap and lattice constant shift towards the InAs
characteristics with a higher content of In. As mentioned above, the band gap does not
change linearly with the composition, as seen in Equation 2.7. Therefore, the connecting

lines in Figure 2.3 between the binary materials are bent.

Egap(MlA—fo) =(1- m)Egap(MA) + ngap(MB) —z(l - CC)Cbowing (2.7)

Binary Material GaAs InAs GaN GaSb

Eqap [€V] 1422 | 0354 |34 0.727
alatice [A] 5.65325 | 6.0583 | 4.52 | 6.0959
m? [mo] 0.067 | 0.026 |0.13 | 0.039
m}, [001] [mo] 0.350 | 0.333 | 0.8 0.250
m; [001] [mo] 0.090 | 0.027 |0.21 0.044

e [em2V=1s71 || < 8500 | < 40000 | < 1000 | < 3000
phn [em?V=ts71 || <400 | < 500 <200 | < 1000

Table 2.1: Semiconductor properties from Vurgaftman% and Ioffe Institute

Consequently, Cpowing is an empirical material parameter which must be determined
experimentally for each material combination. Cpoying Was determined to be 0.45 -
0.5eV% for (Galn)As. The Eyqp decreases, while ajq41ice increases with higher In content.
An In content of around 8 % is needed for the solar cell material in order to reduce the
Egqp by 130 - 140 meV, leading to an Ey,), of around 1.28 - 1.29eV. Figure 2.4 depicts the
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valence and conduction band bowing independently. (Galn)As shows only small changes

in the valence band but has a rather strong influence on the conduction band.

2 o/ /- T T T
I o l I - O - Conduction Band Minimum I
GaN GaA —=— Valence Band Maximum Gagb_
< .| X . |
2, Tl GaSb
= R a
@ InAs "
" —n
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g T Ga(ASoA94Sbvos) )
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Figure 2.4: Valence and conduction band shift dependent on to the compositionally induced
lattice constant for the materials of interest. Y-axis represents the band offset values with
respect to GaAs valence band maximum. Sb has a stronger effect on the valence band than In,
while In has a stronger effect on the conduction band. The N affects mostly the conduction
band due to BAC. Data obtained from Vurgaftman®°.

The gallium nitride arsenide (Ga(INAs)) is realized by alloying GaAs with N. In a
first order approximation, Ga(NAs) material would have an increasing band gap with
higher N content. Experiments, however, have shown the opposite behavior. Several
groups were investigating Ga(NAs) to determine the Cpoyping. First experimental constants
were determined to be in the range of 11 - 25eV %773 leading to an unobserved negative
band gap. This transition is shown in Figure 2.3 for Cpoying = 16.2eV to be between
11% and 77 % N (orange line). The description of N to be an isoelectric impurity, leads
to a more precise theory. As the lattice constant of GaN is small in comparison with
the GaAs lattice, strong local strain fields are introduced in dilute nitrides. Furthermore,
the energy level of N in GaAs is calculated to be around 230 meV above the conduction

band edge ™7™ (

depicted schematically in Figure 2.5). This localized energy state (broad
in the reciprocal space) then interacts with the GaAs conduction band and leads to a
strong band gap reduction for dilute nitrides. The so-called band anti crossing (BAC)

74,7686 5 in a good agreement with the experiments for up to 15% N. The BAC

theory
trend is shown in Figure 2.3 as a red line. Figure 2.5 schematically shows the influence of
the N energy state on the GaAs band structure. The distance between conduction band
minimum and the localized state within the band is important as this distance affects the

so-called coupling parameter (3), a value which defines how strong the interaction and
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therefore, the band gap reduction, is. The coupling matrix element Vs depends on the
N content x8287:8 which explains the N related band gap reduction.
1
Vny = Bx2 (2.8)

Due to the repulsion of the dispersionless N energy level and the conduction band, two

bands occur: E; and E_.

En+iln+Em N (EN + iy — En)? + 48%x

5 + . (2.9)

Ey=

Zhang et al.®? as well as Hai et al.%® observed an unexpected strong increase of effective mass
for N contents in the area of 1.5 %. This effect is connected to the dispersionless defect level
of N. For a 3% Ga(NAs) sample, the
band gap reduction is around 270meV E
leading to a band gap width of around

—

1.1eV and a tensile strain with respect /
to GaAs. This material is then used GaAs Conduction\‘ ',"
in combination with 8% (Galn)As to Band T
achieve a 1eV material. Figure 2.4 Y E.
shows the Ga(NAs) band offsets to GaAs.
There is no consensus on the exact
band offsets for Ga(NAs) in the litera- AE,

ture.  Therefore, a maximum and min-

E4(Ga(NAs))

imum band offset is given. Neverthe- Light Hole Heavy Hole
Band Band

less, one clearly sees the strong reduc- ) .

Spin-Orbit
tion in the conduction band due to BAC Splitt Off Band
and rather small changes in the valence

band.

Figure 2.5: Schematic representation of the
band anti crossing. The energy level of N is
allocated within the GaAs conduction band.
The combination of two ternary materials al- Due to interaction, a band gap splitting occurs.
lows for the tunability of band gap and lattice constant independently. In the case of
gallium indium nitride arsenide ((Galn)(INAs)), one combines the properties of
(Galn)As and Ga(NAs). In Figure 2.3 the orange filled area schematically represents the
properties achievable with (Galn)(NAs). The quaternary material fulfills the requirements
of a 1eV material lattice matched to GaAs or Ge depicted as a star in Figure 2.3. In
quaternary materials, the band structure calculation is more complex. The coupling
parameter 5 depends on the semiconductor host material defining the E4 separation.

As seen in Figure 2.4, (Gag.92In0.08)As has a lower conduction band in comparison with
GaAs. This leads to a lower 3 and therefore, to a reduced E4 splitting in (Galn)(NAs)?!.

To achieve the 1eV (Galn)(NAs) solar cell material lattice matched to GaAs, a composition
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of 8% In and 3% N is needed?%%3. First (Galn)(NAs) structures were realized in the mid-
nineties? 97, Since then, the MOVPE and molecular beam epitaxy (MBE) communities
are improving growth conditions to increase the material quality*® 191, Typically, MBE
grown (Galn)(NAs) solar cells reveal higher conversion efficiencies'9271%, Secondary Ion
Mass Spectrometry (SIMS) measurements revealed the C incorporation in MOVPE grown
samples to be in the range of 10'7 - 10'® atoms/cm3, whereas no C was detected in MBE
grown samples (<106 atoms/cm?). This unintended C incorporation occurs through the
presence of residual C groups, which exist naturally in MOVPE reactors. The C atom
substitutes a group V atom and therefore, heavily p-dopes the host material.

For a functioning solar cell, a p-n junction is required (cf. Section 2.3). Therefore, high
quality n-doped (Galn)(NAs) material must be grown. This growth however, turns out
not to be trivial, as the intrinsic p-doping must be compensated in the first place before
the (Galn)(NAs) material shows n-doping. This huge dopant density affects the free mean
path of the carriers and in turn reduces the electric properties of the material. Furthermore,
dilute nitrides show N related defects in MBE and MOVPE grown samples %6109 where
Nas — Asgq defects as well as N interstitials (10!) are present 119112, N - N defects are
present as well, inducing deep level defects 13115, Post growth annealing was found to im-

prove the crystal quality, activating the dopants and improving the optical properties 116-119,

Another approach to improving the crystal quality is the surface active agent (surfactant)
effect. In this approach, the surfactant material is not intended to be incorporated into the
crystal. Instead, it segregates to the surface, substituting atoms, and affects the surface
reconstruction '?°"122 This thin film also induces an energy barrier: atoms which approach
the surface have to pass through the Sb film before incorporating into the crystal'?3. There
are two types of surface active materials: Type I surfactants increase the surface diffusivity,
whereas the type II surfactants decrease it!?37128. As N tends to agglomerate at the
surface during low growth rates or growth rate interruptions, a type II surfactant prevents

123,129~ Qeveral groups

130-143

this aggregation by reducing the diffusivity of N on the surface
reported on Sb as a surfactant for (Galn)As and other materials improving the
optoelectronic, crystalline and surface properties. Therefore, gallium indium nitride
arsenide: antimony ((Galn)(NAs):Sb) material was investigated and is presented in

Section 4.2.2.

A further possible combination for a 1eV material lattice matched to GaAs is gallium
nitride arsenide antimonide (Ga(NAsSb)). This quaternary material is a combi-
nation of Ga(NAs) and gallium arsenide antimonide (Ga(AsSb)) with a composition of
6 % Sb and 2.4 % N. In Figure 2.4, the band offsets of Ga(NAs) and Ga(AsSb) are marked
orange and magenta respectively. From this figure, on would assume that Sb does not
greatly influence the conduction band in comparison with the valence band, which was

validated by Kudrawiec et al.'%145 The lower N concentration in comparison with
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(Galn)(NAs) reduces the N related defects'? as well as the C incorporation 109146, So
far G'a(Nop.024A50.00165b0.06) was realized only by MBE. Strong N - Sb interaction debars
the growth of Ga(NAsSb) in MOVPE134147-154 " This was either ascribed to gas phase
interactions of metal organics or the V/V competition of Sb, N and As. Ga(NAsSb) results
are discussed in Section 4.3.

2.3 Fundamentals of Solar Cells

In this section the basic concepts, of solar cells will be explained. The solar spectrum,
maximum energy and limits of the current solar cells as well as theoretical limits will be

discussed. For detailed solar cell theory and further concepts the books of A. Luque !>

156

and H. G. Wagemanm *°° are recommended. The key principle of a solar cell is based
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Figure 2.6: Sun spectrum for the AMO as well as AM 1.5 condition is plotted. The extractable
energy in the case of the Si solar cell is schematically depicted.

on the light matter interaction discussed in Section 2.2 and 3.4. The electron-hole pair
generation due to incidenting light is called the photoelectric effect and was honored with
a noble prize in 1921 (Albert Einstein). For a detailed understanding of the concept of the
solar cell, one must discuss the energy source. In the first order approximation, the sun is
a black body radiator with a surface temperature of around 5800 K, emitting mainly light
from around 200 nm - 2000 nm '%°. In Figure 2.6, the solar spectrum is depicted. However,
the spectrum emitted from the sun is slightly different in comparison with the black body
radiation due to absorption in the photosphere of the sun. This spectrum, which can be
measured in space, is referred to as the air mass (AM) 0 spectrum. AM stands for the
amount of air between outer space and the earth’s surface. Hereby, AM is normed to the

distance perpendicular to the earth’s surface and calculated depending on the incidence



2.3 Fundamentals of Solar Cells 15

angle: x(AM) = 1/(cos(a)), where « is the angle between the impinging light and the
vertical direction.
In Germany the peak impinging angle varies between 20° (summer) and 60° (winter).
Consequently the AM value varies in the range of 1.06 to 2. On average over year, the
AM value is approximated with 1.5. This AM 1.5 spectrum is depicted in Figure 2.6. The
characteristic shape of the AM 1.5 spectra

. . . . Vq —_— [volh]
deviates strongly in comparison with the ' 4

0 20 30
AM 0 spectrum. This is connected to the [%] Gle Sli G;As G;P

Rayleigh scattering and light molecule inter- 30k
action (mainly Oz, HoO, Og, CO2). The
Rayleigh scattering is strongly depended on t

Detailed Balance
Limit

[0 .
the wavelength (~ A~™*) and therefore scatters 7 2

blue light stronger than red light, giving the I ]
sky its blue color. 10 ]
In Figure 2.6 the usable area of the AM 1.5 : 1
spectrum for a Si solar cell is depicted (white 0 R

. . . o 1.0 20 30 40
line). Only the light with an energy above Vg [voirs]

the Si band gap can be utilized for energy
Figure 2.7: Efficiency plotted vs. band gap

energy. Representative solar cells are plotted

wavelength) either passes the solar cell or inter- within the graph. Figure adapted from Wage-
157

mann-°’.

conversion. Light with lower energy (higher

acts with defect states and emits heat. Light
with higher energy as the band gap excites an electron into the conduction band over the
band gap edge. The electrons will decay to the band gap edge emitting heat (cf. Section 3.4
and 2.2). Therefore, only the light with the energy close above the band gap is utilized
efficiently, while higher energy leads to an increased heating of the solar cell.

The theoretically achievable efficiencies dependent on the band gap are plotted in Figure 2.7.
Some energy gap values for prominent semiconductor materials are shown as a comparison.

This so-called Shockley-Queisser-Limit 157

shows the theoretical limit for single junction
solar cells to be around 30 % for a illumination intensity of one sun®>1%6:158  This limit
can be increased with higher photon density, which is achieved by concentrating the solar
radiation by lenses'®®. The highest efficiencies for solar cells are predicted for materials
with a band gap between 1.0 and 1.5eV as shown in Figure 2.7. Subsequently, GaAs
(1.42eV) and Si (1.12¢eV) are candidates of high interest for single junction solar cells.
While GaAs has a direct band gap and better electrical properties than Si, it still is toxic
and more expensive than Si. Therefore, Si based solar cells are economically preferred
regardless of the fact that Si is an indirect semiconductor. The highest Si solar cell
conversion efficiencies of 26,6 % were achieved by the Fraunhofer Institute for Solar Energy
(ISE) 1%9. Further increase of solar cell efficiencies for pure Si solar cells is very difficult, as
the efficiencies achieved are very close to the theoretical limit.

To further increase the solar cell conversion efficiency, novel techniques are applied.
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Figure 2.8: Sun spectrum for the AM 0 as well as AM 1.5 condition is plotted. The theoretical
extractable energy in the case of the four junction solar cell is schematically depicted.

Stacking several semiconductor materials with different band gaps over each other leads
to an increased solar cell efficiency. Hereby, several approaches are investigated. While
solar cells produced by wafer stacking 60164 achieve 46.0 % conversion efficiencies 199165
it still is cost and time intensive, making this approach economically not sustainable.
Epitaxially grown layer stacks however, are generally easier to handle in terms of post

growth treatment. The two most relevant approaches, lattice matched epitaxy 147-166:167

and metamorphic growth 68,169

, are discussed in literature. Furthermore, perovskite and
organic solar cells are entering the market very aggressively. An overview of the solar cell
efficiencies in different categories is summarized by Green'®® and NREL .

The approach discussed in this work is the epitaxial growth of four different layers lattice
matched to Ge/GaAs. The inset in Figure 2.8 shows the concept of this solar cell. Hereby
gallium indium phosphide ((Galn)P), GaAs, (Galn)(NAs), and Ge are the layers which are
discussed for this four junction solar cell. In contrast to the light absorption of Si depicted
in Figure 2.6, one instantly sees the higher range of absorption of the sun spectrum for
the four junction solar cell solution (Figure 2.8). Marti et al.% calculated for this layer
combination a theoretical maximum conversion efficiency of around 50 %.

In this work, however, only the 1eV material grown on GaAs will be investigated, as the

growth of remaining materials of the layer stack is established.

A simple solar cell consists of one n- and p-doped material, the so-called pn-junction. In
Figure 2.9 the n- and p-doped material is depicted on the right and left sides. When
combining these materials, however, an electron and hole diffusion takes place due to the

adjustment of the Fermi Energy.
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Figure 2.9: Connecting the p- and n-doped material leads to a pn-junction. The Fermi
Energy adjusts to one level, leading to band bending in the junction region. Hereby, a depletion
region with an E-field forms due to carrier diffusion and carrier drift. Equilibrium state is
reached when diffusion current equals the drift current.

The carrier diffusion transports negative charge to the p-side and positive charge to the
n-side, forming an electric field which leads to a drift current with the opposite direction
of the diffusion current (Figure 2.9). Within this pn-junction, a carrier free zone, the
so-called depletion or space charge region, is formed. The width of this region can be

calculated for the equilibrium state as follows (equal drift and diffusion current):

1
2e0er (No+ Np 2
W ~ Ve =V 2.10
|2 (B2 - v) (2.10)
How far the depletion region reaches into the n- and p-side depends on the doping density
ratio:
N, A N D
=W —". =W—— 2.11
T NA Ny P NA+ Np (2.11)

The electric field, which is connected to the derivative of the band structure bending in
the real space, is the key for the charge carrier separation in a solar cell. Figure 2.10
shows how the electrons and holes are separated due to the electric field. For an efficient
solar cell, the mobility of the minority charge carrier is important (electrons in p-doped

and holes in n-doped). These minority charge carriers are likely to recombine with the
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counterpart, as there is an excess of the countercharge. Therefore, the lifetime as well as

the mobility of the minority charge carriers is of high importance.
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Figure 2.10: Band bending during illumination or external voltage (forward bias). In contrast
to the equilibrium state, the band bending is less pronounced. V; is the voltage either induced
by illumination or external voltage (dark current).

Due to illumination the solar cell is not in the equilibrium anymore. The generation of
additional charge carriers reduces the depletion region and therefore the band bending as
well as the E-field. As the Fermi Energy remains at its position in each p- and n-doped
material, a difference between these quasi Fermi Levels occurs (V;). The V; can be
measured with a potentiometer when in contact with the solar cell. The same band
bending is achieved when an external voltage is applied. Figure 2.10 depicts the change
of the band bending with either applied voltage or illumination. Figure 2.11 shows the
corresponding I'V-curves for the dark and illuminated case. In the dark case, the band
bends depending on the voltage applied. No current flows for low voltages, as the depletion
region acts as a barrier. This barrier, however, decreases with increasing voltage. At
a certain value, which is close to the open circuit voltage (Voc), the potential barrier
decreases so far that a current starts to flow. For the illuminated case, the IV-curve
is shifted to the fourth quadrant, meaning that negative current is flowing for forward
biased voltage which is the definition of energy generation. Several characteristic values

are defined for the illuminated case:
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o The open circuit voltage (Vo) is the voltage obtained under illumination when
all generated electron hole pairs are compensated by external power supply and

therefore no current is flowing (lowest band bending).

o The short circuit current (Isc) is the current obtained under illumination and an
external voltage compensates for the light induced voltage (band bending equal to

the one in equilibrium).

The power generated from the solar cell is

a product of voltage and current. There- ol

fore, no power is generated for the V as
> HOP & oc Dark Current MPF,

well as Igc condition. A good Voo value
is considered to be in the range of Eyqp -
400meV. The difference between Ey,), and ‘
Voc is also referred to as Wpe. The green _Va

plot in Figure 2.11 shows the power for a

given IV-curve dependent on the operating Shift Due To Illumination

voltage. The maximum power is generated

under MPP conditions which is achieved

at Vyee and L00- lse MPP

From these observations, IV-curves with

a rectangular shape allow for the highest
solar cell efficiency. The value to measure Figure 2.11: Dark current IV-curve (upper part)
the rectangularity is the so-called fill fac- and illuminated IV-curve (lower part). Due to sep-

tor (FF), which is defined as the quotient arated electron hole pairs, a negative carrier flow
’ is measured under illumination; power is gener-

of Vinazlmaez and Voclsc. A good FF is  ated. The highest output power is achieved under
considered to be in the range of 0.8 - 0.9. MPP conditions.

The shape of the IV curve can be simulated

with the so-called equivalent circuit shown in Figure 2.12 using the following equation:

q(V+IRg) 1) V + IRg

I=Th —1Iy <e AGFT = (2.12)
Sh

Hereby, Iy is the dark saturation current of the whole solar cell consisting of the recombi-
nation in the quasi neutral as well as the depletion region. The ideality factor (Ag) ranges
between 1 and 2 depending on whether the recombination dominates in the quasi neutral
region (1) or the depletion region (2). The serial resistor (Rg) and shunt resistor (Rgy,)
represent the deterioration of the solar cell.

The equivalent circuit consists out of the current generator (I's¢), two diodes, representing
the quasi neutral region (1) and the depletion region (2) and two different resistors (Rg

and Rgy). These resistors qualitatively represent several interactions within the crystal.
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1 2 \%
, R
I'sc Sh%

O

Figure 2.12: Diode 1 represents the recombination current in the quasi neutral regions, diode
2 represents recombination in the depletion region. The serial resistor (Rg) and shunt resistor
(Risp) represent crystal defects and the resistivity of the contacts. Figure obtained from %

While Rg is associated with metal contacts as well as transverse current flow within in

solar cell from its origin to the nickel (Ni) contacts, Rgj represents leaking of current.
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Figure 2.13: IV-curves for different resistor values. The effect of the Rg is shown in a) and
the effect of the Rgy, is shown in b). Figure obtained from1%5.

Hence, one always seeks for the lowest Rg value possible, which redues the Igo (Figure 2.13
a)) and an infinite Rgy,, which reduces the Voo (Figure 2.13 b)).

The correlation of measured and simulated IV-curves helps us understand what problem
needs to be resolved in order to increase the solar cell efficiency.

Another important value is the quantum efficiency: this value is defined as the ratio
between the number of carriers collected (N.) and the incident photons (N,,) dependent
on the wavelength (\) with energies above the band gap. Hereby, one must distinguish
between the internal quantum efficiency (IQE), where only the absorbed photons are
considered, while the external quantum efficiency (EQE) considers all impinging photons

without taking reflection into account:
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_ N
EQFE = Non V) (2.13)
EQE

When folding the IQE with the spectrum of the light source, one can determine the
maximum current obtainable from the solar cell. This current can then be correlated to

the Ipc obtained from IV-characteristics.






CHAPTER 3

Experimental Methods

This chapter addresses the experimental methods utilized for the growth as well as the
characterization of the samples presented in this work. The technical characteristics of the
metalorganic vapor phase epitaxy (MOVPE) process will be discussed first, followed by
the high resolution X-ray diffraction (HR-XRD), which was used for the first post growth
feedback. Surface related investigations were performed using the atomic force microscope
(AFM). Optical feedback of as grown as well as annealed samples was obtained by room
temperature photoluminescence (PL) spectroscopy. Post growth annealing was either
performed within the MOVPE reactor or in an rapid thermal annealer (RTA). Doping
densities as well as mobilities were investigated via Hall and electrochemical capacitance
voltage (ECV) measurements. Furthermore, dedicated samples were investigated via
secondary ion mass spectrometry (SIMS). The solar cells were fabricated and investigated
in the framework of a joint project at (ISE). The fabrication and investigation methods

are discussed in Section 3.7.

3.1 Metalorganic Vapor Phase Epitaxy (MOVPE)

MOVPE, developed in the second half of the 20" century, is a method which is widely used
to produce a variety of crystal structures using metal organics (MOs) as source molecules
(precursor). The idea of supplying the source atoms in the gas phase into a reactor enables
a high level of control over the growth parameters. A competing and complementary
method is molecular beam epitaxy (MBE). This method requires an ultra high vacuum,
which is generally more cost and maintenance intensive, and the growth rates are usually
limited to 3 um per hour. This method requires primary sources in an ultra pure form.
These are heated in so-called effusion cells, subliming the sources to the gas phase. The
kinetic energy obtained by heating leads to a molecular beam originating from the effusion
cells. While the wafer throughput and the growth rate is higher by magnitudes in MOVPE;,
MBE grown samples are usually of higher quality. This discrepancy is related to the nature

of MOVPE, where the source molecules are per definition bound to hydrocarbon groups.
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These hydrocarbon groups tend to incorporate under specific process conditions, as low
temperature or low V/III ratio. Nevertheless, MBE and MOVPE are complimentary, as
pure gas phase and physical interactions of the pure material can be distinguished by a
comparison of these two methods.

For this work, an Aixtron AIX-200 reactor system

T &’ equipped with a gas foil rotation (GFR) technique was
Oal ., . used. All experiments were carried out using a reactor
pressure of 50 mbar together with a total reactor flow (Qs)
m of 6800sccm. The MOs are stored in so-called bubblers.
§ 5 A schematic overview of a bubbler is given in Figure 3.1.
& 3 These bubblers are stored in water baths at source-specific
T I temperatures, because their vapor pressure is strongly
_E’;;‘:: temperature dependent:
ft s
Metal Organica Py =e"orT (3.1)
H, mix
,,,,,\7 Hereby, the A, B and C are substance-specific parameters,
‘E@d‘- which need to be evaluated experimentally. Each bubbler

has a dip tube and an outlet. The highly purified (>9N)
inert carrier gas Hy is passed through the bubbler with a
flow rate )y resulting in a transport of the MOs into the
Figure 3.1: Bubbler filled with line system of the epitaxy machine. Through an additional
liquid precursor. Hp flow through Jine system, the gas can be diluted with a flow rate of
the dip tube is controlled with a

MFC. The saturated gas phase @p-
is transported through the outlet the amount of transported material. Furthermore, the
into the line system. An addi-
tional MFC controls the dilution
of the transported gas. The pres-

sure is regulated by a PC in the determined by:
range of 150 mbar - 1800 mbar.

Mass flow controllers (MFCs) are used to control

bubbler pressure (P,) can be varied between 150 mbar

and 1800 mbar. The partial pressure of the material is

Qb Pv

P= v
Qtotale*Pv

Pg (3.2)

Hereby, the Qa1 represents the total flow through the reactor and Pgr the reactor pressure.
Figure 3.2 shows the schematic setup of the AIX200-machine used. At least two MOs are
needed for the growth of a V/IIl-crystal (group-III: green; group-V: red). Hy (blue) is
passed through each of the bubblers needed. Hereby, the flow is controlled by several MFCs
and PCs. Subsequently, the MO saturated gas is transported through the line system into

the reactor.

In the reactor a complex interplay of temperature, surface and chemically induced de-

composition, adsorption and incorporation takes place. The number of possible chemical
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reactions is already very high, if only two MOs are used!™. This shows the complexity
of MOVPE and the huge expectations for ab initio models of epitaxy processes when
the interaction between MOs is considered. The theory of adsorption and precursor

decomposition is a subject of large interest 1717173,

|
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Figure 3.2: Schematic overview of the MOVPE machine. Hy is transported through the
bubbler as a carrier gas. The saturated gas (group III = green, group V = red) is transported
through the line system into the reactor. Within the reactor a decomposition of the precursor
takes place, leaving the group III or V atom behind at the surface in the ideal case only.
Undecomposed precursor material as well as alkyl groups are subsequently filtered in the
scrubber. In the next step, pure Hs is put into the atmosphere strongly diluted with Ns.

The MO is ideally decomposed due to thermal energy and the sample surface as a catalyst.
This takes place in the so-called boundary layer, which is close to the growth surface.
After adsorption of the cracked precursor, the residual atom diffuses over the surface
due to kinetic energy and either incorporates or desorbs (right inset in Figure 3.2). The
individual desorption rate of each atom depends on the growth temperature as well as
the epilayer grown. During the diffusion, the adsorbed residual atom passes kinks and
steps, which are energetically more favorable, as there are two corresponding bonding
partners instead of only one on the flat surface. Due to a much higher desorption rate

of group-V atoms in comparison with group-III atoms, one usually must supply a large
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group-V excess. Therefore, growth usually takes place under a V /IIl-ratio significantly
greater than one. The waste material (undecomposed MOs, residual C groups, desorbed
atoms and molecules mixed with Hg) is passed through a gas cleaning system (scrubber),
which only lets Hy pass through. The Hs is subsequently diluted with N2 so no explosive

Hs-O4 concentration can occur and is passed into the air.

3.2 High Resolution X-Ray Diffraction (HR-XRD)

In epitaxy, one distinguishes between homo and hetero epitaxy. The growth of a material
on the same substrate material is referred to as homo epitaxy, while material grown on a
substrate of different material and lattice constant is referred to as hetero epitaxy. The
relaxed lattice constant (b) of a hetero epitaxially grown layer is generally different from
the host matrix. During epitaxial growth, the atoms are forced to accept the in-plane
lattice constant (b| — a) of the substrate material (pseudomorphic growth). This leads
to strain (b; — b’), which is depicted in Figure 3.3. This deformation is referred to

as tetragonal distortion'™. If the epitaxial layer has a larger lattice constant (b > a)

Homo Epitaxy Hetero Epitaxy
No Strain Compressive Strain Tensile Strain
a=b b>a b<a
\ b’
b
b
a a a
. C—— —
a a a

Figure 3.3: Schematic demonstration of homo epitaxy (left) and hetero epitaxy (right). In
contrast to homo epitaxy, hetero epitaxial grown layers can either be compressively or tensilely
strained. Hereby, a represents the lattice constant of the substrate and b the relaxed layer
lattice constant and b’ the strained lattice constant.

than the host matrix, it is compressively strained since its in-plane lattice constant is
reduced. On the other hand, an epitaxial layer with a smaller lattice constant (b < a)
is referred to as tensilely strained since its in-plane lattice constant is increased. The

Panalytical X'Pert Pro HR-XRD machine was utilized to measure the out-of-plane lattice
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plane distance. Hereby, a constructive and destructive interference occurs when the
incident beam (copper K,, A = 1.5405 A) is diffracted (depicted in Figure 3.4). The angle

m
)
T

m
«

m
»
T

m
e
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g

(004) diffracted intensity [a.u]
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Omeqa/ZTheta °]
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Figure 3.4: Schematic overview of the HR-XRD principle. The generated x-Ray beam (1)
is directed onto the sample (2) under the angle of 2. The beam is elastically scattered and
constructive or destructive interference occurs dependent on the angle. The detector (3)
follows the sample rotation with a factor of 2 (@). A diffraction pattern is obtained. The
distance between the main peak and the envelop function (4) is related to the difference of b’
and a, while the fringe distance (5) is reciprocally related to the layer thickness.

(©) at which constructive interference occurs depends on the distance between the lattice
planes. Usually, the (004) reflex is chosen due to its high intensity. These lattice planes are
parallel to the sample surface, corresponding to the out-of-plane distance of the atoms as
depicted in Figure 3.4 (dgp4). During the measurement a so-called £2/20 scan is performed
(1). Hereby, the sample holder angle ({2) is varied, while the detector angle (@) follows
a factor of two. Constructive interference (2) only occurs when the path length (red)

corresponds to the wavelength () of the impinging beam (Bragg’s Law):

2dsin(@) = nA (3.3)

The diffracted beams are then detected (3) and the intensity is plotted vs. £2/20 (4),
(5). This leads to a diffractogram, where usually several peaks are present. In the case of
GaAs-(004), the main peak corresponds to the (004) lattice planes at 33.024 °, while the
peaks around it originate from the compressively (lower angle, left) or tensilely (higher
angle, right) strained epitaxially grown layers. The distance between the envelope and
main peak corresponds to the (004) lattice planes from the epitaxial layer (4) while the

distance between the fringe peaks (5) is related to the layer thickness in a multi quantum
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well (QW) structure. The strained out-of-plane distance is determined by Equation 3.4,

utilizing Equation 3.3 and approximations for small angles:

v —a

a

(Os — Op) - cot(Oy) = (3.4)

To determine the relaxed lattice constant b, elastic constants (C1; and Ci2) of the specific
material systems are needed. Equation 3.5 shows the correlation between the relaxed

lattice constant b and the tetragonally strained lattice constant b’:

& b—a CH v —a

a a 20114-2012 a

(3.5)

Hereby, the % represents the lattice mismatch of the unrelaxed crystals. The strain

however, is defined as follows:

a—>b
b

The composition is determined by the relaxed lattice constant in combination with Vegard’s

€= (3.6)

Law5%*. This composition determination is only possible for ternary materials, as a further
degree of freedom is added for quaternaries. To solve this an additional investigation tool

like PL spectroscopy is required to reduce one degree of freedom (cf. Section 3.4).

3.3 Atomic Force Microscope (AFM)

A Nanoscope Illa, Digital Instrument AFM was utilized for surface related investigations.
A needle vibrating at its resonance frequency in z-direction is scanned over a surface area
in x- and y-direction. Changes in the lower nm range in z-direction strongly affects the
vibration frequency due to Van der Walls and Coulomb interactions. The potential of
surface and needle is approximated with a Lennard-Jones potential. In the constant hight
mode, the distance between the needle and the surface is adjusted via piezo elements until
the initial frequency (and height) is measured again. The adjustment of the piezo crystals
is then mapped as a function of the needle position. The vibration frequency is measured
by a four zone photo diode. The diode is illuminated by a laser beam which is reflected by
the needle. Due to the vibration of the needle, the four zone photo detector illumination

varies periodically, detecting the vibration frequency.

3.4 Photoluminescence (PL) Spectroscopy and Rapid Thermal Annealer
(RTA)

PL spectroscopy allows optical characterization. This technique was used to determine
the PL peak position as well as intensity at room temperature conditions. The PL setup
is depicted in Figure 3.5. In this setup, the 532 nm line of a frequency doubled Nd:YAG
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Laser with a spot size of 1.85+ 0.20 mm was passed through a prism monochromator to
reduce the line width of the laser beam. To fine tune the output power, a grey scale
was used in combination with a mobile power meter. The Lock-In technique was utilized
to increase the signal-to-noise ratio. Therefore, a chopper was put into the laser path,
which was blocking the laser beam periodically. After the chopper, the laser beam was
directed onto the sample. The diffuse light originating from the sample was coupled into
the monochromator with two lenses (L collimate: 120 mm, L focus: 400 mm). A long
pass filter (570 nm) was put right before the monochromator to cut of the laser induced
reflections. The 1 m grating monochromator (THR 1000, Jobin-Yvon) filters the incident
light depending on the wavelength and couples it into a liquid No cooled Ge detector.
The detector signal as well as the chopper signal were processed in the Lock-In amplifier.
Finally, the monochromator position as well as the Lock-In amplifier signal are sent to the

computer where the signal was normalized and PL spectra are plotted.
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Figure 3.5: Schematic overview of the PL setup. The frequency-doubled Nd:YAG laser emits
light at 532 nm, passing the prism monochromator to reduce the line width. A grey scale is
used to fine tune the laser power, which is detected by a power meter. A chopper periodically
blocks the laser beam, which is directed onto the sample. The light emitted by the sample is
coupled into the monochromator by two lenses, and the dispersed light into the Ge detector.

Since the material investigated in this work has a band gap between 1.0 and 1.42¢€V,
electrons are excited by the incidenting 2.33eV (532 nm) laser beam into the conduction
band. The excited electron relaxes to the band gap edge emitting heat (phonons) as depicted
in Figure 3.5 on the right-hand side. From the band gap edge, the electron either recombines
radiatively or non-radiatively. Several loss mechanisms like Auger and Shockley Read Hall

are responsible for the non-radiative recombination. Furthermore, the

recombination 175176
GaAs host matrix periodicity is affected by the local disorder induced by dilute nitrides

This effect increases the non-radiative recombination!”” (cf. Section 2.2). Some of these
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defects can be annihilated by thermal annealing. While one can use the MOVPE reactor for
annealing, a JetFirst 200 C rapid thermal annealer (RTA) was utilized for the post growth
ex-situ annealing. Hereby, 20 IR-lamps heat the samples with heating ramps up to 50 K per
second. This heat treatment supplies energy to the crystal. N atoms begin to move due to
kinetic energy. Hereby, interstitials and anti-sites are partially annihilated. Thus, the PL
peak intensity generally increases and the full width of half maximum (FWHM) reduces
after annealing. Furthermore, a PL peak position shift is observed in dilute nitrides. This
shift is related to the surplus hydrogen (H) incorporated parasitically into the crystal
during MOVPE. H annihilates the influence of N onto the band gap. Annealing activates
the passivated N atoms and therefore, a red shift is observed 178181,

In (Galn)(NAs), one additionally has a further degree of freedom of the N environment.
Theoretical calculations have shown that for the same N and In content, the band gap is
less reduced for the N in an In environment than for the N in a gallium (Ga) environment.
Furthermore, the local stress is reduced for the N in an In environment, which is the
driving force for the N to diffuse into an In rich environment during the annealing process.

This reordering leads to a blue shift. 118:182,183

3.5 Hall and Electrochemical Capacitance Voltage (ECV) Measurements

The electronic characteristics were determined by Hall and ECV measurements. Hall
measurements allow us to determine the majority carrier density, its type and mobility in
epitaxy layers on semi insulating (s.i.) substrates. The van-de-Pauw-Method '** allows
us to neglect the shape of the measured sample. For the measurement, In contacts are
alloyed onto the roughly 1cm? sample. Subsequently, the sample is glued onto an 8-pin
DIP socket where four of the pins are connected to the In by copper wires. The water
cooled magnet reaches field strengths up to 0.9 T, while the current usually is in the range
of several pA. This method, however, only allows measurements for one layer grown on a

s.i. substrate.

As a solar cell material is grown on either p- or n-doped material, another technique was
utilized to determine the active carrier type and density. This so-called electrochemical
capacitance voltage (ECV) is based on the measurement of the capacity between the
sample and the chosen electrolyte. This electrolyte is in contact with a well defined sample
surface area. Due to sophisticated measurement techniques, the doping density can be
determined depending on the depth. Therefore, the sample is etched and measured after a
chosen etch depth. The doping density depth, however, consists out of the etch depth as
well as the depletion region width. This technique allows us to determine the doping density
and type for several layers on any doped substrate. A detailed description of the theory

and function of the Hall and ECV measurements can be found in literature39,°4,185-188
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3.6 Secondary lon Mass Spectrometry (SIMS)

The detection of parasitic incorporation is performed via secondary ion mass spectrometry
(SIMS) externally by RTG Mikroanalyse GmbH in Berlin. Hereby, primary ions are focused
onto the surface, extracting secondary ions from the sample. These secondary ions are
then investigated with a mass spectrometer. Therefore, the count rate as well as the charge
to mass ratio is determined. The knowledge about possible cluster formation during the
sputtering process is important for adjusting the mass spectrometer and therefore for
detecting the relevant atoms. The composition of the investigated sample is determined
by a comparison with the count rate of a calibrated sample, which is always sputtered

simultaneously with the sample of interest.

3.7 Solar Cell Fabrication and Characterization

This section focuses on the fabrication and characterization of solar cells, which was
performed at the Fraunhofer Institute of Solar Energy-Systems (ISE) in the framework of
a joint dilute N project.

Quick Cell Fabrication

The usual full solar cell fabrication procedure takes more than one month. This increases
the feedback loop of the solar cell production and characterization drastically. For quick
feedback within several days, an approach for solar cell fabrication was developed at
ISE. This so-called quick cell fabrication is based on the electroplating principle. Firstly,
a u-shaped mask was placed on the roughly 1cm? sample and the corners were sealed
with electrolyte proof varnish. The sample was than put into the electroplating machine,
where the full back surface as well as the u-shaped front surface was coated with Ni. The
edges were not coated due to the varnish protection to prevent a short circuit. After
electroplating the mask was removed from the surface and the samples were treated with
acetone to remove the varnish from the sample edges. Finally, the samples were cleaned
with isopropanol.

Citric acid was used to etch down the 400nm GaAs cap selectively. The 50 nm thick
(Galn)P was not etched by citric acid and therefore, generally acts as an etch stop material.
In contrary to the conventional fabrication, no anti-reflection coating was performed.
Furthermore, the mean distance of each point of the solar cell to the Ni contact varies
strongly, which strongly increases the Rg value. Nevertheless, this fabrication method
allows a quick and reliable comparison relatively to each other. The Ni coated area at the

front (u-shape) and back (full area) are contacted externally for further investigations.
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IV-characeristic

The I'V-characteristic was obtained by voltage variation from V = 0 until I = 0. Hereby,
the Oriel Instruments sun simulator, with a Si reference/monitor cell, was utilized. The
solar cell was illuminated with a light intensity of one sun by a xenon lamp. The obtained
IV-characteristics were then interpreted as discussed in Section 2.3, taking into account

the sample area.

Quantum Efficiency (QE) measurements

The quantum efficiency (QE) measurements were obtained by LOANA system from PV-
Tool. The EQE is measured by a spectral light impinging onto the solar cell. At the same
time the generated current is detected. This current is normed to the current obtained
under the same light for a calibrated sample. In a second measurement, the spectral
reflectance of the solar cell surface is recorded in order to determine the IQE. Knowing

the IQE as well as the spectra of the xenon lamp allows us to determine the I<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>