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Abstract

Over the last decades, silicon-based integrated circuits underpinned information
technology. To keep up with the demand for faster and, becoming increasingly more
relevant nowadays, energy-efficient electronics, smart solutions targeting power con-
sumption are required. Integration of photonic components, e.g. for replacing part
of copper interconnects, could strongly reduce on-chip dissipation. Prerequisite for
efficient active optoelectronic devices, however not available in group IV elements,
is a direct bandgap. Only recently though, a truly silicon-compatible solution was
demonstrated by tin-based group IV GeSn alloys, which offer a direct bandgap for a
cubic lattice and Sn concentrations above 9at.%. Nevertheless, when moving from
an experimental direct bandgap demonstration towards readily integrated light emit-
ters, plenty of challenges have to be overcome. In this work, some of the remaining
key aspects are investigated.

Reduced-pressure chemical vapor deposition on 200 mm (Ge-buffered) Si wafers was
used to form the investigated Si-Ge-Sn alloys. GeSn layers with subtitutionally
incorporated Sn concentrations up to 14 at.%, considerably exceeding the solid sol-
ubility limit of 1at.% Sn in Ge, were epitaxially grown to study growth kinetics.
The necessary strain relieve in GeSn binaries was studied growing layers with thick-
nesses up to 1pm, well above the critical thickness for strain relaxation. Influence
of both, Sn incorporation and residual strain, on the optical properties was probed
using temperature-dependent photoluminescence and reflection spectroscopy. Mid
infrared light emission was found at wavelengths as long as 3.4 pm (0.37 V) at room
temperature. Overall, the investigated GeSn material system allows to cover a range
up to about 2um (0.60€V), making these binaries also interesting for a multitude
of chemical and biological sensing applications.

Efficient light sources further require the confinement of carriers in heterostructures.

Therefore, also epitaxy of SiGeSn ternaries, which previously have been identified as



optimal larger bandgap claddings, was scrutinized. The additional degree of com-
positional freedom was demonstrated by bandgap engineering, individually using
strain relaxation, Si and Sn composition.

Combining GeSn binaries and SiGeSn ternaries allowed formation of different diode
structures. Light emitting diodes, both from GeSn homojunctions and multi quan-
tum well heterojunctions, were epitaxially grown and studied for their emission
characteristics. One drawback in these structures, however, is that they do not just
yet feature a direct bandgap.

Finally, several (so far undoped) direct bandgap GeSn/SiGeSn double heterostruc-
tures and multi quantum wells were investigated. The importance of defect engi-
neering, that is separation of unavoidable misfit defects and active device regions,
is stressed and fathomed for both designs. Excellent structural properties of the
grown layers were proven by advanced characterization techniques, such as atom
probe tomography or dark-field electron holography. Photoluminescence measure-
ments were carried out to probe the optical quality of those structures, revealing
strongly enhanced light emission from MQW structures, compared to bulk GeSn

layers.



Zusammenfassung

Seit mehreren Jahrzehnten bilden Silizium-basierte (Si) integrierte Schaltkreise die
Grundlage der modernen Informationstechnologie. Die allerdings weiterhin unge-
brochene Nachfrage nach immer schnellerer und, mittlerweile ebenfalls, energie-
effizienter Elektronik verlangt nach neuen Losungen im Hinblick auf eine geringe
Leistungsaufnahme. Die Integration photonischer Bauelemente, beispielsweise um
Teile der elektrischen Verbindungen aus Kupfer zu ersetzen, kann die Dissipation
auf dem Computerchip stark verringern. Die grundlegende Voraussetzung fiir akti-
ve optoelektronische Bauelemente, welche allerdings in den Elementen der vierten
Hauptgruppe nicht vorhanden ist, ist eine direkte Bandliicke. Kiirzlich jedoch ist mit
Zinn-basierten Gruppe IV-Verbindungen — genauer Germanium-Zinn-Legierungen
(GeSn) — eine vollstandig Si-kompatible Losung prasentiert worden. Es konnte ge-
zeigt werden, dass kubisches GeSn mit Zinn-Konzentrationen oberhalb von etwa
9at.% eine direkte Bandliicke besitzt. Die Demonstration einer direkten Bandliicke
kann allerdings nur ein allererster Schritt auf dem Weg zu vollstédndig integrierten
licht-emittierenden Bauelementen sein. Im Rahmen dieser Arbeit sollen einige der
verbleibenden Hiurden und Aspekte untersucht werden.

Die untersuchten Si-Ge-Sn Legierungen wurden mithilfe chemischer Gasphasenab-
scheidung bei reduzierten Druck hergestellt, wobei 200 mm Si-Wafer (teilweise mit
Ge-Pufferschichten) als Substrate verwendet wurden. GeSn-Schichten mit substi-
tutionell eingebauter Sn-Konzentration von bis zu 14 at.% — ein einphasiges Ge-
misch von Ge und Sn ist bis maximal 1at.% Zinn thermodynamisch stabil — wur-
den epitaktisch gewachsen um die Wachstumskinetik ndher zu beleuchten. Der not-
wendige Abbau der internen Verspannung des Materials konnte untersucht wer-
den, indem bis zu 1pum dicke Schichten hergestellt wurden, was deutlich ober-
halb der kritischen Dicke fiir plastische Spannungsrelaxation liegt. Der Einfluss von

Zinn-Konzentration und Verspannung des Materials auf die optischen Eigenschaf-



ten wurde mithilfe von temperaturabhéngiger Photolumineszenz- und Absorptions-
spektroskopie erforscht. Lichtemission im mittleren Infrarotbereich von bis zu 3.4 pm
(0.37eV) konnte bei Raumtemperatur beobachtet werden. Insgesamt erlaubt das un-
tersuchte GeSn-Materialsystem einen breiten Infrarot-Bereich bis etwa 2 pm (0.6 V)
abzudecken, was es auch fiir eine Vielzahl chemischer oder biologischer Sensoren at-
traktiv macht.

Eine weitere wichtige Methode in der Herstellung effizienter Halbleiterlichtquellen ist
es, die Ladungstrager mit Hilfe von Heterostrukturen in der aktiven Schicht einzu-
schlieBen. Aus diesem Grund wurde ebenfalls das Wachstum des ternéren Silizium-
Germanium-Zinn-Systems (SiGeSn) untersucht, welches aufgrund seiner grofieren
Bandliicke bereits in fritheren Arbeiten als ideales System fiir die &ufleren Schich-
ten der Heterostruktur identifiziert wurde. Der zusétzliche sich ergebende kompo-
sitionelle Freiheitsgrad wurde genutzt, um eine Abstimmbarkeit der Bandliicke zu
demonstrieren, individuell fiir Si-Gehalt, Sn-Gehalt, sowie die Verspannung des Ma-
terials.

Das Kombinieren von bindren GeSn- und terndren SiGeSn-Schichten ermoglicht
die Demonstration verschiedener Dioden. Verschiedene Typen von Leuchtdioden,
einerseits aus GeSn-Homostrukturen, andererseits auch aus Mehrfach-Quantentopf-
Heterostrukturen (MQW-Strukturen) bestehend, wurden epitaktisch gewachsen, be-
vor ihre Emissionseigenschaften untersucht wurden. Ein Nachteil der untersuchten
LEDs ist allerdings, dass keine von denen eine klar direkte Bandliicke aufweist.
Schlussendlich wurden mehrere (jedoch undotierte) GeSn/SiGeSn Doppel-Hetero-
strukturen und MQW-Strukturen untersucht, welche allesamt eine direkte Band-
liicke besitzen. Die essentielle Bedeutung von Kristalldefekten, bzw. deren Sepa-
ration von der aktiven Schicht, ist in beiden Strukturen untersucht und herausge-
stellt worden. Die exzellenten strukturellen Eigenschaften der gewachsenen Schichten
konnten mit komplexen Charakterisierungsmethoden, wie der Atomsonden Tomo-
graphie oder Elektronenholographie, gezeigt werden. Photolumineszenzmessungen,
welche durchgefithrt wurden um die optische Giite der Schichten zu bewerten, zeig-
ten eine deutlich verstirkte Emission der MQW-Strukturen, verglichen mit einfachen
GeSn-Schichten.

vi
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1 Introduction

Green information technology (Green IT) targets sustainability in the informa-
tion and communication sector. An obvious goal is making integrated circuits
(IC) more energy efficient. Merging state-of-the-art silicon complementary metal-
ozide-semiconductor (Si-CMOS) technology on-chip with photonic components may
one day yield monolithically opto-electronic integrated circuits (OEIC) that allow
strongly reduced power consumption.! Replacing part of copper interconnects in
ICs with optical ones, for example, may radically increase the available bandwidth
and solve the interconnect bottleneck, already today limiting IC performance.??
Bandwidth limitations will become an even more pressing issue in future, when the
number of interconnected devices will strongly increase from the so-called Internet
of things (IoT). For classification, the global internet traffic in 2021 will exceed the
gigabyte equivalent of all movies ever made every single minute.

Also regarding deep learning of artificial neural networks, huge amounts of data are
required to optimize systems for object or speech recognition.? The necessary band-
width can likely be provided by means of optical interconnects.

The fabrication of group I'V-based OEICs yielded several key devices so far, however

only passive components such as photodetectors®” 8,9

or electro-optical modulators.
Even the formation of complex group IV OEICs, such as optical interconnects,'”
has been demonstrated on a single chip, using hundreds of photonic components
and 70 millions transistors.!! Nevertheless, nowadays all OEICs need to rely on an
external light source, which light is coupled into the chip, since the creation of a
solely group IV light source remained an elusive goal for long time. The reason
lies within the inability of bulk Si and Ge to efficiently generate light, originated
in their indirect bandgap. In this regard, direct bandgap group IV alloys have the
potential to revolutionize integrated circuits. Alternative approaches would be the

2

heterointegration of externally fabricated III-V lasers,'? or I1II-V lasers grown di-
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rectly on Si substrates.!® !5 However, the latter procedures suffer from the chemical
incompatibility and thermal mismatch of the different involved material classes.
Possible solutions within group IV materials facilitate tensile strained germanium

16,17 vet no optical gain, prerequisite for

(Ge), for example in microbridge geometries,
lasing, has been shown so far. A viable solution, gaining lots of attention recently,
focusses on alloying Ge with tin (Sn). Optical gain,'® as well as optically pumped
lasing was demonstrated in several geometries within this pure group IV material
system.1821

Direct bandgap GeSn-based alloys may also be an interesting alternative regarding
several different branches of future electronics. The considerably decreased effective
mass of I' carriers will strongly boost carrier mobility, once a considerable number
of electrons occupy that valley.?? This prospect makes it an ideal channel material
in future metal-ozide-semiconductor field-effect transistors (MOSFETS), as it can
avail the mature Si platform technology. Also strongly increased band-to-band tun-
neling (BTBT) rates, originating in the fundamental direct bandgap, may further
help leveraging group IV tunneling-FETs.2% Nowadays those are highly relevant, as
an increasing desire for portable or IoT devices demands a large number of ultra-low
power electronics.?*

The proved direct bandgap in GeSn, which is located in the short-wave to mid
infrared range between 2.5-3.5 pm (0.5-0.35€V), depending on the exact stoichiom-
etry, enables a multitude of other interdisciplinary applications such as chemi-

25,26 communication in a new 2 pm wavelength band?” or night-

cal/biological sensors,
vision imaging.?®
Despite its manifold prospects, the Sn-based group IV system is still in an early
stage of development. After previous works focussed on basic physical properties,
such as the unambiguous direct bandgap proof,?® the current thesis aims at the
physics behind epitaxial growth of GeSn binaries and SiGeSn ternaries for building
complex heterostructures for a variety of applications.

Following this brief introduction, a general overview of the benefits and growth
challenges in the Si-Ge-Sn material system is given in chapter 2. The results of
epitaxial growth investigations of GeSn binaries are presented in chapter 3. In
there, GeSn layers grown on Si or Ge-buffered wafers are examined to probe the in-

fluence of different parameters, such as temperature and precursor gases, on growth



kinetics. Strain relaxation in thick layers is monitored, carefully eyeing evolution
of defects. The binaries’ adequacy for different types of optical applications is dis-
cussed. In the following chapter 4, epitaxy of SiGeSn ternaries is investigated. As
will be shown, the enhanced parameter set of Si and Sn composition makes ternar-
ies very versatile, allowing sophisticated band engineering for different applications.
The gained insights will be adapted in chapter 5, where epitaxial growth of sev-
eral light emitting diode (LED) structures is discussed. Besides plain homojunction
structures, different types of multi quantum well (MQW) LEDs are demonstrated.
In the end, binaries and ternaries are combined to form efficient group IV direct
bandgap heterostructures, which are suitable for diverse optical applications. Fi-
nally, a brief summary of the obtained results, as well as an outlook on possible

future developments in the Si-Ge-Sn field is given in chapter 6.






2 Si-Ge-Sn material system

Contents
2.1 Band structure considerations . . ... ... ... ... 5
2.2 Growth technique . . . . . . . . ... ... ... ..., 10
2.2.1 Growth challenges . . . . . . . ... ... ... ... 11
2.2.2  Reduced-pressure CVD epitaxy . . . . . . . ... ... 13
2.2.3 Exemplary GeSn process . . . . . . ... ... ... 16

Before the main results are discussed in the upcoming chapters, this chapter pro-
vides a brief overview on the physical and technological background of Sn-based
epitaxy. Upon its first mentioning in 1982, GeSn binaries were thought to have
promising material properties, offering a small bandgap and higher carrier mobil-
ities than III-V materials, due to the absence of polar scattering.? Due to severe
technological challenges, however, it took more than thirty years from the first mi-
crocrystalline binaries®! until the direct bandgap proof via demonstration of opti-
cally pumped lasing.'® These challenges, as well as techniques for their overcoming,
are discussed in this chapter following an introduction on the particular electronic

properties of Sn-based group IV alloys.

2.1 Band structure considerations

The key of the promising electronic properties of Si-Ge-Sn materials lies within al-
loying a semiconductor (silicon or germanium) with the semimetal tin (Sn). From

the several phases of Sn, which are stable in different pressure and temperature
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Ge a-Sn Si

Energy (eV)
Energy (eV)
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Figure 2.1 — Band structures of elemental a) Germanium, b) a-Sn and c¢) Silicon.

Data adapted with permission from reference [32]. (©IOP Publishing. All rights
reserved.

ranges, a-Sn is most interesting for this purpose. It exists in a cubic diamond lat-
tice, as the other group IV elements silicon (Si) and germanium (Ge), and is stable
for temperatures below 13.1°C.23 The main difference in their electronic properties
can be seen from the elemental band structures of Ge, a-Sn and Si, which are il-
lustrated in Figure 2.1a-c at the center of the Brillouin zone (I' point), as well as
around the high symmetry points L and X. All three elements have their valence
band top located at I', but their conduction bands show minima at different points
in reciprocal space.

An overview on the most important band structure parameters can be found in
Table 2.1. Germanium, as can be seen from Figure 2.1a, features a narrow, indi-
rect bandgap of 0.76eV (for 0K) at L. Silicon, on the other hand, has its smallest
bandgap of 1.17¢V at 0K at the X valley, which also makes it an indirect semi-
conductor. The exceptionality of a-Sn lies within its negative bandgap at I, as
proposed already early in the 1960s,>* which actually makes it a semimetal similar
to graphene® or bismuth.?® Since the difference of Ge and Sn bandgaps is larger
at I' than at the L point (AEr = Erge — Ersn > AEL = Epge — Epsn), the
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I' energy is expected to decrease faster than L, when Sn is incorporated into Ge.
Thus, it is qualitatively clear that alloying Germanium, which features only a slight
difference of about 140 meV between I' and L, with Sn would turn the alloy into a
direct bandgap semiconductor. Since the effective mass of I" electrons is an order of

3738 3 strong boost in carrier mobility

magnitude smaller than that of L electrons,
can be expected, as soon as a considerable number of electrons occupy states at I,
thus in case of direct bandgap alloys.?? High Sn incorporation may allow even in-
verse bandgap regimes or topological semimetal phases for exciting new physics.3%0
For example, certain two-dimensional arrangements of hydrogenated GeSn alloys
are expected to be 2D topological insulators (quantum spin hall insulators).4!

Silicon incorporation on the other hand acts diametrically and decreases the valley
difference AE = Fp — Er, later on referred to as directness, making the alloy ‘more
indirect’.*? This interplay between Si and Sn is the secret for designing dedicated

heterostructures.*3*4

For Si,Ge,Sn, alloys (GeSn in case of x = 0), the band energy of the critical points

can be empirically found by quadratic interpolation of the constituents band energies
EA = Egl T+ Eéxn Y+ Eée Z = b/S\iGe T z— béeSn Yyz—= b/S\iSn rYy, (21)

where x/y/z correspond to the Si/Sn/Ge concentrations in the alloy (and z =
1 —x —y), B describes the band energy at the valley A = T', L or X and b denotes
the bowing parameter for the binaries.?**® Knowledge of exact bowing values are
of strong importance for prediction of efficient heterostructure designs and will be

further discussed in section 4.2.2.

Table 2.1 - High symmetry point energies of elemental Si, Ge and a-Sn at 0 K424

and lattice constants.*6-48

Element Ep(eV) FEp (eV) FEx (eV) lattice constant (A)

Si 4.10 2.23 1.17 5.4198
Ge 0.90 0.76 1.16 5.6578
a-Sn -0.41 0.12 0.91 6.4892
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Figure 2.2 — a) I'- and L-valley position for cubic GeSn alloys reveal an indirect-to-
direct bandgap transition above ~7at.%. b) Higher Sn contents lead to an increased
directness of the material. ¢) Influence of biaxial strain on GeSn band structure.
Reprinted from,> with the permission of AIP Publishing.

The exact theoretical value of Sn incorporation, needed for the indirect-to-direct
transition in cubic GeSn to occur, rather spreads in literature between 4.5-17 at. %,
depending on the employed theoretical model 32375193 Calculations, which are per-
formed in cooperation with the UNIVERSITY OF LEEDS and employ parameters
from the supplementary of ref.,'® are shown in Fig. 2.2a and give a value for the
indirect-to-direct transition of about 7at.%. To maximize the number of carriers at
the direct I'-valley, even higher Sn contents well above 10 at.% are required to ensure
alloys with a high directness, as shown in Fig. 2.2b. Systematic investigations of
temperature-dependent photoluminescence of GeSn alloys and subsequent modeling
of the data with a joint-density-of-states model revealed an experimental value of
about 8 — 9%, and was later supported by lasing studies of underetched, and thus

strain-free, GeSn structures.?

Besides incorporation of Si and Sn, the presence of biaxial strain has strong impact

on the electronic band structure. Due to the large lattice mismatch of the single
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elements (c.f. Table 2.1), alloys grown on top of Si or Ge buffers will always possess
a considerable amount of strain. In the calculation’s code, the influence of atom’s
displacement from their cubic lattice positions on band structure is described by
deformation potentials. For the I" bands at the center of the Brillouin zone, those
are applied within an 8-band k - p model to include the interaction of bands.?**° For
the conduction band L-valley, it is sufficient to include the deformation potentials
within the effective mass method.?® Qualitatively, tensile strain acts very similar
as the incorporation of Sn atoms, pulling down the conduction band faster at T'
compared to L, as predicted also for elemental Ge.?”® On the other hand, this
results in compressive strain counteracting the effect of Sn incorporation, as visible
for GeSn alloys in Fig. 2.2¢ from reference,? or similar for SiGeSn ternaries.® The
presence of compressive strain, for example in GeSn films grown coherently on top
of Ge buffers, necessitates higher amounts of Sn for the indirect-to-direct transition
to occur. This implicates that epitaxy of defect-free GeSn films with very high Sn
contents alone won’t help much for the formation of a direct bandgap material, as
the positive effect of Sn incorporation is always masked by the increased compressive
strain in the sample.

Thus, the formation of efficient heterostructures for light emitters poses a number

of requirements:

1. GeSn, without Si incorporation, shall be used as active material with an as

high Sn incorporation as possible, to ensure a high directness of the material.

2. At the same time, the active layer needs to be at least partially relaxed on top

of the grown Ge or Si buffer layer.

3. For carrier confinement by cladding layers, SiGeSn ternaries containing high
amounts of Si are ideal candidates. However, a tradeoff between high Si incor-
poration and emerging tensile strain in the layer, reducing carrier confinement

anew, needs to be found.

While the results on the formation of GeSn and SiGeSn layers are presented later in
chapters 3 and 4, the next section will shed light on the general challenges in epitaxy
of this material system, especially regarding the above mentioned heterostructure

requirements.



2 Si-Ge-Sn material system

2.2 Growth technique

Fueled by the promising electronic structure of Sn-based alloys, a number of dif-
ferent epitaxy techniques were developed over the years. Nowadays, GeSn alloys
can be formed directly by molecular beam epitazy (MBE),%% or rely on post-

6970 solid phase epitazy ™™

recrystallization techniques as for magnetron sputtern,
or pulsed laser induced epitazy.” The latter ones often produce polycrystalline
layers and do not offer device quality yet. Due to their flexibility regarding the
substrate, however, they’re promising for targeting tandem solar cells™ or flexible

7576 MBE-grown films on the other hand, suffer from epitaxial breakdown

photonics.
related to surface roughening from the low growth temperature.”” This epitaxial
breakdown hampers growth of thick and strain-relaxed layers, which are required
for direct bandgap material as discussed in the previous section. Other techniques,
such as solution-processing, are adequate only for synthesis of nanocrystals and not
bulk layers.™

Historically, chemical synthesis via chemical vapor deposition (CVD), a technique
commonly used in semiconductor industry, was proposed to circumvent these chal-
lenges. But since the lowest order Sn-containing hydride stannane (SnH,) is unstable
even at room temperature,” epitaxy from chemical reactions required the develop-
ment of deuterium-stabilized SnDy in the 2000s.8%8! Nowadays, several CVD tech-
niques are available, also from metal-organic precursors (MOCVD) 3283 requiring
ultra high vacuum (UHV-CVD),#86 atmospheric pressures (AP-CVD)®” or reduced-
pressure (RP-CVD) environment.® % Employing gold (Au) nanoparticles as cata-
lyst, also vapor-liquid-solid (VLS) growth of GeSn nanowire arrays and even axial-
and radial-heterostructured nanowires were shown.? 97

Since a lot of growth techniques for GeSn epitaxy are available nowadays, research
has also focussed on formation of ternary SiGeSn alloys. Due to their larger bandgap,
numerous applications in opto-*® and nanoelectronics,” as well as photovoltaics!?
can be foreseen. The incorporation of considerable amounts of Si, however, poses
even additional challenges compared to GeSn, since thermal budget constraints, dis-
cussed in the following section, limits growth temperatures to maximum values of
around 425 °C.

For our studies of (Si)GeSn and later on heterostructures a special designed RP-
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Figure 2.3 — a) Si-Ge-Sn phase diagram shows the small solid solubility range in
that system. Adapted with permission of the Electrochemical Society from Ref. [102].
Inset: Sn-rich precipitation after thermal annealing. b) Bandgap energy versus lattice
parameters of several semiconductors. Adapted from Ref. [103]

CVD system was used, which offers advantages concerning the specific challenges of

Sn-based epitaxy, as discussed in the next subsections.

2.2.1 Growth challenges

Including Sn into group IV alloys poses tremendously higher challenges compared
to Si-Ge epitaxy. While Si and Ge are a fully miscible system over the whole
composition range,'%! only a very small part of the GeSn binary phase diagram is a
solid solution.

In Figure 2.3a, an enlarged view on the Ge-rich part of the phase diagram is
shown in red. Herein, it can be seen that only a maximum value of slightly above
1at.% Sn in a Ge matrix forms a solid solution at around 400 °C.331%* Higher Sn-
containing alloys cannot be maintained in a thermodynamically stable mixture, as
both phases would separate into Ge and either solid or liquid 5-Sn (for < or >231°C,
respectively). Regarding silicon as matrix for the solute Sn, depicted in Fig. 2.3a
in blue, the maximum solid solubility is given at an even smaller value of about
0.1at.%.

From previous theoretical considerations in section 2.1 it is known, however, that
GeSn alloys with Sn incorporations above about 10at.% are mandatory to obtain

direct bandgap material. Thus, only growth far away from equilibrium conditions,

11



2 Si-Ge-Sn material system

e.g. CVD or MBE growth, is able to accomplish this goal.

During epitaxy, phase separation is mainly driven by surface segregation.'®>1%% In
GeSn alloys it is energetically favorable for a Ge adatom to switch its position with a
subsurface Sn atom.”"1% This exchange process can be described by a characteristic

segregation length!!0:11!

Ag x % - exp <_k§ST> , (2.2)
using the growth rate R, BOLTZMANN constant kp and temperature T. The acti-
vation energy F; is linked to surface diffusion and the mentioned energy gain by
exchanging matrix and solute atom. This relationship offers two different paths for
dealing with surface segregation. By lowering growth temperature the exchange rate
between the atoms can be strongly reduced, while the time frame for exchange is
reduced at higher growth rates. Thus, for suppression of surface segregation epi-
taxy at smallest possible temperatures is beneficial, when high growth rates can be
maintained.

Generation of Sn precipitates inside the GeSn alloy is the second crucial phase
separation mechanism. Due to the distinctly higher energy barriers (diffusion of
Sn atoms and high local strain values), this mechanism is important in particu-
lar during post-epitaxial thermal annealing.!*'"1!3 The inset in Figure 2.3a demon-
strates the formation of a Sn precipitate after thermal annealing in a TEM micro-
graph. Thermal annealing above growth temperature can thus not be considered
useful for strain relaxation,!** but may be interesting for the formation of Sn-rich
nanocrystals.''>17 Other techniques for enhancing thermal stability are discussed
in literature, for example the incorporation of carbon into GeSn.8119

A further challenge arises from the large lattice constant differences between Si, Ge
and Sn (see also Table 2.1). As visible in Fig. 2.3b, the over 16 % lattice mismatch
exceeds even most values from ITI-V materials, and will result in very defective layers
with large threading dislocation (TD) densities, when grown on bulk Si wafers. The
critical thickness for strain relaxation for example of bulk Ge, grown directly on Si,
is at around 3-4 monolayers.'?° Hence, growth of thick GeSn layers and devices will
be performed on top of about 2.5-3um Ge wvirtual substrates (Ge-VS), produced
in a different reactor in advance, to minimize the lattice mismatch to the buffer.

These buffers further offer very smooth surfaces (~0.5nm) and a low TD density

12



2.2 Growth technique

¥ precursor gases

: :/ \¢

Figure 2.4 — Overall reaction in chemical vapor deposition. The precursor gas needs
to a) decompose, then adsorb b) and diffuse ¢) on the substrate. d) Chemical reac-
tions with surface atoms dissociate the precursor and incorporate it into the layer.
Undesired by-products desorb and stream out of the reaction chamber.

(~ 5 x 10%cm~—2).12¢

2.2.2 Reduced-pressure CVD epitaxy

Chemical vapor deposition relies on decomposition of adequate precursor gases and
the incorporation of their respective atoms on the substrate into the grown film.

One can divide the overall process into several different key steps!??
a decomposition and mass transport into the boundary layer close the substrate,
b adsorption on the substrate’s surface,
¢ surface diffusion,
d chemical reaction and nucleation and
e desorption of volatile reaction by-products,

which are depicted also in Fig. 2.4. First, as marked by a, the precursor gas needs
to decompose and be delivered homogeneously to the wafer (often using Hy or Ny as
carrier gas), before adsorbing onto the substrate’s surface, as marked by b. Close to

the wafer surface a thin chemical reaction boundary layer is formed, in which most of
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Figure 2.5 — Schematic rendering of the used RP-CVD reactor and precursor gases.

the gas phase pyrolysis occur.!?® Once impinged on the surface, the adsorbed radicals
will diffuse to appropriate lattice sites, as shown in 2.4c. This is a first critical
step, especially in low-temperature epitaxy. In there, the small growth temperature
strongly reduces adatom mobility and prevents them from crossing step edges, which
results in a transition from the desired layer-by-layer growth (FRANK-VAN DER
MERWE growth mode) to a growth of isolated islands (VOLMER-WEBER growth
mode). Macroscopically, this leads to a severe layer roughening, which has been
shown for example in low-temperature epitaxy of silicon'?* and germanium. 312
Next, as shown in Fig. 2.4d, the precursor needs to react with surface atoms, so that
it is incorporated into the film. Desorption of the surface-bonded hydrogen to obtain
open lattice sites has been shown to be growth rate limiting step in low-temperature
(<325°C) Ge epitaxy,'?® but can be promoted by appropriate choices of precursor
and carrier gas.

In the end, as shown in Fig. 2.4e, the unwanted reaction by-products, as well as
excess precursor, will desorb from the surface and leave the reactor exhaust.

The exact regime, in which growth occurs, strongly depends on the chosen growth
parameters, mainly reactor temperature, pressure and choice of precursor gases,
thus different growth rate-limiting steps can emerge. Since epitaxy of Sn-based
alloys imposes severe constraints on the thermal budget, high growth rates needs to
be ensured for example by appropriate choices of precursor gases. In this respect,
the CVD reactor used for sample growth in this thesis, also offers several design
benefits.

All layers were grown on full 200 mm wafers in an industry-compatible AIXTRON
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2.2 Growth technique

Tricent RP-CVD reactor, from which a schematic rendering is shown in Fig. 2.5.
The most conspicuous difference, compared to frequently used horizontal CVD tube
furnaces, is the showerhead, which allows a fully homogeneous precursor distribu-
tion over the wafer surface. Wasted deposition on showerhead and reactor walls can
be prevented in this design by water-cooling both. Only the graphite susceptor is
heated from underneath by nine infrared lamps, so chemical reactions in the gas
phase are suppressed and take place only in the boundary layer and on top of the
hot wafer surface.

Different precursor gases are used for deposition of the group IV materials, as
also shown in Fig. 2.5. The second-order hydrides digermane (GesHg) and dis-
ilane (Si;Hg) assure higher growth rates, compared to commonly used germane
(GeHy).%%'?" The reason lies within the weaker bond strength, the Ge-Ge bond
(2.9eV) in digermane molecules being much smaller compared to the Ge-H bond
(3.6€V) in germane.'?® Furthermore, digermane is able to overcome one additional
limitation in low-temperature growth, the above mentioned hydrogen desorption, by

the following chemical reaction on the wafer surface:
G62H6 + H — 'GeH3 + 'GeH3 + H — G6H4 + @HS (23)

It is able to open hydrogen-terminated lattice sites by first splitting up their Ge —
Ge bonding, formation of germane with an adsorbed H-atom (marked by the bar
above) and adsorption of the remaining GeHjs radical on the surface.®

Nowadays, most CVD growth processes, such as in this thesis, rely on the com-
mercially available Sn precursor tin tetrachloride (SnCly), which has been shown to
enable CVD growth without any precursor instability issues.?” It is liquid at room
temperature and requires a bubbler source for vaporization. Due to its composi-
tion, it may also help in our growth process. The presence of chlorine may lead
to an exothermic reaction with the adsorbed hydrogen, which may provide addi-
tional local energy, beneficial for fueling the chemical reactions on the surface or
boost adatom mobility. Combined with the choice of nitrogen as carrier gas during
growth process, the described scheme leads to enhanced GeSn growth rates of still
around 35nmmin~! at 400 °C, sufficient for suppression of Sn surface segregation.??

Furthermore, the dopant precursors diborane (BsHg) and phosphine (PH3) can be
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Figure 2.6 — Typical GeSn growth process on top of Si. Prior GeSn epitaxy, an
in-situ hydrogen bake is performed, followed by a Si buffer growth, before deposition
of the GeSn layer itself.

employed for doping, which will become important for the in-situ growth of complete
diode structures, as later discussed in chapter 5.

Since the full epitaxial process also includes additional modules, such as pre-epitazial
cleaning, the next section will give a short overview on a typical GeSn epitaxial pro-

cess.

2.2.3 Exemplary GeSn process

Prior growth, the native oxide has to be removed from the wafer surface. Since
also the Ge-VSs feature a thin Si capping layer of ~1nm for passivation, the same
chemistry can be used for both types of substrates. In a fully automated SEMI-
TOOL Raider cleaning tool, HF vapor chemistry (plus additional isopropyl alcohol
for surface wetting) chemically removes the SiOs, without any water rinsing, and
leaves a mostly hydrogen-terminated wafer surface, before transfer into the reactor
chamber.

A typical growth process of a 100nm GeSn layer on a Si wafer in that reactor is
shown in Fig. 2.6.

The temperature ramping during the process, as well as significant process parts, is

shown in Fig. 2.6. Since temperature is measured by six thermocouples inside the
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2.2 Growth technique

susceptor itself, deviations between the monitored and the wafer surface tempera-
ture may be present. Before the actual deposition starts, the reactor temperature is
ramped up for a three minute hydrogen bake, also denoted as native oxide removal
(NOR). Here the remaining oxide residues, as well as other contaminants such as F
or C atoms are removed, to start epitaxy on a pristine and fully hydrogen-passivated
surface. Potential defects, created during the high-temperature bake, shall be over-
grown during the following Si buffer growth of a few tens of nm (only when grown
on Si wafers). Subsequent ramping of the reactor temperature to the desired growth
temperature, in this case 375 °C, takes longer compared to reactors with direct heat-
ing of the wafer. Owing to the massive graphite susceptor, this reactor design is not
suited for quickly alternating temperature ramps. Directly before GeSn epitaxy, the
different precursor gases are mixed and injected into the chamber using nitrogen as
carrier gas. After growth of the GeSn layer, the wafer can be unloaded when cooled
down to about 300°C.

In the previous section, the foundations were laid for investigation of Si-Ge-Sn
epitaxy. The requirements for both the active direct bandgap material and carrier-
confining cladding materials were outlined. Severe constraints in the Sn-based group
IV material system were highlighted and our approach using RP-CVD for epitaxy is
discussed. In the next chapter, this knowledge is adopted to systematically investi-

gate the growth of direct bandgap GeSn alloys for active group IV optoelectronics.
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This chapter deals with epitaxy of direct bandgap GeSn alloys, especially designed
for heterostructure light emitters. As it was outlined in previous section 2.1, the
two main premises for direct bandgap alloys are high Sn incorporation and strain-
relaxed layers.

While several groups demonstrated potentially interesting alloys above 15at.% Sn
incorporation,5793115:129 the exact growth kinetics are only scarcely investigated

yet 93,94,130
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3 Direct bandgap GeSn epitaxy

In the following, first the influence of different precursor flows and temperature on
growth kinetics and the alloy’s properties are investigated, aiming for ideal con-
ditions to produce high Sn content layers. Next, strain-relaxed layers are grown,
highlighting creation and evolution of misfit defects and to examine optical proper-
ties of the alloys. Parts of the results in the upcoming chapter have previously been

published under reference.”?

3.1 GeSn growth kinetics

The three main dimensions influencing CVD growth are reactor temperature, reactor
pressure and gas flow. As our reactor features cooled walls and gas phase and as the
pressure can be set to a fixed value, gas flow is the most complex one and will be
investigated first. It includes not only the amount of the different precursor’s flows,
but also carrier gas and total flow. The latter ones were fixed at a few slm (standard
litre per minute) of nitrogen, as nitrogen turned out to deliver higher growth rates
at least in case of bulk Germanium growth in previous investigations.??*® Since the
utilized reactor has several dummy sources, the total flow can be kept constant
during growth, even for arbitrary changes in the precursor’s flows. Further, if not
stated otherwise, the alloys in this first section were grown on bulk Si wafers, so

deviations from the optimized growth parameters are more easily observed.

3.1.1 Precursor flow dependencies

For the following investigations, all layers were grown at a fixed temperature of

375°C and a reactor pressure of 60 mbar.

Digermane flow

First, the influence of digermane flow alone is investigated, keeping the SnCl, partial
pressure constant at 0.6 Pa.

Figure 3.1a shows Rutherford Backscattering Spectrometry (RBS) spectra of a
97 nm Geg goSng 0g sample. This powerful technique facilitates 1.4 MeV He' ions to
extract information on layer stoichiometry and thickness up to several hundred nm’s

from the backscattered spectra in random alignment (blue in Fig. 3.1a). Herein,
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Figure 3.1 — a): Random and channeling RBS spectra of a 100nm GeSn sample.
Sn incorporation b) and minimum channeling yield xmin ¢) in alloys grown on bulk Si
with varying digermane flows. d): Elemental growth rates (GR) for GeSn alloys and
pure Ge e).

the different elements, Ge and Sn from the alloy plus Si from the substrate, are well
separated due to varying backscattering losses, dependent on their atomic masses.
Secondly, RBS can also be employed when the sample is aligned in the (001) crys-
talline direction. In this case (red spectrum in Fig. 3.1a) the backscattered signal is
strongly reduced, as incoming ions are able to follow the aligned crystal channels. To
quantify this, the ratio between both signals, the minimum channeling yield i, is
evaluated (theoretically possible for each element individually) close to the sample
surface, and amounts for Sn to 24 %, in this case (see inset). This value indicates
adequate growth parameters, considering a value of 100% for amorphous layers,
although Y i, values as small as 5% are reachable using high-quality Ge-VS.

When systematically tuning the digermane partial pressure between 48-68 Pa, dif-
ferent effects occur. Overall, it seems that there is only a small stable region around
55 Pa for GeSn growth with the applied Sn precursor flow, as shown in Fig. 3.1b.
Up to that point, the layer quality still is good enough, as indicated by xmin in Fig.
3.1c. When the digermane flow is ramped further up, however, a slight decrease in
Sn incorporation can be seen in Fig. 3.1b, caused by the increased elemental growth

rate of Ge, visible in Fig. 3.1d. In this case, Sn atoms are also not built-in homoge-
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3 Direct bandgap GeSn epitaxy

neously anymore, as indicated by the error bars. Often Sn accumulation towards the
surface or regions with strongly varying concentrations can be observed, resulting
in the worsened layer qualities shown in Fig. 3.1c.

The physical reason for these correlations may be the following: Since the growth
rate does not strongly depend on the digermane flow (until ~55 Pa), supply of pre-
cursor gas isn’t the limiting step for GeSn growth at these conditions. This is further
underlined by investigations of the Ge elemental growth rate in Fig. 3.1e. It is visi-
ble here, that for pure Ge there is indeed a strong linear dependence of growth rate
on digermane flow (violet triangles). When SnCly is added, however, the growth
rate is nearly constant over a wide range until about 40 Pa (red pentagons). For
even higher digermane flows, as investigated in Fig. 3.1b, there may now arise a
surface poisoning from the high number of germane radicals, occupying surface sites
and changing the surface chemistry.

In the following, the influence of SnCly flow is investigated more detailed.

Tin tetrachloride flow

As tin tetrachloride is a liquid precursor, it requires a bubbler for vaporization. In
there, an appropriate temperature results in a given vapor pressure of the precursor.
To minimize the number of parameters, temperature of the bubbler bath was kept
constant for the next series, while only the flow of carrier gas through the bubbler
was altered.

In contrast to the weak influence of digermane flow, tuning of the tin tetrachloride
flow clearly has a linear influence on Sn incorporation in the alloy, as visible in Fig.
3.2a. Still, not the complete investigated region is useful for epitaxy of high-quality
layers. Alloys grown below a SnCly partial pressure of about 0.4 Pa show amorphous
character and increase in quality only with elevated SnCl, flows, as the evolution
of Xmin in Fig. 3.2b shows. For highest Sn flows at around 0.8 Pa, however, Sn
incorporation starts to become inhomogeneous again. From the elemental growth
rates in Fig. 3.2c it can be seen that only the incorporation of Sn atoms is affected
by changes in SnCl, partial pressure.

Although the exact reaction scheme of the employed precursors is not fully under-

stood yet, some indications can be drawn. The influence of tin tetrachloride on Sn
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Figure 3.2 — Impact of SnCly tuning on Sn incorporation a), layer quality b) and
elemental growth rates c).

incorporation is superlinear, as visible in Fig. 3.2 a), much stronger compared to
the impact of digermane. At the same time, Sn incorporation in the alloy is always
Thus, it can be concluded that

SnCly has a higher reaction order, it is easier incorporated. Similar findings have

higher than the gas phase ratio would suggest.

also been shown by MARGETIS et al., who investigated CVD growth from germane
and tin tetrachloride.” However, as the energy of the Sn—Cl binding (3.3eV)3! is
even larger than the digermane binding (2.9 eV),'?® the chemical reaction path here
most likely features additional reactions, e.g. with the involvement of chlorine.

As the previous investigations showed, only a small window in the parameter space
is suitable for epitaxy of high quality layers. To still be able to tune the stoichiom-
etry at a given temperature and pressure, as needed later for heterostructures, the

effect of simultaneously tuning SnCly and GeyHg will be investigated.

Fixed SnCl,/GesHg partial pressure ratio

When optimized growth parameters for both precursor flows are found, simultaneous
tuning of both Sn and Ge precursors has the advantage that all chemical reactions
stay in balance, from which a higher layer quality can be expected.

Indeed as Figure 3.3a shows, this type of tuning allows formation of alloys with
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Figure 3.3 — Simultaneous tuning of both precursors allows constant tuning of Sn
incorporation a) maintaining a small Xy values. b): Elemental growth rate evolution.

constant Sn incorporations in a range of about 5.5-8at.%. While the range may
be extended also to even smaller Sn values, higher precursor flows result in inhom-
geneous layers with deteriorated quality, as depicted in the inset of Fig. 3.3a. In
the linear regime, however, the small minimum yield values show a good crystalline
quality, while the sample at digermane partial pressure of about 50 Pa may just be
an outlier.

This approach, however, will be limited to the bottom from an overall growth rate
reduction, the latter one already visible in Fig. 3.3b. Too small growth rates at a
given temperature can promote Sn surface segregation, on the other hand also layer

roughening may occur.

3.1.2 Temperature dependence

After the previous sections discussed the influence of precursor gases on the epitaxy,
this section deals with the impact of growth temperature. Since epitaxy takes place
in a low-temperature regime below 400°C, a huge impact is presumed, as most
chemical reactions and processes will be kinetically limited.

For this series, GeSn alloys were pseudomorphically grown at a fixed precursor ratio

DGeots/Psncy, Of about 88 on Ge-VS, tuning only the reactor temperature. Corre-
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Figure 3.4 — a) Strong impact of growth temperature on Sn incorporation, maintain-
ing high atom substitutionality (upper inset). b) ARRHENIUS-plot of GeSn growth
rate versus reversed temperature, revealing a kinetically-limited growth regime.

spondingly, the alloying degree is strongly affected, as visible in Fig. 3.4a. The Sn
atomic fraction in the alloy is elevated from 2.7 at.% to 12at.%, when temperature
decreases between 400-340°C. At the same time, all layers show excellent atom
substitutionality, as represented by mi, in the inset of Fig. 3.4a. However, as pre-
viously already mentioned, the differences in thermal decomposition of digermane
and tin tetrachloride cannot explain the tremendous increase in Sn incorporation.
Segregation of Sn, as discussed already in section 2.2.1, is a process, which is also
strongly affected by temperature. As schematically depicted in the inset of Fig.
3.4b, subsurface Sn atoms can switch positions with Ge adatoms at step edges be-
fore overgrowth, strongly limiting the number of built-in Sn atoms. This exchange
mechanism, and maybe also subsequent desorption of the Sn radical, is certainly
strongly suppressed at lower temperatures and may lead to the observed increase in
Sn incorporation.

To prove a kinetically limited growth regime, an ARRHENIUS-plot of the total GeSn
growth rate as function of the reverse temperature is given in Fig. 3.4b. An exponen-

1

tial growth rate increase from 14 nmmin—' to 34nmmin~! is observed at elevated
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temperatures, as expected in a kinetically limited growth regime. The extracted
activation energy of 0.54 eV fits close to the value (0.47eV), previously determined
by other groups.”®

This first part of the GeSn epitaxy chapter featured only investigations on pseudo-
morphic and relatively thin GeSn samples to learn more about the growth kinetics
and optimal parameters. As growth of high-Sn content layers was shown possible,
the next section deals with the second requirement of direct bandgap layers, that is

strain relaxation.

3.2 Relaxed layer growth

The formation of strain-relaxed layers in the GeSn material system is not a straight-
forward task. Approaches from the SiGe system, relying on thermal annealing'®? or

ion implantation,®3

are not useful as they would lead to severe Sn diffusion. The
most obvious solution would be the epitaxy of layers well above the critical thickness
for strain relaxation. In that case, plastic relaxation sets in by formation of misfit
dislocations at the interface to the substrate. Still, it poses several challenges, as
defects may lead to a reduced layer quality and also impair the optical and electrical

properties of the material.!34-136

3.2.1 Thick layer growth kinetics

Epitaxy of thick GeSn layers is possible using optimized growth parameters, as
determined previously in section 3.1.1. However, certain changes in growth kinetics
are observed in thicker layers, which are investigated more detailed in the following.
Figure 3.5a and b show secondary ion mass spectrometry (SIMS) analysis of two
GeSn alloys with an average Sn incorporation of 12-12.5at.% and thicknesses of
280nm and 970 nm, respectively. In those measurements, depth distribution of Sn
and Ge atoms (here in arbitrary units) is evaluated. In the thinner sample in Fig.
3.5a, two distinct regions with varying Sn contents, as marked in different gray tones,
are visible, despite no changes in growth parameters. The lower ~180 nm part of the
alloy features a constant, but slightly smaller Sn incorporation than the top part of

the alloy. The same is true in even thicker layers, as shown in Fig. 3.5b. Also here,
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Figure 3.5 — SIMS spectra of 280nm a) and 970nm b) thick GeSn alloys show two
distinct regions with different Sn incorporations. The trend of increased Sn incorpo-
ration is visible over the whole growth range c), while the layer quality maintains high
(RBS channeling spectra in the inset).

Sn content increases to a higher but constant value on top of the bottom ~ 200 nm.
As will be shown in the next section, this value coincides with the thickness, where
strong plastic strain relaxation occurs. The larger lattice constant, resulting from
the diminishing residual strain, allows for a higher Sn incorporation on top of the
GeSn template. Similar behavior was also found for GeSn alloys, grown in different
reactors or with different precursor and carrier gases.?%:4

The trend of increased Sn concentration is visible over the whole growth range, as
depicted in Fig. 3.5¢c. In all layers, an increase of 1.5-2at.% in the top alloy region
is visible. This peculiar property of epitaxial GeSn layers is further beneficial for
optoelectronic applications, as not only strain relaxation, but also the higher Sn

content helps them becoming more direct.

Not only changes in Sn incorporation, but also in growth rate occur during thick
layer epitaxy. Comparison between pseudomorphic and relaxed layers in Fig. 3.6a
show stronger differences at lower growth temperatures, i.e. higher Sn contents.
At 340°C for example, a diminishing from 14.2nmmin~! down to 10.3nmmin~" is
visible, corresponding to a reduction of nearly 30 %. It shall be noted that growth
rate in relaxed layers is defined here as a mean growth rate, determined by dividing
the total layer thickness by growth time, as no in-situ measurement techniques are

available in our CVD reactor. The overall growth rate reduction also leads to a
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Figure 3.6 — a) Growth rate deviations between pseudomorphic and relaxed GeSn
layers lead to increased activation energies in thick layer growth (inset). b) In this,
growth rate gradually decreases, possibly related to layer roughening.

slightly reduced activation energy compared to pseudomorphic layers (c.f. Fig. 3.4b
on page 25), as shown in the inset of Fig. 3.6a.

Diminishing of the overall growth rate is a continuous process during epitaxy that
is observed also by different groups!®” and is depicted in Fig. 3.6b. As discussed
for the growth challenges in section 2.2.1, changes in growth rate influence the Sn
segregation length and, thus, may have an impact on Sn incorporation of the alloy.
Previously shown SIMS spectra, however, proved a homogeneous Sn incorporation
throughout the (upper part of the) layer, despite the continuous changes in growth
rate. It is thus likely that the observed growth rate changes do not originate in
surface chemistry changes, but in morphological changes, such as a strong increase in
surface roughness. Then, the larger effective surface together with adatom mobility-
limiting surface steps may explain a growth rate reduction. Further investigation of

surface morphology will be performed in section 3.2.3.

3.2.2 Strain relaxation

For strain determination, different techniques such as RAMAN spectroscopy have
been performed in literature.!3¥ 140 In this thesis, X-Ray diffraction (XRD) tech-

niques were employed by a Bruker D8 high-resolution diffractometer, using the K,
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Figure 3.7 — a): Exemplary RSM of a 970 nm Geg g755n0.125 layer. b): Overlay of
three RSM with increased relaxation. Overview on relaxation ¢) and residual com-
pressive strain d) for a series of Geg g755n0.125 layers. e) Corresponding evolution of
band structure for strain-relaxing Geg.g755n0.125 alloys.

wavelength of copper (Cu, 1.54 A) For simultaneous acquirement of in- and out-of-
plane lattice information, reciprocal space maps (RSM) were carried out around the
asymmetric (224) or (224) reflex.

In Figure 3.7a, a typical RSM of a 970 nm thick Geggr5Sng.125 sample with sev-
eral important features is shown. In there, three different peaks can be identified
and attributed to the bulk Si wafer underneath, the Ge-VS and the GeSn layer
on top. The dashed line in the middle marks the line of cubic crystals with equal
in- and out-of-plane lattice constants. Thus, peaks located above the line contain
compressive, below contain tensile strain. It must be noted that the Ge-VS itself is
slightly tensily strained (~0.15%). Since Ge and Si differ in their thermal expansion
coefficients, the layer will become slightly stressed when cooled down after buffer
growth.'?! As expected, growth of GeSn alloys on top of Ge-VS yields compressively
strained layers, which exhibit a tetragonal distortion of their crystal lattice.

The evolution of strain relaxation during thick layer growth is better followed in Fig.
3.7b. Herein, a thickness series of GeSn (about 12.5at.% Sn) is grown and investi-
gated. Thin (in this case 46 nm) GeSn layers grow pseudomorphically on top of the
Ge-VS. They share the same in-plane lattice constant, as indicated by the dashed
white line. XRD 60/26 scans of this layer (see Fig. A.l in the appendix) feature

regular thickness fringes, indicating a smooth interface and surface. A thicker layer
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3 Direct bandgap GeSn epitaxy

of 170 nm thickness, likewise shown in Fig. 3.7b, is already partially strain relaxed.
Stress is relieved plastically by formation of misfit dislocations at the interface, lead-
ing to expanding in-plane and shrinking out-of-plane lattice constants. This trend
is continued in a 970 nm thick sample, moving closer towards the cubic line.

Relaxation is summarized in Figures 3.7c and d. Here the evolution of relaxation
degree and residual compressive strain, respectively, can be observed. Relaxation

degree R and biaxial (in-plane) strain € can be calculated as follows:

aﬁ;cSn _ agrcSn a‘C‘}CSn _ aﬁ}c
€ = aoGeSn ’ R = ag}eSn _ aﬁ}e’ (31)
with al(‘}esn/ 9 being the in-plane lattice constant of GeSn and the (Ge) substrate,

SieSn denotes the relaxed GeSn lattice constant, which can be cal-

respectively. «
culated following elastic theory!'*! from the determined in- and out-of-plane lattice
constants:

GeSn __
Q) =

(a(EeSn 42 aﬁ}esn 012/011> (3 2)

1+2 012/011

The required elastic constants Co and C; can be extrapolated for GeSn alloys for
example from Ref. [137], or, more generally, for arbitrary SiGeSn alloys from Ref..142
The compressive strain inside a coherently grown (on Ge) 12 at.% Sn alloy amounts
to about —1.60%, while the error bars stem from uncertainties in determination
of the exact lattice constants from the RSM. This value is high enough that the

92,143 55 can be seen from the strain-

grown alloy still maintains its indirect bandgap,
dependent band structure calculations in Fig. 3.7e.

Between 50-100 nm thickness, plastic strain relaxation sets in and leads to a rapid
diminishing of the residual strain. To predict the critical thickness for strain relax-
ation in the SiGe system, PEOPLE and BEAN developed a model. In there, onset
of strain relaxation is assumed, when the strain energy of the film exceeds the self-
energy for formation of an isolated dislocation.!** Later it was found that it also
offers a very reasonable description of strain relaxation in the GeSn system.5” In
that respect, the expected critical thickness of about 60 nm for GeggrsSng 125 fits
pretty well to our observations.

Once the critical layer thickness is reached, strain relaxation sets in very rapidly,
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as depicted in Figures 3.7¢/d. After 300400 nm a residual compressive strain of
about —0.4% (~75% relaxation) is reached, and strain relaxation begins to satu-
rate. This behavior is also known from the SiGe material system, where pum thick
layers and compositional grading are necessary to obtain fully relaxed buffers.!45:146
Nevertheless, a value of —0.40 % is sufficient to obtain a directness of about 70 meV,
as the indirect-to-direct transition occurs when compressive strain surpasses below
—1.27%, as shown in Fig. 3.7e.

Since determination of material strain is such a critical value for band structure
calculation and, later on, heterostructure design, it was also determined using an
independent technique, that is ion channeling angular yield scans. RBS in channel-
ing alignment, as previously presented in section 3.1.1, allows determination of the
relative position of different crystal directions and is a useful tool for ascertainment
of the internal layer strain.?>'4%!48 In our case, angular scans were performed in the
(100) plane, around the [001] and [011] crystal directions. In a fully relaxed, cubic
crystal, the enclosed angle should amount to 45°. Biaxial strain, however, induces a
tetragonal distortion of the crystal unit cell, altering the enclosed angle to smaller

(biaxial compressive strain) or larger (biaxial tensile strain) values than 45°.

Figure 3.8 shows angular scans around the [011] direction for three different GeSn
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3 Direct bandgap GeSn epitaxy

alloys with 12-12.5at.% Sn incorporation. The 46nm thin, pseudomorphically
grown sample shows the strongest tetragonal distortion with an angular shift of
0.819°. The amount of tetragonal distortion er, defined as the difference between

148

in- and out-of-plane biaxial strain (¢j and €,),"*® is linked to the angular shift via

€T = —2- Ae[on]. (33)

Thus, the resulting angular shift of the pseudomorphic sample corresponds to a
tetragonal distortion of —2.9%. Strain relaxation in thicker layers of 560 nm and
705nm can be easily observed from the reduction of tetragonal distortion. Both
thick layers are closely situated near a cubic crystal, with angular shifts of 0.193°
(560nm) and 0.153° (705nm). For comparison with XRD results, the tetragonal

strain value can be converted to a biaxial strain value via elastic theory'® following

C

Er = €| — €L =€ (1 + 20712> . (34)
11

Values of about —1.60% and —0.30% for the pseudomorphic (46nm) and the

strongly relaxed (705 nm) layer, respectively, are in very good agreement with strain

values, previously determined by XRD in Fig. 3.7d.

3.2.3 Surface Morphology

For investigation of GeSn surface morphology and especially its evolution, atomic
force microscopy (AFM) is employed on 10 x 10 pm? big areas. AFM micrographs
for a GeSn thickness series with constant Sn incorporation (previously already in-
vestigated for their strain relaxation in Fig. 3.7 ¢/d) are depicted in Fig. 3.9, with
their respective layer thicknesses and rms roughnesses.

Both the Ge-VS, as well as the coherently grown GeSn layer in Fig. 3.9a&b imply
smooth surfaces with only a small roughness below 1nm. Roughness originates in
slight surface undulations, a so-called crosshatch pattern, which is present on the
surface and typical mark for regular misfit dislocations at the underlying Ge-VS/Si
interface.?!

For thicker layers, for example 160 nm in Fig. 3.9c, a higher amplitude crosshatch
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Figure 3.9 — AFM micrographs show evolution of surface morphology for

Geg.g755n0.125 layers, from the Ge buffer a) to a 560 nm thick layer e). f) Linear
roughness increase in thickening layers, possibly related to increased dislocation for-
mation from strain relaxation.

starts to appear on the surface. It is aligned along the (011) and (011) directions and
related to periodic strain fields arising from misfit dislocations at the GeSn/Ge-VS
interface. Thus, during strain relaxation, strain energy within the system is traded
in for surface energy.4?

Surface crosshatch evolves with increasing layer thickness, visible in Fig. 3.9c-e,
hills and valleys on the surface start merging together. The spatial periodicity of
the surface undulations in a 560 nm thick sample (Fig. 3.9e) is in a range of around
1 pm, which is several times that of thinner layers. The reason for this coalescence
lies directly in the increased distance between the misfit interface and the sample
surface. Strain fields, arising from the misfit dislocations, become more homoge-
neous, as it has been simulated for the SiGe material system.'® One would expect

this to become driving force for planarization, as growth on top of mounds is ener-
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Figure 3.10 — a)-¢) AFM micrographs for thick (> 770 nm) GeSn layers Sn incorpo-
rations between 5-12.5at.%. d) Decline of surface roughness with Sn content, related
to less layer misfit and higher growth temperatures.

getically not favorable anymore, leading to downhill mass transport and coalescence
of mounds. At the same time as merging of mounds, however, an increase in rms is
visible with elevated layer thickness in Fig. 3.9f. It linearly increases in the whole
investigated range up to 4-5nm for a 1 pm thick sample. The observed rms spread
in that sample can be explained by local variations on different micrographs, as the
undulation period becomes larger.

The reason for the linear roughness increase lies within the relaxation of layers
during the first few hundred nm’s, as misfit dislocations are continuously formed
anew. Another contribution may lie within the low growth temperature. The ki-
netically limited adatom mobility has been shown to result in linearly increasing
rms roughnesses, even without formation of new misfit dislocations, for example
in Ge epitaxy.'?® The roughness values itself, however, are comparable to few pm
thick SiGe buffers (with 30-50at.% Ge)61%1 and could be dealt with by ez-situ
planarization techniques such as chemical-mechanical planarization (CMP).
Strong roughness variations between different stoichiometries, as in SiGe buffers,'46
are demonstrated in Fig. 3.10a-c. Thick layer (> 770 nm) with Sn contents between
5-12.5at.% are shown, exhibiting similar undulation periodicities, but strongly vary-
ing roughnesses. As condensed in Fig. 3.10d, roughness strongly increases in high Sn
content alloys by a combination of two effects. On one hand, higher Sn contents re-
quire a larger number of misfit dislocations for strain relaxation, leading to stronger
surface undulations. On the other hand, low-Sn content layers were grown at higher

temperatures (visible on the x-axis) which helps to overcome SCHWOEBEL-EHRLICH
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200 nm ' Sj

Figure 3.11 — a) TEM micrograph of a low-quality Ge buffer which induces a high
threadings dislocation density in the GeSn alloy, while a high-quality Ge buffer allows
epitaxy of high-quality GeSn.

barriers that are limiting surface diffusion across step edges during epitaxy.!5%153

3.2.4 Defect evolution

As shown in the previous section, GeSn layers relax plastically during epitaxy via
formation of misfit defects. For optoelectronic applications, these defects may act

134,135 while

as sinks for excited carriers, offering non-radiative recombination paths,
they act as scattering centers in nanoelectronic devices, reducing carrier mobility. As
they play a critical role in later devices, their evolution and dependence for example
on buffers is evaluated in the following section.

Growth on Ge buffers is strongly favored for minimizing lattice mismatch, as previ-
ously already discussed in section 2.2.1. Nevertheless, the buffer itself needs to be
optimizied, as Figure 3.11 proves. Here, TEM micrographs of thick (700-800 nm)
GeSn alloys, grown on different Ge buffers are shown. In Figure 3.11a, the alloy is
grown on a non-optimized, about 600 nm thick Ge buffer, featuring a high threading
dislocation (TD) density. The GeSn layer on top features a very defective region
in the bottom 150 nm, but also a number of threading dislocations. Partly, these
line defects originate in the buffer and are not terminated at the GeSn/Ge interface.
They are thus penetrating through the whole layer stack and are able to form midgap

trap states in the GeSn.'®* Since they are present already in coherently grown layers,
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Figure 3.12 — TEM micrographs of a 46 nm coherently grown alloy a) and partially
relaxed layers with 360 nm and 560 nm thickness [b) and ¢), respectively]. More defects
are formed in thicker layers, still maintaining a high-quality top region.

it is important to reduce the TD density by optimizing Ge buffer growth.

Epitaxy of an 800nm thick GeSn alloy on an optimized buffer is shown in Fig.
3.11b. Cyclic thermal annealing helped reducing the TD density in the Ge buffer
down to 5 x 10°cm~2 in Ge buffers externally grown by JEAN-MICHEL HARTMANN
(CEA-LETI),** resulting in high-quality layers. A second clear complement lies
within the defective region at the GeSn/Ge. In contrast to low-quality Ge buffers,
defects also penetrate into the buffer, a distinct features, which will be taken up in

the further course of this section.

Defect evolution under constant growth parameters, but increasing layer thickness
is shown in Fig. 3.12. In a coherently grown alloy in Fig. 3.12a, no defects are
visible in the TEM micrograph. For a partially relaxed alloy with 360 nm thickness
in Fig. 3.12b, a rather dense misfit dislocation network is formed at the GeSn/Ge-
VS interface, still leaving the top part of the layer pristine. Generation of defects
continues in even thicker layers, as shown for a 560 nm thick sample in Fig. 3.12c.
Here, several dislocation half-loops penetrate into the Ge-VS, but also create a
defective region about 200 nm within GeSn. In even thicker layers, the defective
region reaches even further into the bulk GeSn part, accompanied by an increased

number of threading dislocations.

The different regions of a 410 nm thick Gegg755n0.125 alloys are more closely depicted
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Figure 3.13 — TEM micrographs of 410 nm thick Geg g75Sn0.125 layer: a) overview on
the complete layer, b) surface region, ¢) high-resolution micrograph and d) diffraction
image from the bulk region

in Fig. 3.13. The overview in 3.13a shows misfit dislocations confined at the
GeSn/Ge-VS interface and no threading dislocations visible here. A region close
to the top, shown in 3.13b, depicts a smooth sample surface without any sign of
roughening from the low growth temperatures. In the bulk region of the sample, an
exceptional crystalline quality is proved by the micrographs. The brightfield image in
Fig. 3.13c offers atomic resolution and very regular atom arrangement. Furthermore,
the selected area electron diffraction pattern shows the two-fold symmetry of the
[110] zone axis, while distinct diffraction spots also indicate a high single-crystalline

quality.

Figure 3.14a closely depicts the interface region of a different, but also hundreds

of nm thick alloy. Several misfit dislocations, here marked by orange arrows, were
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Figure 3.14 — a) TEM micrograph of a defective GeSn/Ge interface shows misfit
dislocations and dislocation half-loops into the buffer. b) Close up of a pure edge
dislocations.

formed during strain relaxation and form a dense network at the GeSn/Ge interface.
High-resolution analysis, taken a few degrees off of the (220) zone axis, enabled iden-
tifying some of them as pure edge dislocations, as shown in Fig. 3.14b. Since only
the component of the BURGERS vector lying in the interfacial plane participates in
strain relaxation, pure edge dislocations are most efficient in relaxing the in-plane
compressive strain.'?®

A second important observation from Fig. 3.14a is the existence of dislocation half-
loops in the Ge-VS. These line defects are not originally in the high-quality Ge
buffer, as previously stated, but are formed during epitaxy. A mechanism in which
the buffer participates in strain relaxation, reducing the dislocation density in the
upper layers, is of course very beneficial for optoelectronic applications. One possi-
ble explanation for this behavior, which has previously been studied also in graded
SiGe bufferst®®157 or I1I-V phosphides,'®® may be as following.

A pinned misfit dislocation formed at the GeSn/Ge interface may start acting similar
as so-called FRANK-READ sources,'® which are able to generate additional dislo-
cation loops. Once these loops reach the sample surface, both threading segments
can move towards the wafer edge, while the lower part of the half-loop is pushed
into the substrate. This mechanism might explain both dislocations in the substrate
and only a small number of threading segments in the top part, but are also in ac-
cordance to other observations. On one hand, a certain length of the initial misfit
dislocation is needed in the described model. If the initial dislocation density is
too high, the FRANK-READ mechanism energetically never starts operating, which

explains the qualitatively different relaxation behavior in low-quality Ge buffers (c.f.
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3.2 Relaxed layer growth

Fig. 3.11a on page 35). Second, this mechanism may also explain the strong increase
in TD density in pm thick GeSn layers. As strain relaxation proceeds, more and
more misfit dislocations are formed at the GeSn/Ge interface. Pinning of disloca-
tions at their intersection is likely to occur and has been shown responsible for the
large number of observed threading dislocations in SiGe buffers.*6 Similar pinning
may be present also in our GeSn system, if the number of formed misfit dislocations
surpasses a critical value. An expedient may then be given by grading the GeSn
layer. In that case the dislocations are not solely located at the GeSn/Ge interface,
but are spread across the graded region, which may help avoid pinning of threading
segments even for thicker layers.'® Indeed, a much better layer quality was found
in case of step-graded GeSn layers.'6!

Nevertheless, this mechanism, originally developed for SiGe alloys, fully neglects
the influence of vacancies on strain relaxation. In our case however, a large number
of those is expected, both from the low growth temperature and the high lattice
mismatch (i.e. up to 2% mismatch for a 14 at.% Sn-containing alloy) between GeSn
alloy and Ge substrate. Differences in their elasticities may promote injection of
vacancies into the buffer, where they may also form dislocation loops responsible
for the observed behavior. For a definite conclusion, detailed investigations of the
involved types of defects will be necessary.

Besides the previously investigated misfit line defects and mentioned vacancies, sev-
eral other types of point defects have been predicted in the GeSn system. Besides
theoretical investigations of non-substitutional 3-Sn defects,'621%3 mainly electronic
properties of Sn-vacancy complexes were calculated.'%4 1% Experimentally, the for-
mation of midgap traps in GeSn from point and line defects was observed by deep

154,167

level transient spectroscopy. Direct observation of vacancies, however, for ex-

ample by positron annihilation spectroscopy have so far only been pursued in bulk
Ge material . 1%®

In the following, defects are investigated by their electronic interaction in electro-
chemical capacitance-voltage (ECV) profiling. By this technique, a carrier concentra-
tion is derived from C-V measurements across the SCHOTTKY barrier between semi-
conductor and an electrolyte in contact.®17 Furthermore, a well-chosen electrolyte
allows homogeneous etching of the semiconductor, hence periodic measurement-etch

cycles allow depth-dependent profiles of the electrically active carrier concentration
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Figure 3.15 — a) p-type carrier concentration in thick GeSn alloys. Inset shows
determined values close to the surface. b) Depth-resolved carriers for 12.5at.% Sn
series with varying thicknesses. Inset gives overview on concentration evolution.

throughout the sample. It shall be noted, however, that in narrow bandgap semi-
conductors, such as GeSn, the early onset of inversion region may impede a reliable
value extraction. The absolute concentration values from ECV measurements have

to be taken with a grain of salt, nonetheless it shall clearly indicate any trends.

ECV profiles of several thick GeSn alloys are shown in Figure 3.15a. For a better
comparison, all data points were shifted, so their GeSn/Ge interfaces are on top of
each other. All investigated samples show clear p-type behavior, consistent to un-
intentionally p-doped GeSn'™"'™ and SiGeSn.'™ '™ In these thick layers, different
defect sources seem to contribute to the observed unintentional carrier concentra-
tions. A clear increase in carrier concentration is observed surrounding the GeSn/Ge
interface for elevated Sn incorporation, which is clearly linked to the higher amount
of misfit dislocations, necessary for strain relaxation. In all layers, the carriers also
clearly reach inside the buffer region, which coincides with the previously observed
emission of defect half-loops into the substrate. Further away from the interface,
the carrier concentration declines in each sample and may now be governed by va-

cancy point defects, typical for low-temperature epitaxy.'™ 77 Only in these thick
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samples, a slight increase in carrier concentration is visible towards the surface. To
rule out an artifact, e.g. from surface contamination, analysis of the top 50 nm are
excluded in Fig. 3.15a. The still visible carrier concentration increase may be linked
to additional defects injected from the surface during growth, when no more misfit
defects can be formed at the interface as their density gets too high. Nonetheless,
a clear trend of carrier reduction close to the surface is visible in the overview in
the inset of Fig. 3.15a. It shall be noted, however, that the derived concentration
in the 6 x 10'-5 x 10'" cm ™3 may be off from the true values. For example, carrier
concentrations determined by HALL measurements are about an order of magnitude
smaller.'”® The reason for this deviation may lie in distortion of the ECV measured
values due to the small bandgap material.

Similar ECV investigations are performed for a series with constant Sn incorpora-
tion, but differing thicknesses. Figure 3.15b shows a clear decline in carrier concen-
tration for increasing layer thicknesses. Two possible explanations may be responsi-
ble for this behavior. On one hand, the distance between surface and the defective
interface is larger leading to a stronger decrease in observed carrier concentration.
On the other hand, on-going relaxation may reduce the amount of electrically active
vacancies, as compressive strain in the layers is reduced. For a definite judgement,
the exact type of defect needs to be observed, for vacancies for example possible by

the previously mentioned positron annihilation technique.

3.3 Optical properties

After the previous section focussed on the structural and morphological properties
of thick GeSn alloy, this section monitors their evolution in optical properties. To
illustrate changes in bandgap and directness, two different optical measurement

techniques were employed.

3.3.1 Measurement techniques

As a first technique, absorption measurements were performed in a Bruker VER-
TEX 80V Fourier Transform Infrared (FTIR) spectrometer system. Halogen and

Globar SiC lamps are used to provide near- and mid-infrared light, respectively. The

41



3 Direct bandgap GeSn epitaxy

Table 3.1 — Structural properties of thick GeSn series.
Zsn (at.%) thickness (nm) strain (%)

8.5 770 -0.06
10 835 -0.23
12.5 970 -0.34
14 1030 -0.67

absorption spectra itself were acquired by a HgCdTe detector, which was cooled by
liquid nitrogen. For maximum light collection, all samples were placed on top of a
gold-coated, highly reflective sample holder, inside an integrating sphere.

The same measurement system further allows carrying out temperature-dependent
photoluminescence (PL) measurements. In that case, samples were excited by a
continuous-wave solid-state laser with an excitation wavelength of 532nm and a
maximum output power of about 100 mW. Photoluminescence, emitted by the sam-
ples, was then detected by a likewise nitrogen-cooled InSb detector with a detection
range as low as 0.23 eV in step-scan mode. To further optimize light collection and
reduce the influence of thermal radiation, an additional filter with ~3 um cutoff was
positioned in front of the detector.

To allow a systematical, decoupled investigation of the independent influences of
strain and Sn content, two different series were investigated. First, a series with
nearly fully relaxed GeSn alloys with Sn incorporation in the range 8.5-14 at.% was
examined. Beyond that, a series with a fixed Sn concentration of about 12.5at.%
was studied, with gradually increasing layer thickness and, thus, strain relaxation.
An overview on the most important sample properties in both series are given in
Tables 3.1 and 3.2.

3.3.2 Tuning Sn incorporation for bandgap engineering

The influence of Sn incorporation on light absorption is clearly visible in Fig. 3.16a.
Reflection measurements of thick (>770nm) layers are depicted in there, together
with a spectrum of the underlying Ge-VS. The strong absorption edge of the latter
one, slightly below 0.8 eV, can be attributed to the direct transition at the I'-valley,
which fits the literature value of 0.76eV for the Ge direct gap (c.f. Table 2.1 from
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3.3 Optical properties

Table 3.2 — Structural properties of GeSn thickness series for constant Sn incorpora-
tion.

thickness (nm) wg,(at.%) strain (%)

46 12 -1.65
215 12.5 -0.70
357 12.5 -0.55
414 12.5 -0.43
560 12.5 -0.40
705 12 -0.31
970 12.5 -0.34

page 7). In GeSn alloys, the position of the strong absorption edge, i.e. the I'
valley position, is strongly redshifted. For alloys with 8.5at.% Sn it is located at
around 0.50 eV, while for a 14 at.% alloy it is shifted as low as 0.37eV. These values
correspond to wavelengths of 2.46 um and 3.39 pm, respectively. While in theory,
modeling of the GeSn absorption spectra may yield more precise band structure

parameters,'7%180

an exact determination of direct and indirect absorption edges in
these samples are complicated by the presence of thickness fringes around the region
of interest. Nonetheless, these results, as also expected from theory (c.f. section
2.1), demonstrate the high versatility of GeSn alloys. While in this thesis focus is
placed on the formation of efficient group IV light emitters, the observed tunable
absorption makes these alloys promising materials also for near- to mid-infrared
absorption applications. Indeed, several GeSn-based photodiodes were reported in

129,181-185

literature, extending the spectral range of Ge detectors’ further into the

infrared. Also for applications such as electro-optical modulators, required in opto-
electronic integrated circuits (OEIC), the material system is of interest.!86

Besides light absorption, Sn incorporation also shows its impact on light emission.
Figure 3.16b features normalized photoluminescence spectra, recorded at 4 K. Also
in here, a clear redshift of PL peak position is observed at elevated Sn concentrations.
Furthermore, a broadening of PL emission is observed in higher Sn content alloy, in
case of the 14at.% Sn sample (red) a second peak emerges. There are two possible
explanations for this behavior. First, both peaks may be attributed to different

transitions, from I' to heavy or light hole (HH/LH). Indications for this were found
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Figure 3.16 — Optical characterization of thick GeSn layers. Room temperature
reflection measurements a) and normalized PL at cryogenic (4K) temperatures b)
indicate a clear bandgap redshift by increased Sn incorporation.

in power-dependent measurements in reference.'*®> Another explanation may lie in
the inhomogeneity of the layer. As discussed and shown previously in Fig. 3.5, thick
layers feature an additional smaller Sn content region close to the interface. Only
in cases of high Sn content alloys, both regions are direct enough to considerably
contribute to PL emission, which may also explain the observed peak broadening
only in high Sn content samples.
Temperature-dependent photoluminescence spectra were recorded for thick GeSn
alloys to learn more about parameters needed for theoretical modeling of the alloys.
As previously discussed, valley energies in GeSn can be calculated from the weighted
individual element energies and additional bowing parameters (c.f. formula 2.1, page
7):

BN = B o+ B, (1—2) — by, (1—0) (3.5)
For the individual elements, temperature-dependence is included by applying appro-

priate VARSHNI parameters o and 3, since T-dependent electron lattice interaction

and dilatation of the lattice influence the bandgap following:'8"

oT?
T+p

Egejsn = Eo — : (3.6)
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Figure 3.17 — Temperature-dependent direct bandgap energies from PL measure-
ments are used for fitting temperature dependence of the GeSn bowing parameter

bGesn- Data are well described by the fits (solid lines), including an uncertainty in Sn
incorporation of + 0.5at.% (dashed lines).

While VARSHNI parameters are known at least for some valleys in Ge!®® and «-Sn, ¥
no temperature-dependence of the bowing term bges, is known. It can be included

using a linear first order approximation
baesn = bo+c¢-T. (37)

Temperature-dependent I' energies, obtained from the PL peak position Epr, by
Er = Epy, — kgT /2,19 are plotted for a range of different alloys in Fig. 3.17.

Global fitting of all four temperature dependences allows extraction of a single pair
of parameters by and c for all four samples. Temperature trends are well described
by the collective parametes by = 2.24¢V and ¢ = —4 x 107*eV K™!, indicated by
the solid lines in Fig. 3.17. Certain deviations between fit and PL peaks can be
solely explained by uncertainties in measurement of sample properties, 0.5 at.% in
Sn concentration and +0.05% strain. For each sample, the respective fits in Fig.
3.17 are also shown for maximum errors of measurements (that is +0.5at.% Sn &
and —0.05% strain and vice versa) as dotted lines. Within these limits, the new

parameters very well describe temperature behavior, and are used for band structure
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Figure 3.18 — a) Reflection measurements on a series with constant 12.5 at.% Sn, but
varying compressive strain. b) Strain- (Inset: Thickness-) dependent direct bandgap
positions, as determined from PL spectroscopy.

calculations in the following.

3.3.3 Influence of strain on layer properties

For investigating strain effects on the GeSn band structure, reflection and PL mea-
surements were conducted on a series of samples with constant Sn incorporation,
but varying residual strain (c.f. table 3.2, page 43). From reflection measurements
of three samples, visible in Fig. 3.18a, the influence of compressive strain on the
direct bandgap I'-valley is clearly indicated. A distinct shift of the strong absorption
edge from about 2.6 pm to 3.1 ym is observed, when the compressive strain relaxes
from —0.70 % down to —0.34 %. A similar behavior, as expected from band struc-
ture theory (c.f. section 2.1), is also visible in PL measurements.

Figure 3.18b depicts direct bandgap positions, as determined from room temper-
ature measurements, versus residual compressive strain. All samples besides one
clearly match the theoretical predictions for (12.5 & 0.5) at.% Sn alloys, as indicated
by solid and dashed lines in Fig. 3.18b. Thickness dependence, as shown in the
inset, illustrates a clear peak shift only in the first few hundred nm’s of growth,

which resembles the strain relaxation behavior, proving it to be cause for the PL
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Figure 3.19 — a) Temperature dependent PL spectroscopy shows strongly increased
light emission at cryogenic temperatures, originated in the direct bandgap character
and a reduction of non-radiative recombinations. b) JDOS modeling of PL emission
yields directnesses, comparable to band structure calculations (see Table 3.3), and
proves an indirect-to-direct transition solely by strain relaxation.

redshift.

Further information on the layers’ directness can be gained by temperature depen-
dent investigation of light emission. In Figure 3.19a, changes in photoluminescence
are demonstrated, when temperature ramping is performed from room temperature
down to 4 K. Besides a VARSHNI-like shift in PL peak position, a distinct thermal
quenching of PL intensity at room temperature is observed. The reason for this di-
minishing is a combination of two different effects. On one hand the fundamentally
direct bandgap in this sample — the theoretically expected directness is about 65 meV
— plays an important role. Due to the significantly smaller effective mass and, thus,
density of states of I' electrons, only a fraction of electrons is actually located at I'.
At least at room temperature, thermal broadening of the FERMI distribution leads
to a non-negligible number of electrons at L. At cryogenic temperatures, however,
electrons condense into the lowest occupiable energy states at I'. Light emission
is then enhanced, as a larger number of electrons is available for radiative direct
energy transitions.

The second strong impact is raised by changes in non-radiative recombination time.
Due to their relatively long diffusion length, optically excited electrons are able

to reach the defective GeSn/Ge interface within their recombination time. The
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3 Direct bandgap GeSn epitaxy

high number of misfit dislocations there, however, offer non-radiative recombina-
tion paths strongly deteriorating the efficiency of radiative transitions. At cryogenic
temperatures, these non-radiative recombination centers are thermally not activated
anymore, hence strongly increasing non-radiative recombination time.
Temperature dependent PL behavior of alloys can be modeled, employing a joint-
density-of-states (JDOS) model. This model, as previously detailed discussed in
reference [29] and the supplementary of reference [191], allows determination of the
layers’ directness within certain boundaries. The basic approach will be briefly ex-
plained in the following.

Emitted photoluminescence is directly related to the spontaneous photon emission

rate Ry, in the material and can thus be described via

Rsp X Z / P3D (Eam:7Ez) 'fe (EEIB),U/CaT) 'fh (E{/BvuhaT) dEa (38)
i=P—HH/LH "’ Fr

with the joint density of states psp o< (mj)g/ *E— EGap, which shows the typi-
cal reduced mass m and energy E dependence in three dimensions. The FERMI

distributions f/ for electrons and holes are evaluated around primed energies

W%;I/LH) (E — (E[‘ - EHH/LH)) (3.9)

m (', HH/LH)

"
Mgy LH

E¢p = Er +

Eip = Eupjin + (B - (Er — Bunjn)) (3.10)
for I' — HH and I' — LH transitions, respectively. The quasi-FERMI levels fic/p,
which arise due to the non-equilibrium occupation of bands from optical pumping,
can be calculated from effective masses m* (determined by 8-band k-p) and injected
carrier concentration (from pumping power, in our case Ny = 7 x 107 cm=3).

To eliminate the temperature dependent change in non-radiative recombination
time, normalized PL of different samples were collectively fitted, assuming iden-
tical non-radiative recombination times. This is an important boundary for the
model, as only samples with similar defect densities can be compared. Impact of
temperature on PL intensity in those samples should then solely be caused by dif-

ferent occupation of I' and L states, thus making the directness E; — Er the only
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Table 3.3 — Comparison of directness £y, — Er, obtained from JDOS modeling and
band structure calculations.

directness from

thickness ren(at.%)  strain (%) directness from band structure
(nm) JDOS model (meV) .
calculations (meV)
46 12 -1.65 -35 -40
215 125 -0.70 25 44
560 12.5 -0.40 55 69

fitting parameter.

Results of photoluminescence and respective JDOS modeling are shown in Fig.
3.19b. Excellent agreement is found between the normalized PL data and the mod-
eled curves, for fully strained (green), as well as partially relaxed samples (blue
and orange). The fully strained sample shows decreasing PL intensity at reduced
temperatures. As previously discussed, the fundamental indirect bandgap in this
samples leads to an occupation of L states. At cryogenic temperatures, L — I" car-
rier transfer is suppressed, resulting in a diminishing of PL emission.

In partially relaxed samples, a qualitative difference in PL evolution is visible. In-
stead of a continuous PL decrease for temperature reduction, a steady emission in-
crease is observed. An indirect-to-direct transition of the fundamental bandgap by
strain relaxation can be accounted for the behavior difference in partial relaxed GeSn
alloys. Further decrease of residual compressive strain from —0.70 % to —0.40 % and
the accompanied increased directness leads to slight changes in temperature trend,
which are reflected also in the JDOS fit. For highest directnesses, normalized PL
intensity at 4K is smaller than for intermediate strain values. In this case, a sig-
nificant fraction of electrons populate the I'-valley already at room temperature,
thus the relative PL increase with temperature reduction will be less pronounced in
this sample. Comparison of directness obtained from JDOS model and band struc-
ture calculations are illustrated in table 3.3. An adequate agreement between both
methods is found. In particular, the expected indirect-to-direct transition, which is
expected from theory for a value of about —1.27% (c.f. Fig. 3.7e on page 29), is
reflected also in JDOS modeling. Thus, clear evidence of improved light emission

properties by relaxation of GeSn alloys is found.
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3 Direct bandgap GeSn epitaxy

3.4 Summary

The previous section dealt with RPCVD growth of GeSn alloys at temperatures
below 400 °C, down to 340 °C. Diverse techniques such as RBS, TEM and XRD were

employed for structural investigation of grown alloys. Influence of stoichiometry and

strain on band structure were investigated optically by carrying out temperature-

dependent PL and reflection measurements. Those results were furthermore verified

by band structure calculations. In the following, the most important results are

summarized.
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Investigation of GeSn growth kinetics revealed two reliable mechanisms for
tuning of Sn incorporation. Temperature reduction enables elevated Sn con-
tents between 2.5-12 at.%, while symmetric tuning of digermane and tin tetra-

chloride flows allow changes in Sn concentration at a given temperature.

Epitaxy of up to 1pm thick GeSn layers with Sn incorporation as high as
14 at.% Sn was demonstrated. Layers undergo plastic strain relaxation by
formation of misfit dislocation, which, however, can be confined at the interface

for intermediate thicknesses of several hundreds of nm.

Independent tuning of strain and Sn content allows engineering of the direct
bandgap in the short-wave- to mid-infrared region up to 3.4pum (0.37€V), en-
abling versatile applications not only for emitters, but also for photodetectors

or optical modulators.

Temperature-dependent photoluminescence enabled improvements of the theo-
retical description of alloys, by determining temperature-dependence in bowing

parameters.

Overall, the suitability of GeSn alloys for light emitters was proven, demon-
strating both requirements postulated in section 2.1: Growth of high-Sn con-
tent and strain relaxed alloys. Strong room temperature light emission was
shown, while also an indirect-to-direct transition of alloys, induced by strain
relaxation, promotes their use as active medium in efficient group IV light

emitters.
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After epitaxy of binary GeSn alloys has been successfully developed in the previous
chapter, this chapter deals with investigation of even more complex group IV ternary
SiGeSn alloys. The low growth temperature (<425°C) puts severe constraints on
epitaxy, as even low-temperature growth of Si (using disilane) can only be performed
down to 550 °C, before growth rates drop below 1nmmin~'.'%2 However, consider-
able Si incorporation is necessary for sufficient carrier confinement in GeSn/SiGeSn
heterostructures. Despite these drawbacks, epitaxy of ternaries with Si and Sn con-
centrations up to 14at.% has successfully been shown in literature.!3%193-19 There
however, only marginal systematic investigations of growth kinetics or band engi-
neering are performed.

Here, growth of SiGeSn ternaries is investigated, since they are ideal candidates for

indirect and large-bandgap material in different types of heterostructures. Possible
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44,193,199 gyer heterostructure

applications range from heterostructure light emitters,
electro-optical modulators, to photodetectors? and to drain terminals in tunneling
field effect transistors (TFETs).% Emphasis in this chapter is first placed on system-
atic inquiry of the influence of precursor gases, temperature and reactor pressure,
analogue to the GeSn investigations in chapter 3. Tuning of band structure prop-
erties, for all compositions and strain individually, is performed again by optical
techniques.

The presented results have in part been previously published under reference.!%

4.1 Growth kinetics

In the previous chapter, an ideal partial pressure ratio pge,n,/Psnc, of about 88 has
been found for high quality epitaxy of GeSn layers. Starting from these parameters,
the influence of disilane, temperature and pressure is investigated consecutively,

leaving everything else constant.

4.1.1 Precursor flow dependencies

First, the impact of disilane flow on growth kinetics is investigated. As before for
GeSn, these experiments were conducted at a growth temperature of 375°C on Si
wafers.

The changes in Si and Sn incorporation for a plain increase in disilane flow are
shown in Figure 4.1a. While the Sn incorporation stays mainly constant at around
8.5at.%, Si concentration is increased from 5at.% to 11at.%, when disilane flow
is ramped up between 50-85Pa. When compared to growth without any disilane,
Sn incorporation in ternaries is slightly lifted by about 1at.%. This well-known

130,195 g linked to local strain compensation by

characteristic of SiGeSn ternaries
the smaller-sized Si atoms, allowing a larger fraction of Sn atoms to be built-in the
layer. It shall be noted that very high Si precursor flows (higher ps; than pg.) are
needed here to obtain a noticeable amount of Si incorporation, which is likely related
to the small cracking efficiency of disilane at the low growth temperature. This
additionally has the effect of deteriorating the layer properties. For disilane partial

pressures above 68 Pa, no homogeneous atom incorporation is observed anymore, as
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Figure 4.1 — a), b): Influence of disilane partial pressure on layer stoichiometry for
two different GeaHg/SnCly flows at 375 °C. Increases in Si precursor flow are however
accompanied by inhomogeneous elemental compositions. c¢) Elemental growth rates
prove a surface poisoning by Si atoms, obstructing integration of Sn and Ge atoms.

proven by RBS measurements (see Fig. A.2 in the appendix).

Similar behavior is found for a disilane flow series, with smaller digermane and tin
tetrachloride flows. As visible in Fig. 4.1b, Sn incorporation stays constant again,
Si concentration linearly increases, while layer quality is degraded at higher disilane
flows. To investigate the origin of this degradation, the elemental growth rates of the
series from Fig. 4.1b are depicted in Fig. 4.1c. While growth rates for Si increase
due to the higher Si mass flow, growth rates of both Sn and Ge diminish. The high
amount of Si adatoms may obstruct lattice sites and limit adatom mobility, thus
impedes the incorporation of Ge and Sn atoms.

For smallest disilane flows in Fig. 4.1a and b, however, different stoichiometric alloys
are achievable. Both layers also show a high crystallinity, as proved further by small
minimum channeling yields Xy, below 20 %. Keeping a constant disilane mass flow,
while simultaneously adjusting only digermane and SnCly flows (as for GeSn alloys)
may be a valid solution for tuning stoichiometry at a given temperature.

To investigate this more systematically, a sample series was grown, keeping a con-
stant disilane partial pressure of 68 Pa. The partial pressure ratio pgeyu,/Psncr, = 88
was kept constant, only the absolute Ge and Sn precursor flows were varied simul-
taneously. Figure 4.2a shows the effect of Ge/Sn precursor adjustment on stoi-

chiometry. While Sn content is fixed at around 8 at.%, a strong change in Si content
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Figure 4.2 — a) Stoichiometry can be adjusted by coherent tuning of GeaHg/SnCly
precursor flows, leaving disilane flow constant. ¢) Elemental growth rates show growth
rate increases for Sn and Ge atoms and leveling of Si atoms, comparable to GeSn
growth, making this approach useful for stoichiometry tuning at a given temperature.

between 6.5-10.3 at.% is visible. It must be noted that the overall layer quality is
rather poor, which is due to the inflated amount of disilane flow in this series. The
methodology itself, however, shall work also at smaller disilane mass flows. This
is justified by the elemental growth rates in Figure 4.2b. Simultaneous increase in
Ge/Sn precursor flows yield higher growth rates of both species, which was already
shown in section 3.1.1 to produce high quality GeSn alloys with varying stoichiome-
tries. As the Si growth rate maintains constant in this methodology, Si incorporation

can reliably be adjusted by this method.

4.1.2 Reactor pressure dependence

A different parameter set, left out before, is the reactor pressure. Changes in pres-
sure will have strong influence on growth kinetics, since it can accelerate precursor
reactions in gas phase and thus have a strong impact on later film properties.2?
Although we always remain in a low-pressure regime around 60 mbar, the particle
gas flow is kept constant in our reactor. Hence, pressure changes result in varying
gas flow profiles above the wafer surface, which may have an influence on homogene-

ity. Further, also the shape of the chemical reaction boundary layer may change,
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Figure 4.3 — Reactor pressure does not strongly influence composition a) or growth
rates b) in this low-pressure regime. Layer quality, however, is increased for smaller
pressures c), likely related to changes in chemistry in the chemical boundary layer
close to the wafer surface

impacting the layer quality.

The effect of pressure changes on layer stoichiometry and growth rate are shown in
Fig. 4.3a and b. Leaving the Ge/Sn/Si precursor partial pressure ratios constant,
no clear influence on those layer composition and growth rate is observed. Admit-
tedly, no drastic changes in gas phase reactions are expected in this low-pressure
regime. A definite effect can be seen however on the crystalline quality, as character-
ized by the minimum channeling yield value. Decreasing i, values down to 15 %
are observed, which may be related to changes in the chemical reaction boundary
layer above the wafer surface. In this diffusion-limited region, sticking for a num-
ber N of precursor gas molecules on the surface is given by the HERTZ-KNUDSEN
equation
dN P

T AT (4.1)

with reactor pressure p, molar mass of precursor molecule M and temperature 7°.20!

It is evident that clear changes in impinging rate are expected, although growth
remains in a low pressure regime. This may influence surface reactions and thus

impact changes in layer quality.
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Figure 4.4 — a) Elevated Sn contents and decreased Si contents are observed when
growth temperature is reduced, maintaining a high quality for all layers. b) Super-
linear increase in elemental Si growth rate indicates kinetically limited Si incorporation
from inefficient disilane cracking at low growth temperatures.

4.1.3 Temperature dependence

Similar as for GeSn, strong changes in growth kinetics can be expected from tuning
the reactor temperature. A series of pseudomorphic SiGeSn layers is grown on top of
Ge-VS for constant partial pressures of pge/si/sn = 55/68/0.62 Pa in a temperature
range from 340-425°C.

The strong impact of temperature on layer stoichiometry is depicted in Fig. 4.4a.
Temperature reduction to 340 °C is accompanied by a clear elevation of Sn content
from about 5.0at.% to 11.8at.%. Similar to GeSn epitaxy, this behavior can be
explained by a temperature-related diminishing of the Sn segregation length, per-
mitting a higher number of Sn atoms in the layer at smaller temperatures.

For Si atoms, a clear reverse incorporation trend is observed. The reduction of in-
corporated Si atoms from 14.0at.% to 4.5at.% at smaller temperatures is clearly
linked to the smaller cracking efficiency of the silicon precursor. The rather high
binding energy of 3.20eV of the Si-Si bond in disilane'?® impairs the formation of
SiH, radicals reducing the amount of incorporated Si atoms. This connection is

further proved by the elemental growth rates in Fig. 4.4b. A super-linear Si growth
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rate increase proves the kinetical limitation of Si precursor cracking, while no change
in Sn deposition speed is observed.

Nonetheless, incorporation of Si into the lattice at these reduced temperatures is
astonishing in the first place, as the minimum growth temperature of Si from disi-
lane is around 500-550°C.*2 As the presence of chlorine accelerates the formation
of radicals, additional chemical reaction paths going hand in hand with the SnCly
precursor may enhance Si incorporation at these small temperatures.

Regardless of growth temperatures, all layers exhibit excellent minimum channel-
ing yields below about 7 %, proving layers in a broad stoichiometric range with up
to 14at.% Si or Sn, even without the formation of precipitates or a considerable

number of atoms on interstitial sites.

4.1.4 Strain relaxation

Strain in the ternary is an important band structure parameter, just the same as for
GeSn alloys. High Sn incorporation still results in compressively strained layers. In
Fig. 4.5a, the RSM of a coherently grown layer with 4.5/11.8 at.% Si/Sn is shown.
It possesses a smooth interface and surface, as visible from periodic oscillations —
thickness fringes — around the SiGeSn peak.

In contrast to GeSn epitaxy, compressive strain is not necessarily always present in
layers grown on Ge-VS. By adding a sufficient amount of Si atoms internal strain can
be reduced, or even turned into tensile strain. This behavior is visible in an overview
of several coherently grown samples in Fig. 4.5b. For small Si/high Sn contents,
large compressive strain values of —1.56 % are measured, similar to high Sn-content
GeSn alloys. Increasing the number of Si atoms and/or reducing the Sn content
minimizes the internal strain. For samples with a stoichiometry of 12/4 at.% Si/Sn,
the layers are grown nearly lattice matched on the Ge-VS, which is comparable to
a Si/Sn ratio of ~ 3.7, as found in reference.?’? For even higher Si contents, ten-
sile strain is induced in the layer. In principle, this behavior acts as an additional
degree of freedom in heterostructure designs. Decoupling of bandgap and lattice
constant allows the design of stress-free heterostructures with a reduced number of
interface defects. Different SiGeSn stoichiometries are also of interest for nanoelec-

tronic applications, such as source/drain stressors. Inducing strain in the channel
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Figure 4.5 — a) Reciprocal space map of a coherently grown, compressively strained
SiGeSn alloy. b) Strain in coherently grown SiGeSn alloys depends on Si/Sn ratio,
allowing both tensile and compressively strained layers. ¢) & d) Relaxation degree and
biaxial strain versus layer thickness, respectively, for a series with constant alloy com-
position show plastic strain relaxation when growth surpasses the critical thickness. e)
& f) TEM micrographs shows formation of misfit dislocation close to the SiGeSn/Ge-
VS interface and injection of dislocation half-loops into the Ge buffer layer.

of Si MOSFETs by replacing source and drain regions by SiGe (compressive) or SiC
(tensile), is a nowadays commonly used technique for boosting carrier mobility.2%
SiGeSn can, depending on the exact stoichiometry, induce uniaxial compressive or
tensile strain in the channel region of future Ge-based electronics, and thus could
lead to enhanced device characteristics,20420°

Alike GeSn epitaxy, SiGeSn layers relax plastically, when grown beyond the critical
thickness for strain relaxation. An overview on relaxation degree and residual strain
is given for a series with ~5/11at.% Si/Sn in Fig. 4.5¢ and d, respectively. Coher-
ent growth of thicker layers (up to nearly 100 nm) is possible, compared to previous
investigated GeSn alloys in section 3.2.2, which is reasoned by the smaller mismatch

stress to the Ge-VS.
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4.2 Bandgap engineering

Table 4.1 — Overview of the different ternary series, used for optical characterization.

Si composition Sn composition

Sample series (at.%) (at.%) thickness (nm) strain (%)
5.0 5.0 50 -0.39
Constant Sn 11.9 5.1 67 -0.29
15.0 5.0 90 0.27
5.0 5.0 50 -0.39
Constant Si 4.5 11.8 48 -1.56
4.5 13.5 598 -0.59
4.5 11.2 43 -1.50
COHSW.IE. 5.5 10.5 184 -1.18
CompostHon 45 11.5 357 -0.60
12.0 4.0 200 0.37
PL series 6.0 11.0 195 -0.75
4.0 13.0 243 -0.64

The microscopic origin of stress relieve is again very similar to GeSn alloys. As
TEM micrographs in Fig. 4.5e&f prove, plastic relaxation occurs via formation of a
large number of misfit dislocations and dislocation half loops, mainly confined at the
bottom interface. As for GeSn, dislocation half-loops are pushed into the substrate,
keeping defects away from the epilayers.

In conclusion, strain relaxation in ternaries strongly resembles that of GeSn. As
growth has been shown successful, their versatility renders them interesting for sev-
eral heterostructure applications. Origin of this multiplicity of applications lies
within the potential of bandgap engineering. Bandgap tuning, individually by Si

and Sn content is possible, and will be demonstrated in the upcoming section.

4.2 Bandgap engineering

As for GeSn alloys, bandgap engineering can be monitored by investigating absorp-
tion and emission properties of the grown layers. Different series of samples are
measured for their optical properties in the following, an overview on their proper-

ties can be found in table 4.1.
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Figure 4.6 — Reflection spectra probing the strong absorption edge in different SiGeSn
series. a): No clear effect of Si incorporation is seen, as the direct bandgap is shifted
above the one of the Ge-VS. b) Sn increase leads to a distinct redshift of the I'-valley,
as does ongoing strain relaxation c).

4.2.1 Absorption measurements

To individually probe the influence of Si content, Sn content and residual strain on
band structure, three sets of layers are investigated: i) for a constant Sn concen-
tration of ~5at.% and varying Si contents; ii) for several Sn contents, but fixed
Si concentration of ~4.5at.%; iii) fixed composition of 5/11at.% Si/Sn, but dif-
ferent relaxation degrees (c.f. table 4.1). By tracing the position of the strong
absorption edge, shifts of the direct bandgap at I" can be investigated. Figure 4.6a
shows reflection spectra of the first series with constant Sn content. All samples
exhibit strong absorption beyond 0.8 eV, exactly as the Ge virtual substrate, which
is given as comparison. It can thus be concluded that this absorption originates in
the underlying Ge buffer, the value indeed matches the direct bandgap transition
of Germanium.*? While for the first sample with 5at.% Si incorporation (orange
curve) a slight absorption effect can be observed in a range slightly below 0.8¢€V,
all other samples seem to show exactly the same absorption behavior. Reason for

the latter is the rather high amount of incorporated Si atoms. As discussed in band
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4.2 Bandgap engineering

structure theory in section 2.1, Si atoms increase the direct bandgap at I', in this
case well above the position of Ge. Thus, absorption from those SiGeSn alloys can
not be observed in this configuration (grown on Ge), as it is always masked by strong
absorption from the buffer itself.

In the second set of ternaries, however, a clear effect of Sn incorporation is made
visible in figure 4.6b. For a small and constant Si content of about 4.5 at.%, a defi-
nite shift of the strong absorption edge is observed, when Sn content increases from
5at.% to 11.8at.%. The change in bandgap is composed not only of the increase
in Sn content, but is even counteracted by the blueshift from increased compres-
sive strain in the coherently grown samples. This needs to be taken into account
especially for the third sample of the series. The 4.5/13at.% Si/Sn sample (blue
curve) is even further redshifted, compared to the 4.5/11.8 at.% Si/Sn sample (green
curve), not only due to the increased Sn content, but also because of its partial strain
relaxation.

To further decouple those two effects, reflection measurements on a thickness series
(c.f. Fig. 4.5¢/d from page 58) with constant composition of about 5/11 at.% Si/Sn
were performed. Here, in Fig. 4.6¢, even in a pseudomorphic layer, with —1.50 %
residual strain, clear absorption for energies smaller than 0.8 eV, thus not related to
the Ge-VS, is observed. When strain relaxes in the ternaries, a further redshift of
the absorption edge, and, accordingly, the I'-valley energy is observed. From TAuC
plots, a drop of the direct bandgap from 0.62eV to 0.57¢eV is determined, when
compressive strain relaxes from —1.50 % to —0.60 % (see Fig. A.3 in the appendix ).
Thus, all expected influences of Si and Sn content, as well as strain relaxation, were
observed from changes in absorption behavior. Impact of stoichiometry should also
be able to be made visible in light emission spectra, as investigated in the following

subsection.

4.2.2 Light Emission

Figure 4.7a shows room temperature photoluminescence spectra of three different
ternaries, an overview on their properties is given in table 4.1. As discussed already
in reference,?” PL peak shifts can be attributed to changes in both layer composition

and strain state. While a Si-rich ternary (orange) features light emission at around
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Figure 4.7 — a) Room temperature PL spectra of three SiGeSn samples. b) Determi-
nation of bgisy, using equation (4.2) and the peak positions of a), yield a composition
dependence, which conforms literature data. ¢) Comparison of temperature dependent
PL of ternaries and GeSn binaries, yields SiGeSn at the edge of the indirect-to-direct
transition.

0.8 eV, emission is shifted beyond 0.55eV (6/11 at.% Si/Sn, violet curve), and down
to 0.49¢eV for a Sn-rich ternary (4/13at.% Si/Sn, red curve). For the Si-rich alloy,
emission corresponds to a wavelength of 1.55nm, while the Sn-rich alloy emits at
about 2.53 pm. SiGeSn is thus able to extend the usable wavelength range of Sn-
based alloys from mid-IR (GeSn) down to the lower end of the short-wavelength IR
regime.

PL emission can further be utilized to fit band structure calculations to experimen-
tal data. As already discussed in the background chapter, valley energies can be
determined by interpolating values from the single elemens (Si, Ge & Sn) and adding

appropriate bowing terms, as in
EF = Egl T+ Egn Y+ E(F}e e bgiGe T z— bgeSn Yyz—= bgiSn zry (42)

for the I'-valley. While values for the different elements can be very well determined
by experiment or band structure calculations, larger uncertainties are present for the
exact bowing values. As they can be determined from binary alloys,? several works

206,207

have been performed investigating SiGe bowing parameters, yielding a value of
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bsige ~0.2¢eV for I'.297 Similar works have been performed for GeSn bowing, where
values in a range of 2.1-2.8eV were found.%%207-20% The strong difference between
bsice and baesn, may be explained by their underlying physical origins. Bowing arises
from several microscopic effects, such as volume deformation of the unit cell, as well
as charge exchange between different atom species and changing bond lengths.?!°
Indeed, it was found that bowing parameters in different alloys scale by the product
of their electronegativity and atom size mismatch.?!? This is sufficient to explain the
differences between GeSn and SiGe bowing terms.

A much larger uncertainty is given for the SiSn bowing term, which arises from the
fact that no optical measurements on those binaries are available. The small solu-
bility of Sn in Si (c.f. Fig. 2.3a on page 11) hinders high quality grown layers so far,
although considerable works have been performed in the field.!16:118:211-214 Vi3 ]yes for
bsisn have, thus, always been obtained indirectly from SiGeSn ternaries, explaining
the huge spread in literature values between 29 eV ,21® 13.2¢V,216 to even negative
values of —21eV.2!" Theoretical calculations yield a value of 3.9¢eV, somewhere in
between the experimental range.?

For further clarification, we investigated bowing from the PL data in Fig. 4.7a.
Direct PL transitions were assumed to calculate the I-valley energy from PL emis-
sion. Fitting I' energies by equation (4.2) (with additional strain correction) only
by variation of bg;s,, vielded an interesting result, depicted in Fig. 4.7b. There,
bsisn is plotted versus Sn concentration in the ternary, while Si contents are added
as numbers in the graph. Not a single SiSn bowing parameters is satisfactory for all
three samples (orange symbols), the fitted values scatter between 19€V for the Sn
rich and 44 eV for the Si rich ternary. From these findings it can be concluded that a
single SiSn bowing parameter can not be valid over the whole compositional range.
It shall be either made composition-dependent, or, alternatively, higher-order terms
(cubic in Si/Ge/Sn content) may be added to equation (4.2). This phenomenon
is, however, not limited to the SiGeSn system, similar behavior was found also for
nitride ternaries InGaN2'® and GaSbN.?!” For the SiGeSn system, this phenomenon
may be related to an ordering effect of Si atoms, which was observed by atom probe
tomography (APT) analysis in high Sn content ternaries.?2°

Figure 4.7b further features additional data, extracted from references?*® and.??! For

a small and constant Si content, a clear linear decrease of bg;g, is found. It can be
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described by the linear relation
bSiSn =61eV —3.3 eV/at,% * XLSn, (43)

which was obtained by linear fitting of the 4at.% Si data points. On the other
hand, no clear conclusion can be drawn from high Si-content ternaries in Fig. 4.7b,
although its influence seems to be less pronounced compared to Sn content.

The emission boost in Fig. 4.7a, as already discussed in reference,?® is caused by
the higher directness of Sn-rich alloys, allowing more efficient radiative transitions.
Similar to GeSn alloys, directness of the ternaries can be determined from a JDOS
model (c.f. section 3.3.3). However, as simultaneous fitting of multiple samples is
required, and full-range temperature dependence is only available for the Sn-rich
alloy, only rough estimations can be given here. Figure 4.7c shows the normal-
ized integrated PL intensities for the Sn-rich (red) and the medium (violet) sample.
For comparison, three different GeSn samples are given (open symbols), on which
JDOS modeling already lead to good agreement to band structure theory for their
directness values.'® Qualitatively, the Sn-rich ternary shows similar temperature de-
pendent behavior as the GeSn samples. A continuous PL increase at temperature
lowering can be observed, attributed to both reduction of non-radiative recombina-
tion paths and condensation of carriers in the direct I'-valley for appropriate band
alignments. Its trend lies in between two GeSn samples, which directnesses previ-
ously have been determined to 25 meV and —10 meV, respectively. Thus, this sample
may just about exhibit a fundamentally direct bandgap. Indeed the JDOS model
predicts a (rough) value of 10meV for the directness.?” Band structure calculations,
employing a SiSn bowing term of 19.2eV, apparently overestimate the directness,
as a directness of 40 meV is yielded.

The violet sample in Fig. 4.7c shows a clear indirect bandgap behavior, as its PL
emission clearly diminishes with temperature reduction. Nonetheless, there are good
prospects to fabricate also ternary-based light emitters, as given by the demonstrated

results.
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4.3 Summary

This chapter is concerned with low temperature growth (<425 °C) of SiGeSn ternary
alloys. Structural and optical investigations revealed high quality layers, similar as

for binary GeSn alloys. Below, the central outcomes are briefly recapitulated.

e Epitaxy of SiGeSn ternaries was demonstrated, yielding a broad composition
range for both, Si and Sn contents, each up to 14at.% by tuning precursor
flows and growth temperature. The rather high Si incorporation substantiates
their use as cladding layers or barriers in heterostructure light emitters, as

postulated in section 2.1.

e Bandgap engineering was proven possible by means of reflection and pho-
toluminescence spectroscopy. Direct bandgaps from 0.49€V (2.53 pm) up to
above bulk Ge values, 0.8eV (1.55 pm), were found, enabling a broad range of
applications such as photodetectors or optical modulators. Indications for fun-
damentally direct bandgap ternaries were found, which may allow also active

components such as light emitters.

e Photoluminescence spectra yielded a Sn composition dependence in the SiSn
optical bowing parameter, which may help resolve uncertainties present today
in that parameter. Thus, it allows more reliable band structure and align-
ment calculations, which are needed for designing efficient GeSn/SiGeSn het-

erostructures.
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As discussed in the introduction, the creation of a light source for opto-electronic
integrated circuits (OEICs) is not a straight-forward task. Heterogeneous integration
of IT1I-V materials on Si showed indeed promising results,'®'® but using a monolith-
ical group IV approach allows leveraging Si photonics by exploiting the mature
CMOS technology. As Sn-based alloys have been shown prime candidates for group
IV lasers,??2 lots of research on electrical-driven light emitters was performed, yield-
ing first GeSn homojunction diodes.??>22> More complex designs applied Ge for

simple heterostructures?26-228

or even quantum well structures.??52? In all cases,
however, group IV light emitters were limited in a regime close to the indirect-to-

direct transition of the fundamental bandgap.
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Figure 5.1 — a) Radiative recombination in i) direct and ii) indirect semiconduc-
tors. b) Non-radiative recombination via i) trap and ii) surface states. ¢) AUGER
recombination, in which the released recombination energy excites a free carrier.

The demonstrated results from previous chapters, direct bandgap GeSn alloys and
indirect SiGeSn ternaries, allow the fabrication of more complex and efficient het-
erostructures. After a short recapitulation on heterostructure light emitters, epitaxy
of basic GeSn homojunction diodes is demonstrated. Moving on towards heterostruc-
tures, different types of multi quantum well (MQW) LEDs employing Ge and SiGeSn
barriers are fabricated and compared for their light emission. In the end, all pieces
are put together by combining direct bandgap GeSn with SiGeSn claddings to form
truly efficient group IV double heterostructures and MQWs. Parts of the shown

results have been previously published in references.!93:199,225,230

5.1 Heterostructure LED theory

Light emission in LEDs relies on radiative recombination of electron-hole pairs in a
semiconducting material. Although recombination is the preferred process, several
other non-radiative recombination paths exist in a semiconductor, which can only
hardly be suppressed. Figure 5.1 depicts several possible recombination processes,
showing interband recombination in a). Radiative recombination in a direct bandgap
semiconductor, as shown for i), requires only the availability of an electron-hole pair
and is thus a very efficient process. Recombination rate R is proportional to the
availability of electrons and holes and can be described (for non-degenerately doped
semiconductors)?®! as

R = Bnp. (5.1)
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This so-called bimolecular rate equation features electron and hole concentrations
n and p. These total concentrations are the sum of an equilibrium concentration
no/Po, present in the material, and a number of excess carriers An/Ap, which are
excited either by electrical or optical injection. The rate equation further features
a proportionality constant B, which is called the bimolecular recombination coeffi-
cient.

In indirect bandgap semiconductors, where the conduction band minimum is not
located above the valence band maximum, an additional phonon is required for the
transition, see ii) in Fig. 5.1a. Since massless photons can only carry a small momen-
tum, a phonon is required for fulfilling conservation of momentum, when an electron
is scattered into the center of the BRILLOUIN zone before recombination with a hole.
Thus, radiative recombination in an indirect bandgap semiconductor is a much less
efficient recombination path. This is reflected in the recombination coefficient B,
which amounts to 2 x 10719 cm?s~! for direct GaAs and 2.8 x 107 cm®s~! for in-
direct Ge?®! at room temperature. From these values, a radiative recombination

time can be calculated, which is given for small carrier injections®*' by

S (5.2)
B (ng + po)

Different recombination processes, related to impurities, are shown in Fig. 5.1b.
Structural defects, such as misfit dislocations or vacancies, may give rise to discrete
energy levels inside the forbidden energy gap. Transitions, involving those levels,
can be understood as annihilation of an electron and a hole, which are both excited
into a trap energy state. Non-radiative recombination time 7, for this so-called
SHOCKLEY-READ-HALL process, can be calculated for an intrinsic material with

equal electron and hole capture rates as?1232

Er — Ep;
. [1 + cosh <k7TF>} , (5.3)
B

where Er describes the position of the trap energy level, Er; of the intrinsic FERMI
level. The (minority) carrier lifetime 7o = (Nproo0)™" can be calculated from a
known trap density Np, carrier velocity and capture cross section vy and oy, respec-

tively. From equation (5.3) it is visible that non-radiative recombination is at its
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peak for energy levels at midgap, thus Ep ~ Ep;. Further, it is reduced at tem-
perature lowering, which is well-known from previous temperature dependent PL
investigations on GeSn and SiGeSn alloys.

A different non-radiative recombination type, marked as ii) in Fig. 5.1b, is surface
recombination. Dangling bonds, surface reconstruction or, more general, the bro-
ken periodicity of the crystal lattice at the layer’s surface give rise to a continuum
of states inside the bandgap, which also allows non-radiative recombination paths.
Though passivation partly helps to reduce surface recombination,?3! growth schemes
for efficient structures should electronically keep carriers away from surfaces. Same
holds true for dealing with defective interfaces, e.g. from misfit dislocations, as they
cannot be avoided during growth of strain-relaxed Sn-based alloys.

Besides the previously mentioned recombination processes, Figure 5.1¢ also depicts
a higher-order process, that is AUGER recombination. In this process, the energy
released from electron-hole recombination is transferred onto a second free electron
or hole, which is excited upper/deeper into the conduction/valence band. As these
excited carriers are able to relax via phonon emission, the energy is also not avail-
able for light emission. In contrast to radiative recombination, described by equation
(5.1), the AUGER process requires an additional carrier to be excited. Its recombi-
nation rate thus increases as the cube of carrier concentration and therefore plays a
role only for high excitation, for example in semiconductor lasers.

In the end, it is impossible to completely suppress non-radiative recombination
paths. In fabricated devices there will always be a competition between different
recombination processes. Giving a measure on LED performance, the internal quan-
tum efficiency i, can be expressed by radiative and non-radiative recombination

times as
Tl’ll‘

(5.4)

Thnt = .
Ty + Tor

From this relation, two different strategies arise to form efficient light emitters, either
minimize radiative recombination time, and/or increase the non-radiative lifetime.
In the following, both approaches shall briefly be discussed.

In light emitting devices, both electrons and holes are injected electrically into an
active region via a forward-biased p-n junction. The respective band alignment for

a simple homojunction diode, i.e. from a single material, is given in Figure 5.2a.
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Figure 5.2 — Light emission in different LED structures: From a homojunction diode
a), a double heterostructure (DHS) b) and a quantum well design c).

Forward-biasing reduces the junction barrier, allowing electrons and holes to diffuse
into the former depletion region and into a region of opposite conductivity type,
where they recombine. As the diffusion length of minority carriers is relatively long,
typically in the order of several pm,?3! the region of recombination is rather large,
which is not ideal for efficient emission.

On the other hand, carriers can be confined within an active region by means of
larger bandgap cladding layers, in so-called heterojunction structures. In the double
heterostructure (DHS) design, depicted in Fig. 5.2b, the effective recombination
region is given by the active layer thickness, typically in the order of a few hun-
dred nanometer’s, rather than by the diffusion length of injected carriers. Recalling
equation (5.1), a higher carrier concentration in the active region yields inevitably
higher recombination rates, thus reduces radiative recombination time. Therefore,
light emission will always benefit from heterostructures, as long as their thickness
is below the carrier’s diffusion length. One slight problem in these designs is the
existence of a p-n charged interlayer at the heterointerface, increasing the resistance
for carrier transport. It can be, however, circumvented by compositional grading
the interface region, instead of having abrupt profiles.??!

From equation (5.1), it is visible that also slight doping of the active device region
is beneficial, as it increases the number of available carriers for recombination. Cer-
tainly, the possible window is rather small, as an increased number of dopants also
gives rise to stronger impurity scattering and free carrier absorption.?3!

Efficiency can be even more increased by implementing two-dimensional quantum

wells (QWs) as active regions, as shown in Fig. 5.2c. The even smaller layer thick-
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ness, compared to DHSs, allows reaching similar active carrier concentrations by
smaller injected currents, further increasing radiative efficiency. To avoid a carrier
overflow out of the active region, it is beneficial to increase the number of wells, i.e.
move towards multi quantum well (MQW) structures. In addition, the density of
states is changed in two-dimensional structures, as quantized states are formed in the
well region due to quantum confinement. Looking even further, this effect enables an
easier population inversion, which will become important in future heterostructure
lasers. 233234

The second strategy for increasing device efficiency is elevation of the non-radiative
recombination time 7,,. Native defects can never be averted in epitaxial layers and
will always be present just from thermodynamical considerations. One possible way
is to confine defects far away from the active region, since the formation of misfit
dislocations is necessary for strain relaxation. As will be later discussed in section
5.3.3, the use of buffer layers can keep defects from the recombination region, and

thus strongly enhance light emission.

5.2 Homojunction GeSn diodes

The first investigated LED designs are homojunction diodes. Several LEDs with
differing Sn contents between 8-12.5at.% were epitaxially grown by tuning growth
temperature between 350°C and 375°C. To avoid damage from ion implantation,
doped layers for efficient carrier injection into the diode were obtained by in-situ

235,236 and p-type®”?¥” doping of GeSn have

doping during growth. Both n-type
previously already been shown to yield high-quality layers. Even very high dopant
concentrations in the order of 1 x 10" cm™ have been achieved by demonstration
of negative differential resistance (NDR) in GeSn p-i-n homojunction diodes.?*8

The grown layer structure is visible in Figure 5.3a. A TEM micrograph of the
500 nm GeSn layer (8 at.%) proves high quality layers, with misfit defects only close
to Ge-VS interface. In the overlaid SIMS line scan, different regions can be dis-
tinguished, otherwise invisible in the micrograph. The bottom 150 nm are p-type
doped for injection of holes, as boron is clearly visible in the SIMS signal. The car-
rier concentration was determined to about 4 x 10¥ cm™® by ECV measurements,

since SIMS without additional standards can only offer arbitrary intensity signals.
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Figure 5.3 — a) TEM micrograph of the complete Geg 915510085 homojunction diode,
p-i-n regions are distinguishable from the overlaid SIMS profile. b) RBS random (with
respective spectrum fit) and channeling aligned spectra prove a high crystalline quality
of the structure. ¢) SEM micrograph of a fabricated LED structure shows mesa, as
well as top and bottom contacts.

On top, a roughly 200 nm thick intrinsic layer was grown as active layer for carrier re-
combination, still comprising a p-type carrier concentration of about 3 x 107 cm™3.
The structure is completed by an about 50 nm thick n-doped (~8 x 10! cm™2) re-
gion, acting as electron injection layer.

As visible by the SIMS signal, no strong influence of dopants on Sn incorporation
is observed, as the Sn content remains reasonably constant throughout the com-
plete layer stack. This observation is in line with literature, where an influence is
expected only from strain compensation of the smaller-sized boron and phosphorus
atoms.8788:239 This, of course, holds only true as long as rigorous changes in surface
chemistry, for example from surface poisoning, are avoided.%”

However, a very thin Sn-depleted interlayer between the intrinsic and both doped
regions is visible in the SIMS linescan from slight dips in the Sn signal. Their ap-
pearance is linked to growth interruptions during epitaxy, which were necessary for
changing precursor flows. As a few nm thin Ge interlayer is also always visible when
GeSn is grown on bulk Si, this effect may be linked to a larger growth delay of Sn,

compared to Ge. Decomposition and incorporation of Sn into the grown layer may
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require additional chemical steps compared to Ge, explaining the thin interlayer.
Electronically, however, it may cause a slight band bending, and thus additional re-
sistance for carriers, which is why growth interruptions should be avoided, in more
complex structures.

RBS spectra, shown in Fig. 5.3b, were performed aligned in [100] crystal channeling
and random directions. The small minimum yield value of about 7% verifies a high
layer quality, in-situ doping apparently does not degrade layer quality.

To investigate electroluminescence (EL) of the layers, LED structures were fabri-
cated using solely Si-CMOS compatible processing technology.?%® The basic process
flow followed the description from reference.??® Circular mesa structures were defined
by means of optical lithography and subsequent Cly/Ar reactive ion etching (RIE).
Mesa passivation was performed by a two-step approach. First, a highly confor-
mal 10nm thick Al,O3 or HfO, layer was grown by atomic layer deposition (ALD),
followed by a 150 nm thick PECVD SiO, layer. Contact windows were defined after-
wards, again by optical lithography and subsequent CHF3 etching. Ten nanometers
of Ni were deposited in a sputter tool, before forming gas (N2:Hs) annealing at 325 °C
for 10s yields low-resistive NiGeSn contacts.?*! At the end, an additional Al contact
layer was sputter deposited, to allow contacting of single diodes via wire bonding.
A 30° tilted scanning electron microscope (SEM) image shows a finished device with
300 um diameter in Fig. 5.3c. In this false color image, both the ring contact on top
and the bottom contact surrounding the LED mesa are visible, allowing contacting
of individual LEDs with different mesa sizes.

Electrical characterization of the grown 8.5 at.% homojunction LED is depicted in
Fig. 5.4a. Two very distinct regimes, under forward and reverse bias, are visible
in the shown I — V-curves. In forward direction, the junction barrier is lowered,
allowing carrier transport into the former depleted junction region. In this regime,
the device’s operation as light emitter can be expected. On the other hand, current
flow in the reverse-biased regime is strongly suppressed, as only a small number
of carriers is able to overcome the energetic junction barrier. In this regime how-
ever, devices are suitable to function as passive optoelectronic components, such as
photodetectors. In those, optically excited electron-hole pairs are separated by the
electric field across the junction, leading to a measurable current flow.

While the fabricated GeSn diodes apparently allow versatile applications, emphasis
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Figure 5.4 — a) I-V curves of a 8.5at.% Sn LED shows distinct forward and reverse
bias regimes for light emission and absorption devices. b) Demonstrated tuning of
emission wavelength by incorporated Sn content.

will be placed on their use as light emitters in the following. In this regard, nor-
malized EL emission, collected at 295K, of three different homojunction diodes is
compared in Fig. 5.4b. As demonstrated, light emission can be tuned by GeSn com-
position of the LED. While a diode with 8.5 at.% Sn features room-temperature light
emission at about 0.551 eV (2.25 pm), emission is redshifted to 0.472 eV (2.63 pm) for
a 12.5at.% Sn diode. From band structure calculations, the latter one also comprises
a fundamentally direct bandgap with a directness of 67 meV, making it a much more
efficient light emitter, compared to the 8.5at.% Sn diode with 4 meV directness.

Next the influence of different doping schemes in homojunction diodes is discussed.
Figure 5.5a and b show ECV measurements of two homojunction diodes, refer-
enced to as samples A and B, respectively. Both are grown with identical growth
parameters, yielding 8.5at.% Sn in the active region. In sample A, however, the
bottom and top parts are p- and n-type doped, respectively, which is inverted for
sample B. Comparing both ECV spectra yields steeper doping profiles in the top
layer. One reason is certainly a broadening effect, as etching through the sample
during ECV determination is not perfectly homogeneous. Second, also the p-type
misfit defects, present at the bottom hundred nanometer’s, may disturb the measure-
ment. Comparing the nominally intrinsic region in both devices, a slightly higher,

but decreasing p-type doping (3 x 1017 em™ vs 1.5 x 1017 em~3) is visible in sample
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Figure 5.5 — Carrier profiles, determined by ECV, of two similar n-i-p a) & p-i-n b)

stacks. Room temperature ¢) and 4K d) electroluminescence spectra prove benefits

of the first design, since recombination takes place further away from the defective
bottom interface.

A. This may be related to residual diborane molecules in the reactor chamber, which
leads to unintentional doping of the intrinsic layer. As much higher diborane flows
are necessary to obtain sufficient p-type doping, compared to phosphine and n-type
doping, the unintentional doping effect is only visible in sample A.

In figure 5.5¢, room temperature EL spectra of both samples are depicted. For the
same injected current density of about 85 A cm™2, light emission in both samples
is quite comparable, only slightly stronger in sample B. The situation changes dra-
matically at cryogenic temperatures of 4K, depicted in Fig. 5.5d. Here, strong

light emission is visible in sample A, while emission from the band edge is rather
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weak in sample B, despite a higher injection current in the latter one. Furthermore,
sample B features a rather broad side emission band between 0.45-0.6 eV. Since this
emission is energetically positioned distinctly below the fundamental bandgap of the
Geg.g159n0 085 material, it must be linked to radiative transitions through impurity
states in the bandgap. Thias may be related to misfit defects from the GeSn/Ge-VS
interface. Since intrinsic GeSn is also slightly p-type, the main p-n-junction, where
recombination occurs, is located between the intrinsic and n-type carrier injection
region in both samples. For sample A, this p-n region is located ~50 nm below the
sample surface. In sample B, however, the region is located much closer to the bot-
tom interface, so injected carriers in this region are much more likely to recombine
through the available trap states. It shall be noted that sample B further exhibits
slight contact problems at cryogenic temperatures. Nonetheless, those should not
be the cause for the observed side band emission. Therefore, optimized devices shall
position the p-n junction far away from any defects by appropriate doping schemes
as in sample A. Further improvements in efficiency may be achieved, if injected car-
riers can be confined electronically, far away from any defective regions. The most
apparent way to reach this, is the introduction of heterojunctions in the LED, which

will be discussed in the next section.

5.3 Sn-based heterostructures for light emitters

After the demonstration of epitaxy and light emission of simple homojunction LEDs
has been shown, this section covers different ways for improving light emission from
group IV LEDs. It deals with different heterostructure designs, DHS and MQWs;
and the use of different barrier materials for efficient carrier confinement in the GeSn

active regions.

5.3.1 GeSn/Ge MQW LEDs

The first and most straight-forward approach is to use bulk Ge as barrier material.
A multi quantum well LED was grown, comprising of seven GeSn (8at.%) wells
and Ge barriers, to maximize the obtainable emission. The structure further fea-
tures a 115 nm thick boron-doped GeSn buffer (~1.4 x 10'® cm™3) and a 60 nm thick
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Figure 5.6 — a) Oscillations in RBS spectra are clear signature of the GeSn/Ge MQW
structure, yet implying a small minimum channeling yield. Sharp interfaces within
the MQW region can be proved from TEM micrograph in b), and also condense in
strong oscillations of a GeSn/Ge superlattice in the RSM c).

phosphorus-doped cap layer (~7 x 10! cm™2) for carrier injection.

RBS spectra of the grown sample are shown in Fig. 5.6a. For a better separation
of well and barrier region, random spectra were gathered under a tilt of 40°. Clear
oscillations occur in the acquired random spectrum, which are linked to an oscillating
signal of Sn atoms in the multi well region. As visible in the channeling spectrum,
the structure yields a high crystalline quality with only a small number of atoms at
interstitial sites.

A cross-sectional TEM micrograph, visible in Fig. 5.6b shows a close-up of the inner
well region. GeSn layers with a thickness of 20 nm are clearly distinguishable from
the 14nm thin Ge barriers, due to different contrasts, originated in their varying
atomic masses. The structure features sharp interfaces without any interface defects,
underlining the high structural quality.

Absence of newly generated defects can further be substantiated from the RSM.
The MQW was grown fully coherently on top of the GeSn:B buffer, with perfect
matching of their in-plane lattice constants. The high number of distinct satellite

peaks, oscillations visible in the RSM, are additional evidence of sharp interfaces in
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Table 5.1 — Structural properties of both multi quantum well LEDs.

. o . . Si/Sn .
Structur Snin  strain in active region i1 barrior barrier
HEHEE el (nm) well (%) thickn. (nm) thickn. (nm)
(at.%)
GeSn/Ge 8.0 -0.71 20 -/- 14
GeSn/SiGeSn 8.6 -0.24 19 10.5/10.9 11

the well region. Its spacing yields a superlattice constant of 37 nm, comparable to the
values determined from the TEM micrograph. Since both, well and barrier, strongly
differ in their cubic lattice constants, a separation of both contributions is possible
from the RSM. This allows separate determination of strain in both regions, while
normally RSM can only deliver an average value of the superlattice. It eventuates
that the Ge barriers even feature a tensile strain of 0.48 %, while the GeSn wells are
still slightly compressively strained by about —0.71%. Especially the former will
play an important role, when judging LED performance, as will be later discussed.
Previously however, epitaxy of a MQW LED shall be discussed, employing SiGeSn
ternaries as barrier material. An overview on structural properties of both MQW
LEDs can be found in table 5.1

5.3.2 GeSn/SiGeSn MQW LEDs

To probe the influence of the barrier material on light emission properties, a similar
MQW structure was grown as before. Again, a stack of seven wells, separated by
barriers was grown on top of a readily-doped and partially strain relaxed 280 nm
thick GeSn buffer, in this case, however, employing SiGeSn instead of Ge as barrier
material. Several further growth optimizations were performed in this sample. Phos-
phorus doping of the buffer (~3 x 10! cm™2), for example was stopped 60 nm prior
to the heterojunctions, to avoid unintentional doping of the active device region.

Figure 5.7a features a RSM of the grown structure. A clear peak can be assigned
to the GeSn buffer, with wells and barriers grown coherently on top. From this,
strain in the structure can be determined to —0.24 % in the well and —0.09 % in
the barrier region. Ideally, strain compensation between wells and barriers in such

structure is achieved by alternating tensily and compressively strained layers. In
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Figure 5.7 — a) RSM of the grown GeSn/SiGeSn MQW structure. b) Wells and
barriers, as well as doped buffer and top region can be distinguished from the SIMS
profile.

case of direct bandgap GeSn alloys, the required amount of Si, necessary for tensile
strained ternaries, is not reachable in low-temperature CVD grown layers so far.

From the RSM, only the first order satellite peaks of the MQW structure are iden-
tifiable. Reason for this observation may be the non-ideal periodicity of the device,
which is also visible from the SIMS profile in Fig. 5.7b. Herein, barrier and well
regions can be clearly distinguished from the oscillating signal of Si atoms, while
only slight oscillations stemming from Sn atoms are visible. Merging of the Si sig-
nal in bottom barriers may be an artifact due to inhomogeneous sputtering during
SIMS profiling. The decrease in intensity, however, suggests real fluctuations in Si
incorporation, indicating non-ideal growth parameters. This is further underlined
by the oscillations in Sn signal, which slightly enhances in the barrier regions. In-
crease of Sn incorporation after introduction of Si during growth was a previously
discussed effect (c.f. section 4.1.1), likely stemming from local strain compensa-
tion of the small-sized Si atoms. During heterostructure growth this phenomenon
should be avoided, as a higher Sn content in the barrier decreases the possible carrier
confinement. Atom probe tomography (APT) was used to quantify the Sn enhance-
ment (not shown here), yielding compositions of 8.6at.% Sn in the GeSn wells and
10.5/10.9 at.% Si/Sn content in the SiGeSn barriers. As discussed below, these val-

ues are still sufficient to obtain type I alignment of electrons in the well regions.
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The average thickness of well and barrier regions was determined to 19/11 nm and
poses a critical parameter for device performance. On purpose, we chose a rea-
sonably thick well dimension, leading only to a rather small quantization of about
16 meV for T" electrons. The reason lies within the small directness of GeSn alloys.
As a first approximation, energy states from quantum confinement in the GeSn

region can be treated by a particle in a box model, yielding quantized states at

h2m2n2

T omrd2 ] (5.5)

with effective mass m* and well thickness d. As I electrons feature a much smaller
effective mass than L electrons, their energy states are elevated much stronger in
thin wells, therefore deteriorating the already small directness of the material.??®
Therefore, in our scheme we use wells mainly for carrier confinement. Also the in-
fluence of barrier size may be discussed systematically. While thick barriers entail
higher resistances during carrier exchange between wells, this exact overlap of wells
in thin barriers may impede analysis of light emission by broadening of the quan-
tized states into minibands. Such analysis, however, lies beyond the scope of this
thesis. An overview on the structural properties of both grown MQW LEDs can be
found in table 5.1.

To probe the influence of SiGeSn barriers on light emission, electroluminesce of fabri-
cated LEDs was recorded and compared to that of previously investigated GeSn/Ge
MQW LEDs.

As visible in Fig. 5.8a, the LED comprising SiGeSn barriers shows much stronger
light emission at room temperature, with a definitely stronger signal-to-noise ratio.
This superiority can be understood when the band structure of both devices is con-
sidered. Band alignment for the GeSn/Ge MQW is given in Fig. 5.8b, which can
be compared to that of the GeSn/SiGeSn structure in Fig. 5.8c. The calculations
further include positions of the first two quantized states of I' and heavy hole (HH)
bands as dashed lines. A slightly smaller I position (and higher directness) is vis-
ible for the SiGeSn-containing LED, which mirrors itself in a small redshift in EL
emission, visible in Fig. 5.8a. Still, it shouldn’t cause a strong difference in emission
intensity, as both structures have a fundamentally indirect bandgap in common,

which is not ideal for efficient light emission. Apart from that, clear differences can
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Figure 5.8 — a) Room temperature electroluminescence of the GeSn/Ge (brown) and
GeSn/SiGeSn (green) MQW LEDs show clear differences in EL emission, originated
from the differing band alignments, which are shown for both devices in b) and c).
Efficient carrier confinement is reachable only in case of SiGeSn barriers, which also
mirrors itself in more efficient temperature dependent emission, visible in d).

be seen for both LEDs in band alignment between well and barrier region. In case
of Ge barriers, no type I band alignment can be achieved for electrons in the struc-
ture. Electrons at the L-valley, which actually provide the overwhelming number
of electrons due to their large effective mass, cannot be confined inside the GeSn
wells, but are rather located in the Ge barriers. The reason for this separation is
the tensile strain in Ge, which was induced from coherent growth on top of partially
relaxed GeSn layers. This effect poses an overall drawback for using Ge barriers, as
it also increases for even higher Sn incorporations in the active region. Calculations
have shown that only a slight type I confinement of maximum 40 meV is reachable
at room temperature in a small parameter region, which may not be efficient for
room temperature lasers.??’

In the case of SiGeSn barriers on the other hand, a clear type I band alignment, thus
confinement of electrons in the well region, is visible. In the shown calculations, an
optical bowing parameter of bs;s, = 3.9¢eV was assumed. As discussed previously,
a much higher bowing coefficient is expected due to its compositional dependence.
For a value of 19.2 eV, confinement shrinks to 11 meV, albeit one has to keep in mind
that exact values from theoretical calculations has to be considered with care, as

they tend to overestimate the SiGeSn’s directness.

82



5.3 Sn-based heterostructures for light emitters

The indication of superiority of SiGeSn barriers, however, is still valid, further un-
derlined by normalized temperature dependence of light emission from both LEDs
in Fig. 5.8c. Compared to the LED with Ge barriers, a much stronger EL in-
crease is observed at cryogenic temperatures. One contribution originates from the
slightly higher directness in that sample, resulting in a higher fraction of electrons
at the direct I'-valley. Another contribution is caused by an efficiency increase of
the SiGeSn-containing LED. At lower temperatures, the still rather small carrier
confinement is able to keep an increasing number of electrons in the well region,
thus strongly reducing the radiative recombination time. With that, efficiency of
the LED increases in compliance with equation (5.4), yielding stronger light emis-
sion.

Therefore, in contrast to Ge barriers, SiGeSn provides a path towards efficient het-
erostructure light emitters. Still, so far in this thesis only GeSn alloys with rather
small amounts of Sn were combined with SiGeSn claddings. In the following sec-
tion, finally the merging of direct bandgap GeSn and SiGeSn ternaries for advanced

heterostructure emitters is discussed.

5.3.3 Direct bandgap heterostructure light emitters

In this section, advanced structural characterization of different types of direct
bandgap group IV heterostructures is discussed. Two different types of heterostruc-
tures are investigated in the following. The first type are double heterostructures
(DHS), in which the active layer is sandwiched in between thin SiGeSn cladding
layers. The other type applies a multi quantum wells (MQW) design, with a total
number of ten wells. Of both designs, a number of structures was grown to scrutinize
the effect of different barrier material and well thicknesses. Overviews on the most

important layer parameters of all grown layers are given in tables 5.2 and 5.3.

Double heterostructures (DHS)

The design approach of the grown DHS closely resembles the one from the pre-
viously grown LEDs. In contrast to those, however, these structures are formed
without in-situ doping, to solely probe the structural and optical properties of those

direct bandgap layers.
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Table 5.2 — Overview on the main structural properties of grown direct gap double
heterostructures.

Sn in strain in . Si/Sn in Si/Sn in
act. region

Name active act. region . top cladding bottom
region (nm) (%) thickn. (nm) (at.%) clad. (at.%)

DHS1 14.5 -0.56 377 4.5/14 5.5/11.5

DHS2 14.0 -0.70 342 5.0/13.5 5.5/13

Table 5.3 — Overview on the main structural properties of grown direct gap multi
quantum wells.

. o . . Si/Sn .
N Sn in strain in  active region 1 barrier barrier
AME el (nm) well (%) thickness (nm) thickness (nm)
(at.%)
MQW1 13.3 -0.68 22 4,8/13 22
MQW2 13.5 -0.81 12 5.2/13.4 16

The approach relies on the use of a roughly 200 nm thick GeSn (about 10at.% Sn)
buffer layer, which fulfills several purposes. First, it minimizes lattice mismatch
between substrate and subsequently grown layers, allowing a homogeneous Sn in-
corporation in the active region. Supplying a larger-lattice growth template, it also
reduces the amount of residual compressive strain in the active region, which is
further beneficial in terms of bandgap directness. On top of the partially relaxed
buffer, the actual SiGeSn/GeSn/SiGeSn DHS was grown. A TEM micrograph of a
complete grown structure (DHS1) is shown in Figure 5.9a.

As discussed in chapter 3, a straight-forward way to increase Sn content for the ac-
tive region is lowering of growth temperature. On the other hand, as demonstrated
in chapter 4, this leads to a diminishing of Si incorporation into SiGeSn, thus re-
ducing carrier confinement by the cladding. Two different strategies are pursued to
find the optimal growth strategy. For the first sample, later referred to as DHSI,
epitaxy of buffer and bottom SiGeSn cladding was performed at a temperature of
360 °C, before cooling down and subsequent growth of active region and top cladding
at 350°C. In the second case, only the buffer was grown at elevated temperatures
before the reactor was cooled down. In that case, labeled DHS2, the complete DHS
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Figure 5.9 — a) TEM micrograph of the complete direct bandgap heterostructure
DHS1. b) EDX linescan along the dotted line in a) enables separation of all layers.
c) RSM suggests a partially relaxed active region on top of the GeSn buffer, which is
source of additional misfit defects. d) Comparison of band alignments of both grown
DHS.

was grown without any interruptions, which likely prevents the occurrence of thin
Ge-rich interlayers in the structure. It may exhibit slightly higher roughnesses com-
pared to DHS1, though, as epitaxy of SiGeSn at lower temperatures is always linked
to smaller growth rates.

Interfaces between the different regions are marked by dashed white lines in Fig.
5.9a, since different layers cannot be distinguished from image contrast due to their
similar compositions. They are, however, clearly separable from energy dispersive
X-ray spectroscopy (EDX) in Fig. 5.9b, performed at IHP in Frankfurt/Oder. An
EDX line scan, which was recorded in-situ during microscopy along the dotted line,
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shows the distinct regions of the grown layer stack of DHS1. On top of the GeSn
buffer, the bottom cladding layer incorporates Si/Sn contents of 5.5/11.5at.%. The
Si atoms do not segregate into the active region, but are well confined within the
cladding region.

The following 377 nm thick active Geggs55n0.145 region shows very homogeneous Sn
incorporation, while the top cladding layer with 4.5/14at.% Si/Sn incorporation
ensures confinement of carriers away from the surface and its non-radiative surface
states.

Strain in all regions can be determined from the RSM in Fig. 5.9¢, acquired likewise
at IHP. The partially relaxed GeSn buffer is clearly visible and features residual
compressive strain of —0.40 %. Both cladding layers are, if at all, only hardly visi-
ble in the RSM. The bottom cladding likely overlays the signal of the GeSn buffer,
due to its Si but also slightly higher Sn incorporation. The active region itself
relaxes further on top of the buffer layer, exhibiting smaller reciprocal lattice con-
stants. Therefore, a second quality-deteriorating defective interface is expected at
the SiGeSn/GeSn interface, as misfit dislocations are expected to accompany the
additional strain relaxation. Indeed, a number of dislocations can already be seen in
the TEM micrograph from 5.9a. No extra defects, however, are expected at the top
cladding. Its signal can be seen in Fig. 5.9c coherently on top of the active GeSn
region, sharing the same @, values.

From band structure calculations, a better carrier confinement is expected for DHSI,
as shown in Fig. 5.9d. The smaller Sn incorporation in the bottom cladding pro-
duces larger band discontinuities to keep carriers in the active region. Confinement
from the top cladding should be equal for DHS1 and DHS2, differences originate
from slight variations in layer parameters, which are, however, within the error of
measurements.

Investigations on lasing performance from both layers result in slightly smaller lasing
thresholds for DHS1.242 Still no distinct advantages compared to bulk GeSn layers
were observed, which is related to the mentioned further defects at the active region.
One possible expedient is growth of a stronger-relaxed buffer to inhibit additional
strain relaxation of the active GeSn. Another route, which manages epitaxy without
accessory defects, is growth of a MQW scheme, as demonstrated in the following

section.
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Multi quantum wells (MQW)

Both MQW structures (overview on properties in table 5.3) make use of the GeSn
buffer technology, as presented before for double heterostructures. In this case, ten
alternating cycles of GeSn well and SiGeSn barrier were grown as region of carrier
recombination. The first structure, labeled MQW1, incorporates rather thick wells
of 22nm. The second one, MQW2, has much thinner wells of 12nm. Thus, quanti-
zation effects are strongly pronounced in the latter, which will be discussed below.
To gain information on elemental distribution and interfaces on a microscopic scale
and investigate possible ordering effects inside that complex structure, atom probe
tomography (APT) was performed. Detailed information on sample preparation and
data analysis of this sophisticated technique can be found in the appendix.

In literature, different techniques were employed to assess possible ordering effects
in (Si)GeSn alloys. While eztended X-Ray absorption fine structure (EXAFS) found

homogeneously distributed Sn atoms in GeSn alloys up to 12.4 at.%,%4?

signs of Sn
clustering was found in partially relaxed Gegg3Sng o7 alloys.?** Furthermore, certain
ordering effects and formation of local structure arise in SiGeSn ternaries with high
Sn contents.??%24% In our experiments, such investigations were performed not in
bulk layers, but rather in complex heterostructures, in which additional effects from

alternating material and internal strains are present.

Figure 5.10 shows APT data of the middle part from the multi well region of
MQW1. In 5.10a, the distribution of Si atoms within the investigated specimen is
shown. They are mainly found confined within the barrier regions, their segregation
into wells is in the order of ~0.3 %o.

Atomic concentrations can be precisely determined from reconstructed APT data,
because of the high number (>1 x 10%) of ions in the analyzed subvolumes. A profile
scan, appertaining to the elemental map in 5.10a, is depicted in Figure 5.10b. Here
it is visible that Si is incorporated rather constantly, but only within in the barrier
region. Sn atoms, on the other hand, are nearly homogeneously distributed through
all regions. Optimization of growth parameters helped suppressing Sn elevation in-
side the barriers, previously visible inside the SiGeSn/GeSn MQW LEDs (c.f. figure
5.7b on page 80). From APT data, Sn content inside GeSn wells was determined to
13.3 at.%, while the Si/Sn composition inside the barrier yielded 4.8/13.0 at.%.
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Figure 5.10 — a) APT elemental map of Si atoms enables identification of barrier and
well regions. b) Line scans of elemental Si, Ge and Sn through the probed specimen
proves sharp layers without strong compositional fluctuations.

The large number of detected ions, 31 millions in the investigated specimen in total,
allows sophisticated statistical analysis of elemental incorporation and contingent

clustering effects on a nm scale. Several statistical methods are shown for barriers
and wells in Fig. 5.11.

Elemental frequency distribution analysis are plotted for well and barrier regions
in Fig. 5.11a and b, respectively. Herein, the analyzed subvolumes (either well or
barrier interior) are split into spatial blocks with 200 ions each and investigated for
their composition. Values for all investigated blocks are histogrammed for Sn atoms
inside wells in 5.11a and compared to a binomial distribution with bulk concentra-

tion as mean value. The latter distribution theoretically describes the dispersion of
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5.3 Sn-based heterostructures for light emitters

Sn atoms (solute), randomly positioned inside a Ge matrix. In case of Sn atoms
inside the wells, it perfectly matches the experimentally observed distribution. The
same holds true for Sn atoms inside the SiGeSn barrier, as visible in Fig. 5.11b. For
Si atoms, however, a small but definite deviation from the theoretically expected
distribution is observed. The p-value, which is defined as the probability to find the
experimentally observed distribution by randomizing atom positions, is calculated
to be smaller than 0.1 %o. Thus, only Sn atoms form a truly solid solution inside the
Ge matrix of barrier or well, as previously also found in reference [220]. Neverthe-
less, only qualitative deviations from a solid solution can be stated for Si atoms from
this elemental distribution analysis. To learn more about local variations, positions
of nearest neighbors in the alloys was further analyzed in Fig. 5.11c and d for well
and barrier, respectively.

In Fig. 5.11c, Sn-Sn nearest-neighbor (NN) analysis was performed on the dataset
(open symbols) and compared to a randomized GeSn solution (solid line). No dis-
tinct deviation is visible between experiment and random solution, strongly under-
lining the random character of Sn incorporation in the GeSn alloy. Again, the same
behavior is also visible for Sn-Sn NN within the SiGeSn barrier region. A (very)
slight difference, however, can be seen for Si-Si NN. The average position of the
first neighbored Si atom is minimally shifted to smaller values, compared to a ran-
dom solution. There seems to be some kind of interaction, keeping Si atoms in a
shorter distance in respect to other Si atoms on average. In literature, a repulsive
interaction between Si and Sn atoms is discussed.??° It originates in an energetically
unfavorable configuration of Si-Sn, requiring additional energy compared to a third-
or fourth NN configuration. Due to the rather small number of Si atoms in the
investigated subvolume, the shift is not very distinct.

Therefore, another technique for detection of clustering or phase separation is inves-
tigation of radial distribution functions (RDF). In our case, we again concentrated
on RDFs of Si-Si and Sn-Sn distribution. Then, the RDFs represent an averaged,
distance-dependent Sn (Si) concentration profile, surrounding every single Sn (Si)
atom. Figure 5.11e, showing the Sn-Sn RDF within the well region, reflects several
distinct features. To begin with, the closest region below 0.2nm can be excluded
from the analysis, since no neighboring atoms can physically be found below a sim-

ilar threshold in bulk Ge.?*6 Data points, detected at smaller distance, are found
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Figure 5.11 — Statistical analysis of reconstructed APT data for wells and barriers.
a) and b) depict elemental frequency distribution of Sn and Si in wells and barriers,
respectively. First nearest neighbor distribution of Sn-Sn & Si-Si in both regions are
shown in ¢) and d). Radial distribution function for Si-Si and Sn-Sn in well €) and
barrier f). All analyses yield randomly distributed Sn atoms inside wells and barriers,
while an attractive interaction keeps Si atoms in closer vicinity than theoretically
expected for a solid solution.
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5.3 Sn-based heterostructures for light emitters

because of a limited spatial resolution, leading to a lower atom positioning accuracy.
Apart from that, the Sn-Sn RDF very quickly saturates at bulk compositions (>
0.5nm), which is another indication for the random spread of Sn atoms within GeSn
wells.

In case of SiGeSn ternaries, the results are more ambiguous, which could be ex-
pected also from previous analysis. While the Sn-Sn RDF is nearly constant at the
bulk concentration, Si atoms show a positive correlation with respect to themselves.
A larger number of those can be found in close environment to other Si atoms,
as indicated by elevated concentration values for distances smaller than ~1nm in
Fig. 5.11f. During epitaxial growth, Si atoms tend to be built-in favorably at sites
encompassing other Si atoms. On larger scales above ~ 2nm, however, the RDF-
determined concentration saturates again at bulk composition, as indicated by the
dotted line.

In conclusion, statistical analysis of reconstructed APT data substantiates certain
ordering of Si atoms within the SiGeSn alloy. These findings, previously found also

220 reveal an apparently intrinsic feature of SiGeSn

in high Sn-content bulk ternaries,
ternaries, which is still present in heterostructure devices. Physically, it may be the
origin of the unusually strong composition dependence of the optical SiSn bowing
parameter bg;s,, which was previously investigated in section 4.2.2. It shall be noted,
however, that despite a certain kind of ordering, no strong segregation or even clus-
tering of Si atoms was observed within the barrier layers.

Another highly desired parameter for band structure calculations, besides compo-
sition, is the exact strain in the grown structures. Since XRD measurements can
only resolve an average strain of the complete super-lattice, another technique used
for investigation is dark-field electron holography (DFEH). DFEH is carried out in a
transmission electron microscope with the help of an electron biprism. It relies on
interference of electron beams, one of which passes through a reference region (in
our case the Ge-VS), the other one crossing the regions of interest (wells and barri-
ers). The diffracted parts of both waves interfere, the resulting hologram contains
information on the phase difference of both beams. From that, the lattice defor-
mation in the region of interest can be calculated relative to the reference region
with a spatial resolution of about 6 nm. Details on the methodology can be found

in references.247,248
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Figure 5.12 — a) HAADF micrograph of MQW?2 and the respective out-of-plane b)
and in-plane c) lattice deformation maps, relative to the Ge buffer. The scale bar is
valid for a)-c). d): Line scans through both maps show coherently grown MQWs on
top of the GeSn, with stronger compressive strain within the GeSn region.

DFEH measurements, performed on MQW2, can be found in Fig. 5.12. A high-
angle annular dark-field (HAADF) image, taken by TEM, shows the region of in-
terest in Fig. 5.12a, while the corresponding out-of-plane and in-plane lattice de-
formation maps are shown in b and c, respectively. The MQW region on top of
the GeSn buffer can only hardly be distinguished from slight contrast oscillations in
the micrograph. It can much better be resolved from trends in lattice deformation
in Fig. 5.12b and c. As the Ge-VS is taken as reference, already the GeSn buffer
shows a distinct lattice deformation, both in in- and out-of-plane direction. On top

of the GeSn buffer, the MQW is visible from periodic oscillations of the out-of-plane
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Figure 5.13 — Temperature dependent PL intensity for bulk Geg g755n¢.125 a), DHS1
b) and MQW 1 ¢). d) MQW1 shows strongly increased emission intensity at cryogenic
temperatures, originated in an efficient carrier confinement and an absence of misfit
defects close to the active region.

lattice deformation, while no real change of the in-plane lattice constant is detected
between GeSn buffer and MQW in Fig. 5.12¢. This is exemplified with the aid of
two profile scans through both in- and out-of-plane deformation maps in Fig. 5.12d.
The constant in-plane deformation of buffer and MQW indicates that the complete
MQW stack is grown coherently on top of the GeSn buffer, without further lattice
relaxation. Due to larger cubic (relaxed) lattice constant of the GeSn, compared
to SiGeSn, the former is under higher compressive strain, which results in a larger
out-of-plane lattice constant, visible also in Fig. 5.12d.

The most important finding is the prove of pseuodomorphic growth and consequently
the absence of additional misfit dislocations at the interface adjacent to the active
region. This will greatly enhance light emission compared to the DHS structures by
extending the non-radiative recombination time. To demonstrate this effect, tem-
perature dependent photoluminescence spectra of bulk and heterostructure designs
were recorded between room temperature and 4 K and discussed in the following.
A comparison of light emission between a bulk GeSn sample — with 12.5at.% Sn and
—0.43 % strain — and both types of heterostructures (DHS1 and MQW1) is shown
in Figure 5.13. Comparing bulk GeSn and DHS1 in a and b, photoluminescence

with similar intensity is observed. Strongest light emission is obtained at cryogenic

93



5 Advanced group IV heterostructures for light emitters

temperatures for both, related to a temperature-related increase of non-radiative re-
combination time. Emission is increased to such an extent that light emission above
around 100 K cannot be displayed in the given scale anymore. The first important
finding is that the introduction of SiGeSn alone does not worsen light emission in
the heterostructure. The slightly higher radiative recombination efficiency may be
explained by the slightly higher Sn content and thus directness, compared to the
bulk GeSn sample.

A different behavior becomes apparent in case of MQW1. Despite having a smaller
volume of active material (10x22nm wells vs. 377 nm active region), light emission
is strongly enhanced at 4 K. In contrast to both former samples, no additional mis-
fit dislocations are present close to the active region in this sample, which seems
to limit light emission in former samples. Therefore, SiGeSn barriers are able to
efficiently screen carriers in the active region from unpreventable misfit defects.

A certain drawback, however, is currently still present and can be observed from a
comparison of all samples in Fig. 5.13d. The described superiority of MQW de-
vices — normalized PL intensity increases an order of magnitude stronger in MQWs
at 4K — appears only at cryogenic temperatures. When temperature is elevated
above roughly 200 K, no distinct advantage of MQWs over DHSs is observed any-
more. This finding indicates that confining of carriers far away from non-radiative
recombination sinks, is not yet efficient at higher temperatures. The increased ther-
mal energy of carriers is then sufficient to overcome the energetic barriers from the
SiGeSn interlayers and reach the defective bottom interface. An obvious solution
for future devices would be to further increase Si content of the ternary claddings,
to allow even stronger confinement of carriers. In that case, the big advantage of
MQWs — absence of defects at the active region — would manifest itself in strongly
increased room temperature light emission and should be the path pursued for room
temperature electrically-pumped group IV lasers. At this point it should be empha-
sized that despite current drawbacks, lasing from MQW structures was observed,
yielding even reduced lasing thresholds compared to bulk layers.2*? Discussions on
those properties, however, are not part of the current thesis.

As mentioned before, on one hand lasing would strongly benefit from size quan-
tization effects due to the two-dimensional density of states. On the other hand,

uantization in GeSn would impair the layer’s directness and carrier confinemen
tizat GeS 1d the layer’s direct d fi t
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Figure 5.14 — Conduction band calculations for DHS2 a), MQW1 b) and MQW2 c),
with their respective low temperature light emission d)-f). A good agreement between

theory and experiment is observed, proving emission from quantized states in the
MQW structures.

within the well. Yielding higher Si contents in the barrier could solve the latter
restraints. However, already in present devices the effect of quantum confinement is

visible from light emission, as shown in the following.

In Fig. 5.14, calculated conduction band positions are shown for different het-
erostructures, calculations for DHS2 are shown in a, for MQW1 and MQW2 in b
and c. In both latter cases, the full lines represent bulk positions, while the first
quantized I' states are given as dotted lines. To allow an easy comparison of all
structures, band structures are aligned at their top valence band, which correlates
to the first quantized HH state in case of the MQW samples. Normalized PL spec-
tra, recorded at 4K of all structures are juxtaposed in 5.14d, e and f to illustrate
quantum confinement in the well regions.

For the double heterostructure DHS2, light emission at 0.485eV, shown in Fig.
5.14d, closely fits the theoretical prediction of 0.474eV. For MQWT1 in Fig. 5.14e, a
definite emission blueshift is observed, which originates from two different reasons.
First, Sn content in the wells is slightly reduced compared to DHS2 (13.3at.% vs.

14 at.%). Further, quantum confinement in the well (dashed line) imposes an addi-
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tional bandgap elevation.

Factoring in also MQW2, an additional emission blueshift of 20meV is observed in
Fig. 5.14f compared to MQW1. Since slight differences in Sn content and strain in
both MQW structures cancel out each other, the observed emission shift can solely
be attributed to stronger quantization effects, as indicated by the band structure
calculations. Thus clear emission of quantized states is observed in the MQW sam-
ples, although their directness may not yet be sufficient for room temperature lasing

applications.

5.4 Integration of Sn-based materials in photonic integrated circuits

One strong advantage of Sn-based group IV alloys over heterogeneous III-V integra-
tion on Si, is the possibility to use the same processing environment. As the former
are chemically and structurally compatible to the mature Si CMOS technology, the
danger of material contamination is strongly reduced.

In collaboration with the institute of INTEGRATED PHOTONICS (IPH) from the
RWTH AACHEN, who provided the design and circuit modeling,?*® a circuit is
demonstrated, employing several key features for integrated devices.

The proposed structure was fabricated in the FORSCHUNGSZENTRUM JULICH clean-
room on bulk GeSn alloys, incorporating 12.5at.% Sn and a thickness of roughly
500 nm, using only Si-compatible processing technology. Similar as for the fabrica-
tion of light emitting diodes (c.f. previous sections) process modules, such as Cly/Ar
or CHF3-based reactive ion etching, optical and e-beam lithography were used to fab-
ricate integrated photonic components in both positive and negative process flows.
An overview on a full circuit is given in Fig. 5.15a. It consists of a central wave-
guide (WG) region, which will later be used as gain region for the integrated laser.
Adjacent at both sides of the waveguide are multi mode interferometers (MMI),
which allow splitting of the light into both arms of connected SAGNAC loops. Those
provide an efficient resonator for amplification of light. Light waves travel clockwise
and counter-clockwise through the SAGNAC loops, which allows much stronger re-
flection — ~ 89 % for an optimized design in?%® — compared to plain facets (~ 38 % at
GeSn/air interface, based on their refractive indizes). Laser light can be effectively

coupled out from the resonator to an adjoined waveguide with grating coupler for
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Design: Martin Adams (RWTH Aachen). Fabrication: Nils von den Driesch (FZ Julich).

Figure 5.15 — a) SEM micrograph of an integrated light source, employing a central
waveguide (WG), SAGNAC loops as resonator, and an adjacently coupled waveguide
with grating coupler for perpendicular light extraction. b) Optical micrograph of the
adjoined WG region. Tilted SEM images for several circuit parts: wave guide c),
multimode interferometer d) and grating coupler e).

perpendicular out-coupling. Part of the adjoined waveguide region is shown in an
optical micrograph in Fig. 5.15b. A small part of the light is adjacently coupled
into the second waveguide, which only slightly impacts the resonator’s quality (Q)
factor and could then be used for other on-chip optical circuits.

In Fig. 5.15¢ a 30° tilted SEM micrograph of the waveguide region is shown. Here,
the waveguide was defined by etching surrounding trenches. A later underetching
would further reduce the direct bandgap, as well as increase material’s directness.
Especially the former is uttermost important, to allow lasing at an energy below the
bandgap of the partially strained material and, therefore, reduce absorption in the

non-underetched resonator regions.
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The fabricated MMI is depicted in Fig. 5.15d. As visible, several etch steps with
varying etch depths are required to allow efficient functionality. Those different step
heights in the order of pm are demonstrated to be reliably fabricated with good
alignment.

A close-up of a grating coupler is presented in Fig. 5.15e. In here, etching of rather
steep side walls is demonstrated, allowing an efficient out-coupling of light from the
integrated emitter.

In conclusion, processing of Sn-based material is demonstrated for integrated light
emitters. Integration of more complex heterostructures shall thus be feasible in

future designs.

5.5 Summary

The final section of this thesis combined all the different components, investigated
in previous chapters. Epitaxy of diverse structures for light emitters was shown and
extensively inspected. Advanced characterization techniques, such as atom probe
tomography (APT) or dark-field electron holography (DFEH) were employed to gain
microscopic understanding of structural properties of the grown structures. Further,
light emission from both LEDs and undoped heterostructures prove efficient device

structures. In the following, the most vital findings are outlined.

e Epitaxial growth of homojunction LED layer stacks, incorporating 8-12.5 at.%
Sn, was demonstrated. In-situ doping for electron and hole injection layers
enabled fabrication of light emitting diodes, which show distinct regimes for
emission and absorption devices, while their working wavelength range can be

adjusted by the incorporated Sn content.

e For the first time, a heterostructure device was demonstrated incorporating
both GeSn and SiGeSn, albeit so far only for fundamentally indirect GeSn
material. Introducing also Ge, the epitaxy of two types of multi quantum
well heterostructure LEDs was shown. While the structural quality of both
devices, using either SiGeSn or Ge as barrier material, was excellent, a bet-
ter carrier confinement in case of SiGeSn barriers was found, making those

heterostructures most sought-after for future applications.
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e Ultimately, heterostructures were grown fulfilling all requirements postulated
in section 2.1. Direct bandgap GeSn was combined with SiGeSn ternaries
to form different types of heterostructures, that are double heterostructures
(DHS) and multi quantum wells (MQW). All layers show a high crystalline
quality and their adaptability as light emitters.

e The necessity of a thick emission layer in the DHS design makes it difficult
to avert the formation of additional defects at the active region. Therefore,
the approach using GeSn/SiGeSn MQW structures is much more beneficial
for future efficient group IV light emitters. Emission from quantized states
was demonstrated, proving potential future benefits in lasers from the two-

dimensional carrier density of states.

e Finally, the integratability of GeSn-based materials with other Si-based com-
ponents was experimentally shown. Fully CMOS-compatible processing of an
integrated light source was achieved, further amplifying the potential of Sn-

based emitters in future opto-electronic integrated circuits (OEICs).
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6 Conclusion & Outlook

Within the frame of this thesis, epitaxial growth of Sn-based group IV alloys was
investigated, targeting for direct bandgap heterostructure light emitters. Lessons
learned from the successful history of I1I-V emitters allowed identification of a num-

ber of necessary requirements:

e GeSn alloys require high Sn contents (> 10 at.%), well above the solid solubility

limit.

e Layers need to be free from internal strain from lattice mismatch to the sub-

strate to sustain their fundamental direct bandgap.

e SiGeSn ternaries with Si concentrations in the order of several at.% are nec-

essary to obtain confinement of carriers in GeSn/SiGeSn heterostructures.

Numerous GeSn samples were grown in a chemical vapor deposition (CVD) reactor
on (Ge-buffered and blank) Si wafers at temperatures below 400°C. Investiga-
tions towards direct bandgap GeSn alloys required studying the influence of several
growth parameters, such as precursor flows and growth temperature, on the struc-
tural, morphological and optical properties of grown films. Two strategies for tun-
ing of incorporated Sn contents were found. Reducing growth temperature allows
strongly elevated Sn incorporation (up to 12at.% at 340 °C for fully strained layers),
as phase separation in these meta-stable alloys by Sn segregation can be kinetically
suppressed. At a given temperature, composition can be adjusted within a certain
range of a few at.% by simultaneous tuning of both, digermane and tin tetrachloride
precursor flows.

Epitaxy of strain relaxed layers was demonstrated by layers grown well above the
critical thickness for strain relaxation. Relaxation and the accompanied lattice dila-

tion allowed even slightly higher concentrations of substitutional Sn of up to 14 at.%.
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Alloys with thicknesses up to 1pm relax plastically by formation of a dense misfit
dislocation network at the GeSn/Ge interface. However, these defects are mainly
confined at the interface and even penetrate into the Ge-VS, at least up to several
hundred nm thickness. Optical characterization of strain-relaxed films reveal tun-
able direct bandgaps in the short-wave infrared. Overall, the material system offers
a wavelength range between 2 pm (0.60€V) and 3.4 um (0.37eV) for a multitude of
photonic applications. In particular, strong photoluminescence at room temperature
and down to 4 K have been observed and used for a better theoretical description of
temperature dependent band positions.

Aiming for more complex heterostructures, epitaxy of SiGeSn ternaries was also in-
vestigated. Compositional tuning by growth temperature was accomplished, yielding
Si and Sn concentrations of up to 14 at.%, respectively, in a range between 425 °C and
340°C. The incorporation of such high Si concentrations in this low-temperature
window enables even more degrees of freedom in design and epitaxy of heterostruc-
tures, as (I'-) band positions even above bulk Ge (0.8 ¢€V) can be reached.

An unusually large and composition dependent optical bandgap bowing parameter
(bsisn) was found in high-Sn content ternaries and were linked to a non-homogeneous
distribution of Si atoms within an otherwise (Ge & Sn atoms) perfectly random solid
solution.

Including also in-situ doping, epitaxy of several GeSn-based light emitting diodes
(LEDs) was proven possible. Starting from simple homojunction diodes, room tem-
perature electroluminescence of light emitters (8.5-12.5at.% Sn) between 2.25 pm
and 2.63um was shown. Moving towards more complex heterostructures, multi
quantum well (MQW) LEDs were formed from GeSn binaries with ~ 8at.% (thus
slightly indirect), using Ge as well as SiGeSn barriers. Comparison of emission be-
havior found strongly enhanced efficiency for ternary barriers, originating in their
improved carrier confinement.

Finally, complex heterostructures were grown, demonstrating the combination of
direct bandgap GeSn alloys and SiGeSn ternaries in double heterostructures and
MQWs. A high crystalline and structural quality as well as perfect Ge and Sn
distributions in the MQW were demonstrated by atom probe tomography and dark
field electron holography. Strongly enhanced light emission, especially from MQW

structures, proved their superiority compared to bulk layers. This originates mainly
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from an improved confinement of carriers far away from defective interfaces, while
emission from quantized states was identified as possible path towards advanced
enhancements.

Processing of GeSn material offered realization of several integrated optical compo-
nents, such as waveguides, grating couplers and multi mode interferometers.

These findings open several paths for future group IV-based optoelectronic inte-
grated circuits (OEIC). In those, the most pressing issue would be the realization
of an integrated light source. Incorporation of in-situ doped carrier injection lay-
ers into demonstrated direct bandgap heterostructures will surely be able to bring
highly efficient room temperature light emitters. Aiming even further, it may also
enable realization of electrically-pumped lasers, which have not yet been demon-
strated from Sn-based group IV alloys even at cryogenic temperatures. However,
there are several future optimizations possibly needed to reach this goal. They com-
prise the increase of Si in the barriers, since carrier leakage out of the active region
and their non-radiative recombination at defective interfaces currently limits room
temperature emission. Furthermore, the amount of Sn in the active GeSn shall be
enhanced further to elevate the number of available carriers at the direct I valley.
The demonstrated heterostructure approach is, however, not limited to light emit-
ters. All types of applications that profit from confined carriers will benefit from
such structures, including photodetectors or electro-optical modulators. In the realm
of nanoelectronics for example, low bandgap heterostructures may be used in tun-
neling field effect transistors (TFETs) to boost the tunneling current and suppress
ambipolarity and leakage currents.

Therefore, future maturing of the (Si)Ge(Sn) system may one day allow seamless
integration of opto- and nanoelectronics, upholding the successful history of Si-based

integrated circuits.
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Figure A.1 — XRD 6 — 20 scan of GegggSng.12. Regular thickness fringes indicate a

coherently grown layer with smooth interfaces. C.f. section 3.2.2 on page 29.

Growth kinetics of SiGeSn ternaries
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Figure A.2 — RBS spectra of two SiGeSn ternaries with fixed precursor partial pres-
sures of pge = 55 Pa & pgy, = 0.61Pa. pg; is chosen to 51 Pa a) or 86Pa b). For
highest Si flows, Sn atoms are not built-in homogeneously anymore and layer quality
degrades. C.f. section 4.1.1 on page 53.
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Optical characterization of SiGeSn ternaries
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Figure A.3 — Determination of direct I' valley position from a TAUC plot. Strain re-
laxation in samples with constant composition lead to a redshift of the direct bandgap.
Exact determination is, however, impeded by thickness fringes in the region of interest.
C.f. section 4.2.1 on page 61.

Atom probe tomography (APT) Methodology:

Atom probe tomography (APT) was employed for detailed compositional analysis
of individual layers and their interfaces of GeSn/SiGeSn multi quantum well het-
erostructures. APT specimens were prepared using a dual-beam focused-ion-beam
(FIB) system (FEI Helios Nanolab 600i) by the conventional lift-out technique.?%°
APT analyses were performed using a reflectron-equipped local electrode atom probe
tool (LEAP 4000X HR, Cameca Instruments) in laser mode with pulse frequency
of 200 kHz, pulse energy of 20-30 pJ and detection rate of 0.01 ions per pulse, while
the specimen base temperature was kept at 50-60 K. Data reconstruction and anal-
ysis was performed using the Cameca IVAS 3.6.8 software package. Reconstruction
parameters (specimen shank angle, evaporation field and image compression factor)
were adjusted to obtain flat layers with the correct thicknesses. Low mass spectrum
background (5 ppmns™!), low fraction of multiple detector events (3 %) and absence
of concentration changes with variation of analysis parameters ensured accurate

compositional quantification.
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