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"When God said ’Let there be light” he surely must have meant
perfectly coherent light."

- Charles Townes






Abstract

To enable the continuous evolution of information technology, increasing data trans-
fer rates are demanded. This is accompanied by rising power consumption and req-
uisition of larger bandwidths. The integration of photonics with electronic circuits
provides a solution, which facilitates the decrease of heat dissipation and allows
transmitting data in parallel with the speed of light, boosting the performance of
integrated circuits. Such a concept is preferably realized within the highly elabo-
rated silicon processing technology, on which the whole information technology is
based on. The most pressing issue, missing for the fully integration of photonics
to electronics, is an integrated light source. Silicon-germanium-tin (SiGeSn) alloys
offer a promising extension of this platform, since they can be monolithically grown
on Si and their direct bandgap in specific configurations was proven in 2015.

This thesis summarizes studies on spontaneous and stimulated emission of GeSn
alloys mainly based on photoluminescence (PL) and electroluminescence (EL) spec-
troscopy. The effect of strain relaxation in GeSn alloys, grown on top of Ge virtual
substrates, on optical properties is investigated. The temperature trend of sponta-
neous emission provides insight on the contribution of non-radiative defect recombi-
nation. It also illustrates the indirect-to-direct bandgap transition in Gegg755n0 125
alloys under strain relaxation. Heterostructure PL analysis emphasizes the impor-
tance of defect engineering, since presence of defects close to the active layer heavily
deteriorates light emission.

To prove the concept of electrical carrier injection, GeSn-based LEDs are fabricated.
Electroluminescence spectra unveil similar temperature dependent behavior as PL
from unprocessed layers, with comparable defect-induced limitations. The examina-

tion of Ge and SiGeSn as barrier materials in multi-quantum-wells (MQWSs) proves



SiGeSn as the material of choice due to a better carrier confinement.

Subsequently, stimulated emission from undercut microdisk cavities is investigated.
For the first time, single layer GeSn microdisk lasers are presented, offering in-
creased mode confinement due to high refractive index contrasts compared to com-
mon Fabry-Pérot lasers. The undercut leads to an almost complete strain relaxation
modifying the band structure of the gain material. Even "just direct" GeSn alloys
are proven to be suitable as gain material.

To further enhance the electron population at the direct I'-valley, which is still lim-
ited by the moderate difference between L- and I'-valley, in-situ n-doping of direct
bandgap GeSn is studied. Lasing is detected in these materials, however, showing
no advantage compared to the undoped lasers. This is attributed to simultaneously
increased defect recombination.

The first GeSn/SiGeSn heterostructure lasers yield record low thresholds in an
MQW design, enabled by carrier confinement, screening from misfit dislocations
and a 2D density of states. Limitations were found, on one hand, in layer stacks
with large volume-strain, hindering efficient barriers from shielding defective regions.
On the other hand, directness and barrier offsets are reduced by strong quantization
effects.

Finally, a process flow for electrically-driven laser designs with micro ring and wave-
guide geometry is introduced, underlining the applicability of group IV photonics

integration into Si technology.
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Zusammenfassung

Die kontinuierliche Entwicklung der Informationstechnologie erfordert immer ho-
here Dateniibertragungsraten. Das geht sowohl mit wachsendem Energieverbrauch,
als auch der Forderung nach grofleren Bandbreiten einher. Eine Lésung bietet die
Integration von photonischen Bauelementen in elektronische Schaltkreise. Diese er-
moglicht Wéarmeverluste zu senken und Daten parallel mit Lichtgeschwindigkeit zu
iibermitteln, was insgesamt zu einem Anstieg der Leistungsfahigkeit in solchen inte-
grierten Schaltkreisen fithrt. Da die gesamte Informationstechnologie auf der bereits
hoch entwickelten Silizium (Si) Technologie basiert, ist es vorteilhaft die Realisierung
solcher Konzepte innerhalb dieser Technologie umzusetzen. Zur vollsténdigen Inte-
gration photonischer in elektronische Schaltkreise, ist die Herstellung einer kompa-
tiblen Lichtquelle am dringlichsten. Legierungen aus Si, Germanium (Ge) und Zinn
(Sn) stellen eine vielversprechende Erweiterung dieser Plattform dar, da sie monoli-
thisch auf Si-Wafer gewachsen werden kénnen. AuBerdem wurde 2015 gezeigt, dass
bei bestimmten Zusammensetzungen ein direkter Halbleiter entsteht.

In dieser Arbeit werden Studien zur spontanen und stimulierten Emission von GeSn-
Legierungen, basierend auf Photolumineszenz (PL) und Elektrolumineszenz (EL)
Spektroskopie, zusammengefasst. Dabei wird der Effekt der plastischen Spannungs-
relaxation auf die optischen Eigenschaften der GeSn Schichten — gewachsen auf Ge
Pufferschichten — untersucht. Der temperaturabhéangige Verlauf der spontanen Emis-
sion liefert Einblicke in die nicht-radiative Defektrekombination. Zusétzlich kann
dadurch in Geggr59n9.125 der Ubergang von einem indirekten zu einem direkten
Halbleiter ausschlieBlich durch Spannungsrelaxation aufgezeigt werden. PL Analy-
sen an Heterostrukturen stellen die Relevanz des Defekt-Engineerings heraus, da

durch die Anwesenheit von Defekten nahe des aktiven Materials die Lichtemission



stark vermindert wird.

Durch die Fabrikation von GeSn-basierten Leuchtdioden (LEDs), wird das Konzept
der elektrischen Ladungstrigerinjektion tiberpriift. Elektrolumineszenzspektren zei-
gen die gleichen Defekt-induzierten Limitierungen, die auch in PL Messungen an
unprozessiertem GeSn gefunden wurden. Die Auswertung unterschiedlicher Materia-
lien fiir Potentialbarrieren in Mehrfach-Quantentopf-Heterostrukturen (MQW) lasst
erkennen, dass SiGeSn hierfiir auf Grund einer besseren Ladungstragerbeschriankung
das Material der Wahl ist.

Des Weiteren wird stimulierte Emission an Kavitdten aus unteratzten Mikroschei-
ben untersucht. Zum ersten Mal wurden Mikroscheiben-Laser aus einfachen GeSn
Schichten gezeigt. Im Vergleich zu nicht unterdtzten Fabry-Pérot Lasern verfligen sie
iiber eine bessere lokale Beschrankung der Mode, die durch den guten Kontrast der
Brechungsindizes begiinstigt wird. Dariiber hinaus erlaubt die Unteratzung eine fast
vollstandige Spannungsrelaxation der GeSn Schicht. Dadurch wird ihre Bandstruk-
tur modifiziert, sodass auch fiir einen gerade direkten Halbleiter die Tauglichkeit als
Lasermaterial nachgewiesen werden konnte. Die Elektronenpopulation am I'-Punkt,
die trotz direktem Halbleiter durch den moderaten Energieunterschied zwischen den
Bandkanten an L und T' (auch Direktheit genannt) begrenzt ist, kann durch n-
Dotierung erh6ht werden. Solches Material zeigt zwar Laserverhalten, jedoch kann
kein Vorteil gegeniiber undotierten Schichten festgestellt werden. Das ist zuriickzu-
fithren auf die damit einhergehende erhéhte Defektrekombination.

Erste GeSn/SiGeSn MQWs weisen sehr niedrige Laserschwellen auf. Dies wird durch
die Beschrankung der Ladungstriager in der aktiven Schicht, deren Abschirmen von
Versetzungsfehlern, wie auch durch die 2 dimensionale Zustandsdichte in diesem
Schichtsystem ermoglicht. Allerdings wurden Verschiedene Limitierungen fir Hete-
rostruktur Laser gefunden. Einerseits fihrt eine grofie Volumenspannung durch zu
dicke Schichten zur weiteren Relaxation des Schichtsystems, was die Abschirmung
von Ladungstragern zu defekten Regionen verhindert. Andererseits werden sowohl
die Direktheit, als auch die Potentialdifferenz von Barriere und Quantentopf durch
zu starke Quantisierungseffekte reduziert.

Zuletzt wird ein Prozess fiir elektrisch gepumpte Laser mit Mikroring und Fabry-
Pérot Kavitaten vorgestellt, was eine Integration von Gruppe IV-basierter Photonik

in die Si-Technologie ermoglichen kann.
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1. Introduction

The first laser was discovered in 1960 by optical excitation of a 1cm long ruby
crystal.'>'* Laser technology developed fast, comprising a broad energy range and
to date, after 55 years, reaches device dimensions of nanometer scale.!®'¢ Shortly
after demonstration of the ruby laser, experimental work on semiconductor lasers
started on III-V materials.'"® In 1962, first GaAs lasers with relatively high thresh-
olds between 8 kA cm™2 to 100 kA cm—2 were presented at 77 K.1?2! The continuous
threshold decrease was achieved by application of heterostructures, quantum wells
and quantum dots,?? as well as advanced designs for current and mode confinement.
Today, semiconductor lasers and diodes cover a wide field of applications from spec-
troscopy for e.g. medical diagnostics, laser beam machining to telecommunication.
But the rapidly developing technological world poses new challenges. Novel appli-
cation opportunities like the internet of things (IoT), or training of neural networks
will dramatically rise the amount of processed and transferred data.?3?* Forecasts
referring only to internet traffic, predict a three-fold increase from 2016 to 2021.%
Hence, research in different areas is concerned with solving problems of increasing
power consumptions and the demand of larger bandwidths. A part of scientists fo-
cused on new concepts like opto-electronic integrated circuits (OEICs), deeming the
integration of optical components into electronic circuits. By using optical instead
of copper interconnects, the heat dissipation and therefore the energy consumption

d 26-28

of inter- and intra-chip communication is reduce Furthermore, they increase

bandwidth compared to copper interconnects by allowing parallel data transfer, e.g.
using wavelength multiplexing.?%:3
Since all processing units in consumer electronics are based on silicon complementary

metal-oxide-semiconductor (Si-CMOS) fabrication, integration of photonic compo-
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nents is preferred to match this technology, establishing the field of Si photonics.3!:3?

The simplest option of materials from the growth and processing point of view are
configurations of group IV elements. Their main drawback is the unsuitability to
efficiently emit light due to their indirect bandgap character, for example in sili-
con and germanium (Ge). In contrast, III-V compound semiconductor lasers were
already in a highly developed status and have therefore been the first choice for
photonic circuits. Different procedures were developed like bonding ITI-V lasers on
Si or Si on insulator (SOI) wafers,* 36 as well as the direct growth of III-V layer
stacks on Si.3"3 Both are complex methods and not used in large scale integration
yet. For this reason, optical interconnect designs based on Si often use external laser
sources. 3?40

A light source consisting of group IV materials would facilitate monolithic integra-
tion into the chip technology. Therefore, different approaches, how to turn a group
IV material into a direct bandgap semiconductor, were fathomed.*! In addition to
the application of tensile strain to Ge,*™* the alloying of Ge with tin (Sn) turned
out to be a possible solution.?® The demonstration of a direct bandgap and optically
pumped lasing in GeSn* depicted the start for raising research activities in this
field.

Apart from photonic applications the material offers promising prerequisites for elec-
tronic devices like metal-oxide-semiconductor field effect transistors (MOSFETs),4”
due to its small electron effective mass at I" and the resulting increased mobility.
The direct bandgap nature also leads to an enhanced band-to-band tunneling rate,
which is why GeSn might be also suitable for group IV tunnel FETs.*8

GeSn lasers in a wavelength range from 2.0 pm to 3.1 pm have been presented up to
now offering not only a new wavelength band for optical communication, but also
the potential for sensing in the mid-IR range.>*°** Beside spectroscopy on a chip
for medical diagnostics,®! absorption lines of carbon monoxide (CO) or greenhouse
gases like water vapor (Hy0), carbon dioxide (CO5) and methane (CHy) are in this
wavelength regime.?253

Since a large number of possible application areas of GeSn lasers exists, the further
investigation of those group IV alloys is significant. To date these light sources are in
a premature state and many mechanisms are not fully understood yet. Quite compa-

rable to III-V history, the first lasing was reached with a pumping carrier density of



3 in GeSn waveguides,> which was the same calculated

approximately 2 x 10'® cm™
carrier density, required to obtain lasing in the GaAs system.?® Since then, years of
studies and deepening the physical understanding followed. This thesis contributes
a part of the investigation and evolution of GeSn-based light emitters and lasers.
The aim is to analyze spontaneous, as well as stimulated emission characteristics in
the (Si)GeSn material system.

The thesis contains seven chapters. After this introduction, the basics of Si-Ge-Sn
band structure properties are described in chapter 2 to provide a physical intro-
duction into the topic. Chapter 3 deals with photoluminescence studies of various
GeSn alloys, comprising the strain induced indirect-to-direct bandgap transition
and temperature dependent effects in homo- and heterostructures. Founding on
previous results, in chapter 4 LEDs are fabricated and analyzed. Different barrier
materials in GeSn MQW light emitters are examined. Lasing from GeSn microdisk
(MD) cavities is presented in chapter 5. Strain distribution in undercut MD ge-
ometries and the resulting band structures are discussed. Heterostructure designs
in MDs are analyzed and compared to single layer GeSn lasers with regard to maxi-
mum lasing temperature and threshold. Finally, a fabrication process for electrically
pumped lasers is developed in chapter 6, demonstrating their compatibility with Si
CMOS processing technology. A brief summary and future outlook can be found in

chapter 7.
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As early as 1982 Germanium-Tin (GeSn) has been theoretically proposed as a pos-
sible direct bandgap group IV material.’® From that point onwards, it took over
thirty years to overcome the challenges of crystal growth and to form a metastable
direct bandgap GeSn alloy.

Simultaneously to the proof of direct bandgap formation in GeSn, the first opti-
cally pumped lasing was demonstrated.?® This opened up a large research field for
GeSn in optical devices, like light emitter, detector and modulator in group IV
photonics.27>758

Before presenting the results on development of layer stacks, diodes and lasers, this
chapter gives a general overview about the Si-Ge-Sn material system. Electronic
and optical material properties and characteristics are considered in respect to light
emitter applications on the group IV platform. In the first section, band structure of
different Si-Ge-Sn alloy configurations is discussed with the main focus on the tran-

sition from indirect to direct bandgap semiconductors. The second section deals
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with the advantages and applications of heterostructures, followed up by the third
section, which discusses the basics of radiative and non-radiative recombination of

charge carriers in semiconductors.

2.1. From Indirect to Direct Bandgap GeSn

In this section, different ways to achieve a direct bandgap semiconductor in the Ge-
Sn system are introduced. On one hand, the incorporation of a sufficient amount
of Sn is mandatory to induce the transition from indirect bandgap Ge to a direct
bandgap GeSn. On the other hand, strain also plays an essential role in modifying

the band structure.

2.1.1. Sn Incorporation

The direction towards creating a direct bandgap semiconductor can be deduced from
the electronic band structure of the particular elements. Ge is a semiconductor with
an indirect bandgap at the L-valley of 0.76 eV and a direct bandgap at I of 0.90 eV
at 0 K. That makes it an indirect bandgap semiconductor with a rather small energy
difference between I' and L of 140 meV.%

In contrast, a-Sn is a semi-metal, which is stable at temperatures below 13 °C, having
an inverted band structure at I' and therefore a negative bandgap of —0.41 V.5
Electronic band structure diagrams in the first Brillouin zone of Ge and Sn are
presented in figures 2.1a and b. Alloying Ge with Sn changes the band structure so
that the conduction band of Ge is shifted downwards in energy towards the valence
bands. Bandgaps at critical points of the Brillouin zone can be calculated using an
interpolation between both materials,%? including the respective bowing parameter

b;, which describes the deviation from the linear interpolation:

Ei(z) = ES*(1 — o) + ESz + 08" (1 — 1), (2.1)
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Figure 2.1. Electronic band structure of semiconductor Ge (a) and semi metal Sn
(b), adapted from reference [61]. ©OP Publishing. Reproduced with permission. All
rights reserved. In (c¢) transition from indirect to fundamental direct bandgap GeSn
is shown dependent on Sn concentration.

where z is the Sn concentration in the alloy and ¢ denotes the particular point in
the Brillouin zone, i.e. I', L or X, for which the energy is calculated. All important
band energies are summarized in table 2.1 on page 11.

Since the band energy difference between Ge and a-Sn at I is larger compared to L
(Er.ce—Ersn > Erge—FErLsn), the bands decrease faster at the I'-point and, together
with the fact that Er g, < 0, this leads to a transition from indirect to direct bandgap
GeSn alloy at some concentration of Sn. The transition point is calculated to occur
above 7at.% Sn for a cubic lattice at 0 K using br gesn = 2.24eV — 4 x 1074 T and
DL, Gesn = 0.89€V+7x 10475364 The dependence of the conduction band energies at
L and T" on the Sn content z is plotted in figure 2.1c. All band structure calculations,
shown in this thesis, are performed in cooperation with Dr. Zoran Ikoni¢ from
the UNIVERSITY OF LEEDS and my colleague Denis Rainko. Experimentally, the

transition between indirect and direct GeSn was shown in 2015 to take place at
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~ 9at.% for a cubic lattice.46

2.1.2. Strain Dependence

A critical parameter influencing the band structure of GeSn alloys is strain. All
GeSn alloys, investigated in this thesis, are grown by reduced-pressure chemical va-
por deposition (RP-CVD) in an industry-compatible Aixztron reactor. Silicon (Si)
(001) wafers (200 mm) with a ~2.5 pm thick Germanium virtual substrate (Ge-VS)P
on top are used as substrates.®% Pseudomorphic growth of GeSn layers on top of
the Ge-VS imposes biaxial compressive strain in the GeSn lattice. When exceeding
a specific volume strain, the GeSn layer starts to relax. With rising Sn concentra-
tion, the lattice mismatch between GeSn and Ge becomes larger. After passing the
thickness when strain relaxation started, the increase of the layer thickness leads
to a higher degree of relaxation. Thus, depending on Sn concentration and layer
thickness, the strain in the particular layers varies.

Compressive biaxial strain influences the band structure of GeSn alloys in the op-
posite way compared to incorporation of Sn. Band energies are shifted up with
increasing compressive strain, moving the indirect-to-direct bandgap transition to
larger Sn concentrations. Therefore, it is possible to grow multiple GeSn alloys
with a constant Sn concentration but different bandgaps, indirect as well as direct.
The lattice constant for cubic, and thus relaxed, GeSn alloy ag, can be related to
experimentally determined in- and out-of plane lattice constants (aﬁ’esn and afesn,
respectively), as well as the interpolated elastic constants Ch; and C'5:56

s aGesn 4 QG‘(‘}ES“Cn/Cu

- . 2.2
%o 1+205/Cny (2:2)

Many thanks to my colleagues Dr. Nils von den Driesch and Denis Rainko, who grew all layers
I worked with.
PGe-VS was provided by Dr. Jean-Michel Hartmann from CEA/LETI, Grenoble.
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These lattice constants can be subsequently used to determine the biaxial strain ¢

of the layer:

CLGeSn _ aGeSn
| 0
=

(2.3)

ag}eSn

Strain has then to be considered in band structure calculations as a correction term
to the calculated bulk energy values. These corrections come from deformation po-
tentials corresponding to hydrostatic and biaxial strain, which need to be included
for each symmetry point of the Brillouin zone.5"%% The most important band en-
ergies, lattice and elastic constants of Si, Ge and Sn used for all band structure
calculations in this thesis are summarized in table 2.1.

Besides the bandgap, the difference of conduction band energy between L and T,
AFE;r = E;, — Er, is an essential parameter and will be referred to as directness in
the remainder of the thesis. If AE < 0, the semiconductor is an indirect bandgap
semiconductor, if AErr > 0 the semiconductor is defined as direct. The directness
strongly influences the properties of light emission, since the electron occupation
of the I'-valley increases for a higher directness, rising the probability of radiative
recombination of carriers. However, even for the direct bandgap GeSn alloys used
in this work (Sn < 14at.%), at room temperature the largest fraction of electrons
will reside in the L-valley because of a large DOS, while at 4 K the majority will be
condensed in T

An overview of the directness for alloys with different Sn content and variable strain
is shown in figure 2.2. The directness, which can be kept constant for alloys with
variable Sn concentration and strain, is indicated by solid black lines and its values
are written in white font. The transition from indirect to direct bandgap semicon-

ductor occurs at the line with AErr = 0.

2.1.3. Si Incorporation

Incorporating a third group IV element, Silicon (Si), into GeSn allows strain in-
dependent bandgap tuning. Si has a lattice constant smaller than Ge and Sn and
therefore reduces the compressive strain which is built up in an alloy by the Sn

concentration. Secondly, Si shifts the bandgap energies to larger values. With these
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Biaxial Compressive Strain (%)

0 5 10 15 20
Sn Content (at.%)

Figure 2.2. Alloy directness as it depends on Sn concentration and biaxial strain.
The Sn concentration, required to reach the transition from an indirect to a direct
bandgap semiconductor, is shifted to larger values for higher compressive strain.

characteristics, if SiGeSn ternaries are direct, they can be used as shorter wave-
length emitters and detectors compared to GeSn and serve as appropriate material
for cladding and barriers in heterostructure designs, if they are indirect.® To calcu-
late the band energies, the same interpolation as for GeSn can be used by adding

the terms for Si content y in Sinel_z_ySna,;:62

Ei(z) = ES*(1—x—y) + ESy+ EP 2 4059 (1 — 2 — )y + 0570 (1 — . — )z + b5y,

(2.4)
At L, a theoretically extrapolated bowing parameter of 7" = 2.124 eV%? is used in
our calculations. The attempt to verify the calculated b5 = 3.915eV6? resulted in
a broad range of possible values varying between 2eV to 24eV.526972 A closer look
at these values indicates a linear dependence on the Sn concentration, yielding lower
bYiS for higher Sn concentrations, as concluded in references [8, 63]. Until now, a
conclusive and experimentally verified bowing parameter was not found, leaving a

rather large uncertainty in SiGeSn band structure calculations.

10



2.2. From Homojunction to Heterostructures

|T(eV) L (V) X (éV) a (R) Ci (GPa) Ci, (GPa)

Ge | 0.90 0.76 1.16 5.65 129 48
Sn | —0.41 0.12 0.91 6.49 69 29
Si 4.10 2.23 1.17 5.43 166 64

Table 2.1. Band structure properties at high symmetry points of Ge, a-Sn and Si
at 0K,%%62 cubic lattice constants and elastic constants from ref. [68].

(a) bulk (c) MQw
VACUUM  c---oooooiiiiooon eeeiiiiiiiiiiiil ool
X

- 1

-- --1E,
E
g
— —E

Figure 2.3. Schematic of conduction (red) and valence band (blue) of a homojunc-
tion (a), a double heterostructure (b) and a multi quantum well (c).

2.2. From Homojunction to Heterostructures

The simplest material stack design that can be grown is a homojunction, whose band
diagram is schematically displayed in figure 2.3a. Energies of quasi Ferms levels of
electrons Ey. and holes Ey ), are denoted in the conduction (red) and valence band
(blue). The energy needed to move an electron to vacuum is called electron affinity
and labeled with x.

With the target of fabricating group IV infrared light sources based on (Si)GeSn,
the development of III-V light sources serves as guidance. There, the efficiency of
light emitters could be increased by using heterostructucture designs.”®™ In het-

erostructures, at least two different materials are combined, whose band alignment,

11
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to a good approximation, depends on their electron affinities y; and x». For the
conduction band, the offset yields AEc = x1 — X2, while for the valence band
AEy = (x1+ Ep) — (X2 + Ey2), see figure 2.3b.” The band alignment sketched in
figure 2.3 is called type-I band alignment, where the lower bandgap material forms
the active region. If a potential is applied to this double heterostructure (DHS),
electrons and holes drift from larger bandgap material to lower bandgap material
which leads to accumulation of carriers in the active region. The potential well is
exploited in light emitting diodes (LEDs) and laser structures to confine electrons
and holes and therefore increase their overlap. This is a big advantage compared
to homojunctions since the increased carrier concentration in heterostructure active
regions leads to higher radiative recombination rate, as discussed later in section 2.3.
This advantage is present as long as the active region does not exceed the diffusion
lengths of carriers.

When the different layers are brought into contact to design a heterostructure, a
space charge region builds up at the interface of the two materials with the pur-
pose of potential compensation. This can induce an additional resistance for carrier
transport. As a solution, profile grading of the barriers as well as doping can be
applied.”

The carrier concentration in homojunctions and DHSs is given by the integral of the
product of Fermi-Dirac distribution and the density of states. The density of states

p*P(E) is expressed by:

D3P 1 2m* 3/2
3D
E)y=—=—(— E 2.5
pLE) 1% 27T2<ﬁ2> vE, (25)
with the volume of the layer V' and effective mass m*.
If the thickness of the active region is strongly reduced so that quantum mechanical
effects become important, quantized states are formed confining the charge carriers
additionally in z-direction. This kind of structure is called quantum well (QW). The

density of states is then independent on energy for each quantized state:

D2D m*
A R

p*P(E) (2.6)
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2.3. Radiative and Non-Radiative Recombination

with A being the area of the layer. Depending on the materials and their barrier
heights, quantized states appear in the conduction and valence bands, as schemati-
cally shown for type I band alignment in figure 2.3c. The energy levels of electrons in
a quantum well with thickness L, and with infinite barrier heights, can be calculated

from the simple particle-in-a-box model:

n

h2 2
= (2—”) n=1,2,3,.. (2.7)
m z

In reality, the barriers have finite heights and the energy levels have to be found by
numerical solutions. The quantized states wave functions then leak into the barrier,
leading to an overlap with wave functions from neighbouring wells for multi quan-
tum well (MQW) structures. The interaction of different wave functions influences
the quantized state energy, so that splitting for each F,, occurs.

In the calculations presented in these work, the quantized states are evaluated by
solving the effective-mass Schridinger equation with band- and effective mass dis-
continuities at the interfaces accounted for. The effective masses used for the cal-
culation of quantized states come from 8 band k - p calculations for each individual
alloy.”""

Since the carriers’ thermal energy increases exponentially with temperature,” the
barrier heights should be > kg - T to avoid carrier escape over the barrier (25 meV

at room temperature), ideally hundreds of meV.

2.3. Radiative and Non-Radiative Recombination

The processes occuring in all semiconductor light emitters are the radiative and
non-radiative recombinations. In this section the fundamentals of different recom-
bination mechanisms in direct bandgap semiconductors are briefly summarized.

As the name already indicates, radiative band-to-band recombination stems from
electrons in the conduction band recombining radiatively with holes (empty states)

from the valence band, as schematically shown in figure 2.4a. Light matter inter-
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2. (Si)GeSn Material Properties

actions include the processes of absorption, spontaneous emission and stimulated
emission. In this section the focus is on spontaneous emission, the essential pro-
cess for photoluminescence (PL) and electroluminescence (EL). For the generation
of electron hole pairs either optical or electrical injection of charge carriers can be
used.

The spontaneous recombination rate rs, can be expressed as:

Tsp:B'fc'fv 'pjoint(E)7 (28)

depending on the occupation probability of electrons f. and holes f;,, determined
by the Fermi-Dirac distribution which includes the quasi Fermi levels. Furthermore
rsp includes the joint density of states pjoimt(F) and the transition probability B.780
The mean spontaneous lifetime 7 is therefore defined as 7 = 1/B. This probability
B has orders of magnitudes lower values for indirect bandgap semiconductors, which
implies the need for a direct bandgap semiconductor to fabricate efficient light emit-
ters.

The emission spectrum of spontaneous emission from a direct bandgap semicon-
ductor is shown in figure 2.4b. The high energy tail of Fermi distributions can be
approximated by the Boltzmann distribution [ exp(—E/(kgT))], with Boltzmann
constant kg and is also reflected in the spectrum shape. The joint density of states
x /E — E, forms the lower energy shape of the spectrum. Therefore, the peak
emission energy of a spontaneous emission spectrum of a semiconductor is given by

its energy gap E,, plus the temperature-dependent shift
Eemission = Eg + OSkBT (29)

Combining these terms, the total emission rate R, proportional to the intensity of

the spectrum, can be written as:

—F
R x \/E—Egexp (m) . (210)

The competing process with radiative recombination is non-radiative recombination.
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2.3. Radiative and Non-Radiative Recombination
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Figure 2.4. (a) Radiative recombination paths for indirect and direct bandgap re-
combination. (b) Theoretical luminescence spectrum from direct bandgap recombina-
tion adapted from ref. [76]. (c) Non-radiative recombination paths via surface states,
defect trap states and Auger recombination.

Non-radiative recombination in semiconductors comprises all processes which do not
lead to the emission of photons and therefore can be considered as carrier losses in
respect to light emission efficiency. The main sources of non-radiative recombination
are recombination via trap states, surface states and Auger recombination, which
are pictured in figure 2.4c¢ and will be shortly explained in the following.

In non-radiative recombination the energy of an excited electron can be converted
to vibrational energy of lattice atoms, so called phonons. All crystalline point de-
fects and lattice dislocations can serve as non-radiative recombination centers. They
form localized energy states inside the bandgap of the semiconductor.” Recombina-
tion via these energy states is named after its first investigators Shockley-Read-Hall
recombination. The non-radiative lifetime of a charge carrier in an intrinsic semi-

conductor 7y can be approximated under several assumptions as®!

Er — Ey;
Tsrh,i = Tn0 <1 + COSh (711(]377—,f>> 5 (211)
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2. (Si)GeSn Material Properties

where 7,0 is the minority carrier lifetime, and trap level and intrinsic Fermi energy
are denoted as Ep and Ey;, respectively. This approximation shows the dependence
of recombination time (and therefore recombination efficiency) on the trap level po-
sition, as well as on temperature. For trap levels in the middle of the bandgap, called
deep levels, and for high temperatures the non-radiative recombination lifetime is
smallest, resulting in less efficient emission, refer to equation 2.12.

Surface states, which originate from perturbation of the perfectly periodic lattice,
are formed inside the bandgap. Ways to prevent non-radiative recombination at sur-
faces, are to use heterostructures, in which carriers recombine inside the active layer
away from any surfaces, or by the passivation of surfaces with high quality oxides.
But for both solutions the quality of the interface is essential because interface trap
states can also be generated.

The last non-radiative recombination process, to be considered here, is Auger re-
combination, which is a three particle process, see figure 2.4c. The energy generated
by a recombining electron-hole pair is used to excite an electron/hole deeper into
the conduction/valence band. Therefore, the recombination rate Rayge is either
Ravger = Cpan for electrons or Ryger = "n%p for holes. C, and C, are the Auger
coefficients for the particular process and carrier concentrations of electrons and
holes are expressed by n and p, respectively. Due to this cubic dependence, the ef-
fect of Auger recombination becomes stronger for higher carrier concentration. For
low bandgap semiconductors like (Si)GeSn, Auger recombination becomes particu-
larly important at higher temperatures. Calculations of G. Sun et al. show that
Auger recombination can be a limiting factor for lasing in relaxed Geg g4Sng o above
200 K.% In their calculations, the 2D density of states using MQWs helps to increase
the non-radiative lifetime so that room temperature lasing could become possible.®2
Radiative as well as non-radiative recombination times influence the quantum effi-

ciency miy of a light emitter, which is given by:

Tl’l[’

Tr + Tar

(2.12)

Nint =

Literature data about experimentally measured lifetimes in the (Si)GeSn material
system is only found in the thesis of R. Geiger at present.’* In this study, infrared

pump-probe spectroscopy was used to determine lifetimes of GeSn with 8.5 at.% and

16



2.3. Radiative and Non-Radiative Recombination

12.5at.%. Values in the range between 200 ps and 400 ps were found.

In this work radiative emission spectra of different (Si)GeSn samples are analyzed
in detail, and were measured in the set-up described in the following paragraph.
PL spectra from unprocessed bulk and heterostructures, as well as EL spectra from
various diodes are measured in a Fourier-transform infrared (FTIR) spectrometer
(Bruker, Vertez v80). The sample of interest is mounted in a cold-finger cryostate,
which can be cooled with liquid helium (He) to 4 K. To excite carriers in the sample,
either a chopped 532nm diode laser or a frequency modulated voltage with rect-
angular shape is applied with frequencies around 2kHz. The emission is detected
by a liquid nitrogen cooled indium antimonide (InSb) detector, including an optical
filter with cut-off wavelength of 3pum in front of the detector, via lock-in technique.
Thus, the infrared luminescence can be separated from the thermal radiation. All
spectra are measured in a step scan mode, which means that the mirrors of the
interferometer are moved stepwise instead of continuously. At each mirror position,
data are acquired several times in a fixed time interval. This technique allows very
stable detection of emission spectra and would also allow to record time-resolved
processes. The generated interferogram (intensity vs. optical path difference) can

be Fourier-transformed to obtain the final, energy-resolved, optical spectrum.

In this chapter, the essentials of the Si-Ge-Sn material system were described, nec-
essary to understand the results in the course of the thesis. The opposing effects
of Si and Sn on the alloys, as well as the impact of lattice strain are depicted. A
brief overview of the advantages of 2D heterostructures shows the reason for the
research focus moving from (Si)GeSn bulk to heterostructure light emitters, prevail-
ing the content of this thesis. The basic principles of recombination processes were
also summarized as an introduction for the next chapter, on PL analysis of several
(Si)GeSn designs.
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For the investigation of optical properties of GeSn alloys, photoluminescence has of-
ten been the method of choice. Red shifted emission for increasing Sn concentrations
were analyzed via PL to verify band structure calculations and relative intensity was
taken as an indication for the optical quality of the layers.%>#3-86 Radiative recombi-
nation at I' from a direct bandgap semiconductor increases for lower temperatures,
while it decreases for an indirect bandgap semiconductor. Close to the transition
from indirect to direct bandgap semiconductors, after a small intensity decrease, it
increases for even lower temperatures. This temperature dependent trend has been
taken as a measure for the directness of an alloy by applying a joint density of state
(JDOS) model.!#6

In contrast to bulk layers, experimental results of PL from heterostructures have
been hardly discussed in literature.3":8

In this chapter, PL measurements of bulk GeSn layers are analyzed in terms of
directness and material quality. In a second section, PL data of direct bandgap

GeSn/SiGeSn heterostructures are discussed concerning carrier confinement, tem-
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3. Photoluminescence of GeSn Alloys

Thickness (nm) strain (%) calculated directness AErr (at 4 K)

(meV)

46 -1.65 -45
170 -1.07 8

280 -0.48 47
414 -0.43 51
560 -0.40 53
705 -0.31 59
970 -0.34 57

Table 3.1. Sample overview of Geggr5Sng 125 alloys with different biaxial lattice
strain.

perature-dependent light emission and quantization in 2D structures.
The results presented in this chapter have been partly published in references [1, 6,
9, 11, 63, 65].

3.1. GeSn Single Layer

A series of GeSn samples with an average Sn content of 12.5at.% and different lat-
tice strain is examined, see details in table 3.1. Thickness (uncertainty of +5nm)
and Sn concentrations (uncertainty of +0.5at.%) were determined via Rutherford
Backscattering Spectrometry (RBS), while lattice strain (uncertainty of +0.15%)
was evaluated from X-ray diffraction reciprocal space mapping (XRD-RSM) mea-
surements. The 46 nm layer is pseudomorphically on top of the Ge buffer. With
increasing thickness, the GeSn layers start to plastically relax via formation of mis-
fit dislocations, leading to a decrease of the compressive strain. Strain relaxation
changes the band structure in a way that increases the directness AErr, as ex-
plained in section 2.1.2. The concrete values for the set of samples discussed here,
are shown in table 3.1. Over a certain thickness relaxation saturates, so that in
layers approaching 1 pum, the strain does not change anymore. Details of the strain
relaxation process can be found in references [63, 65, 89].

The PL spectra of all unprocessed samples were measured at various temperatures
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3.1. GeSn Single Layer
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Figure 3.1. (a) Integrated PL intensities versus temperature for a series of samples
with constant Sn concentration of 12.5 at.% and various thicknesses (strain). Adapted
with permission from [1]. Copyright 2018 American Chemical Society. (b) Spectra
of different samples normalized to their thickness show the same intensity, as well as
normalized integrated intensities in (c).

between 4 K and 300 K, and the integrated intensities derived from the spectra are
drawn in figure 3.1a.

At 300K, the integrated intensity of direct bandgap samples rises with increasing
layer thickness. A strong influence is caused by the amount of material itself. Car-
riers, excited by a 532 nm laser inside the first ~50 nm of GeSn, diffuse through the
whole GeSn layer, where they recombine. Hence, the PL intensity scales linearly
with the layer thickness, which is illustrated by the spectra at 300 K normed to their
specific thickness in figure 3.1b. The same is shown for the normalized integrated
thickness in figure 3.1c. The normalized values stay almost constant. This indi-
cated, the continuous increase of intensity at 300 K can be primarily associated to
the amount of material, available for radiative recombination, while directness and
distance to dislocations play a minor role here.

The intensity trends in figure 3.1a change when going from room temperature to

lower temperature, when other contributions than the increasing thickness of the
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3. Photoluminescence of GeSn Alloys

material predominate: i) The signal of the indirect bandgap semiconductor (brown-
ish) shows a decreasing trend with decreasing temperature. This is caused by the
drop of the number of carriers at I', which decreases when carriers start to condense
into the lowest energy states at the L-valley. ii) The direct bandgap semiconductors
show the opposite behavior: with decreasing temperature, the intensity increases
steadily. For thicker and more relaxed layers, AEr increases and the portion of
electrons populating I' rises, as it is visualized for 50 K in figure 3.2a. For a direct-
ness changing from 0 to 80 meV, the fraction of electrons in I' increases from 25%
to 100%. At the same time, the population of electrons in L drops by that amount.
Simultaneously to the changing population, the non-radiative lifetime increases for
the available carriers at low temperature, because SRH recombination reduces, as
described in section 2.3. Regarding the JDOS model, discussed in reference [90], the
non-radiative lifetime increases with a factor of 6 from 300K to 4 K and therefore
strongly influences the PL efficiency.
The trend of increasing PL intensity for thicker samples is visible down to 150 K.
Then the integrated intensities of the thinner, direct bandgap layers surpass the
integrated intensity of thickest layers with 705nm (blue) and 970 nm (red). With
increasing thickness the number of misfit dislocations at the interface to the Ge-
VS grows as it is visible in the cross-sectional transmission electron microscopy
(X-TEM) graphs in figures 3.2b-d. The 172nm thick sample in figure 3.2b only
marginally shows dislocation loops at the interface. This behavior is different to
414nm thickness in 3.2¢, where the loops already penetrate the GeSn layer. Never-
theless, crystalline quality remains high as indicated by the inset of figure 3.2c. When
the thickness approaches 705 nm, the number of dislocation half loops is further in-
creased and threading dislocations through the whole GeSn layer are observed, as
visible in figure 3.2d. These degrade the direct bandgap radiative recombination ef-
ficiency, introduced previously in section 2.3, since defects can cause localized states
inside the bandgap.

The temperature-dependent trend for each sample, resulting from the interplay of
electron condensation in I' and reduced non-radiative recombination, can be investi-
gated in detail by analysis of the activation energy of these mechanisms. To extract

the activation energy, the measured integrated intensity is plotted against 1000/T
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Figure 3.2. (a) Fraction of electron population inside the conduction band at I’
and at L are plotted at the left side of the graph and directness at the right side in
dependence on the strain of a Geg g755n0. 125 alloy. The calculation was done for 300 K.
X-TEM image of the 172nm (b), 414nm (c) (with a zoom to show the crystallinity),
and 705nm sample (d). In thicker layers, the number of threading dislocations rises.

to be fit to an Arrhenius curve at temperatures above 100 K:%!

Iy

o 2+ B o) .

- 1+ A-exp(

with temperature dependent intensity /(T'), intensity Iy at 0 K and Boltzmann con-
stant kg. A and B give a weight for different processes which are involved and which
dominate at different temperatures regimes: A refers to the higher temperature and
B to the lower temperature region. The corresponding activation energies £, and
E'p can be evaluated by fitting. An example of the fit is shown in figure 3.3a for the
sample with 414nm thickness. This procedure is undertaken for all relaxed layers
and the extracted energy values E4 (for activation at higher temperature down to
100K) are summarized in figure 3.3b. For the thinner layers up to a thickness of
414nm the activation energy F, increases, which is linked to an increasing direct-

ness. But for thicker samples, when the directness does not change much any more,
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Figure 3.3. (a) Integrated intensity of Geg g755n0 125 with 414 nm thickness is plot-
ted versus 1000/T with Arrhenius fit included (orange). (b) Results from Arrhenius
fit of samples with different thickness. (c¢) Temperature dependent peak position of
PL spectra from Geg g755n0.125 with 414 nm thickness. Adapted with permission from
[1]. Copyright 2018 American Chemical Society.

the material quality degrades, as discussed before, and therefore a higher amount
of non-radiative recombination centers is available, which leads to a decrease of the
activation energies.

This analysis indicates that relaxation in thick GeSn layers can be used for increasing
the directness and therefore the emission efficiency. However, the material quality
degrades through mediation of defects and therefore reduces the benefit of increased
directness at a certain point.

The investigation of low temperature peak positions, pictured in figure 3.3c as for
the 414 nm sample, shows a noticeable feature. The temperature-dependent emis-
sion energy of semiconductors E(T") was once investigated by Y. P. Varshni, who
described it with the equation: E(T) = Ey — o1?/(T + ), with constants a, (3,
while 8 can be related to the Debye temperature, and Ej is the emission energy at

0K.?2 This formula describes well the emission from group IV Ge as well as from
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3.1. GeSn Single Layer

ITI-V materials like InP, GaAs and InAs. Here, however, instead of the typical
Varshni-like course of the emission energy, a decrease of peak position is detected
between 95K and 4K of 8meV. This energy drop fits well to the evaluated, low
temperature activation energy Ep of 8 meV in figure 3.3a and can originate from
localized carriers, which are trapped at energy states below the bandgap from where
they recombine radiatively. These traps are likely caused by Sn vacancies, alloy fluc-
tuations or other crystal defects. In the study of S. Gupta et al.,*® it was found that
defects close the bandgap, can be more probably related to point defects than to
threading dislocations since the latter ones offer rather energy valleys in the middle
of the bandgap. To overcome the barrier, they need an energy of 8 meV= kg-90 K,
which matches the temperature of 95 K from which the decrease of emission energy
starts. This behavior was also observed in III-V ternaries like InGaN and InGaP
and was attributed to carriers, localized "in fluctuating potentials".%

Next to temperature dependent analysis, GeSn PL was investigated dependent on
pump power. Power-dependent intensity I can be described by I o« P™ law, with
power P and slope m. The latter gives additional information about the recombina-
tion process. In EL studies the conclusion was drawn, that it depends on the com-
petition between radiative and non-radiative recombination: if m ~ 1 the emission
is dominated by radiative direct bandgap recombination. Anyhow, at low carrier in-
jection the SRH regime exhibits also an exponent of 1. For high injection the power
exponent yields m = 2 and the portion of non-radiative recombination is higher.
It is stated, that m could be a measure for non-radiative recombination via defect
states in strong direct bandgap semiconductors.” *” Another model, dealing with
exciton recombination, attributed 1 < m < 2 to free- and bound exciton emission,
while m < 1 is related to free-to-bound and donor-acceptor pair recombination.”®
The results of the power dependent analysis are summarized in figure 3.4. When
increasing the laser power from 5mW to 100 mW, the emission increases continu-
ously, as shown for the sample with 280 nm thickness in figure 3.4a at 4 K. The slope
is evaluated for all relaxed samples of the previously introduced sample series and
presented in figure 3.4b in orange by a double logarithmic plot. For samples with a
higher degree of relaxation, the slope decreases to values of m closer to 1, indicat-
ing that the radiative recombination rate becomes larger. This is supported by the

higher directness of thicker samples, resulting in increased electron population in T,
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Figure 3.4. Power dependent characteristics. (a) Power dependent spectra of the
280nm sample. The inset shows a double logarithmic plot of integrated intensities
versus power and the corresponding fit. (b) Extracted slope of the power dependent
excitation of various samples at low temperature is plotted in orange dependent on
the thickness of the sample. The degree of relaxation changes the directness, which
is shown in blue. (c) Band filling with increasing excitation power is shown by the
increase of peak energy for different temperatures of the 414 nm thick sample.

leading to a rise of radiative recombination rate. Therefore radiative recombination
efficiency increases leading to m closer to 1.

However, the slope for all investigated layers lies between 1 and 2 indicating a re-
combination dominated by SRH processes.

A further effect is observed for increasing the excitation power. The peak position
of the emission shifts to larger energy with stronger pumping, as exemplarily shown
for the 414 nm thick sample in figure 3.4c. This is attributed to band filling effect.
At 4K a blueshift of 7meV is detected between 5mW and 100 mW. With larger
excitation power, the T" valley is filled to a higher level, leading to a recombina-
tion at elevated energies. This shift of 8.9 x 1072meV mW ! decreases, when the
temperature rises to 50 K. Due to the density of states (o< v/E), the number of avail-

able energy states of electrons becomes larger, the higher the quasi Fermi level lies
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within the bands. Since the quasi Fermi level of electrons increases with increasing

temperature, additional band filling by optical pumping becomes insignificant.

3.2. GeSn/SiGeSn Heterostructures

On the way to construct an efficient light emitter, the detailed characterization of
heterostructures is inevitable. If the active region is formed by GeSn, there are
several possibilities to achieve type-I band alignment with higher bandgap barrier
material, like pure Ge, GeSn with lower Sn concentration or different SiGeSn ternar-
ies. Ge as a barrier is well investigated in literature, but it is only suitable if GeSn
is pseudomorphically grown on Ge, which leaves the Ge barriers unstrained. In this
case, GeSn possesses the smallest bandgap at L, meaning it is indirect, and is not
efficient for light emission. For direct bandgap GeSn, the Ge barriers become highly
tensily strained, strongly pulling the conduction band energy downwards and reduc-
ing its bandgap, so that it does not offer a sufficient band offsets anymore. This
point will be discussed more in detail, in chapter 4.

Experimental analysis of GeSn/SiGeSn heterostructures with SiGeSn barriers are so
far very rare in literature. There are many theoretical studies on GeSn/SiGeSn light
emitters, forecasting a promising performance due to efficient carrier
confinement.56%82 Experiments with a single quantum well embedded in SiGeSn
claddings, pseudomorphically grown on Ge, showed improved emission behavior
compared to the single pseudomorphic layer. Nevertheless, all used active GeSn

878899 making them to

layers in this investigation exhibit the smallest bandgap at L,
indirect bandgap semiconductors.

In the following, a direct bandgap GeSn/SiGeSn DHS as well as three different
MQWs are introduced in a short material overview. They are analyzed and com-
pared regarding emission intensity and energy via temperature dependent PL mea-

surements.

27



3. Photoluminescence of GeSn Alloys

thickness  Sn content cladding/ corsléé rsl‘? in
structure of of barrier laddi
name active layer active layer thickness N 3110 1r}g
(nm) (at.%) (nm) or(atf%er
4.5/14.0 (top)
DHS 380 145 50 5.5/11.5 (bottom)
MQW1 22.0 (x10) 13.3 22.0 (x10) 4.8/13.0
MQW2 12.0 (x10) 13.5 16.0 (x10) 5.2/13.4
MQW3 15.5 (x10) 13.4 19.0 (x10) 5.0/13.2

Table 3.2. Overview on heterostructure samples, their thicknesses, Si and Sn con-
tents. All these heterostructures are grown on top of a 200 nm thick Geg.goSng.19 to
ensure a larger lattice template compared to the Ge-VS. Adapted with permission
from [6]. Copyright 2018 American Chemical Society.

3.2.1. Material Overview

This section briefly sums up the properties of samples, which are further used in
PL and lasing studies in this thesis. Four different direct bandgap GeSn/SiGeSn
stacks were investigated, including one double heterostructure and three different
multi quantum well heterostructures. An overview on sample thickness and Si/Sn
contents in active layer and cladding(in DHS)/barrier (in MQWSs) are given in ta-
ble 3.2. The material characterization was done partially in collaboration with the
group of Prof. Giovanni Capellini from IHP at Frankfurt (Oder).

All heterostructures follow the same concept: A 200 nm Geg goSng. 1 layer is grown
on top of Ge-VS to guarantee a larger lattice as a basis for the following heterostruc-
ture. The latter is then intended to be pseudomorphic on top of the GeSn buffer to
confine misfit dislocations at the interface with Ge-VS. X-TEM micrographs of all
four structures are shown in figure 3.5a-d. The DHS consists of a 380 nm thick active
layer with 50 nm cladding at each interface. Since the bottom cladding is grown at
lower temperature than the active layer, the Si/Sn concentrations are higher/lower
compared to those in the top cladding. The X-TEM of the DHS is overlayed with
an energy-dispersive X-ray spectroscopy (EDX) line scan to show Si, Ge and Sn

contents of each layer in figure 3.5a. A closer look to the X-TEM reveals a defective
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(a) DH
—Ge
Si

(b) MQW1

Concentration (at.%)
Concentration (at.%)

Figure 3.5. X-TEM of GeSn/SiGeSn heterostructures: (a) DHS combined with
EDX line scan, (b) MQW1 combined with APT concentration profiles, (¢) MQW2
combined with EDX line scan and (d) MQW3 combined with SIMS line scan.

interface between SiGeSn cladding and GeSn active layer, resulting from a further,
unintended relaxation of the material stack.

Three MQWs, each with ten wells and barriers but different well/barrier thickness
were grown. MQW1 with the thickest well/barrier of (22.0/22.0) nm is plotted in
figure 3.5b together with the concentration profiles of an atom probe tomography
(APT) measurement. MQW?2 offers the thinnest well/barrier configuration with
(12.0/16.0) nm in figure 3.5¢ together with an EDX line scan and the last sample,
MQWS3, lies in between with well/barrier thickness of (15.5/19.0) nm. The Sn and
Si concentrations of those structures are quite similar and listed in detail in table
3.2. Defective interfaces like in the DHS are absent in all MQWs.

A more detailed material characterization of the samples can be read in references

[9, 63].
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3. Photoluminescence of GeSn Alloys

structure bandgap directness AFE;r barrier height

name (meV) (meV) (meV)

DHS 447 83 191/98
MQW1 509 32 79
MQW2 529 14 71
MQW3 517 26 75

Table 3.3. Band structure calculations of the different structures at 4 K determine
the values for bandgap, directness of the active layers as well as the barrier height,
namely band offsets between active layer and claddings/barriers. Values for MQW
structures refer to the lowest quantized levels inside the active layers. Adapted with
permission from [6]. Copyright 2018 American Chemical Society.

3.2.2. Light Emission

To analyze the PL data acquired from the above described samples, a further look
at each band structure is relevant. The most important parameters like bandgap
and directness of the active layers as well as the band offset (called barrier height)
at T between active layer and the SiGeSn cladding/barrier are given in table 3.3.
The bandgap as well as the directness of the MQWs refer to the difference between
the first quantized energy levels.

The variation of bandgaps in table 3.3 stems from slightly different Sn concentra-
tions and strain in the different structures. In the MQWs, also the energy shift due
to quantization plays an important role: as described in equation 2.7 in chapter 2,
the energy of the quantized states depends inversely on the squared well thickness.
The energy of the first quantized states of a Gegg7Sng 13/Sip.05Geo.8251013 MQW at
I' (red) and L (blue) is exemplarily visualized in figure 3.6 by courtesy of D. Rainko.
With decreasing well thickness the energy of the quantized state rises, as explained
before, which results in a bandgap shift to larger bandgaps for MQWs with thinner
wells. This characteristic is also observed in the bandgap values in table 3.3. Due to
the smaller effective electron mass at I' compared to L, the impact of the well thick-
ness on the quantization shift is much stronger at I'. This leads to a transition from
a direct bandgap to an indirect bandgap semiconductor at a certain well thickness,

e.g. at 5nm in figure 3.6. The data points corresponding to the structures discussed
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Figure 3.6. Energies of I' and L are shown dependent on the well thickness calcu-
lated for 4 K. The difference, called directness, is shown in the inset. Courtesy of D.
Rainko. The stars mark the calculated positions of MQW1-3.

here are shown as stars in the plot.

Since the directness is calculated from the energy difference between L and T, it
is directly influenced by the well thickness, and also effects the directnesses of the
MQW heterostructures in table 3.3, which is depicted in the inset of figure 3.6. The
third parameter given in the table, the barrier height, is additionally affected by the
energy shift due to quantization because it is given by the energy level difference at
I of the active and barrier region.

The barrier heights, calculated with a SiSn bowing at I" bg;s, = 3.915€V, are un-
able to confine I'-electrons at room temperature sufficiently, for which more than
hundred meV are necessary.!?® The confinement of holes in the heterostructures is
weaker and in the range of 56 meV to 24 meV. Nevertheless, the impact of the in-
troduced hetero- and quantum structures is visible at low temperature.

PL spectra of all four samples are presented in figure 3.7a at 4K (top graph) and
295K (bottom graph). At room temperature the intensity scales with the available
volume of active material, as well as with the directness of each sample. The perfor-
mance of the DHS (blue), which has the highest directness and most active material

available, sticks out. Since more than hundred meV are necessary to confine carriers
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Figure 3.7. PL measurements of GeSn/SiGeSn heterostructures at room tempera-
ture and 4 K are shown in (a), the temperature dependent trend of integrated intensity
in (b). (c) presents a calculation of the ration of carrier population in the I'-valley
and the total carrier population at I' and L inside the active layers. Adapted with
permission from [6]. Copyright 2018 American Chemical Society.

at room temperature to hinder the thermal carrier escape, the barrier heights of
these samples have only weak influence on the emission intensity. Therefore, the
emission characteristics are comparable to bulk, which can be seen in the appendix,
figure A.la. The picture changes completely when decreasing the temperature to
4 K as visible in the topmost graph in figure 3.7a. To confirm whether quantization
plays a role in these structures, the peak positions can be compared to the calcu-
lated ones, specified in table 3.3. The emission of the DHS at 470 meV fits to the
calculated value within the measurement errors. Comparing the calculated bandgap
shift between MQW1 and MQW2 of 20 meV with their measured emission energy
of 514meV and 533 meV, respectively, the calculated quantization is in excellent
agreement. The emission of MQW3 matches the emission energy of MQW1, which
is not expected. However, the bandgap difference between MQW1 and MQW3 of
8meV is hardly resolvable experimentally. Additionally, a comparison of the full

width at half maximum (FWHM), which can be an indication for the homogeneity
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of the material, features 23.6 meV FWHM for MQW1 and in contrast, MQW3 has
the broadest spectrum with 29.5meV FWHM. Therefore, material fluctuation to-
gether with the material parameter determination errors, may explain the behavior
of MQW3.

With the evidence of emission shift because of quantization effects, the intensity
characteristics at low temperature can be discussed. At 4K MQWI (red) exceeds
the intensity of all other samples. Comparing MQW1 to the DHS the integrated
intensities differ by a factor of 7.45 at 4 K, which is better visible in figure 3.7b. This
behavior indicates a strongly increased non-radiative lifetime and therefore increased
radiative recombination rate for MQW1. Here, the position of misfit dislocation may
play a major role. The X-TEM micrographs in figure 3.5a and b show clearly the
difference: MQW1 is pseudomorphically grown on top of the GeSn buffer, for DHS
the active layer is adjacent to a second network of misfit dislocations because of a
further relaxation of the material stack. In MQW1, the excited carriers, which are
confined at low temperature to the active regions, are therefore spatially separated
from misfit dislocations at the interface between the Ge-VS and GeSn buffer. In-
side the DHS, excited carriers are in diffusion distance from misfit dislocations at
the interface between the SiGeSn cladding and GeSn active region, which are non-
radiative recombination centers.

An additional role plays the 2D density of states in the MQW structure. With the
same optical excitation as for DHS, the number of carriers inside the wells per cubic
centimeter is larger, enhancing the transition probability of radiative recombination.
This influences the radiative recombination rate ry, and time 7, meaning an increase
of the former and a reduction of the latter one, compare section 2.3.

For MQW?2 (orange, figure 3.7a and b) the intensity at 4 K is decreased by a factor
of 47 compared to MQW1. Because of the low directness of 14 meV, the carrier pop-
ulation in I is strongly reduced compared to MQW1 resulting in lower PL emission.
The effect of directness can be nicely seen for tensile strained GeSn micro disk PL,
where only the directness influences the PL performance.'?! For the case of MQW3
the low temperature characteristic lies in between MQW1 and MQW?2, as expected.
In figure 3.7b the temperature dependence of integrated intensity is shown for each
sample. The general trend of temperature dependent integrated intensities of a di-

rect bandgap GeSn alloy has been already discussed in section 3.1: the intensity
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decreases for increasing temperature with the change of population in I' and the
increased non-radiative SRH recombination rate. For MQW1 it is noticeable that
the intensity change due to temperature is the strongest for all structures and at a
temperature of 200 K, the intensity of MQW1 matches the data points of DHS.

To clarify the temperature dependent behavior, figure 3.7c shows the ratio of elec-
tron population at I and the total electron population in the I'- and L-valleys for the
active layer. With increasing temperature, the population decreases continuously
and scales with the directness of each structure. The DHS with the strongest di-
rectness of 83 meV reveals the highest electron population in I' at each temperature.
Simultaneously, the energy barriers play an important role, because they influence
the population of the whole active layer. With increasing temperature, carriers in
the wells gain thermal energy, which enables them to overcome the energy barrier
of SiGeSn. The lower the height of the energy barrier to the active layer, the earlier
the carriers are able to escape from the well and additionally escape from the I'- to
the L-valley. Both effects, have an impact on the temperature dependent trend of
integrated intensities and are responsible for the cross over point above 200 K, when
the intensity of MQW1 becomes lower than the intensity of the DHS. A detailed
analysis of the distribution of carrier concentration in active layer, barrier and buffer
region of MQW1 and DHS was simulated by Prof. J. Witzens from IPH, RWTH
Aachen University and is shown in the appendix in figure A.1b. Details of the sim-
ulation can be found in reference [6, 102].

In contrast to the bulk samples analyzed in section 3.1, none of the heterostructures
show a sign of localized carriers regarding an emission energy decrease at low tem-
perature. Due to the local confinement of charge carriers to the active region at low
temperature, the carrier concentration in that region is higher compared to single
layer samples. Therefore, the carrier might overflow of the localized traps which
explains that no localization effect is observed in the heterostructures.

The PL characterization of GeSn/SiGeSn heterostructures reveals a promising be-
havior in terms of light emission for optimized MQW stacks. The investigated
heterostructures showed that accurate defect engineering in terms of GeSn buffer
technology, helps to strongly increase light emission at low temperature. At the
same time, the example of DHS demonstrates how important it is to grow below

the critical thickness of individual layers to avoid material degradation through an
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additional misfit dislocation network at interfaces of heterostructures.

To benefit from a lower number of states in MQWs, the quantum wells (QWs) have
to be chosen carefully: thin enough to guarantee a quantization effect, but thick
enough to remain with a sufficient directness. Further evaluation of the material

concerning the suitability for laser performance will be discussed in chapter 5.6.

3.3. Summary

The chapter dealt with the characterization of GeSn materials to qualify them for
further optical devices. The texture of GeSn layers was analyzed by various tech-
niques to confirm material concentration (RBS, EDX, SIMS, APT), strain (XRD-
RSM) and material quality (X-TEM). These structural properties could be related
to the optical features of the layers measured photoluminescence. The first sec-
tion contains a detailed discussion about Gegg75Sng. 125 bulk with different material
strain. Subsequently, direct bandgap GeSn/SiGeSn heterostructures were intro-
duced, a DHS and three different MQW designs.

The main findings are summarized in the following:

o Light emission at room temperature is limited by non-radiative defect recom-
bination as well as the electron population in I" which directly scales with the

directness of the alloy and decreases with increasing temperature.

o By means of temperature dependent PL it is possible to examine layer quality
as well as band structure (like the directness AE;r). Defects degrade the
PL intensity by serving as recombination centers. So, they increase the non-
radiative recombination rate by decreasing the non-radiative carrier lifetime,
but their influence can be reduced at low temperature. There, the impact of the
directness becomes visible via increased light emission. This was investigated
at the example of a bulk Geg g7551 105 series with different thickness and strain
relaxation. The higher the relaxation, the larger is the directness of the sample

and therefore PL at low temperature increases. For higher strain relaxation
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3. Photoluminescence of GeSn Alloys

36

the number of misfit dislocation rises, leading at a certain point to a material

degradation and a decrease of PL intensity.

Analysis of activation energy in the higher temperature regime substantiate
the above described influence of defects. Additionally, in the low temperature
regime localized carriers caused by material fluctuations or crystal defects
could be detected below 90 K.

The influence of different heterostructures was investigated at low tempera-
tures. The comparison between DHS and MQW1 revealed a strong influence
of excited carriers inside the active region spatially separated from misfit dis-
locations. Therefore, the 2D density of states (reducing the number of states)
in MQW1 as well as confined carriers away from misfit dislocations result in

an emission intensity almost one order magnitude higher than in the DHS.

At higher temperatures the benefit of confining heterostructures disappeared

due to low band discontinuities between barrier and well.

A decreased well thickness in MQW designs leads to a stronger quantization of
energies at I and L, with a higher impact at I" due to a lower effective mass.
The stronger the quantization in the here used material configuration, the
lower becomes the directness of the active layer, a very important parameter
for efficient light emission. A careful design of MQW structures with large

directness leads to structures for more efficient light emitters.
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One of the main applications of a direct bandgap group IV semiconductor is the
realization and integration of a light source into optoelectronic integrated circuits
(OEICs). The first step from unprocessed samples, which were optically charac-
terized in the last chapter, to electrically pumped light emitters is the design and
fabrication of light emitting diodes (LEDs).

LEDs based on indirect bandgap GeSn and SiGeSn p-i-n homojunctions, or close
to indirect to direct bandgap transition, have been presented in literature.!03-106
Electroluminescence (EL) was observed at both low and room temperature. The
reports on the formation of LED heterostructures include GeSn/Ge double hetero-
structurest®™% and a few reports on GeSn/Ge multi quantum wells.2% Only one
study up to now addresses the design of GeSn/SiGeSn MQW LEDs.®

This chapter deals with various designs for light emitting diodes and their charac-
terization. After the introduction of the fabrication process, electrical and optical

properties of GeSn homojunctions are presented. These are followed by the analysis
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Figure 4.1. Schematic of the fabrication process for GeSn LED structures.

of a GeSn/Ge MQW LED design and a discussion why Ge is here not suitable as
confining barrier material. Subsequently, GeSn/SiGeSn MQWs are characterized in
depth regarding band structure and emission characteristics as well as the effect of
heating.

Parts of the results presented in this chapter have been published in references [2,
4,5,7,8, 10].

4.1. Fabrication and Electrical Characterization

All GeSn diodes introduced in this chapter are fabricated following the same pro-
cess flow, which is schematically presented in figure 4.1. Standard Si technology,
available in the Helmholtz Nano Facility (HNF), was used. First steps include clean-
ing of samples with solvents, patterning by optical lithography with UV6.06 resist
and subsequent development in MF2/A. Circular mesas are dry etched in a Cly/Ar

plasma in a reactive ion etching (RIE) chamber. Afterwards, the resist mask is
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Sn n-doping p-doping width of i-region

(at.%) (cm™3) (cm™3) (nm)
8.5 4%x10"Y  3x10%® 318
11.0 2 x 109 1x 108 115
13.0 5x 1017 5 x 10 485

Table 4.1. Homojunction LED properties with different Sn concentration. The
doping values are evaluated by ECV measurements, which overestimate the active
dopant density by roughly half an order of magnitude.

removed by acetone and isopropyl alcohol. Then the samples are passivated to re-
duce surface recombination and leakage currents with either 10nm Al;O3 or HfO,
by atomic layer deposition (ALD), followed by 150 nm SiO, deposited by plasma-
enhanced chemical vapor deposition (PECVD). Next, the samples are coated with
AZ nlof 2020 resist to be patterned for the first contact step. After light exposure,
the resist is developed in MIF326 and contact windows are opened in the oxide
by CHF3 plasma. Then, 10nm Ni are sputtered and locally removed via lift-off in
acetone from the undesired areas. NiGeSn is formed by annealing at 325 °C.110-112
Ni leftovers are removed in sulfuric acid (HySO4). 200nm Al is sputtered to ensure
the wiring from the Ni contacts to larger Al bond pads. Finally, the completed LED
chips are bonded with gold (Au) wires to a chip carrier with ball-wedge technique.
Figure 4.2a depicts an X-TEM image of a cut through the wiring region as indicated
by the white, dashed line in the inset. The GeSn p-i-n junction etched down to the
doped region for the bottom contacts, passivated by Al,O3 and 150nm SiO, and
topped with Al, is visible. In the inset of figure 4.2a a scanning electron microscope
(SEM) micrograph of an LED structure with 100 pm diameter is shown.

The diodes are in-situ doped during CVD growth, using phosphorous (P) for n- and
boron (B) for p-doping. Material properties of three presented LEDs are summa-
rized in table 4.1, including their doping concentration and width of the intrinsic re-
gion. The doping concentration is evaluated by electrochemical capacitance-voltage
(ECV) profiling. Details regarding this method can be found in references [63, 113].

During a capacitance-voltage measurement!!4

of small bandgap semiconductors like
GeSn, the inversion of minority carriers occurs already for low voltages, where Si e.g.

is still in depletion. That leads to an overestimation of the carrier concentration,
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Figure 4.2. (a) An X-TEM graph trough the wire region of an LED shows the
different layers, deposited during processing on top of GeSn. The position of the X-
TEM record is indicated in the SEM micrograph in the inset by a dashed white line.
(b) IV curves of three different diodes. (c) IV curves of Geg ggSng.11 reveal an NDR at
low temperature. The PVCR is plotted in the inset. (d) Series resistances evaluated
exemplarily for one material at different temperatures and diode diameters.

since the carrier concentration is derived from the depletion region. A comparison of
evaluated ECV and Hall measurements reveals an overestimation by ECV of roughly
one order of magnitude. For example, for a phosphorous-doped Geg g755n0.195 layer,
a doping of 7.7 x 10'® cm™ was evaluated by ECV and a carrier concentration of
1.7 x 10'8 cm=3 by Hall measurements.!s

Electrical characterization is performed by current-voltage (IV) measurements. IV
curves for diodes with different Sn concentrations differ strongly in their reverse
behavior. In figure 4.2b, the reverse current at negative voltage for the 8.5at.%
Sn diode is 1.5 orders of magnitude lower compared to the direct bandgap material
diodes with 11at.% or 13at.% Sn at a temperature of 300 K. While the current in

40



4.1. Fabrication and Electrical Characterization

forward direction is dominated by excess current at low voltages and diffusion current
at higher voltages, the reverse current is determined by band-to-band tunneling.'”

The tunneling current in reverse direction can be approximated by:!

2m* €V < 4v/2m* EgS/2 )
Jj=———=Xexp| ——F—F77—|,
47202, [E, 3q€h

with the effective tunneling mass m*, electron charge ¢, electric field £, reverse bias

(4.1)

Vg, reduced Planck constant i and bandgap E,. Therefore, the tunneling probability
and current increase for smaller effective mass and bandgap. This is exactly the case
for direct bandgap GeSn alloys, since the bandgap as well as the effective masses of
I' and L decrease for larger Sn concentrations.'!”

At lower temperatures, diffusion and the excess current, caused by trap assisted
tunneling, in forward direction are reduced. For the diode with the thinnest intrinsic
region, this results in a negative differential resistance (NDR) at low temperatures,
as visible in figure 4.2c, which is a typical characteristic of tunnel (Esaki) diodes.*®
The direct band-to-band tunneling at negative and very small positive voltages
benefits from the increased I'-valley population of just direct bandgap GeSn alloys
at low temperature and processes without phonon participation. In that region,
n-type conduction band and p-type valence band overlap slightly, enabling band-to-
band tunneling. For increasing voltages, the overlap reduces and the band-to-band
tunneling current contribution diminishes before the diffusion current compensates.
This results in the characteristic NDR feature. Details of simulations regarding the
fractions of different currents can be found elsewhere [10, 115]. With increasing
temperature, trap assisted tunneling rises, as well as the diffusion current, which
leads to a decreasing peak-to-valley current ratio (PVCR) of the NDR, indicated in
the inset of figure 4.2c. Our PVCR values between 2.2 and 1.2 for a relatively thick
tunnel region match very well literature values of a Ge diode with PVCR between
1.43 and 1.6 and those of up to 7 in SiGe tunnel diodes.'1%120

An important diode parameter is the series resistance, which should be low. In
figure 4.2d, the series resistance is evaluated, as it depends on temperature, for
different mesa sizes by linearly fitting the higher voltage region of the IV curves

and extracting the inverse of the slope. With decreasing diameter of the diode, the
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resistance also slightly decreases. The resistance at 300 K , which for different device
sizes ranges between 1032 to 882, drops to 75 to 67 at 4K. This is related
to an increasing mobility with decreasing temperature for GeSn epilayers.!t® While
the resistance at room temperature is caused by phonon scattering processes, at low
temperature defect scattering is more relevant.

In contrast to the series resistance, the parallel or shunt resistance Rg, of a diode
should ideally be infinite. In reality, surface channels and dislocations cause finite
shunt resistance values. They can be extracted by a linear fit of the IV curves at
very low voltages, slightly above 0V.7 In the case of homojunctions with different
sizes, Rq, is evaluated to be between 33002 and 4002 at 4K and in a range of
2300082 to 81582 at 300K, whereas the higher shunt resistances were observed
for devices with larger diameter, of up to 300 pm. Side wall roughness, arising
from the plasma etching process, can lead to degraded surface passivation, causing
an increased number of surface states. For smaller diodes, the impact of the side
walls is stronger compared to larger diodes, resulting in lower Ry, values for diodes
with smaller diameter. The temperature dependence is also related to the electron
transport process at the side walls. It might be described by hopping processes
requiring a specific activation energy. The available energy is reduced by decreased
temperatures, hampering the electron hopping. Evaluation of the shunt resistances
reveals a serious leakage current flowing in the diodes. However, the values are
comparable to those of GeSn photodetectors with 7at.% and 11at.% Sn.'?! Any
detailed analysis about characteristic resistances of GeSn diodes is missing in the

literature.

4.2. Homojunction LEDs

After the electrical properties of GeSn diodes were shortly discussed, this section is
dedicated to light emission of homojunction LEDs. Material strain, bandgap and
directness of previously introduced LED layers are summarized in table 4.2. With
increasing Sn concentration in the layers, the bandgap is lowered and the direct-

ness is enlarged. However, even for the sample with the lowest Sn concentration
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Sn (%) strain (%) bandgap (meV) directness(meV)

8.5 —0.18 620 0
11.0 —0.67 560 6
13.0 —0.59 500 46

Table 4.2. Band structure properties of homojunction LEDs at 4 K.

of 8.5at.% with low residual strain of —0.18 %, the energy at I and L is the same,
resulting in a directness of 0meV at 4 K.

Before the three kinds of diodes are compared, a detailed view on the GegggSng 11
diode with a diameter of 100 um is presented. Figure 4.3a shows temperature de-
pendent EL spectra at a roughly constant current density of 275 A cm™2 between
295K and 4K. A clear intensity increase at lower temperatures is observed, com-
parable to the PL intensity behavior in section 3.1. The EL intensity at 295K,
in the inset of figure 4.3a, increases linearly for higher current densities between
123 Acm™2 to 590 A cm~2, indicating a dominant band-to-band recombination.!??
Normalized power dependent spectra at 4 K are plotted on a semi-logarithmic scale
in figure 4.3b to fit the high energy tail of the spectra, o exp(k.;—.ET)’ for extraction
of the carrier temperature of recombining electrons.'123 Figure 4.3c sums up the
derived values at 4K and 295 K. In general, the extracted electron temperatures
are higher than the junction temperatures due to high injection levels and reveal
an upper limit of the real junction temperature[76]. By rising the current density,
the electron temperature increases. At 4 K the raise of absolute carrier temperature
compared to ambient temperature is not as strong as at 295 K, since cooling with a
high He flux in the cryostat partially compensates the heating.

Normalized spectra of diodes with different Sn concentration and a diameter of
100 pm are juxtaposed in figure 4.4a. For higher Sn content, the emission shift to
lower energies, and therefore, smaller bandgap, is clearly visible. Peak positions of
the emission energy are plotted against the whole temperature range in figure 4.4b,
while the legend for the complete figure can be found above figure 4.4d. The change
in emission energy at higher temperatures is due to the temperature dependent
lattice dilatation, which induces a linear change in band structure with tempera-

ture. But at lower temperature, the change of energy bands is mainly caused by
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Figure 4.3. EL spectra of a GepggSng11 LED. In (a) temperature dependence at
275 A cm ™2 is shown, while power dependent spectra at 295 K are plotted in the inset.
Power dependence is analyzed in (b) at 4K by a semi-logarithmic plot. The electron
temperature is extracted by linearly fitting the high temperature tail and the results
are shown in (c).

the electron-phonon (lattice) interaction.”> One empirical model for the behavior
of emission energy dependence describes the temperature shift by electron-phonon
interaction with the Bose-Einstein occupation rule.’?4125 This model was shown
to describe the trend of emission energy more accurately than Varshni’s model in
the low temperature regime. Here, the simplest version, applying one oscillator, is

used!?8

2-a
B4
O exp(8/T) — 1’

where Ej is associated to the bandgap energy at 0 K, a is the strength of the electron-

E(T) = (4.2)

phonon interaction and 6 represents the average phonon energy. The extracted
parameters are listed in table 4.3. While the energy gaps match quite well the cal-

culated ones in table 4.2 and parameters a and 6 are of the same order of magnitude
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Figure 4.4. A comparison of LEDs with different Sn concentration. Normalized
spectra are shown in (a). In (b) peak energies are plotted against temperature together
with a Bose-Einstein fit for peak position and (c) depicts the integrated intensity
normalized to room temperature. The peak width dependence on temperature is
shown in (d).

as those fitted to different transitions in Ge by Vina et al.[127], at low tempera-
ture there is still a deviation from the fit. As already explained in section 3.1, the
slight decrease in emission intensity might be due to carrier localization in regions
with higher Sn concentration. This effect can only be hardly noticed and therefore,
should not have a great impact.

In figure 4.4c, integrated EL intensities are normalized to that at 295 K so that the
relative intensity rise can be compared. For the 8.5at.% diode in green a small in-
tensity decrease is apparent, which is typically observed for indirect bandgap semi-
conductors. With our calculations, the sample has a directness of 0meV at 4 K.
However, due to errors in the estimation of Sn content and strain and the resulting
band structure calculation, the sample might be slightly indirect. In any case, the

carrier occupation of the I' valley is smaller than that of L, since the density of
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Sn (%) E, (V) a (meV) 0(K)

8.5 0.61 126 511
11.0 0.54 45 267
13.0 0.51 96 469

Table 4.3. Fitting parameters of Bose-Finstein fit for peak energy.

states is larger in the latter, which limits the amount of carriers available for direct
bandgap radiative recombination. In the higher temperatures range, the sample is
more direct AF r =14meV, causing the slight decrease of intensity with decreasing
temperature due to reduced directness. At temperatures below 100 K, non-radiative
SRH recombination starts to be suppressed. This increases the non-radiative life-
time and leads to a stronger increase of emission intensity at low temperature.

For the diode with 11.0at.% Sn (orange), the calculated directness of 6 meV is still
quite low due to a high compressive strain, which cannot be released in a layer
thickness of only 265nm. Therefore, the carrier distribution between I" and L and
the change with decreasing temperature results in a continuous, intensity increase.
Compared to the diode with 8.5at.%, this sample exhibits the behavior of a direct
bandgap semiconductor, since the intensity drop at higher temperatures is missing.
In contrast to the previously discussed diodes, the LED with 13.0at.% Sn offers
a strong directness of 46 meV, which means that a larger percentage of carriers at
295K already reside in the I'-valley and should result in an overall enhanced emis-
sion intensity, which cannot be observed. Compared to the 11.0at.% diode, the
relative intensity rise of this diode (blue) is much lower. Both aspects indicate a
strong influence of defects, decreasing the non-radiative recombination time and ex-
plaining the deteriorated light emission. Additionally, the n-doping level is lower in
this diode and the series resistance is found to be roughly 100 2 higher than in the
8.5at.% diode in section 4.1. Therefore, the electron temperature at an ambient
temperature of 4 K is evaluated to be in the range of 160 K to 200 K at current den-
sities below 200 A cm~2, indicating a pronounced Joule heating.”® According to the
electronic properties, as well as the higher number of defects, the distinct intensity
increase, which can be found for the other diodes at ambient temperature of 100 K,

is missing.
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In contrast to the electron temperature at 4 K, at 300 K the values lie between 320 K
to 420 K. It means that the absolute temperature rise is smaller at room temper-
ature, opposite to the behavior shown in figure 4.3c. This behavior can be related
to the temperature dependence of the series resistance, which is almost constant in
this diode, causing a stronger heating at low temperature compared to the other
devices. Furthermore, the non-radiative recombination rate seems to be higher in
this device, refer to figure 4.4. In non-radiative recombination processes, energy
of the recombining charge carrier is converted to lattice vibration, which produces
additional heat. The effect of higher electron temperature on the 13.0 at.% diode is
also visible in the full width at half maximum (FWHM), which is shown in figure
4.4d. Up to a temperature of 200 K, the FWHM is constant, independent on the
ambient temperature for two different injection current densities. At higher ambient
temperature the width starts to increase. Therefore the influence of the resistance
seems to dominate up to a temperature of 200 K. At that point, the FWHM at an
injection of 180 A cm™2 drops below that at 365 A cm™2. An overall larger FWHM
for this device at two different current densities, points to a stronger heating in this
device. Further reasons for a broader spectrum of LEDs with higher Sn concentra-
tion are the presence of radiative recombination at defect states close to conduction
or valence band. Regarding the other two diodes, the FWHM rises continuously
with temperature. The higher temperature behavior corresponds to the theoretical,
linear trend, which can be expressed as o< 1.8kgT', without taking into account any
heating and is illustrated by the black line.™

To improve the light emission properties of a semiconductor light emitter, the ap-
plication of heterostructures is inevitable. Therefore, in the next section different

heterostructure designs are characterized and discussed.

4.3. Heterostructure LEDs

Boosting the LED’s performance is a universal target for all light emitters. As al-
ready discussed, the application of heterostructures can change the band alignment

in a beneficial way, by confining the electrons to the active regions and therefore
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reducing the losses originating from diffusing carriers into buffer material or de-
fective regions. Additionally, the number of states can be reduced by application
of quantum structures, which is advantageous in terms of efficiency and therefore
of the reduction of power consumption. In this section the suitability of Ge and
SiGeSn as barrier material is studied for indirect bandgap LED structures with a

Sn concentration of 8.5 at.%.

4.3.1. Ge Barriers

In literature a few studies of GeSn/Ge heterostructures have been reported. Schwartz

et al.t0?

show for a pseudomorphically grown GeSn/Ge quantum well with 7 at.% Sn
that the design offers a quantum confinement with the drawback of indirect bandgap
active material with —60meV directness. Furthermore, a study of Ge/GeSn/Ge
DHS grown on Ge-buffered Si with indirect bandgap material and Sn concentra-
tions up to 9at.% confirms a type-I band alignment between Ge and GeSn with
band offsets between 11 meV to 47 meV.'%® These are first GeSn heterostructures,
but the confinement is still not strong enough and further improvement is manda-
tory.

In this section, another GeSn/Ge MQW LED is characterized, before a general con-
clusion about Ge as barrier material is drawn. In contrast to literature studies, the
GeSn layer is partially relaxed and not pseudomorphically grown on Ge offering a
lower bandgap and a larger directness of the active material.

First, a p-doped 115nm thick GeggoSn9,08 :B layer is grown, which ensures a par-
tial strain relaxation on top of the Ge-VS. The doping concentration was extracted
from ECV to be 4 x 108 cm™. Thereafter, an MQW structure follows, consisting
of 7 periods of Ge/GeygaSng s, each with 14 nm barrier and 20 nm well thickness,
respectively. Finally, the top cladding is formed by 60 nm n-doped Gegg2Sngos :P
with a doping concentration of 7.5 x 10 cm™® (determined by ECV). An X-TEM
is overlaid with a SIMS measurement in figure 4.5a, confirming the clear separation
between well and barrier material. To determine the strain inside the layer stack,

XRD-RSM of the (224) reflection was performed, revealing an equal in-plane lattice
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Figure 4.5. Structural characteristics of a GeSn/Ge MQW. (a) An X-TEM is over-
laid with a SIMS profile of the GeSn/Ge MQW. (b) XRD 6 — 26 scan (blue) matches
the simulation (red) by courtesy of G. Mussler. (c) Band structure calculation at 4 K
shows a weak confinement of electrons in I' and L. (d) A schematic of the processed
LED. Adapted with permission from reference [2], OSA Optics Express.

constant for the wells as for the GeSn:B layer. This pseudomorphic growth results
in —0.71 % compressive strain inside the GeSn layers and 0.48 % tensile strain inside
the Ge barriers. To clarify whether the observed satellite peaks are in agreement
with expectations, a § — 26 scan around the (004) reflex is compared to a simulation
in figure 4.5b, from which the thickness as well as Sn concentrations were derived,
matching the experimental evaluated data. Calculated band structure alignment is
shown in figure 4.5¢ for 4 K. The confinement inside the conduction band provided
by this kind of heterostructure is 57meV at I' and at the valence band 137 meV for
heavy and 13meV for light holes. At L, the electrons are less confined with a band
offset of 12meV. The semiconductor is indirect with a difference between L and T’
of —58 meV. The offsets are always calculated between the first quantized states of
the well and the bulk band edge of the barrier. If calculations are carried out at

room temperature the confinement diminishes. At L, type-I band alignment is lost,
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barrier height

MQW strain E, AFErr at T
structure (%) (meV) (meV) (meV)
Geolggosno'ogo/Ge *071 670 —58 57
G€0<914SIIOA086/Simg,GGojggSIloAlog —024 639 —17 161

Table 4.4. Material and band structure properties of heterostructure MQW LEDs
at 4 K.

and actually carriers are slightly confined inside the barrier.? Material and band
structure properties are summarized in table 4.4. A schematic of a processed device
is depicted in figure 4.5d. The material stack with doped layers and MQW is visible
in the incised mesa. It is etched down around the mesa to the GeSn:B region, so
that the metal, drawn in black, contacts the doped GeSn layers at the bottom and
top. Passivation layers are indicated in orange and blue. The following evaluation
refers to devices with 100 nm diameter.

The emission intensity measured at 4 K for current densities between 25 A cm™2 and
620 A cm~2 in figure 4.6a increases with higher current injection. With rising cur-
rent densities, the energy states at I' are filled up to a higher energy, broadening
the spectra, as it is displayed in figure 4.6b. The trend of higher emission energy
with increasing current density for the limited current density range in figure 4.6¢
confirms the explanation of increasing spectral width due to band filling. Addition-
ally, the electron temperatures, extracted at an ambient temperature of 4K, are in
a similar range, from 51 K to 113K, as for the homojunction LED in figure 4.3 (in
the same current density range). This effect also influences the FWHM and seems
to be the dominant reason for the much slower increase at current densities above
200 A ecm~2, when the peak position remains constant. So, in view of the above two
aspects, the trend of FWHM dependence on current density can be well understood.
At second glance, the emission energy for all current densities in figure 4.6¢ is more
than 50 meV smaller than from the calculations. In contrast, the deviation between
emission energy at low temperature and bandgap calculation of homostructures is
just around 20meV. Variations of Sn content and strain along the wafer cannot
result in a deviation to lower emission energies, since material parameters are al-

ways determined from wafer center with the highest Sn concentration. A systematic
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error of the calculations is expected to have the same influence on all structures
and can be therefore excluded in this case. The only difference for the MQW are
the quantized energy levels. These quantized levels can be overestimated, when the
interplay between valence bands close to each other, like heavy and light hole, are
not considered. Since these values are only in the range of a few meV, they do not
have such a strong impact. That raises the question of the emission origin, which is
discussed next.

To gain more insight, a look at the temperature dependence can be helpful. Temper-
ature dependent FWHMs in figure 4.6d show a comparable value to homojunctions
at 4 K. But at 300 K, values between 70 meV to 80 meV are reached, for comparable
current densities, which is more than 20 meV broader than for the homojunction.
Emission from recombination at L is expected to occure at a lower energy than
emission from I'. The bandgap at L is calculated to be 612meV at 4 K. Therefore,
emission from two different recombination processes might overlap and be respon-
sible for one broad peak, especially at room temperature. Another indication gives
the integrated intensity in figure 4.6e, which increases at lower temperatures for all
investigated current densities. In general, a rise of intensity with lower temperature,
associated to radiative transitions at I' of direct bandgap material, is caused by
condensed carriers inside the I'-valley at decreasing temperatures. In the case of an
indirect bandgap semiconductor, the I'-valley can only be filled if enough electrons
are injected. On the other hand, the transition at L is an indirect transition, re-
lying on available phonons to enable radiative recombination, which decrease when
temperature is very low. However, recombination at L and at I' benefits from the
increase of non-radiative recombination times with decreasing temperature, by re-
duced rate of defect-assisted recombination, leading to higher emission efficiencies
at low temperatures. Finally, these components’ interplay is crucial for the radiative
characteristics.

In literature all EL peaks for comparable Sn concentration are attributed to radia-

tive transitions at I,105:108,128

only one group reports distinct emission from I' and
L.197 The indirect single quantum well LEDs in ref. [108] show only emission from
I' with decreasing intensity at lower temperature. This is opposite to the behavior
found here. For bulk Ge, an increase of PL emission intensity at lower temperatures

is observed and attributed to transverse optical phonons.'?3
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Figure 4.6. Optical characteristics of a GeSn/Ge MQW LED. (a) EL spectra at
4K for different current densities. From these spectra width (b) and emission energy
(c) are evaluated. (d) Temperature dependent trends of spectral width (d) and of

integrated PL intensities in (e) are displayed. Adapted with permission from reference
[2], OSA Optics Express.

At last, the emission from tensile strained Ge can be considered, but since the
bandgap is over 700 meV, this can be excluded as origin for the here observed emis-
sion. Anyhow, in this case it is not completely clear which recombination is observed
here, but the broad FWHM indicates a superposition of recombination from I' and
L.

The trend of integrated intensity with temperature is illustrated in figure 4.6e and
will be now further discussed. By direct comparison of integrated intensities, indi-
cated in the inset of figure 4.6e, higher carrier injection leads to a higher emission
intensity. This is due to the amount of carriers, available for radiative recombi-
nation. Data points in the actual graph are normalized to room temperature for

different current densities and therefore show the relative intensity enhancement.
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As the current density is enlarged, the relative intensity enhancement reduces, vis-
ible for 450 A cm=2 (lilac points) and 800 A cm~2(blue points). For high injection
current densities, a higher number of carriers is available at room temperature for
radiative recombination. At 4K, the carriers condensate in I', which has a higher
impact for lower injection current densities, since fewer carriers are available from
the start. Therefore the benefit of the change in population at I" is larger for lower
carrier injection. This phenomenon can be described by the JDOS model, resulting
in a similar order of magnitude of the relative intensity change.’% In this mod-
elling recombination times are left constant as a first approximation. Consequently,
loss mechanisms like SRH recombination or Auger recombination, which become
stronger for higher carrier injection, do not dominate the trend here.

A further comparison of the relative intensity trend for the homostructure with
8.5at.% Sn is included (green triangles), revealing no advantage of this GeSn/Ge
MQW design. In a comprehensive study of Ge as barrier material, especially for
direct bandgap GeSn, it turned out that due to a high tensile strain in Ge barriers,
the confinement is always limited.? Only a small region in a wide parameter range
leads to type-I alignment in a direct bandgap well material. But even in this region,
barrier heights will never surpass a limit of Fiapier < 1.5kgT at higher temperatures

which is not sufficient for effective carrier confinement.

4.3.2. SiGeSn Barriers

After it was found that Ge is not appropriate for efficient carrier confinement, studies
concentrated on GeSn/SiGeSn heterostructures. Hence, a multi quantum well stack
is grown on top of a 280 nm thick Geg 914919 g6 buffer leading to a residual strain in
Geg.9145n0 g6 Wells of —0.24 % and in Sig.195Geg.786Sn0.109 barriers of —0.09 %. 60 nm
below the first SiGeSn barrier, n-doping of 3 x 10'® cm™2 is applied. After seven pe-
riods of barrier/well with 11 nm/19 nm width, respectively, the structure is finished
by a last barrier and a p-doped GeSn top layer. Here, the doping concentration

3

amounts to 7 x 108 ecm™3. The elemental distribution throughout the layers was

evidenced by atom probe tomography and elemental maps of the different atomic
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species are displayed in figure 4.7a-e. Sn concentration of 8.6 at.%, Si of 10.5at.%
in the barrier and Sn 10.9 at.% are extracted from this measurement. In figure 4.7f
concentration profiles of the central well/barrier region are plotted, revealing the
variation of Sn concentration between wells and barriers.
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Figure 4.7. APT elemental maps of (a) Ge (b) Sn (c) Si (d) B and (e) P. A line
scan of Ge, Sn and Si shows the elemental concentrations through the layer stack.
Adapted with permission from reference [5], OSA Optica.

The band structure calculations for SiGeSn include a strong uncertainty on the
bowing parameter bgs, as explained in section 2.1.3. Similar to the calculations
in section 3.2 about PL from heterostructures, in this case bgig, =3.915€V is used.

The calculated band structure is depicted in figure 4.8a for 4 K asserting that type-I
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band alignment is present. Si, Ge, Sn concentrations and strain are summarized in
table 4.4 together with the resulting band alignment (for the first quantized states,
close to the bulk band edge). Due to the Sn concentration of 8.6 at.% in the GeSn
wells and to the low residual compressive strain, the active regions are slightly indi-
rect with a directness of —17meV. The confinement for holes is weaker, compared
to electrons, and amounts to 47meV and 24 meV for heavy and light holes, re-
spectively. Bandgap and directness are strongly affected by energy quantization,
which furthermore critically depends on the SiGeSn barrier heights, calculated with
bsisn- For bowing parameters larger than 3.915 eV, the barrier height drops and the
quantization effect becomes smaller. For example, a value of bgig, =19 €V, instead
of 3.915eV, results in a reduction of the barrier height at I' of 160 meV at room
temperature.® That would cause an increase of 13meV and 36 meV of the directness
and bandgap, respectively. Hence, the chosen bowing parameter can overestimate

barrier height, bandgap and directness.
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Figure 4.8. (a) Band alignment of the GeSn/SiGeSn MQW LED stack with a bow-
ing parameter of bgisy, =3.915€V shows strong confinement for electrons in I' for a
slightly indirect bandgap material. (b) Comparison of a GeSn homojunction and the
GeSn/SiGeSn MQW LED at 300K (top) and 4K (bottom) for similar current den-
sities and Sn concentrations.(c) Temperature dependence of integrated EL intensities
shows the difference between two MQW designs and the homojunction. The data are
normalized to their intensities at 300 K. Adapted with permission from reference [5],
OSA Optica.

Spectra at 300K (top) and 4K (bottom) are illustrated in figure 4.8b in blue for

2 in comparison to the homojunction with

an injection current density of 150 A cm™
8.5at.% discussed in section 4.2 (green). The emission energy of the homojunc-
tion is 15 meV blue shifted compared to the heterostructure emission. This trend
does not match the band structure calculations, however, the errors of measured Sn
and strain values and the variation over the whole wafer lead to deviations of the
bandgap of 15meV and might be the reason for that.%?

In contrast to all other investigated LEDs, the overall emission is stronger for the

GeSn/SiGeSn MQW sample. Already at room temperature, the emission of the
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MQW LED is stronger even though the calculated directness is slightly below that
of the homojunction (—17meV versus 0 meV, respectively). This enhancement re-
sults from the impact of barriers, which start to screen carriers from the defective
GeSn/Ge-VS interface. Secondly, the carrier density inside the wells is higher com-
pared to the homojunction due to smaller volume of active material, leading to
increased radiative recombination. At low temperature the benefit is even more
evident, which is pointed out in figure 4.8c, where the temperature dependent
trend of integrated intensities for the homojunction, the GeSn/Ge MQW and the
GeSn/SiGeSn MQW are provided. All intensities are normalized to 300K, so rel-
ative changes can be compared. Data for the homojunction and for the GeSn/Ge
MQW LED are known from the latter section. At 4K the impact of the barriers
is stronger, because carriers have a lower thermal energy to overcome barriers or
to transfer to L. The steep increase of GeSn/SiGeSn LED’s intensity is attributed
to an increase of emission efficiency by the increase of non-radiative recombination
times. Carriers at low temperature are completely prevented to reach the defective
interface between Ge-VS and the GeSn buffer, which in turn increases non-radiative
recombination times. All these aspects lead to the superiority in light emission yield
of GeSn/SiGeSn MQW compared to both of the other 8.5at.% Sn structures. A
more detailed evaluation of the GeSn/SiGeSn EL is demonstrated in figure 4.9. Peak
positions shift to lower energies for increasing injection current densities in figure
4.9a. The shift increases for rising temperatures from 2.5 meV to 20 meV, at 4 K and
300 K, respectively. At 4K the peak energies are similar for any pumping power
and the change in energy, converted to equivalent temperature by Eemission/ks = T,
equals 29 K. In contrast, at 300 K a reduced emission energy for stronger pumping
indicates a heating of 232 K of the device. The calculation is not entirely valid, since
different effects like bandgap renormalization due to exchange-correlation effects in

electron-hole plasma by strong pumping!2130

can reduce or band filling can also in-
crease the emission energy. For the same current densities as in a, the spectral width
is displayed in figure 4.9b. At low temperature, the width is comparable to direct
bandgap emission from GeSn/GeSn single quantum well LEDs in ref. [128]. Since
the LED presented here still has an indirect semiconductor as active material, the
peak broadens at elevated temperatures due to possible contributions from radiative

recombination at L. To investigate the spectral broadening a bit further, electron
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Figure 4.9. (a) Peak positions of the emission at different injection current densities

are plotted dependent on temperature. (b) For the same current densities the spectral
width was evaluated. (c) For further insight, electron temperature is extracted at
different pumping and for two temperatures, 4 K and 300 K in the inset. (d) Dependent
on the duty cycle, the peak positions does not reveal significant heating of the device

for longer pulses.

temperatures for spectra at 4 K (see figure 4.9¢) and 300 K are evaluated by a linear

fit of the high energy tail o< kg7, like in section 4.2. The extracted temperatures

are plotted in the inset of figure 4.9¢ for two different ambient temperatures. Here

the temperature change at 4 K ambient temperature amounts to 47K for different

injection levels, a stronger deviation from the value calculated from the peak posi-

tions. Therefore band filling, i.e. level filling in MQWs, seems to influence the peak

position at low temperature counteracting the red shift due to heating. At 300K

the change in electron temperature with increased pumping is 129 K, which is in

this case 100 K below the temperature calculated from the peak position shift. This

might be related to contribution from radiative recombination at L, which is not

apparent at low temperature.

As a last point, the peak position is analyzed as it depends on the duty cycle (DC).
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The carrier injection in all measurements is pulsed with a duty cycle of 50 %. In
figure 4.9d the emission energy dependence on the duty cycle is plotted at 4 K (blue)
and 300 K (red). When the sample in the cryostat is cooled to 4 K and charge carri-
ers are confined in I', the peak position is very constant. At 300 K, when the amount
of carriers in I' is smaller anyway, a slight filling effect can be observed between 10 %
and 50 % DC resulting in a peak shift of 20meV. The choice of a duty cycle of 30 %
is therefore a stable point for measurements and no heating is caused by long pulse
durations.

Thus, the behavior of the GeSn/SiGeSn MQW was well understood and the main
goal, a proof of carrier confinement in LEDs, was found. This forms a solid base for
further studies of optically pumped lasers in the next step and electrically pumped

direct bandgap devices in the future.

4.4, Summary

In this chapter various LED structures were discussed. In a first step, the fabrication
process as well as some electrical characteristics were introduced, followed by the
characterization of indirect and direct bandgap homojunctions. In the second part,
two different MQW LED designs, one with Ge and the other with SiGeSn as barrier
material, were tested.

The key results are listed below.

o The fabrication was done by standard CMOS process steps, adapted for GeSn

with process temperatures only up to 300°C to maintain the material quality.

o Negative differential resistance, a typical feature for tunnel diodes, was ob-
tained for just-direct bandgap material at low temperature. This observation

clarifies the transport mechanisms inside the investigated devices.

o Homojunction LEDs with Sn contents of 8.5 at.%, 11 at.% and 13 at.% Sn offer

tunable emission, i.e. lower energy emission for higher Sn concentrations.
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The directness of the samples influences the relative increase of integrated
intensity at low temperatures. In case of moderate directness, the intensity
increases with increasing directness, since a larger amount of carriers resides
in I'. Defects can strongly deteriorate the emission efficiency by decreasing the

non-radiative recombination time, as seen for an LED with 13.0at.% Sn.

The investigation of the GeSn/Ge MQW LED shows that Ge is not a suitable

barrier material for confining electrons in the active GeSn wells.

In contrast, a SiGeSn barrier offers a strong carrier confinement which is en-
hanced at low temperature for the here presented, slightly indirect bandgap
active wells. Therefore, carriers are screened from defects at the Ge interface

and the radiative recombination efficiency is enhanced.

Heating dependent on DC could be excluded, confirming the measurement

procedure as appropriate.

After the investigation of spontaneous radiative recombination in blanket material

as well as light emitting devices, the next chapter deals with the study of stimulated

radiative recombination in GeSn cavities with several material combinations.
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The interest in an infrared laser that can be integrated on electronic chips, grows

rapidly and covers the field of III-V lasers bonded! ™33 or directly grown on

Si, 371347137 a5 well as those consisting of group IV materials.’® While the laser de-
velopment of direct bandgap I1I-V materials already reached several milestones, the
study of group IV lasers is still in an infancy state. Regarding the latter, many ap-
proaches like highly doped or strained Ge are under investigation.!3® 145 Although

tensily strained Ge can be turned into a direct bandgap semiconductor, only a few
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groups claim the observation of lasing in Ge until now.*4146 While stimulated emis-
sion in Si via erbium (Er) doping required tremendously high quality (Q)-factor
cavities and electrical injection is still a challenge,'47-1%! the light generation from Si
nanocrystals was strongly restricted to spontaneous emission until the first optical
lasing was shown in 2018.19%7155 A further Si-only laser solution is based on stimu-
lated Raman scattering.'51%9 To operate such laser, an optically pumping source is
obligatory, making this application inapplicable for large scale wafer integration.

Thus, a very promising approach of a group IV-only light source is formed by al-
loying Ge with Sn. In 2015, the dream of a laser, solely consisting out of group IV

elements became reality.

For the first time, lasing was demonstrated in optically
pumped Fabry-Pérot (FP) cavities made from GeggrsSng125. The performance was
limited to a threshold value of 325kW cm™2 and a maximum lasing temperature
of 90K, but improvements should follow fast. Next to FP cavities, microdisk and
photonic crystal geometries have been used and the maximum lasing temperature
was increased to 180 K349:50,54,160,161 by increasing the Sn concentration and there-
fore the directness. Furthermore, the threshold was slightly decreased, but stayed
in the same order of magnitude, until the application of heterostructures leveraged
the threshold reduction.5!

The following chapter deals with the development of optically pumped GeSn mi-
crodisk (MD) lasers. Starting with a short theoretical recapitulation on the physics
of stimulated emission, the introduction of single layer GeSn MDs follows. In this
regard, their fabrication as well as their geometrical properties like local strain dis-
tribution and lasing performance are discussed. The second part of this chapter
addresses the option of n-type doping using phosphorus, similar to the approach
used for Ge. Its aim is to improve the lasing performance of materials with only
moderate directness by increasing their intrinsic carrier concentration. The last part
deals with GeSn/SiGeSn heterostructure microdisk lasers, their opportunities and
limitations.

All mode analyses and strain simulations in this chapter result from collaboration
with the group of Prof. Jeremy Witzens from IPH, RWTH Aachen University and
were conducted by Bahareh Marzban.

All lasing spectra presented here were obtained in cooperation with the group of
Dr. Hans Sigg from the Paul Scherrer Institut (PSI). I travelled there to use their
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micro-PL set-up and measurements were performed together with different group
members, namely Richard Geiger, Esteban Marin, Thomas Zabel and Francesco
Armand-Pilon, as well as the first measurement series was accompanied by my for-
mer colleague Stephan Wirths. Raman spectroscopy was conducted at ETH Ziirich
and the measurements have been performed together with Thomas Zabel. The re-
sults in the upcoming chapter have been previously published in references [3, 4, 6,
11, 162, 163].

5.1. Laser Theory

The physics of lasers (light amplification by stimulated emission of radiation) is
based, as the name already indicates, on stimulated emission processes, which were
firstly postulated by Einstein in 1917.'5* In the following, stimulated emission in
semiconductors is discussed. In contrast to spontaneous emission, which occurs ran-
domly in time, stimulated emission may contain spatially and temporally coherent
components. In an atom, an incident photon stimulates the transition of an excited
electron to its ground state. The analogue process in solid crystals involves tran-
sitions from conduction to valence bands. An incident photon therefore stimulates
the recombination of an electron-hole pair, which accordingly emits a photon. The
thus generated photon is in phase with the stimulating one. The transition rate
for stimulated emission depends on the occupation probability of electrons f. in the
conduction band and hole states in the valence band 1 — f,, as well as their densities

of states p, and p,, respectively:'6

Rst - BQI /f(‘(l - fv)pcpvppth' (51)

The photon density is given by pp;, while the transition probability from state 2 to
state 1 is determined by the Einstein coefficient By;. To achieve a positive stimulated
emission rate from equation 5.1, population inversion is necessary, which can be
expressed by pn > n2, with n; being the intrinsic carrier concentration. With the

pre-requirement of photon energy hv, with photon frequency v and Planck constant
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h, to be larger than the semiconductor bandgap (so that absorption is possible)

lasing is reached when the quasi Fermi levels are degenerate and lie inside the

conduction- and valence band:'%

Eg < hv< EF" — EFP‘ (52)

Here, Ep, and Ep, represent the quasi Fermi levels for electrons and holes. Photons,
stimulated by other photons with the same wavelength, can on their part stimulate
further transitions which makes the process self-amplifying, as long as the condition
in equation 5.2 is fulfilled.'6®

The gain (negative absorption), g = (—1)a(E) of the direct transition at the I" point

can be written as:8°

q2h|Mb|2 (QmT

o(B) = B B PO B - LB (53)

dn2eomien, E

Here, ¢ is taken as vacuum permittivity, n,, as mode index, mg as free-electron mass

MmeMmpp,
Mc+Mph

and m, as reduced effective mass for heavy hole transitions. M, expresses
an average matrix element of the Bloch wave functions. The equation results from
the integration over all states described by the conduction and valence band density
of states and their occupation. Additionally, the transition matrix element has to
be included. For the complete gain, transitions into light and heavy hole band have
to be summed up.

In a QW system with 2D DOS, the equation changes to:

q2mT|Mb|2

2D _
) = e BL
Omoc T, 2

[1 - fC(EC) - fv(Ev)L (5~4)
which is in contrast to the latter coefficient inversely dependent on the QW width
L.

To build lasers, an optical cavity is necessary including the gain material. The
simplest example is the FP laser, which consists of a waveguide with typically two
mirroring facets. Such cavities offer feedback and thus increased amplification since
they allow photons to repeatedly pass through the gain medium.

A general way to experimentally proof if lasing is observed, was concluded by Samuel
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et al.[167]. The main indicators for lasing are a directional beam and a threshold
in line width when turning from spontaneous to stimulated and amplified emission
and, accordingly a narrow line width of the laser emission. Furthermore, a thresh-
old in output power should be observed for the onset of stimulated emission. When
the maximum gain is reached the intensity saturates, so that the typical s-shaped
curve (light output dependent on input power) is generated. Next to that, temporal
coherence and the polarization of laser light, which is specific for the transition and
geometry, are typical characteristics of laser emission. However, these are difficult
to measure and therefore, in this chapter the previously mentioned characteristics
are emphasized.

For indirect GeSn semiconductors, pumping has to be very high, until population
inversion can be reached, since first the states in L will be filled, till the excitation
of T electrons takes place. Evidentially, gain calculations predict a higher gain for
increased directness, which can be reached by rising the Sn content.'®® Based on
that, also the threshold should be reduced for higher Sn content lasers, at least
from theory, while calculations implicating neither defects nor the accompanying
losses. Values from experimental literature tell another story, though: In two dif-
ferent studies, a lower threshold value was found for the lower Sn content, direct
bandgap material.>*® However, it is not always straight forward to compare thresh-
old values, since optical losses have a strong impact on the threshold. It was shown
that the reduction of threshold can be fostered by confining the mode to create an
enhanced optical mode overlap with gain material.”™

Beside simulations of the gain for bulk material, calculations for GeSn/SiGeSn quan-
tum wells can be found in literature. While the gain is reduced in those calculations,
the MQWs benefit from the 2D density of states. The smaller number of states re-
duces the required pumping power to achieve population inversion and therefore the

threshold. 69170

In this work, laser cavities consist of undercut microdisks, which in the following
shall be shortly introduced.

Microcavities are used to confine light to small volumes. This enables to meet
demands for integration into an OEIC, i.e. a small gain medium and low power

consumption. Using a high ratio of refractive index between the active medium
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(GeSn with n(2.5um)= 4.2)!™ and the surrounding (in our case air n = 1) helps
to obtain a further requirement, the confinement of the optical field to the cavity.
For the chip integration, SiOy (n = 1.5)'™ or silicon nitride (SiN) (n ~ 1.9)' are
suitable materials for encapsulation.

In the disk, light may travel in form of whispering gallery modes (WGM) along
the circumference. Due to total reflection for incident angles > arcsin(1/neg) at
the disk’s surface, the light is strongly confined to the disk volume and no metallic
mirrors are necessary compared to FP cavities. n.g refers to the effective refractive
index of the disk. After one round trip in the circular cavity, the wave matches the
resonance condition and by constructive interference of the two counter propagating
waves, standing waves are formed along the radius.

WGM are complex solutions of the Mazwell’s equations in a cylindrically symmetric
system. They can be characterized by two mode numbers, one for the azimuthal
(M), one for the radial (N) part of the solution. M appears in the phase factor
exp(iM®) describing a mode degeneracy for M and -M, resulting in 2M numbers of
modes along the circumference. The radial number N defines the number of nodes
along the radius via N-1.174

In a perfect MD cavity, light is almost fully confined. Since in reality there are
many possible sources for losses, a quality factor Q is defined, describing the devi-
ations from the ideal case.!™ MD cavities are known for their possible extremely
high Q factors.!™®7" A common expression for the internal Q;,;, where modes are

not coupled to waveguides etc. is:

stored energy

Qint = Wo (55)

intrinsic power loss’

with angular frequency wy. It is often expressed as Q@ = wy/Aw, with emission

frequency wy and line width Aw.!™ Internal power losses maybe due to:!™

(i) the material absorption in the cavity, other than the interband absorption, but
for example free carrier and intervalence band absorption; or absorption from

the cavities’ coating,

(ii) scattering losses due to side wall roughness and imperfections of the geometry
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Figure 5.1. Mode simulation of TEg WGM mode with (a) 1 pm and (b) 2pm un-
dercut of a Geg g755n9.125 disk with a Ge pillar by courtesy of B. Marzban. The white
lines represent half of the microdisk geometry, while the intensity of the mode is shown
in a false colour plot.

and

(iii) bending losses (also called tunneling losses) originating from the fact that
not all the light is totally reflected at the surface and a portion of light is

transmitted to the low refractive index medium.

Bending losses are inversely dependent on the refractive index contrast.'”™ The
modes are able to tunnel through the potential at the disk edge, while they are
evanescent and decay exponentially in the tunnel region with radius Ryuumne ~
Neft - Raisk, they freely onward for distances > Ryunnel-

In our case of a GeSn disk with a Ge pillar, additional losses are caused by coupling
of WGM into the high index pillar region. To avoid this, the disk undercut of the
GeSn disk has to be large enough. An example is shown for the transversal electrical
mode (TEo) in figure 5.1 for two different undercuts, courtesy of B. Marzban. This
is an essential difference to non-undercut FP modes, where a large fraction of the
mode is located in the Ge-VS.%
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5.2. Fabrication and Measurement Routine

Fabrication of GeSn microdisk cavities follows the same process in all discussed
samples throughout the thesis and was first described by S. Gupta et al..!™ Mean-
while more groups are using this process for fabrication.!318! Circular mesas with
different diameter sizes between 7pm and 140 pm were defined by optical lithogra-
phy in HSQ XR5114 resist. After the development in MFCD26, steep mesas were
dry-etched in a Cly/Ar plasma, as sketched in figure 5.2a, depicting the main steps
of the process flow. In the following step, Ge is selectively etched in a barrel reactor
with an isotropic CFy plasma. The selectivity of Ge over Geggr5Sng 125 was found
to be ~ 270.1%5 In this manner Ge is dry-etched until only small pillars are left on
top of the Si wafer. Afterwards, the resist was removed by a hydroflouric acid (1%)
wet etch. The surface was passivated in an ALD reactor by 10nm Al,O3 for the
single layer devices and with 10 nm HfO, for the heterostructure devices below. In
figure 5.2b an SEM of a fabricated device from a GeSn/SiGeSn DHS is shown. An
X-TEM of one of the Gegg75Sng.125 single layer MDs in figure 5.2c emphasizes the
undercut of the disk. It is visible that threading dislocations, which are formed at
the interface to Ge-VS from strain relaxation, still remain at the bottom part of the
disk and are not removed by CFy etch.

All laser measurements were performed in a u-PL set-up, in which the sample can
be cooled to 20K in a cold-finger cryostat. For pumping either a pulsed Nd:YAG
(1064 nm) or a pulsed telecom laser (1550 nm) was used. The pulse length and rep-
etition rate amount to 5ns and 17kHz, and 800 ps and 20 kHz, respectively. These
can be translated to duty cycles (DC) of 8.5 x 107> for the 1064nm and 1.6 x 107°
for the 1500 nm laser. In Gegg755n0.125 the absorption of light at 1550 nm is approx-
imated to be 30 % lower compared to absorption at 1064 nm.5%" The laser light was
guided to a 15x Schwarzschild objective and focused to a sub-10 pm diameter spot
size, which is later used to calculate the excitation power density. The spot size was
determined by scanning through the sample position with a razor blade in 1 pm steps
and measuring simultaneously the evolution of the intensity. This procedure was
executed in horizontal as well as in vertical direction. An example of the measured

data of the 1064 nm laser spot is shown in figure 5.3a. By taking the first derivative,
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as-grown structure  anisotropic Cl,/Ar etch (b)  processed microdisk

isotropic CF, etch AlLO,/HfO, passivation ‘ Ge, 45N, ,,s disk

55

Figure 5.2. (a) Schematically drawn process flow for MD cavities. An SEM of an
8 pm GeSn/SiGeSn DHS MD is shown in (b). (¢) An X-TEM of a single layer MD
reveals remaining threading dislocations in the disk layer. Reprinted and adapted
with permission from [6, 182]. Copyright 2018 American Chemical Society.
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the gaussian spot shape can be evaluated and in this case spot diameters of 7.7 pm
in horizontal and 6.8 pm in vertical direction are determined. For convenience, a
circular spot size is assumed with a mean of 7.3 pm as the diameter.

After excitation, the emitted light is guided to an FTIR interferometer via the same
objective, where it is detected by a liquid nitrogen cooled InSb detector. All pumping
power densities mentioned in the following, refer to peak power densities, meaning

the power density, which is applied to the MDs during one pulse.

5.3. GeSn Single Layer Lasers

First of all, single layer GeSn MD lasers are studied. The disks are fabricated from
two different layer stacks grown on top of Ge-VS: One 560 nm thick Gegg75510.125
layer as well as a 770 nm thick Geg 915919085 layer, which are referred respectively

as sample A and B in the following. While sample A exceeds a residual strain
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Figure 5.3. Spot size determination of the 1064 nm excitation laser. (a) Measured
power while moving a razor blade through the spot. (b) First derivative of the data, to
extract a spot diameter from the FWHM of the gauss peak. Adapted with permission
from [102]. Copyright 2018 American Chemical Society.

of —0.40 %, sample B sample has a value of —0.15%, which places it just at the
transition from an indirect to a direct bandgap semiconductor. An overview on
the unprocessed material parameter is given in table 5.1. From sample A, it is
already known that it works as a laser in FP geometry.*® Here, the advantages and
disadvantages of an undercut MD cavity shall be explored. Additionally, it is very
interesting to study a material with very low directness of 3meV (at 4K) in the
unprocessed layer, as sample B, to see whether lasing can be observed at all. In the
following section, the strain distribution of the undercut MD geometry is analyzed
via Raman spectroscopy and the band structure is considered, before the lasing

results are presented.

Name Sn (at.%) thickness (nm) strain (%)

A 12.5 560 -0.40
B 8.5 770 -0.15

Table 5.1. Overview on unprocessed sample parameter of MD laser material.
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Figure 5.4. Influence of strain in the undercut MDs. (a) Line scans correspond
to different pm-steps along the vertical direction of a 20 um diameter Geg g755ng.125
disk. (b) Raman mapping of the same disk matches the shift measured in (a). (c)
The bandgap narrowing of the undercut and relaxed region of the disk, can be seen
in PL measurements of a 140 ym diameter disk with a 532nm laser. Adapted with
permission from reference [4].

5.3.1. Strain Distribution in Suspended Disk Structures

In an undercut disk structure it is expected that residual strain in the layer is released
for the under-etched parts. To get experimental verification, Raman measurements
were performed. In these kind of measurements, the Raman-scattered light, which
changes its energy because of the Raman process going along with the emission of
lattice vibrations (phonons), sheds light on the atom species and their bonding.'®?
In the case of GeSn in this work, the photon interaction with the Ge-Ge phonon
mode is analyzed. It does not seem to be clear distinguishable if transversal (TO)
or longitudinal optical (LO) or both phonons are involved, since their energies are
degenerated in a cubic crystal and only very slightly split due to strain.'®* The Ra-
man shift depends on the Ge bond length and the mass of involved atoms, which is
both influenced by Sn content and strain.'® Some studies in literature discuss, how
to calculate the interplay between Sn content and strain from a Raman shift.18>-18
Both, higher Sn contents as well as increased relaxation lead to a smaller Raman
shift. Micro- Raman measurements of MDs were performed in a WiTec set-up us-

ing a continuous wave 532 nm excitation laser with ~500nm spot size. In a power
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dependent measurement, the Raman shift due to heating of the structures was eval-
uated and used as correction for the measured data.'®® The laser power was chosen

so that the influence of the heating was below a peak shift of 0.3cm™!

. Typically,
Ge-Ge vibrations in bulk Ge layers are observed at ~300 cm™!.1%'"19% Measurement
results of a 20 pm diameter Geg gy59ng.125 disk with 3.5 pm undercut are presented
in figure 5.4a and b. Raman shifts at different positions along the disk are visible
in the spectra in figure 5.4a. For figure 5.4b the peak positions were evaluated by a
Lorentzian fitting procedure and are plotted in 1 pm steps. The Raman shift in the
center of the disk is at 292.5cm™! and changes at the undercut part to 289.5 cm™*.
Since the composition is constant along the disk, this shift is exclusively caused by
strain relaxation. The evaluation of the precise strain over the disk structure is
complicated, since the strain is not biaxial anymore. Due to the geometry and the
radial relaxation, in-plane strain components €,, = €,, change with the azimuthal
angle, while their sum changes with the radius. Most known models, which are
used to correlate a Raman shift to strain in GeSn, refer to biaxially strained layers.
Therefore, the strain is modelled later. Additional confirmation of the strain relax-
ation at the rim of the disk is given by PL measurements in figure 5.4c, which were
performed with a 532nm laser at a 140 pm diameter disk center and edge. Due to
strain relaxation the conduction band shifts downwards and the bandgap is reduced.
Caused by the large excitation laser spot of 10 pm, the spectra superpose each other
partly. Nevertheless, the edge spectrum is 23 meV red shifted. Band structure cal-
culations for the same alloy with —0.4 % and 0.0 % biaxial strain gives a change in
bandgap of 19meV, which is in good agreement with the observed shift.

To model the strain distribution in the disk, a strain simulation was executed with
COMSOL multiphysics by B. Marzban. In figure 5.5a, the €,, + €, strain field is
shown in a false color plot. The Ge-VS pillar of 13 pm diameter is large enough
to anchor the GeSn layer in that region and the layer’s as-grown strain is main-
tained. Details of the simulation (not shown here) reveal a still remaining strain in
azimuthal direction of the disk’s rim, while in radial direction the strain becomes

182

slightly tensile.'®* If the pillar region is reduced, like in 8 pm diameter disks with

the same undercut, the pillar region is one order of magnitude less compressively
strained and also deforms by the full relaxation of the disk.!®?

Using the calculated strain values of the 20 pm disk, the band structure is derived
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Figure 5.5. Strain simulation of an undercut microdisk with 20 pm diameter and
3.5 um undercut is shown in (a) in €z, + €y direction. Courtesy of B. Marzban. The
corresponding band structure is depicted in (b) for 295 K. Courtesy of Dr. Z. Ikonic.
Adapted with permission from [3]. Copyright 2018 American Chemical Society.

in figure 5.5b for 295 K thanks to Dr. Z. Ikonié. Since the strain is not biaxial at
the rim of the disk, the naming of heavy and light hole bands is only valid in the
pillar region. Between pillar and rim region, the conduction band is shifted down
by strain relaxation causing an increase of the directness by 26 meV and, therefore,
a higher electron population at I'. Additionally, the bandgap is decreased leading
to an energy gradient through the disk diameter, so more electrons recombine at
the rim region, enhancing the intensity of WGMs.? However, for a smaller disk of
8 nm diameter with the same undercut of 3.5 pm, this potential gradient is strongly
reduced due to the relaxation of the pillar region. In return the improvement of the
directness to 84 meV due to a stronger relaxation, is even higher for such small pillar
disks.

With these lattice and band structural analysis as a background, lasing performance

of different MDs is discussed in the next section.

5.3.2. Lasing Characteristics

The 8 ym diameter disks are measured with the previously described set-up and the
1064 nm laser as excitation source.

Results for a disk from sample A (12.5at.%) are presented in figure 5.6. Power de-
pendent measurements with peak powers from 114kW cm™2 to 816 kW cm™2 at 50 K
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Figure 5.6. Sample A. (a) Lasing spectra of GeggrsSng 125 8pm MDs at 50K at
different pumping power. (b) Line width narrowing from spontaneous to stimulated
emission, adapted with permission from [4]. (c) Line width trend with pumping power.
(d) Lasing spectra of a 20 pm diameter disk.

in figure 5.6a show the evolution from spontaneous emission to stimulated emis-
sion around 0.50 eV when increasing the pumping power. Above 228 kW cm™2, the
spectra reveal multi mode lasing. Normalized spectra below and above threshold
in figure 5.6b exhibit the typical line width collapse from 34 meV to 3meV when
stimulated emission sets in. The progression of line width with pumping power is
additionally depicted in figure 5.6c.

Measurements of a 20 pm diameter GeggrsSng 195 (sample A) MD are plotted in fig-
ure 5.6d. There, much higher pumping powers are needed to observe laser emission
around 0.49eV. Furthermore, a large background around 0.52eV becomes visible
especially for increasing pumping power. This spontaneous background emission is
attributed to the disk region with pillar underneath, which amounts to 13pm in
diameter for a 3.5pm undercut. In this center part, the GeSn lattice is less re-
laxed and therefore exhibits a larger bandgap, refer to section 5.3.1. Dependent

on the carrier lifetime, carriers at the center are able to drift and diffuse to the
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Figure 5.7. Sample A. (a) High resolution (2cm™!) spectrum at 20K of an 8 ym
MD at 816 kW cm ™2 revealing different WGMs. (b) E, of TE;, TE and E, of the
TMy is schematically shown by courtesy of B. Marzban. Adapted with permission
from [3]. Copyright 2018 American Chemical Society.

lower bandgap region at the disk edge. However, lifetimes above 1ns are necessary
to accumulate 8 % of the carriers from the center to the edge part of the disk.!8?
Carrier lifetime measurements of GeggrsSng.125 unprocessed layers via pump probe
spectroscopy provide numbers between 170 ps and 260 ps at temperatures from 25 K
to 300 K.>* Since in this set-up most of the excited carriers are generated in the
undesired region by using such large MDs, in the following, exclusively disks with
8 pm diameter are used for characterization.

From the spectrum measured at 20K with a resolution of 2cm™ in figure 5.7a
different WGM can be identified. Therefore, the free spectral range (FSR), which
describes the energy/frequency spacing between two resonance peaks of a mode, is
evaluated from peak energies in figure 5.7a, the latter are summarized in table 5.2.
The extracted FSR is compared to theoretically calculated modes and attributed to
those listed in table 5.3. The calculation of WGMs was performed with the software
Synopsis RSoft by B. Marzban. Modes oriented along the radial direction (transver-
sal electrical (TE)) and those along z-direction (transversal magnetic (TM)) were
included in the calculation. As can be seen by the comparison, TE;, TE; and TM,

can be attributed to the observed peaks, sketched in figure 5.7b, serving as a con-
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E, (meV) E, (meV) E.(meV) E; (meV) E, (meV) E; (meV)
4944 500.3 504.2 506.7 511.1 517.8

Table 5.2. Peak positions of the high resolution spectrum from MD-A ordered from
low to high energies.

n, at FSR at 2.4pm n, at FSR at 2.5pum measured
mode 2 ipm (meV) 2 gpm (meV) FSR

’ ’ (meV)
TE; 3.9681 12.4 3.9611 12.5 12.3
TE,  3.5127 14.0 3.8088 13.0 13.6
TM,  4.5883 10.8 4.6404 10.6 10.8

Table 5.3. Calculated FSR and group indices at 2.4pm and 2.5 pm compared
to measured FSR of an 8 um diameter Gegg75Sng 125 disk (MD-A). Courtesy of B.
Marzban. Reprinted with permission from [182]. Copyright 2018 American Chemical
Society.

firmation of WGM lasing.

From the high resolution spectrum, quality factors up to 305 are extracted by di-
viding the line width by the emission energy.

Temperature dependent lasing spectra at pump powers of ~820kW cm~2 are pre-
sented in figure 5.8a for disk laser A ( 12.5at.% Sn) and B (8.5at.% Sn). Due
to the lower Sn content and therefore larger bandgap of MD-B, the emission en-
ergy at 0.61 eV is blue shifted compared to MD-A. While MD-A reveals lasing until
130 K, lasing is observed up to 90 K for MD-B. This difference can be attributed to
the amount of directness of both structures. Whereas for an unstrained lattice with
12.5at.% Sn a directness of 84 meV is calculated, a fully relaxed lattice with 8.5 at.%
has a value of 14meV at 20 K. Therefore, the electron distribution in MD-B leads to
less efficient radiative recombination, especially for higher temperatures, when the
fraction of electrons in I' decreases and, in return, rises at L.

This affects also the light-in light-out (LL) curves at the investigated temperatures,
shown in figure 5.8b and c¢ for both lasers, MD-A and MD-B, respectively. The
higher the temperature, the earlier occurs an intensity roll-over for MD-B, which is

not observed for MD-A, where only an intensity saturation is visible. Such roll-over
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Figure 5.8. Lasing spectra of 8 pm MDs at ~820kW cm ™2 for MD-A and B at
different temperature in (a). (b) and (c) show light-in light-out curves at similar
temperatures as in (a) for sample A and B, respectively. (d) Temperature depen-
dent thresholds are plotted for both MD types. Adapted with permission from [3].
Copyright 2018 American Chemical Society.

behavior is also known from III-V input-current versus output-power experiments,
especially in vertical cavities, were thermal heating is a major challenge.!419

From the LL curves the threshold values of the two devices are extracted. Surpris-
ingly, the threshold is smaller for MD-B ((130 £31)kWem™2  versus
(107 4 26) kW cm~2 at 20 K, for A and B respectively), in spite of the lower maximal
lasing temperature. The error of the threshold is derived from the uncertainty of the
fit, which was applied to the LL-curves. An overview of threshold values is given in
figure 5.8d. The uncertainty arises from the different linear fits which are possible.
The lower threshold power densities for sample MD-B are attributed to the higher
material quality, i.e. less misfit dislocations as well as a lower number of point
defects/vacancies (from growth at higher temperature). This is in agreement with

findings from another group, where also lower thresholds for lower Sn content sam-
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ples were obtained,* indicating confirmation of the previous explanation. There, a
higher material quality, and thus a lower threshold, was achieved by a graded buffer
technology. A further reason might be the higher mode confinement in the thicker
8.5 at.% sample B. Due to the larger volume of the active layer, losses from surface
roughness might be reduced.

The increasing threshold at higher temperature and ceasing of lasing in the struc-
tures is affected by many processes. The carrier occupation at higher temperatures
becomes relatively smaller in I' and carriers accumulate in L which has a higher
density of states. Moreover, SRH and Auger recombinations increase for higher
temperatures. Since the required excitation density is high, it facilitates Auger re-
combination which rises with the cube of carrier concentration. Simulations show
that Auger recombination is probably one of the limiting processes in GeSn lasers.
It can be suppressed by using 2D designs, like GeSn/SiGeSn MQWs.5?

However, in comparison to the Geggr5Sng105 FP laser,’® some improvements are
achieved. The lasing temperature was increased from 90 K to 130 K and the thresh-
old was reduced at 20 K from 325 kW ecm™2 to (130 + 31) kW cm™2. These advance-

ments are attributed to
(i) a modified band structure with a larger directness due to strain relaxation,

(ii) a better mode confinement in the undercut disks due to a larger refractive

index contrast between GeSn and air and

(iii) reduced surface recombination due to surface passivation of the MDs, not

present in the FP cavity.

In the following, two modifications of the GeSn gain material are explored, (1)

doping of GeSn and (2) the application of GeSn/SiGeSn heterostructures.
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5.4. GeSn:P for Lasers

Several theoretical studies are available in literature, promising enhanced gain and
reduced thresholds for indirect bandgap n-doped GeSn or Ge.%5:70:138,168.196 Ty those
indirect bandgap semiconductors, any increase of carriers at I' yields an improvement
of lasing characteristics. For alloys with increasing Sn content the situation becomes
more complex. In one study, it is shown that a threshold reduction by doping can
be only achieved up to a concentration of 1 x 10! cm™ for fully relaxed, direct
bandgap GeSn. Above that, the threshold increases, which is undesirable.'®® This
is due to the interplay between the alloy’s DOS and the occupation at I'. For
increasing Sn concentrations with constant strain, the effective mass and therefore
the DOS decreases. This would lead to a decreasing gain and increasing threshold.
But simultaneously, the electron occupation increases for higher Sn concentrations,
since the directness rises, which leads to a higher gain and lower thresholds. For
lower Sn contents the latter has the major impact, so that the threshold decreases
with doping and Sn content. At a certain Sn concentration and doping (which differs
depending on the strain), the majority of carriers resides in the I-valley, so that the
degradation of threshold and gain due to decreased DOS, dominates. A decreasing
optimum doping concentration for increasing Sn content is also found by B. Dutt et
al.,'6® which lies for 10at.% at 3 x 10'® cm™3.

Calculations of material gain in figure 5.9a show the impact of doping concentration
on in-plane gain for a direct bandgap Geggr5Sng 195 layer with —0.4 % compressive
strain at 300K, which have been executed by D. Rainko. In these calculations
free carrier absorption (FCA) is included with different contributions, explained

3 and

in detail in reference [197]. At low doping concentrations of 2 x 10" cm™
carrier injections of 5 x 10'7 em™ and 1 x 10'® cm™3, the lasing condition in equation
5.2 is not fulfilled. Therefore, more injected carriers lead to higher FCA (red and

green points). Above a doping concentration of ~2 x 10°cm™3

and for carrier
injection of 1 x 10 cm™ quasi Fermi levels are shifted, so that equation 5.2 is
fulfilled. Still the losses prevail, but now for higher injection the gain increases
(green line). For injection of 5 x 10'® cm™3 the gain continuously increases over the

whole doping range shown here (blue line). Material gain spectra are exemplarily
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Figure 5.9. Material gain calculation of Geggrs5Sng.125, including free carrier ab-
sorption, at different injection carrier densities depending on n-doping concentration.
In (a), the maximum of the in-plane (TE) net gain is plotted. (b) Gain spectra at
an injection carrier density of 5 x 10 cm™3 at different doping concentrations are
shown. Calculations were conducted by D. Rainko.

shown for different doping concentrations in figure 5.9b. At doping concentrations
above 2 x 10'® cm™ gain rises for increased doping without attaining a saturation
regime.

Experimental studies on the effect of doping in indirect bandgap GeSn show a PL
intensity enhancement for n-doped layers,®® which can be also observed in pure
Ge,'"8 together with bandgap narrowing effects. This behavior was confirmed also
for direct bandgap GeSn layers accompanied with a clear peak broadening of n-
doped layer PL.' Any experimental study on lasing of n-doped GeSn is missing.
In the following section, a set of three differently n-doped Geggr5Sng 195 layers is

analyzed via PL measurements of the unprocessed layer and PL of microdisk cavities.

5.4.1. Material Overview

Phosphorous doped Gegg755n0.125 layers with similar thickness but different doping
concentrations were grown. ECV measurements of the samples in figure 5.10a show

n-type doping levels in blue, orange and red. As explained in section 4.1, ECV
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Figure 5.10. (a) ECV measurement of three differently doped Geg g755n0.125 layers.
Grey data points refer to the p-type background doping common for GeSn layers. (b)
X-TEM of the layer with an average doping concentration of 7.7 x 10'® cm™? reveals
defects close to the interface between Ge-VS and GeSn layer.

name con(cigrll)tll?ftion thickness Sn strain bandgap directness
(cm=?) (nm) (at.%) (%) (meV) (meV)
C 2.7 x 1018 568 12.7 -0.34 495 61
D 4.1 x 108 569 12.7 -0.14 486 76
E 7.7 x 10'8 546 13.2 -0.43 485 62
Ref. - 560 12.5 -0.40 504 53

Table 5.4. Sample properties of n-doped Geggr5Sng 125 layers and the undoped
reference sample.

seems to overestimate doping concentrations. An overview of the sample properties
is given in table 5.4. The layer quality is influenced by strain relaxation in these
relatively thick samples, leading to a misfit dislocation network at the interface to
GeSn, which is visible in figure 5.10b. Besides defect loops parallel to the TEM
cross section, threading dislocations in perpendicular direction can be detected as
darker points.

Before lasing is investigated, the unprocessed layers are characterized by PL mea-
surements, shown in figure 5.11. Normalized spectra in (a) show the peak broadening
of at least ~35meV for n-doped samples in comparison to an undoped Geg g755n0 125
(FWHM of 27meV) layer with similar thickness and strain. Noticeable is also the
peak evolving around 0.4eV, which is cut at 0.37eV due to a filter in the set-up.
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Figure 5.11. (a) Normalized PL of n-doped and undoped Geg g755n¢ 125 layers at
4K. The arrow indicates radiative defect recombination. (b) shows a zoom to the
peak region of (a) and (c) gives an overview of the fitted peak positions.

The peak, which is attributed to radiative defect recombination, increases at higher
doping concentration, suggesting a rising defect density related to the increased dop-
ing concentration. Optimized epitaxial growth could increase the material quality
and reduce the defect recombination here. The peak shift between the individual
samples is resolvable as can be seen in figure 5.11b, with the fitted peak positions
plotted in figure 5.11c. For increased doping concentration, the emission energy is
decreased, which is partly attributed to the difference in band structure, but also a
sign for bandgap narrowing, refer to table 5.4. The extracted peak energies match
the calculated bandgaps within the uncertainties of strain and Sn content determi-

nation.
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Figure 5.12. Lasing of n-doped GeSn MDs. (a) Power dependent spectra of MD-C
at 20K and (b) the line width collapse of the same sample at increased pumping power
is shown. Thresholds of all three samples at 20 K are evaluated and depicted in (c).

5.4.2. Lasing Characteristics

The same fabrication process as before is used to fabricate MD cavities from n-doped
layers. Power dependent spectra at 20K of a disk with 2.7 x 10® cm™3 doping is
shown in figure 5.12a. For the lowest pumping powers, spectra are multiplied to
ease the identification by factors written at the left border of the plot. With in-
creased pumping, the spectra show a transition from broad, spontaneous to narrow,
stimulated emission. Above 2 MW cm™2 the intensity decreases again, comparable
to the roll over observed for MD lasers in section 5.3. The transition to lasing is
accompanied by line width collapse, which can be observed in the normalized in-
tensity plots at 356 kW cm™2 and 712kW cm™2 in figure 5.12b. FWHMSs decrease
from 39meV to 6 meV measured with a resolution of 32cm~!. Lasing thresholds are
evaluated from the integrated intensities of the power dependent spectra at 20 K for
each of the three samples. They lie in a range between (509 + 30) kW cm=2 (MD-C)
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Figure 5.13. (a) Temperature dependent PL spectra of MD-D shows lasing up to
125K at a peak power density of 712kW cm™2. (b) Comparison of normalized spectra
of lasing emission at 20 K to unprocessed layer PL at 4 K.

and (200 & 50) kW cm—2 (MD-D) comparable to but higher than threshold values of
single layer MD lasers. Gain calculations of material with properties equal for the
three layers from table 5.4 reveal different trends of gain in in- and out-of-plane di-
rection. For the in-plane direction, the gain maximum increases for increased doping
concentration. In contrast, for the out-of-plane direction the maximum calculated
gain values for three ascending doping values mirror the trend of extracted thresh-
old values (C- 7782cm™, D-11950cm™" and E- 8831 cm™!). However, the light
detection during measurement is done in z-direction of the MD, and the detected
light is scattered from the imperfections at the disk’s edges. No experiments on the
light’s polarization have been performed. The trend of thresholds is also strongly
influenced by material defects and the directness of the alloys.

The temperature dependence of MD-D is shown in figure 5.13a. At pumping of
712 kW cm™2, the spectra become broader due to multiple mode lasing, which cannot
be resolved at the resolution of 32 cm™2. The maximum observable lasing tempera-

ture is 125 K. For even higher pumping of 1.4 MW cm™2, modes are observed until
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150 K with a broad background. This behavior is similar to the measurements of
undoped Geggr5Sng 125 MDs in section 5.3. Temperature limitations are attributed
to a combination of still moderate directness, defect and Auger recombination at
higher temperatures and stronger pumping.

A normalized comparison of laser emission at 20 K and PL emission of unprocessed
samples at 4 K reveals a remarkable characteristic of MD-C with the lowest doping.
While MD-D and E emit coherent light at energies slightly below the PL emission
energies of unprocessed layers, the laser emission of MD-C is blue shifted. The be-
havior of the former can be explained with the interplay between relaxation of the
lattice, caused by the undercut geometry and the high pumping needed for popula-
tion inversion, increasing the emission energy. In the case of MD-C two explanations
might be valid. Since the Sn concentration declines from the center to the edge of
the wafer, a sample from the edge would have a lower Sn concentration, which could
cause an energy shift in different pieces of the wafer. Another explanation could
also be a different mode that emits at higher energies.

Summarizing, lasing was observed for MDs of GeSn with three different n-doping
concentrations. A systematic trend to lower (higher) threshold (gain) for increased
doping, could not been proven in the experiment. The extracted threshold values
are all above those for the undoped MDs, indicating a degrading material quality
in n-doped layers. Therefore, no advantage for the lasing performance with doping
was found. However, not all observed trends were understood and require a more
comprehensive study to exclude any advantage of doping.

In the next section, a more advanced approach than doping is investigated by the

utilization of heterostructures.

5.5. GeSn/SiGeSn Heterostructure Lasers

As is known from the development of III-V lasers, heterostructures improve the per-
formance of lasers by confining carriers to the active regions.”™?% With the concept of
double heterostructures it was possible to reduce threshold values of GaAs-AlGaAs

lasers about one order of magnitude compared to GaAs bulk.?! The next devel-
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opment of quantum well (QW) lasers, which came up ten years later, led to even
lower thresholds. A reduction of the threshold by more than a factor of 5 through a
change of DOS in 2D structures was achieved.™?29229 In those QW structures, the
DOS follows a Haeviside function and the number of states is reduced by confine-
ment in one direction, which facilitates inversion population. Following this trend,
around the year 2000, 0D quantum dot structures offered a DOS, described by a
d-function, and confinement in three directions reaching the lowest thresholds un-
til then.?** Keeping the background of III-V lasers history in mind, the next step
from single layer GeSn lasers is the application of heterostructures. Already in 2003
first GeSn/SiGeSn heterostructures were grown by ultrahigh vacuum CVD.2% After
that, more advanced structures like DHS and QWs followed,>®8" whereas most of
them exhibit an indirect bandgap active material.

Details regarding the heterostructure growth of samples used in the following, can
be found in references [8, 63]. MD cavities are fabricated from the previously dis-
cussed material stacks in section 3.2. An overview on band structure and material
properties of those stacks, namely DHS, MQW1 and MQW?2, can be found there.
The next subsection deals with strain distribution and band structure of an MD pro-
cessed from MQW 1. Later a comprehensive lasing measurement study is presented.

Some of the conclusions have been published in references [6, 11].

5.5.1. Strain and Band Structure in Undercut MQW Microdisks

Since the heterostructures are all grown on Geg goSng 19 buffers, which also withstand
the selective CF, etching, the microdisks consist of the GeSn/SiGeSn heterostruc-
tures as well as the GeSn buffer. Caused by the different Sn contents of the layers,
the strain relaxation process of a layer stack with varying lattice constants differs
compared to the single layer disks in section 5.3. As an example, the properties of
an MQW1 MD are discussed in the following.

Figure 5.14a shows an SEM micrograph of an 8 pm diameter disk with 3.5 pm un-
dercut, similar to all MD lasers discussed before. A zoom on the disk itself shows

the multi layer stack on top of the buffer with its relatively rough side wall at the
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Figure 5.14. (a) SEM of an MD cavity from sample MQW1 with 3 um undercut.
The zoom-in reveals the buffer and MQW structure. Strain calculations along different
directions by courtesy of B. Marzban, (b) for the bottom and top well along radial
y-direction and (c) along z-direction at a point indicated in the inset of the disk.
Adapted with permission from [6]. Copyright 2018 American Chemical Society.

circumference. In a first step, the strain distribution inside the MD is considered
in radial direction. In a completely relaxed alloy the buffer material GegggSng 19
would have an in-plane lattice constant of 5.74 A, the barrier of 5.76 A and the ac-
tive wells of 5.77 A. The interplay between relaxation of the different layers leads
to the final strain distribution of the disk. This means, none of the layers is fully
relaxed and strain decreases slightly in z-direction (corresponding to [001] direction
of the crystal), perpendicular to the disk surface. This behavior is also influenced
by a downwards bending of the disk of calculated 43nm at its rim. The strain
component %(em + €,,) along the radius in y-direction is shown in figure 5.14b for
the top (green) and bottom (violet) well by courtesy of B. Marzban. In the bottom
well, the region above the pillar remains stronger partially strained as the undercut
region. Such distribution is also known from the single layer disks, while in the case
of MQW1, due to the constraining buffer, the relaxation at the bottom disk edge
leads to a compressive strain of —0.2%. The sudden changes at the outer rim of
the disk are numerical artefacts without physical relevance. Due to the bending of
the disk, the top well is slightly tensily strained with a peak of the strain in the
pillar region. At the rim, the top well reaches a strain of —0.05%. The strain in

z-direction at x =0pm and y =2.9 pm, which is indicated by the red point in the
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Figure 5.15. (a) Band structure calculation of MQW1 MD at 4K along z, based
on previous strain calculations. (b) A close-up on the 5th and 6th well in the mid-
dle. Adapted with permission from [6]. Copyright 2018 American Chemical Society.
Courtesy of D. Rainko.

inset, is depicted in figure 5.14c. Caused by the difference in material composition,
the GeSn wells are more compressively strained than the SiGeSn barriers which be-
come more tensile, the closer they are to the top surface of the disk. This behavior
will lead to slight changes in the band structure, as discussed in the following.

Based on strain simulations, band structure calculations are conducted by D. Rainko
with the results shown in figure 5.15. In figure 5.15a the cut in z-direction through
the whole layer is plotted, while 5.15b shows an excerpt from the two middle wells
for a closer view. The impact of changes in strain distribution on the local band
structure is marginal, but strain relaxation of the full disk slightly changes the band
structure compared to the unprocessed layer. Different strains in barrier and QW
will reduce the band offsets between the I'-valleys in average from 79 meV to 77 meV.
At the same time, the directness is increased by 26 meV to 47 meV accompanied by

a decrease of the bandgap to ~480meV.
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Figure 5.16. Lasing performance of the DHS MD. (a) Power dependent lasing spec-
tra at 20K pumped with Nd:YAG (1064nm) laser. (b) Line width collapse and (c)
high resolution spectrum (4cm™!) at 20 K. In (d) LL curves at four different temper-
atures are depicted. Adapted with permission from [102]. Copyright 2018 American
Chemical Society.

5.5.2. Lasing Characteristics

Microdisks of the three material stacks are investigated in the same manner as the
disk lasers before, only with the difference that two excitation lasers are used with
wavelengths of 1550nm (0.8¢eV) and 1064nm (1.2€V). By pumping with 1550 nm
wavelength, hot carriers shall be reduced and subsequently this impact is investi-
gated.

Figure 5.16 shows the results of the DHS MD laser pumped at 1064 nm. The low
temperature power dependence in figure 5.16a shows the transition from spontaneous
emission to lasing, which is specified by the normalized spectra in figure 5.16b when
the line width decreases from 44 meV to 2.3meV. At a higher resolution of 4 cm™!,

different peaks can be resolved and widths of 1.3 meV to 0.7meV were obtained in
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figure 5.16¢, with Q factors between 350 and 600. As visible in the high resolution
spectrum in 5.16¢ and the strongly pumped spectrum in 5.16a (824kW cm=2), at
higher photon injection the mode pattern changes. This behavior is also indicated in
the LL curves in figure 5.16d when the slope efficiency increases above 650 kW cm ™2
at temperatures of 20 K and 50 K. Lasing efficiency in general decreases with higher
temperatures and already at 120 K the integrated intensity versus peak power den-
sity trend becomes linear indicating spontaneous emission behavior. The threshold
at 20K is extracted to be (300 4= 25) kW cm 2. Compared to the single layer disk
lasers, the characteristic of this DHS MD laser is slightly worse, the threshold is
larger and the maximum lasing temperature lower. One of the reasons might be
a higher Sn content in the DHS active layer, reducing the material quality of the
alloy. The advantages of carrier confinement cannot be observed since the material
exhibits a misfit dislocation network between bottom barrier and active layer. This
provides non-radiative recombination centers degrading the positive effect of con-
fining barriers, as already discussed in section 3.2. To investigate solely the impact
of a DHS system on lasing, different samples without additional misfit dislocation
network are needed.

In the following, the focus lies on MQW MDs, especially on MQW1 which already
showed the most promising PL performance. Results of an MD laser, pumped by
the 1064 nm laser, are summarized in figure 5.17. The line width collapse observed
at b0 K is plotted in figure 5.17a, whereas the spontaneous emission is even more
narrow as of the DHS MD. FWHMSs below 1meV are obtained in the highly re-
solved spectrum in figure 5.17b with Q factors between 570 and 650. LL-curves in
figure 5.17c show lasing below 120 K, like for the DHS MD. However, the extracted
threshold at 20K is strongly reduced to (35 £ 4) kW cem™2. This characteristic is
attributed on one hand to the separation of defects from the active wells by the
SiGeSn potential barriers at low temperatures. On the other hand, the reduced
number of states is expected to strongly decrease the required excitation density to
reach population inversion.

Exactly the same MD was investigated under 1550 nm (0.79¢V) excitation and re-
sults are presented in figure 5.18. Power dependent spectra with 16cm™" (a) and
4cm™! (b) resolution show the mode evolution for higher pumping with comparable

narrow line width and Q-factors as previously for 1064 nm excitation at 20 K. Dur-

90



5.5. GeSn/SiGeSn Heterostructure Lasers

(a) = 27 kW/cm?2 — 125 kW/cm? (b) 181 kW/cm? (c)
Wavelength (um) Wavelength (um)
2.6 24 2.50 245 10 MQW1 1064 nm
1.0 ' ' ' ~ [ m 20K =
> MQw1 MQW1| 5 1 g 50K g B
3 1064 nm| 1.0 1064 nm| 8+ o 100K ™
2 50K| 3 20K| 2 0o 120K $
= 8 2 6] -
o > 8 m U O
gos 2 2, .
= ]
s 15} 3 B O
5 = © 2 o -
Z I @DEJID_—‘D Do
< ]
0.0 , 0.0 - Eoj 50 T
0.45 0.50 0.55 0.49 0.50 0.51 0 500 1000
Energy (eV) Energy (eV) Peak Power Density (kW/cm?)

Figure 5.17. Lasing performance of MQW1 MD pumped with 1064 nm. (a) The line
width collapse at 50 K is observed at the transition from spontaneous to stimulated
emission. (b) A high resolution spectrum (4cm~!) at 20K reveals three different
modes. (c) LL-curves are shown up to 120K. Adapted with permission from [6].
Copyright 2018 American Chemical Society.

ing mode analysis, it was possible to relate the three modes in the spectrum pumped
at 187kW cm~2 in figure 5.18b with energies at 494 meV, 495 meV and 497 meV to
WGM with different radial but same azimuthal numbers, meaning that the amount
of maxima and minima of the standing waves differs along the radius for the differ-
ent modes. At a peak power density of 670 kW cm™2, a dominant higher order mode
evolves at 506 meV, which might correspond to an increase of the azimuthal mode
number by one. The possibility to assign different mode numbers to the spectra
confirms the observation of WGM.

Temperature dependent LL-curves are depicted in figure 5.18c with a threshold of
(454 3)kWem™2 at 20K and confirm previously measured low threshold results
under 1064 nm excitation. The primary idea of pumping with a lower energy laser
was to improve the laser performance by reducing the amount of excited hot car-
riers. In regard to the threshold this expectation was not met, meaning the hot
carriers do not seem to be the main obstacle for low lasing thresholds at cryogenic
temperatures. However, LL-curves for increased temperatures in figure 5.18c show
lasing above 120 K, in contrast to the data measured under 1064 nm pumping.

A more detailed comparison of the temperature characteristics of the MD laser for
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Figure 5.18. Lasing performance of MQW1 MD pumped with 1550 nm. (a) Power
dependent spectra with a resolution of 16 cm™!. (b) Highly resolved spectra (4 cm™")
at two different peak power densities. (¢) LL-curves at five different temperatures.
Adapted with permission from [6]. Copyright 2018 American Chemical Society.

different excitations is given in figure 5.19. LL-curves for both pumping wavelengths
are juxtaposed at 20 K and 120K in figure 5.19a and b, respectively. The overall
pumping efficiency of excitation at 1550 nm is seen by the higher intensity of the
respective LL-curve and its saturation at higher peak power densities. Addition-
ally, when the integrated intensity of MDs pumped with 1064 nm already becomes
linear, MDs pumped with 1550 nm still exhibit lasing at 120K. Spectra pumped
with different lasers at 660 kW cm™2 and 450kW cm™2 in figure 5.19c support the
analysis of integrated intensities. At 120K the spectrum pumped with 1064 nm
becomes broad indicating spontaneous emission, while the spectrum measured at
1550 nm excitation still shows a distinct laser peak. To verify that this difference is
not caused by the different peak power densities, the inset of figure 5.19¢ shows a
spectrum at 120 K and 1190 kW cm~2 pumped with 1064 nm, showing spontaneous
emission, while evolving modes are slightly visible. In that regard, the advantage
of lower energy pumping is obvious and is attributed to lower excess photon energy
(difference between excitation and emission energy) of 0.30eV compared to 0.66 eV
for the 1064 nm laser even if the absorption for longer wavelength is lower. A similar
effect was observed by pumping with 1064 nm and 1950 nm resulting in an increase
of maximal lasing temperature of 30 K.206

At the end, the MQW2 MD is studied. Indicated by the worse PL efficiency, the
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Figure 5.19. Temperature dependent lasing performance of MQW1. LL curves
at 20K (a) and 120K (b) for pumping with 1550 nm and 1064 nm excitation. (c)
Lasing spectra at increasing temperatures with 660 kW cm ™2 (at 1550 nm) and with
450kW cm~2 (at 1064nm). The inset shows a spectrum pumped with 1064nm at
120K for an excitation density of 1190 kW cm~2. Adapted with permission from [6].
Copyright 2018 American Chemical Society.

expectations regarding lasing are low. Figure 5.20 shows its lasing spectra measured
at 20K with both excitation lasers. In every case, the required peak excitation
power was much higher compared to the other MD lasers. While laser emission, ex-
cited by the 1064 nm laser, shows only broad peaks, spectra under 1550 nm pumping
exhibit signs of lasing at peak power densities above 1.8 MW cem 2. At 20K even
the LL-curve in figure 5.20b shows a power dependent change in the slope efficiency,
however it is questionable if coherent lasing emission can be reached here. Since
lasing was also observed in MDs with 8.5at.% Sn and very low directness, the weak
performance of MQW2 MD cannot only be ascribed to the directness. In this case,
the amount of active material is very small, compared to MQW1 and DHS, and
the mode cannot be confined very well in the lasing material of cumulative 120 nm.
Furthermore, through the strong quantization in very thin QWs, excited carriers

might be pushed into the buffer and barrier material of the disk. By comparing the
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Figure 5.20. Lasing performance of an MQW2 MD. (a) Spectra at very high pump-
ing above 1 MW cm ™2 show only an onset of lasing pumped with 1550 nm, in contrast
only spontaneous emission for pumping with 1064nm. (b) Integrated intensities at
three temperatures pumped with 1550nm. (c) Comparison of PL spectra of un-
processed layers and a lasing spectrum at 50K. Adapted with permission from [6].
Copyright 2018 American Chemical Society.

emission energy of PL from an unprocessed layer (violet) at 535 meV and MD (blue)
at 552meV in figure 5.20c, the emission is blue shifted. This behavior was only
observed for one of the doped MDs, while in all other cases the peak was similar or
red shifted due to relaxation of the disks compared to unprocessed layers. Regarding
the band structure of MQW2, the bandgap of the unprocessed active material is cal-
culated to be at 529 meV and 550 meV for the buffer layer. While these values might
be a little reduced in a more relaxed disk system, it is obvious, that laser emission
is better matched by the buffer bandgap, than that of the active material. These
results show the unsuitability of too strongly quantized 2D GeSn/SiGeSn systems,
degrading the benefit of 2D confining heterostructures for lasing.

In a last paragraph lasing of different disks is compared. LL-curves at 20 K of MQW1
and DHS MD, excited by the 1064 nm laser, are overlaid in figure 5.21a revealing
not only a smaller lasing threshold, but also an emission intensity increase by a
factor of ~ 3. The threshold determination for the following comparison was done
with two different data sets and then averaged between the two obtained values.
The procedure is exemplarily shown in figure 5.21b. On one hand the integrated

intensities from the lock-in amplifier were taken (violet data points). On the other
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Figure 5.21. (a) Comparison of LL curves at 50 K of MQW1 and DHS MDs pumped
with 1064nm. (b) Example of threshold determination for heterostructure MDs. (c)
Comparison of threshold values from DHS and MQW1 pumped with different exci-
tation lasers and a single layer Gep g75Sn9.125 MD. Adapted with permission from [6,
102]. Copyright 2018 American Chemical Society.

hand, the integrated intensities of individual spectra were extracted and plotted
against the peak power densities (pink points). Lines were fitted to the low injec-
tion region, where lasing was observed, and the intersection with the abscissa gives
the extracted threshold value. Thresholds of MQW1 DHS and single layer MDs are
compared in figure 5.21c including pumping under the two excitation lasers. The
plot clearly illustrates that the MQW1 MD outperforms MD-A and DHS MDs at
temperatures below 100 K. While threshold values of the single layer and DHS MD
stay almost constant, a strong temperature dependent trend to higher thresholds for
increasing temperature is observed for the MQW1 MD. At elevated temperatures,
the electron quasi Ferms level increases leading to a higher L-valley occupation due
to the moderate directness AFErr and smaller density of states at I'. Additionally,
the thermionic energy enables carriers to overcome potential barriers and reach de-
fective interfaces. Both points will lead to more non-radiative recombination and
losses that have to be saturated before reaching population inversion, causing the
temperature dependent threshold evolution. A similar effect was discussed during
the PL study in section 3.2. Lasers from MQW1 system showed the superiority of
2D and confining heterostructures in terms of lasing threshold and emission inten-

sity at low temperature. Still, a lot of optimization has to be done. The processed
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disks have a rough surface inducing optical losses and increasing the threshold. Also
the heterostructures have to be more effective in confining carriers. A comprehen-
sive study of suitable SiGeSn barrier and GeSn well combinations can be found in

reference [207].

5.6. Summary

This chapter dealt with the study of various GeSn microdisk lasers. Undercut MD
lasers from single GeSn layers with different Sn concentrations are fabricated and
analyzed. They reveal lower threshold and higher lasing temperatures than non-
undercut FP cavities of similar material. To further improve the performance, stud-
ies on n-doped GeSn, as well as on heterostructure MD lasers were conducted.
Lasing, investigated from n-doped GeSn disks, shows no improvement in threshold
or lasing temperature due to a high defect density. In contrast, heterostructures of
GeSn/SiGeSn MQWs are found to exhibit a considerable threshold reduction at low
temperatures.

The main results of the previous chapter are summarized in the following items.

o Microdisk cavities were fabricated and analyzed. Strain relaxation at the rim
of the undercut MDs was experimentally confirmed by Raman and PL mea-
surements. Single layer disks of 8 ym diameter and an undercut of 3.5 pm have

a fully relaxed lattice in the undercut region.

o First lasing at two different wavelength from 2.0 pm to 2.5 pm from GeSn MDs
was demonstrated in single layer disks by line width narrowing, trend of LL
characteristics and optical mode analysis. One disk consisting of an alloy with
12.5at.% Sn has a direct bandgap, the other disk with 8.5at.% Sn is just at

the transition to a direct bandgap semiconductor.

e In general, higher maximum lasing temperatures were ascribed to a larger

directness of the alloy.
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For single layer lasers, the lowest threshold was found for the MD with less
Sn. This was attributed to the higher material quality for lower Sn content
alloys as well as the decreased overlap of the mode with surfaces caused by a

larger active volume.

The undercut Geg g755n9.125 MD laser achieved higher lasing temperature and
lower thresholds than the same FP cavity laser (130K versus 90K and
(130 £ 31) kW cm™2 versus 325 kW cm™2) due to reduced surface recombina-
tion at a passivated surface, better mode confinement and a modified direct-

ness of the undercut geometry.

Lasing was shown for n-doped Gegg75Sng.125 MDs. However, measurements
deliver inconclusive results. All obtained threshold values lie above the once
of undoped lasers, indicating a decreased material quality in the doped layers.

A benefit of doping by increased carrier numbers could not be confirmed.

Lasing was shown for the first time in GeSn/SiGeSn double hetero- and multi

quantum well structures.

DHS MDs showed comparable performance as single layer MDs, due to the
drawback of a second misfit dislocation network close to the active region,

which degrades the advantage of carrier confining barriers.

One order of magnitude lower thresholds are required for the MQW1 MD
laser, namely (35 +4)kWcm ™2 at 20K, demonstrating the benefit of carrier
confinement and 2D DOS.

MQW1 MDs exhibited a temperature dependent increase of threshold and
temperature limitations in lasing. These are ascribed to the moderate direct-
ness and barrier offsets which both lead to a carrier filling of L-valleys and

buffer material at elevated temperatures.

Lasing from MQW2 MDs was hardly observed. Therefore, it can be con-
cluded that a trade-off between barrier heights and thickness of the wells has
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to be carefully chosen to avoid degrading the lasing performance by too strong

quantization effects.

98



6. Towards Electrically Pumped Lasing

For the implementation of a GeSn laser on a chip, electrical injection is mandatory.
Until now, only GeSn-based LEDs are developed. This chapter provides brief insight
into the fabrication of structures for future electrically pumped lasers.

Several constraints have to be imposed to achieve electrically pumped lasing. Losses
through metal contacts have to be avoided and a strong mode confinement in the
active GeSn layer is needed, when the Ge-VS underneath is still present.

A design with certain GeSn/SiGeSn heterostructure stacks was developed using sim-
ulations by Bahareh Marzban from IPH, RWTH Aachen University. These layouts,
which include micro ring as well as waveguide cavities, were used to develop a pro-
cess flow for the fabrication of electrically pumped structures. Schematics of the
two basic designs are depicted in figure 6.1a and b, respectively.

The process development was done on GeSn/SiGeSn heterostructures. An addi-

Al wires

(a) Al wires Ni contacts (b) Ni contacts
——

cladding
active G S
active GeSn

GeSn buffer

Figure 6.1. Sketch of the design layouts for micro ring (a) and FP lasers (b) with
an example of a DHS layer stack.
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tional approach was started to increase the top layer thickness of a GeSn/SiGeSn
MQW stack and therefore increase the distance between active layer and metallic
contacts. The MQW1 sample from previous chapters, which includes an uninten-
tionally p-doped GeSn buffer layer, was used for testing growth of antimony (Sb)
doped Ge on top by molecular beam epitaxy (MBE). To avoid Sn precipitations,
the growth temperature in the MBE chamber was kept below 300 °C. Samples were
cleaned in an HF(1%):HCI dip for 7 minutes, before they were transferred to the
MBE chamber under nitrogen ambient. Growth tests were performed on different
layer stacks with Sn content > 12.0at.%. Figure 6.2a shows an ECV measurement
of a Ge:Sb/GeSn:P test structure. Here, only the coloured distribution of Sb-doping
is of interest. Antimony tends to segregate to the surface during MBE growth,
which is used to achieve a graded doping concentration, as the blue data points
indicate.2® At the top of the layer, where the metal contacts are intended to be,
the doping concentration reaches a maximum far away from the GeSn active region,
to reduce light absorption in the metal. Due to the lattice mismatch between Ge
and the relaxed GeSn/SiGeSn stack, the Ge:Sb on top relaxes fast, which introduces
many undesirable misfit dislocations, as can be seen in the SEM in figure 6.2b. The
SIMS profile in figure 6.2c shows 200nm Ge:Sb on top of the MQW1 stack. Due
to contamination in the MBE chamber, the top layer also contains a significant Si
content (violet line). However, at growth temperatures of 180°C Sn segregation is
not visible, only the interface between MQW1 stack and Ge:Sb exhibits a peak in
Sn and Sb content as well as in carbon and oxygen (not shown here), meaning there
is a lot of potential to improve the interface.

The sheet resistances of this stack were measured with the van der Pauw method
and offer values around 100£2/0, which is acceptable since studies of GeSn:P re-
vealed sheet resistances between 100/ and 500 2/0.1112% After these tests it
seems to be clear that external overgrowth is quite challenging and an in-situ grown
top layer would have the important advantage of a clean interface.

The previously mentioned simulation results were used to design masks for elec-
tron beam lithography containing several sizes of the cavities. For the micro rings,
widths and diameters as well as the positioning of the contacts are varied and for
waveguide cavities different lengths and widths are applied. The micro ring mesa

process consists of two mesa etching steps. For the deep etching, SiO; hard masks
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Figure 6.2. (a) Doping concentration of an Ge:Sb overgrown GeSn layer. (b) SEM
of a Ge:Sb overgrown MQW1 stack. (c) SIMS profile of the layer stack in (b).

were used to avoid etching through the thinner nlof2020 resist. The first step de-
fines the larger circles, which are dry etched in a combination of CHF3 and Cly/Ar
to 1.7pum depth. In the second step, the ring is formed by etching a smaller circle
till the bottom doped region of the material is reached. To uncouple the coherent
light of the disk in a directed way, notch structures were partially included in the
layout. SEM micrographs of two mesas with different sizes are depicted in figure
6.3a. The close-up at the top shows the overgrown MQW structure, while a notch
for laser light uncoupling is visible on the bottom figure. After passivation with
10nm HfO, and 250 nm SiOs, nickel (Ni) ring contacts at the outside and circular
contacts in the inside of the cavity are formed lithographically. Subsequently, the
contact windows are defined to wire the smaller Ni contacts to the bondpads, which
are realized by aluminum (Al) sputtering. In figure 6.3b, Ni contacts, as well as the
open Al contact windows, can be seen in optical microscope images. Two completed
ring cavities are displayed in figure 6.3c.

Processing the FP cavities follows the same route, only skipping the second mesa
step. Different micrographs of the FP cavity fabrication process are illustrated in
figure 6.3. An SEM after the mesa step is shown in figure 6.3d, followed by an
optical micrograph after Ni contact formation in (e). Different length from 10pm
to 500 pm and width between 2 pm and 6 pm were fabricated. Structures before and

after Al deposition are depicted in figure 6.3f and g, respectively.
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Figure 6.3. Micro ring cavities during process (a)-(c). (a) Mesa structures with
zoom to the MQW structure (top) and zoom to the notch for light outcoupling (bot-
tom). (b) Mesa with Ni contacts and open windows in SiOy for Al contacts. (c)
Finished structure with Al contacts.

FP cavities during process show (d) a SEM of a mesa structure, (e) an optical mi-
croscope picture after Ni contact formation, (f) after window opening for Al contacts,
and (g) some of the completed cavities.

The previously presented results show that the fabrication of electrically pumped
GeSn/SiGeSn cavities with standard Si CMOS processing technology is possible. For
the realization of such a laser, a suitable trade-off has to be found in growth between
a doped GeSn buffer thickness, a pseudomorphically grown heterostructure stack
and a relatively thick, lattice matched doping graded top layer, to avoid relaxation
anywhere than at the Ge-VS/GeSn buffer interface. Even more advanced would be

210,211

the application of a separate confinement heterostructure with an additional
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wide bandgap cladding or a refractive index gradient?'? so that the optical mode is
more strongly confined to the active region. There, a high Si incorporation might be
beneficial. Other approaches like SiN stressor layers instead of SiOy passivation are
under discussion, since it would help to decrease compressive strain or even tensily
strain the GeSn layer stack.
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7. Conclusion and Outlook

In the scope of this work, (Si)GeSn alloys were analyzed for the development of mid
infrared group IV lasers. The primary focus was laid on the optical characteriza-
tion and investigation of light emission. The suitability of the material system was
revealed by detailed PL studies of direct bandgap GeSn alloys, which gave insight
into their emission characteristics. Typical peculiarities of spontaneous emission in
heterostructures showed prospects and challenges in the GeSn/SiGeSn system. First
steps in the direction of light emitters were done by the fabrication of homo- and
heterojunction LEDs. Therefore, similar material designs, as analyzed previously by
PL, were used, proving the option of electrically pumped light emitters in this ma-
terial system. For the generation of lasing, optical cavities are mandatory. Hence,
lasing from microdisk cavities was comprehensively studied for various material con-
figurations to confirm the applicability of the material for lasers. The first optically
pumped lasing from GeSn microdisks could be observed. By the use of heterostruc-
tures, the threshold was tremendously reduced, but additional limitations of the
system from strongly quantized energy states emerged. Finally, the development
of a fabrication process of electrically pumped GeSn/SiGeSn micro ring and Fabry-
Pérot cavities paves the way for one important future goal, an electrically pumped
GeSn-based laser.

The influence of radiative and non-radiative recombination in GeSn alloys can be
excellently probed by PL spectroscopy. Non-radiative defect recombination in GeSn
showed a pronounced reduction for lower temperatures. In contrast, the electron
population in IT', increasing continuously for more direct alloys, enhances the ra-
diative recombination rate and decreases for higher temperatures when the L-valley

becomes more populated. Both aspects lead to a PL intensity increase with decreas-
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ing temperature giving an indication of the directness of the alloy.

In this manner the purely strain-induced indirect-to-direct bandgap transition was
demonstrated on the example of a GeggrsSng 125 series. It was shown that thicker
layers lead to a higher strain relaxation by forming misfit dislocations. The trade-off
between larger directness and material degradation, both provoked by strain relax-
ation, showed maximum performance at a thickness of 560 nm.

Consequently, defect engineering for heterostructures is essential to control defect
formation close to the active region. Strain relaxed GeSn buffers offer a larger lat-
tice constant for on top grown GeSn/SiGeSn heterostructures, which should avoid
further strain relaxation of the latter. This aim was achieved for three different
MQWs, but in a DHS, a second misfit dislocation network was formed caused by
a beyond-critical volume strain. Low temperature PL probed the effect of carrier
confinement to the active region, which includes the screening of carriers from the
defective interface at Ge-VS, and quantization. This resulted in one order of mag-
nitude higher PL intensity. For very thin wells (< 20nm) the energy shift due to
quantization becomes too large, pushing carriers out of the wells, decreasing barrier
heights as well as the directness of the active material. Then, the benefit of confine-
ment and increased intensity is lost. Temperature dependence of heterostructure
PL is influenced by the barrier height, which was not sufficient to confine carriers
at room temperature with the present SiGeSn composition.

After an extensive study of PL from various GeSn alloys and heterostructures, first
light emitting devices were fabricated from simple p-i-n homojunctions with 8.5 at.%,
11.0at.% and 13.0at.% Sn. Electroluminescence shows similar temperature trends
compared to PL investigations. Due to the different Sn concentrations, an emission
wavelength tuning between 2.0 pm and 2.5 pm was possible. A strong performance
degradation due to crystal defects was found in the highest Sn content LED with
13.0 at.% emphasizing the need of defect engineering.

The investigations were followed by two different MQW LED designs with Ge and
SiGeSn as barrier material, respectively. While Ge turned out to be strongly tensily
strained and therefore offering no efficient confinement for electrons, the performance
of GeSn/SiGeSn MQW LEDs benefits at low temperature from carrier confinement
and 2D density of states. The same advantages as from heterostructure PL studies

were found, showing a promising strategy for GeSn heterostructures.

106



To move from the study of spontaneous to stimulated emission, GeSn microdisk
lasers with a Ge-VS pedestal on Si were analyzed by micro-PL. The MD geom-
etry for GeSn single layers leads to an almost completely strain-relaxed lattice in
8.0 nm diameters disks with 3.5 pm undercut. Compared to a non-undercut FP laser
from the same GeggrsSng 105 layer, the MD lasers reached a higher lasing temper-
ature of 130K and a lower threshold of (130 4= 31) kW cm™2. These characteristics
were attributed to a larger directness, surface passivation, as well as a better mode
confinement given by the increased refractive index contrast of GeSn and air. Inter-
estingly, also an MD with 8.5at.% Sn and a low directness of only ~14meV showed
typical signs of lasing, such as line width narrowing and S-shaped LL-curves. Even a
reduced threshold of (107 & 26) kW cm~2 at 20 K was found, originating from higher
mode overlap and better material quality. The lower directness only impacts the
maximum lasing temperature, which is decreased to 90 K.

The approach to increase gain and therefore the lasing performance by n-doping
of single layers, indicated no benefit from the conducted experiments. While all of
the MDs showed lasing, the performance was worsened pointing to a lower material
quality.

The same heterostructures already analyzed in PL were used for MD cavities. The
drawback of additional misfit dislocations at the interface to the active layer in the
DHS MD was confirmed by laser performance, which was slightly worse than single
layer MD lasers. However, MDs from an MQW design outperform all other MD
lasers with a one order of magnitude reduced threshold of only (35 + 4) kW cm 2
at 20 K. This improvement is caused by the 2D density of states, as well as the
carrier confinement screening them from misfit dislocation defects. The evolution
of lasing with temperature is limited as seen from PL pre-characterization, so that
stimulated emission is restricted to 120 K with increasing thresholds. A very strong
quantization effect in MQW MDs with 12 nm QW width and a total amount of ma-
terial of only 120 nm hinders the observation of distinct lasing in those structures.
This emphasizes the need of a sophisticated trade-off between large energy barriers
and a sufficient QW thickness to benefit from confinement and 2D density of states
without losing the directness of the alloy.

Aiming for electrically driven GeSn lasers, a process flow for micro ring and FP

cavities was developed based on simulated structure designs. With a suitable in-situ
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7. Conclusion and Outlook

doped heterostructure stack, the fabrication could be performed by means of stan-
dard Si CMOS technology.

The overall purpose is to develop a GeSn laser on a chip working at room tem-
perature, which has not been realized yet. Some measures that can be taken to
overcome the existing obstacles are discussed in the following. Studies show that
the temperature limitations in lasing can be solved by increasing the directness of

the active material. Two solutions are possible,

(i) increase of Sn content,’!60 or

(ii) application of tensile strain by external stressor layers.*4101,140.213

For the latter, lower Sn contents are feasible, which may avoid a large point defect
density, expected for high Sn content alloys.

In heterostructures, the realization of large enough band offsets requires a higher
Si incorporation, while keeping the Sn content in the well high enough for direct
bandgap active layers. In this respect, the incorporation of carbon is debated to
generate even larger band offsets and to decrease defect densities. Carbon could
also help to suppress Sn precipitations during growth,24-216

When these requirements are fulfilled, more advanced designs like a separate confine-
ment heterostructures with larger barriers around the MQW and/or index graded
claddings can be designed.

For electrically driven laser designs, a thick, doped top layer is needed to keep the
electrodes away from the active region. Depending on the top material and its lat-
tice constant, it is important to design the total stack in a way that further strain
relaxation is avoided.

Improvement of the process modules for fabrication, e.g. decreasing the surface
roughness, will strongly reduce losses and help to boost the laser performance.

To expand the general understanding of the laser and its limiting processes for light
emission, it is crucial to accurately study radiative and non-radiative lifetimes in
the GeSn material system. The same holds true for the band structure of SiGeSn,
which is poorly understood up to date. Using such knowledge, simulations can be

tweaked to design laser structures more accurately.
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Overall, the great potential of (Si)GeSn was shown, as a promising group IV ma-
terial system with many degrees of freedom for designing opto- and nanoelectronic
devices on the Si platform. The use of OEICs or even devices like tunnel field ef-
fect transistors could significantly reduce the energy consumption of electronic chips.
Furthermore, with its mid infrared bandgap it can enrich medical diagnostics, as well
as gas- and bio sensing applications and might advance many interesting research

fields in future.
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A. Appendix

PL of heterostructures

A comparison of PL spectra of a GeggrsSng.125 bulk layer to the heterostructures
DHS, MQW2 and MQW3 is depicted in figure A.la. The emission intensity of the
bulk sample is lower compared to DHS, which can be described to the lower direct-
ness of the former of 52meV. At 4K also the intensity of MQW3 overcomes the
bulk sample, which is caused by the screening of carriers from the misfit dislocation
network at the interface to Ge-VS in MQW3. In the bulk sample, a part of the
carriers recombines non-radiatively at these misfit dislocations.

At 295 K the intensity of the samples scales with their directness as well as available
amount of active material (560 nm for the case of the bulk sample). Figure A.1b
shows the carrier distribution in I'; L (inside the active region), and in the barri-
ers/buffer (here for I" and L), for a given total electron concentration of 4-10'% cm™=3
averaged over the complete layer stacks. The data was provided by Prof. J. Witzens
from IPH, RWTH Aachen University. Calculations for MQW1 are illustrated by
solid, for DHS by dashed lines. Going from 4 K to 300 K the number of carriers in '
changes dramatically for MQW 1, as well as for DHS. At higher temperatures, carri-
ers are easily able to overcome the energy barriers and start populating the SiGeSn
barrier/cladding and GeSn buffer material. As already seen in bulk structures, at
higher temperature electrons also scatter into the L-valley of the active layer and
are not condensed in I' anymore. The major difference between MQW1 and DHS
is the temperature, when the distribution of electrons changes abruptly. Already
at 100K, the population of electrons at I' is below 50%, which occurs for DHS at

temperatures above 150 K. The earlier occupation of L-valley, barrier and buffer
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A. Appendix
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Figure A.1. PL measurements of GeSn/SiGeSn heterostructures at room temper-
ature and 4K are shown in (a) comparison of heterostructure PL and Geg g755n0.125
bulk. (b) presents a calculation of the ratio of carrier population in the I'-valley
and the total carrier population at I' and L inside the active layers. Adapted with
permission from [6]. Copyright 2018 American Chemical Society.

material in the MQW1 compared to DHS, is due to the lower directness, which is

caused by the quantization and the lower Sn concentration in MQW1.
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