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RESUME

Le développement rapide de l'informatique et des technologies de la communication a eu
un impact majeur sur l’économie et la société en général. Il n’a jamais été aussi facile
d’échanger un message ou de discuter avec un proche habitant de I'autre coté de la planecte.
De plus, les nouveaux outils technologiques bousculent 1'organisation du travail et ceux-ci
sont a l'origine de ce qu’on a appelé la quatrieme révolution industrielle, ou I'industrie 4.0.
Toutefois, la croissance exponentielle du trafic Internet est la source de sérieux enjeux au
niveau énergétique. En effet, la demande d’électricité liée au secteur des technologies de
I'information et de la communication représentera a elle seule 21 % de la demande au niveau
mondial en 2025. Pour remédier a ce probleme et réduire I'impact environnemental des
centres de données, la photonique intégrée sur silicium représente une solution prometteuse.
En effet, contrairement au mouvement des électrons impliquant 'effet Joule, le déplacement
de photons ne génere pas de chaleur. Or, le silicium qui est a la base de toute I’électronique
moderne ne possede pas de bande interdite directe, le rendant inefficace pour absorber ou
émettre de la lumiere. En raison de leur bande interdite directe, les alliages semiconducteurs
du groupe IV tels que le germanium-étain (GeSn) sont le sujet d’'un vif intérét scientifique
pour relever le défi de 'intégration de circuits photoniques sur une plateforme de silicium. Le
GeSn devient un semiconducteur a bande interdite directe pour des concentrations d’étain
supérieures a 10 at.%, mais cette valeur est plus élevée lorsque le matériau est soumis a une

contrainte en compression.

Etant donné le rdle central que jouent la contrainte et la composition chimique au niveau
de la structure de bande du GeSn, il importe de mesurer ces parametres avec précision au
niveau micrométrique. Pour cette raison, une étude de spectroscopie Raman détaillée a été
menée. L’utilisation d’un laser avec une longueur d’onde de 633 nm a permis d’identifier les
modes Ge-Ge, Ge-Sn, "Sn-Sn like" ainsi qu'un mode supplémentaire activé par le désordre.
En analysant quatorze échantillons criis par dépdt chimique en phase vapeur et présentant
une large gamme de concentrations et de contraintes, il a été possible d’isoler I'impact de
ces deux parametres sur I’énergie des modes de vibration Raman. Notamment, le nombre
d’onde des quatre modes diminue pour des concentrations croissantes ou des contraintes en
compression moindres. De plus, le mode Ge-Ge devient plus asymétrique pour des teneurs en
étain plus élevées, alors que la contrainte n’a pas d’effet notable. Ces observations ont permis
d’élaborer un modele pour extraire la concentration en étain et la contrainte de couches ou

de microstructures de GeSn a partir d'un unique spectre Raman.



En raison de sa bande interdite directe, dont la valeur peut étre modifiée selon la concentration
en étain, le GeSn est un candidat prometteur pour le développement de photodétecteurs.
Par contre, l'efficacité de dispositifs de type planaires est limitée par la grande réflectance a
I'interface air-semiconducteur (= 40 %). En utilisant des calculs par différences finies dans
le domaine temporel, nous avons montré que la fabrication de nanopiliers de GeSn permet
d’augmenter significativement le couplage dans la couche active du dispositif. En effet, des
piliers d'une hauteur supérieure a 1 pm et distants de &~ 1 pm ont un facteur d’absorption deux
fois plus grand que les couches de GeSn a 10 at.% et 14 at.% d’étain desquelles ils proviennent.
Ceci s’explique par I'importante réduction de la réflexion a la premiere interface, qui est valide
pour des combinaisons spécifiques de diametres et de longueurs d’onde. Ainsi, le facteur
d’absorption spectral peut étre modifié en variant la largeur des piliers. La performance
des réseaux de nanopiliers a aussi été étudiée selon I’angle d’incidence. Le couplage s’avere
meilleur pour la polarisation s que pour la polarisation p, alors que le comportement opposé
est observé pour la géométrie planaire. Des réseaux de nanopiliers ont été fabriqués dans
un échantillon de GeSn par lithographie a faisceau d’électrons et par gravure seche dans un
plasma de Cly. La couche de 1.1pm de GeSn a 9at.% d’étain a été crile sur une couche
de germanium, elle-méme déposée sur une tranche de silicium polie sur les deux faces. La
caractérisation au spectrophotometre a permis de vérifier expérimentalement que le facteur

d’absorption des nanopiliers est le double de celui de la couche mince dans I'infrarouge court.

Enfin, des microdisques de GeSn ont également été fabriqués selon un procédé similaire,
auquel s’est ajouté une étape de gravure seche dans un plasma de CF4. Grace a la méthode
de mesure basée sur la spectroscopie Raman développée plus tot, des relachements de la
contrainte de —0.33% & 0.05% et de —1.27 % a —0.15% ont été mesurés pour des couches de
GeSn a 13.3at.% et 16.9 at.% d’étain, respectivement. Le rétrécissement de la bande interdite
associé a un relachement de la contrainte en compression a été confirmé par des mesures de
photoluminescence. Les pics d’émission ont été déplacés de 3.21um a 3.6 pm et de 3.3um a
4.0 pm, ce qui représente I’émission a la plus longue longueur d’onde observée a ce jour pour
le GeSn.

L’ensemble des résultats obtenus a travers ce projet démontre la pertinence des alliages
de GeSn pour la photonique intégrée sur silicium et prépare le terrain pour intégrer les

microstructures de GeSn dans des dispositifs opérant dans le moyen infrarouge.
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ABSTRACT

The relentless development of the information and communications technology (ICT) has had
considerable and profoundly transformative economic and social impacts. The exponential
growth of internet traffic now represents a major issue due to the immense power consumption
and carbon footprint of data centers around the world. Indeed, it is estimated that this
sector will be responsible for 21 % of the global electrical demand in 2025. To overcome this
important challenge and reduce the environmental burden of ICT, integrated silicon photonics
has emerged as a key solution to decrease the power consumption of electronic devices, since
the generation of heat due to the motion of electrons in wires doesn’t apply to photons.
However, silicon, which is at the core of all modern electronics, is not an effective material
for light emission and absorption due to its indirect band gap. In this regard, group I'V alloys
such as germanium-tin (GeSn) have attracted a great deal of interest as direct band gap
materials compatible with silicon platforms. An indirect to direct band gap transition occurs
when Sn is incorporated in Ge at concentrations above 10at.%. This threshold increases

(drops) as the compressive (tensile) strain in the lattice increases.

Given the fundamental role of strain and composition on the GeSn band structure, the
reliable, non-destructive characterization of these two parameters down to the nanoscale
is of paramount importance. With this perspective, a detailed Raman spectroscopy study
was conducted using a 633nm laser, allowing a clear identification of the Ge-Ge, Ge-Sn,
Sn-Sn like modes, as well as an additional disorder-activated mode. Samples with various
degrees of strain and composition were investigated, thus enabling the decoupling of these two
contributions in Raman spectra. It was found that the four modes all downshift as Sn content
increases and compressive strain relaxes. The Ge-Ge mode also becomes more asymmetric
for higher Sn contents, while strain has no noticeable impact on the mode symmetry. Based
on these observations, a model is presented to extract Sn composition and strain for GeSn

layers and structures from a single Raman spectrum.

While GeSn is regarded as a promising material for light detection, standard planar photode-
tectors suffer from important reflection at the first interface which limits their performance.
Using finite-difference time-domain simulations, the structuring of GeSn layers into nanopil-
lars was confirmed as an effective technique to improve the coupling into the active material.
The results show a two-fold increase of the absorptance when 10at.% and 14 at.% GeSn
layers are structured into > 1 pm-high nanopillars spaced ~ 1 pm apart. The enhanced ab-

sorptance results from a reduction of the ~ 40 % reflectance normally associated to bulk,
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and is valid for specific combinations of diameters and wavelengths. This means the spectral
absorptance can be tuned by varying the pillar diameters. Moreover, the evaluation of an-
gular performance showed that s-polarized light better couples to the nanopillar arrays than
p-polarized light, while the opposite is observed for bulk. Such nanopillars were fabricated
using electron-beam lithography followed by a Cls-based plasma etching. Pillars were struc-
tured in 1.1 pm-thick 9at.% GeSn grown on a germanium virtual substrate on a double side
polished silicon wafer. The two-fold increase in absorptance was experimentally verified for

wavelengths in the short-wave infrared range.

Furthermore, arrays of GeSn microdisks were also fabricated via the addition of a second
etching step to the process, based on a CF, plasma. The Raman model developed earlier
confirmed the strain relaxation from —0.33 % to 0.05% for a 13.3at.% GeSn top layer and
from —1.27% to —0.15% for a 16.9at.% layer. The narrower band gap associated to lower
compressive strain was established by a shift of the photoluminescence peak from 3.2 pm to
3.6 pm and from 3.3 pm to 4.0 pm respectively, thus achieving the longest emission from GeSn

reported so far.

The results in this thesis highlight the potential of GeSn as a powerful material system for
silicon-compatible photonics and pave the way to its introduction in design and development

of mid-infrared devices.
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CHAPTER 1 INTRODUCTION

1.1 Context

Internet of things, cloud computing, augmented reality, cryptocurrencies, 5G networks: all
these emerging technologies and platforms encourage the transfer of large amounts of data
over the Web, adding up to the already widespread use of internet. Sensors in industrial
machines, robots, cars, cameras for home security, individuals browsing or watching videos
on their mobiles, tablets and virtual reality headsets; all are connected more and more and
contribute to the exponential growth of global internet traffic, which is expected to increase
from 1.57ZB/year in 2017 to 4.8 ZB/year in 2022 ! [1].

The development of faster and smaller devices has enabled great advances in telecommuni-
cations and information technology. Calling family members across the country or sending a
document to the other side of the world have never been simpler. Easier and improved com-
munications is sometimes put forward as a solution to reduce greenhouse gas emissions [2].
For instance, videoconferencing and telecommuting could lead to fewer travels, and efficiency
of industrial processes could be optimized by the real-time monitoring of operations. How-
ever, it is also the source of a major issue as the transfer and storage of data online has
considerable energetic costs. Energy demand of data centers in the United States alone
is estimated to 91 TWh for 2013, and this figure will grow to approximately 140 TWh in
2020 [3]. This is equivalent to the annual output of 50 large coal thermal power stations. As
a reference, the total electricity consumption in Québec in 2013 was 172.5 TWh [4]. World-
wide, electricity usage of data centers is expected to go from 203 TWh in 2015 to 3390 TWh
in 2025, which is more than half of the 5860 TWh expected for all of the information and
communication technology (ICT) sector [5]. ICT would then be responsible of 21% of the
total electricity consumption, compared to 8% 10 years before. This is a serious concern,
especially considering that non-renewable energy sources still generate 75% of the electricity
around the world [6], and would therefore result in an increasing pressure to extract more

natural resources.

Given the staggering energy burden of data centers (an estimated 12% of the world total in
2025 [5]), sustaining the exponential increase in energy demands is not viable. Additionally,
there are no signs that the internet traffic growth will slow down any time soon. The challenge

therefore lies in improving and developing energy-efficient electronic devices used in the

117ZB =1 x 10**bytes



telecommunications industry. Current flowing in copper wires or silicon chips generates heat,
as a consequence to the Joule effect. Almost all of the electricity consumed by data centers is
wasted as heat in electronic devices or used in cooling systems to keep their temperature at
an acceptable level. There are initiatives to harness the thermal energy and convert it into
electricity again, yet reducing energy consumption at the source is another challenge which

has to be tackled simultaneously.

A promising avenue is integrated photonics, where photons are used to convey information
instead of electrons. While sources and detectors would still require electrical power, photons
interact less and thus their propagation doesn’t generate significant heat. In fact, transmis-
sion of information with photons has been used for years, as optical fibers were laid in the
bottom of oceans since the mid-90s for intercontinental communications [7] and now spread
across every major city. The paradigm here is to bring these advantages to progressively
shorter distances, as illustrated in figure 1.1, until eventually chip-to-chip and intra-chip
communications are achieved by photons. This requires the implementation of photonics at

the chip-level, and the co-development of photonic and electronic devices.
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Figure 1.1 Types of interconnects in telecommunication networks

1.2 Silicon photonics

The microelectronics industry has shown a strong interest for developing optical intercon-
nects because of their lower losses and lower dispersion, which allow faster data transmission,

as well as reduced interchannel crosstalk and electromagnetic interference [8]. The realization



of optical communication at the chip-scale requires a strong level of integration and high pro-
duction volumes, also highlighted in figure 1.1. This means that the fabrication of photonic
devices needs to be compatible with the silicon microfabrication infrastructure and, ideally,
CMOS technology. CMOS stands for complementary metal-oxide—semiconductor and desig-
nates the mass-production processes used nowadays to fabricate integrated circuits at the core
of microprocessors, memories, etc. An example of photonic and electronic circuits integration,
realized by Atabaki et al., is depicted on figure 1.2. In this case, passive and active photonic
components (waveguides, microring resonators, vertical grating couplers, high-speed modu-
lators, and avalanche photodetectors) were fabricated next to the digital circuits on industry

standard 300 mm wafers.

The realization of photonic circuits requires the assembly of components which are already
available for the most part: waveguides, filters, multiplexers and demultiplexers, power split-
ters, modulators, and photodetectors [10]. Detectors can be fabricated by the hetero-epitaxy

-— 26 mm—

Power monitor

Vertical grating - Receiver Transmitter
coupler microring detector microring modulator

5 mm

WDM chiplet ‘ Single Tx/Rx channel macro

Figure 1.2 Photonic and electronic circuits fabricated on a 300 mm wafer and zoomed-in
images for one die [9]. Reprinted by permission from Springer Nature Customer Service
Centre GmbH: Springer Nature, Integrating photonics with silicon nanoelectronics for the
next generation of systems on a chip, Amir H. Atabaki, Sajjad Moazeni, Fabio Pavanello,
Hayk Gevorgyan, Jelena Notaros, Luca Alloatti, Mark T. Wade, Chen Sun, Seth A. Kruger,
Huaiyu Meng, Kenaish Al Qubaisi, Imbert Wang, Bohan Zhang, Anatol Khilo, Christopher
V. Baiocco, Milos A. Popovi¢, Vladimir M. Stojanovi¢ and Rajeev J. Ram, Copyright (2018).



of germanium over silicon, which share similar chemical properties. However, a remaining
challenge is the lack of a monolithic, electrically-pumped light source fully compatible with
silicon. The development of these monolithic light sources has been limited by the indirect
band gap of silicon and germanium, as emission and absorption phenomena are less favor-
able than in direct band gap semiconductors. On the other hand, ITI-V semiconductors such
as GaAs, InP, or GaN (formed by elements of the third and fifth columns of the periodic
table) have a direct band gap. Extensive research in the last decades has led to the de-
velopment of high-gain lasers, high-speed and efficient photodetectors [10]. The sources are
integrated on the silicon platform via wafer bonding or butt-coupling. However, since attach-
ing optical fibers on every device is not time- nor cost-effective, the cost of silicon photonic
devices becomes dominated by packaging. Furthermore, III-V wafers are more expensive
and not available in diameters as large as their silicon counterparts. It is desirable to limit
packaging steps and increase the fabrication yield by achieving monolithic integration of all
photonic components on a single chip. This is also mandatory for optical communication
at the chip-to-chip level. In this regard, an important limitation of III-V semiconductors is

their challenging growth on silicon platforms.

Best candidates for the direct growth on silicon are group IV semiconductors, which form
covalent bonds and share similar chemical and physical properties. While silicon (Si) and
germanium (Ge) are indirect semiconductors, alloying Ge with tin (Sn) (with the possible
addition of Si) can lead to direct band gap semiconductors. This potential has motivated

tremendous efforts to develop, functionalize, and integrate all-group IV photonic devices.

The development of group IV semiconductors is also of interest for other applications. An
important characteristic is their wide spectral tunability from visible to terahertz radiations.
Devices sensible to photons in the short-wavelength infrared (SWIR) and mid-infrared (MIR)
are relevant for night-vision imaging and astronomy. They are also promising for spectroscopy
and sensing applications, since absorption bands of many organic molecules and gases are
included in this range [11,12]. Furthermore, band gap tunability is beneficial to photovoltaics.
High-efficiency solar cells on the market are formed of InGaP /InGaAs/Ge multijonctions. It
is suggested the addition of a SiGeSn fourth junction can further increase the efficiency [13] by
absorbing a part of the solar spectrum which is not exploited otherwise. Knowledge acquired
in growth and characterization of group IV alloys will be applicable to this field. Finally,
GeSn is also studied to increase carrier mobility in field-effect transistors (FET), either as

the channel material or as a stressor for Ge channels [14-17].



1.3 Research objectives

The objective of the current work is to facilitate the development of GeSn technologies by
establishing a deeper understanding of the basic structural and optical properties of epitaxial
layers and structures. The following scientific questions are addressed: (1) Is it possible
to employ Raman spectroscopy to decouple the effects of strain and composition on GeSn
vibrational modes?; (2) Can light absorption be engineered by structuring GeSn layers?; (3)
What are the microfabrication processes to control GeSn patterning and structuring?; and
(4) How can light emission from GeSn be achieved at longer wavelengths? The answers to
these questions will establish a clear understanding of the behavior of GeSn layers, structures
and devices as a function of Sn content and strain. To tackle them, this work is organized

around the following main objectives:

(1) Develop a Raman spectroscopy framework to extract Sn content and strain from GeSn
layers and structures down to the micro-scale;

(2) Demonstrate the relevance of top-down nanopillars to enhance and control the absorption
of infrared radiation by GeSn structures;

(3) Fabricate GeSn nanopillar arrays with favorable optical properties;

(4) Demonstrate MIR light emission from underetched GeSn microdisks.

1.4 Thesis outline

This thesis is organized in seven chapters. The next chapter gives an overview of the current
literature on group I'V photonics, with a focus on GeSn. Chapter 3 presents the mathematical
methods used to predict the properties of GeSn structures, as well as experimental methods
used to fabricate and characterize them. Theoretical explanations are given along with
experimental details. The main results and findings are the subject of the following three
chapters. Chapter 4 presents detailed analyses of GeSn vibrational modes using Raman
spectroscopy. This allowed to develop an approach to retrieve Sn content and strain of
a GeSn layer from its Raman spectrum. Next, simulations of optical properties for GeSn
structures are included in chapter 5. The fabrication and characterization of GeSn nanopillars
and microdisks are presented in chapter 6. Chapter 7 summarizes the work and discusses

research perspectives. Finally, a list of contributions is included in Appendix A.



CHAPTER 2 LITERATURE REVIEW

2.1 GeSn as a direct band gap semiconductor

Sn-containing group I'V semiconductors have been attracting a great deal of interest as a ver-
satile, silicon-compatible photonic platform. This enthusiasm notably relies on the possibility
to tune the band gap by alloying Ge with Sn: first, to achieve direct gap, and second, to
cover a wide range of energies in SWIR and MIR. The addition of Si provides an additional
degree of freedom, allowing the independent control of band gap energy and lattice constant,

an important feature normally associated to the more mature I1I-V semiconductors.

Si Ge Sn

Energy (eV)

Figure 2.1 Calculated electronic band structures of group IV materials Si, Ge, and a-Sn' [18].
(© IOP Publishing. Reproduced with permission. All rights reserved. https://doi.org/
10.1088/0268-1242/22/7/012

Si and Ge are indirect band gap semiconductors, as illustrated in figure 2.1. The valence
band maximum is located at the I' point, whereas the conduction band reaches its minimum
at the X (for Si) or L (for Ge) points. Sn', on the other hand, is a semimetal, with no band
gap at the I' point.

1Sn has two main allotropes. The « phase, or gray tin, stable at temperatures below 13°C [19], is a
diamond-cubic crystal, and the § phase, or white tin, stable at room temperature, is tetragonal. In this
document, Sn always refer to a-Sn, because group IV alloys under study follow the structure of predominant
Ge, which is a diamond-cubic crystal.
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Figure 2.2 Sn incorporation in Ge to achieve a direct band gap [20]. (a) Energies of con-
duction band minima for high symmetry points. b, is the band gap bowing parameter (see
reference [20]). (b) Combined effect of Sn incorporation and strain on the smallest gap formed
by valleys I', L or Aoy (values in €V). Reprinted from S. Gupta, B. Magyari-Képe, Y. Nishi,
and K. C. Saraswat, “Achieving direct band gap in germanium through integration of Sn
alloying and external strain,” Journal of Applied Physics, vol. 113, no. 7, 2013., with the
permission of AIP Publishing.

The incorporation of Sn in a Ge lattice lowers the conduction bands minima. However, Sn
effect is more pronounced for the I' valley than for the L valley, as shown in figure 2.2(a),
meaning a direct band gap semiconductor is obtained for higher Sn contents (y). The possi-
bility of a direct gap in Ge;_,Sn, was first proposed in 1982 [19]. Few years later, Jenkins
and Dow predicted the I and L valleys crossover at a Sn content of y = 20at.% [21]. Their
numerical method was based on the virtual crystal approximation (VCA), where the crys-
tal is assumed to be formed by atoms with properties linearly interpolated from the alloy’s
constituent elements. In 1989, Méader et al. found 26 at.% [22] by correcting energy gaps
obtained by the VCA to fit empirical data. More recent investigations suggested the transi-
tion occurred at lower contents of Sn. In 2007, Moontragoon et al. found 17 at.% [18] using
a mixed-atom method, for which calculations are performed over a supercell containing the
right proportions of each atom. A crossover as low as 6 at.% was estimated from calculations
based on density-functional theory [23] and modified VCA [20].

These numbers are valid for an unstrained crystal; however, achieving this experimentally
is not trivial. Given the larger lattice constant of Sn (6.489 A) compared to that of Ge
(5.657 A) [24], the growth of GeSn on Ge results in compressive strain in the layer, for which



the actual in-place lattice constant a is smaller than that at equilibrium ag. An increase
in compressive strain means a greater Sn incorporation is required to achieve a direct band
gap, as shown in figure 2.2(b). This graph also highlights the possibility of direct band gap
emission in pure Ge (y = 0at.%) by applying 1.5 % — 2.0 % tensile strain. This explains why

strained-Ge is also investigated for a Si-compatible semiconductor laser [25,26].

In 2014, Attiaoui and Moutanabbir extended this kind of analysis to strained and relaxed
Si,Gej_,—,Sn, using a second nearest neighbors tight binding approach [27]. They found
that a direct gap is obtained for y > 1.364x + 0.107, where x represents the Si content. The
additional degree of freedom in ternary alloys is relevant for the independent control of strain

and band gap.

To summarize, growing GeSn and SiGeSn with higher Sn contents and lower compressive
strains are beneficial to achieve a direct gap. These are two important challenges tackled by

research in group IV epitaxy.

2.2 Growth of supersaturated GeSn alloys

In reality, the incorporation of Sn atoms at concentrations relevant for technological appli-
cations represents a major issue in GeSn epitaxy, since the equilibrium solubility of Sn in Ge
is as low as 1at.% [28], as shown in figure 2.3. In Si, Sn solubility is even smaller, reaching
y < 0.1at.% [29]. GeSn and SiGeSn with y > 1at.% can be grown via non-equilibrium

processes, but preventing Sn segregation in these metastable alloys is a challenge [30, 31].
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Figure 2.3 Ge-Sn phase diagram. Reprinted with permission from [28], Photonics Research.



Following the prediction of direct-gap GeSn in 1982, microcrystalline GeSn films were pro-
duced by pulsed UV laser crystallization [32], while monocrystalline layers with y < 8at.%
were obtained in 1987 by sputtering [33].

Early developments of monocrystalline GeSn layers were mostly performed using physical va-
por deposition (PVD) methods, including molecular-beam epitaxy (MBE) [13,34,35]. Com-
pared to PVD, the development of new processes is often more complex in chemical vapor
deposition (CVD) systems. On the other hand, CVD offers higher growth rates, uniform
deposition over large wafers, as well as possibility of selective growth [36]. These advantages
make this technique more suitable for cost-effective, scalable fabrication. However, CVD
was not employed for GeSn growth before the beginning of this century due to the lack of
a suitable Sn precursor. The first demonstration was achieved in 2001 using C¢H5SnD3 and
GesHg [37]. The availability of commercial tin tetrachloride (SnCly) precursor, along with
either monogermane (GeHy) [38-41] or digermane (GeyHg) [14,31,42-44] has revived the

interest in this material system in the last decade.

There is currently a world-wide race to achieve and control the growth of high crystalline
quality GeSn layers and heterostructures compatible with the Si microelectronics infrastruc-
ture. Therefore, Si wafers are commonly used as starting substrates for the CVD growth
of GeSn alloys. The much higher cost of Ge wafers (more than ten times) prevents their
use for the development of GeSn growth processes in both industrial and academic contexts.
In addition, growing GeSn on Si wafers ensures the scalability of this technology, since it
is the second most abundant element in the Earth’s crust. However, the direct growth of
GeSn on Si is challenging because of the large lattice mismatch. Indeed, the lattice con-
stant of Si (¢ = 5.431 A) is much smaller than that of GeSn, which is between those of Ge
(a§¢ = 5.657 A) and Sn (a5™ = 6.489 A) [24] and can be interpolated using

ag®" = af® (1 —y) + ag"y + by (1 — y) (2.1)

The bowing parameter b5¢°™ is introduced to account for deviations from the linear behavior
(Vegard’s law). Through the years, values of 0.65A [45], 0.0468 A [46], 0.00882A [47],
0.041 A [48] and even zero [24] were suggested for b7,

The introduction of a Ge virtual substrate (Ge-VS), also called strain relaxed buffer (SRB),
alleviates the challenge posed by the lattice mismatch, since Ge has an intermediate lattice
constant. These were notably developped by Hartmann et al. [49-52]. After annealing the Si
wafer at a high temperature (7" > 900 °C), the Ge-VS growth is achieved by the decomposition
of Ge precursors on the sample, kept at a temperature in the order of 400°C — 600 °C.
The quality of the VS can be improved by subsequent thermal cycling in the 750°C —
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890 °C range [51]. Next, the GeSn layer is grown by simultaneously introducing the Sn and
Ge precursors in the chamber. Sn incorporation is favored by decreasing the temperature
(around 290 °C - 330°C) and increasing the SnCly flow [44]. When the thickness surpasses a
certain critial value, strain is released via the formation of misfit dislocations (creating plastic

relaxation). Thicker layers result in greater relaxation.
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Figure 2.4 GeSn growth on buffer layers. (a) Stacking schematic for the Si substrate, Ge-VS,
GeSn bottom layer (BL), middle layer (ML), and top layer (TL). (b) Composition profile
measured via atom probe tomography [40]. Reprinted from S. Assali, J. Nicolas, S. Mukher-
jee, A. Dijkstra, and O. Moutanabbir, “Atomically uniform Sn-rich GeSn semiconductors
with 3.0-3.5 pm room-temperature optical emission,” Applied Physics Letters, vol. 112, no.
25, p. 251903, jun 2018. [Online|. Available: http://aip.scitation.org/doi/10.1063/1.
5038644, with the permission of AIP Publishing.

Additional GeSn layers with intermediate compositions can be used to progressively expand
the starting lattice constant of the next layer. An example of a multi-layer stacking is
exhibited in figure 2.4. This has proven to be a successful strategy to achieve higher levels
of Sn content [40,43,53,54]. Films with y > 16 at.% were grown using this technique, which
is the current state of the art for CVD-grown GeSn [40, 43, 54-56]. In fact, the relaxation
of strain via the formation of dislocations, in combination with a lower growth temperature,
were found to be crucial factors to achieve high levels of Sn incorporation [41]. This means
that while control over Sn content and strain are the key to tune the band gap, they are not
independent. As a matter of fact, the lattice constant depends on the Sn content, and the
relaxation is a driving force for Sn incorporation. Furthermore, the introduction of buffer

layers to control the strain is beneficial to prevent Sn segregation at the surface. This is highly
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Figure 2.5 Sn segregation during the growth of GeSn layers. Pictures of 200 nm wafers with
pseudomorphic (top-left) and thick (top-right) GeSn layers with y = 12at.%. The addition
of a step-graded structure eliminates most of the Sn segregation (bottom) [43]. (© IOP
Publishing. Reproduced with permission. All rights reserved. https://doi.org/10.1088/
1361-6641/2a8084

undesirable, since it results in the depletion of the GeSn layer back to the equilibrium content.

This is accompanied by a significant increase of surface roughness, visible in figure 2.5.

To achieve optical emission or absorption at longer wavelengths, figure 2.2(b) suggests strain
relaxation has similar results as Sn incorporation. One solution could then be the growth
of a thick top layer (TL) above GeSn buffers to allow for relaxation. Another efficient way
to release the strain is via removing the Ge-VS template altogether. In fact, the formation
of GeSn membranes can be achieved by underetching [57] using conventional dry etching
techniques [58,59]. Releasing the strain to achieve emission at longer wavelengths will be the
subject of section 6.2. In addition, it is possible to further reduce the band gap energy by

applying tensile strain, for instance by the deposition of a silicon nitride stressor [60].

2.3 Optoelectronic devices

The CVD growth of high quality SiGeSn and GeSn structures creates new opportunities to
develop group IV optoelectronic devices. In fact, direct band gap emission was demonstrated
for Sn contents of 12.6at.% [61], and the current state-of-the-art (y > 16at.%) is sufficient

to achieve direct band gap emission above 3m [40]. In addition to the growth of low-defect
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layers, notable challenges facing the development of GeSn devices are controlling the doping
level [62,63], optimizing microfabrication processes [58,59], and establishing the appropriate

electric contacts [64], to name a few.

2.3.1 Light sources
Lasers

An important aspiration for group IV alloys is the fabrication of Si-compatible lasers. Theo-
retical studies focused on properties of GeSn as gain medium [65,66], including the design of
an electrically pumped GeSn laser suggested in 2010 [67,68]. In these studies, SiGeSn was of-
ten investigated for barriers due to its higher gap [27]. However, most parameters needed for
the calculations (effective masses, band gaps, deformation potentials, elastic constants, etc.)
were simply interpolated from those of Si, Ge, and Sn constituents, meaning the predicted

properties can vary significantly from those of experimental measurements.

One significant achievement in the field was the demonstration by Wirths et al. in early 2015
of lasing at 90 K from direct band gap GeSn grown on Si [61]. The sample consisted of a
560 nm-thick GeSn layer with y = 12.6at.% Sn grown on a Ge-VS on a Si(100) substrate
and patterned into a 5 pm-wide and 1 mm-long Fabry—Perot cavity. The device was optically

pumped and the emission peak was at a wavelength of 2.22 pm.

Since then, the focus has been on achieving lasing at higher temperatures with the ultimate
goal of reaching room-temperature operation. In 2016, the same group obtained lasing at both
higher wavelength (=~ 2.5pm) and temperature (130 K) using microdisks [69]. The under-
etching allows the relaxation of the GeSn layer with the added benefit of higher confinement
due to a larger difference between refractive indices of the gain medium and the surrounding
(air). Few months later, Al-Kabi et al. showed lasing at 2.5 pm and 110K for a ridge waveg-
uide [70]. In 2017, Reboud et al. fabricated GeSn microdisks with y = 16 at.% exhibiting
lasing at 3.1 pum and 180 K. Similar characteristics were reported for waveguides, shown in
figure 2.6, by Margetis et al. (y = 17.5at.%) [55], and Dou et al. (y = 22.3at.%) [56], along
with lasing thresholds reduced below 137kW cm~2 at 77K. Recently, Thai et al. achieved
lasing at 3.2 pm and 230K for a microdisk with 16 at.% GeSn as the active medium [71]. In

addition to Fabry-Pérot and microdisk cavities, photonic crystals were also investigated [72].

The intense research activity has led to a rapid growth in lasing temperature, from 90 K
to 230K in less than four years. Still, all these lasers operate with optical pumping. The

Holy Grail for a Si-compatible light source is the realization of an electrically pumped group
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Figure 2.6 GeSn ridge waveguide laser [55]. (a) Schematic of the structure. (b) Scanning
electron microscope image. Inset: Simulation of the fundamental mode. (c-d) Output power
as a function of pump power for increasing temperatures. Inset: Spectra at 77 K and evolution
of the threshold as a function of temperature. Reprinted with permission from (J. Margetis,
S. Al-Kabi, W. Du, W. Dou, Y. Zhou, T. Pham, P. Grant, S. Ghetmiri, A. Mosleh, B. Li,
J. Liu, G. Sun, R. Soref, J. Tolle, M. Mortazavi, and S.-Q. Yu, “Si-Based GeSn Lasers with
Wavelength Coverage of 2-3 pm and Operating Temperatures up to 180 K,” ACS Photonics,
vol. 5, no. 3, pp. 827-833, mar 2018. [Online|. Available: http://pubs.acs.org/doi/10.
1021/acsphotonics.7b00938). Copyright (2018) American Chemical Society.

IV laser operating at room temperature. Overcoming this challenge would be a real break-
through.

LEDs

In the last decade, light emission from electrical injection of carriers was also demonstrated
by the fabrication of GeSn [73-79], GeSn MQW [80] and SiGeSn MQW [81,82] light-emitting
diodes (LEDs). These LEDs showed electroluminesence at wavelengths from 1.6 pm to 2.4 pm.
Metal contacts were usually achieved by the combined deposition of either Cr, Au, Ni, and
Al [77,79,82].

In fact, the development of light emission devices such as LEDs is closely related to that of

photodiodes, with which they share important structural similarities.
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2.3.2 Photodetectors
Planar photodetectors

The relevance of Sn-containing group I'V photodetectors and solar cells relies on the possibility
to tune the absorption in the NIR and MIR. While Si and Ge are transparent above 1.1 pm and

1.6 nm, respectively [83], Sn incorporation shifts the absorption edge to longer wavelengths.

In 2010, p-i-n GeSn photodiodes were demonstrated [84,85]. The n-type top GeSn layer
was P-doped at 1 x 10**cm ™ and the bottom p-type Si was B-doped at 4.3 x 10 cm ™3,
A Sn content as low as 2at.% in the middle layer was sufficient to achieve higher quantum
efficiencies than comparable Ge devices, with the additional benefit of extending the detection

range to cover all telecommunication bands.

Over the years, GeSn photodetectors with a cut-off between 2.0 pm and 2.65 pm have been
fabricated [17,86-91], which is beneficial for SWIR spectroscopy and sensing applications. In
2012, Gassenq et al. achieved photodetection up to 2.2 pm from a 9at.% GeSn quantum well
with Ge barriers [86]. They measured a 0.1 A W~ responsivity for a 5V bias. In 2014, Conley
et al. reached a 1.63 A W~! peak responsivity at 1.55 pm and a 2.4 pm cutoff from contacting
a 10at.% GeSn layer [87]. The same team improved the responsivity to 2.85 AW~! in
2015 [88], and fabricated Ge/GeSn/Ge photodiodes which exhibited a 0.3 A W~ responsivity
at 1.551m and a 2.6 pm cutoff in 2016 [89]. In this case, doping levels were 1 x 10 cm™
and 5 x 108 cm ™3 for the n and p-Ge layers, respectively. In 2017, p-i-n MQW photodiodes
with 10at.% GeSn were demonstrated by Dong et al. [90] for light detection at 2 pm. Their
main achievement is a low dark current density of 0.031 A cm~?2 at room temperature. The
doping concentrations were 2 x 10 cm™ and 5 x 102 cm™3 for the n-Si and p-Ge layers,
respectively. Other GeSn photodiodes with a longwave cutoff of 2.65 pm were realized in
2018 [91]. The device was made of a 11 at.% GeSn layer, n-doped to 2 x 10'® cm™ on the top
and p-doped to 1 x 10" cm™ on the bottom, sandwiched between n-type Ge (2 x 10* cm™3)
and p-type Ge (1 x 10" cm™3). It exhibited a responsivity of 0.32 A W~! at 2um and an

external quantum efficiency of 20 %.

The reduction in responsivity and detectivity for increasing temperatures limits the perfor-
mance of these devices. While GeSn detectors offer easier integration with the Si platform,
other detector types such as III-V are still more competitive in terms of performance, as

shown on figure 2.7.
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Figure 2.7 Comparison of the spectral detectivity for a 500 pm GeSn (y = 11 at.%) photodiode
with III-V photodetectors at different temperatures [91]. Reprinted from H. Tran, T. Pham,
W. Du, Y. Zhang, P. C. Grant, J. M. Grant, G. Sun, R. A. Soref, J. Margetis, J. Tolle, B.
Li, M. Mortazavi, and S.-Q. Yu, “High performance GegggSng 117 photodiodes for low-cost
shortwave infrared imaging,” Journal of applied physics, vol. 124, no. 1, p. 013101, jul

2018. [Online|. Available: https://doi.org/10.1063/1.5020510, with the permission of
AIP Publishing.

Nanowires and nanopillars

The efficiency of semiconductor photodetectors is notably limited by the considerable reflec-
tion at the interface. In fact, refractive indices of Ge and GeSn are n > 4 in the visible and
the NIR [92,93], meaning the reflectance [94]

pe (1) 2

N1+ na

is &~ 40 % for an interface with air (ny = 1). A proven solution to decrease reflection at the
interface, and therefore promote absorption in the device, is the addition of anti-reflection
coatings [95,96], which have intermediate refractive indices. Another option to increase even
more the absorptance is the structuring of the active medium into non-planar geometries. For
instance, GeSn [97] and Ge/GeSn core-shell nanowires (NWs) [98-100] grown via a vapor-
liquid-solid (VLS) mechanism can achieve absorptance up to 98 % above the band gap [98].
In fact, absorptance in a NW is significantly enhanced for specific wavelengths corresponding
to resonance modes [101-103]. This results in more absorbed power than in a bulk material
of the same volume, a phenomenon known as the optical antenna effect [102,104]. Another

advantage of NWs over bulk is the relaxation of strain along the radial direction [105], which
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helps in achieving a direct gap and promotes Sn incorporation.

It is also possible to obtain similar structures via top-down approaches such as reactive
ion etching [59]. While bottom-up NWs are suited for fabrication of radial heterojunctions,
axial heterojunctions are more easily achieved by top-down techniques. The relevance of
the latter has been demonstrated by the fabrication of indium phosphide (InP) NW solar
cells with a record conversion efficiency of 17.8 % [106]. In order to investigate an analogous
absorptance enhancement for GeSn structures, simulations of optical properties of top-down

GeSn nanopillars have been performed. The results are presented in chapter 5.

Since Sn content and strain are critical in determining device properties, they must be mea-
sured with reliable methods. The next section discusses the advances regarding Raman
spectroscopy as a characterization technique to evaluate Sn content and strain down to the

microscale.

2.4 Raman spectroscopy

Raman scattering spectroscopy is commonly used to investigate crystal phase and symmetry,
isotopic content, electronic and phononic properties [107-109], as information-rich spectra are
acquired from straightforward and non-destructive measurements. It is also one of the few
characterization techniques which is sensible to both composition and strain [110, 111}, to-
gether with XRD. Therefore, Raman spectroscopy is often employed to evaluate the chemical
composition and lattice properties of group IV semiconductors such as strained Si [112-114],
strained Ge [25,115-117], SiGe [118-121], GeSn [35,57,122-130], and SiGeSn [131-134] lay-
ers. Since it uses excitation wavelengths near or in the visible, a small spot size (~ 1pm)
can be achieved using conventional lenses and objectives. This is an advantage over XRD,
where a synchrotron is required to focus the beam on similar areas, and make it a method

of choice for mapping the strain distribution in microstructures [113,114].

Reports on the vibrational modes of GeSn mainly focused on the Ge-Ge longitudinal optical
(LO) mode as the analyses relied on 488 nm [122,123] or 532nm [57, 124-129] excitation
lines. Under these conditions, the signal-to-noise ratio is too low to clearly distinguish Sn-
related vibrational modes in the vicinity of the more prominent Ge-Ge LO peak. This also
applies to the study of ternary SiGeSn semiconductors [132,133]. Ochme et al. [130] and
D’Costa et al. [35] used a 633nm and a 647.1 nm excitation laser, respectively, thus allowing
a distinction of Ge-Ge and Ge-Sn modes, in addition to other features such as disorder-
activated (DA) and Sn-Sn like modes. The enhanced signal-to-noise ratio is attributed to the

increase in Raman scattering cross section when the excitation wavelength becomes close to
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the material’s E; gap [132,135]. This allowed them to provide a quantitative description of the
evolution of peak positions as a function of the composition. However, in these studies, the
investigated samples were either pseudomorphic [130] or relaxed [35]. Consequently, strain
and compositional effects cannot be fully decoupled. More recently, Gassenq et al. addressed
this issue by measuring the Raman shift for pseudomorphic layers before and after strain
releasing via underetching [57], as shown in figure 2.8. However, only the Ge-Ge mode was
analyzed, since the use of a 532 nm laser restrained the detection of other modes. In addition,
not taking into account the DA mode [35] led to inaccurate fitting on the low-energy side of
the Ge-Ge peak.

A model predicting the behavior of only one peak position is not enough to extract Sn
composition and strain values from Raman measurements. Information on at least two
variables is needed to decouple the two contributions. For instance, the measurement of
composition and strain has been demonstrated for ternary SiGeSn alloys by tracking three
distinct modes [134].

The need for measurement of both Sn composition and strain at the micrometer scale in
GeSn alloys has prompted us to thoroughly investigate GeSn Raman vibrational modes, the

analysis of which is presented in chapter 4.
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Figure 2.8 Decoupling composition and strain effects on Ge-Ge Raman shifts by Gassenq et
al. [57]. Schematics (a) and scanning electron microscope images (b-c) of the devices. (d)
Raman spectra measured on the GeSn layer along the X-axis shown in (c). Reprinted from A.
Gassenq, L. Milord, J. Aubin, N. Pauc, K. Guilloy, J. Rothman, D. Rouchon, A. Chelnokov, J.
M. Hartmann, V. Reboud, and V. Calvo, “Raman spectral shift versus strain and composition
in GeSn layers with 6%—15% Sn content,” Applied Physics Letters, vol. 110, no. 11, p. 112101,
mar 2017. [Online|. Available: http://aip.scitation.org/doi/10.1063/1.4978512, with
the permission of AIP Publishing.
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This literature review highlights the great progress in GeSn material and devices since the
first mention of its potential direct gap in 1982. The pace has accelerated in the last decade
due to the availability of suitable commercial precursors, allowing the CVD growth of high-
quality layers. Despite the demonstration of the major milestone that is lasing from a direct
band gap and the advances regarding the development of photodetectors, many challenges
are yet to be raised before a complete integration of photonic circuits on the Si platform is
achieved. Important questions are the realization of an electrically pumped laser operating
at room temperature and the improvement of the performance of photodetectors. Light
emission at longer wavelengths would also be beneficial to cover a wider range of energies
in the SWIR and MIR. The next chapters suggest possible avenues in terms of material

characterization, as well as improved light emission and absorption.
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CHAPTER 3 METHODS AND TECHNIQUES

This chapter presents an overview of the methods and techniques employed throughout this
project. The chapter is divided in three sections. First, the analytical and numerical meth-
ods employed to calculate the optical properties of GeSn microstructures are explained. The
second section describes the processes used to grow the layers and fabricate the microstruc-
tures, while the last section elaborates on the characterization techniques used to elucidate

the basic properties of GeSn layers and structures.

3.1 Simulations of the optical properties of GeSn

3.1.1 Transfer matrices

Optical properties of thin films stacks can be obtained analytically via the transfer matrix
method, which is notably used in the design of optical filters [136]. Each layer ¢ from the

stack in figure 3.1, of thickness d; and of complex refractive index N; = n — ik, is described

by a matrix M; [137]
M, — cos ¢; o Sin o (3.1)
m; sing;  cos ¢;

where 5
61 = /N - a%d, (3.2)

is the phase shift, and

\INZ —a? s-polarized light
N2/\/N? —a? p-polarized light

is an effective index taking into account the angle #; with respect to the normal, which is

defined using the constant @ = N; sinf;. The matrix for a stacking of s layers is

M= (mn m12) _ ﬁMz (3.4)

Mma1 Ma2

The fraction of power reflected (the reflectance R), transmitted (the transmittance T'), and
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Figure 3.1 Schematic of a thin-film stack

absorbed (the absorptance A) by the whole stack are then

2
R _ NincTM11 TexT22 + NincMex 12 may (35)
Nine™M11 + NexM22 + NincNeaM12 + M2y
Re(7eg) 2 2
T — Nex Ninc (3.6)
Re(ninc) NincMM11 + NexM22 + NincTlexM12 + mao1
A=1-R-T (3.7)

This algorithm was implemented in a numerical analysis software (MATLAB) to evaluate
the properties of GeSn layers grown on Ge on a Si substrate. This allowed the comparison
between the initial planar geometry and top-down nanopillar arrays, for which the optical

properties were evaluated via finite-difference time-domain simulations.

3.1.2 Finite-difference time-domain method

The analytical solution provided by the transfer matrix is limited to structures with a planar
geometry. In the case of nanowires, for instance, numerical solutions describing the propaga-
tion of light in complex media are required to extract the optical properties. In this work, the
patterning of the GeSn layer into nanopillar arrays was investigated to enhance the coupling
of the light into the semiconductor region. Subwavelength structures were chosen to study
this phenomenon, as larger structures display a bulk-like reflection. The simple case of cylin-
drical pillars was considered for the first demonstration, but a similar behavior is expected

for other geometries, such as square prisms.

Finite-difference time-domain simulations (FDTD) have been employed to evaluate the per-
formance of GeSn nanopillars. The methods takes the complex refractive index N as an

input and iteratively solves Maxwell’s equations discretized in space and time [138]. Being
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a time-domain technique, Fourier transforms can be exploited to calculate optical proper-
ties for a range of frequencies simultaneously when using a broadband pulse as the source.
However, the space and time domains are limited in size due to the finite capacity of the
computer memory, meaning the accuracy of the model depends on the dimensions of the
mesh and the choice of boundary conditions. Definition of the boundaries is of great impor-
tance especially for problems involving wave equations because of the oscillating nature of
the solutions: Truncating the domain with hard-wall boundaries will often produce wrong

results because of the reflection of the wave at the interface.

One solution is to extend the grid by adding a layer of a reflectionless absorbing material,
called a perfectly matched layer (PML). Mathematically, the absorption in the PML region
is introduced artificially by applying the following transformation to the wave equation [139]
9,1 9
ox 14 2@ og

w

(3.8)

where o, is a function of x and w is the frequency of light. The same applies to y and z
directions. This introduces an exponential decay of the wave, meaning it is now possible to
truncate the simulation domain region and implement hard-wall conditions after the PML.
PMLs are perfectly reflectionless by construction, however this applies for a continuous do-
main. The discretization leads to small numerical reflections. The reflected power can be

reduced by using a thicker PML or a finer mesh up to the point where it is negligible.

In this work, broadband FDTD simulations have been carried out with the commercial
software Lumerical. The domain consisted of a unit cell with one or two (effective) pillars,
for square and hexagonal arrays respectively. Periodic boundary conditions were implemented
in the x and y directions to obtain the properties of an infinite array of pillars, as illustrated
in figure 3.2. In the z direction, PMLs were implemented below the Ge-VS and above the
pillars. The method was benchmarked notably by reproducing results from ref. [106].

When light is injected at a non-normal incidence, electric and magnetic fields are not neces-
sarily periodic from one unit cell to another. For this reason, the use of standard periodic
boundary conditions can lead to errors. Bloch boundary conditions solve this problem by
applying the correct phase shift when copying the fields. However, this is not appropriate
for broadband simulations, since the phase shift causes the actual angle in the simulation to
be wavelength-dependent. To overcome this problem, FDTD equations can be reformulated
to remove the angular dependence [140], which is known as the Broadband Fixed Angle
Source Technique (BFAST). This alternative algorithm and its own specific boundary con-

ditions were implemented to study the absorption of broadband light from a non-zero angle
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Figure 3.2 (a-b) Top-view for (a) square and (b) hexagonal arrays. (c-d) Corresponding 3D
arrays. (e) Side-view of the simulation domain for square arrays.

of incidence.

The absorptance of the array is calculated from the distribution of the electric field intensity

E over the unit cell of volume V' and the permittivity € of each material via [141]
1 2
A= /Vw |E|? Im(¢) AV (3.9)

3.2 Micro and nano fabrication

Microfabrication processes fall in three main categories: controlled addition of matter (depo-
sition), pattering (lithography), and controlled removal of matter (etching) [142]. Techniques
used throughout this work are presented below.

3.2.1 Growth of GeSn layers

Samples were grown in a custom-made reduced pressure chemical vapor deposition (CVD)
system, for which a simplified working diagram appears on figure 3.3(a). Precursors in the

gaz phase are introduced in the chamber through the showerhead and decompose on the
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surface of the substrate. Residual gases are pumped to the exhaust. The sample is kept
at the desired temperature by a feedback loop between the heater and a thermocouple. A

susceptor favors uniformity of the temperature.

(a) (b)

Gas precursor inlet aI Epi-layer
Showerhead
Substrate
+—>
a
(c)
Susceptor
Heater aJ—I GeSn
—D
aj|
Pump
l Ge

Figure 3.3 CVD epitaxy. (a) Illustration of the reduced pressure CVD. (b) Example of
epitaxial growth of layers with comparable lattice constants. (c¢) Example of epitaxial growth
of layers with a lattice mismatch.

When species are deposited following the crystallinity of underlying layers, the film is said
to grow epitaxially, as illustrated on figure 3.3(b). The crystal symmetry is then transferred
from the substrate. Epitaxial growth of materials with different lattice constants causes the
films to be strained, which depending on the Poisson ratio can lead to a tetragonal distortion
(opposite modifications of the in-plane a| and out-of-plane a, lattice constants), as shown
in figure 3.3(c). A layer is said to be pseudomorphic when its in-plane lattice constant is

identical to that of the underlying layer despite of a difference in chemical composition.

Figure 3.4 Process for the synthesis of crystaline GeSn layers on Si wafers
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Samples employed in this study were grown with ultra-pure H, as carrier gas and 10 %
monogermane (GeHy) and tin-tetrachloride (SnCly) precursors [40,41]. Si (100) wafers were
first cleaned in a 2% HF solution. A Ge virtual substrate (Ge-VS) was grown on the Si
substrate, and SnCl; was subsequently introduced in the chamber to form a GeSn layer.

Figure 3.4 illustrates the growth process.

3.2.2 Lithography

The definition of a pattern at the micro or nanoscale is achieved via lithography. A resist is
first applied on the substrate by spin coating, then baked, exposed and developed. Resists
are organic materials and are divided in two types. Exposition of a positive resist breaks
the polymer into smaller segments. Exposed areas are then dissolved by a solvent (the
developer). Negative resists, on the other hand, solidify by polymerization or cross-linking

during exposition. Unexposed areas are dissolved by the solvent.

Exposition is achieved either with UV light, which is known as photolithography, or with
electrons, a technique called electron-beam lithography (EBL). UV-exposure is performed
through a photomask containing the desired pattern. EBL functions similarly to a scanning
electron microscope (SEM). It uses an electron beam to pattern the resist directly without a
physical intermediate mask, making it more versatile. It also allows the definition of features
with an improved resolution (down to < 10nm). On the other hand, the time required
to move the beam can result in very long processing durations. In particular, the choice
of resist type becomes crucial to avoid scanning very large surfaces. For instance, in the
case of GeSn microdisks, only circular areas of the disks are exposed [59]. Thick negative
resists such as ma-N 2410 is thus used as an etching mask. In this case, EBL is preferred
over photolithography due to its flexibility. Other larger structures were also patterned via

photolithography [82,84,86,87,89,143].

In this work, lithography steps were carried out using ma-N 2400 series negative resists.
Exposure was performed in a Raith e-line EBL with a beam energy of 10kV. Processing

steps are illustrated on figure 3.5.

3.2.3 Etching

Etching procedures allow the transfer of the pattern defined by lithography into the sample via
selective removal of matter. They are classified as wet etchings, where the sample is immersed

in a liquid solution, and dry etchings, which attack the surface via ion bombardment.

Reactive-ion etching (RIE) is a type of dry etching commonly used in both academic and
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Figure 3.5 Process for patterning and etching GeSn layers. (a) Application of resist. (b)
Exposition of pillars and development. (c¢) Cly directional etch. (d) Resist removal. (e)
Exposition of disks and development. (f) Cly directional etch. (g) CFy isotropic etch. (h)
Resist removal.

industrial processes. It relies on the generation of a plasma of reactive gases via a high-power
radio-frequency electromagnetic field in a low-pressure environment. Ftching can be both
physical, resulting from the impact of the high-energy ions, and chemical, resulting from

chemical reactions between the sample surface and species in the plasma.

Inductively coupled plasma (ICP) etching is a type of RIE which uses two radio-frequency
generators to provide more control over the etching. The plasma density is regulated by a
first generator, while a second one determines the ion energy. Typically, a dense plasma with
low-energy ions yields a chemical, isotropic etching, whereas greater acceleration of fewer

ions produces a physical, directional etching.

GeSn layers are sometimes etched in ammonia peroxide solutions (HyO2:NH,OH:H,0) [126,
144]. In 2013, Gupta et al. developed a CF4-based dry etching recipe to selectively etch Ge
over GeSn and applied it to the fabrication of GeSn microdisks [58]. To first remove the
GeSn layer and expose the Ge surface, they used a wet etching. However, this isotropic etch
is not suitable for thicker GeSn layers as straight sidewalls are more difficult to obtain. A
Cly-based ICP etching was later developed for the directional etching of GeSn, allowing the
fabrication of thick GeSn microdisks using two consecutive dry etchings [59,145]. In the
case of suspended structures such as microdisks, wet etchings can cause the membranes to

collapse on the substrates due to the strong capillary forces. Dry processes thus represent an
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important advantage for underetching.

For the present work, dry etchings were performed in a Plasmalab 100 ICP-RIE system from
Oxford with parameters listed in table 3.1. Directional etchings mainly employed Cly, while
Ge isotropic etchings are CF4-based. These are illustrated in figure 3.5. Recipes were adapted
from [59].

Table 3.1 RIE recipes

Parameters Directional etch Ge isotropic etch
O, flow (sccm) 4 2
N, flow (scem) 10 0
Cly flow (scem) 40 0
CF4 flow (sccm) 0 40
ICP power (W) 200 2500
RF power (W) 100 1
Pressure (mTorr) 20 15
Temperature (°C) 30 20

The selective etch of the Ge-VS allowed to fabricate suspended GeSn structures to investigate
the effect of strain relaxation on the optical emission. An array of microdisks was chosen
as the pattern to achieve an uniform relaxation. Diameters were inferior to 8 pm to prevent

damage to the GeSn layer that could occur during longer etches.

The techniques presented in this section were used to microfabricate GeSn nanopillars and
microdisks. In this work, EBL was employed for all structures, meaning the process was
completed without a single mask. Note that the larger dimensions of the microdisks mean

they can also be defined using photolithography.

3.3 Characterization techniques

3.3.1 Ellipsometry

The calculations and simulations of optical properties of GeSn structures require a prior
knowledge of the complex refractive index N. To this end, ellipsometry has been exten-
sively used to characterize the as-grown GeSn layers. It is a powerful technique to measure
n and k of thin films while also providing valuable information about thicknesses and an

approximation of surface roughness.

The working principle of an ellipsometer is depicted in figure 3.6 [146]. Light with known

polarization is sent on the sample. Since the components of the electric field parallel (e),)
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Figure 3.6 Diagram of an ellipsometer with dual rotating compensators

and perpendicular (es) to the plane of incidence interact differently with the sample, there
is a change of the overall polarization. The rotation of polarizers or compensators allows
the selection of incident and reflected polarization. The detector records the ratio between
Fresnel reflection coefficients for both s (rs) and p (r,) polarizations, which can be expressed

as an amplitude ratio ¥ and a phase difference A via

r .
2 — tan (0) 2 (3.10)
Ts
n and k cannot be derived directly from ellipsometry raw data. An optical model needs to
be implemented, and the optical constants and the thicknesses of the films are iteratively
adjusted to reproduce the experimental (V,A). Since optical constants are not measured

directly, their accuracy is highly dependent on the quality of the model.

Measurements of GeSn optical constants used in this work have been performed on a pair
of variable angle spectroscopic ellipsometers from J.A. Woollam, operating on wavelength

ranges from 200 nm to 2500 nm and 2 pm to 30 pm.

3.3.2 Photoluminescence spectroscopy

The measurement of photoluminescence (PL) spectra of semiconductors is crucial to inves-
tigate their band structure, as the emitted light conveys important information about the

material’s optical transitions.

The working principle is illustrated in figure 3.7. The sample is first illuminated by an

excitation light source. The energy of the incident photons has to be greater than the band
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Figure 3.7 Energy transitions involved in a PL experiment

gap of the material in order to promote electrons to excited states. Electrons then thermalize
via non-radiative transitions to the conduction band. If electrons and holes recombine by a

radiative process, a photon is emitted with an energy corresponding to the optical transition.

In this study, a PL setup with a lock-in technique was used, the schematics of which is
illustrated in figure 3.8. The excitation consisted of a continuous-wave 976 nm laser. The
emission energy was spectrally resolved by a Thermo Fisher Nicolet iS50R F'TIR spectrometer
and recorded by a liquid nitrogen cooled HgCdTe detector. The system is confined in a

nitrogen environment to prevent absorption from water molecules.
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Figure 3.8 Schematics of the PL setup. The emission is collected by the optical path drawn
in yellow, and the red line represents the path of the alignment laser [40]. Reprinted from the
supplementary material of S. Assali, J. Nicolas, S. Mukherjee, A. Dijkstra, and O. Moutan-
abbir, “Atomically uniform Sn-rich GeSn semiconductors with 3.0-3.5 pm room-temperature
optical emission,” Applied Physics Letters, vol. 112, no. 25, p. 251903, jun 2018. [Online].
Available: http://aip.scitation.org/doi/10.1063/1.5038644, with the permission of
AIP Publishing.

3.3.3 Raman spectroscopy

Raman spectroscopy relies on the inelastic scattering of light with a material to give infor-
mation on its vibrational and rotational modes. In the case of solids, the energy difference
between the incident and scattered photons, called the Raman shift, corresponds to energy
absorbed (Stokes scattering) or emitted (anti-Stokes) via interaction with one or two phonons.
These scattering phenomena are depicted in figure 3.9, in addition to the elastic Rayleigh

scattering.

By analogy with photons, which are elementary oscillations of electromagnetic waves, phonons

are elementary mechanical waves and particles underlying the quantized nature of vibrations
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Figure 3.9 Energy diagram of light scattering phenomena

in solids. Their energy levels are discrete and characteristic to the material. For this reason,

the measure of phonon energies using Raman spectroscopy results in spectra providing a

wealth of information for the material under study. An example of the phonon dispersion

bands (the relation between their wavevector ¢ and frequency w) is illustrated for Ge in

figure 3.10, along with their distribution in energy (density of states).
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Figure 3.10 Phonon band diagram of Ge (left) and corresponding phonon density of states
(right) [147]. Reprinted by permission from Springer Nature Customer Service Centre GmbH:
Springer Nature, Group IV Elements, IV-IV and III-V Compounds. Part a - Lattice Prop-
erties by Collaboration: Authors and editors of the volumes I11/17A-22A-41A1a, Copyright

(2001).
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Figure 3.11 Phonon types in solids: (a) LA, (b) TA, (¢) LO, and (d) TO

Phonons are either acoustical (A) or optical (O), as illustrated in figure 3.11. The first case
describes a wave for which neighboring atoms in the unit cell move in phase. For infinitely
long wavelengths, this corresponds to a translation of the crystal: No energy is carried, and
the three acoustical branches reach 0cm™' at the I'(7 = 0) point. For optical phonons,

neighboring atoms move out of phase, which results in a finite energy for ¢ = 0.

A band diagram of a crystal with NV atoms in the primitive unit cell has 3N branches. The first
three branches are for acoustical phonons, whereas the next 3/N — 3 are optical branches. For
Ge, a diamond-cubic crystal with 2 atoms in the primitive unit cell, there are three acoustical
branches, degenerate at the I' point (0cm ™), and three optical branches, also degenerate at
the I’ point (300 cm™'). Phonons are additionally classified as longitudinal (L) or transverse
(T), depending on whether the displacement of atoms is parallel or perpendicular to the

propagation of the wave.

Not all phonons can be observed in the first-order Raman spectrum. In addition to energy

conservation (apparent in figure 3.9), interaction between photons and phonons must respect

momentum conservation. If k = 2 is the wavevector of the incident (k;) and scattered (k,)
photons, then

— —

ki=kstq (3.11)
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which means ¢ is approximately
41n

0<|q < —~ (3.12)
The incident light is usually produced by a laser in the visible or the near infrared. Conse-
quently, the wavelength A is much greater than a, and ¢ is very close to the center of the
Brillouin zone. (For instance, the L point on the edge of the Brillouin zone corresponds to a
wavevector ¢ = [T, T, 7]). For this reason, only optical modes near the I' point appear in the
first-order (single phonon) Raman spectra. The observation of other modes require processes
involving at least two phonons. Since the probability of such event is reduced, the intensity

of second-order peaks is usually much weaker.

It is possible to further investigate the nature of phonons by performing polarized Raman
measurements, where a set of polarizers is added on the optical path to select the incident é;

and scattered €; polarizations. The intensity of the scattered light is given by [107]

I, x|é R- €& (3.13)
where 5
X A
R=-% 3.14
20, (wo) (3.14)

is the Raman tensor. y is the electric susceptibility and @ is the vector displacement of
an atom induced by a phonon. R holds information about the crystal symmetry, and can
therefore be calculated by means of group theory. Si, Ge, a-Sn and their alloys belong to the

Oy, space group. The Raman matrices for the normal modes are then

a 0 0 00 0
Ryi=10 a O R:, =10 0
0 0 «a 0 ¢ O
b 0 0 00 c
Rpg=|00b 0 Ry, =10 0 0 (3.15)
00 —2b c 00
-3 0 0 0 ¢ 0
Rp=| 0 +3b 0 Ri,=|c 00
0 0 0 0 0

where a, b, ¢ are constants.

The combination of setup geometry and crystal symmetry determines whether the modes are

allowed (or Raman-active), if Iy # 0, or forbidden, if I, = 0. The axes convention is illustrated
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in figure 3.12. The scattering configuration is completely described by the direction and the
polarization of the incident and scattered photons, commonly written in the Porto notation:
ki (€, €5) ks.

[011] //7'

[100]//% 0011772

kincident l I kscattered

[011] //y’

\\
[010]//y

Figure 3.12 Definition of the coordinate system with respect to the main cristallographic axes.
(GeSn layers are grown on Si (100) wafers). Incident and scattered beams are both oriented
along z. Note that all measurements were performed in the backscattering geometry.

Instrumentation

Measurements are performed using an InVia Raman Microscope from Renishaw with a 633nm
laser and an 1800/mm grating. The wavelength choice is based on the enhanced signal-to-
noise ratio observed when the excitation energy is close to the material’s F; gap. A simplified
diagram of the setup is illustrated on figure 3.13. A polarizer is added in the optical path for
polarized Raman measurements. Moving an half-wave plate (HWP) in and out of the path

rotates the polarization by 90 °, which determines the component eliminated by the polarizer.
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Figure 3.13 Diagram of the Raman setup used in this study. Light is directed on the sample
and to the detector via a Rayleigh filter instead of a conventional beamsplitter.

3.3.4 Scanning electron microscopy

Visual inspections are important to assess the quality of the microfabrication process. How-
ever, structures of such small size cannot be observed with a conventional optical microscope.
In this work, the inspection of nanopillars and microdisks is performed using a scanning elec-

tron microscope (SEM).

The working principle of a SEM is illustrated in figure 3.14(a). Electrons are thermionically
emitted from an electron gun and accelerated by an electric field. One or several condenser
lenses focuses the beam to a spot size of the order of 1nm. The interaction of electrons
with the sample generates backscattered electrons, secondary electrons, auger electrons, X-
rays, and photons via cathodoluminescence. The current measured by the secondary electrons
detector (a common imaging mode) corresponds to the signal for one pixel. Finally, deflection
coils move the beam to scan a rectangular area on the sample surface, which forms an image.

The constrast is due to topography, chemical composition, or local charging of the surface.

The main advantage of an SEM is the fine spatial resolution. Even for state-of-the-art optical

microscopes, with numerical apertures NA = 1, the resolution

A
Res = —— (3.16)

is limited by the relatively large wavelength of the incident light in the visible (A ~ 500 nm).
Using electrons as the probe results in a much shorter wavelength. For instance, an electron
accelerated in a 5kV field has a DeBroglie wavelength of 0.017 nm. This means the resolution

of an SEM is limited by the spot size rather than the electrons wavelength.
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Figure 3.14 (a) SEM schematics. Reproduced with permission from https://commons.
wikimedia.org/wiki/File:Schema_MEB_(en) .svg. (b) The SEM used in this work.

Focusing electrons into a narrow beam makes for a long depth of field, which is useful for
rendering three-dimensional features. Furthermore, SEM imaging allows a very large range
of magnifications, often from 100 to 300000 times. For these reasons, SEM is widely used
to acquire images of micro and nano-sized structures. The electron beam of an FEI Strata

DualBeam-235, shown in figure 3.14(b) was used for most SEM images in this work.

3.3.5 Spectrophotometry

Spectrophotometry allows the quantitative measurement of optical properties, notably re-
flectance and transmittance of thin films stacks. It relies on the comparison of light intensi-
ties measured after interaction with the sample and a known reference, typically in a range
of wavelengths. For simple stacks, optical constants and films thicknesses can be retrieved

from the interference fringes visible on the spectrum.

A Lambda 1050 spectrophotometer from PerkinElmer was used to measure reflectance and
transmittance of microstructured GeSn samples. The absorptance could then be retrieved
using equation (3.7). The schematic of the instrument is exhibited in figure 3.15. The
combination of deuterium and tungsten-halogen sources allows to cover the 175 nm to 2500 nm
range. A single wavelength is selected via a pair of monochromators, and a chopper (BS)
sends the monochromatic light successively on the sample (S) and the reference (R). For both

reflection and transmission configurations, light is collected by either a photomultiplier tube
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Figure 3.15 Diagram of a PerkinElmer Lambda 1050 spectrophotometer

or an InGaAs detector inside an integrating sphere. A scan of over the wavelength range is
accomplished by rotation of the monochromators. A removable port in the sphere is placed
in the direction of specular reflection, allowing the quantification of specular and diffused
components. For reflectance measurements, the sphere internal material (Spectralon®)) is

used as a reference, whereas air (i.e. no sample) is used as a reference for transmittance.

3.3.6 X-ray diffraction

X-ray diffraction (XRD) allows direct measurement of the interatomic lattice constant [148].
This is useful for the characterization of crystals, especially thin films grown via epitaxy,
as information such as strain, degree of crystallinity and composition can be deduced from
the diffraction spectrum. This explains why XRD is widely used for the characterization of

group IV materials [39,41,44,61,71,72,149-153].

The technique relies on the interference between an incident X-ray beam and elastically

scattered photons from the sample, as illustrated in figure 3.16. Signal is maximized for
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Figure 3.16 Condition for constructive interference for the plane (hkl)

constructive interference which occurs for specific angles 6 described by Bragg’s law,
mA = 2a, sin6 (3.17)

where m € N* and a is the out-of plane lattice constant. Scanning over a range of angles
results in a diffraction spectrum. In a standard 260 — w scan, the sample and the detector
both rotate so that the angle of the scattered beam entering the detector remains equal
to the angle of incidence. Reciprocal space maps (RSM), obtained by scanning over two
distinct orientations, allow to decouple contributions to the diffraction peaks. In the case of
substitutional solids such as GeSn, composition and strain (y,e) can be extracted from two
coordinates of the peak position in the reciprocal space (¢,,q.). While the lattice constant
is measured directly, the determination of y and ¢ is based on assumptions for the Poisson
coefficient, the ratio of elastic constants Cj5/Cy1, and the equilibrium lattice constant in
equation (2.1). XRD measurements presented in this work were performed on a Bruker D8
Discovery, using the K,; line (A = 1.5406 A) of a copper source. y and & were calculated
from peak positions in RSM using a bowing parameter of b%°" = 0.041 A [48]. While
this technique is highly beneficial for bulk material, the millimeter-size spot in conventional
XRD makes it less suitable to the study of micro and nanostructures. Smaller spot sizes

(< 100nm x 100nm) can be obtained with a synchrotron [154], which is known as nano-
beam XRD.

Characterization techniques presented in this section are commonly used to evaluate material
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properties of semiconductors. In particular, XRD is central to evaluate the chemical compo-
sition and strain of GeSn alloys, which are crucial parameters affecting the band structure.
The next chapter demonstrates that these two parameters can also be extracted for films and

microstructures by employing Raman spectroscopy.
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CHAPTER 4 GERMANIUM-TIN RAMAN VIBRATIONAL MODES

A deep understanding of the vibrational modes is required to consider using Raman spec-
troscopy as a reliable characterization technique for GeSn alloys. However, almost all previous
studies focused on the effect of either Sn composition or strain for the main Ge-Ge peak. The
objective of the current chapter is to thoroughly investigate the behavior of Ge-Ge, DA, Ge-
Sn, as well as Sn-Sn like vibrational modes as a function of both Sn composition and strain.
The decoupling of the two contributions was made possible using both pseudomorphic and

relaxed layers with Sn contents in the 5at.% — 17 at.% range.

4.1 Growth of GeSn samples

The investigated GeSn samples were grown on 0.6 pm — 1.1 pm-thick Ge-VS on 4-inch Si
(100) wafers. The Sn content (y), the residual in-plane strain

= "% (4.1)
Qo
and the degree of strain relaxation
) a[ﬁeSn afe—vs )
~ gGesn afefvs :

for all layers listed in table 4.1 were estimated from high-resolution XRD RSM measure-
ments. Two sets of pseudomorphic and relaxed GeSn layers were investigated in this study,
in addition to layers with intermediate strain relaxation. For the pseudomorphic GeSn series,
a 4.0 at.% BL was first grown at 350 °C, then the temperature was decreased to grow the TL
at a higher Sn content in the 9at.% — 13 at.% range (samples A-D). The other parameters
were kept constant during growth. Figure 4.1(a) exhibits a typical scanning TEM (STEM)
image for sample D with a 50 nm-thick TL (13 at.%) on a 45 nm-thick BL (4at.%). The cor-
responding RSM map in figure 4.1(b) shows that GeSn BL and TL are pseudomorphic with
respect to the Ge-VS, corresponding to a relaxation below 5 %. Similar relaxations were esti-
mated for all samples regardless of growth temperature. The presence of interference fringes
in figure 4.1(b), also observed in the 20 — w scan around the (004) XRD order?, indicates a
high degree of crystallinity.

IThe planes are grown parallel to the (001) substrate, and lower orders (001), (002) and (003) produce
no diffraction peak because the structure factor is zero (systematic extinctions).
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Table 4.1 List of samples investigated in this work. The growth temperature 7', the composi-
tion and strain values as estimated from XRD and Raman measurements are shown, as well
as parameters extracted from the fits.

T YXRD YRaman EXRD ERaman WSn—Sn WGe—Sn WpA WGe—Ge tGe—G’e

Sample CC) (at%) (at.%) (%) (%) (em™) (em~}) (em~Y) (em=l) (cm-Y)
A 310 8.8 9.3 -1.17 -1.30 182.9 260.2 290.7 299.0 1.59
Pseudo- B 300 10.6 10.1  -1.39 -1.40 181.5 259.4 291.2 298.8 1.65
morphic C 290 12.0 11.8 -1.60 -1.64 180.8 258.8 2914 298.6 1.76
D 280 13.0 13.3 -1.79 -1.84 179.8 258.6 291.7 298.3 1.86
E 330 6.8 71 -0.14 -0.19 181.9 256.6 288.9 295.4 1.41
Relaxed F 320 8.8 83 -0.25 -0.13 179.7 255.5 288.0 294.1 1.48
G 310 10.9 114 -0.30 -0.41 178.1 254.8 287.0 292.9 1.68
H 300 13.2 13.2 -0.39 -0.51 176.3 254.5 286.6 291.9 1.79
I 340 4.6 4.1 -0.23 -0.03 183.2 259.2 289.4 297.2 1.22
J 300 13.3 13.2 -0.33 -0.36 175.1 254.3 286.1 291.1 1.78
Other K 280 15.4 16.1 -1.17 -1.32 175.6 254.9 287.9 293.4 2.00
L 280 16.0 16.1 -1.41 -1.25 175.2 254.8 287.8 293.1 2.00
M 280 16.1 17.2  -1.16 -1.38 175.0 254.5 287.4 292.8 2.07
N 280 16.9 149 -1.27 -0.85 173.7 254.1 287.4 292.1 1.90

For the relaxed series, 500 nm — 700 nm-thick GeSn layers were grown at a fixed temperature
in the 330 °C — 300 °C range, leading to a composition in the 7at.% — 13 at.% range (samples
E-H). In the TEM image for a 13 at.% Sn layer (figure 4.1(c)) dislocations are mainly observed
within the first 200 nm — 300 nm of the GeSn layer [41]. The associated RSM map shows
strong broadening along ¢y resulting from plastic relaxation (figure 4.1(d)), with an estimated
relaxation exceeding 75 % in all samples (figure 4.1(e)). The reduced compositional grading
at thicknesses above 300nm leads to a uniform strain and composition profile. The Sn
content for pseudomorphic and relaxed sets are plotted in figure 4.1(f) as a function of growth
temperature 7. An increase in Sn content of 1.3 + 0.3 at.% for every 10 °C decrease in growth
temperature is observed for pseudomorphic samples, while a higher rate of 2.1 +0.2at.%/ —
10°C is estimated for relaxed layers, resulting from enhanced strain minimization during
growth [41,53]. In addition to pseudomorphic and relaxed sets of samples described above,

Raman analysis was extended to six other samples of various values of strain and composition

(table 4.1).
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Figure 4.1 Pseudomorphic and relaxed GeSn sets of samples. (a-b) STEM image (a) and
RSM around the asymmetrical (224) reflection (b) for the pseudomorphic sample D. (c-d)
TEM image (¢) and RSM map (d) for the relaxed sample H. (e-f) Relaxation ratio (e) and
Sn content (f) as a function of the growth temperature.

4.2 Fitting procedure

While Voigt or Lorentzian [57] functions are commonly used to fit Raman peaks, they can-
not reproduce the asymmetric behavior that is typical to Raman modes of semiconductor
alloys [134,155]. This asymmetry is due to alloying as the substitution of Sn atoms in the
lattice breaks the translational symmetry and leads to a relaxation of the ¢ = 0 momentum

selection rule [156]. To better reproduce the line shape of LO modes, exponentially modified
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gaussian (EMG) functions [35, 157

A 1 /WN\? w—w, W — We w
[(w):1'0+2texp<2 (t) + ; )(erf(— \/§W_\/§t>+1> (4.3)

were employed. Here, Ij is an offset, A represents the peak area, W its width and ¢ is related

to its asymmetry. For an asymmetric profile, the central frequency w,. is different than the
frequency at which the peak reaches its maximal value. Note that extracted peak positions
correspond to wavenumbers of maximal intensity. For the Ge-Ge, Ge-Sn and DA modes,
the fitting procedure was performed on the 200cm™! — 360 cm™! range. After removal of
the baseline, the line shape was fitted with three EMG functions. The Sn-Sn like mode was

fitted with a single EMG.

4.3 Identification and quantitative behavior of the Raman modes

Micro Raman scattering spectroscopy was performed with a 633 nm laser. In other studies,
the use of shorter wavelength laser was sometimes justified by the need for a shallower pene-
tration depth to avoid the background signal from underlying Ge or GeSn buffer layers [132].
This is not a concern here even when a 633 nm excitation laser is used. Indeed, thicknesses
measured from transmission electron microscopy (TEM) are larger than the laser penetra-
tion depth estimated from ellipsometry (=~ 30 nm for y = 10 at.%), meaning that a negligible
contribution from the underlying layers to the measured Raman signal is expected. Thus,
in partially relaxed layers only the top region of the sample with a uniform composition is

probed by the laser.

Figure 4.2(a-b) displays representative polarized Raman spectra, recorded for sample F
(y = 8.8at.%, e = —0.25%). For comparison, polarized Raman spectra of a Ge-VS are
also displayed in figure 4.2(c). For both samples, the main Ge-Ge mode (= 300cm™?) is
much stronger under x(2'z")z and x(zy)x configurations as compared to z(zz)z and z(z'y")z
configurations, which is consistent with the selection rules of LO phonons. For the GeSn
layer, the Ge-Sn LO mode [35,130] (dotted vertical line) shows the same behavior. The
shoulder visible on the low wavenumber side of the Ge-Ge peak (dashed vertical line) is
related to a DA mode attributed to a maximum in the one-phonon density of states in
Ge [35,158,159]. Its presence becomes more apparent under z(zz)Z configuration because of
the low intensity of both adjacent LO modes. This additional contribution is accounted for
in the fit of Raman spectra, which provides an accurate identification of the characteristics
of each mode. An example of a fitted unpolarized spectrum is displayed in figure 4.2(d). In

addition, second-order Ge-Ge modes are also detected in z(z'2’)z and x(z2)z configurations
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Figure 4.2 (a-b-c) Raman signal of GeSn (sample F) (a-b) and Ge-VS (c) for different po-
larizations. (d) Fit of the Ge-Ge, DA, and Ge-Sn modes for sample F. The coefficient of
determination R? is between 0.9962 and 0.9994 for all samples.

for the Ge-VS (2TA between 100 cm™" and 250 cm™! [130,160], TO+TA near 350 cm™! and
2LA near 380cm™! [161]). These modes also appear with the same selection rules in the
GeSn sample, as well as an additional mode near 180 cm ™! (dash-dotted vertical line). Since
this peak doesn’t follow the selection rules of a LO mode, it cannot be straightforwardly
assigned to the Sn-Sn mode expected near this frequency [162,163]. The small intensity of
Sn-Sn vibrations, if present, is believed to be hindered by another mode, attributed to a DA

peak, because its frequency coincides with a maximum in the phonon density of states of
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Ge [35,159,164] and its intensity for the different polarizations changes in a similar fashion

as for the DA peak near 280 cm™!. For this reason, we refer to this mode as Sn-Sn like, in

concordance with references [35,130].

Raman spectra of pseudomorphic and relaxed GeSn samples with variable Sn compositions
are displayed in figure 4.3. Interestingly, as Sn content increases, the peak positions in
pseudomorphic layers remain almost unaffected by the change in Sn content (4.3(a)), whereas
a progressive shift to lower wavenumbers is observed for both modes in relaxed layers (4.3(b)).
Due to the relatively larger atomic mass of Sn, when a significant amount of Sn atoms is
incorporated into the Ge lattice, a downshift of the Ge-Ge and Ge-Sn modes is expected. This
behavior is visible in relaxed layers, while in pseudomorphic layers this anticipated downshift

is counterbalanced by the upshift associated with the increased compressive strain due to the
higher Sn content in the lattice.
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Figure 4.3 Ge-Sn and Ge-Ge modes recorded for pseudomorphic (a) and relaxed (b) series
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4.4 Decoupling of strain and composition effects

Examples of three-dimensional plots of the Raman shifts w (black spheres) for Ge-Ge and Ge-
Sn modes as a function of Sn content and strain are shown in figure 4.4(a-b). The measured
data points belong to the same planes, which can be described by two-dimensional linear
regressions

w=wo + ay + be (4.4)

where wy is a characteristic wavenumber, and a and b are fitting parameters. The linear
behavior is expected from phonon deformation potential theory [111]. Resulting fits, super-

imposed on the scatter plots, and the projections on the 2D space in figure 4.4(c-d) confirm
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Figure 4.4 Fit results. (a-b) Planar regressions for the position of Ge-Ge (a) and Ge-Sn (b)
modes. (c-d) Projections of planar regressions for the four modes in a 2D space. The vertical
axis corresponds to the Raman shift (or the asymmetry parameter) corrected with the effect
of strain (c¢) or composition (d). The subscript i is a placeholder for the names of the modes.
The lines correspond to side views of the planes. (e) Normalized Ge-Ge modes for increasing
Sn contents. All functions were plotted with w. = 300 cm™! for comparison purposes.
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that the linear regressions accurately represent the behavior of the four peaks in all studied
samples. Fitting coefficients are listed in table 4.2 and errors are calculated considering 95 %
confidence intervals. R? being larger than 0.94 and the relatively small errors on both a and
b slopes indicate that the planar fits describe adequately the modes distributions. Further-
more, the calculated wy ge—cge is equal to the value obtained for bulk Ge and a and b slopes
are comparable to those found in earlier studies for the Ge-Ge mode [57,134]. As for the
Ge-Sn mode, a and b values are slightly higher than those of Ge-Ge mode. However, the
slopes of all four peaks are remarkably close and sometimes overlap when considering the

uncertainties.

The behavior of the integrated intensity, width, and asymmetry of each one of these vibra-
tional modes was also evaluated. We found that an increase in Sn content is associated with
an increase in the relative integrated intensity of the Ge-Sn and DA modes. The latter also
increases as layers become more compressively strained. Furthermore, we also noticed that
the full width at half maximum (FWHM) of both Ge-Ge and Ge-Sn peaks increase with
higher Sn content and higher relaxation, as expected from the increase in lattice disorder. As
for t of the Ge-Ge peak, included in table 4.2, it increases with Sn content with a relatively
strong correlation (R? = 0.9533), as shown in figure 4.4(c). The strain, however, has no
measurable impact on ¢ (figure 4.4(d)). The increasing asymmetry of the Ge-Ge mode due to
Sn incorporation is visible in figure 4.4(e). This explains why the DA peak is less prominent
for samples with high Sn contents. The increase of the Ge-Ge peak asymmetry, together with
a shift of the peak position to lower wavenumbers, results in a larger superimposition of the
two contributions. Nevertheless, this superimposition remains partial and it is still possible
to discriminate them, as confirmed by the high R? obtained in the two-dimensional linear

regressions.

Table 4.2 Results of the two-dimensional linear regressions performed for the position of each
mode and for the asymmetry parameter of the Ge-Ge peak.

Regression wp or tp (cm™) a (cm™) b (cm™!) R?
WGe—Ge 300.4 4+ 0.9 —84+8 —491 +52 0.9820
Wpa 291.3 + 0.7 —494+7 —347T4+45 0.9685
Wae—Sn 261 +£1 —68+11 —347+69 0.9485
W s 188 + 1 10449 —292459 0.9822

tGe—Ge 1.0+0.1 61 —5+7 09533
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4.5 Framework for the extraction of Sn composition and strain

Any pair of equations describing peak positions as a function of y and & would technically be
sufficient to estimate composition and strain of a GeSn layer based on its Raman spectrum.
However, since positions of all modes evolve similarly, this becomes challenging based solely
on peak positions. In fact, due to comparable a and b slopes, the strain and composition
estimation obtained when solving equations (4.4) for a pair of peaks will be highly dependent
on small changes in the input parameters w. However, as previously stated, composition and
strain also affect peak areas, widths, and asymmetry. For instance, the two-dimensional
linear regression of tge_ge results in a and b coefficients that are very different from those
obtained for peak positions (table 4.2). Therefore, composition and strain of GeSn alloys can
be extracted directly by solving a set of two equations describing the behavior of the peak

position and asymmetry of the main Ge-Ge mode
W@e—Ge = W0,Ge—Ge + a"g’e—Gey + bUCJr'e—G’eg (45>

tGe—Ge = to,Ge—Ge + Uge_ely + Vie_cie€ (4.6)

This approach allowed to retrieve values which are close to those measured by XRD), as shown
in table 4.1. This is a clear demonstration that combining peak position and asymmetry is
sufficient for an accurate analysis of strain and composition in GeSn semiconductors using Ra-
man spectroscopy. To test this approach, Raman line-scans were carried out on under-etched
GeSn microdisks (not shown). The model enabled the evaluation of the bulk composition
with an accuracy of 5at.% in addition to providing the local residual strain across the mi-
crodisks, thus clearly demonstrating the relevance of micro Raman spectroscopy to probe

local composition and strain in individual GeSn micro-structures.
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CHAPTER 5 MODELING OF THE OPTICAL PROPERTIES OF
GERMANIUM-TIN NANOPILLAR ARRAYS

Engineering light absorption in GeSn structures is crucial to enhance their basic device per-
formance for a variety of applications such as photodetectors and solar cells. With this
perspective, this chapter outlines our effort to understand the interplay between dimension
and light absorption. It is well-established that texturing a surface to reduce its reflectivity is
a key strategy to tune the optical properties. For instance, etching Si to form nanostructured
black Si allows to increase the conversion efficiency of photovoltaic devices [165]. Similarly,
the fabrication of vertically aligned carbon nanotube arrays results in record-breaking low
reflectance materials (0.045 %) [166]. Moreover, tapered nanostructures are even found on

moth eyes to maximize the amount of detected light [167].

Incident light on a surface is either reflected or transmitted. According to equation (2.2), a
larger difference between refractive indices at the interface results in a greater reflection. Since
semiconductors typically have large refractive indices [92], this limits the efficiency of planar
photodetectors. The central idea of this chapter is to improve the coupling of the incident
light into the GeSn active region and therefore to increase its absorptance. However, since
GeSn layers have finite thicknesses, optimizing the performance requires a balance between
removing matter to structure the interface while still preserving enough of the absorbing
material. In this regard, the effect of key geometrical parameters on the overall absorptance
of GeSn nanopillar arrays is studied via FDTD simulations. Their properties are compared
with those of GeSn thin films obtained analytically by the transfer matrix method. More
specifically, the nanopillars diameter (d), pitch (u), height (h) will be addressed, as well as
the dependence on wavelength (A) and angle of incidence (#), for samples of different Sn
contents. Note that the Si wafer was ignored in the simulations at this point, since it is
transparent above A = 1.1 pm. Interference fringes associated with a thick Si layer would

impede the detection of trends.

5.1 GeSn n and k&

Simulations were conducted using optical constants n and k of GeSn layers with y = 10at.%
and y = 14at.% Sn contents. These were extracted from ellipsometry measurements and
are displayed in figure 5.1. As expected, a higher Sn content is associated with an increased
absorption (o< k) and slightly shifted to longer wavelengths. Constants for Ge are from
Palik [168]. Simulations focused on the region of higher absorption 1.6 pm — 3.2 pm given
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Figure 5.1 Measured refractive indices of GeSn layers in the infrared range

its relevance for applications mentioned in section 2 and the availability of characterization

techniques for comparison with experimental data.

Figure 5.2 shows the optical properties of 1pum-thick GeSn films calculated using optical
constants of figure 5.1. Reflectance is constant at almost 40 % throughout the range in both
cases. Unsurprisingly, the absorptance is reduced for longer wavelengths, which translates as

an increased transmittance. Fundamentally, the idea of structuring the layer into nanopillars

GeSn 10% " GeSn 14%

20}

1.6 2 2.4 2.8 3.2 1.6 2 24 2.8 3.2
Wavelength (um) Wavelength (um)

Figure 5.2 Optical properties of 1 pm-thick GeSn films deposited on Ge
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is to lower the reflectance so that a larger fraction of the light passes through the layer and

interacts with the absorbing material.

5.2 Effect of pattern geometry for 10 at.% GeSn

The pattern geometry is defined on the EBL mask before the etching procedure. This includes
parameters such as the nanopillars shape and size, as well as the array type and nanopillars
spacing (the pitch). In this section, we consider 1pm-long cylindrical pillars of various

diameters forming square and hexagonal arrays with a large range of pitches.
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Figure 5.3 Effect of diameter and pitch on the absorptance of 1 pm-long 10 at.% GeSn pillar
square arrays. 2D mapping for (a) A = 1.6pum and (b) A = 2.0um incident light. (c)
Diameter dependence (u = 1.55pm). (d) Pitch dependence.



51

First, the combined effect of diameter and pitch has been studied for square arrays of fig-
ure 3.2(a-b). The absorptance maps obtained are displayed in figure 5.3(a-b). The validity
of calculations can be assessed notably by analyzing both d < u and d > u regimes. FDTD
yields respectively A = 7.946 x 107° and A = 0.269 at A = 1.6 um, whereas the transfer
matrix method gives A = 0.0128 for a single Ge layer and A = 0.274 for a GeSn/Ge stack.
While the agreement is very good in the second regime, the difference observed between ab-
sorptance values in the first regime are due to distinct interpolation methods used in FDTD
and analytical calculations. Since the wavelengths in the Ge dataset from Palik are ~ 100 nm
apart in the SWIR, the interpolation method can affect k£ values which are close to 0. How-
ever, this has a very limited impact on the overall absorptance of the arrays since k values
of GeSn are larger by many orders of magnitude. The pillars are responsible for practically

all the absorption, while Ge is virtually transparent over A = 1.6 pm.

Maximal absorptances of 65.9% and 59.6 % are achieved at A = 1.6pm and A = 2.0 pm
respectively. This is more than twice the values obtained for GeSn thin films (27.4 % and
22.1%), which demonstrates the relevance of structuring to improve the performance of op-
tical devices. However, one key observation is that the absorptance is enhanced for specific
diameters only, for which light couples more effectively into the array. These resonance modes
occur for diameters separated by A/4, as highlighted in figure 5.3(c). Following this argu-
ment, one would then expect to find an additional peak near d = 1.5um for A = 1.6 pm. In
reality, the improved coupling is hindered by an increased reflection at the interface when
the diameter becomes comparable to the pitch. The A/4 spacing of resonance modes also
means they appear at larger d for longer A, as illustrated on figure 5.3(c). This has im-
portant consequences for spectral tunability, as discussed below. Peaks for A = 2 pm reach
lower absorptances because of the decrease in absorption coefficient (o< k) with increasing
wavelengths. As for the pitch, it has a minor impact on resonance modes, since they occur
at similar d for increasing u. Still, the pitch has an important influence on the absorptance.
For longer u, there is a smaller volume of GeSn, resulting in a progressive diminution of the
absorptance, as shown in figure 5.3(d). In addition, simulations show a slight absorptance

enhancement when u = A, as observed in figure 5.3(a).

The resonance modes diameter-dependence means larger pillars absorb light at proportion-
ally longer wavelengths, as exhibited in figure 5.4. For instance, the absorptance peak for
450 nm pillars reaches its maximum at 2.3 pm, or 0.6 pm further than for 300 nm pillars. This
behavior could allow the design of tunable wavelength photodetectors. For even larger 575 nm
diameters, the absorptance enhancement due to better coupling with the pillars compensates
the reduction in k for longer wavelengths. This results in a leveling of the absorptance profile

compared to bulk, which is more suited for broadband detection.
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Figure 5.4 Spectral absorptance of 10at.% GeSn pillar square arrays (v = 1.1 pm) compared
with a thin film (planar geometry). Numbers refer to the pillars diameters.
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Figure 5.5 Effect of diameter and pitch on the absorptance of 1 pm-long 10 at.% GeSn pillar
hexagonal arrays. 2D mapping for (a) A = 1.6 pm and (b) A = 2.0 pum incident light.

The aforementioned results were obtained considering square arrays. However, simulations
performed over hexagonal arrays (figure 5.5) yield very similar values. For instance, resonance

modes occur for identical diameters and absorptance maximums are within a 1% margin.
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In fact, this is consistent with the resonance modes low-dependence on the pitch. While the
plane symmetry group doesn’t have a major impact on the absorptance, the importance of

the distance between pillars and the fill factor still apply.

5.3 Effect of pattern geometry for 14 at.% GeSn

Optical properties of 14at.% GeSn nanopillar arrays were also calculated to evaluate the
impact of Sn content. Absorptance maps in figure 5.6 show a similar behavior as those of
10 at.% GeSn pillars in figures 5.3 and 5.5, i.e. peaks corresponding to resonance modes and a
decrease in intensity for longer pitches. Again, square and hexagonal arrays yield comparable

results.

The main difference between 10at.% and 14 at.% arrays is the wavelength dependence. For
the latter, the absorptance maximum at A = 2.0 pm (87.2%) is higher than at A = 1.6 pm
(78.4%). The opposite was observed in the case of 10 at.% nanopillars. This is consistent with
the optical properties of thin films displayed in figure 5.2, where the maximal absorptance of
14 at.% GeSn is higher and reached at longer wavelengths than for 10 at.% GeSn. Absorptance

values are summarized in table 5.1.

Table 5.1 Maximal absorptance of nanopillar arrays compared with thin films

Material Wavelength  Thin film Nanopillars Difference Ratio

A= 160pm  274% 65.9%  +385% x241
GeSn 10a6%  \ _ 9 03um  22.1% 59.6%  +37.5%  x2.70
A= 1.60pm  421% 784%  +363%  x1.86
GeSn 14at% ' _ o' 0sim  51.8% 87.2%  +35.9%  x1.70

Interestingly, the maximum improvement is between 36 % — 39 % in all cases, which corre-
sponds to the reflectance of thin films in figure 5.2. While absorptances achieved are greater
for 14 at.% than for 10at.% GeSn pillars, the enhancement factor is slightly inferior (< 2x)
for the former, since the absolute gain in absorptance cannot surpass the loss of reflectance.
This shows that structuring the layer into nanopillars is an effective way to absorb the power

otherwise reflected by bulk layers.

The spectral absorptance of 14 at.% GeSn pillars arrays is displayed in figure 5.7. As opposed
to 10at.% GeSn pillars in figure 5.4, changing the diameter doesn’t lead to a clear spectral
tunability. In fact, the absorptance enhancement due to resonance modes is hindered by

considerable changes of the absorption coefficient. A shift of peaks as observed in the case of
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Figure 5.6 Effect of diameter and pitch on the absorptance of 1 pm-long 14 at.% GeSn pillar (a-
b) square and (c-d) hexagonal arrays. 2D mapping for (a-c) A = 1.6 pm and (b-d) A = 2.0 pm
incident light.

10 at.% GeSn pillars require constant or slowly varying k over the wavelength range. Never-

theless, structuring the layer into pillars is still relevant to increase the overall absorptance.
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Figure 5.7 Spectral absorptance of 14 at.% GeSn pillar square arrays (v = 1.1 pm) compared
with a thin film (planar geometry). Numbers refer to the pillars diameter.

5.4 Effect of height

Simulation results in previous sections showed a considerable absorptance enhancement when
a 1 pm-thick GeSn layer is structured into cylindrical nanopillar arrays. The present section
will address the impact of pillars height. Whereas the array pattern is defined by lithography,
the pillars height is determined by the initial GeSn layer thickness and the etch depth.

5.4.1 Complete etch of the GeSn layer

The absorptance was evaluated for square arrays with pillars up to 4 pm-high. A pitch of
1.1pm and a diameter of 350 nm were chosen to extend the analysis of resonance modes
shown in figures 5.4 and 5.7. The progressive increase in absorptance is visible in figure 5.8,

along with a comparison with a planar geometry.

As the thin film becomes thicker, the reflectance remains constant, while a progressively larger
proportion of the light transmitted at the interface is absorbed in GeSn. This ultimately
results in a practically null transmittance and a saturation of the absorptance at =~ 60 %.
In the case of nanopillars, the progressive increase in height leads to a quick rise of the
absorptance below h =~ 1um for both 10at.% and 14 at.% GeSn. The augmentation rate

diminishes above 1 nm and eventually a plateau is reached. The reduced reflectance means the
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Figure 5.8 Absorptance as a function of pillars height (v = 1.1 pm, d = 350 nm). (a) Spectral
absorptance of 10at.% GeSn pillars. (b) Comparison with bulk at A = 1.920 pm (dotted
line in (a)). (c) Spectral absorptance of 14at.% GeSn pillars. (d) Comparison with bulk at
A = 2.046 pm (dotted line in (c)).

saturation of the absorptance occurs at higher values of 90 %. While the maximal absorptance

is the same for 10at.% and 14 at.% GeSn, the plateau is reached for shorter pillars for the
latter.

The rise of absorptance for nanopillar arrays can be better understood by analyzing its
behavior for lower k, longer wavelengths regimes, such as A = 2.229 um in figure 5.9. For
nanopillars, local maxima separated by ~ 0.8pm are observed. This local enhancement

presumably corresponds to the excitation of Fabry-Pérot modes in the vertical cavity. Indeed,
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a new mode is allowed when the following condition is met

A
m
2Mesy

h= (5.1)

where m € N* and n.yy is the effective refractive index. For instance, modes located prefer-

entially in air (n = 1) would be

Ah =

— =111 5.2
T jm (5.2)

apart. It is likely n.ss is in fact slightly higher, which would explain features observed in
figures 5.9. The behavior of the nanopillars absorptance in figure 5.8(b,d), and especially the
local maximum near h = 1.3 pm for 10at.% GeSn then result from combination of Fabry-

Pérot cavity modes and increased absorptance due to a larger absorption volume.

A similar reasoning can be applied to the interpretation of interference fringes observed for
bulk 10at.% GeSn layers (n = 4.145 at A = 2.229um). This yields Ah = 0.269 pm, which

corresponds to the shorter period mesured for oscillations on figure 5.9.

To sum up, structuring layers into nanopillars is thus relevant for thicknesses > 1pm, but
this is only the case for combinations of (A,d) corresponding to resonance modes. In other
regimes (such as the one depicted in figure 5.9), higher h also improves the absorptance,

but the performance of pillars doesn’t necessarily surpass that of thin films. In addition,
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structuring a layer with h < 1 pm does not improve significantly the absorptance.

5.4.2 Partial etch of the GeSn layer

Until now, pillars such as those in figure 3.2 have been considered, i.e. for which no GeSn re-
mains between the pillars. In this section, the partial etching of the GeSn layer, as illustrated
in figure 5.10(a), will be addressed. Simulations were performed for an initial 1 pm-thick GeSn

layer. In the case of 10at.% GeSn pillars, the partial etch of the layer results in intermediate
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Figure 5.10 Absorptance as a function of etching depth for a 1pm-thick film (v = 1.1 pm,
d = 350nm). (a) Side-view of the simulation domain. (b) Absorptance as a function of
etching depth for specific wavelengths. (c-d) Spectral absorptance of (c¢) 10at.% GeSn and
(d) 14 at.% GeSn pillars. Vertical lines correspond to wavelengths indicated in (b).
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absorptance between that of a 1 pm-thick film and 1 pm-high pillars, as shown in figure 5.10.
The complete removal of GeSn between the pillars still offers the higher performance. The
peak shift to longer wavelengths, also observed in figure 5.8(a), is thought to be only a mat-
ter of peak intensities: for increasing depths H, the absorption occurs preferentially at the
resonance wavelength, and the loss of material diminishes the contribution of bulk to the

overall absorptance.

For 14 at.% GeSn, the same behavior is observed at the resonance wavelength (dashed line for
A = 2.046 um), i.e. the absorptance maximum is reached for the deepest etch. However, this
is not the case for off-resonance wavelengths (dotted line for A = 1.809 pm). This means a
partial etch can be relevant to reduce reflection at the interface and increase the absorptance
of a thin film.

5.5 Angular performance

As demonstrated above, structuring a GeSn layer into nanopillars is beneficial for the ab-
sorptance of light at a normal incidence. The impact of non-zero angles of incidence 6 will
now be addressed for the same specific geometry, i.e. a square array of pillars with a 350 nm

diameter and a 1.1 um pitch.

One could expect the pillars to preserve their advantage over bulk for steeper angles, since
photons can be reflected towards other pillars. In reality, figure 5.11 shows the absorptance
is highly dependent on the polarization. s-polarized light couples better with the nanopillar
arrays than p-polarized light, whereas the opposite is observed for thin films. In this case,
the absorptance of p-polarized light increases progressively until it reaches its maximum near
the Brewster angle

n
f0p = arctan (Gesn>

Nair (5:3)
which is approximately 6z = 77° for both 10at.% and 14 at.% GeSn near A = 2.0um. On
the other hand, the absorptance of s-polarized light continually decreases from 8 = 0° to 90 °.
As a result, the advantage of pillars over bulk remains valid for increasing angles in the case

of s-polarization, whereas a crossover is observed near § = 40 ° for p-polarization.

Numerical simulations presented in this chapter suggest a dramatic increase of the absorp-
tance when a GeSn layer is structured into an array of nanopillars. In the next chapter,
such arrays are microfabricated and their optical properties are measured to experimentally

confirm this behavior.
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Figure 5.11 Absorptance as a function of angle of incidence (v = 1.1 pm, d = 350nm). (a)
1.0pm pillars in 10at.% GeSn. (b) 1.0pm pillars in 14at.% GeSn. (c) 1.5pm pillars in
10at.% GeSn. (d) 1.5 pm pillars in 14 at.% GeSn.
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CHAPTER 6 FABRICATION OF GERMANIUM-TIN
MICROSTRUCTURES

In previous chapters, the microstructuring of GeSn layers was suggested to improve their
optical properties. For instance, calculations in section 2.1 propose emission at even longer
wavelengths can be achived via the release of strain. In this chapter, suspended microdisks
are developed for this purpose. In addition, nanopillar arrays are fabricated to experimentally

confirm the absorptance enhancement predicted in chapter 5.

6.1 GeSn nanopillars

6.1.1 Starting material

To allow for subsequent characterization with the spectrophotometer, both sides of the sample
should be optically smooth to ensure specular reflection at the back interface. A double side
polished Si(100) 4 inch wafer was thus used as a substrate for the epitaxy. A thick GeSn
layer was grown at a constant temperature of 320°C on a 1.31um Ge-VS. The progressive
expansion of the lattice constant during the growth resulted in a grading of the Sn content,
visible as a broadened GeSn peak at 65° in the XRD scan on figure 6.1(a). Two main regions
of 6.8 at.% and 9.2 at.% were identified based on peak positions extracted from the RSM map
on figure 6.1(b).
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Figure 6.1 XRD scan (a) and RSM (b) for a thick GeSn layer on Ge on double side polished
Si wafer
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Table 6.1 Ellipsometry optical model and extracted thicknesses (Tnot measured)

Modeled layer Thickness
Surface roughness  10.0nm
GeOy 1.49nm
GeSn 1146 nm
Ge 1280 nm
Si 500 pmf

Ellipsometry characterization was performed to extract the optical constants of the GeSn

layer and the thicknesses of the stack, displayed in table 6.1. This information, coupled with

optical constants of Ge and Si from ref. [168], allowed the calculation of the sample’s optical

properties, showed in figure 6.2. There is quite a good agreement with those measured

directly via spectrophotometry. The reflectance oscillates around 40 %, a value similar to
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Figure 6.2 Optical properties of the bulk sample compared with those of a Ge-VS on Si
and a Si wafer. GeSn properties were measured via spectrophotometry (black curves) and
calculated from ellipsometry data (red curves). The absorptance of the Ge-VS on Si (green
curve) and the Si wafer (blue curve) were calculated with the data from ref. [168]. Solid
curves represent absorptance, dotted curves, the transmittance, and dashed-dotted curves,

the reflectance.
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that of the other samples calculated in chapter 5. The Si substrate absorbs all the light
below 1.0 pm, resulting in null transmittance. Figure 6.2 also presents a comparison with the
absorptance of a Ge-VS on Si and a bare Si wafer. Above 1.6 pm, neither Si or Ge absorb
light, and the absorptance all occurs in the GeSn layer. The progressive diminution of k for
longer wavelengths results in an increase of T and a decrease of A for GeSn. Note that the
bare Si wafer has the highest absorptance below 1.0 pm because its lower n is associated with

a reduced reflectance.

Furthermore, the oscillations with a period in the order of 100 nm are interference fringes
which arise from reflection at the Ge/Si interface. Note that the very short period oscil-
lations (in the order of 1nm) corresponding to interference fringes of the Si wafer are not
resolved by the spectrophotometer. This may be due to the finite spectral resolution of the
monochromators. To allow for a better comparison, the backside reflection was not consid-
ered in the calculation of optical properties based on ellipsometry measurements. Possible
explanations for the differences observed between both sets of curves include the integrating
sphere configuration, where light could escape by entry ports and not be collected, and slight

non-uniformities on the sample in terms of thicknesses and composition.

6.1.2 Nanopillars fabrication

Nanopillar arrays were fabricated in the GeSn layer described above. Only hexagonal arrays
were considered since simulations in section 5 suggest the plane symmetry group doesn’t have
a significant impact on the absorptance. Small cylinders of ma-N 2403 resist were first defined
via EBL with parameters detailed in table 6.2. 2.5mm x 2.5 mm regions were patterned,
which is large enough for optical characterization with the Lambda 1050 spectrophotometer.
Different exposition doses and mask designs were used to assess the effect of pillar diameter
on the resonance modes. After EBL, the sample underwent 9min of Cly-based RIE. The
detailed recipe is included in table 3.1. The etching produces slightly tapered pillars with

Table 6.2 Parameters of 5 nanopillar arrays

Region Pattern type Pitch Designed diameter Dose Measured diameter

(1m) (nm) (nCem™?) (nm)
R1 Hexagonal 1.1 200 20 250 to 400
R2 Hexagonal 1.1 300 40 400 to 550
R3 Hexagonal 1.1 400 12.5 225 to 325
R4 Hexagonal 1.1 400 25 425 to 575

R5 Hexagonal 1.6 1050 15 1200 to 1300
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smooth sidewalls, as shown in figure 6.3. An etch depth of 1.4 pm was estimated from SEM

images.

Figure 6.3 SEM images of nanopillar arrays acquired after RIE. Numbers refer to regions of
table 6.2. R4 is also shown with a larger magnification to highlight the structure of single
pillars, notably the sidewall smoothness. The scale bars are 1m and the sample is tilted
37° from the vertical.

Despite the distinct designed diameter of pillars in R2 and R4, their actual size is similar.
This is explained by the larger dose used for R2, which can lead to solidification of the resist
over a larger surface than exposed. Similarly, the thinnest pillars (R3) are obtained for a
large designed diameter (400 nm), but with the smallest dose (12.51nC cm™2).

6.1.3 Absorptance enhancement

Both reflectance and transmittance of nanopillar arrays were measured with the Lambda 1050
spectrophotometer. Since the integrating sphere takes all specular and diffuse components
into account, the absorptance was simply deduced from equation (3.7). Results are plotted
in figure 6.4. In all cases, there is a significant increase of the absorptance compared to bulk.
The enhancement (up to x2) mostly comes from the reduced reflectance, which dropped
from = 40 % for bulk to < 20 %, and even < 5% in some regimes. The improved coupling
at the first interface allows a greater portion of the light to be absorbed in GeSn, even if the

active volume is up to five times smaller.
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Figure 6.4 Optical properties of nanopillar arrays measured via spectrophotometry. (a-e)
Reflectance, transmittance, and absorptance for each array. (f) Comparison of absorptances.
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Above A = 1.7um, only larger pillars (R2, R4, R5) still show a significant enhancement over
bulk. This is consistent with the spectral tunability observed on figure 5.4, where larger
diameters are required to absorb at longer wavelengths. Furthermore, pillars in R2 and R4
have similar sizes, which lead to comparable absorptance spectra. Otherwise, a change of
diameter results in a shift of the resonance modes. While this phenomenon can be observed
on figure 6.4, the peaks are not defined as clearly as on figure 5.4. This can be explained
by imperfections induced in the fabrication process. For instance, smaller parasite nanowires
appear between few pillars on figure 6.3 and sidewall roughness is visible for pillars in R5.
Furthermore, small residues from the GeSn growth are found on the backside of the sample.
This could lead to diffuse reflection back to the pillars, meaning more absorption being
detected than what would occur with a perfectly specular rear interface. Another source of
deviation from simulations is the resist that remains after lift-off. While it is expected to be
transparent over the wavelength range considered, its presence can modify the propagation
of light.

Overall, the fabrication of nanopillars allowed the experimental verification of the absorptance
enhancement predicted in chapter 5. As a matter of fact, this enhancement remains valid
for wavelengths above 2 pm, Sn alloying being an effective way to push the absorption edge
of Ge further in the SWIR. Indeed, arrays R2, R4, and R5 capture more than 50 % of the
incident light in this regime, whereas Ge is essentially transparent above 1.6 pm. In addition
to Sn alloying, the relaxation of compressive strain will be investigated in the next section

as a second mechanism to engineer shallow band gap in group IV semiconductors.

6.2 GeSn microdisks

GeSn devices exhibiting PL activity in the SWIR regime have been demonstrated (see sec-
tion 2.3.1). However, bandgap calculations of section 2.1 suggest emission at even longer
wavelengths can be achieved. Here, GeSn structures with high Sn contents and low strain

are fabricated to demonstrate light emission at wavelengths well above 3 pm.

6.2.1 Microdisks fabrication

To study completely relaxed GeSn layers, microdisk arrays were fabricated in samples J and
N from table 4.1. 7pm-wide disks were first defined in ma-N 2410 resist with EBL. Disks
were patterned with a 10 pm period over 2.5 mm x 2.5 mm arrays. This was followed by two
successive RIE steps. First, a Cly-based plasma was used to vertically etch the GeSn layer and

transfer the resist pattern to the Ge-VS. Second, Ge was selectively etched in a CF4-based
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plasma, resulting in suspended GeSn microdisks. RIE recipes are detailed in table 3.1.

SEM images of the disks appear in figure 6.5(a-b). The underetching length was assessed
via Raman spectroscopy. Indeed, the relaxation of compressive strain induces a shift of
the vibrational modes to lower wavenumbers, as discussed in chapter 4. Raman mappings
in figure 6.5(c-d) confirm the strain uniformity and the complete underetching. The slight
distortion of disks visible in (c¢) is due to undesirable movement of the stage during the
mapping. Ge-Ge mode positions included in table 6.3 are extracted from fitting the Raman
spectra displayed in figure 6.5(e-f). Using equation (4.4), strain values close to 0% are
calculated (0.05% and —0.15% for samples J and N, respectively).

Table 6.3 Ge-Ge mode position and strain estimation for disks compared with bulk

Ge-Ge mode Strain
Sample
Bulk Disk Bulk (XRD) Disk (Raman)
J 291.13cm™!  288.96 cm ™! —0.33% 0.05%

N 292.14cm™!  286.95cm™! —-1.27% —0.15%
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Figure 6.5 Fabrication of GeSn microdisks. (a-b) SEM image of the arrays in samples J (a)
and N (b). The scale bars are 5 pm. Inset: Schematic of the CF, isotropic underetch. (c-d)

Ge-Ge Raman mode position (in em™) for four disks on samples J (c¢) and N (d).

(e-f)

Raman spectra acquired in the center and on the side of a disk, and comparison with the

inital layers J (e) and N (f).
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6.2.2 Shift of the emission energy

To evaluate the impact of strain relaxation on the emission energy, PLL measurements were
conducted for both planar and microdisks geometries. Spectra exhibited in figure 6.6 show a
clear shift of the emission to lower energies (i.e. longer wavelengths). For sample J (13.3 at.%
in the TL), releasing —0.33 % strain shifted the emission from 3.2 um to 3.6 pm. As for sample
N, the PL measured on bulk (3.3 pm) is similar to that of J, since the higher Sn content
(16.9at.% in the TL) is counterbalanced by the greater compressive strain (—1.27 %). In this
case, underetching results in even longer wavelengths, up to 4.0 pm. To our knowledge, this

is the longest emission reported for GeSn.

(a) Wavelength (um) (b) Wavelength (um)
6 5 4 3 6 5 4 3
10r J Bulk 1.0} N Bulk
—_— Microdisks_ _— Microdisks_

0.8+ 0.8+

0.61 0.61
0.4+ 0.4+

0.2+ 0.2+

Normalized intensity (arb. units)
Normalized intensity (arb. units)

0.0 0.0

02 03 04 05 06 02 03 04 05 06
Energy (eV) Energy (eV)

Figure 6.6 Room temperature PL spectra of microdisks compared with bulk for samples J
(a) and N (b)

In this chapter, GeSn micro and nanostructures were fabricated to demonstrate the engi-
neering of light absorption and emission. Microfabrication techniques such as EBL and RIE
allowed the structuring and underetching of a GeSn layer to form nanopillars and microdisks,

which open new doors for the design of devices with enhanced optical properties.
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CHAPTER 7 CONCLUSION

Group IV semiconductor alloys such as GeSn are promising for optoelectronic applications.
Their interest mainly lies in their compatibility with silicon platforms, which would lead
to the monolithic integration of both electronic and photonic devices on the same chip. Sn
incorporation in Ge allows to tune the band gap energy in the short-wave and mid infrared and
to achieve a direct band gap, making GeSn suited for efficient, Si-compatible light emission
and detection. This long-sought-for technology in the semiconductor industry would notably
enable the realization of the optical inter-chip and intra-chip communications, which are
envisioned to drastically reduce the power consumption of data centers and lessen the burden
in large integration chip processing. Potential impacts of this emerging class of group IV
semiconductors extend beyond integrated photonics and microelectronics to create a wealth
of opportunities in solar energy harvesting, night-vision imaging, as well as spectroscopy and

sensing applications.

7.1 Summary of works

The present work contributes to GeSn development by establishing a Raman spectroscopy
analysis protocol to decouple the individual effects of strain and composition on different
vibrational modes. The work also demonstrates the effect of GeSn structuring for light

absorption engineering. Main findings are summarized in this section.

First, a comprehensive investigation of GeSn vibrational modes was conducted using Ra-
man spectroscopy. The higher signal-to-noise ratio associated with a 633 nm excitation laser
allowed the clear identification of Ge-Ge, Ge-Sn, disorder-activated (DA), and Sn-Sn like
modes. The decoupling of chemical composition and strain effects on the Raman modes was
consequently made possible by analyzing a large set of CVD-grown samples with various de-
grees of Sn content and relaxation. It was found that all four modes downshift as Sn content
increases or compressive strain relaxes. Furthermore, the impact on the intensity, width, and
asymmetry of peaks was also evaluated. Given their similar behavior, peak positions alone
are not sufficient to estimate the content and strain from Raman spectra. This limitation is
circumvented by measuring both the position and asymmetry of the main Ge-Ge mode. This
model can be used to evaluate the Sn content and strain of GeSn structures from a single
Raman spectrum. These results lay the groundwork to employ Raman spectroscopy for a

non-destructive characterization of GeSn-based structures and devices.
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Second, FDTD simulations were performed to demonstrate the relevance of structuring GeSn
layers into nanopillar arrays to increase the absorption of incident light. Their optical prop-
erties were compared to those of thin films, calculated analytically with a transfer matrix
method. The results show a considerable increase of the absorptance, up to 2.7x for 10 at.%
GeSn and 1.9x for 14at.% GeSn pillars. This is a consequence of a reduction of the ~ 40 %
reflectance due to a better coupling into the high-index semiconductor layer. This sub-
stantial enhancement is valid for specific combinations of wavelengths and pillar diameters
corresponding to resonance modes, meaning the spectral absorptance can be tuned by vary-
ing the pillar diameters. This behavior is notably achieved with 10 at.% GeSn pillars, as the
k dispersion curve is more constant than for higher contents in the considered wavelength
range. The strong enhancement of absorptance is preserved for steeper angles of incidence
in the case of s-polarized light, whereas p-polarized light is more easily absorbed by a planar
layer at larger angles due to a better coupling near the Brewster angle. Nanopillars were
fabricated in a 1.1 pm-thick 9at.% GeSn layer grown on a Ge-VS on a double side polished
Si wafer. This allowed the experimental observation of the absorptance enhancement up to a
factor two in the SWIR. The ultimate intended use of nanopillar arrays is in high-performance
photodetectors. To fabricate such devices, electrical contacts will have to be added, which
is more challenging than contacting bulk-like devices. One solution is to add a material to
fill the space between pillars and then deposit a transparent electrode. In both cases, low-k
materials will have to be used to ensure absorption occurs in the active semiconductor region
and to preserve the benefits of structuring the layer into pillars. The change in n between
air and the filling material will affect the mode effective refractive index, meaning resonance
peaks could occur at different geometries than those presented in this document. Still, trends

should be the same provided the filling material has very low k.

Finally, light emission from GeSn microdisks was investigated. Microfabrication protocols
were established to develop a variety of GeSn microdisks by EBL patterning followed by
two steps of dry plasma etching. The underetching allowed the relaxation of the GeSn layer,
confirmed using the Raman spectroscopy model developed in chapter 4. The PL peak shifted
to longer wavelengths and reached 3.6 pm and a record 4.0 um for 13.3at.% and 16.9 at.%
GeSn, respectively.

7.2 Perspectives

This work demonstrated the improved optical performance of GeSn micro and nanostructures.
Future research directions should focus notably on the development of new Si-compatible MIR

devices using this material system as the building block.
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For instance, in order to fabricate nanopillar detectors with an enhanced efficiency, benzocy-
clobutene (BCB) is often used for filling the space between NWs for devices operating in the
visible [106, 169, 170]. However, its high thermal expansion coefficient results in significant
stress affecting the structural stability during fabrication. An attractive alternative candidate
is tetraethylorthosilicate (TEOS), which exhibits no absorption below 2.5 pm [171]. It also
has the advantage of process compatibility with group IV materials and a similar thermal
expansion coefficient. As for the top contact, indium tin oxide (ITO) is commonly used [106]
because it is mostly transparent in the visible. However, its absorptance increases above
A = 1lpm and it becomes opaque in the NIR [172]. Other types of transparent conducting
films will thus have to be considered for the top contact. The suggested design is shown in
figure 7.1. These concerns confirm that the fabrication of nanopillar photodetectors is more
challenging than planar counterparts. Nevertheless, the foreseen increase in efficiency make

it an appealing research avenue for group IV compatible devices.

Contacts

Figure 7.1 Suggested design of a photodetector based on GeSn nanopillars

It is worth pointing out that our work was limited to periodic nanopillar arrays. To maximize
broadband absorption, arrays made of nanopillars of different diameters could be investigated.
Furthermore, randomly distributed nanopillars have been suggested to outperform periodic

structures for certain applications [173].

Following the achievement of 4 m light emission from GeSn microdisks, the next obvious
step would be the demonstration of lasing at this wavelength. The frequency of whispering
gallery modes for which lasing occurs can be estimated analytically by solving the wave
equations [174] or calculated numerically in an iterative solver. An example of these modes
is depicted in figure 7.2. However, for microdisks to be used in devices, outcoupling is
an important issue. While this could be achieved via evanescent coupling, the realization of
waveguide lasers would facilitate the task. In this scenario, it is worth exploring the possibility

to fabricate an underetched Fabry-Pérot cavity. In all cases, the metrology of suspended
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(a) (b)

40

Figure 7.2 Transverse magnetic whispering gallery mode in a 5 pm-wide, 1.2 pm-thick GeSn
microdisk (A = 4.42pm in air). (a-b) Top view (a) and side view (half) (b) of the electric
field in the z direction.

structures can benefit from a Raman spectroscopy-based characterization technique such as

the one developed in chapter 4.

GeSn membranes released by underetching (disk or other) are often completely relaxed.
To take advantage of smaller band gaps associated with tensile strain, stressors such as
silicon nitride [60] have to be used. A more complex, yet original alternative is to stretch
the membranes via active systems like capacitive actuators. This would allow to tune the

emission wavelength on demand.

The availability of a GeSn light source integrated on the Si platform is of the first importance
to develop optical interconnections in telecommunications. However, it will serve many other
purposes where an affordable SWIR and MIR light source (laser or LED) is required. For
instance, a theoretical design for an on-chip detector of trace gases using a GeSn laser emitting

between 3 pum and 5 pm was recently proposed [12].

In addition to GeSn alloys, group IV devices can also benefit from the additional degree of
freedom provided by the introduction of Si in the lattice, allowing to independently tune the
band gap energy and the lattice constant. This property can help to design heterostructures
with the proper band alignment [67,82]. Because of its higher gap, SiGeSn can be used as
barriers to better confine the carriers in the active region. Ternary alloys are also envisioned
to enhance the conversion efficiency of photovoltaic devices. The addition of a SiGeSn layer
in state-of-the art solar cells, as depicted in figure 7.3, would allow to absorb a portion of the

solar spectrum which is currently not exploited [13].
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Figure 7.3 Suggested design for the addition of a SiGeSn layer in a multijunction solar cell
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