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ABSTRACT

FACULTY OF ENGINEERING, SCIENCE AND MATHEMATICS

SCHOOL OF ELECTRONICS AND COMPUTER SCIENCE
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by Daniel Burt

Germanium (Ge) is a promising candidate for a CMOS compatible laser diode. This is

due to its compatibility with Silicon (Si) and its ability to be converted into a direct band

gap material by applying tensile strain. In particular uniaxial suspended Ge bridges have

been extensively explored due to their ability to introduce high tensile strain. There have

been two recent demonstrations of low-temperature optically-pumped lasing in these

bridges but no room temperature operation accredit to insufficient strain and poor ther-

mal management. In this thesis the merits of using biaxial and polyaxial suspended Ge

bridges to move towards room temperature operation were outlined. Uniaxial bridges

were compared with polyaxial bridges in terms of mechanical stress and thermal man-

agement using Finite Element Modelling (FEM). The stress simulations revealed that

polyaxial bridges suffer from extremely large corner stresses which prevent larger strain

from being introduced compared with uniaxial bridges. Thermal simulations however re-

veal that they are much less thermally sensitive than uniaxial bridges which may indicate

lower optical losses. Bridges were fabricated and micro-Raman (µ-Raman) spectroscopy

was used to validate the results of the simulations. We postulate that polyaxial bridges

could offer many advantages over their uniaxial counterparts as potential laser devices.

Using a novel geometric approach and finite element modelling (FEM) structures with

improved strain homogeneity were designed and fabricated. µ-Raman spectroscopy was

used to determine central strain values. Micro-PhotoLuminescence (µ-PL) was used to

study the effects of the strain profiles on light emission; we report a PL enhancement of

up to 3x by optimizing curvature at a strain value of 0.5% biaxial strain. This geometric

approach offers opportunity for enhancing the light emission in Ge towards developing a

practical on chip light source. Finally the thesis concludes with a novel simple elliptical

design for polyaxial bridges. This design further reduced the corner stresses in polyaxial

bridges by 20%, even without optimization. A large 1.11% strain was achieved in a

Ge on Si stack as confirmed by µ-Raman and FEM. Furthermore an optical cavity was

introduced in this deign with no extra complex fabrication, this was confirmed using

µ-PL and Finite Difference Time Domain (FDTD) simulations.
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Chapter 1

Introduction

This chapter outlines the motivation behind the thesis, which begins by highlighting a

major problem in modern micro / nano electronics: the interconnect bottleneck. An

overview on Silicon (Si) photonics will be provided, which offers an elegant solution to

the interconnect bottleneck. The main obstacle that is preventing Si photonics solving

the interconnect bottleneck will be defined: the need for a Si compatible light source. Ge

(Ge) light sources and why they are one of the best candidates for a Si compatible light

source are then discussed. An overview on the various techniques and methodologies

utilized to achieve Ge light sources are outlined. A wide variety of novel potential

applications will then be presented. The chapter will conclude with the structure of this

thesis.

1.1 The interconnect bottleneck

With the advent of the semiconductor and the invention of the transistor the human

species experienced an extreme technological revolution: the heralding of the digital age.

The particle responsible for this revolution was the electron, the material responsible

was Si and the component responsible was the transistor [3]. The transistor allowed

the development of Integrated Circuits (ICs), Computer Processing Units (CPUs) and

subsequently the personal computer. To improve the computing power of these devices

the semiconductor industry has mainly employed a simple yet effective tactic: increase

the transistor density by reducing transistor size. Gordon Moore one of the co-founders

of Fairchild semiconductors (now famously known as Intel) outlined a pseudo empir-

cal law that predicted the number of transistors in a CPU will double and the cost

of the CPU will half every year and a half [4]. Historically, increasing the transistor

density by reducing transistor size is referred to as the ‘More Moore’ approach to im-

proving CPU performance. However, the end of Moore’s law is inevitable as transistors

1



2 Chapter 1 Introduction

reach a fundamental size limit, the recent Intel architecture possess 14 nm Metal-Oxide-

Semiconductor Field Effect Transistors (MOSFETS) [5]. Scaling the gate and the active

region has become an extreme engineering challenge. There are even demonstrations of

transistors with feature sizes down to 7 nm[6], however we are rapidly approaching a

hard limit due to current leakage, heating and geometric considerations.

New approaches are also being extensively explored and are referred to as the ‘More

than Moore’ approach which also promises extra functionality on-chip. Examples of this

extra functionality include: Radio Frequency (RF) devices, power/high voltage devices,

passive components, sensors and actuators, bio-chips/bio-systems, micro-fluidics and

solid-state lighting[7].

Introduction of Ge in the form of SiGe alloys or its pure elemental form could offer

improved transistor performance. Ge was the original transistor [3] and possesses a

higher electron mobility allowing faster transistor operation. Si prevailed over Ge as the

choice of the Complementary Metal-Oxide Semiconductor (CMOS) industry, the two

main reasons Ge was not used was a lack of stable native oxide (for the formation of

gates) and also the cost of the devices as Si is one of the most abundant materials on

the planet which can be sourced from Silicon Dioxide (SiO2). However, as the limit

of Moore’s law are approached Ge and its alloy with Si become attractive, there is a

large research focus into finding good passivation materials for Ge and in developing

transistors from SiGe. SiGe transistors possess higher electron and hole mobilites than

Si allowing faster operation with the same geometric footprint.

One key approach is to not focus on the transistors themselves but by replacing the

metallic interconnects, of which performance wise have not scaled with the improved

transistor density, this is often referred to as the interconnect bottleneck. To overcome

this bottleneck one approach is to integrate novel materials such as Carbon Nano Tubes

(CNTs) to replace the metallic interconnects [8]. However the most promising approach

is to develop the convergence of photonics and electronics to produce optical intercon-

nects. Photons unlike electrons and holes posses negligible mass and no charge, this

drastically reduces signal loss, delay and heating effects assuming strict device require-

ments can be achieved [9].

1.2 Silicon photonics

Photonics can be defined as the science and engineering of photons (the particle respon-

sible for light), usually involving the generation, manipulation and detection of photons

[10]. Two key developments revolutionized and sculpted modern photonics: the devel-

opment of semiconductor lasers in the 1960s [11] and the development of optical fibre

technology [12], which underpins the technology behind the modern internet. The first
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solid state semiconductor lasers were developed in the 1960s from III-V compound semi-

conductors (such as GaAs) which possess a direct band-gap which allowing for efficient

light generation. Due to their great success in photonics, researchers are keen to explore

heterogeneous integration of III-V materials with Si to enable active on-chip optical in-

terconnects [13] (which is highly desirable as discussed later in this section) . However

heterogeneous integration faces many challenges including cost, material incompatibility

and contamination of current CMOS foundries. Considering these vast challenges, there

is a great motivation to explore photonic components made from Si or Si compatible

(CMOS compatible) materials.

Figure 1.1: A schematic showing the main components required for a complete active
Si photonics platform to enable PICs indicating that a laser diode is missing. Further

restrictions for the laser diode are shown.

Si photonics is the study and application of photonic systems which utilize Si or Si com-

patible materials as the active medium [14]. As Si is the dominant material of ICs and

CMOS technology it would be cheaper and more practical to develop optical intercon-

nects in a CMOS compatible platform, which in turn would allow the full convergence

of photonics and electronics. Si photonics usually operates at a wavelength of 1.55 µm,

however wavelengths covering the visible, near infrared (NIR) and mid infrared (MIR)

are increasingly more common thus expanding potential functionality [15].

Waveguides, modulators and detectors have been extensively developed [16]. Intel show-

cased a proof of concept integrated Si photonics platform featuring an optically pumped

Raman laser, modulators, wave-guides and detectors [17]. Intel and Rockley photonics

have already had commercial success developing passive optical interconnects for Local

Area Networks (LANs) and Wide Area Networks (WANs) [18] [19]. However as Si is

an indirect band-gap material, light emission occurs mainly through inefficient phonon

mediated transitions[20]. Therefore Si is not suitable to make an on-chip light source

which has resulted in intra and inter chip active interconnects being elusive.
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A CMOS compatible on-chip light source has been referred to as the ‘Holy Grail’ of

Si photonics [21]. With this light source, Si based active Photonic Integrated Circuits

(PICs) can be developed. Figure 1.1 shows the main components required for an active

Si photonics platform, with the laser diode missing and the further restrictions required

for the laser diode. There has been attempts (with demonstrations of optical gain) to

make Si a better light emitter for example by employing quantum structures [22, 23, 24].

However, for a practical on-chip light source electrical pumping becomes difficult with

quantum structures [25]. Despite this quantum confinement in Si may offer a potential

route to overcome the indirect band-gap nature of Si, there have been theoretical pre-

dictions of gain [22] and demonstrations of electrically pumped stimulated emission in

Si Quantum Wells (QWs) using lateral carrier injection[23, 24]. Thus the search is on

to find a CMOS compatible light source and this is the focus of this thesis.

1.3 Ge light sources

Ge is a promising material for a CMOS compatible light source despite also being an

indirect band-gap material [20]. This is due to the fact the energy difference between

the direct and indirect valley in Ge is relatively small (roughly 140 meV). Tensile strain

engineering can be utilised to convert Ge into a direct band-gap material. Furthermore

n-type doping allows the indirect L-valley to be occupied, resulting in injected carriers

populating the direct Γ-valley and undergoing radiative recombination[26, 27].

MIT demonstrated a proof of concept laser [28] combining 0.24% biaxial tensile strain

and 4 x 1019 cm-3 n-type doping exhibiting an injection current of 35 kW cm-2. An

electrically pumped laser was then demonstrated by the same group [29] with 0.25%

biaxial strain and 4 x 1019 cm-3 n-type doping with a an injection current of 280 kA

cm-2. Despite this amazing achievement the injection currents were way too high for

any practical device, thus the focus of the research was to achieve a practical devices.

Ge light sources have great potential to unlock a Si compatible light source, in the next

chapter a comprehensive analysis of Ge light sources will be conducted. The goal of this

thesis is to explore novel structures to move towards the practical implementation of Ge

light sources.

1.4 Applications

We end this chapter with a brief discussion on the potential applications of a Si compati-

ble light source [30, 31]. The main motivation discussed was the interconnect bottleneck

which offers performance improvements for data centres, cloud computing, Fibre To The

Home (FTTH) as well an intra and inter chip interconnects[23, 24]. However there are
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a host of other other exciting and potentially disruptive technologies. The Internet of

Things (IoTs) will require a massive transfer of data which can be achieved by optical

interconnects. The red-shifting of the emission from 1.55 µm into the MIR is still accept-

able for interconnects as the detectors also red-shift and could open up applications in

chemical and bio-sensing on chip and be integrated with micro-fluidics technology for lab

on a chip applications. Recently driver-less cars have been a hot topic, the technology of

choice to enable this has been Light Detection and Ranging (LIDAR) technology. How-

ever current LIDAR units rely on III-V lasers, which are not only far too expensive for

the mass market but also offer poor spatial resolution. Ge laser diodes could offer drastic

price reductions, furthermore hundreds of lasers and detectors could be integrated with

a high density on chip potentially offering much higher resolution. Ge light sources could

also be utilised in cables such as High-Definition Multimedia Interface (HDMI)[23, 24]

or Universal Serial Bus (USB), this could manifest as an array of detectors and lasers

to offer more efficient data transfer. Quantum computing offers huge advantages over

conventional computing not only in raw computational power, but also in novel compu-

tational abilities. As many of the technologies being developed for quantum computing

are being built utilizing photonics, with an Si compatible light source it may be possible

to miniturize these devices and place them on-chip for mass market applications. This

section has demonstrated the vast potential for a Ge light source, it is not unreasonable

to say that if an efficient CMOS compatible light source could be developed, it would be

a truly disruptive technology. However strict requirements in terms of power and cost

are required to truly yield the promised applications.

1.5 Project goals

Most of the research since the proof of concept studies, has been focused on improving

the optical gain of Ge by employing strain engineering and/or n-type doping. Further-

more integrating the high strain into an optical cavity must also be developed. Recent

demonstrations of low temperature lasing were accredited to improved thermal man-

agement or higher strain. Two of the recent demonstrations of lasing used uniaxial Ge

suspended bridges[32, 33]. Biaxial / polyaxial suspended Ge bridges have not been ex-

plored as extensively as their uniaxial counterparts due to large corner stresses which

limit the amount of tensile biaxial strain achievable[34]. However the author of this thesis

postulated that due to more lateral thermal conduction paths, the thermal management

in biaxial and polyaxial bridges is superior to their uniaxial counterparts. Furthermore

recent theoretical and experimental studies have shown that around 3 times less biaxial

strain is required to convert Ge into a direct band-gap material, this is attractive due

to the technical challenges of achieving high strain.
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With this in mind, the goals of this project were as follows:

1. Explore in detail the mechanical stress and thermal management in polyaxial and

uniaxial suspended Ge bridges to identify any opportunities for improved devices.

2. Study the role of curvature on the strain profile in biaxial suspended Ge bridges.

the corner stresses on the optical emission of biaxial bridges.

3. Develop novel designs for polyaxial and biaxial suspended Ge bridges to improve

the thermal, mechanical and optical properties of the bridges.



Chapter 2

Background and Literature

review

2.1 Introduction

This chapter begins with an introduction to the concept of the Germanium (Ge) laser and

a description of the original proof of concept studies. The theory of Ge lasers is briefly

discussed with analysis on tactics for moving towards more efficient and ultimately room

temperature lasing. A comprehensive summary on the various material choices is then

provided with their various advantages and disadvantages discussed. A critical analysis

of the various high tensile strain platforms is conducted, comparing and contrasting

various methodologies. Recent demonstrations of lasing are also reported and discussed

providing an insight into future tactics for increasing the efficiency of Ge lasers. Finally a

summary and and outlook is provided, setting the tone for the following results chapters.

2.2 Ge light sources

2.2.1 Concept and proof

As stated in the introduction, two popular routes to converting Ge into a direct band-

gap material are tensile strain engineering and n-type doping. Figure 2.1 shows the

influence of n-type doping and tensile strain on the band-structure of Ge. Utilising

strain to engineer semiconductor band-structures was first proposed by Van De Walle

et al [35].

Ge and Silicon (Si) have a a lattice mismatch of 4.2% this results in a large amount of

defects at the interface [36] and results in degraded optical and mechanical properties

7
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(e.g. non-radiative recombination). Furthermore if the lattice mismatch is only consid-

ered, Ge should posses a compressive strain which would increase the size of the indirect

band-gap reducing light emission. However it was shown by Ishikwa et al [37] that when

Ge was grown on Si epitaxially, a tensile strain was actually introduced into the layer.

The reason for this is due to Ge having a larger Thermal Expansion Coefficient (TEC)

than Si, therefore during the thermal annealing and subsequent cooling the decrease in

lattice constant is suppressed by the thicker Si substrate resulting in a tensile strain

within the Ge layer. The value of this strain was found to vary between 0.15% and

0.25%. It was also noted that the Light Hole (LH) and Heavy Hole (HH) valence sub-

bands split under this tensile strain. This discovery sparked the interest in developing

a Ge laser utilising tensile strain engineering.

The use of tensile strain to shrink the direct band-gap was initially explored for Ge

photodetector applications, to extend the absorption edge [37]. Utilising Ge on Si as a

lasing material was first proposed by Liu et al combining the small tensile strain in Ge

with high n-type doping (to fill the indirect L-valley and force injected carriers into the

direct valley) [26]. It was suggested that a combination of 0.25% biaxial tensile strain

and around 7 x 1019 cm-3 n-type doping would be sufficient to provide a net gain of 400

cm-1.

This was followed by demonstrations of enhanced micro-Photo-Luminescence (µ-PL)

[38] and Electro-Luminescence (EL) [39] culminating in a demonstration of optical gain

[27]. A proof of concept optically pumped laser was demonstrated by Liu et al [28] with

0.24% biaxial strain and 4 x 1019 cm-3 n-type doping, with a threshold injection power

of 35 kW cm-2. This was shortly followed by a demonstration of an electrically pumped

laser [29] with 0.25% biaxial strain and 4 x 1019 cm-3 n-type doping with a threshold

injection current of 280 kA cm-2

Figure 2.1: A schematic comparison showing the a) intrinsic Ge band-structure and
b) the influence of tensile strain and n-type doping on the Ge band-structure.

These achievements were remarkable however the threshold current was phenomenally

high and nowhere near the realms of a practical device (in the order of A cm-3) [40],
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from this however an entire research area dedicated to achieving an efficient Ge light

source was born. The initial focus of the community was simple: combine n-type doping,

tensile strain and an optical cavity to enable an efficient initially optically pumped but

electrically pumped laser. Another group validated the initial lasing results with a

demonstration of a Ge laser diode in 2015 using 0.25% biaxial tensile strain and 4 x 1019

cm-3, under pulsed operation the threshold current density was 500 kA cm-2 [41].

2.2.2 Theory

With the basic principles of n-type doping and tensile strain engineering outlined and

the proof of concept studies conducted, guidelines for whether researchers should focus

on n-type doping or strain engineering and too what degree needed to be established.

Towards this goal theoretical models were extensively developed which will be discussed

in this section.

Band structure calculations are vital to understand the behaviour of Ge under tensile

strain and high n-type doping. Many methods have been utilized including k • p [42],

tight binding, Density Functional Theory (DFT) [43] and Deformation Potential Theory

(DPT)[37, 42]. Studies suggest that the optimum crystallographic direction to apply

the strain for converting Ge into a direct band-gap material is along the 〈100〉 direction.

Tensile strain reduces both the direct and indirect band-gaps however the direct band-

gap energy is reduced faster and at a certain threshold value a cross over occurs and

Ge becomes a direct band-gap. This value was initially though to be around 1.7% -

1.9% for biaxial and 4.4% - 4.6% uniaxial according to k • p calculations and DPT

[42] when the strain is applied along the 〈100〉 crystallographic orientation. From a

theoretical standpoint, biaxial strain converts Ge to a direct band-gap material faster.

Tensile strain also causes splitting of the LH and HH valence bands as demonstrated

experimentally by Ishikawa et al [37].

Increasing the strain or n-type doping indefinitely does not guarantee improved lasing

characteristics. Sukhdeo et al explored the ultimate limits of biaixial strain and n-type

doping [44] using theoretical calculations. According to their calculations the minimum

threshold current is achieved at 3.7% biaxial strain and 1 x 1018 cm-3 and for the lowest

slope efficiency 2.3% strain and 1 x 1019 cm-3 n-type doping [44]. It was suggested that

increasing the strain or n-type doping past these limits would degrade the threshold and

slope efficiency respectively due to increased optical losses. Furthermore compared to

the low strain and high n-type doping approach in the original proof of concept studies,

they postulate he threshold current can be reduced by up to 4 orders of magnitude, by

adopting a high tensile strain and relatively low n-type doping approach.

Gupta et al [45] argued that the main loss mechanism in Ge laser devices, Inter Valence

Band Absoprtion (IVBA), was not modelled sufficiently in previous studies as no strain
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dependence was considered. By modelling the IVBA more accurately, it was suggested

that there was a certain resonance between the loss and gain mechanisms between 4-5%

uniaxial strain where lasing is most efficient [45].

Guilloy et al [46] deduced experimentally that under high tensile stress, there is a nonlin-

ear dependence of the direct band-gap and strain. This study showed that DPT, which

is commonly used to study the influence of strain on the Ge band structure, underes-

timates the value of the band-gaps at higher strain values. Escalante [47] conducted a

vigorous computational study to provide further details on this discovery, calculations

suggested the indirect to direct cross over point for Ge was around 6% uniaxial strain and

2% biaxial tensile strain. This non-linear relationship means that around 3x less biaxial

strain is required to convert Ge into a direct band-gap material compared to uniaxial

strain. The non-linear dependency means that many previous studies underestimated

the cross over point to direct band-gap.

There is still a lot of work to be conducted for studying the band structure and lasing dy-

namics under high tensile strain and n-type doping. Further theoretical work supported

by vigorous experimental evidence at higher strain is required. From this section we can

outline two key approaches for Ge lasers: 1) high n-type doping with moderate tensile

strain and 2) high tensile strain with low n-type doping. This thesis will be focused on

the later as it theoretically offers the greatest reduction in threshold current.

2.3 Sn-alloying

Alloying Ge with the element Tin (Sn) has a similar effect to tensile strain engineer-

ing (although there is no valence band splitting), and therefore is another promising

approach towards a CMOS compatible laser. In relaxed GeSn systems, the material be-

comes a direct band-gap at around 6-8% Sn-content [48]. Proof of concept GeSn lasing

was demonstrated by Wirths et al [48], under pulsed optical operation at 90 K, however,

the threshold power density (1000 kW cm-2) was extremely high, and beyond the realms

of practical usage.

The tactic adopted to reduce the threshold and increase the operating temperature by

increasing the Sn-content of the active gain medium. At higher Sn-contents, more elec-

trons occupy the direct Γ valley where they can contribute to optical gain. Furthermore,

larger increases in the energy offset between the Γ and L valley prevent electrons from

scattering into the L valley, where they can only contribute to optical loss mechanisms.

Despite many successful lasing demonstrations with increasing Sn-content GeSn [48, 49,

50, 51, 52], the reported thresholds have been extremely high (above 100 kW cm-2) and

only under continuous-wave operation, and therefore beyond any practical use.
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The reason for these drawbacks is that as the Sn-content has increased, the lattice

mismatch between the Ge buffer layer and the GeSn layer increases, which causes an

increased number of dislocations and, therefore, non-radiative recombination. Higher

optical pump powers are required to overcome the non-radiative losses, which in turn

results in a higher threshold being required. Furthermore, during continuous-wave oper-

ation, self-heating effects are more severe when compared to pulsed operation as the sys-

tem cannot thermally relax between pulses; therefore, all reported lasing was quenched

under continuous-wave operation.

Recently, a hybrid approach combining moderate tensile strain with low Sn-content al-

loying was suggested to overcome these issues [53]. By using a lower Sn-content GeSn

alloy, a lower dislocation density is achieved, which reduces the non-radiative recom-

bination substantially. Applying tensile strain allows for a similar band-structure as

the higher Sn-content alloys. The first demonstration of continuous-wave lasing was

demonstrated using this hybrid approach in tensile strained GeSn microdisks [54]. This

microdisk also exhibited remarkable threshold reductions of 2 orders of magnitude with

a record low threshold power density of 0.8 kW cm-2.

Sn-alloying is mostly out of the scope of this thesis; however the results presented in

the following chapter have exciting implications for the hybrid approach (low Sn-content

with tensile strain) and will be discussed in the final chapter.

2.4 Material considerations

With the theoretical principles of band-gap engineering Ge via tensile strain outlined

in the previous section, the practical implementation of a Ge laser device will now be

discussed. This sub section will compare and contrast the various material forms of Ge

and their suitability for practical devices. As the ultimate motivation of this research is

to develop mass production of Si compatible lasers, CMOS compatibility will be assessed.

Material quality is of extreme importance for the successful operation of any potential

Ge light emitting device. Poor material quality in the form of defects can degrade

the mechanical, optical, electronic and thermal properties of Ge reducing the threshold

current, or even inhibiting lasing action in Ge [55].

The previous section highlighted how a large amount of tensile strain is required to

convert Ge into a direct band-gap material. Material defects in the Ge degrade the

fracture toughness[55], this in turn inhibits high elastic tensile strain and therefore a

direct band-gap material configuration. Furthermore defects in the Ge lattice act as

non-radiative recombination sites decreasing the excess carrier lifetime, thus limiting the

internal quantum efficiency[56, 30, 31]. This is observed experimentally by degradation

of the direct band-gap luminescence.
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Bulk Ge wafers provide high crystal quality with Etch Pit Densities (EPD)[55] (a method

used to characterize the density of dislocations) in the range of 102 to 103. However Ge

wafers are not useful for practical devices due to difficulty in confining an optical mode

owing to a lack of refractive index contrast. Furthermore they are substantially more

expensive than Si wafers inhibiting low cost applications (however are still cheaper than

III-V compound semiconductors). Ge also has a lower thermal conductivity than Si

resulting in more strict thermal management being required to prevent degradation of

device performance due to heating[57].

To overcome these issues, most of the focus of practically implementing Ge photonic

devices is to grow thin layers of Ge epitaxially onto Si. Firstly, Si wafers are extremely

cheap and abundant, as only a small amount of Ge is required so the cost is kept low.

Secondly Si has a lower refractive index then Ge allowing optical modes to be confined

in Ge. Finally as Si has a large thermal conductivity, thermal management in any

devices will be excellent. The potential laser device is also integrated with Si allowing

for the convergence of CMOS photonics and electronics, the original motivation behind

the research.

However due to the large lattice mismatch of 4.2% between Ge and Si, many defects

are introduced growth preventing thick high quality Ge layers being grown. The most

common defects are threading or misfit dislocations, the misfit dislocations tend to be

highly concentrated at the Ge/Si interface [36]. Substantial effort has been directed in

to improving the quality of the Ge on Si. Many epitaxial growth techniques have been

explored including Low Energy Plasma Enhanced Chemical Vapor Deposition (LEP-

ECVD) [58] and Ultra High Vacuum Chemical Vapour Deposition (UHVCVD) [59]. A

two step process is usually employed to improve the quality and thickness uniformity of

the Ge layer. First a Low Temperature (LT) buffer layer is deposited (400◦C) resulting

in a film with poor quality [30][31]. Next a High Temperature (HT) layer is deposited

(700◦C) with an active layer possessing higher crystal quality[30, 31, 26, 29, 27]. Even

with the two step deposition, the defect density is still large in Ge on Si ranging between

106 - 108 with a large amount of misfit dislocations concentrated at the Ge/Si interface

significantly degrading the carrier lifetime[36].

Virtual substrates use a series of graded SiGe alloy buffer layers with increasing Ge

content, however they result in poor thickness uniformity across the wafer and still

result in a relatively large amount of dislocations [30].

Ge on Si on Insulator (Ge on SOI) has also been explored. Ge can be epitaxially grown

onto commercially available SOI wafers. However if the Ge is still epitaxially grown onto

the SOI, the defect density is still large and comparable to Ge on Si. To improve the

material quality wafer bonding can be employed. A Germanium On Insulator (GOI)

stack can also be created by bonding Ge directly to SiO2 thermally grown onto Si [56, 60].

For GOI fabrication a Ge on Si donor wafer is bonded to an oxidised Si layer, this is
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followed by back grinding to remove the donor Si layer followed by a Chemical Mechanical

Planarisation (CMP) step to remove the high concentration of misfit dislocations where

the Ge/Si previously was located. Both the Ge on SOI and GOI stacks possess a Buried

Oxide (BOX) layer which provides excellent confinement of the optical mode in Ge due

to a much larger refractive index contrast compared with Ge on Si stacks. However the

thermal conductivity of the BOX layer is extremely low (two orders of magnitude lower

than Si) which can result in severe heating of devices, this will be discussed in more

detail later on. Some of the most common Ge material forms used for Ge light sources

are shown and compared in Figure 2.1.

Figure 2.2: A schematic comparison showing the common material forms used for Ge
light sources.

Ge has also been grown on Si on quartz, this enhanced the amount of intrinsic tensile

strain in Ge to up to 0.36% which is nearly double the value when grown on a bulk Si

wafer. However, as the material is grown on Si the dislocation density should be high

and the thermal conductivity of quartz is relatively low compared to Si making practical

device integration difficult [61].

2.5 Tensile strain engineering

This sub-section is focused on the practical techniques employed to achieve high tensile

strain in Ge. The focus is on methods that introduce a large amount of either uniaxial

or biaxial tensile strain. Furthermore any attempt for integration of an optical cavity

with the high tensile stain is also reviewed here. Two main approaches will be described:

stressor layers and Micro Electro Mechanical Systems (MEMS) like structures.
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2.5.1 Stressor layers

Stressor layers have been utilized in CMOS technology to enhance the mobility of both

electrons and holes in transistors. Most commonly Silicon Nitride (Si3N4) is deposited

directly and locally onto the transistor devices [62, 63]. SiGe alloy can also utilized as

a stressor layer and has found success in CMOS manufacturing[64]. The concept of the

stressor layer is to deposit a film with an intrinsic stress and utilize this stress to impart

strain into the underlying Ge layer. Deposition parameters can be tuned to tune the

nature of the stress, for example in PECVD Si3N4. Parameters such as the H2 and N2

percentages in the deposition gas or the Radio-Frequency (RF) to Low Frequency (LF)

power ratio. This allows for both tensile or compressive stress to be introduced as well

as the ability to tune the value of the stress.

The stress from the stressor layer is transferred onto the Ge utilizing one of two methods:

1. Local patterning of the stressor layer [65, 66, 67, 68, 69, 70]

2. Deposition of a stressed film on a 3D patterned structure. [71, 72, 73, 74, 75, 76,

77, 78, 79]

Both these methods have been extensively explored for enhancing the light emission in

Ge and both methods tend to use an initially compressive Si3N4 stressor layer to impart

tensile strain into Ge.

2.5.1.1 Local patterning of the stressor layer

Local patterning of the stressor layer involves a film with an intrinsic compressive stress

being deposited over the Ge substrate followed by subsequent patterning. Upon pat-

terning, the stressed film is free to relax at the patterned interface, thus expanding and

imparting a tensile strain on the underlying Ge in the regions underneath the remaining

stressor layers [65, 66, 67, 78, 68, 69]. This is the more common approach and earliest

use of stressor layers to introduce strain into Ge. This has been used to apply strain

into Ge wave guides [65, 68, 69, 78] and micro-cavities[66, 67, 70]. Preliminary studied

showed around 1% biaxial strain was introduced, which is a decent amount but not

enough to convert Ge into a direct band-gap material.

A big challenge facing these Si3N4 stressor layers is the laterally non-uniform strain

distributions, which in turn results in lateral band-gap variations[65, 66]. For example

in micro-disks with locally patterned stressor layers, the strain is maximum in the central

region whereas the optical mode is located at the circumference, this means the strain

and the optical mode do not overlap.
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In addition to this, the Si3N4 stressor layers cause a strain non-uniformity across the

transverse thickness of the Ge. The strain accumulates at the interface between the Ge

and Si3N4[65, 66, 67]. This can increase losses, as carriers can be confined at the surface

where non-radiative recombination acts as a loss mechanism. This can be partially

mitigated by good surface passivization.

2.5.1.2 Deposition of stressed film on patterned structures

To overcome the strain non-uniformity issues the deposition of a stressed film on pat-

terned structures was developed. If a patterned surface of a Ge structure is coated by an

intrinsically compressively stressed film, a tensile strain is imparted into the Ge structure

providing higher values of strain and improved strain homogeneity. The first attempts

focused on coating the top and sides of Ge patterned structures, using both initially

tensile and initially compressive Si3N4. Tani et al [71, 72] applied Si3N4 around a Ge

waveguide structure, the top of the waveguide possessed a compressive strain where the

sides possessed a small tensile strain.

Velha et al. [74, 75] showed tuneable stress in Ge nanopillars using Si3N4, the intrinsic

stress could be altered from 3 GPa compressive to 2 GPa tensile resulting in a maximum

tensile strain of 2.5%, enough to convert Ge into a direct band-gap material. Millar et

al [76] reproduced these results with emission up to 2.25 µm, however no optical cavity

was integrated and therefore no lasing could be demonstrated.

Millar et al [77] applied the all around stressor approach to Ge micro ring resonators,

using 2.45 GPa compressively stressed Si3N4 resulting in 2% biaxial strain. This value of

strain is theoretically supposed to make Ge a direct band-gap material, however despite

whispering gallery modes being present, no lasing was reported.

Ghrib et al [78] used an all-around stressor layer approach to coat a Ge micro-disk with

Si3N4. Initial work achieved strain values up to 1.45% with improved strain uniformity in

both the transverse and lateral direction. Further publications from the same group [73]

demonstrated increased strain values up to 1.75%, for which they claimed a direct band-

gap material. However despite these amazing achievements lasing was still unattainable,

strangely the lower strain values possessed higher Q factors.

Al-Attili et al [80] utilized PECVD SiO2 as an all-around stressor layer in conjunction

with the BOX layer in a Ge on SOI substrate, to impart tensile strain into Ge. Ge

micro-disks with added gratings around the circumference (referred to as microgears)

were fabricated. The goal of this study was to introduce enhanced Orbital Angular

Momentum (OAM), opening up a path for CMOS compatible vertically emitting lasers

and OAM lasers. However no lasing has been demonstrated on this platform yet as the

tensile strain is relatively low, however the strain can easily be increased using Si3N4.
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2.5.2 MEMS like structures

MEMS like structures were first proposed by Lim et al [81] to introduce moderate tensile

strain values in Ge by utilizing a cantilever like structure. Nam et al demonstrated 1%

biaxial strain combining tungsten stressors, with high intrinsic compressive stress using

Si vias. Boztug et al [82] used an Ge nanomembrane on suspended platinum, they

introduced the strain into the Ge by applying a high pressure gas causing bending of the

nanomembrane. More recently it has been theoretically proposed by Ayan et al [83] that

strain can be applied to Ge by electrostatic actuation with preliminary simulations, to

develop this concept further an optical cavity must be integrated, strain inhomogeneities

addressed and a practical device fabricated.

The majority of the research for MEMS like structures has focused on suspended bridge

structures. Jain et al [84] used initially tensile Si3N4 pads on a GOI substrate with a

patterned bridge, upon suspending the entire structure the Si3N4 pads relaxed imparting

tensile strain into the central bridges. Both uniaxial and biaxial structures were fabri-

cated achieving 0.96% uniaxial strain and 0.82% biaxial strain. As the strain is applied

from the top, the strain is largerly inhomogenous through the transverse thickness of

Ge, with the larger strain concentrated predominantly at the surface.

Al-Attili et al [85, 86] used a Ge on SOI substrate to pattern micro-disk resonators.

Bridges were subsequently defined in the BOX layer underneath the Ge micro-disk, fol-

lowed by suspension of the entire structure, by etching the underlying Si substrate. This

resulted in both uniaxial and biaxial tensile strain within the Ge micro-disks depending

on the bridge design.

The most popular and successful MEMS like structures for Ge light sources, and the

structures which are the focus of this thesis, have involved suspending the Ge bridges

directly. Originally this method was developed for Si nano-wire bridges [87] but has

since found success for Ge light sources. The basic principle of this method relies on

amplifying the small amount of biaxial tensile strain locked into the Ge layer, introduced

during the epitaxial growth of Ge on Si. The first step is to pattern the Ge layer into

a central smaller bridge region connected to larger pad regions. The second step is to

selectively etch the sacrificial layer underneath the Ge layer thus suspending the bridges.

As the bonds between the Ge and the sacrificial layer are broken, the Ge is now free to

relax. As the pads relax they constrict, causing the smaller bridge region to be pulled

by the larger pads and imparting a tensile strain into the bridge. Figure 2.2 presents

a schematic illustrating the main steps of the strain amplification process in suspended

Ge bridges.

The sacrificial layer depends on the substrate used: Si for Ge on Si and BOX for GOI/Ge

on SOI. The size of the strain can simply be controlled lithographically by increasing /

decreasing the size of the pads and the bridge. Furthermore by controlling the geometry
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Figure 2.3: A schematic showing the basic concept of strain amplification in Ge
suspended bridges, with a uniaxial bridge as an example in a GOI stack. a) The
starting GOI stack with the layers shown, Ge in green, SiO2 in cyan and Si in black. b)
The patterning to form the bridge, usually achieved by dry etching. c) The suspension

of the bridge and pads with the strain amplification in the bridge.

of the bridge and pads both uniaxial (using a uniaxial design) and biaxial strain (using

a biaxial or polyaxial designs) can be introduced into the central bridge region.

2.5.2.1 Uniaxial suspended bridges

Süess et al [88] first demonstrated strain enhancement in Ge uniaxial suspended bridges,

both Ge on Si and Ge on SOI substrates were studied. It was discovered that the Ge

on SOI substrates possessed an enhanced strain relative to Ge on Si, this was due to

the presence of the SOI layer which caused bending after removing the sacrificial BOX

layer underneath. The maximum strain achieved in this study was 3.1% uniaxial strain

measured using micro-Raman (µ-Raman) spectroscopy. Furthermore enhanced light

emission was demonstrated from these uniaxial bridges using PL measurements.

By improving the design and using higher quality GOI wafers uniaxial strain values of

up to 5.7% were demonstrated [89, 90, 60]. However this is actually not the highest

value, as it was experimentally shown that the µ-Raman measurement of the strain, has

a second order term at higher strain values [91, 92] therefore using a linear relationship

overestimated the strain value for high strain (>4%). Therefore the maximum strain

value for uniaxial suspended bridges in reality was around 4.9%[89, 90, 60] not 5.7%.

Despite the amazing engineering achievements of achieving such high strain, further

tensile strain is required to convert Ge into a direct band-gap material and allow efficient

steady-state room temperature lasing.
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In conventional laser devices, double heterostructures are employed to reduce the thresh-

old to practical levels. The double heterostructure is comprised of a material with a

smaller band-gap sandwiched between a material with a larger band-gap. The carriers

are confined in the smaller band-gap active region resulting in enhanced recombination.

Nam et al [93] demonstrated heterojunction like effects in uniaxial suspended bridges

referred to as ’Pseudo-heterostructures’. As the pads have a larger band-gap than the

narrow active region, the carriers are confined in the narrow bridge. This allows hes-

terostructure like effects to occur in a single material by using strain gradients, confining

carriers in the higher strain regions. Psuedo-heterostructures are advantageous over con-

ventional heterostructures as they circumvent the need for complex epitaxy and can be

controlled lithographically.

Attempts to integrate an optical cavity into uniaxial suspended Ge bridges were also car-

ried out. Petykiewicz et al fabricated Distributed Bragg Reflectors (DBRs) in-between

a suspended Ge nanowires[94]. The DBR mirrors were dry etched into the pads pro-

viding an optical cavity with Q factors of up to 2000 and uniaxial tensile strain values

between 1.95% to 2.37%. Despite the combination of the Pseudo-heterostructure, a high

Q optical cavity and moderate tensile strain the room temperature µ-PL measurements

did not reveal lasing.

A Distributed Feedback (DFB) cavity was proposed with high simulated Q factors up to

17,000 [95]. However unfavourable corner stresses reduce the achievable amount of tensile

strain within the bridge and a large sensitivity to fabrication variations made this optical

cavity difficult to implement experimentally. A more simple parabolic shaped corner

cube mirror was adopted at the cost of a lower Q factor, this was demonstrated to exhibit

emission up to 5 µm, however no lasing was demonstrated. Jiang et al demonstrated

room temperature electroluminesence from a suspended Ge bridge with 1.76% strain,

despite no lasing this demonstrates the feasibility of electrical pumping in suspended

bridges [96].

One major issue with suspended bridges as a method for introducing strain in Ge is

thermal management. As the Ge is suspended in air, any heat generated during device

operation or characterisation can only escape laterally. To partially mitigate this issue

a novel Ge on Dual Insulator (GODI) substrate was proposed [97]. The GODI has an

extra Al2O3 layer on top of the standard SiO2 BOX. After the selective wet etching of

the sacrificial Al2O3 layer with Potassium Hydroxide (KOH), capillary forces introduced

during the drying step were utilised to bring the Ge layer in contact with the SiO2 BOX.

This provided a solid thermal conduction path to the underlying Si drastically improving

thermal management whilst maintaining confinement for any potential optical modes due

to the large refractive index contrast between Ge and SiO2. However SiO2 still has a

fairly low thermal conductivity compared to Ge or Si, around 2-3 orders of magnitude,

therefore heating is still quite severe in these bridges compared with conventional III-V

laser diodes.
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2.5.2.2 Biaxial / Polyaxial bridges

Soon after uniaxial suspended Ge bridges were demonstrated, interest was shown in

biaxial and polyaxial bridges, both of which introduce biaxial strain into Ge. The

motivation for these bridges is the fact that in theory, lower biaxial strain is required to

convert Ge into a direct band-gap material. The first design was presented in the thesis

of Martin Süess [98], a Maltese cross structure. FEM was used to study this structure

and it showed that high corner stress was introduced which in turn reduces the amount

of achievable biaxial strain.

Sukhdeo et al [34] demonstrated up to 1.11% biaxial strain in a central Ge disk in which

the strain could be tuned lithographically. In contrast to the Maltese cross structure

proposed by Süess et al [98], multiple etch slits were used to create a more homogeneous

strain. However the achievable strain was still relatively low compared to uniaxial bridges

from the same group, furthermore the enhancement in µ-PL was only 2.3 times compared

to a predicted 20 times. Sukhdeo et al [99] further extended on this work by creating

a micro-disk resonator from their structure. They deposited a compressively stressed

Si3N4 layer to prevent strain relaxation, followed by etching their structure into micro-

disk resonators. Low Q factors were reported likely due to strain relaxation at the

circumference of the micro-disk where the first order WGM are located combined with

the heating due to the lateral thermal paths being disconnected during the dry etching

to form the micro-disk.

Gassenq et al [100] demonstrated a record high 1.9% biaxial strain, nearly enough to

convert Ge into a direct band-gap configuration, using high quality GOI and a structure

similar to the Maltese cross proposed by Süess et al. The high value of strain was

attributed to the high quality GOI used opposed to any improved design. Ishida et al

[101] demonstrated up to 0.8% biaxial strain in suspended Ge bridges from a Ge on SOI

stack, the lower achieved strain was due to larger corner stresses.

2.6 Lasing from highly strained Ge

The previous two sections summarised the two main approaches used to increase the

tensile strain in Ge to reduce the lasing threshold, towards efficient steady state room

temperature operation. Despite excellent achievements of combining high strain with

high Q optical cavities, lasing was not reproducible let alone more efficient. However

more recently there have been three demonstrations of low temperature optically pumped

pulsed operation lasing. Elbaz et al [102] demonstrated lasing using an Si3N4 all around

stressor on micro-disks. Bao et al [32] and Pilon et al [33] demonstrated lasing in

uniaxial suspended bridges. In this section an discussion of the lasing demonstrations

are provided.
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Bao et al [32] demonstrated lasing in a uniaxial suspended nano-wire bridge. The

uniaxial strain value was 1.6% combined with 1 x 1019 cm-3 n-type doping. The optical

cavity was created by DBR mirrors on each side of the pad resulting in multi-mode

operation between 1500 nm and 1600 nm and experimental Q factors of up to 850. The

threshold power density for lasing was 3.0 kW cm-2 under pulsed operation, with lasing

occurring up to around 80K. The nano-wire bridge was adhered to the SiO2 BOX layer

underneath the Ge after suspension using the GODI platform, which has an order of

magnitude larger thermal conductivity than air. This significantly improved the thermal

management therefore allowing lasing by suppressing the largest loss mechanism: IVBA.

Elbaz et al [102] demonstrated lasing in all around Si3N4 stressed micro-disks. Unlike

previous versions of this structure, in which the micro-disk was on an SiO2 pedestal,

this version had a metallic pedestal drastically improving the thermal management [79].

This was illustrated using FEM with a micro-disk under 8 mW continuous-wave optical

pumping at 15K ambient temperature. The micro-disk with an SiO2 pedestal rose

310K whereas the micro-disk with a metallic pedestal only rose 40K. The all around

Si3N4 stressor resulted in tensile strain values up to 1.7% biaxial strain, with the higher

strain concentrated at the circumference of the micro-disk where the WGMs are located.

Weak mode competition was observed which was accredited to large in-homogeneous

broadening due to the strain distribution within the disk. The authors claim a direct

band-gap configuration at this value of biaxial strain, however according to theoretical

studies the value is higher at 2%. Continuous-wave lasing was demonstrated with a

threshold power density of 18 kW cm-2 at 15K. It was noted that no lasing was observed

in micro-disks with smaller strain values. Lasing was again demonstrated up until 80K

at around 2 µm emission, at higher temperatures the lasing was quenched, this was

accredited due to a small offset between Γ and L valleys as well as heating, despite the

improved thermal management.

Pilon et al [33] performed a detailed study on the lasing dynamics in highly strained

uniaxial suspended bridges. Room temperature intrinsic Ge suspended uniaxial bridges

with room temperature strain values of around 3% were cooled down to below 100K.

When the bridges were cooled down the strain was enhanced due to the TEC mismatch,

the largest studied strain was 5.9% uniaxial strain. The authors state that this is just

below the transition from an indirect to direct band-gap material according to their tight

binding calculations. Temperature and strain dependant studies revealed that again the

lasing was quenched at around 80K. The authors postulated that the quenching was

due to the blocking of phonon mediated scattering from Γ to L valley during pulsed

operation at low temperatures. This only occurs at lower temperatures allowing for

efficient lasing. They suggest moving towards higher temperature and/or steady state

operation requires a larger band offset between Γ and L valley. According to tight

binding calculations, 6.8% uniaxial strain will result in 20 meV offset resulting in a gain

of 1000 cm-1. The theoretical limit for strain along the 〈100〉 direction is 16% strain,
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therefore it is a technical challenge to increase the strain by improving material quality

and the fabrication process. To move to higher operation temperature, strain higher

than 2% biaxial and 6% uniaxial are required. Furthermore good thermal management

is crucial to prevent optical losses, in particular IVBA.

2.7 Summary and outlook

This chapter began by describing the proof of concept studies which demonstrated lasing

using moderate tensile strain and high n-type doping, the need to drastically reduce the

threshold power for operation was highlighted. The theoretical models and simulations

were then discussed, it was revealed that this reduction could be best be achieved by a

high tensile strain and low n-type doping approach to provide the best lasing efficiency.

They also revealed that much less biaxial strain is required to convert Ge into an ef-

ficient lasing material. The various material platforms of Ge were then compared and

contrasted in terms of CMOS compatibility, material quality and optical confinement.

The two main methods for introducing high tensile strain into Ge were then vigorously

discussed: stressor layers and MEMS like structures. Despite the successes of these

platforms in combining high strain with an optical cavity lasing was not reproducible

until recently in which low temperature pulsed operation lasing was demonstrated by

multiple groups.

The next steps for Ge lasers is now to move to higher temperature operation with the

ultimate goal of room temperature lasing. Optical lasing must first be demonstrated

under steady state operation, after this the the ultimate goal of room temperature elec-

trically pumped lasers can be targeted. The greatest success for high strain lasing has

come from suspended Ge bridges [32, 33]. Both of these bridges introduced uniaxial

strain into the Ge to allow low temperature pulsed lasing. However theoretical studies

combined with preliminary experimental evidence, show that a much larger amount of

strain is required to enable higher temperature / steady state operation than has cur-

rently been achieved (above 6% uniaxial). This is difficult to practically achieve with

maximum room temperature value of 4.9% in extremely thin wires, these wires however

are not very suited for practical devices as they suffer from extreme heating and poor

optical mode confinement. The limit of increasing the strain is mainly due to the poor

crystal quality (i.e. high number of dislocations) in the Ge which cause mechanical frac-

ture at high strain. Furthermore these structures suffer from poor thermal management

due to the bridge being in contact with low thermal conductivity materials such as air

or glass. In addition to this the uniaxial bridges are extremely narrow and asymmetric

likely restricting efficient lateral heat dissipation. This in turn increases the losses (in

particular IVBA and FCA) inhibiting higher temperature operation.
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Biaxial / Polyaxial bridges that introduce biaxial strain have not been studied as exten-

sively as uniaxial bridges and have been somewhat overlooked. The reason for this is

two fold: large corner stresses preventing high strain and also difficulty integrating an

optical cavity. However the argument of this thesis is that biaxial / polyaxial bridges

can offer advantages in terms of strain engineering and thermal management. As high-

lighted many times in this chapter, a much lower (around 3 times) amount of biaxial

strain is required to convert Ge into a direct band-gap material compared to uniaxial

strain. This is much larger than first thought, therefore there is opportunity to increase

the biaxial strain by improved design opposed to material limitations in uniaxial. Fur-

thermore the thesis conjects that biaxial / polyaxial bridges offer advantages in terms

of thermal management due to greater lateral thermal conduction paths. The thermal

and mechanical properties of uniaxial and biaxial bridges are studied extensively. With

this in mind this thesis has two primary goals:

1. Study and compare the mechanical stress and thermal management in uniaxial and

biaxial/polyaxial bridges to reveal how to improve these features towards higher

temperature lasing

2. Offer improved biaxial/polyaxial designs to enhance strain homogeneity, reduce

corner stress, improve thermal management and if possible integrate an optical

cavity.



Chapter 3

A comparison of uniaxial and

polyaxial suspended germanium

bridges in terms of mechanical

stress and thermal management

3.1 Introduction

In this chapter, we study and compare uniaxial and polyaxial suspended Germanium

(Ge) bridges along with their respective geometric parameters in terms of mechanical

stress and thermal management to understand which configurations could potentially

be better for lasing. Finite Element Modelling (FEM) was used to study the influence of

various design parameters on the thermal management and mechanical stress. Uniaxial

and polyaxial bridges were successfully fabricated on a Ge on Silicon-on-Insulator (SOI)

platform to provide experimental verification of the simulation data. This is done in

the form of device survival analysis and Raman spectroscopy. The advantages and

disadvantages of using uniaxial or polyaxial bridges will be then discussed in detail.

Published in [2]

3.2 Bridge designs

Figure 3.1 provides a top view of the uniaxial design used in this study. The blue

regions show the Ge whereas the black regions show the patterned etching windows.

In the etching windows, material is removed by dry etching to expose the sacrificial

layer underneath. This is followed by an etchant entering these windows and selectively

23
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etching the sacrificial layer under etching the Ge resulting in suspension. The maximum

distance for the etchant to undercut the Ge was fixed at 10.0 µm in this study as shown

in Figure 3.1. The basic principle of tensile strain engineering in suspended bridges

relies on reorganizing the initial tensile biaxial strain of 0.2% introduced during the

epitaxial growth of Ge on Silicon (Si) (caused by a mismatch in the Thermal Expansion

Coefficients (TECs))[37]. The larger regions (the pads) compress resulting in the smaller

active region being pulled. The geometry of the etching windows is extremely important

as it determines the nature (uniaxial/biaxial), magnitude and the distribution of the

tensile strain within the bridge.

Figure 3.1: Exemplar uniaxial design showing the pad length. The central region is
shown under zoom and the parameters bridge height, bridge width and filet ratio are

defined. The fixed under etch distance of 10.0 µm is also shown.

The design for the uniaxial bridges used in this study is shown in Figure 3.1. There are

four important parameters which are: bridge height, bridge width, filet ratio and pad

length. The values of bridge height used in this study were 0.75 µm, 1.5 µm, 2.25 µm

and 3.0 µm. The values of bridge width used in this study were 2.5 µm, 5.0 µm, 7.5 µm

and 10.0 µm. Filet ratio is a ratio which defines the radius at the edges of the bridge

by multiplying this ratio by bridge width, the value was fixed in this study to be 0.25.

The pad length used in this study was 30.0 µm.

The design for the polyaxial bridges used in this study is shown in Figure 3.2. Etch

window thickness defines the size of the etch windows and is fixed at 0.3 µm in this

study. There are three important parameters which are varied: bridge diameter, the

number of arms and the pad length. The values of bridge diameter chosen for this study

were 3.0 µm, 4.0 µm, 5.0 µm and 6.0 µm. In this study the number of arms studied

was 4, 8, 12, 16 and 20. Pad length is kept at the same value as the uniaxial bridges to

allow for a direct comparison.
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Figure 3.2: Exemplar polyaxial bridge design with 8 arms/etch windows. The central
region is shown and the parameters etch window thickness and bridge diameter are

shown.

3.3 Simulations

In this section FEM was employed using the software package COMSOL Multiphysics

5.3a to study and compare the mechanical stress and thermal sensitivity of uniaxial and

polyaxial bridges.

3.3.1 Stress simulations

A common issue in mechanical design is stress concentration in which stress concentrates

at specific points. Usually stress concentration occurs around air holes, this occurs in

suspended bridges due to the etch windows. This stress concentration in the suspended

bridges can result in mechanical failure, usually in the form of cracking. Stress concen-

tration is is more severe for sharp corners and less severe for curves (and larger radius

holes), this is why good suspended bridge designs employ curved etch windows. In this

section we use the ‘ Structural Mechanics ’ module to study corner stresses in uniaxial

and polyaxial bridges. A 2D model was created with the bridge geometries. A fixed

boundary was applied along the undercut boundary (i.e. where the suspension ends)

assuming a 10 µm maximum under etch distance. The initial tensile strain in the system

(from the epitaxial growth of Ge on to Si) was set to be 0.2%.

The Von Mises stress was plotted for each bridge, this stress was chosen as it factors in

the shear components of the stress at which mechanical failure occurs at lower values,

compared to equivalent pure symmetric stresses due to a higher distortion of the Ge

crystal.In 2D, the Von Mises stress (σVM ) is defined as:

σVM =
√
σ2xx + σ2yy − σxxσyy + 3τ2xy
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Where σxx and σyy are the x and y uniaxial stress components and τxy is the shear stress

[103].

The bridge will undergo mechanical failure when the Von Mises stress anywhere in the

bridge exceeds a critical value, this value depends on the material quality of the Ge.

The central part of the bridge is designed to possess pure uniaxial / biaxial stress (and

therefore strain) useful for potential devices. An important ratio is defined between the

maximum Von Mises stress in the system (which results from the stress concentration

around the etch windows) and the stress in the central region of the bridge. This ratio

is labelled the Von Mises Ratio (VMR). The VMR is extremely important as it provides

an idea of how much strain can be achieved in the central region of the bridge before

mechanical failure occurs due to the maximum Von Mises stress in the bridge exceeding

the critical value, therefore lower VMR values are more favourable.

The VMR values were plotted as a function of the relevant geometric parameters for

each bridge. This is shown for the uniaxial bridges in Figure 3.3(a) and for the polyaxial

bridges in Figure 3.4(a).

Polyaxial bridges have higher VMR values reaching a maximum value of 11.3 compared

with the uniaxial bridges which reach a maximum value of of 3.4. The reason that

polyaxial bridges posses larger VMR values is due to the presence of shear stresses

(assymetric x and y components) at the stress concentrations which results in larger

Von Mises stress. This explains why much lower strain values are achieved in polyaxial

bridges.

Figure 3.3(a) shows the VMR for the uniaxial bridges as a function of bridge width for

various values of bridge height. As bridge width increases the VMR drops and saturates

at a value of 6.5 µm. As bridge height decreases the VMR also decreases and at a bridge

height of 0.75 µm approaches unity. The Von Mises stress distributions for the two

extreme geometries are shown in Figure 3.3(b) and Figure 3.3(c). In Figure 3.3(b). the

bridge height is 0.75 µm and the bridge width is 10 µm corresponding to a VMR of 1.05.

In Figure 3.3(c) the bridge height is 3.0 µm and the bridge width is 2.5 µm corresponding

to a VMR of 3.5. Smaller bridge widths and larger bridge heights result in corners with

smaller radii (i.e. are more sharp) resulting in greater stress concentration and therefore

a higher VMR, this can be visualised in Figure 3.3(c). As the bridge height is decreased

and the bridge width increased these corner radii are increased therefore reducing the

stress concentration, as seen in Figure 3.3(b), resulting in a lower VMR. This suggests

that the highest strain values should be achieved with lower bridge heights and larger

bridge widths.

Figure 3.4(a) shows the VMR in polyaxial bridges as a function of bridge diameter and

for various numbers of arms. Stress is inversely proportional to volume and the force

is constant due to the fixed pad length used in this study. As the bridge diameter

increases the stress therefore decreases, however the stress concentration does not scale
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Figure 3.3: Results from the uniaxial stress simulations. (a) The influence of bridge
width at different bridge heights on the VMR for uniaxial bridges. (b) Von Mises stress
distribution of a uniaxial bridge with a bridge width of 10.0 µm and a bridge height of
0.75 µm. (c) Von Mises stress distribution of a uniaxial bridge with a bridge width of

2.5 µm and a bridge height of 3.0 µm.

proportionally resulting in a net increase in the VMR. As the number of arms increases

the VMR decreases with 4 armed structures possessing extremely high VMR values (>8)

as shown in Figure 3.4(b). The lowest values for the VMR occurs for bridges with 20

arms. The reason for this is the stress is concentrated over more points resulting in

a lower stress concentration at each point and an overall lower VMR. However if the

number of arms is to high and/or the bridge diameter is too small, the etch windows
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Figure 3.4: Results from the polyaxial stress simulations. (a) The influence of bridge
diameter at different numbers of arms on the VMR for polyaxial bridges. (b) Von Mises
stress distribution of a polyaxial bridge with a bridge diameter of 6.0 µm and 4 arms.
(c) Von Mises stress distribution of a polyaxial bridge with a bridge diameter of 3.0 µm

and 20 arms.

become too close in proximity and high stress builds between them increasing the VMR.

This explains why for 20 arms the 3.0 µm bridge diameter has a higher VMR for the 3.5

µm diameter, as visualized in Figure 3.4(c). It should be noted that if a large etch window

was used for lower arm numbers the VMR would drop to a value comparable to the higher

arm numbers, as the stress would be concentrated over a larger radius. However a larger

number of arms are more favourable as they introduce more homogeneous strain [99].



Chapter 3 A comparison of uniaxial and polyaxial suspended germanium bridges in
terms of mechanical stress and thermal management 29

3.3.2 Thermal simulations

For the thermal simulations the ‘Heat Transfer In Solids’ module was used in conjunction

with a 3D geometry. The thickness of the Ge layer was fixed at 200 nm with an air gap

underneath to simulate the suspension. The laser beam spot was defined in the center

of each bridge. For all simulations, the pump wavelength was fixed at 532 nm and the

spot diameter at 0.75 µm so the beam spot fit within all the designs allowing for a fair

comparison. To accurately model the heating under optical pumping, the optical power

was first calculated. The Fresnel equations were first used to calculate the reflectance and

transmission of the incident light into the Ge layer, the beam profile was modelled as a

2D Gaussian function at the surface therefore accounting for lateral non-uniformity. The

transverse non-uniformity was considered by implementing the Beer-Lambert law. The

optical power distribution was subsequently used as a heat source under the assumption

that all the optical power was converted to heat. The bottom of the silicon substrate

underneath the air gap was set to be 20oC as a fixed boundary condition.

The temperature increase (i.e. compared to an ambient of 20oC) at the central point

of the bridges was plotted as a function of the relevant geometric parameters to give an

indication of the thermal sensitivity of the bridge (i.e. more thermally sensitive bridges

result in higher temperature rises at equivalent pump power). This is shown for the

uniaxial bridges in Figure 3.5(a) for different bridge widths and bridge heights and for

the polyaxial bridges in Figure 3.6(a) for different bridge diameters and numbers of

arms.

Due to the air gap underneath the bridges inhibiting efficient transverse thermal dissi-

pation, the suspended bridges rely on lateral thermal dissipation from the central bridge

region to the pads. The lateral thermal dissipation in turn relies on solid (i.e. Ge)

thermal conduction paths and therefore will be inhibited by an increased area of the

etchant window (i.e. air gaps) resulting in higher temperatures.

Figure 3.5(a) shows that for the uniaxial bridges, larger bridge widths and smaller bridge

heights cause more heating and vice versa. The temperature profiles for the two extreme

cases are shown in Figure 3.5(b) and Figure 3.5(c). In Figure 3.5(b) the bridge height is

3.0 µm and bridge width is 2.5 µm which corresponds to the smallest temperature rise

of 125oC. At larger bridge widths the heat from the center of the bridge has a further

distance to travel to dissipate at the pads. In Figure 3.5(c) the bridge height is 0.75

µm and bridge width is 10.0 µm which corresponds to the highest temperature rise of

375oC. At smaller bridge heights lateral thermal dissipation is reduced resulting in more

heating, this results in severe heating at the lowest bridge height value of 0.75 µm.

Figure 3.6(a) shows that for the polyaxial bridges, smaller bridge diameters and a higher

number of arms result in more heating and vice versa. The temperature profiles for the

two extreme cases of the geometry are shown in Figure 3.6(b) and Figure 3.6(c). In
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Figure 3.5: Results from the uniaxial thermal simulations. (a) The influence of
bridge width at different bridge heights on the central temperature increase for uniaxial
bridges. (b) The temperature distribution of a uniaxial bridge with a bridge width of
2.5 µm and a bridge height of 3.0 µm under 1 mW pump power. (c) The temperature
distribution of a uniaxial bridge with a bridge width of 10.0 µm and a bridge height of

0.75 µm under 1mW pump power.

Figure 3.6(b) the inner diameter is 6.0 µm and the number of arms is 4 corresponding

to the lowest temperature rise of 83oC. In Figure 3.6(c) the inner diameter is 3.0 µm

and the number of arms is 20 corresponding to the highest temperature rise of 93oC. At

smaller bridge diameters and higher number of arms the distance between etch windows

is reduced restricting thermal dissipation from the bridge into the pads.
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Figure 3.6: Results from the polyaxial thermal simulations. (a) The influence of
bridge diameter at different numbers of arms on the central temperature increase for
polyaxial bridges. (b) The temperature distribution of a polyaxial bridge with a bridge
diameter of 6.0 µm and 4 arms under 1 mW pump power. (c) The temperature dis-
tribution of a polyaxial bridge with a bridge diameter of 3.0 µm and 20 arms under 1

mW pump power.

It should be noted that the range of temperature increase is larger for the uniaxial

bridges (125 oC to 375oC) compared with polyaxial bridges (83oC to 94oC) meaning

that the heating in uniaxial bridges are more sensitive to design parameters than the

polyaxial bridges.
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3.4 Experimental validation

3.4.1 Fabrication process

Figure 3.7 shows the main fabrication steps to produce the suspended bridges on two 1

cm by 1 cm chips taken from a Ge on SOI wafer. The chips were first cleaned to remove

any organic contaminants from the surface using N-Methyl-2-pyrrolidone (NMP) under

sonication followed by rinsing with Iso-Propyl Alcohol (IPA). This was followed by the

spin-coating of the electronic resist ZEP520A. Electron beam lithography (EBL) was

then used to define the etching windows (and therefore the bridges). After development

the chips underwent Inductively Coupled Plasma (ICP) dry etching using CHF3 and SF6

chemistry removing the Ge and SOI and exposing the Buried Oxide (BOX) thus forming

the etch windows. The remaining resist was then removed using elevated temperature

NMP followed by IPA. Both chips underwent liquid HydroFluoric (HF) acid etching to

remove the sacrificial BOX underneath the bridges and suspend the bridges. Due to the

small Ge layer thickness of 200 nm and also the small BOX thickness of 145 nm stiction

was a concern. A simple tuning of the gap underneath the Ge was developed to prevent

stiction, one chip was placed into TetraMethylAmmonium Hydroxide (TMAH) after the

HF suspension and rinsing with De-Ionised (DI) water with no drying step in between

to tune etching of the Si handle layer increasing the gap underneath the bridges. After

all the etching steps both chips were rinsed in DI water and dried using a nitrogen gun.

This tuning resulted in a gap of around 10 µm underneath the Ge and used to reduce

capillary forces during the subsequent drying step to prevent stiction. The structures

that underwent the additional TMAH etching to make the gap underneath the bridge

larger will be referred to as “tuned”. Conversely the structures that just underwent HF

etching will be referred to as “not tuned”.

3.4.2 Optical micro-graphs and yield analysis

Figure 3.8 shows exemplar optical micro-graphs of the successfully fabricated Ge bridges

with the uniaxial bridges on the top row and polyaxial bridges on the bottom row.

Furthermore bridges with identical designs which were not tuned are shown on the left

hand side with bridges that were tuned shown on the right hand side. The etchant

windows in the uniaxial and polyaxial bridges can be seen to be visibly darker in the

tuned bridges indicating a much deeper gap suggesting the tuning process was successful.

Figure 3.9 shows the percentage survival rate of the 60 uniaxial and 60 polyaxial bridges

(i.e. the percentage of bridges that had not undergone mechanical failure) for both the

tuned and not tuned bridges. The uniaxial bridges had a much higher survival rate

compared with the polyaxial designs. The polyaxial bridges that were not tuned have

a survival rate of 8.1% whereas the uniaxial bridges have a much higher 45.0% survival
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Figure 3.7: A schematic showing the starting wafer stack of the Ge on SOI platform
and the main stages of fabrication.

rate. The polyaxial bridges that were tuned had a survival rate of 15.0% whereas the

uniaxial bridges that were tuned again had a much larger 75.0% survival rate. This

agrees with the results of the stress simulation as the polyaxial bridges have a much

lower survival rate due to higher corner stresses and thus higher VMR values. The

fact that the tuned bridges have a larger survival rate than the bridges that were not

tuned, is likely due to the larger capillary forces introduced during drying in the not

tuned bridges. The capillary forces act on the fragile highly stressed bridges causing

mechanical failure. This reduction of bridge survival due to larger capillary forces is

supported by the fact that the highest strained structures reported in literature utilized

a dry release thus eliminating the need for a drying step and thus drastically reducing

the capillary forces [104, 89, 105]. This simple tuning technique can be applied not only

to prevent stiction, which was the original goal, but also to improve the yield of bridges

and achieve higher strain values. The aim of this study was to focus on fully suspended

bridges and not bridges that had undergone stiction to the underlying Si (which would

cause optical leakage in actual laser diode devices (Appendix B)).
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Figure 3.8: Surviving uniaxial (top row) and polyaxial (bottom row) for the not tuned
(left column) and tuned (right column) bridges.

3.4.3 Raman spectroscopy

Raman spectroscopy was used to validate the results of the stress and thermal simula-

tions. A continuous wave green laser with a wavelength of 514 nm was used to excite the

bridges. A 50x objective lens was used to focus the laser spot onto the central area of

the bridge resulting in a spot diameter of around 1.0 µm. The signal was collected using

the same objective lens and reflected into a high resolution grating of 3000 lines/mm.

The exposure time was set to 10 s and the spectra were averaged 12 times for a total

measurement time of 120 s per bridge. The Raman spectra were fitted with Lorentzian

functions in order to estimate the peak position.

For measuring the strain, an optical power of 46 µW was used after testing the power

dependency and showing negligible heating effects (which cause an error in the strain

measurement). Shifts in Raman peak position relative to a bulk Ge sample (∆ω) were

deduced allowing the strain (ε) to be calculated using the equation: ε = ∆ω x C. Where
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Figure 3.9: Bar graph comparing the survival rate of uniaxial and polyaxial bridges
with and without tuning.

C is a proportionality factor reported in literature to be 390 cm-1 [68] for biaxial strain

and 152 cm-1 for uniaxial strain [88].

Figure 3.10(a) shows the Raman spectra of the polyaxial and uniaxial bridges with the

highest strain. The uniaxial bridge with the highest uniaxial strain value of 2.55% had

a bridge height of 0.75 µm and a bridge width of 7.5 µm. This coincides with the results

of the simulations in which the VMR was lowest for smaller bridge heights and widths.

The polyaxial bridge with the highest biaxial strain value of 0.75% had a bridge diameter

of 3.0 µm and 20 arms. This also agrees with the stress analysis of the polyaxial bridges

which showed that lower bridge diameters and a higher numbers of arms possessed a

lower VMR.

For validating the thermal simulations, two exemplar bridges were compared with the

simulation results: one polyaxial and one uniaxial. The uniaxial bridge had a bridge

width of 7.5 µm and a bridge height of 10.0 µm. The polyaxial bridge had a bridge

diameter of 3.0 µm and 20 arms. The Raman spectra were recorded at 0.1, 0.5 and

1.0 mW of power and the peak positions were extracted with Lorentzian fitting. The

peak positions were plotted as a function of power and a linear fit was performed and

extrapolated to the y-axis to give the peak position under zero power and remove the

effect of strain. The difference of the Raman positions at each power with this zero power
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Figure 3.10: The results of the Raman spectroscopy. (a) Raman spectra of the bulk
Ge sample and the bridges with the highest uniaxial and biaxial strain. (b) Tem-
perature rise from finite element modelling and Raman thermometry for an exemplar

uniaxial and polyaxial bridge to verify simulation results.

position were then calculated and the temperature rise was calculated assuming a linear

relationship with the Raman shift and dividing the Raman shift by the constant 0.0160
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cm-1 K-1 [106]. The temperature increase was plotted as a function of power and the

results of simulations under identical conditions were also plotted in Figure 3.5(a) and

Figure 3.6(a). As shown in Figure 3.10(b) the simulation data is in excellent agreement

with the experimental data.

3.5 Discussion

For uniaxial bridges there is a severe trade off between achieving higher strain and

minimizing heating. Smaller bridge heights and larger bridge widths favour higher strain.

This is supported by literature, with the highest uniaxial strains reported possessing

bridge heights in the range of 200.0 nm and bridge widths of 4.5 µm [89, 90, 60]. However

smaller bridge heights and larger bridge widths result in higher temperatures meaning

the bridge designs that allow for the highest strain are also extremely thermally sensitive.

For polyaxial bridges there is also a trade off between achieving higher strain and mini-

mizing thermal sensitivity. Larger numbers of arms and smaller bridge diameters result

in lower shear stresses and thus a higher achievable strain (and also improved strain

homogeneity), but this results in higher thermal sensitivity and vice versa. However the

dependence of thermal sensitivity on geometric parameters in polyaxial bridges is small

when compared to the uniaxial bridges, as shown in the simulation section of this study.

Polyaxial bridges have been less extensively explored compared to uniaxial bridges,

mostly due to the lower amount of strain achieved. However the results from this study

combined with recent reports in literature suggest that polyaxial bridges are actually

more favourable to their uniaxial counterparts. The highest achieved uniaxial strain in

uniaxial bridges was 4.9% whereas the highest biaxial strain in polyaxial bridges was

1.9%. But recent theoretical and experimental evidence shows that, the amount of strain

required to convert Ge into a direct bandgap material is three times larger for uniaxial

strain (6.0%) compared to biaxial strain (2.0%)[47, 46]. Therefore polyaxial bridges not

only possess superior thermal management, but they are also closer to achieving the

direct bandgap configuration in Ge.

Furthermore to achieve the highest strain in uniaxial bridges, the bridge width must be

very small. In literature the highest values of 4.9% were only achieved in extremely thin

nanowires with wire heights of 200 nm. However this will result in extreme heating,

causing unacceptable optical losses. Furthermore an optical mode is extremely difficult

to confine in such a narrow wire [89].

With uniaxial bridges, as the VMR has almost approached unity by careful design,

to further increase the strain the material quality must be improved (i.e. dislocations

reduced) to prevent fracturing. On the other hand the VMR in polyaxial designs is

still larger than unity. This offers an opportunity to introduce higher biaxial strain by
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improving the design to reduce corner stress. In other words the maximum strain in

uniaxial bridges is inherently limited by material quality whereas polyaxial bridges have

the potential to achieve higher strain and therefore optical gain by improved designs.

One major issue preventing the achievement of room temperature operation is absorption

due to intra-band transitions. Gupta et al showed by modelling the Inter Valence Band

Absorption (IVBA) under the influence of strain, that for certain uniaxial strain values,

there was a resonance between the gain and loss mechanisms[45]. It was theoretically

predicted that net gain was achieved between 4% to 5% uniaxial strain. This has an

important implication that strain must be optimised, and not just increased indefinitely,

to achieve room temperature lasing. However the cross over from direct bandgap in the

study by Gupta et al is underestimated at 4.6% (1.4% underestimation) which means the

range of strain value at which the optimum gain is achieved is also underestimated. The

largest uniaxial strain achieved in literature is 4.9% and therefore is still not optimum.

One must also considering the limitations of introducing more uniaxial strain. Therefore

polyaxial bridges introducing biaxial strain offer a more effective way to achieve these

ideal strain value for minimising absorption losses and maximising optical gain.

Finally it should be noted that the temperature rise for bridge suspended in air is still

too large for practical device operation. Stiction to the underlying Si would drastically

improve thermal management due to the high thermal conductivity of Si (i.e. in ’not

tuned’ structures). However if the Ge undergoes stiction to the Si the refractive index

contrast is low introducing large optical losses and therefore is avoided. Previous studies

in suspended bridges have utilised stiction to SiO2 to maintain a large refractive index

contrast whilst providing transverse thermal conduction paths for the bridges[93, 34, 94].

However SiO2 still has a relatively low thermal conductivity when compared to Ge or

Si (around 2 orders of magnitude lower). Future work can involve combining optimised

polyaxial bridges to provide excellent lateral thermal heat dissipation with the transverse

thermal heat dissipation into the SiO2. This will not only drastically improve the thermal

management to an acceptable level in the bridges, but by using higher quality GOI will

allow for higher biaxial strain values to be achieved.

3.6 Conclusions

We have investigated uniaxial and polyaxial bridges in terms of mechanical stress and

thermal sensitivity. FEM showed that the polyaxial bridges suffered from large cor-

ner stresses thus inhibiting large strain to be achieved. On the other hand uniaxial

bridges can be designed to have negligible corner stresses allowing higher strain to be

achieved. However FEM also revealed that uniaxial bridges were much more thermally

sensitive under optical pumping which will cause detrimental optical losses in potential

laser devices. To provide verification of the simulation results, suspended bridges were
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fabricated and underwent Raman spectroscopy which showed excellent agreement with

the simulations. With the lower thermal sensitivity and less strain required for a direct

band gap configuration, we argue that despite being overlooked compared with uniaxial

bridges, polyaxial bridges have great potential for lasing.





Chapter 4

Enhanced light emission from

improved homogeneity in

biaxially suspended Germanium

bridges from curvature

optimization

In this chapter, we aimed to address the discrepancy between the theoretical and mea-

sured enhancement in light emission in biaxial Ge bridges by improving the homogeneity

removing the high point corner strains. Biaxial bridges have suffered from poorer optical

and mechanical properties compared to uniaxial. One main reason for this was homo-

geneity and in particular point stress concentrations, this work aimed to address this

to improve homogeneity to make biaxial bridges a more viable option for light sources.

We propose a novel geometric approach to explore the role of curvature on the strain

distribution in an attempt to improve the strain homogeneity using finite element sim-

ulation. Devices were fabricated using a Ge on Si wafer stack. The bridges were then

characterized using µ-Raman spectroscopy to measure the central strain value and µ-PL

to study the effect on light emission. By comparing the micro-PhotoLuminesence(µ-PL)

measurement with micro-Raman (µ-Raman) spectroscopy and Finite Element Modelling

(FEM), we confirmed that point strain concentrations were responsible for degrading the

µ-PL intensity. Curvature optimization is then required to improve homogeneity, which

in turn improved light emission

Published in [1]
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4.1 Design and Simulation

4.1.1 Design

A unique geometric approach was employed to enhance the strain in the central area of

the bridge whilst minimizing point strain concentrations whilst parametrically exploring

the role of curvature. The bridges are comprised of four arms, Figure 4.1 schematically

shows how the half arm geometry was developed. The final four-armed geometry can

be formed using copying, rotation and translation.

Figure 4.1: Overall schematic of geometry design for half an arm with (a) Step 1 (b)
Step 2 and (c) Step 3.

The first step involves defining a geometric difference ‘diff1’ between a circular segment

‘circ1’ and square ‘sq1’ as shown in Figure 4.1(a); this difference ‘diff1’ defines the curve

at the extremity of the half arm. The square sq1 has dimensions that equal L/2.4 where

L is arm length, its y position is fixed at 0 and the x position (labelled ‘r1x’) is given is

also given in terms L, shown below as:

r1x = L− (0.5(L/2.4)) (1)
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Circular segment ‘c1’ has its center at coordinates (0, 0) with a constant sector angle of

30. The properties of ‘sq1’ define the radius of the circular segment ‘c1r’ as shown as:

c1r = r1x+ (0.5r1w) (2)

The second step involves defining the main bulk of the arm geometry. This step uses a

circular segment ‘circ2’ as well as a rectangle (labelled r1). The rectangle ‘r1’ and the

difference ‘diff1’ (defined in step 1) are subtracted from the circular segment ‘circ2’ as

shown in Figure 4.1(b). The rectangle ‘rect1’ has a width equal to the arm length L and

a height defined as H, furthermore it must be displaced in the y-axis by -H. Curvature

ratio C can now be defined as:

C = H/L (3)

The circular segment ‘circ2’ is rotated 90 degrees and displaced in the x direction by

L and in the y direction by – H. ‘circ2’ has a sector angle defined as gamma which

is defined by an angle θ (note θ is not shown schematically for simplicity but shown

mathematically). ‘circ2’ has to have a radius ‘c2r’ shown in Figure 4.1(b) and is given

by:

c2r = H/cos(γ) (4)

The value of C must be greater than unity otherwise the arc will over extend compro-

mising the geometry. This is shown in Equation (5) and Equation (6) below:

γ = 90o − θo (5)

θ = tan−1(H/L) = tan−1(C) (6)

The third step involves defining the curvature of the arm based on C achieved using a

circle (‘circ3). A square labelled ‘sq2’ is added with its corner at (0, 0) and dimensions

p2x defined by Equation (7) below with another required parameter ‘p2y’ defined as:

p2x = (L− (H/cos(γ))(cos(θ + β)) (7)

p2y = ((H/cos(γ))(sin(θ + β)−H) (8)

Beta is an input parameter, which defines the central area, which for the purpose of this

study is adjusted to give a fixed central circular area with diameter of 5.6 µm m. ‘P1’

defines the center coordinates of the circle ‘circ3’; it can be calculated by:
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P1 =
1

2L
− (sin(γ − β))(H + L)

(sin(135− (γ − β)))
(9)

To provide the curvature ‘circ3’ must be subtracted from the rest of the bridge. The

circle c3 has central coordinates: (‘P1’, ‘P1’) and radius ‘c3r’, which is given by:

c3r =
√

(p2x− p1x)2 + (p2y − p1y)2 (10)

Finally, a polygon (‘pol1’) is created to cut the bridge at a 45o angle. After this, the half

arm can be mirrored horizontally then copied and rotated to form the final four armed

bridge. Furthermore, the curvature ratio can be altered resulting in varying geometries

(as can be visualized in Figure 4.2.)

Figure 4.2: Schematic of four arm structure with (a) C = 1.0 and (b) C = 3.0. The
parameter L is fixed at 125 m (shown in blue) and the corresponding parameters H

(shown in red) and c2r (shown in green).

4.1.2 Simulation

FEM using COMSOL Multiphysics v5.2 was used to study the strain homogeneity in

the Ge bridges from C = 1.0 to C = 3.0 in increments of 0.2. The ‘Transport of dilute

species‘ module was used, assuming an isotropic diffusion to model the under-etchant

profile fitted to a maximum etching distance of 25 µm. The ‘Structural mechanics’

module was then used assuming an initial strain of 0.18% in the bridge. The diffusion

profiles were used to define a fixed constraint boundary condition. The central area had

a fixed diameter of 5.6 µm. The central strain, maximum strain and the ratio between

central and maximum strain were plotted as a function of C as shown in Figure 4.3.

Figure 4.3(a) shows the central strain decreases steadily as C increases; this is expected

due to reduced pad size. This means the highest central strain values are in low C

bridges. However Figure 4.3(b) shows the maximum strain is also largest at low C; the
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maximum strain rapidly decreases from C = 1.0 to C = 1.4 and then decreases slowly.

The high corner strain concentrations degrade both optical and mechanical properties

therefore these low C values are likely not suitable for practical applications.

Figure 4.3(c) shows that the ratio between the central and maximum strain saturates

at a value of around C = 1.8, at this point the largest central strain can be achieved

whilst minimizing the maximum strain which in turn should increase resistance to plas-

tic deformation and prevent detrimental carrier diffusion away from the central active

region.

Figure 4.3: The effect of C on (a) Central strain. (b) Maximum strain (c) The ratio
between central and maximum strain.

Figure 4.4 shows the strain distributions at various C values. 2D simulations are suffi-

cient as the thickness of each bridge is identical. The tensile strain has been enhanced

in the central region whilst compressive strain exist in the pads, as the force is constant

in the bridge for the tensile enhancement in the central region to occur the pads must

compress. The maximum strain regions decrease in magnitude as C increases however

they increase in size and shape, furthermore they migrate further from the central region

as C increases. Figure 4.4(a) shows the strain distribution at C = 1.0, the maximum

strain is concentrated in very small corner regions near the apex of the etchant windows

in the central region. These extremely high point biaxial strain concentrations will likely

cause mechanical failure, furthermore optical properties may be degraded. Figure 4.4(b)
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shows the strain distribution at C = 1.4, the gradient between the maximum and the

central strain is more gentle but these bridges are still likely to have poor optical and

mechanical properties due to the high point strain concentrations.

Figure 4.4: Strain distributions at C values of (a) 1.0 (b) 1.4 (c) 1.8 (d) 2.2 (e) 2.6
and (f) 3.0.

Figure 4.4(c) shows the strain distribution at C = 1.8 which has a more gentle strain

gradient and improved homogeneity. Figure 4.4(d) shows the strain distribution at C =

2.2, the homogeneity is very good at this point and the corner strain concentrations are

much smaller. Figure 4.4(e) shows an interesting deviation from typical distributions in

biaxial bridges exhibiting corner strains; the maximum strain begins to form into four

rectangular regions just outside the main central region. In fact despite these regions

having a higher value, the strain values are not purely biaxial and are asymmetric in



Chapter 4 Enhanced light emission from improved homogeneity in biaxially suspended
Germanium bridges from curvature optimization 47

nature, this reduces unfavorable carrier diffusion and subsequent recombination. Figure

4.4(f) shows the bridge at C = 3.0, the maximum strain forms more distinct and stronger

rectangular regions located outside the central regions in the pads. bridges with C >

2.6 show unique strain profiles, which deviate from previous works. These maximum

strain regions highly asymmetric with varying contribution from the uniaxial strain

components xx and yy. As the central strain is purely biaxial, a smaller strain value is

required to reduce the direct band-gap relative to the corresponding uniaxial strain. In

turn, the band-gap variation is not as large as the typical strain profiles in these bridges

with high corner strains (low C regime). With increasing C eventually the central

region will become compressive in nature. Whilst the maximum strain to minimum

strain ratio is a good indication of homogeneity it is not a definition, the spatial strain

profiles must also be considered in particular the size and location of the maximum

strain regions. At higher C, the maximum regions are further away from the central

region reducing pseudo-hetero-junction effects. Furthermore they are less concentrated

at the dry etched interfaces potentially minimizing surface non-radiative recombination

and roughness induced scattering.

4.2 Experimental

4.2.1 Fabrication

A Ge on Si material stack was chosen to fabricate the suspended bridges. The Ge layer

was 532 nm thick, etching windows were patterned using Electron Beam Lithography

(EBL). This was followed by Reactive Ion Etching (RIE) exposing the handle Si. Fi-

nally, a TetraMethylAmmonium Hydroxide (TMAH) wet underetch of the Si layer was

performed resulting in an etching distance of 25 µm. Optical microscopy was used to

observe the bridges, from inspection it was noted that all of the low C bridges were

destroyed during fabrication (1.0 - 1.3), this was expected due to the high point strain

concentrations. An optical micro-graph of a surviving bridge is shown in Figure 4.5

corresponding to C = 3.0.

4.2.2 µ-Raman spectroscopy

µ-Raman spectroscopy was performed to deduce the strain value in the central region of

the bridges. A green laser (532 nm wavelength) with a 100x objective lens at a power of

100 µW resulting in a spot size with around a 1 µm diameter. Previous work from our

group has determined the power dependency on the Raman peak position [86], a 100 µW

power was used to make heating effects on the peak position negligible. Bridges with C

values of 1.4, 1.6, 1.8, 2.0, 2.5 and 3.0 to study the effect of curvature ratio (and thus

curvature) on the strain. Figure 4.6(a) shows the µ-Raman spectra obtained. bridges
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Figure 4.5: Optical micro-graph of successfully fabricated bridge corresponding to C
= 3.0.

C 1.3 could not be used as none of them survived fabrication due to high point strain

concentrations.

The peak shift and peak width were extracted from the µ-Raman curves and plotted in

Figure 4.6(b). Raman shift decreases with increasing C that corresponds to decreasing

strain as predicted due to lower pad size. The peak width remains relatively unchanged

indicating that no substantial degradation of the crystalline quality has occurred. Figure

6(c) shows the measured strain values extracted from the peak shifts [68] using a pro-

portionality factor of 390 cm1 in addition to the corresponding simulated values, both

show a trend of decreasing strain as C increases. The discrepancy between the simulated

and measured values are likely due to an two dimensional isotropic etching profile being

assumed during simulations whereas the fabricated devices have a more complex three

dimensional anisotropic etching profile, however the strain distribution should not be

effected by the anisotropic etching profile as the symmetry is the same.

4.2.3 Micro-photoluminescence (µ-PL) measurements

µ-PL measurements were conducted on the same bridges as studied by µ-Raman spec-

troscopy. A green laser with a 532 nm wavelength was used to excite the central region of

the bridges with a power of 1.8 mW in conjunction with a 100-x lens resulting in a spot
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Figure 4.6: Optical micro-graph of successful fabricated bridge corresponding to C =
3.0.

size of around 1 µm diameter at room temperature. Figure 4.7 shows the µ-PL spectra

of bridges with increasing C as well as bulk Ge as a reference. In general, complex

spectra were produced with a broad emission profile; the spectra have been red-shifted

from the bulk Ge direct band-gap (corresponding to 1550 nm) due to the strain induced

band-gap reduction. The compressive strain fields in the pads cause the direct band-gap

to increase in size and is likely the cause of the significant µ-PL intensity below 1550 nm

in the spectra. Furthermore, two distinct peaks appear in each spectra can be visualized

likely due to Light Hole (LH) and Heavy Hole (HH) valence band splitting. Small Q

factor modes can also be seen in some bridges with the sharpest being in C = 3.0 likely

originating from the longitudinal thickness of the Ge bridge. It is difficult to ascertain

where the µ-PL signal is coming from in the bridge using only a one-dimensional detec-

tor array, the spectra becomes complex due to central and maximum strain values as

well as the subsequent LH and HH splitting, further work will be required to decouple

these phenomena and locate the source of the µ-PL signal.

As C increases the intensity increases across the spectrum despite the strain decreasing.

The intensity of the bridge with C = 3.0 corresponding to a central strain of 0.52% has

an enhancement of 3x relative to C = 1.6 at 1650nm. Thermal effects are an important

issue in suspended bridges, as there is air either side of the bridges thickness, the heat

cannot dissipate and the temperature of the bridges rise. The increase in temperature
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Figure 4.7: µ-PL spectra of bridges at increasing C. A cumulative y-offset of 25 was
added to enable clear visualization of the spectra without overlap.

results in more indirect transitions and therefore enhanced µ-PL signal as well as red

shifting. However the heat dissipation in these bridges should be extremely similar

due to similar lateral air gaps and therefore the thermal contribution cannot explain

the enhanced µ-PL intensity. One explanation for this enhancement could be due to

dislocation formation at the low C bridges due to higher strains; however, this is unlikely,

as the peak width in the µ-Raman spectra, Figure 4.6(b) remains relatively constant.

Sukdeo et al reported a 2.4x µ-PL enhancement in their biaxial suspended bridges [34]

however, they had expected a 20x enhancement compared to bulk Germanium from

theoretical calculations. One explanation provided for this discrepancy was pseudo-

heterojunction carrier confinement effects occurring in the point strain concentrations

in the corner of their bridges (which were similar to low C bridges). If the carriers were

to recombine here, the emission could be redshifted past the detector limit and therefore

not contribute to µ-PL intensity. Another explanation for improved µ-PL intensity at

higher C could be due to a combination of carrier diffusion and surface recombination.

In lower C bridges the point stress accumulation occurs at the dry etched interface. If

carriers diffuse towards this region with lower band-gap, they could scatter or undergo

non-radiative surface recombination both of which act as a potential loss mechanism.

In higher C bridges the maximum strain is further away and is not solely concentrated
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at the interface reducing these potential losses. Further work is required to deduce the

exact carrier behavior responsible for this µ-PL enhancement.

4.2.4 Conclusion

By optimizing curvature and using FEM, bridges with improved homogeneity were iden-

tified and improved light emission was confirmed by µ-PL studies. Bridges with a high

curvature (low C) exhibited large corner strain values, which were not present in the

lower curvature (high C) bridges. The lower curvature bridges therefore had improved

homogeneity, which was reflected in an enhanced µ-PL intensity in these bridges despite

lower central strain values. This study provides further evidence that high point strain

values can be detrimental to both the mechanical and optical properties of biaxially

suspended Ge bridges. This further highlights the need to consider the entire strain dis-

tribution when attempting to enhance light emission in Ge rather than absolute strain

values. This geometric methodology can be applied to other strain platforms in Ge to

enhance light emission not just suspended bridges. Further work is required to under-

stand the exact nature of the carrier dynamics responsible for enhanced light emission

with improved homogeneity. A 3-x intensity enhancement from C = 1.6 to C = 3.0 was

confirmed. With improved homogeneity, biaxially suspended Ge bridges become a more

viable option as practical on chip light source.
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Optical cavity integration and

reduced corner stresses in

Germanium polyaxial suspended

bridges by utilising an elliptical

design

5.1 Introduction

In chapter 3, Finite Element Modelling (FEM) and micro-Raman (µ-Raman) spec-

troscopy was utilised to compare the mechanical stress and thermal management in

uniaxial and polyaxial bridges. It was shown that uniaxial bridges posses much lower cor-

ner stresses and therefore higher practical values can be achieved compared to polyaxial

bridges. However it was also shown that polyaxial bridges have superior thermal manage-

ment compared to their uniaxial counterparts. With the improved thermal management

and recent studies showing that 3x more uniaxial strain is required to convert Ge into

a direct band gap material, it was argued that polyaxial bridges hold some advantages

over their uniaxial counterparts warranting further investigation.

Chapter 4 highlighted the need to minimise the corner stresses to reduce negative psuedo-

heterojunction effects and prevent mechanical failure. However the design in chapter 4

was too complex and the strain achieved was still low.

For successful integration of polyaxial bridges two challenges must be addressed:

1. Integration of an optical cavity whilst maintaining good thermal management
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2. Reduction, or preferably elimination, of corner stresses to enable higher biaxial

strain values to be achieved

Despite 1.9% biaxial strain being demonstrated in suspended Ge bridges [100], there has

only been once concerted effort to integrate an optical cavity from a polyaxial bridge [34].

Sukhdeo et al created a polyaxial bridge, the design of the polyaxial bridges in chapter

3 were based on this design. In their study they showed that the polyaxial bridges strain

profile drastically increased in homogeneity as the number of etch windows (or arms)

increased, however this effect saturated at around 12 etch windows.

To introduce an optical cavity into these polyaxial bridges, Sukhdeo et al [99] deposited

a compressively stressed Si3N4 layer onto polyaxial bridges which had adhered to the

underlying BOX layer followed by partially etching away the pads to form a microdisk

resonator. By etching away some of the Ge pads, a lateral refractive index contrast

is generated and WGM can be introduced. The Si3N4 layer was a preventative mea-

sure to prevent strain relaxation at the top of the Ge layer after partially etching the

pads. µ-Raman spectroscopy and FEM confirmed that the Si3N4 layer had prevented

strain relaxation at the top of the Ge layer however some strain relaxation had oc-

curred at the circumference of the microdisk resonator. Optical studies in the form of

micro-PhotoLuminesence (µ-PL) and Finite Difference Time Domain (FDTD) simula-

tions confirmed the presence of WGM in the microdisk resonators. The authors state

that the resonant peaks were not very sharp likely due to the roughness of the Si3N4

and also radiation losses in the small microdisks. It should also be noted that by etching

the arms, the lateral thermal dissipation paths are removed making the Ge much more

thermally sensitive.

In this chapter we introduce a new polyaxial bridge based on an elliptical design which

allows the integration of an optical cavity. Furthermore the new design offers many other

advantages including: reduced corner stresses, reduced fabrication complexity, eliminate

the need for Si3N4 and conservation of the thermal management properties.

5.2 Design

In this section we present the elliptical design used for the polyaxial bridges. The main

premise is that by increasing the number of etch windows (or arms) WGM can be

introduced without having to partially etch away the arms. This prevents destroying

the lateral thermal conduction paths and therefore conserves the thermal management

of the polyaxial bridges. Furthermore the process only requires one lithography step

and no Si3N4 deposition therefore simplifying the fabrication process. By increasing the

number of etch windows at a fixed diameter (and therefore fixed circumference) there is

a greater amount of air at the circumference than Ge. The design used in chapter 3 and
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also by Sukhdeo et al [34] utilised classic circular etch window, created by two circles

and a rectangle for each etch window. Figure 5.1 shows the classic polyaxial design used

in chapter 3, with the pad length, etch window thickness and central diameter.

Figure 5.1: Design schematic the polyaxial bridge introduce in last chapter with the
main design parameters shown: pad length, bridge diameter and etch window thickness.

The concern for using circular etching windows is that for a fixed diameter if you add

more etch windows, eventually the maximum stress/strain will accumulate in the narrow

regions between the arms. This will cause mechanical failure, in the form of fracturing,

of the bridge before the WGM can be introduced. The WGM could be introduced by

decreasing the pad length to reduce the stress, however this is not an option as it would

drastically reduce the avaliable tensile strain required for band-gap engineering. Point

stresses are a common issue in the field of mechanical engineering, one common tactic
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utilised to reduce these point stresses is by using elliptical holes over circular holes [107].

Figure 5.2 shows the previous circular design being modified into an elliptical design,

an Ellipse Ratio (ER) is defined which is the ratio between the b-axis and a-axis of the

ellipse. Three exemplar designs with 24 arms and a central diameter of 3 µm is shown

with an ER of 1.0, 1.5 and 2.0 in Figure 5.2.

Figure 5.2: Schematic showing the elliptical etch window design with increasing ER
values of 1.0 in red, 1.5 in green and 2.0 in blue. The ER is also defined in terms of the
semi-axes of the ellipses in the etch window with two regimes: circular and elliptical.

5.3 Fabrication

Figure 5.3 shows the main fabrication steps to produce the suspended bridges. A chip

with dimensions of 1 cm by 1 cm, originally diced from an 8 inch Ge on Si, wafer

was proceed. The advantage of using a thicker Ge layer of 500 nm and the Si handle

as the sacrificial layer, is the reduced capillary forces on the bridge during the dry-

ing step ensuring suspension and reducing the chance of fracturing. The chips were

first cleaned to remove any organic contaminants from the surface using N-Methyl-2-

pyrrolidone (NMP) under sonication followed by rinsing with Iso-Propyl Alcohol (IPA).

This was followed by the spin-coating of the electronic resist ZEP520A. Patterning by

Electron Beam Lithograpgy (EBL) was then used to define the etching windows (and

therefore the bridges). After development the chips underwent Inductively Coupled

Plasma (ICP) dry etching using CHF3 and SF6 chemistry removing 500 nm of Ge and

exposing the underlying Si, thus forming the etch windows. The remaining resist was
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then removed using elevated temperature NMP followed by IPA. The chip was placed

into TMAH to selectivity etch the sacrificial Si layer, the target etch distance was 12.5

µm to fully release and suspend the Ge bridges. After the etching step the chip was

rinsed in DeIonised (DI) water and dried using a nitrogen gun.

Figure 5.3: The main fabrication steps involved in producing the polyaxial bridges.

Figure 5.4(a) shows an SEM image of an exemplar fabricated polyaxial bridge with a 3 µ

diameter, 16 arms and ER of 1.5. Figure 5.4(b) shows the same structure, with half the

structure milled using a Focused Ion Beam (FIB) to confirm that the structure has been

suspended. It can be visibly seen that the gap underneath the bridge is large, which is

estimated to be around 10 µm, which is more than sufficient for optical confinement.

The anisotropic etching of the Si can be visualised with the 〈111〉 planes visible. Future

work should be conducted on a larger number of samples to see the influence of variations

between devices with identical designs to ensure good reproducibility.”

5.4 Stress and strain analysis

As mentioned in the introduction, the aim of the design is to increase the number of

arms to introduce an optical cavity. However as the number of arms increases for a fixed

diameter, the distance between the arms reduces and the maximum stress will eventually

occur in these narrow regions causing fracturing.
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Figure 5.4: FIB/SEM images of sucesfully fabricated bridges.(a) A top-down per-
spective SEM image (b) A trench milled using a FIB into the Ge to show the successful

suspension of the bridge.

This fracturing can be visualized in Figure 5.5, which shows the SEM images of three

bridges with almost identical geometrical parameters. The pad length for each bridge is

50 µm and the central diameter is 3 µm, however each bridge has a different ER. This is

important to note as each bridge should have the same amount of stress in the central

region. Figure 5.5(a) has an ER of 1.0, a clear fracture can be seen (marked with a red

circle) between the narrow region between two adjacent etch windows. Figure 5.5(b)

and Figure 5.5(c) have an ER of 1.5 and 2.0, both of the bridges with an ER greater

than unity have survived. This provides visual evidence that using an elliptical design

prevents fracturing.

To gain a deeper understanding, FEM was used to study the influence of the ER on

the stress and strain in the bridges. COMSOL Multiphysics 5.3a was used with the

‘Structural Mechanics’ module to study the stress and strain in in the polyaxial bridges.

A 2D model was created with the bridge geometries. A fixed boundary was applied along
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Figure 5.5: Top-down SEM images showing near identical bridges with ERs of (a)
1.0, (b) 1.5 and (c) 2.0.

the undercut boundary (i.e. where the suspension ends) assuming a 10 µm maximum

under etch distance.

Figure 5.6 shows the strain profiles of each of the bridges shown in Figure 5.5 and also

shows the relationship between the ER and both the central and maximum strain in the

bridges.It should be noted the scales on the sub-figures differ to help visualise maximum

strain. Figure 5.6(a) shows the strain profile of the bridge in Figure 5.5(a) which has an

ER of 1.0, the maximum strain of 1.66% is located in-between the etch windows. Figure

5.6(b) shows the strain profile of the bridge in Figure 5.5(b) which has an ER of 1.5, the

maximum strain is now mostly located at the tip of the etch window. The maximum

strain has decreased from 1.66% to 1.39%, this is a 19.4% decrease in the maximum

strain. Figure 5.6(c) shows the strain profile of the bridge in Figure 5.5(c) which has an
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ER of 2.0, the maximum strain is now completely located at the tip of the etch window.

The maximum strain at ER 2.0 has increased slightly to 1.4% but is still lower than the

original circular design. Figure 5.6(d) shows the influence of the ER from 1.0 to 3.0 in

0.1 increments on the central and maximum strain. The ER has a negligible influence

on the central strain value, however it has a big impact on the maximum strain value.

As the ER increases from unity the maximum strain drops to a minimum of 0.77% at

an ER of 1.8. As the ER increases further the maximum strain increases again, this

is due to sharper corners. However the maximum strain still remains smaller than the

original circular structure with an ER of 1.0. Therefore the elliptical design reduces the

maximum strain and changes the location of the maximum strain from in-between the

etch windows into the central region of the bridge. It should be noted that the maximum

strain values at the corners are not purely biaxial due to asymmetric strain components,

this can result in larger stresses due to shearing and therefore it is prudent to run stress

analysis as well.

Figure 5.7 shows the Von Mises stress profiles for the bridges shown in Figure 5.5, it

should be noted the scales on the sub-figures differ to help visualise maximum stress.

Figure 5.7(a) shows the Von Mises stress profile of the bridge in Figure 5.5(a) which has

an ER of 1.0, the stress is mostly located again between the etch windows. Figure 5.7(b)

shows the strain profile of the bridge in Figure 5.5(b) which has an ER of 1.0, the stress

is located between the arms, however the magnitude of the stress has dropped. Figure

5.7(c) shows the stress profile of the bridge in Figure 5.5(c) which has an ER of 2.0, the

stress is now moving towards the central region of the bridge. Figure 5.6(d) shows the

influence of the ER on the Von Mises Ratio (VMR)(defined in the chapter 3). Similar

to the results of Figure 5.6 the VMR is lowest at an ER of 1.6. The VMR is 20% lower

than the best circular designs presented in chapter 3. This means that by employing an

elliptical design, the largest achievable strain can be increased by up to 20% and even

further potentially with optimization.

Raman spectroscopy was used to determine the highest strain experimentally. A con-

tinuous wave green laser with a wavelength of 514 nm was used to excite the bridges. A

50x objective lens was used to focus the laser spot onto the central area of the bridge

resulting in a spot diameter of around 1.0 µm. The signal was collected using the same

objective lens and reflected into a high resolution grating of 3000 lines/mm. The expo-

sure time was set to 10 s and the spectra were averaged 12 times for a total measurement

time of 120 s per bridge. The Raman spectra were fitted with Lorentzian functions in

order to estimate the peak position.

For measuring the strain, an optical power of 46 µW was used after testing the power

dependency and showing negligible heating effects (which cause an error in the strain

measurement). Shifts in Raman peak position relative to a bulk Ge sample (∆ω) were

deduced allowing the strain (ε) to be calculated using the equation: ε = ∆ω x C. Where

C is a proportionality factor reported in literature to be 390 cm-1 [68] for biaxial strain.
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Figure 5.6: Tensile strain distribution at (a) ER 1.0 (b) ER 1.5 and (c) ER 2.0. The
infleunces of ER on the central and maximum tensile strain.

Figure 5.8 shows the Raman spectra of bulk Ge, the epitaxial Ge on Si and the bridge

with the highest strain. The bridge with the highest strain has a central diameter of 3

µm, 16 arms and an ER of 1.5, however there were many other samples with similar strain

values. The amount of strain was 1.11% which is nearly 50% larger than demonstrated

in chapter 3.
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Figure 5.7: Von Mises stress distribution at (a) ER 1.0 (b) ER 1.5 and (c) ER 2.0.
The infleunces of ER on the Von Mises Ratio (VMR).

5.5 micro-PhotoLuminesence (µ-PL)

5.5.1 Experimental details

To study whether an optical cavity was introduced µ-PL measurements were conducted

at low temperature (4K). A laser diode under pulsed operation was utilised. pump

wavelength of 1064 nm was used in conjunction with. A 20x objective lens to focus the

laser spot to roughly 20 µm, this spot size was larger than the central bridge reason with

the implication that the pads (i.e. relaxed) Ge was also excited. For each measurement

the pulse width was 20 ns and the frequency was 10 MHz, pulsed operation was utilised

to minimise heating effects. The excited light was collected through the same objective
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Figure 5.8: Raman spectra of the highest strained bridge with bulk Ge and epitaxial
Ge on Si for reference.

lens used for excitation and coupled into an InGaAs detector with a cut off at around

1650 nm. For each spectra the exposure time was set to 0.5 s and 30 exposures were

averaged to provide the final spectrum. Due to the cut off limitation of the detector,

highly strained samples were not possible to measure with this experimental set up.

However bridges with minimal strain are sufficient to demonstrate optical modes.

5.5.2 Power dependency

Figure 5.9 shows the µ-PL spectra of a bridge with a 4.5 µm central diameter, 16 arms,

12.5 µm pad length, and an ER of 1.5. The strain in the central part of the bridge

is comparable to the epitaxial value of 0.25% at room temperature according to FEM.

As the bridge is suspended and cooled the strain can be enhanced [33], although this

effect is likely negligible due such small pad length to with pump powers of 1.0, 2.0,

3.0 and 4.0 mW. For all pump powers there is a broad peak centred at a wavelength

of around 1485 nm which is which is likely due to the Γ to HH transitions. There is

a smaller less broad peak at around 1575 nm and also a broad peak between 1600 nm

and 1650 nm. It is hard to determine the exact cause of these peaks but they are likely

due to contributions from the indirect transitions and the Γ to LH transitions. As the

power increases the intensity of the peaks increase as a result of enhanced spontaneous

emission. There is no red-shifting of the peaks with higher pump powers indicating that

no significant heating effects are occurring.
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Figure 5.9: Power dependency µ-PL measurements

5.5.3 Optical modes

Figure 5.10(a) shows the µ-PL spectra for the bridge that underwent the power depen-

dency in the previous sub section and also an near identical bridge which has 24 arms

instead of 16 arms under 4.0 mW pump power. Therefore the strain in these bridges is

near identical as confirmed with FEM. The bridge with 16 arm has no clear resonances

present in the spectrum, however the bridge with 24 arms has multiple resonances in-

dicating the presence of multiple optical modes. Transverse optical modes can be ruled

out as both bridges have the same Ge thickness. Figure 5.10(b) and Figure 5.10(c) shows

FDTD simulations for the bridges with 16 and 24 arms respectively at 1550 nm. The

simulations reveal WGM are present in the 24 arm bridge which are not present in the

16 arm bridge thus confirming that the larger number of arms allows for the introduction

of WGM. The WGM are not extremely well defined which is likely indicative of a leaky

mode. The measured Q-factor of the sharpest mode which was centered at 1547.77 nm

is 310. There are other peaks located at 1516 nm and 1531 nm which are likely due to

different order WGM, future studies will fully study and optimize these modes.
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Figure 5.10: (a)µ-PL spectra of bridges with 16 and 24 arms. (b)Normalised optical
field profile from FDTD at 16 arms at 1550 nm wavelength. (c)Normalised Optical field

profile from FDTD at 24 arms at 1550 nm wavelength.

5.6 Discussion

The Ge used in this study was thicker than in the previous study, this means that a

larger number of dislocations should be present in the bridge and mechanical failure

should occur more easily. However the introduction of the ER enabled higher strain to

be achieved in the polyaxial bridges. There was a remarkable 50% increase compared to

the biaxial strain reported in chapter 3 and chapter 4. FEM modelling only accounts for

around 20% of this strain increase due to a reduction in the VMR, the reason for such

an improved strain value is unclear at this time. However it is clear that the elliptical

designs can achieve higher strain values then their circular counterparts by reducing

corner stresses. Despite this improvement, the VMR is still much higher than uniaxial
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bridges. Perhaps this offers a unique opportunity to further improve the design to reduce

the VMR for polyaxial bridges and further enhance the biaxial strain. As mentioned

extensively the previous chapters, 3 times less biaxial strain is required to convert Ge

into a direct band-gap material. Therefore if the VMR could be further improved by

new designs then an optimal band-gap configuration can be achieved for lasing.

By using a larger number of arms, WGM can be introduced into these polyaxial bridges.

This is achieved without destroying the precious lateral thermal conduction paths and

therefore maintaining the thermal management, this is evidenced by the power depen-

dencies which show no red shifting at 4K. As the temperature increases however the

thermal conductivity of Ge can drop substantially and at higher pump powers heating

will still likely occur. Furthermore no deposition of Si3N4 is required [99] and no strain

relaxation at the edges occurs. Strains of up to 1.11% were obtained which is comparable

to the microdisks presented in Sukhdeo et al, these microdisks had higher quality GOI

and thinner layers. Therefore if the elliptical designs are combined with higher quality

GOI and thinner Ge layers, then even high strain can be achieved.

Compared to the biaxial bridges in chapter 4, which had a maximum tensile strain of

0.8% strain, the polyaxial bridges presented in this chapter exhibited a 26.1% percentage

increase in tensile strain. Both the starting material and the fabrication process were

identical for the biaxial and polyaxial bridges. Therefore the strain improvement is a

merit of improved design. Furthermore, WGMs were present in the µ-PL spectra of

Figure 5.9; however, no distinct cavity modes were observed for the biaxial bridges,

showing the distinct advantage of the polyaxial bridges for optical cavity integration.

It should be noted that in addition to these advantages, the design presented in this

chapter was greatly simplified, making practical realization much easier.

Due to limitations of the experimental set up, the optical properties of only low strain

structures were measured at low temperature. However many structures with larger

numbers of arms and high strain were fabricated, future work can address measuring

the longer wavelength emission from these structures.

The strain and optical confinement can also be optimised somewhat independently. The

resonant wavelength for the WGM can be controlled by the central diameter and the

strain (and therefore emission wavelength) can be tuned by adjusting the pad length.

The ER and number of arms can then be optimised to maximise the Q factor whilst

minimising the corner stress. The Q factors reported so far were quite low, future work

can also address increasing the Q factor by optimising the diameter and the number of

arms. To achieve room temperature Ge, higher strain must be achieved (around 2%)

and also better thermal management. By combining the dual insulator GOI platform

with elliptical designs potentially both of these can be achieved.
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5.7 Conclusions

In this chapter we presented a novel elliptical polyaxial suspended Ge bridge design.

The design was successfully fabricated on a Ge on Si platform. SEM, FEM and µ-

Raman were utilised to confirm the reduced corner stress in this design allowing for

higher strain values to be achieved of 1.11% compared to previous designs. An optical

cavity was confirmed with WGM identified using FDTD and µ-PL. This elliptical design

improved two major issues with polyaxial bridges: high corner stress and optical cavity

integration with good thermal management.





Chapter 6

Conclusions and future work

Finally the thesis is concluded with a summary and conclusion of the research followed

by future work and outlooks.

6.1 Summary

To summarise, this thesis identified advantages in terms of thermal management for

polyaxial bridges over uniaxial bridges. Furthermore novel designs were explored which

improved the current state of the art biaxial and polyaxial bridges.

A summary with the contributions of this thesis can be summarised as follows:

1. In chapter 3, a study was conducted to compare uniaxial and polyaxial bridges

in terms of thermal sensitivity and mechanical stress. This was achieved using

Finite Element Modelling (FEM) and micro-Raman (µ-Raman) spectroscopy. It

was shown that the corner stresses in polyaxial bridges were extremely large with

values up to 5x larger than their uniaxial counterparts, which is the reason large

amounts of mechanical failure occurred, this was supported by yield analysis. The

implication of this is that uniaxial bridges are limited by material quality whereas

polyaxial bridges are limited by design. Furthermore it was shown that polyaxial

bridges were much less sensitive to heating under optical pumping therefore may

be more suitable for higher temperature operation and more efficient lasing. It

was postulated, in conjunction with recent theoretical and experimental evidence,

that polyaxial bridges could be advantageous over uniaxial bridges.

2. In chapter 4, the role of curvature in biaxial suspended bridges was explored using

FEM, µ-Raman and micro PL(µ-PL). It was shown that despite decreasing strain

the PL intensity increased with decreasing curvature. Although it may be due

to some heating effects this suggests the decrease in PL intensity is due to large
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corner stresses causing un-favourable psuedo-heterojunction effects. Despite im-

provements these designs were not practical for a few reasons such as low achievable

strain, no optical cavity and complex design.

3. In chapter 5, a novel elliptical etching window design was introduced to improve

on the design outlined in chapter 4. This bridge design simultaneously allowed the

integration of an optical cavity and reduced corner stresses. The elliptical design

reduced corner stresses by around 20% allowing a high biaxial strain value of

1.11% despite the high number of dislocations in the Ge on Si stack. Furthermore

using Finite Difference Time Domain (FDTD) and µ-PL it was shown that the by

increasing the number of arms, WGM could be introduced.

The main take-way from this thesis is that despite being overlooked, polyaxial

bridges offer many advantages over their uniaxial counterparts for a Ge laser. It has

been show that corner stresses can be reduced by design and thermal management

is superior in polyaxial bridges. Uniaxial bridges are currently limited by the

material quality of the Ge. However for polyaxial bridges, if the corner stresses

could be further reduced by design, then enough strain to enable efficient lasing (

> 2%) could be achieved with efficient thermal management. Furthermore it must

also be reminded that 3x less biaxial strain is required to convert Ge into a direct

band-gap material further increasing the prospects of polyaxial bridges.

6.2 Future work

6.2.1 Improving the elliptical design

The immediate future work should focus on further studying and optimising the elliptical

polyaxial bridges. More in-depth studies must be conducted to increase the Q-factor of

the optical modes and decrease the corner stresses. This can be done by sweeping the

Ellipse Ratio (ER) and central diameter more carefully. By increasing the diameter and

tuning the number of arms the Q-factor of the WGM should be able to be increased.

6.2.2 Towards room temperature lasing

To move towards room temperature optically pumped lasing with the polyaxial bridges

and the elliptical design, some requirements must be fulfilled. The material quality of the

polyaxial bridges must be improved to obtain enough biaxial strain to not only convert

Ge into a direct band-gap material, but to ensure a large enough gap between the Γ

and L valley to allow for efficient lasing. Secondly better thermal management must be

achieved, as the temperatures were reaching above 50 oC even at modest pumping.
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Both of these issues can be addressed if the elliptical designs are fabricated on the GODI

platform. The GODI platform uses wafer bonding and subsequent CMP to remove many

of the misfit dislocations which accumulate at the interface between Ge and Si. Therefore

as the misfit dislocation density is reduced, higher strain can be achieved. The maximum

biaxial strain achieved on a GOI platform was 1.9% [100], the elliptical design may be

able to push this high value past the point of direct band-gap and allow efficient lasing.

Secondly as the polyaxial bridge comes into contact with the underlying SiO2 combining

efficient transverse and lateral thermal management, this makes them more suitable for

high power detectors.

One last issue that must be addressed is characterisation, µ-PL measurements were

limited in this study to low strain values due to red-shifting of the emission past the

detection limit. Future work must use Fourier Transform Infrared detectors to push the

detection limit into the MIR and measure the high strain samples, as conducted in [33].

6.2.3 Novel directions

Finally we end the discussion on future work with some suggestions of novel applications

for polyaxial bridges.

The first potential application is in photodetectors, the polyaxial bridges can be arrayed

into pixels. The wavelength of the light to be detected can be tuned by using strain,

allowing for a wide range of detection efficiency on the same chip. Furthermore these

bridges will posses better thermal management than any uniaxial counterparts allowing

for reduced dark current during operation.

The second application is to apply these polyaxial bridges to GeSn. As mentioned in

chapter 2, GeSn bridges suffer from large threshold, however they have more reproducible

and higher temperature operation than Ge lasers. Recent theoretical studies suggested

that combining Sn alloying and tensile strain together could be an efficient way to unlock

efficient room temperature lasing [108]. This inspired a recent demonstration of lasing

up to 273K [109] in strained GeSn using uniaxial bridges. The elliptical polyaxial bridge

design could be applied to such a fabrication process allowing for a larger effects on the

band-gap to be achieved, not only allowing more efficient operation but also red shifting

into new MIR applications.





Appendix A

A.1 Optical pumping

Optical pumping is most often used to test for lasing in Germanium (Ge), this is due

to more rapid fabrication and prototyping due to a lack of metal contact integration.

As mentioned the local heating of devices under optical pumping can cause drastic

temperature increases and therefore losses. Free Carrier Absorption (FCA) and Inter-

Valence Band Absorption (IVBA) are the predominant loss mechanisms and both are

proportional to temperature. To move toward room temperature lasing in Ge the effect

of the various optical pumping parameters such as pump wavelength and optical power

must be explored as well as the structural parameters of the platform. Furthermore, the

models currently used must be improved to better understand the heating by considering

how the incident pump power is dissipated and distributed in the Ge. This will allow

the temperature increase to be put in terms of number of photons absorbed in the active

region and also allow a better definition of the injection power. The goal of this study is

to employ FEM to explore the effect of design and optical pumping parameters on the

temperature distribution within the Ge in both un-patterned wafer stacks.

Pump wavelength can have a large impact on how the optical power distributes within

the Ge and therefore influences the injection power and heating. The first consideration

is that the pump wavelength must correspond to a higher energy than the band gap

to allow excitation, for this purpose we will only consider pump wavelengths below

1550 nm although the Ge band-gap redshifts under tensile strain meaning higher pump

wavelengths could be utilized.

A.2 Simulation details

A 2D axis-symmetric model was utilized in COMSOL Multiphysics v5.3, which was

used to study the optical power distribution and subsequent temperature profiles. Two

wafer stacks were studied: Ge on Si and and GOI (Ge/SiO2/Si). Dispersion for the

extinction coefficient and refractive index were inbuilt as look up functions[110]. The
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input parameters were pump wavelength, incident pump power and layer thicknesses.

Often in literature the calculated power density is simply the measured incident power

divided by the area of the spot size neglecting non-uniformities. First we use the Fresnel

equations to calculate the reflectance and transmission of the incident light into the

Ge layer, then our simulation accounts for non-uniformities to provide a more accurate

picture of the heating. The lateral non-uniformity was considered by implementing the

2D Gaussian profile of the beam at the surface. The transverse non-uniformity was

considered by implementing the Beer-Lambert law. The optical power distribution was

then used as a heat source in the ‘Heat Transfer in Solids module’. The bottom of

the wafer was fixed at T = 20oC as a fixed boundary condition. Figure A.1 shows a

schematic of how the optical power distribution is calculated and used as a heat source,

under the assumption all power is converted to heat.

Figure A.1: Schematic diagram showing how the incident optical power is dissipated
from the Fresnel equations and the Beer Lambert law at multiple interfaces allowing
the absorbed optical power and thus heat to be calculated as a function of wavelength,

thickness and wafer stack.

Optical confinement and injection densities must also be considered when selecting wafer

stacks and layer thicknesses, but the thermal dissipation becomes retarded as the Ge

layer thickness is reduced, this has drastic implications for nano-structures especially

considering the thermal conductivity is drastically reduced in these structures further

worsening the heating issues. If nano-structures are employed to reduce the threshold

current they must be accompanied by strict thermal management methods.

A.3 Absorbance and number of photons absorbed

Firstly, pump wavelength influences the relative magnitude of absorption and reflection

determined by the refractive index and governed by the Fresnel equations. Depending on

the wavelength of the incident radiation up to 60% of the optical power can be reflected

at the top interface and thus cannot be used for optical pumping. Secondly, the pump

wavelength defines the extinction coefficient that determines the exponential decay of the
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optical power governed by the Beer-Lambert law. Depending on the penetration depth

(the distance at which the optical power drops to 1/e) and the Ge layer thickness, the

optical power can be fully absorbed. However if the layer is sufficiently thin and/or the

penetration depth larger than this thickness, a second Fresnel reflection/transmission

must be considered at the bottom interface.

Figure A.2: (a) Colour map relating the ratio of absorbed optical power to the incident
optical power as a function of Ge layer thickness and pump wavelength (b) Colour map
relating the number of photons absorbed per second at 1 mW pump power as a function

of Ge layer thickness and pump wavelength.

Figure A.2(a) illustrates this fact by plotting the ratio of the incident optical power and

the actual optical power absorbed by the Ge layer. As the wavelength increases from

the Ultra-Violet (UV) to Near Infra-Red (NIR) the amount of optical power reduces.

Conversely, as the Ge layer thickness is decreased the amount amount of optical power

absorbed relative to the incident power is reduced. Figure A.2(b) shows how many pho-

tons are absorbed at a constant pump power of 1 mW as a function of pump wavelength
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and Ge layer thickness, this depends on the interplay between the reflectance/trans-

missions, the exponential decay and the thickness of the Ge. At a fixed power a larger

number of photons per second is interacting with the sample at higher wavelengths as the

individual photon energy is lower thus more are needed to achieve same power,however

at higher wavelengths the penetration depth is also increased and more photons are

lost. There is an optimum number of photons absorbed per second at around 600 nm

- 900 nm pump wavelength and above 300 nm in Ge layer thickness. At longer wave-

lengths and for thinner Ge layers, most of the optical power will be reflected and/or pass

straight through and thus cannot be used for optical pumping, higher incident powers

will be required to achieve the same optical power within the Ge layer as found at lower

wavelengths.

A.4 Thermal sensitivity of each stack

A 500 nm and 200 nm Ge layer thicknesses, were studied using Finite Element Modelling

(FEM) at different pump wavelengths. The excitation laser beam diameter was fixed

at 5 µm , the power was swept from 1 mW to 20 mW in 1 mW increments and the

maximum temperature (at the origin). The gradient of these plots were calculated and

given the term Thermal Sensitivity (TS), these values were plotted as a function of

wavelength as shown in Figure A.3(a) for the Ge on Si stack and Figure A.3(b) for the

GOI stack. The thermal sensitivity for all wavelengths is an order of magnitude higher

for GOI stacks compared to the Ge on Si stacks, this is due to SiO2 posessing an order

of magnitude lower thermal conductivity than Si. Furthermore the thermal sensitivity is

roughly half the value for 200 nm layer thickness compared to the 500 nm layer thickness

for the GOI stack. However in the Ge on Si stack the TS is only 25% smaller. As the

wavelength increases for both stacks and thicknesses, the TS drops.
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Figure A.3: Thermal sensitivity (TS) against pump wavelength (nm) at 200 nm and
500 nm layer thickness for (a) Ge on Si and (b) GOI.





Appendix B

Suspension and stiction in Ge on

SOI

B.1 Critical length for suspension

In chapter 3, uniaxial and polyaxial bridges were fabricated on a Germanium (Ge)

on Silicon-on-Insulator (SOI) platform. There is a critical length of the bridge, after

which it will undergo stiction and not suspension. The critical length for suspension

was calculated for uniaxial and polyaxial bridges as a function of the gap underneath

the bridge using the method outlined in [105] and plotted in Figure A2. As the gap

underneath increases the critical length increases. Furthermore the polyaxial bridges

have smaller critical length values compared with the uniaxial bridges at equivalent gap

underneath values.

B.2 Raman thermometry

Figure A2 shows the Raman thermometery for the same bridges in chapter 3 (In Figure

3.10) under identical experimental conditions. However the structures that underwent

Hydro-Fluoric (HF) etching only and therefore adhered to the underlying Si are included.

Figure B.2(a) shows the Raman shift as a function of power. Figure B.2(b) shows the

temperature increase as a function of incident optical power. The structures that under-

went HF etching and were adhered to the Si exhibit around 10x less heating compared

to the bridges that underwent the TetraMethylAmmonium Hydroxide (TMAH) tuning

and were suspended. Furthermore the different in temperature between uniaxial and

polyaxial bridges is neglible for the HF etched bridges.
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Figure B.1: Graph showing the influence of the gap underneath for the critical length
of suspension for polyaxial and uniaxial bridges.
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Figure B.2: (a) The relationship between incident pump power and the Raman shift
for bulk Ge, epitaxial Ge on SOI and selected bridges.(b) The relationship between
incident pump power and the temperature rise for bulk Ge, epitaxial Ge on SOI and

selected bridges.
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[88] M. J. Süess, R. Geiger, R. A. Minamisawa, G. Schiefler, J. Frigerio, D. Chrastina,

G. Isella, R. Spolenak, J. Faist, and H. Sigg. Analysis of enhanced light emission

from highly strained germanium microbridges. Nature Photonics, 7:466 EP, Apr

2013.



BIBLIOGRAPHY 93

[89] D. S. Sukhdeo, D. Nam, J. Kang, M. L. Brongersma, and K. C. Saraswat. Direct

bandgap germanium-on-silicon inferred from 5.7% uniaxial tensile strain. Photon.

Res., 2(3):A8–A13, Jun 2014.

[90] V. Reboud, A. Gassenq, K. Guilloy, G. Osvaldo Dias, J. M. Escalante, S. Tardif,

N. Pauc, J. M. Hartmann, J. Widiez, E. Gomez, E. Bellet Amalric, D. Fowler,

D. Rouchon, I. Duchemin, Y. M. Niquet, F. Rieutord, J. Faist, R. Geiger, T. Zabel,

E. Marin, H. Sigg, A. Chelnokov, and V. Calvo. Ultra-high amplified strain on 200

mm optical Germanium-On-Insulator (GeOI) substrates: towards CMOS compat-

ible Ge lasers. volume 9752, 2017.

[91] A. Gassenq, S. Tardif, K. Guilloy, I. Duchemin, N. Pauc, J. M. Hartmann, D. Rou-

chon, J. Widiez, Y. M. Niquet, L. Milord, T. Zabel, H. Sigg, J. Faist, A. Chel-

nokov, F. Rieutord, V. Reboud, and V. Calvo. Raman-strain relations in highly

strained Ge: Uniaxial 100, 110 and biaxial 001 stress. Journal of Applied Physics,

121(5):055702, 2017.

[92] A. Gassenq, S. Tardif, K. Guilloy, G. Osvaldo Dias, N. Pauc, I. Duchemin, D. Rou-

chon, J.-M. Hartmann, J. Widiez, J. Escalante, Y.-M. Niquet, R. Geiger, T. Zabel,

H. Sigg, J. Faist, A. Chelnokov, F. Rieutord, V. Reboud, and V. Calvo. Accurate

strain measurements in highly strained Ge microbridges. Applied Physics Letters,

108(24):241902, 2016.

[93] D. Nam, D. S. Sukhdeo, J. Kang, J. Petykiewicz, J. H. Lee, W. S. Jung, J Vučković,
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