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UNIVERSITY OF SOUTHAMPTON
ABSTRACT

FACULTY OF PHYSICAL SCIENCES AND ENGINEERING

Electronics and Computer Science

Doctor of Philosophy

BAND-GAP ENGINEERING OF GERMANIUM MONOLITHIC LIGHT SOURCES
USING TENSILE STRAIN AND N-TYPE DOPING

by Abdelrahman Zaher Rateb Al-Attili

Band-gap engineering of bulk germanium (Ge) holds the potential for realizing a laser
source, permitting full integration of monolithic circuitry on CMOS platforms. Tech-
niques rely mainly on tensile strain and n-type doping. In this thesis, we focus on study-
ing diffusion-based phosphorus (P) doping of Ge using spin-on dopants (SOD), and ten-
sile strain engineering using freestanding micro-electro-mechanical systems (MEMS)-like
structures. Process development of a reliable SOD recipe was conducted using furnace

3 was achieved,

and rapid-thermal annealing, and successful doping up to 2.5 x 10"%cm™
resulting in approximately 10x enhancement in direct-gap emission. A transition in
Ge direct-gap photoluminescence (PL) behavior is observed upon doping, from being
quadratically dependent on excitation power to linear. We have also demonstrated that
the limited doping concentration of P in Ge using SOD is not source limited, but more
probably related to the diffusion mechanism. The other part of the project concentrated
on Ge strain engineering. Previous works reported high tensile strain values based
on freestanding MEMS-like structures made of Ge, yet without embedding an optical
cavity (until recently). In this project, we realize this combination by fabricating Ge
micro-disks as an optical cavity on top of freestanding SiOs structures, utilizing Ge-on-
Insulator wafers (GOI). 3D computer simulations were used to understand and optimize
the devices, in terms of strain and optical performance. Raman spectroscopy and PL
measurements confirmed simulation results showing higher tensile strain for beams with
shorter lengths, with a maximum uniaxial strain of 1.3%. Splitting of light and heavy-
hole energy bands was observed by PL as the strain increases, agreeing with theoretical
models. Direct-gap sharp-peak whispering-gallery modes (WGMs) were confined in 3
pm disks with a maximum quality-factor of ~ 200. Two loss mechanisms could be distin-
guished, red-shift of the absorption edge, and free-carrier absorption. In order to avoid
these excitation-related losses, higher strain values combined with heavy n-type doping
are required. A possible implementation using the same GOI platform is proposed for

future work.
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Chapter 1

Introduction

“Today, optics is a niche technology. Tomorrow, it’s the mainstream of every chip

that we build 7
Pat Gelsinger, Intel senior VP, 2006

This chapter clarifies the motivation behind realizing a Ge monolithic light source ac-
cording to historical developments in CMOS industry. The reason behind considering Ge
as one of the most promising materials for this purpose is justified in terms of available
technologies and materials. Then the engineering approaches utilized for transforming
Ge into an optical gain medium are summarized, concluding with the idea behind this
project. At the end of this chapter, the organization of research outcomes within this

thesis is listed.

The contribution of this project in the form of publications ([1, 2, 3, 4, 5, 6]) and

conferences is provided in Appendices C & D.

1.1 Motivation

The prophecy of hand-held computers with face-recognition technology predicted by
Feynman [7] in 1959, stimulated research activities towards integrating more and more
transistors on integrated circuit (IC) chips [8]. This Complementary Metal-Oxide-
Semiconductor (CMOS) technology-node downscaling revolution was enlightened by the
famous Moore’s law [9], predicting an exponential rise in transistor count by doubling
each year and a half. Moore saw the benefits of this downscaling on the performance
of integrated circuits, eventually realizing a prosperous market of “Handy home com-
puters”. Nowadays hand-held smart-phones have more computational power than the
Apollo-11 space-craft [10], which took the first human to the moon in 1969! In fact, it
can be stated that the technological boom in the last few decades is driven by CMOS

technology, as many aspects of our modern life rely on computers.
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This downscaling trend is still being witnessed, with recent realization of 14-nm half-
pitch Metal-Oxide-Semiconductor Field-Effect-Transistors (MOSFETSs) by Intel [11]. As
the density of transistors per chip is approaching that of neurons in human brain [8],
many practical challenges are being confronted. These obstacles occur at transistor and
system levels; Fabrication limitations and running into new physical phenomena are in-
corporated with reducing the transistors half-pitch beyond 14-nm. On a system level,
issues related to more-dense copper interconnects, such as excessive heating, electro-
migration, and signal delay due to the increase in parasitic capacitance, overshadow
the enhancement in chip performance due to scaling [12, 13]. Heating of dense copper
interconnects is an obvious issue that was expected by Moore, yet at integration levels
up to 2'6 devices per chip, it was not considered an issue due to the planar nature
of CMOS platforms, providing enough surface area to dissipate heat [9]. However, at
recent integration levels, splitting processors with large transistor densities into cores
was necessary to dissipate heat efficiently. Moreover, due to the increase in parasitic
capacitances of densely-packed metallic interconnects, recent transistors can operate at
higher frequencies than permitted by the interconnects [12, 13]. In other words, copper
interconnects are imposing a Bottleneck on chip performance, and chip-to-chip commu-
nications. The dilemma of chip-performance saturation while transistor-density is still

increasing, is referred to as Moore’s gap.

To get the most out of down-scaling, and cope with the growing demand on bandwidth
[1, 5], novel ideas are required to reduce Moore’s gap. Although engineering at tran-
sistor level may contribute to this, a solution targeting the issues arising from metallic
interconnects is more demanding. 3D stacking of current copper and low-k technol-
ogy, or employing new materials, are being investigated [13]. The ultimate solution,
however, would be moving to optical interconnects. Exchanging data using photons is
fundamentally better than the electrical representation of bits through metal wiring,
utilizing charge carriers [14, 12]. Unlike electrons and holes, photons have neither mass
nor charge, resulting in a significant reduction of signal loss, delay, and heating. The
main source of power consumption within an optical link is in the light source, and mod-
ulation/demodulation stages [14, 12, 13]. Low-threshold high-frequency light-sources are
then required to compete with electrical connections [5]. Low-threshold implies lower
power consumption at the source, while high-frequency of operation eliminates the ne-
cessity of a separate modulation stage. Optical communication links can be installed
between different cores on a single chip to enhance the bandwidth. However, chip-to-

chip or board-to-board communications are more realistic applications [1, 5].

Literature is rich with mature CMOS-compatible optical components required for real-
izing full integration of monolithic data-circuitry on Si chips. Waveguides, modulators,

photo-detectors [15, 16], and other passive components such as grating couplers are
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well-established. In fact, an on-chip optical data link is missing one single component, a
monolithic light source [17]. Within-reach integration of optical interconnects on Si chips
is feasible using well-established compound-semiconductor lasers [18]. Although this can
be realized by the hybrid integration of III-V materials on Si, modification of CMOS
production-lines to introduce III-V materials impedes such a solution [18]. A near-term
solution can be by using external (on-board) III-V laser diodes (LD), exploiting optical
fibers and grating couplers [5]. On the other hand, the ideal manifestation of optical
interconnects has to totally rely on mature CMOS infrastructure and exploit Si as an
optical medium, or Si Photonics. The key to this new era of electronics and photonics
convergence, is a group-1V laser diode. Particularly, Silicon (Si) and germanium (Ge)
have captured researchers interest in the last few years for this purpose [1, 8, 5, 19],
due to their engineer-able energy-bands structure, and their firm presence in the CMOS
industry. Although both being poor light emitters, due to their inherent indirect-gap
characteristics, several engineering approaches are proposed to enhance light emission

from Si and Ge, and transform them into optical gain mediums [19, 5].

Si is a tempting material, as CMOS industry is Si-based, providing mature understand-
ing of its characteristics and processing techniques. Engineering a Si laser source rely
mainly on quantum confinement effects to exploit the carriers in the X valley for optical
recombinations. The fact that Si has an indirect band-gap with a minimum occurring at
the X point in the lower conduction band (CB), and suffers an absence of a local mini-
mum at the direct I" point [1]. Although this has been demonstrated in porous Si, and
Si nano-crystals, there is a trade-off between quantum confinement effects and carrier
injection [1]. Moreover, Raman Si lasers, and Er-doped Si lasers are proposed. Several
practical issues divert attention away from Si, such as the efficiency and output power,
blue-shift of emission wavelength (in quantum structures), leakage of optical modes into
the Si wafer, and the necessity of other materials to be used for wave-guiding [1]. Ge
is consequently gaining attention as a possible monolithic light source on a CMOS plat-
form [20, 21, 22, 23, 1, 8, 19, 5]. The use of Ge in Si-based electronic devices is widely
investigated, such as Si;_,Ge, virtual substrates for global strain engineering (ITRS
roadmap), and high-performance p-MOSFETSs. In fact Intel has used Si,Ge;_, alloys
as the source and drain material in some transistors [24]. Besides electronics, Ge has
been used to demonstrate high-performance photo-detectors (PD) [15, 16], modulators,
waveguides, and other optical components. More recently, interest in Ge as a group-IV
laser source has rapidly grown after the demonstration of optical gain [20], and lasing
using optical [21] and electrical [22, 23] pumping. As a material, Ge has a more-suitable
band structure for direct-gap inversion compared to Si, emitting around telecommuni-
cations wavelength (1.55 ym) in bulk state. Realizing a Ge laser diode (LD), holds the
privilege of full monolithic integration using Ge LDs and PDs, while Si provides high-

quality waveguides and modulators.
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1.2 Strategies for Realizing Ge Lasers

Ge is an indirect band-gap material with an energy minimum at the L point in the
lowest CB. Using the electrons in the L valley for light emission is possible in (111) Ge
quantum wells by valley projection onto the I' point, similar to X valley projection in
Si [1]. Superior to Si, Ge has a local minimum at the direct I" point in the lowest CB,
providing a possibility for band-gap engineering in the bulk state [25]. Especially that a
small energy difference of 0.136 eV separates L. and I" valleys, which can be reduced to
enhance the probability of electrons injection into the I" valley [25]. Manipulating Ge
band-gap in the bulk state has been a more popular pathway.

The idea of Ge band-gap engineering relies on the association of conduction and valence
band energies with the crystal lattice [26, 27, 25, 28]. This relation permits manipulat-
ing the energy bands by deforming the crystalline structure using tensile or compressive
strain. The effect of tensile strain on bulk Ge has been widely studied as a possible ap-
proach to convert Ge into a direct-gap material, and recently several groups succeeded
in showing this transformation using biaxial [29, 30] and uniaxial [31] strain. Imposing
tensile strain deforms the band-gap of bulk Ge (fig. 1.1(a)) by reducing the energies of
the I' and L valleys with different rates [26]. I" valley being faster than the L valley,
reduces the initial energy difference AE"™" of 0.136 eV until a transformation into a
direct-gap material occurs AETY — 0 at approximately ~ 2% [32, 25] (4.7% [33, 31])
biaxial (uniaxial) strain. Simultaneously, tensile strain splits the light and heavy-hole
bands, shifting the light-hole band upwards and the heavy-hole downwards [25, 28]. n-
type doping was proposed [32] to compensate for the remaining energy difference AE"",

when utilizing modest strain values. As a result of strain and doping, the probability

(a) (b) Injected carriers

n-type doping

0.136 eV
0.664 eV strain n-type
¢y doping
/\ | |
Heavy
) Hole Light Heawvy
Light Hole Hole

Hole

Figure 1.1: Ge band-gap sketch in the case of: (a) bulk Ge, and (b) band-
engineered Ge using tensile strain and n-type doping. Tensile strain reduces
the energy difference between I' and L valleys, while n-type doping com-
pensates for the remaining energy difference. Strain also induces splitting
of light and heavy hole bands.
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of electrons dwelling in the direct I" valley is increased, consequently enhancing light-
emitting recombinations. This band-gap engineering approach is demonstrated in fig.
1.1. Strain and doping target the material itself by manipulating energy-bands structure
and carrier dynamics. Optical cavities must also be introduced to manipulate the elec-
tromagnetic field within the light emitting device, in order to enhance the light-matter
interaction through high quality factors, and increase the total emission efficiency of the
device [1, 5].

1.2.1 Aims of this Project

As stated earlier, optical gain [20], and lasing [21, 22, 23] of Ge direct-gap has been
recently demonstrated. However, lasing threshold values were extremely high, and re-
producing the results is still under investigation. While previous research has greatly
contributed to our understanding of Ge direct-gap emission, many steps are to be taken
towards a practical integration of a monolithic Ge-on-Si laser diode (LD). Future im-
provements on Ge light emitting structures will concentrate on reducing lasing threshold.
This requires applying higher tensile strain values with optimum uniformity, enhanc-
ing n-type donors activation levels, and implementing high quality-factor cavities, with
strain being the main factor in this engineering approach. For this purpose, micro-
mechanical strain has been proposed as a suitable platform for high tensile strain values
[34]. Since then, many groups have reported strain engineering of freestanding struc-
tures, similar to Micro-Electro-Mechanical Systems (MEMS) devices [35, 33, 31, 36].
Realization of direct-gap Ge due to uniaxial [31] (biaxial [36]) MEMS-like structures
has recently been successful in 2014 (2015). However, such highly strained structures
have not been incorporated with optical cavities (until recently [37, 38]). In this project
we demonstrate a combination of a simple optical cavity, and a freestanding structure
for strain application. This is done using Ge-on-Insulator wafers, providing a flexible

platform in which the Ge layer is patterned as an active optical layer providing photons

(a) (b)

Ge

Si0, micro-disk

beam

SiO,on
Sisubstrate

Figure 1.2: Device structure: (a) Laser-interference microscopy, and (b)
scanning-electron microscopy images.
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confinement, namely micro-disks, while the highly-stressed buried-oxide is released for

strain application, in a MEMS-like structure.

1.3 Thesis Outline

This project focuses on tensile strain application on Ge micro-disks using freestanding
SiOy beams. In addition to investigating diffusion-based n-type doping of Ge using
spin-on dopants, and its effect on direct-gap emission. Throughout this thesis, strain
and doping issues related to Ge direct-gap emission will be addressed in the following

chapters as follows.

= Chapter2 presents research milestones witnessed towards realizing a practical Ge

laser, and accordingly marking the pathway undertaken in this project.

» Chapter 3 conducts a systematic comparison between two commercially-available
spin-on doping solutions for Ge doping. The effect of ~ 1 —2 x 10'? cm™3 doping
on Ge direct-gap emission was observed in a change in dependency on pumping

power, from quadratic to linear, and explained according to holes rate equation.

= A reliable spin-on doping recipe (up to~ 2.5 x 10'? cm™3) with minimal surface
damage is presented in chapter 4. Extremely-high source concentrations have
been used, demonstrating that the highest achievable doping concentration is lim-
ited due to the diffusion mechanism of phosphorus in Ge, not source limited as

previously thought.

» A detailed study of the nature of strain applied using freestanding SiOy beams
is provided in chapter 5. Strain value, orientation, uniformity, and dependency
on beam dimensions are examined using finite-element computer simulations, and
validated using Raman spectroscopy and photoluminescence measurements. En-
hanced energy splitting between light-hole and heavy-hole energy bands is observed

by increasing strain in shorter beams, agreeing with theoretical models.

» Chapter 6 contains the fabrication and characterization of the final device. Sharp
whispering gallery modes with quality factors up to 200 were observed from 3-pm-
diameter 100-nm-thick Ge disks on freestanding SiO2 beams. Detailed analysis
of the whispering-gallery modes and their behavior at high excitation levels is

presented.

» Conclusions of research outcomes and recommendations for future work are given
in chapter 7. A design is suggested for devices combining tensile strain imposed

by the buried oxide, and n-type doping using SOD.



Chapter 2

Background and Literature

“If I have seen further, it is by standing on the shoulders of Giants”
Isaac Newton, a letter to Robert Hooke (1676)

2.1 Introduction

This chapter introduces the main research milestones concerning Ge direct-gap emission
and band-gap engineering approaches towards a monolithic light source. Tensile strain,
n-type doping, crystalline quality and wafer choices, in addition to optical cavities are
discussed in terms of their theoretical role and their implementations in literature. The
ideas put into focus in this project are justified accordingly. A summary of reported
optical gain values and general aspects of achievable gain is also given in this chapter,
providing a comparison between Ge and compound-semiconductor lasers based on the
historical improvements in their performance. The last two sections conclude with a

brief description of potential applications of Ge light sources, and a brief summary.

Parts of this chapter are published in topical review papers [1] and [5], in the form of

figures and tables.
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2.2 Ge as a CMOS-Compatible Light Source

An electrically-pumped monolithic light source that is compatible with CMOS tech-
nology is considered as the only-missing component to integrate a complete photonic
circuitry on a CMOS-based platform [17, 8, 1, 5]. This restricts material choices to
group-IV elements, among which Ge appears to be the most suitable; due to its pseudo-
direct band-gap that has a flexible difference of 0.136 eV between direct (I") and indirect
(L) conduction band valleys [25]. This energy barrier can be overcome to promote the
probability of electrons injection into the direct I' valley, consequently enhancing ra-
diative recombinations. Various techniques are reported in literature to induce Ge I'
valleys filling, which can be summarized in applying tensile strain and n-type doping,
alloying, utilizing hetero-structures, and quantum confinement effects. However, band-
engineering bulk Ge with tensile strain and n-type doping has been the most popular
route until now. In fact, optical gain [20], in addition to lasing under optical [21]
and electrical [22, 23] pumping have been achieved using Ge. And more recently, low-
temperature lasing of GeSn alloy using optical pumping was also reported in FP [39]
and micro-disk [40] structures. A practically-implementable combination of a band-

engineered Ge structure and an optical cavity has not been reported yet.
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Figure 2.1: Number of publications on Ge direct-gap emission for the last 50
years highlighting recent research milestones. Micro-mechanical strain plat-
forms have been popular since their proposal in 2009 [34]. First transition
into a direct-gap material was reported using uniaxial Ge nano-beams in
2014. More recently, direct-gap biaxial Ge beams were demonstrated [36].
Data is extracted from web of science database.
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In spite of the first successful optical gain and lasing demonstrations, which contributed
generously to our understanding of Ge direct-gap emission, the threshold conditions
were extremely high to be implemented in a practical application. First optical gain and
lasing reports relied on slight strain values of ~ 0.25% and heavy n-doping in the range
of 10! cm™3, resulting in approximately 56 cm™! optical gain. Although many groups
have failed reproducing these results using the same strain and doping levels [41], re-
search efforts across the world are competing to reduce the lasing threshold and enhance
the emission efficiency. Ideas are orientating towards an opposite approach of applying
higher strain with lower doping levels. Strain reduces the requirements of carrier in-
jection and doping to achieve population inversion, thus reducing the lasing threshold
[25]. Tt is widely agreed upon theoretically that tensile strain has a more significant
effect on increasing the optical gain, unlike doping effects which remain controversial.
Not only because doping increases free-carriers absorption (FCA) losses, but also due to
the limited doping levels of n-type impurities experimentally reported in Ge until now
(~2x10Y ecm™3).

Strain Doping Active Crystalline | Photonic
Structure Quality Cavity
Thermal Implantation Bulk ® Ge wafer FP
Buffer layers n-sity QW Ge-Si DBR
Alloying 6-doping (@ Fins Ge-GaAs DFB
Stress liner | Gas-phase (%) NW GOI Disks/Rings
MEMS SOD (@ QD Ge-SOI PhC
This work
| MEMS [ SOD | Buk | GOI | Micro-Disk |

Table 2.1: Processing pathways to realize a Ge laser source
(@) Diffusion based techniques to maintain high crystalline quality.
(®) Most of research efforts are targeting bulk Ge by tensile strain and doping.

Approach-wise, two band-gap engineering techniques can be summarized: high strain
with low doping, or modest strain with excessive doping. From processing point of view a
wide range of challenges have to be overcome before achieving a reliable Ge laser diode.
In addition to the practical obstacles of implementing strain and doping, puzzlement
extends to include many other factors, such as: crystalline quality or the choice of the
wafer, active structure (which has been mostly bulk Ge until now), and embedding a
cavity within the device. CMOS standards imposes more restrictions, such as lateral
carriers injection [42, 43, 44], being a planar technology. Table 2.1 lists the main factors

to consider in designing a Ge laser, which will be discussed throughout this chapter.
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2.3 Strain Application

Ge energy bands permit direct-gap emission, although it is an indirect-gap material,
mainly due to the local energy minimum at the direct I' point, and the small energy
difference of 0.136 eV between the direct (I") and indirect (L) valleys. These properties
inspired the growing research efforts for nearly a decade, aiming to transform bulk Ge
into a direct-gap optical-gain medium. In this section, the theory behind Ge band-gap

engineering using strain, and the utilized straining approaches in literature, are reviewed.

2.3.1 Band-Gap Deformation

Strain nature, being compressive or tensile, uniaxial or biaxial, in addition to its orien-
tation along the crystalline lattice, determine the strain-induced behavior of I', L and X
(or A) valleys of Ge [45]. This behavior is governed by the deformation potentials, and
elastic stiffness coefficients, and can be described using theoretical models such as the
deformation potential theory [46, 28, 47, 25]. The deformation potential theory, relates
the energy bands minima in the conduction band to the total change in volume through

the deformation potentials of the I" and L valleys, as follows:

AE{ = a1 (€za + €yy + €22) (2.1)

AE? = o1, (€ga + €yy + €22) (2.2)

Where, AE!" and AEY are the change in energy (eV) in CB valleys minima relative
to the unstrained values E{ o and E&O, respectively. a. r and a1, are the hydrostatic
deformation potentials for I and L valleys, respectively. A transition into a direct-gap
material is possible given that a.r and a1, are both negative, and ‘aq p‘ > ‘aqL‘.
€zz, and €y, are the in-plane normal strain components, while €., is the out-of-plane
component. €.z, €y, and €., are related to the external stresses applied along the x, y,
and z axes, 0., Oyy, and o, through the elastic stiffness coefficients. The summation
of these normal strain components corresponds to the change of volume for small strain
values (as shown in fig. 5.3). Accordingly, equations 2.1 and 2.2 do not consider off-
diagonal elements (shear strains) of the strain tensor for simplicity. In the case of biaxial
strain, which is the case for Ge grown on Si, the in-plane strain components €, and
€yy are equal. €., can then be deduced from the generalized Hooke’s law for a cubic
semiconductor (Cauchy’s stiffness tensor), given that the out-of-plant stress component
0, is zero. More on Hooke’s law and deduction of strain components for uniaxial and

biaxial strain, and band-gap deformation calculations is provided in Appendix B.
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Figure 2.2: Strain-induced band-gap deformation of Ge due to biaxial
and uniaxial strain. Transition into a direct-gap materials occurs at
~ 1.7%(4.7%) biaxial (uniaxial) tensile strain along (100) direction. De-
formation potentials in ref. [26] were used, more on calculations is found in
Appendix B.

Ge strain-induced band-gap deformation under in-plane biaxial and (100) uniaxial ten-
sile strain is shown in fig. 2.2. Table B.2 summarizes values of deformation potentials
and parameters required for calculating energy-bands deformation of Ge. As can be seen
from table B.2, the deformation potential of the I" valley in the lowest CB is approxi-
mately 3 times larger than that of the L valley, making the I' valley more sensitive to
strain. In fact, I" valley is found to shrink with a rate of -121 meV/¢;% compared to
-44 meV /e % for L valley [25]. This interesting feature is the key to transforming Ge
into a direct-gap material. Theoretically-predicted transition points differ depending on
the parameters values (table B.2) used in calculations, but they are consistent in liter-
ature to be around 2% [48, 49, 45, 25, 50, 51] for in-plane biaxial tensile strain (1.7%
[52, 45], 1.9% [25]).

sion wavelength away from 1550 nm, the desired wavelength for telecommunications in

Such excessive strain values cause a huge red-shift in the emis-

silica-based fibers. At the direct-gap transition due to biaxial strain, band-gap is equal
to ~ 0.47 eV [45] (0.53 eV [25]), corresponding to 2638.29 nm (2339.62 nm) free-space
emission wavelength. However, using such high strain values may not be necessary, as

modest tensile strain can potentially be used with n-type doping.

Tensile strain has two effects on valence band, a shifting effect due the hydrostatic com-
ponent, and a splitting effect due to the uniaxial component that degrades the symmetry
[25]. The effect of band-splitting appears clearly in the valence band [27, 25, 26, 28],
represented in the separation of heavy-hole (HH) and light-hole (LH) bands; shifting
the HH band to lower energies, while the LH band is shifted to higher energies reduc-
ing the total band-gap. In fact, at high strain values, I'-LH recombinations dominate
the emission spectrum, whereas I'-HH recombinations have a higher contribution to the

emission spectrum at low-strain values before any significant split occurs between LH
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and HH bands [53]. Deformation potential theory also models the energy shifts of the
HH and LH bands [46, 28, 47, 25], as shown in Appendix B.
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Figure 2.3: 3D sketch of Ge tensile strain application methodologies, includ-
ing thermal strain [27, 16], buffer layers [54], on-top [55, 56] and all-around
[57, 29] stress liners, freestanding MEMS-like structures [33, 31, 3, 6]
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2.3.2 Application Methodologies

After introducing the effect of tensile strain on Ge, in this section, the micro-fabrication
approaches used to impose tensile strain on Ge are discussed. Strain application method-
ologies can be summarized as follows: thermally-induced strain by epitaxial growth on
Si, buffer layers or virtual substrate, alloying, local stress liners or external stressors,
and MEMS-like or freestanding structures. A combination of these approaches can also
be utilized to enhance applicable strain values, such as micro-machining and external
nitride stress liners as reported in ref. [35]. Figure 2.3 shows three-dimensional sketches

of tensile strain application methodologies.

2.3.2.1 Thermal Strain

Epitaxial growth of Ge on Si is expected to result in compressively stressed Ge layers,
during the pseudomorphic growth regime for thicknesses below the critical thickness.
This is attributed to the larger Ge lattice constant relative to Si [26], resulting in 4.2%
lattice mismatch [58]. As Ge thickness exceeds the critical thickness, this stress is ex-
pected to relax as the growth is no longer lattice-matched. Relaxation of compressive
stress is possible due to stacking faults, misfit and threading dislocations within the Ge
lattice [8, 5]. However, it is consistently reported that an epitaxial Ge on Si layer is
inherently tensile-strained, with a strain of ~ 0.2% [59, 16, 8].

This phenomenon was related to the difference in thermal expansion coefficient (TEC)
between Ge and Si [27, 16]. It was found that the strain accumulated within the Ge
layer depends on the growth and annealing temperatures, and the cool-down or room
temperature [16]. As the temperature increases, Ge and Si both expand according to
their TECs. Ge having a larger TEC, it goes from being compressively stressed to totally
relaxed at a certain temperature. After annealing, when the stack is cooled down to
room temperature, Si and Ge shrink again. Ge tends to shrink faster than Si, and, due
to the much-thicker Si substrate, Ge shrinkage is prohibited, causing it to acquire tensile
strain [27, 16, 8, 1, 5]. The final in-plane strain value depends on the final annealing
temperature. For instance, a final annealing temperature of 800 °C results in 0.21%
tensile strain [60]. Detailed analysis of the dependency on growth/annealing temper-
ature [1] shows that 530 °C is the critical annealing temperature, below which Ge is
compressively stressed as expected due to its larger lattice constant, and above which

Ge acquires tensile strain due to its larger TEC.

In-plane thermally-induced strain of Ge-on-Si films is modelled in ref. [16] to be as

follows:
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Ge _ L Yoedg, + Yidg,
I R. 6Y'GedGe(dGe + dSi)

(2.3)

R, is the radius of curvature of the wafer, Yge, dge, and Yg;, dg; are Young’s modulus
and thickness of Ge and Si, respectively. Theoretical modelling predicts a uniform dis-
tribution of strain across the Ge layer thickness, for thin Ge-on-Si layers. Which adds
another advantage to this type of strain, in addition to being inherent in Ge grown on
Si. This inherent strain is useful for photo-detection applications at telecommunication
wavelengths used in silica-based fibers. Due to the shift in detection edge from 1.55 to

slightly more than 1.6 pum, increasing the detection sensitivity at 1.55 pum [16].

Thermal strain has also been utilized for Ge optical gain and lasing realization. First
experimentally measured optical gain [20] and lasing of Ge using optical [21] and elec-
trical [22] pumping relied on thermally-induced strain with modest 0.2% value. Heavy

3 was used to compensate for this low strain

n-type doping in the order of 1 x 10'? cm™
value. Nevertheless, high threshold conditions directed research towards increasing the
strain values, to reduce the pumping requirements for transparency. And because of
the limitation of thermally-induced strain to ~ 0.2% [27, 16, 59, 60, 58], due to Ge low
melting-point that limits the highest applicable annealing temperature, another strain-

ing techniques are proposed in literature, as discussed below.

2.3.2.2 Buffer Layers or Virtual Substrates

Buffer layers with a certain lattice mismatch can be used to impose strain on epitaxially-
grown layers on top. It is possible to maintain a single crystal by epitaxial growth for a
limited grown-layer thickness, called the critical thickness [61]. Up to the critical thick-
ness, the growth is called pseudomorphic, or lattice-matched [5]. This lattice matching
between the grown layer and the substrate imposes a certain in-plane strain on the grown
layer, determined by the lattice mismatch. Above the critical thickness, in-plane strain

relaxes by forming threading, misfit dislocations and stacking faults [8, 5].

The idea of using Si,Ge;_, buffer layers [62, 63, 61] as a source of stress has been in-
vestigated to enhance the performance of Si transistors. An idea referred to as general
strain technology, which was proposed in ITRS roadmap (2000), and then got over-
shadowed rapidly by local stress liners [5, 64]. This is attributed to many practical
difficulties, starting from the dilemma of growing a good-quality Si.Ge;_, layers on
Si with nano-meter uniformity and minimal interface defects, passing through the pro-
cessing limitations imposed by the lower thermal budget of Si,Ge;_,, higher diffusivity

of dopants, and Si-Ge inter-diffusion, to operational issues due to mainly over-heating
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because of the lower thermal conductivity of Si,Gej_, [65]. Although these reasons
mitigated the introduction of the global strain technology in CMOS industries, yet in
principle, it is useful in terms of enhancing device performance by applying strain. For
instance, sub-100-nm MOSFETSs with strained Si on Siy.79Geg sg buffers have shown to
enhance the electron (hole) mobility by 110% (45%), due to 1.2% tensile strain [65].

For Ge light emission applications, buffers layers - being limited to the critical thickness
- are suitable for multiple-quantum-wells (MQW) [62, 63|, hetero-structures [66, 54] and
quantum-dot-based (QD) [52] devices. Such lower-dimension structures are the obvious
destination of research efforts if bulk Ge fails to satisfy low-threshold operation. It also
provides the privilege of tune-ability of the strain by varying the contents of the buffer
layer. For example, Ing o1 Gagr9As is used to apply up to 1.37% biaxial strain on Ge
quantum dots [51]. The value of the strain can be tuned in principle through the indium
content. Direct-gap Ge (2.33% biaxial strain) was demonstrated using Ing4GaggAs
buffer layers deposited using molecular beam epitaxy (MBE) [52]. A transit into a
direct-gap was confirmed at 1.7% biaxial strain by low-temperature photoluminescence,
and more than 100-times increase in PL intensity was observed from a direct-gap 2.33%
strained Ge. Yet, a MQW structure with a thick stack is not preferable for CMOS inte-
gration, due to the multiple processing steps and vertical carrier injection [5]. Another
issue is the compatibility of the buffers material with CMOS industry, especially that
SipGe;_, buffers result in compressively-strained Ge in-between them due its larger
lattice constant, and provide a negligible difference in the conduction band energies,
reducing the significance of Si;Gej_, hetero-structures for electrons confinement [61].
Another candidate for practical buffer layers are GeSn alloys [54], which are discussed

in the next subsection.

2.3.2.3 Alloying

GeSn alloys are being studied for monolithic light emission purposes. The role of GeSn
alloys can be either as an active medium [39, 40], or as buffer layers [54] for strain
application. It is possible to modify GeSn into a gain medium, the fact that it becomes
a direct-gap material with 17% Sn contents [67]. In fact, recent lasing of GeSn alloys
fabricated in a Fabry-Perot [39] and micro-disk [40] structures was demonstrated at
low temperatures. Other studies considered utilizing GeSn alloys as buffer layers to
apply strain onto Ge films grown on top [54, 5]. In both scenarios, the use of GeSn
alloys provides a tune-able strain through Sn content [54]. It also provides a suitable
platform for carrier confinement structures such as hetero-junctions and MQWs, similar
to commercially-available ITI-V lasers [5]. Obstacles facing alloying resemble in the huge
lattice mismatch between Ge and Sn, low solubility of Sn in Ge, the segregation of Sn

[67], in addition to the limit it imposes on the processing thermal budget [67, 5].
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2.3.2.4 Local Stress Liner or External Stressors

Local stress liners, or external stressors, have succeeded the general strain technology
approach which relies on buffer layers [64]. Nowadays stress liners are maturely used in
CMOS industry. For instance, SigN4 films are deposited on transistors as local stressors
[68, 69], while other films like Si,Ge;_, can be used as source and drain material, per-
forming both strain and band-gap engineering to overcome short-channel effects [70, 24].
In fact, Intel has already invented MOSFETSs with Si,Ge;_, source and drain, such as
strained Si 90-nm transistors in 2003, and 45-nm high-k£ metal-gate transistor in 2007
[24].

The idea behind stress liners is to deposit a layer with built-in stresses. Tuning the
deposition process by, for example in PECVD SigNy layers, the radio-frequency to low-
frequency power ratio, or Ho and Ny percentages in the gas mixture, can be used to
tune the value of built-in stresses, in addition to its nature, tensile or compressive [71].
Experimental determination of thin-film in-plane stress is possible using wafer curvature

method, according to the famous Stoney’s formula (equation 6.1) [72].

Transferring the stress onto the target structure can be done in two ways:

» Local patterning of a pre-stressed layer causing it to expand/shrink depending on
its initial condition, dragging along the layer underneath. If the layer is initially
compressively stressed, it tends to expand upon patterning to neutralize the built-
in stresses. This expansion drags the layers in-touch, causing them to expand as

well, or become tensile-strained, and vice versa for initially tensile-stressed layers.

= Deposition of a continuous pre-stressed film without patterning on three-dimensional
target structures. Due to the patterned surface of the wafer, and the coverage of the
film all-around the structures, stresses within the deposited film are transferred
onto the structures. In this approach, films with compressive built-in stresses
transfer tensile strain onto the three-dimensional structures, due to their tendency

to expand.

In both cases, the strain within the structures is generally opposite to the initial stress
in the deposited film. Applying this technology to Ge for light emission purposes has
been a hot topic for the last few years, mainly using SigN4. Both approaches, patterning
SisNy on the Ge structure [55], or patterning Ge then coating with SigNy film [71, 73],
have been demonstrated. The most commonly used approach was to pattern an initially
compressively-stressed SigNy layer, which tends to expand upon patterning, delivering
tensile strain onto Ge [74, 55, 56, 57, 75, 76, 43, 44, 77, 29]. This has been applied to Ge
waveguides [74, 75, 76, 43, 44, 1] and micro-cavities [55, 56, 57, 77, 29]. Initial reported

tensile strain values were around 1% biaxial [55, 56, 77, 75, 76]. Yet, the main challenge
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facing silicon nitride stressors was the uniformity of strain distribution. Strain delivered
by a stress-liner is highly non-uniform, especially across Ge thickness [55, 56]. The distri-
bution also depends on the geometry. This non-uniformity is translated into variations
in the Ge band-gap, creating local inhomogeneities in optical gain values [55, 56, 57],
the fact that charge carriers tend to dwell highly-strained regions due to their smaller
band-gap [25]. Inhomogeneity of strain is a serious issue in micro-disks, because of the
confinement of whispering gallery modes at the edges of the disks, where the tensile
strain is relatively low. The fact that a local SigNy stress liner fabricated on-top of a
micro-disk would result in a maximum tensile strain in the middle. Fabrication of Ge
disks on pillars, rather than pedestals was proposed to enhance the uniformity, compro-

mised by optical confinement and maximum strain value [56].

In the case of depositing a continuous film of SigN4 on patterned Ge structures, the film
must also have compressive built-in stresses to deliver tensile strain onto Ge [78, 71, 1,
73, 30, 57, 29]. Initial trials demonstrated coating the top and the sides of Ge structures
[71, 73, 43, 44]. Both initially compressive [78, 71, 73, 30, 57, 29] and tensile-strained
[43, 44] silicon nitride films were used. Tani et al. [43, 44] used 250-MPA tensile-strained
SigN4 on the top and the sides of a Ge waveguide. This resulted in tensile-strained regions
with very low values at the sides of the waveguide, while the top region was compressed.
Higher tensile strain values were obtained with initially compressively-stressed layers
[78, 71, 73, 30, 57, 29]. Velha et al. [71] demonstrated tuneable stress in Ge nano-pillars
with high aspect ratio, using initially compressed SizNy films coated after Ge pattern-
ing. The stress in Ge could be varied from 3 GPa compressive to 2GPa tensile and a
maximum tensile strain of 2.5% was achieved, with a direct-gap PL peak around 2.2
pm. Such a strain value is expected to convert Ge into a direct-gap material, yet no
lasing was observed as the Ge pillars were not in embedded in a cavity. Millar et al.
reproduced similar results on Ge pillars with emission wavelength extended above 2.25
pm [73].

The up-to-date solution that have developed over the previous few years, was to coat
SigNy all over the Ge structure including the bottom side [71, 43, 44, 57, 73, 30, 29].
The all-around deposition criteria has recently become a mark for extremely high tensile
strain values with good uniformity [57, 29, 30]. Most recent publications have demon-
strated very high tensile strain values on Ge micro-cavities, generally exceeding 2%,
resulting in direct-gap Ge resonators [29, 30]. This was firstly done by Ghrib et al. [57],
by under-etching Ge-on-SiN micro-disks utilizing the bottom silicon nitride as a stres-
sor, then coating the whole structure with initially compressed SizNy. Although this
work did not report direct-gap Ge micro-disks, it has proven its ability to increase the
strain (up to 1.45%) and its uniformity across the disk thickness and diameter. Recent

publications from the same group [29] have demonstrated direct-gap Ge micro-disks.
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Transition into a direct-gap material was observed at 1.67% biaxial tensile strain, and
a maximum strain of 1.75% was applied. Yet, lasing was not achieved, in fact, quality
factors of the resonant modes were not as high as reported by the same group using lower
strain values [55, 56, 57]. Millar et al. [30] covered Ge micro rings from all sides using
2.45-GPa compressively-stressed SigNy resulting in more than 2% tensile-strained Ge
micro-cavities. The fabrication process relied on making Ge micro-rings, under-etching
them using TMAH, and then depositing the stress liner. Although Ge is expected to
become a direct-gap material at such strain values, and whispering-gallery modes were

clearly observed, lasing was not successful.

2.3.2.5 MEMS-Like Structures

Freestanding structures are widely used in micro-electro-mechanical systems or MEMS
devices. MEMS-based pressure sensors, Gyroscopes, accelerometers, and many other
examples are based on freestanding structures [79]. Such devices rely on the deforma-
tion of freestanding films for sensing or modulating data [79]. Therefore the study of
the stress-strain relations in micro-structures has been developed significantly over the
past years by the MEMS community [80, 81, 82, 83]. This knowledge can be exploited

for Ge direct-gap light emission through strain engineering.

Since the proposal of using micro-mechanical strain by Lim et al. [34] in 2009 for Ge
band-gap engineering, a growing number of publications from various groups in the
world have reported novel ideas on highly-strained MEMS-like structures. Structures
including membranes and through-silicon vias by back-etching of bulk Si [84, 85|, in
addition to other proof-of-concept studies were reported, such as manual application of
mechanical strain by high-pressure gas on a Ge membrane [86]. However, the major
part of related research have targeted micro-beams or bridges. This can be understood
from strain engineering point of view - as discussed below-, resulting in an extremely
high tensile strain with good homogeneity, providing carriers confinement in the active
region through the strain gradient, and the ability of electrical pumping through the

beam material itself.

As previously stated, the growth of a thin film on a substrate with different lattice con-
stant, or different thermal expansion coefficient, builds up stresses within the thin film.
Instead of using this property in an external stress liner, it is possible to exploit it in
the Ge layer itself, by releasing the Ge layer in a MEMS-like structure. In fact, before
this work, most - if not all - MEMS-like structures used Ge as the freestanding beam
material. Local under-etching of Ge micro-beams, permits the built-in stresses in Ge

to relax. As explained in section 2.3.2.1, Ge on Si films have built-in tensile stresses of
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~ 0.2%. Consequently, Ge films tend to shrink upon suspension, however several adjust-
ments can be done to the freestanding structures in order to impose tensile strain. An
interesting design by Suess et al. [33] proposed fabricating Ge beams with larger pads.
The idea behind this, is that the multiple-section freestanding Ge structure tends to
shrink, yet the larger side-pads compared to the smaller middle active-region would ex-
ert a higher force as they shrink due to their larger section. This force pulls the smaller
middle region, causing it to be tensile strained. Manipulating the beam dimensions,
such as the ratio between the side pads and the middle region, can be used to control
resulting strain [31]. As this pulling force is in the direction of the beam, the applied
strain is uniaxial, which has a less effect on deforming the Ge band gap, due to the lower
total change in volume [26]. A maximum uniaxial strain value of 3.1% was achieved
by this design, while a transfer into a direct-gap material is predicted at 4.7% uniaxial
tensile strain (compared to 2.0% biaxial). An improvement on such structures can be
done by adding external silicon nitride stressors at the sides of the beam, to increase the
total applied force [35]. This design evolved in later publications into smoothly graded
beams with curved edges, resulting in a tight Ge section in the middle of the beam,
and large pads on the sides. The gradual decrease of the section towards the middle
of the beam, eliminated any pin-point accumulations of high strain, and guaranteed a
smooth gradient of strain towards the middle. This improved the homogeneity of the
strain in the middle active region of the Ge beam [33, 31, 38]. Moreover, this gradual
tightening of the beam section results in a pseudo-heterostructure that confines carriers
in the middle active region of the beam [87], due to the higher tensile strain relative
to nearby regions [87, 31, 38]. The highest uniaxial strain of 5.7% was reported using
200-nm-wide Ge beams with slightly-curved edges and large side pads [31].

Biaxial strain can be applied by making cross-shaped beams. Such designs have been
studied by several groups [35, 36, 88]. A maximum biaxial strain of 1.9% has been re-
cently reported by Gassenq et al. [36]. Strain was enhanced by carefully designing the
curvature of the beam to eliminate any pin-point high-strain accumulations. In addition
to using high-crystalline-quality GOI wafers prepared by bonding, where an enhance-
ment of strain over Ge-on-Si wafers is expected, due to the absence of Si-Ge interface
defects [36]. The effect of the wafer on the achievable strain was also reported by other
groups. For example, enhancement of strain was reported by fabricating Ge beams using
SOI wafers [33], rather than Ge on Si. The reason behind this is not clarified yet, but
usually attributed to the lower interface-defect density, in addition to the complex stress

profile across the thickness of multiple-stack wafers [33, 36].

Although such strain values are tempting, yet all previous freestanding structures had

one common issue, the lack of an optical cavity. Recently, embedding an optical cavity
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within a MEMS-based structure was reported by this work (micro-disks), and more re-
cently by Petykiewicz et al. [38] and Gassenq et al. [37] (DBRs). The fact that etching
a light confining structure in a Ge beam, such as a DBR or a photonic crystal (PhC),
reduces the achievable strain in the active middle region as the strain gradient along
the beam is interrupted by the DBRs [38]. At the same time, high strain values are ex-
pected in the DBR or PhC region due to the thinner Ge sections. Petykiewicz et al. [38]
demonstrated highly-strained (2.3%) uniaxial nano-beams surrounded by much-wider
pads having few DBR periods etched in them. Very sharp resonances were observed
with the PL emission shifted towards 2 pm. Surprisingly, the sharpest modes were ob-
served from 1.95% strained nano-beams, while Q-factors degraded significantly for 2.3%.
This indicates that there is a trade-off between excessive tensile strain and optical gain,
although the reason is not obvious yet, it might originate from introducing defects at

higher strain values.

Combining a MEMS-like structure and an efficient optical cavity is the idea behind our
project. Almost all previously reported MEMS-like structures reported for developing
a Ge laser source, have used Ge as the beam material. In this work, we propose using
highly-stressed thermal SiO9 to apply tensile strain on a Ge layer on-top, using GOI
wafers. This configuration allows us to separate the optically-active Ge layer, and the
stress application mechanism using the buried SiOs (BOX) layer. In addition to this
flexibility in the cavity and beam designs, Ge with excellent crystalline quality can be
studied. The fact that GOI wafers are prepared using a bonding technique, where the
high-defect-density Ge-Si interface is removed after bonding. The fabrication and char-
acterization of Ge micro-disk cavities on freestanding SiO2 beams is presented in later
chapters in this report (chapter 6). On the other hand, sensitivity to heating is one of
the main disadvantages of this structure. Although freestanding structures are gener-
ally prone to heating effects [31, 85, 38], fabricating the Ge layer on top of SiOy makes
the heat dissipation worse compared to Ge beams, in which the heat can be dissipated
through the Ge film. Overcoming this issue in laser-based characterization methods is
done by the extrapolation of data-points at several laser-excitation powers, to find the
value at the limit of no excitation power (section 5.6). The use of pulsed lasers can be
another solution [89]. The difficulty of electrical injection of carriers is another disadvan-
tage, yet, it is not as significant because this study is a proof-of-concept and investigative
study. Where optical pumping of the structures is enough in order to understand the
behavior of tensile-strained Ge, factors limiting monolithic operation, and the additional

required engineering conditions.

Table 2.2 summarizes the straining approaches and their corresponding pros and cons.
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2.4 Heavy n-type Doping

Application of strain reduces the required carrier injection to reach transparency, and
transform Ge into an optical gain medium [49, 25, 90, 91, 92]. The effect of tensile crys-
tal deformation can be summarized in reducing the energy difference between direct (I)
and indirect (L) conduction band minima [26, 48, 93], which enhances the probability
of electrons’ dwelling in the I" valley [22, 33, 87]. Further enhancement of direct-gap
recombinations can be done by n-type doping [27, 50, 49, 15, 58, 94, 52, 95, 87, 55, 43, 96].

Method Principle Pros Cons ‘ Value
Difference in : :
Thermally ef{hzrnnsliaoln i e Inherent Limited strain ' Limited to
induced cogﬂicient ! e Uniform Interface defects 1 ~0.2% on Si
\ \
(Ge-on-Si) ! !
: Limited to critical :
: o thickness of Ge :
. . e Tuneable .
Buffer Dlﬁerepce in : Interface defects : 2.33% using
layers lattice | e Hetero- , Ing.4GageAs
constant | structures Bulky buffer layers [52]
! and multiple depo- !
: sition steps :
\ \
| 14.7% lattice mis- |
: match between Ge :
\ e Tuneable and Sn i Ge becomes
‘ . . ‘ 1 -
A]loylng GeSn a]loys I e Hetero- Low solid solubil- | dlllIIfle?%;lpSzt
! ‘ ity of Sn in Ge ! 0
: structures y : content [67]
| high surface segre- |
! gation of Sn !
| |
! !
| |
Deposition : o Tuneable Inhomogeneous : Up to 2%
External of a . -
stressor ro-stressed : e Hard mask Geometry depen- : using silicon
P 1 | or contact dent . nitride [30]
ayer | |
: e High value :
\ i \
| o Pseudo Heating effects |
MEMS Freestanding : hetero- Embedding a cav- : Up to 5.7%
structures | structures 1ty | [31] uni-axial
! e Tune- Large footprint !
| ability |
| |

Table 2.2: Strain methodologies
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The effects of n-type doping on improving direct-gap emission efficiency and achieving

a positive optical gain, can be summarized in two points:

» Filling L valleys with electrons; Heavy n-type doping is expected to fill the indirect
valleys in the CB with electrons, as proposed by Liu et al. [49]. Consequently,
injected electrons have a higher probability of settling in the direct I" valley. The
fact that, filling the L valley will compensate for the remaining energy difference
between direct and indirect valleys AETL, as shown in fig. 1.1. It is also reported
that direct I" valley get depopulated 5-times faster than L valleys, due to 5 times
larger recombination rate, this motivates inter-valley scattering injecting more

electrons in I" valley to maintain equilibrium in CB [53].

= Reducing total free-carrier absorption losses for a certain total carriers concentra-
tion, by mainly reducing free-hole absorption [49, 25]. Injected holes contribute to
the major component of FCA losses, and by n-type doping population inversion is

possible with less injected holes (and less injected electrons).

Although doping might contribute to previous improvements in Ge as a lasing medium,
the actual impact of doping is still controversial [5, 41]. Not only because of the
theoretically-predicted effects with counter implications on optical gain; such as reduc-
ing the excess-carrier lifetime [97, 1]. But also due to the limited doping levels of n-type
impurities achieved in Ge. Until now, the exact effects of extremely high doping levels

(>4 x 10! cm™3) on Ge optical gain are not clarified.

2.4.1 Theoretical Effects of n-type Doping

The effect of doping in increasing the optical gain of Ge can be understood through
its contribution in shifting the conduction-band quasi-Fermi level upwards. This favors
population inversion with lower pumping levels as described by the Bernard-Duraffourg
condition [41]. Theoretically, optical gain is obtained as soon as the conduction-band
quasi Fermi level gets into the I' valley, and the valence-band quasi Fermi level gets
within the light-hole band [41]. Although the concentration of electrons injected into
the I" valley is expected to increase super-linearly with doping level, doping can not
be increased arbitrarily, the fact that non-radiative processes would also increase and
might even counter-balance the privilege of filling the L valleys [49]. These non-radiative
processes are mainly dominated by Shockley-Read-Hall recombination as well as FCA
[94]. Recently, optical gain measurements of n-doped Ge waveguides have confirmed an

I using 2 x 10 ¢cm ™3 doping

increase in the optical gain from to —2200 to —500 cm™
concentration [98]. Even though initial losses due to FCA and band-gap narrowing were

higher in the highly-doped waveguides. Initial losses of —2200 cm ™! were measured for
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2x 10" em~2 doped waveguides, compared to —800 cm ™! for 2 x 10'® em=3 (at A = 1600
m) [98]. As this study was on doping effect without sufficient strain, no positive gain

was observed.
Free-carrier absorption losses of Ge can be calculated as follows [49, 32, 25]:

apca = —3.4x 107%p\>% — 3.2 x 10729 pA*4 (2.4)

Where, apc are the losses in cm™! due to FCA at a free-space wavelength A in nm. n
and p are total electrons and holes densities. Equation 2.4 indicates that free-hole ab-
sorption contributes to the larger percentages of the total FCA [49, 32, 25]. FCA losses
increase with carrier injection level (electrons and holes), in fact, FCA losses become
dominant at high injection levels so that no net gain is possible [94]. So by reducing the
injected density of holes, the total FCA losses can be significantly reduced. And, this
is the idea behind using n-type doping, which reduces the required pumping levels to

reach population inversion (fig. 2.4).

At the same time doping increases the spontaneous emission rate (Rsp) [49, 99] by

increasing the electron density, according to the following relation:

Ry x a(fw) x -  fullw)[1 = fy(1) (2:5)
Where, a(hw) is the absorption spectrum as a function of photon energy (Aw), 7, is the
radiative lifetime, f. and f, are the quasi-fermi distributions for CB and VB, respec-
tively. Rsp is expected to increase up to 10 times for 2.6 x 109 cm™3 [99]. On the other
hand, doping is found to have a significant effect in degrading the excess-carrier lifetime
(Tex) [97, 100, 1]. Not only due to non-activated dopant atoms [101, 102], but also defects
generated during the doping process [1, 97, 100], forming non-radiative recombination
centers [5, 1, 17]. Excess-carrier lifetime in undoped Ge depends on the layer thickness,
where the carrier dynamics are determined by Shockley-Read Hall and surface recombi-
nations processes [97, 100, 1]. While in n-doped Ge, excess carrier lifetime is found to
depend on excitation power (unlike undoped Ge) based on SRH non-radiative recombi-
nation model [103, 1]. For low excitation conditions, lifetime is mainly limited by holes
lifetime, while for high excitation levels, lifetimes is a contribution of electron and hole
lifetimes [1]. For example, a study presented in ref. [1] shows that 7., is reduced from

1ns for undoped Ge, to 0.4(0.14) ns for n-doped Ge under high (low) excitation powers.

Doping has a negligible effect on strain, yet, introducing phosphorus atoms into the

Ge lattice is expected to impose slight compressive stress [104] (blue-shift of PL peak).
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(a) Pumping of Intrinsic Germanium (b) FCA Losses Reduction By Doping
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Figure 2.4: Effect of n-type doping of Ge on free-carrier absorption losses:
(a) pumping of intrinsic Ge, in which losses by free-holes absorption is dom-
inant. (b) Doping effect on minimizing FCA losses by reducing the contri-
bution of holes. In (b) a fixed total electron density of 4 x 10 em™3 is
assumed, impurity carriers concentration was increased from 1 to 2 x 107
cm 3, consequently reducing the concentration of injected holes (= injected
electrons). The calculations were done at a wavelength of 1700 nm.

However, a slight red-shift in the direct-gap PL peak is expected due to BGN at the
same time. This effect is significant for doping concentrations above 2 x 10 ¢cm™3
[105, 106, 107, 32]. For example a doping concentration of approximately 2.5 x 101 cm?
results in a direct-gap reduction AET of ~ 32 meV, corresponding to a red-shift of 64
nm [73]. While at lower doping concentrations BGN-induced shift in the PL peak is
negligible, mainly because the peak corresponding to L valley is affected at such lower
doping levels. BGN has a significant effect in increasing losses due to the red-shift in
the direct-gap absorption edge [107], as will be shown in chapter 6. Expression of BGN
in heavily-doped Ge can be found in refs. [105] and [106]. Jain et al. [105] provided
a simple expression for BGN of the L-valley at low temperatures. While Camacho-
Aguilera et al. [106] conducted a room-temperature study of the direct-gap BGN using
-3

PL measurements, on Ge doped up to 4.5 x 10 cm Accordingly, the minimum

direct-gap BGN at room temperature can be expressed as follows [106]:

AE" =8.15( 2 v 2 n )" 2
= 8.15( w55 +2.03( 1o (2.6)

2.4.2 Overview of Ge Doping Techniques

Heavy n-type doping of Ge for monolithic light emission purposes has to satisfy two
main conditions: achieving high activation levels to contribute to population inversion

by filling the L valleys, and maintain crystalline quality. The exact required doping
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level is not clearly determined yet [8], especially that it is also dependent on the applied
strain. This ambiguity is mainly due to the limited activation levels reported in litera-
ture (~ 2 x 10! cm™3), making the compromise between heavy doping from one side,
and its effects on FCA, lifetime, BGN, and optical gain from another side, vague. The
second restriction on the successful doping recipe is that it has to maintain the crys-
talline quality of Ge. As the crystalline quality is critical to produce efficient radiative

recombinations [17].

The maximum achievable active doping concentration depends on the maximum solid-
state solubility (So_maz) and the diffusion mechanism (depends on the impurity atom),
from the materials side [104]. Table 2.3 below shows the maximum solid-solubility
(So_maz) of different impurity atoms in Ge according to literature [104, 32], which is
also temperature dependent. In addition to the method of introducing impurity atoms
into the lattice, and activation-temperature profile from the processing side [108]. The
mainstream of this research topic concentrated on phosphorus (P) as an impurity. This
is attributed to its highest solubility amongst other dopants for widest temperature
range, estimated to be 2 x 1020 cm™ at 580 °C and generally above 1 x 102° cm™3
from 500-800 °C [58]. P atoms can be introduced in a solid (P20s3), liquid (POClI3),
or gaseous (PHs) sources depending on the doping process. It is estimated that active
donors concentration above 5x 10 cm™3 [109, 8] is required to convert slightly-strained
Ge into an optical gain material. As the solid solubility of P is much higher, in principle,
it is possible use P-doped n™ Ge as an active layer for a LD. However, P diffusion in
Ge suffers from many problems, such as high diffusivity which increases even more with
defects density and source concentration. This is attributed to its diffusion mechanism
which limits the activation level, and results in a box-like diffusion profile rather than a
standard erfc or Gaussian profiles [104, 110, 102].

Type | Impurity | So_ e (cm™3) Temperature °C

P 2.0 x 10%° 580 °C
n-type As 8.7 x 101 800 °C

Sb 1.1 x 1019 800 °C

B 5.5 x 1018 850 °C
ptupe Al 4.3 x 10?0 700 °C

Ga 5.0 x 1020 700 °C

In 4.0 x 10'8 -

Table 2.3: Maximum solid solubility of common dopants in Ge [104]

In this part of the chapter, an overview of research progress towards providing a reliable

doping process for a Ge laser is presented.
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2.4.2.1 Ion Implantation

Ton implantation is a highly-standard process in CMOS industry, so, having a reliable
implantation-based doping recipe for Ge lasing purposes is very tempting. Historical
works [111] on P ions implantation in Ge have revealed a lot of issues, such as broaden-
ing of the diffusion profile after annealing at temperatures higher than 550°C [111, 104],
which is a problem for MOSFETSs fabrication requiring shallow junctions, but less im-
portant in applications for light emission, requiring a uniform high-activation level across
the whole Ge thickness [5]. More importantly, it was found that a large fraction of P
out-diffuses from Ge upon annealing [111], putting a limit on the doping concentrations
[104]. This out-diffusion is more significant at higher temperatures [111], reaching up
to 80%, and can be slightly impeded by using a cap-layer. At the same time, high-
temperature annealing is important for the electrical activation of the dopants. 100%
activation of dopants is expected at 650 °C, compared to 20% at 400 °C [111]. These
two main problems are related to the fast diffusivity of P in Ge, which is governed by
its diffusion mechanism. Co-implantation of Sb and P [112] can be used to increase the

doping levels up to ~ 10?° em ™3, as predicted by theoretical works [102].

Moreover, crystalline quality is the major concern that directed research towards other
techniques. Ion-implantation of Ge for laser applications requires a higher dose and
power (high activation required across the whole thickness) compared to MOSFET ap-
plications (shallow junctions) [5]. At high implantation doses, Ge can easily become
amorphous. These crystalline defects will work as non-radiative recombination centers
and significantly degrade light-emission efficiency [17]. Multiple-cycle annealing is shown
to reduce defects density [113, 27]. Although annealing can be used to retain the crys-
talline structure, it is not possible for Ge grown on Si. Because while the top Ge surface
becomes amorphous due to ion bombardment, the bottom low-temperature-grown Ge
layer has a high defect density, which is not suitable as a seed for re-crystallization
[5, 100, 16]. This also holds for other wafers with no seed layer, such as GOI. More-
over, annealing for re-crystallization will cause the dopants to out-diffuse. Consequently,
investigating the capabilities of in-situ and diffusion-based processes gained a lot of in-

terest during the last decade.

2.4.2.2 n-situ Doping

in-situ doping relies on introducing electron-donor atoms, usually P, in a gas source
(Phosphine PH3) during Ge growth process [114, 115]. This is advantageous in terms
of not requiring any separate doping steps, and can be applied using various growth
techniques such as UHVCVD [27, 21], LEPECVD [63], and MBE (Sb doping) [116].
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In fact, the first report of Ge lasing [20, 21] have utilized in-situ doping of 1 x 10
cm 3. Two drawbacks can be highlighted in this approach: non-selectivity, or in other
words, the whole Ge layer will be doped which is not suitable for integrating another
optical components that require less-doping or even intrinsic structures. And the trade-
off between crystalline quality and doping concentration. The trade-off exists due to
the high diffusivity of n-type atoms in Ge, such as P and arsenic (As). This limits
the activation levels obtained at high growth temperatures, which are essential to grow
high-crystalline-quality Ge [117]. Reducing the temperatures might increase the doping
concentration by limiting the diffusion, at the expense of crystalline quality. As a result,
it is difficult to introduce more than 2x10" cm™3 without the degradation of the Ge
crystal [114, 115]. The later reason is more serious in limiting the use of in-situ doping

for a Ge-based monolithic light source.

Delta (6)-layer doping and Gas-Immersion Laser doping (GILD) are modification pro-
posed on in-situ processes to increase the doping levels, they are discussed in details
below. Based on the current available technology, ion-implantation and in-situ doping

are not suitable for a Ge laser and other alternatives have to be explored.

2.4.2.3 Diffusion Based Techniques

The compromise between previous doping techniques and crystalline quality has been the
motivation towards diffusion-based processes. ¢ doping, gas-phase doping, and spin-on
doping (SOD) have been proposed in literature as possible approaches towards realizing
a heavily doped Ge gain medium. The fact that the source concentration of P atoms
can exceed the maximum solid solubility in Ge, so in theory, it is possible to achieve

extremely-high doping levels, with minimal effect on crystalline quality by diffusion.

d0-doping

Delta (§) doping was proposed as a solution to overcome the compromise between doping
concentration and crystalline quality of in-situ processes. Two different approaches of
d-doping can be spotted in literature, the first one incorporates thin layers of P within
the Ge crystal during lattice growth, and this is done using MBE [118], an approach
suitable for proof-of-concept studies, and does not rely on diffusion. We will concentrate
on the second approach, which is a diffusion-based CMOS-compatible process, and was
used in demonstrating the first electrically-pumped Ge laser [22, 119]. The idea is to
grow an active intrinsic (or doped up to 1.2 x 10 em™3 [119]) Ge layer with good crys-
talline quality, then intentionally deposit multiple mono-layers of P content, separated
by thin intrinsic Ge layers, at low temperatures. Low temperature deposition 400 — 450

°C causes a single layer of P to stick to the Ge surface with no epitaxial growth. i-Ge
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is chosen rather than doped, due to its higher deposition rate and lower P diffusivity.
The stack of alternating P-rich and i-Ge layers act as a high-concentration source of P
atoms (~ 1020 cm™3 [119]), on top of the target high-crystalline-quality Ge layer. The
source concentration depends on the number of ¢ layers used. Active concentration of
4 x 101 em™3 was demonstrated in ref. [119], using four P-Ge stacks, and annealed
afterwards using RTA at 700 °C for 30 seconds. Although the process seems to be based
on in-situ process, the actual doping of the target layer is done during the consequent
annealing step, in which P atoms diffuse from the d-layers into the target Ge layer. This
doping process offers the privilege of compatibility with various growth techniques, be-
ing based on in-situ, however it requires multiple processing steps. A polishing process,
using Chemical-Mechanical Polishing (CMP), is required to remove the depleted stack
of J-layers.

Gas-phase doping

Gas-phase doping is the historical approach of semiconductors doping that utilizes im-
purity atoms in vapor phase. Although old studies relied on gas-phase doping and
demonstrated high doping levels [110], they are not widely investigated nowadays for Ge
lasing. Diffusion annealing is done in a furnace with the impurity source being heated
separately away from the wafers, resulting in a vapor-phase source of impurity atoms.
For P doping, initial studies of P behavior in bulk Ge wafers by Matsumoto et al. [110],
used red P powder as a solid source which was heated at different temperatures up to
430 °C, to control the vapor-phase source concentration. Doping levels up to 8 x 10'?

—3 were achieved, depending on the source concentration (temperature of the red

cm
phosphorus powder). Another possible way is to use POCl3 as a liquid source, which
is also heated separately to introduce a vapor-phase P source. Gas-phase doping of Ge
using arsenic (As) has been recently demonstrated [117], resulting in a surface concen-

tration of 4 x 109 cm—3.

Another promising gas-phase doping technique is Gas-Immersion Laser Doping (GILD)
[120, 99]. GILD is an in-situ doping process during which a precursor gas is introduced
to the target wafer (PCls for n-type, BCls for p-type [120]), followed by a laser-thermal
processing (LTP) step for dopant activation. LTP provides high ramp rates (10'° °K/s),
high temperatures, and short annealing durations (10 - 100 ns) [120]. During each few-
nano-second LTP step, the top surface of the wafer goes through a melting-crystallization
cycle. A certain thickness determined by the laser energy density gets melted upon LTP,
causing the dopants diffusivity to become much larger relative to the solid layers under-
neath. This determines the thickness of the doped layer, as dopant atoms are prevented
from diffusing into the solid parts, resulting in a box-shaped doping profile. Then re-
crystallization occurs in a liquid-phase epitaxy (LPE) process, due to the solid seed

layer underneath the melt top surface. Subsequent cycles of gas immersion and LTP are
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repeated for several times (up to 400 [120]) in order to increase the doping level. Each
full cycle of gas immersion and LTP takes from 0.1 to 1 second [120]. GILD is capable of
achieving high-crystalline-quality Ge layers with P concentration up to 5.6x10' cm™3

2 areas at a

[120, 99]. Although current studies used lasers that can expose few mm
time, this process can potentially be applied in industry with good throughput due to
the availability of high-power lasers. Selectivity might be an issue as large areas are
exposed at once, the use of reflective hard masks exposing only the target devices is

proposed as a possible solution [120)].

Spin-on doping

Another simple, yet promising method is spin-on doping (SOD) [58, 2]. SOD is a sim-
ple process in which a dopant-rich solution is spin-coated (like a photo-resist) on the
wafer and baked to form a silica-based layer with high source concentration. Most of
commercially-available spin-on dopants use PoOs nano-powders as a source of P atoms.
Source concentrations can be as high as 20 x 102° cm™3 [108], an order of magnitude
larger than the maximum solid solubility in Ge [32, 104]. Diffusion step is required
afterwards to drive-in and activate dopants, which can be done using furnace or RTA.
Being a diffusion-based process, it is possible in theory to achieve very high activation

levels, with minimal damage on crystalline quality.

SOD is a relatively cheap doping technique, simple to use, and superior in terms of flexi-
bility; For instance it is possible to pattern the spin-coated layer so as to selectively dope
some devices (Ge light emitting diodes) and leave other devices un-doped (Ge modu-
lators and photo-detectors, for example) [58, 32]. SOD has been used in near-infrared
(NIR) photo-detectors [121], solar cells [108], and MOSFETs [122]. A detailed study of
SOD diffusion profiles in bulk Ge, using secondary-ion-mass spectroscopy (SIMS), is pro-
vided in ref. [108]. Ge-on-Si [99], or Ge-on-Insulator (GOI) [99, 123] wafers can be used
to impede impurities diffusion out of Ge, since the diffusion of n-type dopants is much
faster in Ge, than in Si or the oxide. Recently, extremely high P doping concentration
of 102° cm™3 was reported by Xu et al [123] using GOI wafers, and low-quality-factor
resonant whispering-gallery modes were observed in Ge micro-disks at cryogenic tem-
peratures [123]. Although this is a promising achievement, the details of the process are

not revealed yet, and the reproduction of such activation levels using SOD is still ongoing.

Regardless of the apparent simplicity of the SOD process, there are many practical issues
that complicate its application to Ge, since the existing SOD products are optimized
for Si processing [121]. This can be seen in the high temperatures required to extract
P atoms out of the SOD film (~ 1000 °C), which are not suitable for Ge. Two main
challenges can be summarized: the formation of non-stable GeO oxide during annealing,

the fact that SOD is oxygen-rich especially after the depletion of P atoms. In addition
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to stresses imposed by the SOD layer, due to the change of its contents after annealing

and the difference in thermal expansion coefficient compared to Ge. These issues are

translated into surface damage, and even cracking of Ge layers after SOD [2].

Table 2.4 summarizes common doping processes used for

Ge light emission purposes.

Method Principle Pros (@ Cons Value
Non-selective
Introduce a gas Easily imple- Dobine lovel 2 x 10'° cm™3
L precursor (PHs) mented opmg eve (CVD)
n-situ . and Crys- 20 _3
during growth . ! 1 x 10°Y cm
Uniform tal  quality
process trade-off (MBE)
Precisely- Selectivity
Gas Immersion Eontllrpklled Depth  and
Gas Laser Doping ﬁfx_ ! ?f pro- tglroughput 5.6 x 1019
phase | (GILD) using PCls e (uniform) ®) em ™3
precursor High activa- Multiple
tion LTP cycles
] ) high  source Multiple pro-
Alternating P-rich concentra- cessing steps
Delta and intrinsic Ge tion )
mono-layers on top . Non-selective | 4 x 109 ¢m=3
layers of the target Ge Doping of :
laver thick layers requires
Y (0.6-0.8 1) CMP
Slmplo pro- Non-uniform
Spin- Spin coating of cessing
on d.o.p ant-rich Selective Surface dam- 4 %10 cm™3
doping sﬂma—based doping age
(SOD) solution Limited dose
Cheap

Table 2.4: Ge n-type doping techniques for light emission purposes

(@) All processes mentioned in this table maintain crystalline quality, except for
in-situ doping at activation levels above 2 x 10 cm™3.
() Usually used for shallow junctions (up to ~ 300 nm [120]), and expose few

mm2

of thicker layers require lasers with very high energy density.

areas at a time. Higher throughput by wafer-scale exposure, and doping
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2.5 Crystalline Quality: Wafer Options

Direct-gap luminescence is significantly affected by crystalline quality [100, 124, 17, 1].
Defects in lattice structure form non-radiative recombination centers [17] which decrease
the excess-carrier lifetime. In fact, carrier lifetime is found to be limited by non-radiative
recombinations lifetime [1, 5, 100], forcing a limit on the internal quantum efficiency of
Ge as an optical material. Reducing defect density by high-temperature or cyclic an-
nealing [1, 113] enhances direct-gap PL intensity, with higher PL intensity obtained for

higher annealing temperatures [1].

Ge wafers provide the ideal crystalline structure, yet are not interesting for a practical
Ge light emitting device, due to the difficulty of confining an optical mode, and more
importantly, the industrial reliance on Si wafers. Ge lasers fabricated from epitaxial
Ge-on-Si films are ideal for practical implementation on bulk Si wafers used in CMOS
industry. Yet, a fundamental issue arising from the 4.2% lattice mismatch between Si and
Ge prevents the growth of high-quality Ge-on-Si films with useful thickness. As a result,
regardless of the growth technique, such as LEPECVD [62] and UHVCVD [22, 119, 20,
21, 27], a two-step process is commonly used to grow single-crystal Ge. Starting with
a low-temperature LT (~ 400 °C) growth resulting in a poor-crystalline-quality layer,
yet essential to prevent islanding and maintain a uniform thickness across the whole
wafer [1, 8, 5]. And a subsequent high-temperature HT step (~ 700 °C) to deposit the
active high-crystalline-quality layer [20, 21, 22, 119, 1, 5]. The LT layer imposes serious
issues from carrier-dynamics point of view, as well as photons scattering. Although
this is acceptable for photo-detection applications, even for commercial products [1,
5], it is intolerable for lasing purposes due to its impact on carrier lifetime. Virtual
substrate technology can be used to grow single-crystal Ge layer on Si, through a series
of graded buffer layers with increasing Ge content. A lot of impractical issues arise
in such processes, such as maintaining the thickness uniformity across the wafer. In
addition to the thick buffer-layer region, and the relaxation of the strain in top Ge layer.
Liquid phase epitaxy (LPE) can also be used to crystallize amorphous or poly-crystalline
Ge on an insulating layer on Si, through a seed window and rapid melting process [1].
Another solution can be bonding; where a high-quality Ge wafer can be bonded to a
handle wafer to transfer a perfect Ge layer [124, 100, 36]. This can be applied to bulk Si
in order to override the growth of poor LT layer. For proof-of-concept studies and more
engineering flexibility, special wafers such as GOI and Ge-on-SOI can be used. GOI
wafers are shown to enhance carrier lifetime significantly, attributed to the absence of
the poor LT Ge interface layer [100, 124]. In addition to providing a flexible platform
for strain engineering. In the case of using SiOs as the insulating layer, GOI wafers
lack a good adhesion between Ge and SiOs, the fact that Ge-O bonds are volatile and
soluble in water. Ge-on-SOI can be used to enhance the adhesion by introducing Si as

an interface between Ge and SiOs.
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2.6 Photonic Cavity

Manipulating the electromagnetic field through an optical cavity is one of the strategies
to enhance photons emission from indirect-gap group-IV materials [1, 5]. This is based on
the fact that an optical cavity is capable of increasing the efficiency of light emitting de-
vices, through a three-fold effect of increasing the spontaneous emission rate, extraction,
and collection efficiency. Purcell effect is responsible for the first one [125], while prevent-
ing the field in certain directions, and directing it to another ones, are responsible for the
later two effects [1]. A wide variety of photonic cavities have been demonstrated aiming
for Ge lasing, starting from simple Fabry-Perot waveguides (FP) [20, 21, 22, 23, 39|
to three-dimensional photonic-crystal cavities [126]. Successful lasing of Ge direct-gap
emission has only been reported using FP WGs until now [20, 21, 22, 23]. Such cavities
are tempting for practical implementation of a Ge laser for chip-to-chip communications
requiring a suitable output power [5]. Similar cavities including distributed-bragg reflec-
tors (DBR) [38], and distributed-feedback cavities (DFB) [17] can be also implemented
in a Ge FP WG.

Novel cavities with extremely high quality factors are another tempting choice for proof-
of-concept studies, and developing a better understanding on Ge light emission. For
example, two-dimensional photonic crystals (PhC) [127, 128, 86] , have been used due
to their extremely-high Q-factors, and their planar structure which is advantageous for
CMOS-based integration. 2D PhC slabs made of Ge [127, 128, 86], or even Ge quan-
tum dots embedded in 2D PhCs have been demonstrated [129, 130]. Yet, Q-factors of
direct-gap Ge resonances were not as high as expected by the design Q-factor, such as
540 reported in [127]. In fact, higher Q-factors were observed using simple micro-disk
cavities [131, 55]. Three-dimensional PhCs with embedded Ge quantum islands resulted
in 13600 Q-factor [126], such a high Q-factor is expected due to the complete photonic
band gap.

Moreover, photonic cavities supporting whispering-gallery-mode (WGM), such as micro-
disks [55, 56, 57, 3] and rings [131, 30], are increasingly gaining attention. Being simple
circular structures, with compact sizes suitable for dense integration, and providing res-
onances with high Q-factor exceeding those reported for PhC-based cavities [55]. Tuning
resonant modes is simply done by changing the diameter of the cavity, which is a privi-
lege in terms of wavelength-division multiplexing. Moreover, they provide high flexibility
in terms of applying and tuning the strain using under-etching and stress liners [6]. For
instance, depositing SigNy stress liners is a common way of applying high tensile strain
on Ge micro-disks [55, 56, 57, 29, 30]. This pre-stressed layer can be applied on-top
[55, 56], bottom [57], or even all-around the disks after under-etching the circumfer-

ence [57, 29, 30]. In this project we use simple micro-disk cavities to confine photons,
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and engineer the strain within the disks using freestanding SiOg beams [2, 6]. Detailed
overview of Ge micro-disks and rings, and a brief description of the theory is provided

below.

2.6.1 WGM Optical Cavities: Micro-Disks & Rings

Realistic integration of electro-optical data circuitry on CMOS chips requires novel ideas
that provide efficient and convincing replacements of pure electrical circuitry. Regard-
ing light emitters, the ability to generate monolithic light that is spatially confined
in micron size is crucial for high integration density and complex functionalities [132].

Semiconductor-based WGM cavities provide a promising solution for such requirements.

Ge micro-disks are widely used for optical confinement of direct-gap photons. Resonant
modes including lossy FP modes and high-QQ WGM were observed by multiple groups in
Ge micro-disks [55, 56, 57, 29, 30, 3] and rings [131, 30] by optical [55, 56, 57, 29, 30, 3]
and electrical [133] pumping. Diameters of the studied micro-resonators range from 1
to 10 pm, with most of sharp WGMs observed in disks around 3 pm. The highest re-
ported Q-factor of WGMs in Ge micro-resonators on Si (SOI) was 620 using intrinsic
micro-rings demonstrated by Lim et al. [131]. While, the highest WGMs Q-factor up to
now is 1350 and was reported by Ghrib et al. [55], by growing Ge micro-disks on GaAs
substrate to eliminate interface defects due to approximately similar lattice constant.
The disks were tensile-strained up to 1% using a nitride stress liner. Q-factors are de-
graded by the edge, interface and surface roughness of the micro-resonators, as WGMs
interact strongly with these defects causing them to scatter [32]. Ge direct-gap WGMs
are considered to be limited by FCA losses [55]. Q-factors have to be enhanced for
efficient photons confinement, and this can be done by enhancing the crystalline quality
[17, 1], optimizing the etching techniques for roughness reduction [32], eliminating the
interface defects at Ge-Si interface [100], and optimizing Ge band-engineering conditions
of n-type doping [123, 2] and tensile strain [58, 96, 94].

2.6.1.1 Whispering Gallery Modes

Representation of WGM fields within micro-disk cavities can be done by considering a
simple two-dimensional representation of the disk through the effective refractive index
method [134, 135]. For an optical mode, a 2D disk with an effective refractive index
(neg) is equivalent to a finitely-thick 3D disk with a refractive index (n). Assuming that
the disk height (d) is thin enough to support the fundamental mode in the z direction, it
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is possible to write two independent sets of Maxwell’s equations for TE and TM modes,

by solving the wave equation [134, 135]:

d*,  1di, 5 5 m?
z B Y/ 2.
e +p ip + <n K 7 v, =0 (2.7)

Where, 1, is the magnetic (electric) component along the z axis field for TE (TM), or
H, (62), respectively. p is the radial distance from the disk center, and « is free-space
wavenumber. n is the refractive index, which can be set to neg in a 2D problem within
the disk region (p < R), and equals 1 (air) outside the disk (p > R), as indicated in fig.
2.5. m is the azimuthal mode number; or the number of full wavelength of the WGM
along the disk circumference. Solving equation 2.7, the orthogonal field component can

be expressed using Bessel and Hankel functions as follows:

Jy(,}) (knegp) e~ Hme—wt) p<R
Y, X (2.8)
Hr(r%) (K,p) e—i(mqﬁ—wt) p > R

Jy(nl) and Hf(,f) are Bessel function of the first kind and Hankel function of the second
kind, respectively [134, 135]. Field intensity of the WGMs has three main distinctive
regions: (i) volume within the cavity itself and limited by its surface (p < R), in which
WGM fields are described by Bessel functions [136] . (ii) Secondly, waves propagating
into low-index region just outside the cavity’s surface (p > R), which are evanescent in
nature and decay exponentially with distance. (iii) Free propagating plane waves that
are formed by gradual build-up of evanescent waves [132, 136] . All other non-zero field
components, qu and S; for TE, 7—2}, and 7—2;5 for TM, can be derived from H, or E;,
respectively [135]. In this report, computer simulations utilizing finite-difference time-
domain (FDTD) method was used to solve the 3D Maxwell’s equations, for field profile
visualization and solving for the resonant frequencies. The final mode representation
can be described by the azimuthal number and the radial number ! (number of field
maxima along the radius), such as TE,, ; or TM,,, ;. The azimuthal mode number m can
be related to the disk radius, and the effective index of the mode using the following

simple expression:

mx =21 xR (2.9)

Deff

Accordingly, the spacing between supported modes, or the free spectral range (FSR)

can be expressed in terms of wavelength as [137] :

)\2
ANpsp = 5 " (2.10)
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Figure 2.5: A dielectric micro-disk on Si pedestal annotating parameters
used in equation 2.8

2.6.1.2 Q-factor

Quality factor (Q-factor) is a measure of the capability of the cavity to confine photons.
Looking at the spectral response of a cavity, Q-factor is represented by the sharpness of

resonant peaks, and can be estimated as:

A

- - 2.11
ANFwWHM (2.11)

Q-factors of whispering-gallery modes can be decomposed into four main components,
as proposed by Gorodetsky et al. [138]. The total Q-factor is limited by the lowest

component among them, in analogy to electrical resistances connected in parallel:

-1 _ -1 -1 -1 -1
QWGM - Qradiation + Qscattering + Qcontaminants + Qmaterial (2‘12)

Radiation or curvature losses of light due to coupling with air modes determine Qqdiation
which increases exponentially with disk diameter. Qgcattering is @ measure of side-walls
perfection. Qcontaminants 1S also related to scattering, but due to contaminants on the

cavity surface. Qmaterial TEPresents material losses, mainly due to absorption. In large

Diameter
Wavelength

of losses become insignificant [138]. For the micro-disks studied in this project, values

micro-disks ( > 15), Qmaterial 1S the main limiting factor, where other types
of all Q-factor components are limited due to high corresponding losses. However, in
an active Ge micro-disk, Q-factors of direct-gap resonances are considered to be limited
mainly by FCA (material) losses [55].
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2.7 Optical Gain

Theoretical modeling of Ge optical gain has been studied using various methods [49, 32,
139, 25, 92, 91, 140]. For example, Liu et al. [49] provides a model based on effective
mass formalism predicting positive net gain values, where net gain is defined as the
difference between material gain and FCA losses. Chang and Chuang [139] and Pizzi.
et al [141] modeled gain in Ge/SiGeSn quantum wells using tight-binding formalism.
While El Kurdi et al. used precise 30-band k.p formalism to estimate Ge material gain
[25]. All mentioned studies agreed that positive material gain of un-strained un-doped
bulk Ge is improbable. El Kurdi et al. predicted a net optical gain of 3000 cm ™! beyond

0% cm ™2 at low

3 um wavelength for 3% strained Ge and total carrier density of 1 x 1
temperatures. While Liu et al. estimated a net gain of 400 cm ™" for 0.25% biaxial strain

with 7 x 10" em™ n-type doping, and 9 x 10'® cm™ injection, at room temperature.

Experimentally measured optical gain of Ge-based structures can be summarized as

follows:

1. Liu et al. (2009) [20]: 50 cm™~! at 1605 nm emission wavelength measured using
pump probe spectroscopy, of a Ge-on-Si mesa structure, with 0.25% thermally-
induced strain and a doping level of 1 x 1019 cm™3 .

2. De kersauson et al. (2011) [142]: 80 cm™~! at 1685 nm using variable-strip-length
measurement system, of a Ge photonic wire on GaAs substrate capped by a SigNy

stressor imposing an average of 0.4% strain, and 3 x 10" cm ™ doping.

3. Lange et al. (2009) [62]: maximum transient gain of & x Low = 8 x 1074 per QW
is measured using ultrafast pump-probe spectroscopy (80 fs - low gain lifetime) for

compressively strained Ge/Si,Ge;—, quantum wells at room temperature.

4. Xu et al. (2015) [143] reported a very high transient optical gain of 5300 cm ™!
using femto-second transmittance spectroscopy (< 80 fs - low gain lifetime). Ge
film was MBE grown and doped using SOD (4 x 10 cm™3).

5. Okumura et al. (2015) [98] have experimentally demonstrated the effect of n-type
doping (2 x 10! cm™3) on decreasing the optical losses from 2200 to 500 cm™!.
This study have not reported positive optical gain, presumably as no tensile strain

was applied.

In addition to strain and doping, other theoretical studies modelled the dependence of
gain spectrum on lattice orientation [140]. For instance, it has been proposed that (
001 ) (( 111 )) orientation is preferred for large (moderate) strain values in intrinsic

(heavily doped ~ 10 ecm™3) Ge [140]. Moreover, temperature is expected to enhance
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the gain linearly up to a certain pumping level [32], after which the temperature effect
is reversed. This was explained by remarking two temperature-dependent factors with
opposite influence on optical gain: the amount of excess carriers injected into the direct
I" valley increases with temperature due to the increased probability of occupying higher
energy states, while the percentage of electrons contributing to the net gain is inversely

proportional with temperature [20, 32].

2.7.1 Strain & Doping:
Feedback from Recent Highly-Strained Structures

Theoretically predicted gain values of bulk Ge are quite promising [25]. However, exper-
imentally achieved gain values are still controversial [41, 1, 5]. Reproduction of initial
lasing results of slightly-strained and n-doped Ge reported in refs. [21, 22] has been
questioned by several groups [41]. Until the recent lasing of unstrained heavily-doped
(3 x 10! cm~3) Ge FP WGs prepared using MBE, and electrically pumped in a p — n
structure, reported by Koerner et al. [23]. Meanwhile, research efforts have mainly tar-
geted extremely strained structures, following the theory, aiming to reduce the reported

lasing threshold values.

Accordingly, it is possible to point out two different routes for developing a Ge laser:
utilizing slight strain (~ 0.2%), similar to initial lasing reports [21, 22] combined with
heavy doping (~ 10%° ecm~3). Or, increasing the strain significantly (> 1%), with mod-
erate doping (~ 10 cm™3). Researchers see in the first approach a modest strain that
is inherent in Ge layers grown on Si. In addition to maintaining a tempting band-gap
energy that emits in the 1550-1650 nm wavelength range, which lies in the standard low-
loss transmission window for optical communications. This wavelength range permits
using Si as a high-performance transparent waveguide for on-chip signal routing, and
silica-based optical fibers for board-to-board communications. However, lasing reported
with 0.25% tensile strain [22], or unstrained heavily-doped Ge [23], suffered from very
high threshold-current densities (300 [22] and 500 [23] KA /cm™2) making this approach
non-realistic. Increasing doping concentration is not trivial according to recent doping
trials [2], moreover, the exact effect of higher doping levels on Ge optical gain is not
yet elucidated. Ref. [144] provides theoretical calculations for optimum doping concen-
trations versus tensile strain values for different cavity losses, which simply means that
higher doping levels are not always advantageous. It is shown that optimum doping
concentration values for different applied strain will vary according to the requirements
of either minimizing lasing threshold or maximizing lasing slope efficiency. For instance,
increasing strain from 0.25% to 1% reduces optimum doping concentration (for minimum
lasing threshold) from 2 x 10%° cm ™2 to 6 x 101 cm=3 [144].
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The significance of the second approach starts from here, where tensile strain will pro-
portionally reduce the required levels of doping and pumping. The main drawback of
this approach is the red-shift of the emission peak beyond 2 um for strain values above
1.1% [144]. This requires modified optical components - such as modulators and photo-
detectors - for manipulating such wavelengths. One possible way is to introduce strain
on currently existing components, such as Ge PDs [27, 16, 15, 94]. However, this solu-
tion does not work for global interconnects that use standard silica-based optical fibers
as transmission medium, because silica-based fibers impose high absorption losses on
signals outside the 1.3 and 1.5 ym low-loss windows. Such communication systems will
need more signal amplifying processes compared to standard systems operating in the
low-loss regime. Nevertheless, highly strained Ge structures are gaining more attention,

as they are a more realistic candidate for low-threshold on-chip lasers.

Recently, strain values have reached extremely high limits resulting in direct-gap bulk
Ge [31, 36, 37, 30, 29]. Optical cavities were included in some proposed devices [37,
30, 29, 38], in the form of micro-disks [29], micro-rings [30], and DBRs surrounding
freestanding beams [37, 38]. Although transition into a direct-gap material was con-
firmed in references [29, 30], lasing was not observed. In fact, Q-factors of resonant
modes degraded at extremely high strain values [29, 38]. For instance, Ge micro-disks
with all-around SigNy stressors reported by CNRS group [57, 29], had very broad Q-
factors for 1.5% [57] and 1.75% tensile-strained Ge [29]. While their previous work of
on-top SigNy stressors resulted in the highest reported Q-factor of 1350 at only 1% ten-
sile strain. Similarly, Petykiewicz et al.[38] demonstrated interesting high-quality-factor
DBR modes from highly-strained uniaxial nano-beams. Sharp resonances with Q-factors
up to 2020 were observed from 1.95% uniaxial tensile-strained nano-beams. Increasing
the uniaxial strain to 2.37% degraded the Q-factors significantly and this was attributed
to VB losses. We expect that at such high strain values, the defect density in the Ge
lattice might increase, consequently increasing the losses. Recent information deduced
from literature indicates that even direct-gap Ge (¢ ~ 2%) is not sufficient for lasing
[29, 30]. This remarks the importance of doping once again, as a possible solution if
combined with high strain. In fact, the exact successful combination of doping and

strain is very hard to specify based on current research outcomes [8, 5].

2.7.2 Further Approaches

Considering the reported Ge (or even GeSn [39, 40]) lasing thresholds, and bearing
in mind the history of compound-semiconductor lasers, it might be advantageous to
target hetero-junctions and lower-dimension structures [145]. Hetero-structures provide
charge-carrier confinement in the active layer and have been used to realize lasing of

indirect-gap materials and reduce lasing threshold [147]. Si;Gej_,/Ge hetero-structures
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Figure 2.6: Lasing-threshold history of compound-semiconductor lasers &
current achievements in Ge lasing. Improvements in lasing threshold were
witnessed through reduction in dimensions, from bulk (3D) to quantum
wells QW (2D), and quantum dots QD (0D). Lasing threshold of Ge by op-
tical pumping (35 KA /cm? [21]) is comparable to first I1I-V lasing thresh-
old by electrical injection. Ge lasing threshold by electrical injection (280
KA /cm? [22], and 500 KA /cm? [23]) is more than an order of magnitude
higher than first I1I-V lasing. This figure is inspired from figures in refer-
ences [145, 146]

might be the most straightforward choice, given that a type-I band alignment is satisfied
[61]. Band offset in Si/Si;Ge;_, hetero-structures depends on the strain of Si substrate,
in addition to the percentage (z). Type-I band alignment in Ge/Si hetero-structures
requires cubic (unstrained) silicon structures surrounding strained Si;Ge;_, layers [61].
However, the obtainable difference between Si and Si,Ge;_, conduction bands cannot
exceed 0.02 eV for any Si,Ge;_, composition, which reduces the significance of hetero-
structures role in confining electrons in Ge. Another choice to consider is reducing the
dimensions of the active region, from bulk or 3D, to 2D (quantum-well, QW) [63], 1D
(nano-wires, NW), or even 0D (quantum dots, QD) structures. Historically, a remarkable
reduction in lasing threshold have been witnessed in compound-semiconductor lasers by
moving towards one less dimension at a time. For instance, the use of QDs reduced
threshold values below 20 A/cm?, compared to ~ 10* A/cm? using bulk structures
in 1962 [148, 149, 145]. Introducing QDs took more than 20 years of research. This
reduction in threshold is mainly attributed to the confined density of states for lower-
dimension structures, implying that electrons are spread over a smaller energy range
with higher densities at the band edge [149, 145, 150].
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2.8 Applications

Successful implementation of Ge light sources in commercial products relies on CMOS
compatibility and cost reduction [5]. Optical components based on tensile-strained Ge
already exist in photonics market in the form of efficient PDs [27, 16, 15, 5]. On the
other hand, Ge-based light sources - relying also on strain - are still under develop-
ment with a wide potential market and applications. Possible applications of efficient
Ge light sources can be categorized according to power level and operation frequency.
For instance, Ge light emitting diodes (LED) are sufficient for short-distance local-area
networks (LAN) requiring modest output power and data rates. Such networks are suit-
able for smart cars and vehicles, or even home and office networks [5]. Another possible
target for Ge LEDs would be biomedical technology and lab-on-a-chip devices providing
point-of-care services using optical bio-sensors [151]. The increasingly-growing demand
on bandwidth creates a wider range of applications for monolithic Ge light sources, or
laser diodes (LD). Global networks relying on optical links for high-data-rate communi-
cations require efficient monolithic light sources with high operational speed. Networks
connecting global data centers, fiber-to-the home (FTTH), future implementation of
Internet of things (IoT), cloud computing, and many other practical applications offer
a potential market for Ge LDs. In order to compete, Ge LDs have to overshadow the
privileges of ITI-V lasers. In terms of performance, Ge LDs have to provide similar,
or higher, internal quantum efficiency. Yet, this condition can be compensated for by
offering cost reduction and CMOS compatibility. Another possible route towards more
efficient power consumption, rather than competing with III-V materials on internal
quantum efficiency, is by realizing Ge LDs with high operational speed. Operating a
LD beyond 10 Gbps eliminates the necessity of a dedicated optical modulator, by direct
modulation of the LD [5].

Global data centres

Cloud computing
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b
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Figure 2.7: Possible markets for Ge light sources [5]
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2.9 Summary

Throughout this chapter, main practical approaches towards realizing a monolithic Ge
light source are outlined, considering tensile strain, n-type doping, crystalline quality,
and optical confinement. Advances in tensile strain application have accelerated in the
past few years, resulting in direct-gap Ge. Micro-machining is suitable for such high
strain values, where direct-gap uniaxial and biaxial freestanding Ge beams were demon-
strated. Graded beams and beams with curved edges were particularly useful for this
achievement, maintaining a smooth gradient of strain along the beams and enhancing
uniformity. Achievements with regards to n-type doping are less significant. Consistent
reports from several groups confirm limited activation levels of P in Ge to ~ 2 x 10'°
cm ™ by diffusion-based methods. Spin-on doping is being used for Ge light emission
purposes as a cheap and simple diffusion-based technique, providing source concentra-
tions above the maximum solid solubility. In addition to strain and doping, crystalline
quality is critical for efficient Ge direct-gap recombinations. Wafers prepared by bonding
can be used to investigate optical properties of perfect-crystal Ge. A structure satisfying
these three requirements, needs to be embedded in a high-quality-factor optical cavity
to achieve lasing. Micro-cavities confining whispering-gallery modes, such as micro-disks
and rings, have been popular through the last few years. Because of their simple fabri-

cation, small sizes, high Q-factors and flexibility in terms of strain application.

Theoretical and experimental optical gain values reported in literature indicate that
Ge holds potential for future low-threshold lasing. Compared to the beginnings of
compound-semiconductor lasers, first reported Ge lasing has more than an order-of-
magnitude higher lasing threshold. Bearing in mind that those initial lasing experiments
relied on 0.2% tensile strain, then in principle, it is possible to reduce the threshold by
increasing the tensile strain. More efficient lasing has to utilize lower-dimension struc-
tures, following III-V lasers history. Upon realizing efficient Ge light sources, devices
can compete based on cost-reduction and integration-ability with CMOS platforms in

current data and communications market.






Chapter 3

Spin-on Doping of Thin
Germanium-on-Insulator Films

using Furnace Annealing

“There are two types of innovation, performance-centric or p-type, and
nature-oriented or n-type. Building a sustainable society requires the convergence

»

of the two approaches, as in a p-n junction
Dr. Ryoji Chubachi, SSDM 2015

3.1 Introduction

As crystalline quality is considered critical to achieve efficient direct-gap emission from
Ge, literature is pointing out the necessity of a reliable diffusion-based doping tech-
nique. In this chapter we investigate spin-on doping (SOD) as a diffusion-based tech-
nology to introduce n—type impurity atoms into Ge for light emission purposes. As the
commercially-available SOD solutions are optimized for Si processing, many processing
obstacles have to be overcome to apply the same products to Ge. In this study, we
focus on comparing two main types of commercial SOD solutions, namely, water and
alcohol-based solutions containing phosphorus atoms. A general introduction on the
diffusion of dopants, highlighting the deviations expected in the case of SOD of Ge, is
firstly summarized in section 3.2. Process optimization for both types of dopants is then
presented in section 3.4, resulting in a maximum doping concentration of 1 — 2 x 10%°
cm~3. The effect on crystalline quality and strain within Ge-on-Insulator (GOI) films,

and the impact on photoluminescence, are discussed in section 3.5.

Some parts of this chapter were published in ref. [2] in the form of figures and tables.
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3.2 Diffusion of Dopants

Diffusion of dopants is the migration of guest atoms through a host material driven by
a gradient in concentration [104]. The diffusion behavior is modelled by the diffusion

equation, or Fick’s second law of diffusion, which can be derived as follows:

Starting with Fick’s first law of diffusion, describing the tendency of particles to move
from high to low concentration regions, represented by the flux of particles J in cm 2.5~

[152, 153].

_AC(z,t) N _DaC(x,t) (3.1)

J
x Ax ox

Where J is the flux of particles, or the number of particles crossing a unit area per
unit time (em~2.s7!). C is the concentration of particles (cm~2), and it is a function
of space and time, C(x,t). z is the distance from the surface of diffusion (cm). The
partial derivate of C relative to space x, represents the spatial concentration gradient.
The higher the concentration gradient, the higher the flux of particles, and the negative
sign counts for the direction of diffusion opposite to the concentration gradient. D is
a proportionality factor, referred to as the diffusion coefficient or diffusivity, describing

how fast the diffusion is (cm2.s71), as will be described later.

Applying the continuity of particle flux (or, mass) equation [152, 153]:

oC (z,t oJ
9C(x,t) _ _9J (3.2)

ot ox
Denoting that the rate of change of particles concentration with time, is a result of
spatial divergence of particle flux. Combining equations 3.1 and 3.2, results in Fick’s

second law, the diffusion equation [152, 153]:

(3.3)

- ox

And, assuming that the diffusion coefficient is independence of concentration [152, 153]:

oC (z,t) D82C(az,t)

ot Ox2 (3-4)

The exact diffusion profile of impurity atoms is obtained by solving the differential equa-
tion 3.4 with case-representative boundary conditions. Boundary conditions are imposed
by the doping technique, which can be summarized in two main cases, as shown in table

3.1. Atoms diffusing from an infinite source, maintain a constant source concentration
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Figure 3.1: Theoretical diffusion profile of P in Ge assuming (a) constant
source concentration, and (b) constant total dose (Sgpse), at 580 °C. Con-
stant Sgose represents the case of a spin-on doping source which is a lim-
ited source of impurity atoms. Calculations in (b) assume a total dose of
3 x 10 ¢cm™2, as estimated from experimental data using Filmtronics P507
as a dopant source. Experimental diffusion profiles of P in Ge do not follow
this theoretical prediction, due to the extremely fast diffusion of P in Ge,
resulting in box-like profile as provided in ref. [108].

Cs at the sample surface, and tend to have a complementary error function (erfc) dif-

fusion profile. Such a case is expected, for example, in furnace-based POCI3; doping,

with a constant flow of POCI3 vapor. While diffusion from a limited source, providing a

certain amount of impurity atoms, results in a Gaussian-shaped diffusion profile. This

is the expected diffusion profile in the case of SOD, due to the limited amount of dopant

atoms within the spin-coated film. Figure 3.1 plots the expected diffusion profiles for P

doping of Ge with constant source concentration (fig. 3.1(a)), and limited total number
of dopant atoms (fig. 3.1(b)), at 580 °C. Even though SOD is a limited-source technique,
the actual P diffusion profile in Ge deviates from that shown in fig. 3.1(b), mainly due

to high diffusivity arising from the diffusion mechanism, as discussed below.

Source Diffusion Profile Boundary Conditions
( v le C(z,t) =0
. Sdose .~ £z oom [e’¢)

Limited | Oz, ¢) = Jrge 2vPt | Jo C(@,1).dz = Supse |
C(x,0)=0
C(0,t) =Cs

e | ) =Cuoerfzz) | _Jin Cln =0 |
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Table 3.1: Theoretical expressions of diffusion profiles for limited and infinite

source concentrations [152, 153]
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The proportionality factor D, that relates the diffusion flux and the concentration gra-
dient, is referred to as the diffusion coefficient, or diffusivity. Diffusivity has the units of

2 1

cm”.s”, mainly indicating how fast the diffusion is, and can be calculated at a certain

diffusion temperature as follows:

D = Dye & (3.5)

Where D is the diffusion coefficient, D, is the pre-exponential factor having the same
units as D, and sometimes referred to as the jump frequency factor [104]. E, is the
activation energy (or enthalpy) of diffusion in eV. Fast diffusers have low E,, and vice
versa. K is Boltzmann constant, and T is the temperature. As the fraction within the
exponential term is unit-less, if K is in eV/Kelvin, T is in kelvin. Diffusivity is temper-

ature dependent, so it is described by an Arrhenius-like equation [104, 152, 153].

Depending on the route taken by impurity atoms diffusing through a crystalline ma-
terial, two main diffusion mechanisms can be highlighted, namely: substitutional and
interstitial. Substitution requires the impurity atom to take over a place in the lattice
and exchange places with direct neighbors, which is unlikely in Ge [104, 154, 101, 102].
While in interstitial diffusion, the impurity simply migrates through the lattice, be-
tween the host atoms, from one interstitial site to another, such as some metals in Ge
[104]. Dopants diffusing by substitution are expected to have high activation energies,
compared to interstitial dopant atoms which tend to have lower activation energies, and
consequently fast diffusion even at relatively low annealing temperatures. Intrinsic point
defects in crystalline materials affect the diffusion process by providing additional routes
for migrating atoms. The higher the defect density, the faster the diffusivity. Defects
including vacancies (V) and interstitials (I) offer a possibility for atoms to exchange po-
sitions between lattice and interstitial locations. Vacancy-mediated diffusion, in which
the migrating atom moves into a neighboring vacant lattice position, is the most com-
mon diffusion mechanism in Ge. This is true for self-diffusion and most common dopants
[104, 154, 101, 102]. Consequently, diffusivity of impurity atoms depends on the mech-

anism, size of impurities, and temperature.

Figure 3.2 plots the temperature dependence of common n-type atoms diffusivity in
Ge, alongside the diffusivity of oxygen and Si, relative to G self diffusivity, as found in
literature [104, 154, 101, 102]. Generally speaking, the diffusion of group IV atoms in
Ge, including Ge self-diffusion, is slow compared to n-type (group V) dopants, which
are considered fast diffusers in Ge, as shown in fig. 3.2 (a). Compared to group-IV
elements, the diffusivity of P, As, and Sb is more than an order of magnitude larger,
with P being the slowest amongst them. The choice of P as an n-type doping atom was

justified previously in section 2.4.2, mainly due to its highest solid solubility (So_maaz)
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Figure 3.2: Temperature dependence of diffusion coefficients (diffusivity in
cm?.s71) of common impurities in Ge including: (a) Group IV, V, and oxy-
gen. Diffusion of oxygen is faster than all common group V dopants, making
Ge oxidation a crucial problem during doping. (b) Summary of P diffusivity
in Ge showing a significant increase with higher source concentration (Mat-
sumoto et al. [110]) and implantation-originated defect density (Sodervall

et al. & Chui et al. [155] taken from ref. [104]).

as summarized in table 2.3, in addition to its slowest diffusivity among other group V
elements (fig. 3.2 (a)). On the other hand, oxygen diffuses approximately one order of
magnitude faster than P, and generally faster than all common dopants. This makes
Ge doping process very sensitive to active oxygen atoms in the annealing chamber, or
in contact to the sample surface. Ge mono-oxide (GeO) is a volatile oxide that is also
soluble in water [154], which degrades the quality of the Ge film.

Figure 3.2(b) plots the temperature dependence of P diffusivity in Ge, reported in dif-
ferent references. It is found that the diffusion of P (and other impurities) in Ge is
dependent on intrinsic point defects, and impurity concentration. Vacancy-mediated
(V) diffusion is dominant in Ge [104, 154, 101, 102], causing the diffusivity of most of
the dopants to increase proportional to vacancies concentration (defect density). This
can be seen in the high Dp values reported by Sodervall et al. and Chui et al. [104],
for ion-implanted Ge films. While lower values were reported Matsumoto et al. [110]
and Brotzmann et al. [101], who used a diffusion-based doping process. Matsumoto et
al. [110] used red P powder to study the dependence of Dp on the source concentra-
tion (Cs), and demonstrated the transition of the diffusion profile from a standard erfc
function (Cs = 3 — 7 x 10'® ¢cm™3) to a box-shaped function (Cs = 5 — 8 x 10'? cm™3),
indicating a strong dependence on Cs. This increase in diffusivity at higher concentra-

tions limits the activation of P and promotes out-diffusion, as reported by many groups
[58, 32, 108, 121, 2].
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3.3 Spin-on Doping

Spin-on Doping is being proposed as a promising doping technique for Ge light emis-
sion purposes. Having the benefits of low cost, simple processing, tune-ability of doping
profile, permitting selective doping by patterning the SOD film, and imposing negligible
damage on the crystalline quality being a diffusion-based technology, as will be shown
in section 3.5.1. SOD has been used in near-infrared (NIR) photo-detectors (PD) [121],
solar cells [108], MOSFETSs [122], and more recently for Ge light sources [2, 123]. How-
ever, regardless of the apparent simplicity of the SOD process, which is similar to any
photo-resist coating process (fig. 3.3), there are many practical challenges that have to
be overcome to establish a reliable SOD process of Ge. Since the existing SOD solutions
are optimized for Si processing [121]. For instance, SOD films are oxygen-rich with
recommended processing temperatures around 1000 °C. Other problems arise from the
mechanical stresses of the SOD films after annealing causing Ge films to crack. Such an
issue does not occur with Si or SOI films, presumably indicating a difference in thermal
expansion coefficient relative to Ge [2]. In fact, as will be shown later in chapter 4,
even soft-baking of some SOD solutions is not possible if applied on Ge due to acidity
mismatch, which have been tuned to match the surface of Si. Various SOD products are
commercially available from suppliers like Filmtronics [156], and Emulsitone [157]. SOD
solutions come in a liquid form, based on water or alcohol solvents, in which a nano-
powder containing impurity atoms is dissolved. For example, micro or nano-powder of
phosphorus pent-oxide (P205) is used in P SOD sources [156, 157]. Most of the common
dopants, such as Sb, As, and P (n-type), in addition to B, Ga, Al (p-type), are available
with different source concentrations. Solutions with source concentrations (20 x 10%
cm 2, Filmtronics P509 [108]) exceeding the solid solubility can be used - in principle -
to achieve high doping levels.

From theoretical point of view, SOD is expected to result in a constant-dose diffusion
profile, because the total amount of impurity atoms in the coating is fixed. Multiple
coatings might be used to increase the dose, yet many practical issues arise in such an
approach [158]. However, the diffusion profiles reported in literature show a remarkable
deviation from theoretical expectations [108]. Diffusion profiles of phosphorus in Ge,
for example, can not be described by Gaussian functions, and tend to have a box-like
profile. This is often related to the fact that the impurity source film gets exhausted
during the annealing process, due to the limited total dose in a ~ 300nm coating, and
out-diffusion of dopants into the annealing chamber [159, 108, 32]. It is also attributed
to the fast diffusivity of P atoms in Ge, causing the out-diffusion to limit the doping
levels, resulting in a box-like profile [58, 32]. Our work presented in chapter 4 agrees
with this later explanation, by confirming the extraction of a very high dose from the
SOD film using SOI chips. Theoretical models describing the SOD diffusion profiles can
be found in literature, such as the model provided in ref. [159] for Zinc SOD.
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3.4 Experiment

In this chapter, we investigate the usage of water-based and alcohol-based SOD solu-
tions containing the same concentration of P atoms. Table 3.2 compares the two dopant
sources to be used in this experiment. Data was extracted from suppliers information
sheets and literature [156, 157, 108]. The main difference between these two products is
the solvent; Emulsitone dopant source is aqueous (water-based) with a polymer contain-
ing P, while the dopant source provided by Filmtronics is alcohol-based (Ethanol). This
reflects on the physical and chemical properties of the solutions, such as viscosity, which

is a critical parameter in spin-coating processes. According to the suppliers, viscosity of

Emulsitone solution is approximately seven times that of Filmtronics.

Dopant Form

Phosphorus Pentoxide

Property Phosphorosilicafilm P507
Supplier Emulsitone Filmtronics
Solvent Water Alcohol (Ethanol)

Soluble in water Yes Yes
Flammable No Yes
Viscosity (25 °C) 7 cP 0.8-1.2cP

Dopant Phosphorus Phosphorus

Phosphorus Pentoxide

Source Concentration
Thickness (3000 rpm)

5% 1020 ¢m—3
380 nm

5% 1020 ¢m—3
230 nm

Group A B

Table 3.2: Spin-on dopant sources: comparison between water and alcohol-based
solutions

We used commercially available GOI wafers with 70-nm-thick Ge and 145-nm-thick
buried-oxide (BOX). Samples were divided into two groups (A & B) according to the
dopant source used, as shown in table 3.2. A similar source concentration of 5x10%°
cm ™3 is provided by the two SOD products. This concentration exceeds the maximum
solid solubility of P in Ge, theoretically permitting the achievement of high doping levels
with a uniform box-shaped doping profile across the whole Ge thickness [108].

3.4.1 Spin-on Doping Process

A typical SOD process is shown in fig. 3.3, which is similar to the standard coating
process of photo-resists [108, 58, 121, 122, 123]. SOD film requires stabilizing at room

temperature before usage, and this is done by overnight storage at room temperature.
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The process starts by cleaning the Ge wafers using hydrofluoric (HF) and hydrochloric
(HCl) acids. Spin-coating process is immediately done after cleaning for each wafer at
a time. After placing the clean wafer on the spin-coater chuck, the liquid dopant source
is dispensed using a plastic pipette. The coating process starts by rotating the wafer
according to an optimized speed profile, allowing the control over film thickness. A final
rotational speed of 3000 rpm was used for all samples, resulting in SOD film thicknesses
as summarized in table 3.2. Baking is required afterwards to evaporate the solvents out
of the film. This step appears to be critical, as any remaining solvent in the film pre-
vents the deposition of a reliable cap layer, and degrades the wafer surface quality after
activation. It was found that longer baking durations at higher temperatures generally
result in a better surface quality. We have used up to 165 °C for 30 minutes baking
for Ge wafers, and this can be extended for Si wafers, with up to 400 °C for 3 hours,
resulting in an excellent surface quality. Cracking of the SOD film was observed upon
ramping the hotplate too fast, or placing the coated samples on a pre-heated hotplate
[108]. So, samples were baked from room temperature with a slow ramping rate of ~ 10
°C/minute. It is possible to pattern this film after baking, in order to selectively dope

certain areas of the wafer [58, 32].

Diffusion and activation of dopants is then done immediately using furnace annealing.
Leaving a time span between soft-baking and annealing should be avoided as peculiar
changes occur to the SOD film, easily recognized by eye. Out-diffusion of dopants from
the SOD film into the annealing chamber is expected, especially if no cap layer is used.
During the activation, the SOD film solidifies and turns into a glass-like layer, which
is subsequently removed using diluted hydrofluoric (HF) acid. 6 - 10 minutes in 20:1
buffered HF is sufficient to remove the glass film completely. The state of the surface
after removing the glass layer is a figure of merit to judge the success of the doping
process, however, it is rarely mentioned in literature [108, 160]. Formation of etch-
resistive particles was observed after activation. The source of this issue was found to

be the poor-quality PECVD SiOs cap layer, and insufficient baking before activation.

Dispense Spin Diffusion & SOD
SOD .. Coating Activation Removal

®
Ge

ES. Box

BOX
Si

(a) (b)

Si

(d)

Figure 3.3: SOD process steps: (a) dispense spin-on-dopant source, (b) spin-
coating using an optimized speed-profile, (c) soft-baking to solidify SOD
layer by evaporating solvents, (d) diffusion and activation by annealing,
and (e) removal of depleted SOD film by diluted HF etching
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3.4.2 Water-Based Solution

We applied Emulsitone SOD solution to group A samples, by spin-coating at a speed of
3000 rpm. Baking was done afterwards from room temperature to 120 °C with a ramp
rate of 10 °C/minute, and the baking duration was 15 minutes at the final temperature.
This gradual increase in temperature helps preventing the SOD film from cracking [108].
This film was remarkably non-uniform, represented in line-shaped wrinkles correspond-
ing to thickness variation, as seen in the optical microscopy image in fig. 3.4 (b). A
variation of £60 nm was measured across these wrinkles using a surface profiler. Not
only such non-uniformity reflects on the doping profile across the surface of the chip,
creating local variations in doping concentration, but also affects the morphology of the
GOI layer after annealing represented in cracks. Thermal stresses imposed by the SOD
layer, and the weak adhesion between Ge and BOX, are expected to be the reason be-
hind the GOI layer cracking. The thickness non-uniformity of the film has also prevented
depositing a reliable cap-layer using PECVD, sputtering, or even spin-on-glass (SOG).

To solve this issue, the SOD solution was diluted using Isopropyl alcohol (IPA) to reduce
the viscosity and improve the coating uniformity. Methanol have been used previously
to dilute SOD films and control the viscosity [158]. SOD-to-IPA volume ratios of 1:0,
1:1, 1:2, 1:5, and 1:10 were prepared, and the coating process was repeated at 3000 rpm.
Resulting film thicknesses of the five samples have changed accordingly, as shown in
fig. 3.4 (a). Although the uniformity improves with dilution, as seen in the optical mi-
croscopy image in fig. 3.4 (c), the source concentration (Cy), and the total surface dose
(S), reduces simultaneously. Activation was then done for the five samples using furnace

annealing at 580 °C for 30 minutes in nitrogen (Ng). The sample with the 1:10 diluted

300

Thickness
(nm)
S

100

1:0 1:1 1:2 1:5 1:10
SOD : IPA

Figure 3.4: Dilution of Emulsitone spin-on dopants using IPA: (a) thickness
variation according to dilution percentage, (b) optical microscopy image
of Emulsitone (5 x 102° cm™3) spin-on-dopant coated at 3000 rpm before
dilution, and (c¢) 1:10 SOD:IPA coating using same conditions.




Chapter 3 Spin-on Doping of Thin Germanium-on-Insulator Films using Furnace
52 Annealing

solution was the only non-damaged sample, while the Ge layer has cracked severely in all
other samples. Therefore, the 1:10 dilution was necessary to dope Ge using the water-
based solution. The sheet resistance (Rgy) was measured to be 262 Q /00 using a 4-point
probe [161]. Varying the activation time resulted in lower Ry, for reduced annealing
durations of 20 and 10 minutes. The corresponding Ry, was 211 /0 and 200 /0,
respectively. This indicates that annealing for 30 minutes is more than enough for P to
diffuse through the whole Ge thickness, and too long such that we observe the effect of
out-diffusion. Repetition of the 10-minute SOD process was conducted on the same chip
several times to reduce the Rg,. Rgn values after the second, third, and forth doping
repetitions, were 170, 166, and 168 €2/, respectively. Although an enhancement of Rgy
is observed for the first two repetitions, it saturates afterwards to ~ 170Q /0. According
to conductivity data [162], the maximum doping concentration did not exceed 1 x 10'°
cm ™3, assuming that P concentration is uniform across the whole thickness of Ge, based
on the annealing conditions and the diffusivity of P (fig. 3.2). In spite of the successful
doping confirmed by the Rg, measurements, the achieved doping level is lower than re-
quired for lasing purposes. In fact, we could not observe any photoluminescence signal
from group A samples. This low activation level is most probably source-limited, as the

dilution reduced the source concentration and the thickness of the SOD film.

3.4.3 Alcohol-Based Solution

Group B samples were coated with Filmtronics P507 dopants, having the same source
concentration (Cs) as the solution used above. Manipulating the speed-profile of the
spin-coater, a film with good uniformity was obtained, without dilution and conse-
quently maintaining the same C,. This is expected as the viscosity is low compared to
the product used for group A samples. Figure 3.5 shows the effect of the spin-coating
acceleration on the uniformity of the film, as observed by optical microscopy. The best
uniformity was achieved using 3000 rpm/s acceleration (fig. 3.5 (c)), and is used for all
subsequent experiments. Samples were then soft-baked at 120 °C for 15 minutes, and
immediately annealed using a furnace at 580 °C for 30 minutes in No, similar to group A
experiment. In spite of the better coating quality, the Ge layer was completely damaged
after annealing, such that Rg, could not be measured. The damage was presumably due
to SOD layer stresses and the poor adhesion at the Ge-SiO2 (BOX) interface.

In order to mitigate the stresses during annealing, we have patterned the GOI layer by
dry etching Ge micro-disks before the SOD process, as shown in figs. 3.6 (a) and (c). It is
expected that thermal stresses could be released in sparse patterned structures, whereas
stress relaxation would be difficult in the case of a continuous film without cracking.
Then, the SOD layer was coated at 3000 rpm and baked. Annealing was done at 580 °C
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Figure 3.5: The effect of the speed-profile (acceleration) on Filmtronics P507
coating uniformity, with acceleration values chosen as: (a) 300 rpm/s, (b)
2000 rpm/s, and (c) 3000 rpm/s.

in Ny for 10 and 30 minutes, similar to group A samples. Observing the sample annealed
for 10 minutes, gaseous bubbles were dispersed in the SOD layer, whereas this issue was
not encountered in the case of 30-minute annealing. These bubbles are most probably
due to remnant solvents within the SOD layer, which are still being evaporated during
the activation process. This explains not having the same observation with the 30-
minute annealed sample, where the longer annealing duration was enough to completely
evaporate the solvents and solidify the SOD layer. Figure 3.6 shows optical microscopy
images of the 30-minute annealed sample from group B. Figure 3.6 (b) shows that Ge
was dissolved in the SOD layer, which clearly demonstrates GOI oxidation during the
activation process. Diffusion of oxygen is much faster than P in Ge, as deduced from
diffusivity values in fig. 3.2, which imposes a major obstacle on Ge doping. Oxygen is
not only in the furnace ambient (although Nj is purged throughout the process), but
also exists in the SOD layer itself. The fact that P is dissolved in the solvent in the form
of P2O5 nano-powder [108, 156, 157]. Oxidation due to SOD process was confirmed
using Silicon-on-Insulator (SOI) wafers, where SOI thickness decreased after the doping
process as confirmed by ellipsometry. Upon the SOD layer removal, the Ge patterns
were partially peeled off, but some structures survived providing measurable patterns,
as shown in fig. 3.6 (d). Although R, could not be measured as we patterned the Ge
layer before applying the spin-on dopant, Raman and photoluminescence (PL) signals
were measured and analyzed from the sample annealed for 30 minutes (fig. 3.6 (d)).

019 3

A maximum doping concentration of 2 x 10™ cm™ was estimated based on the peak

position and intensity of the PL spectrum, as shown in section 3.5.2.
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3.5 Results and Discussion

Optimizing a reliable SOD recipe for Ge light emission purposes requires overcoming
many processing obstacles, because the commercially available products are optimized
for Si processing [121]. Si annealing is done at higher temperatures, where the diffusiv-
ity of P in Si is lower than in Ge [163, 104]. Additionally, the diffusivity of P in the
spin-on dopant film itself, is approximately 3.16 x 10715 cm?.s~! at 1000 °C (Filmtron-
ics technical support by email, Feb. 2°d, 2016 [156]). Consequently, the diffusion of P
through the SOD film is designed to match annealing temperatures and durations of Si
doping, and these conditions are not applicable to Ge, due to the lower melting tem-
perature, and sensitivity to oxygen. Moreover, Si surface is chemically stable with these
products, while many issues arise from applying them to Ge, where even soft-baking of
some products, like Filmtronics P509 can be an issue, as will be shown later in section
4.4.2. This non-compatibility was related to acidity of the products (Filmtronics tech-
nical support by email, Nov. 9", 2015 [156]), which is suitable for Si surface but not Ge.

Processing obstacles start from obtaining a uniform crack-free coating before annealing,
to carefully engineering the annealing process aiming to reduce the effects of out-diffusion
and oxidation of Ge. Three main issues can be highlighted: (I) coating a defect-free SOD
film with high uniformity is vital for subsequent processing steps. Any defects in this step

will be transferred into the target layer during activation, mainly by oxidation. Cracking

-

Figure 3.6: Spin-on doped Ge structures from group B samples using
Filmtronics P507 and furnace annealing at 580 °C for 30 minutes: Includ-
ing an array of Ge lines (a) before and (b) after SOD. Image (b) was taken
before removing the SOD layer. And a 10 pum Ge micro-disks (c) before and
(d) after SOD. Image (d) was taken after removing the SOD layer.
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of the dopant layer, which is likely to appear in the case of baking with a fast ramp rate,
or due to non-uniformity of coating, will expose Ge to the ambient gas during annealing.
This leaves the Ge layer exposed to oxygen, and for temperatures above 450 °C oxida-

tion is likely to occur [108, 104], especially in a furnace chamber with no vacuum applied.

Secondly, (IT) The annealing temperature profile, where the diffusion of P in Ge is rel-
atively fast, with oxygen diffusion being even faster. Apart from affecting the diffusion
depth, excessive thermal budget will lead to out-diffusion of dopants. Additionally, de-
pleted spin-on dopant layer becomes an oxygen-rich layer, the fact that P exists in the
SOD layer as P2Os5, and any extra annealing time increases the probability of Ge oxi-
dation [121, 108]. This effect is dominant at long annealing durations, where Ge gets
consumed by oxidation as shown in fig. 3.6 (b), in which an array of Ge wires is totally
consumed by oxidation after 30-minute annealing. This remarks a significant disadvan-
tage of furnace annealing for Ge doping, where the slow ramping rate during the heating
up and cooling down of the furnace chamber allows more diffusion and oxidation to oc-
cur [108].

Thirdly, (IIT) thermal stresses affecting the GOI layer that is surrounded with the buried
oxide (BOX) and SOD layers, while each layer has a different thermal expansion coeffi-
cient. Additionally, SOD layer tends to shrink during annealing due to variations in its
contents after the depletion of dopants and solvents evaporation, especially if soft-baking
conditions were not sufficient. These thermal stresses are more pronounced in GOI wafers
and become more severe for thinner GOI layers, due to poor bonding adhesion between
Ge and SiOg [100]. To overcome these issues, two approaches were proposed: dilution
with IPA, and doping of patterned structures instead of a continuous Ge film. The first
approach permits doping GOI easily with minimal damage, however the achieved doping
concentration is too low considering Ge light-emission requirements. On the other hand,
using the second approach it was possible to dope Ge up to 1 — 2 x 10! cm™2 without
affecting the crystalline quality, confirmed by Raman and PL data provided below.

3.5.1 Raman Spectroscopy

In this section we investigate the properties of doped Ge micro-disks (Group B samples,
fig. 3.6 (d)), relative to intrinsic ones. Namely, crystalline quality and strain values after
annealing is our main concern. Raman spectroscopy is used for this purpose, where the
intensity, position, and line-width of the Ge Raman peak provides all relevant informa-
tion. Raman spectrum was measured using a 532-nm laser with a spot size of ~2 um.
A high-resolution grating with 3000 lines/mm groove-density was used to determine the

peak position accurately. Laser power at the sample surface and signal accumulation
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Figure 3.7: Raman spectra of intrinsic (blue) and doped (red) Ge micro-
disk, annealed at 580 °C for 30 minutes in nitrogen. Relaxation of tensile
stress (Raman blue-shift) is observed after annealing. (a) & (b) Show the
same spectra with different x-axis range for a clearer view.

time were set to 275 W and 5 seconds, respectively. 10 spectra were averaged for each
device to enhance the signal-to-noise ratio. Figure 3.7 shows Raman spectra measured at
the center of the Ge disk before and after SOD, both figures plot the same spectra with

a different range of the x-axis. Experimental data were fitted using Lorentzian functions.

The peak position of the intrinsic Ge disk is at 300.1 cm ™!, which indicates accumulation
of a slight tensile strain relative to bulk Ge (301 cm™!) [122, 164]. This ~ 0.2% tensile
strain is presumably due to Ge growth on Si substrate [16], during the manufacturing
process of the GOI wafer by bonding. The peak position of the doped disk dwells at
300.33 cm ™!, which is slightly blue-shifted after the thermal treatment at 580 °C for
dopants activation. This blue-shift of the Raman peak indicates a slight relaxation of the
tensile strain. This is expected especially after thermal annealing [27, 16], especially in
patterned micro-structures with relatively free boundaries. Another possible explanation
would be the theoretically-predicted lattice compression due to introducing P atoms into
the Ge lattice, while other n-type dopants like As and Sb are expected to impose tension
[104]. Additionally, the doping-induced change in Raman peak intensity and linewidth
is negligible, as seen clearly in fig. 3.7 (b). This implies good crystalline quality of
the doped Ge disks, despite the observed voids. The reduction of total excited area due

to the voids within the disk might be the reason behind the decrease of Raman intensity.
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3.5.2 Photoluminescence Measurements

A study of direct-gap Photoluminescence (PL) was performed to observe the impact of
doping. Pumping was done using a 740-nm laser and a 50x objective lens. PL spectra
of intrinsic and doped Ge disks are shown in figs. 3.8 (a) & (b), respectively. The PL
intensity was remarkably higher in the case of doped disks. Curves colored in red are
measured at the same pumping powers for intrinsic (fig. 3.8 (a)) and doped (fig. 3.8 (b))
disks. Approximately, an order-of-magnitude enhancement of PL intensity is observed.
This can be explained by the partial filling of L valleys with electrons by doping, increas-
ing the probability of electrons injection into the I' valleys [32, 99, 109, 165, 106, 166].
Full-Width Half-Maximum (FWHM) linewidths of intrinsic and doped samples were 117
nm and 129 nm, respectively, at 10 mW pumping. Broader line-width after doping is

most likely originating from local strain variations due to voids.

The peak position of the doped sample is positioned around ~1570 nm and is red-shifted
by ~ 5.24 nm relative to the intrinsic sample. This red-shift can not be explained by
the relaxation of strain, since a blue-shift is expected according to Raman spectroscopy
(fig. 3.7). It is also unlikely to be heat-originated due to laser pumping, because the
the peak-position is nearly fixed under different pumping powers. In fact, this red-shift
is presumably due to direct band-gap narrowing (BGN) due to doping [106], as have
been observed by other groups [99, 109, 106]. Figure 3.9 plots the theoretically-expected
narrowing of Ge band-gap due to n and p-type doping [106, 105]. The dashed lines
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Figure 3.8: Photoluminescence spectra of (a) intrinsic Ge disk and (b) doped
Ge disk annealed at 580 °C for 30 minutes in nitrogen. Approximately
10x enhancement of PL intensity is observed due to doping. Broadening
of spectra and red-shift were also found, implying carriers or strain non-
uniformities (due to voids within the disk) and band gap narrowing.
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Figure 3.9: Germanium band-gap narrowing (BGN) versus doping concen-
trations. Dashed lines model the BGN of the L valley at low temperatures
[105], while the red solid line calculates minimum BGN of the direct-gap
based on ref. [106]. This model works for doping concentrations ranging
from 5 x 10'® to 4.5 x 10" ¢cm™3 at room temperature.

correspond to the band-gap narrowing at the L point at low temperatures (< 77 °K )
as provided in ref. [105]. The solid red line is the minimum direct-gap narrowing at the
I'" point at room temperature, according to equation 2.6. This model has been provided
by Camacho-Aguilera et al. [106] based on fitting experimental data, and will be used
in this discussion. Although some experimental values reported in literature deviate
from this model [109], it is fairly accurate considering the red-shift of direct-gap PL
peaks reported by several groups [109, 21]. According to this model, the achieved dop-
ing concentration in our experiment did not exceed 1 x 10'® cm™3. On the other hand,
according to experimental data provided by other groups deviating from this model [99],
the doping concentration can be estimated in the range of 1 — 2 x 10" cm™3. However,
as the detector cut-off is around 1.6 pm (liquid-nitrogen-cooled InGaAs array) [99], an
accurate estimation of doping concentration based on the peak position is unreliable.
Comparing the reported PL intensity enhancement factors, a ~ 10x enhancement of PL
intensity is observed due to ~ 2 x 10' ¢cm™3 n-type doping [99, 58, 32]. This agrees
with the observed PL intensity enhancement in our experiment. Accordingly, the doping

concentration can be estimated to be 1 — 2 x 102 em 3 at maximum.

3.5.3 Excitation-Power Dependence

Studying the dependence of PL intensity on excitation, we observed a change in its be-

havior from being quadratic (o< P?) to linear (x P!) upon doping. Indicating a better
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enhancement of PL intensity with pumping for doped Ge. Figure 3.10 shows the max-
imum PL intensity versus pumping power (P) for intrinsic and doped Ge disks. The
slope of the curve for the doped sample fits to approximately 1 (PL intensity oc P!).
This reflects successful filling of the indirect L valleys in the conduction band by doping,
causing a linear increase of the electron-hole pairs population at the direct I' point by
pumping [32, 100, 58]. On the other hand, the slope for the intrinsic sample fits approx-
imately to 2 (PL intensity oc P?).

This transition in the PL intensity behavior can be understood by considering the steady-

state rate equation for the hole density (p) [166].

— =P—Ap— Bnp (3.6)

where A (B) are the non-radiative (radiative) recombination-rate coefficients, and n is
the total electron density. We have neglected Auger recombinations in equation 3.6,
which are often represented in a separate term in the form of C,n(np — n?)—l—Cpp(np —
n?), or simply Cp3 at high pumping levels (n = p > n;), where C is a coefficient
representing Auger recombination rate and n; is the intrinsic carrier density [46, 103].
Auger recombination is significant in other materials systems, for instance, it is the
dominant non-radiative recombination mechanism in InP-based lasers, consuming up to
50% of the threshold current [167]. It is also considered to be one of the main reasons
behind the injection-proportional efficiency droop in GaN-based light-emitting devices
[167, 168]. The effect of Auger recombination is represented in a higher sensitivity to
temperature [169] and degradation of performance at higher pumping levels [168, 169].
However, neglecting Auger recombinations in our case can be justified by the dominant
defect-mediated SRH recombinations in Ge (“Ap” term in equation 3.6) [1, 97, 170], in
accordance with other theoretical works provided in refs. [1, 97, 170, 100]. Accordingly,
v, the observed PL photon density is

¥ = BBnp (3.7)

where 8 accounts for the extraction efficiency of the detector. Now, considering L-valleys
filling in the doped sample with constant doped-electron concentration of n., it is possible
to assume that the total electron population is almost constant n ~ n., independent of
the pump power (n, > photo-induced carriers). Reflecting this assumption on equation

3.6, we get:

p

O:P—Ap—Bnop%p:m
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Figure 3.10: The dependence of peak PL intensities on excitation power for
intrinsic Ge disk (black) and doped Ge disk (red). The lines are quadratic
and linear fits to experimental data.

Where % = 0 in steady state. Consequently, we obtain a linear power-dependence for

the extracted photons density:

v = Q&P x P (3.9)
Equation 3.12 holes regardless of the magnitudes of A and B, so that the linear de-
pendence can not prove that the radiative recombination dominates over non-radiative
processes. The linear dependence of the doped sample is then originating from the linear
increase of the hole density by pumping, while the electron density is almost constant.
On the other hand, in the case of intrinsic Ge, charge neutrality equates the total elec-
tron and hole densities (n = p), and assuming dominant non-radiative recombination

processes, then the total hole density (p) can be represented in steady state as:

P
0=P—Ap —>p=

1 (3.10)
and,
n=p= % (3.11)
then,
B 2
”y:,BEP x P (3.12)

Therefore, the product of the photo-induced carrier densities n and p is the reason behind
the quadratic dependence, as these densities are linearly dependent on P in the case of
intrinsic Ge, assuming a lifetime that is limited by the non-radiative recombinations [1].

The exact enhancement of PL intensity due to doping is then difficult to determine,
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the fact that this enhancement is different depending on the pumping power (fig.3.10).
Considering linear and quadratic functions, in the region from the limit of zero pumping
power (PL(P!) = PL(P?) = 0)), to the point of intersection (PL(P!) = PL(P?) # 0 ), in
this region, a linear dependence results in a higher function (PL) value. In other words,
doping permits injecting more electrons in the I" valleys, compared to the intrinsic case,
using the same pumping power. Because in the doped case, L valleys are filled allowing
more electrons to be injected in the I" valleys. While in the intrinsic case, initial pumping
power is consumed in filling the L valleys, causing a slow (quadratic) increase in electrons
population in the I" valleys. In principle, the intensities of doped and intrinsic samples
would eventually be comparable (PL(P') = PL(P?), if we excite the samples with the
powers high-enough to allow the complete occupation of the L valleys in the intrinsic
sample. Our excitation power was not high enough to confirm this, since increasing
P above 30 mW (fig. 3.8 (a)) resulted in burning the sample surface. According to
these observations, higher doping concentrations are necessary to convert Ge into a gain

medium, and achieve population inversion with reasonable threshold.
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3.6 Summary

In conclusion, we have examined SOD processes by using two P dopant sources from
different suppliers. The study concentrated on comparing water and alcohol-based SOD
solutions. It was possible to dope 70-nm-thin Ge layers up to 1 — 2 x 10 cm™3 while
maintaining the crystalline quality as confirmed by Raman spectroscopy. Up to this
point in our research, the exact reason behind this limited activation level was not obvi-
ous, especially that the source concentration is more than an order of magnitude higher.
This ambiguity is elucidated in the next chapter after eliminating the processing issues,
and using two SOD sources with extremely high concentrations. Doping has signifi-
cantly enhanced the PL intensity, and a change in PL dependence on excitation power
was observed from being quadratic (intrinsic) to linear (doped). This observation was
explained by the steady-state rate equations for holes density, and indicates that higher
doping levels are required for L valleys filling for proper reduction in the population

inversion threshold.

We have identified several practical issues for applying commercial SOD products to Ge,
which can be summarized in three main points: (I) thermals stresses causing cracking
and peeling-off of the Ge layer, (II) Oxidation of Ge during the activation, and (III)
limited activation due to the high diffusivity of P in Ge. The proposed solutions to mit-
igate the first problem include dilution and patterning before applying the SOD layer.
Overcoming the oxidation issue requires controlling the gas contents of the annealing
chamber, for example, by using rapid-thermal annealing (RTA) instead of furnace. The
third issue of fast diffusivity is the main challenge, because it is inherent for P diffusion
in Ge. It is vital to overcome the processing issues in order to concentrate on the actual
doping levels enhancement and form a better understanding of P doping of Ge. To elim-
inate such practical challenges, we have proposed using Ge-on-SOI wafers in which a
thin Si interface layer between Ge and BOX layers is expected to enhance the adhesion.
Using this new stack, and annealing in an RTA chamber, we could reliably dope Ge and
form a better idea of P doping limitations and possible solutions, as discussed in the

next chapter (chapter 4).



Chapter 4

Optimization of Spin-on Doping
using Rapid-Thermal Annealing

“Since the bronze age, early engineers have learned not to accept materials as they
are in nature and tinker with them to improve their properties. In the previous
century, humans engineered electrical properties of semiconductors by doping,

triggering the transistor revolution ”

As concluded from:
Photonic Crystals - Modelling the flow of light, Ch. 1, 2% ed., 2007,
by J. D. Joannopoulos et al.

4.1 Introduction

After the preliminary doping experiments presented in chapter 3, a new wafer stack is
used to eliminate the practical issues of Ge film cracking and peeling-off. Rapid-thermal
annealing (RTA) is used instead of furnace annealing for multiple reasons as discussed
in section 4.2, such as controlling the gas contents in the annealing chamber. In addition
to investigating another activation approach of higher-temperature annealing for short
durations, as proposed in literature to enhance the doping levels of P [104, 102]. Higher
temperatures are also required to efficiently extract the impurity atoms out of the SOD
film. In this study we use two Filmtronics products with different source concentrations.
A reliable doping recipe with minimal Ge surface damage is developed resulting in up
to ~ 2.5 x 10! cm ™3 active P concentration. However, this doping level remained the
same although a 4x higher source concentration was used (20 x 102° cm~3). This lim-
ited doping concentration is often attributed to the limited source of impurity atoms in
the case of SOD [159, 58, 32, 108, 2]. The work in this chapter favors another opinion,
attributing the limited doping level to the diffusion mechanism of P in Ge, causing P to
diffuse fast through the Ge lattice without being activated [102].

63
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4.2 High-Temperature Short-Duration Annealing

The first experimental approach on Ge doping using the furnace - presented in chapter
3 - relied on relatively low temperatures (580 °C) and long durations up to 30 minutes.
Although P is known to have its highest solubility around 580 °C [32], the maximum
achieved doping concentration was not higher than 2 x 10 cm™2. This limit of active P
doping of 2 x 10'Y em ™3 was observed by several groups using SOD [58, 32, 108, 121, 2].
Some of these studies relied on furnace annealing at temperatures ranging from 580 °C
[108, 121, 2] to 700 °C [108], for up to 10 minutes [108, 121, 2]. Other studies moved to
higher temperatures > 700 °C for up to 5 minutes using rapid-thermal annealing (RTA)
[58, 32]. Regardless of the activation profile, the doping concentration was limited to
nearly the same level. Secondary-ion-mass spectroscopy (SIMS) shows a limit around
4 x 10Y em™3 [108, 121], while measurements based on electrical activation report a
limit around 2 x 10* em=3 [58, 32, 2].

In theory, it is predicted that high-temperature annealing for short durations is the so-
lution to increase P doping levels in Ge [104, 102]. The fact that P is found to diffuse
through a doubly-negatively charged vacancy mechanism (V' ~2) [104, 102]. This mech-
anism is the reason behind the extremely-high diffusivity of P in Ge, and consequently
the low incorporation of P atoms within the Ge lattice, hence, the limited electrical
activation [104, 102]. In fact, this mechanism is initiated for high source concentra-
tions as demonstrated by Matsumoto et al. [110] (and observed in multiple experiments
[155, 108, 101, 102]), where a transition of the diffusion profile is reported from being a

standard erfc function into a box-shaped profile by increasing the source concentration

(b) Ge-SOI

Figure 4.1: Cross-sectional SEM images of (a) GOI wafer with 100-nm-thick
Ge, and (b) Ge-on-SOI wafer with 200-nm Ge and 20-nm SOI. Buried-
oxide thickness is the same in both wafers (145 nm). The GOI wafer is
better in terms of applicable strain by BOX suspension due to thinner Ge
(chapter. 5), however very fragile for doping. While the Ge-on-SOI wafer
is suitable for doping, yet has a degraded optical performance due to the
lower applicable strain by BOX, and high-defect-density Ge-Si interface.
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from Cs =3—7x10'"® cm™3 to Cy = 5—8 x 102 em~3. This transformation into a box-
shaped profile indicates a source-dependent transition in the diffusion mechanism, where
the extremely-high diffusivity results in a limited activation. Solutions proposed in theo-
retical works [104, 102] include flash or laser annealing [120], by using high temperatures
for extremely short durations, or co-doping by introducing two different types of impu-
rities simultaneously to mitigate the diffusivity and increase activation [112, 104, 102].
Another possible solution, which is proposed in this thesis for future work (section 7.2.1),
is introducing Si atoms to enhance the solubility of P and decrease the diffusivity. Acti-

0%° ¢cm~3 have been achieved in Si within this project using SOD

vation levels above 1 x 1
(section 4.5). Hence, it is expected that the doping levels within Si,Ge;_, alloys will
increase by increasing the Si content (z), gradually moving from the 2 x 10* em ™3 in Ge
to > 1x 10?0 cm ™3 in Si. Ideally, Ge contents in the Si,Ge;_, alloy has to be as high as

possible, where the optical properties of Ge-rich Si,Ge;_, alloys have to be investigated.

In this chapter, RTA is used for high-temperature short-duration processing in an
ambient-controlled chamber, moving the activation profile closer to the proposed flash
annealing conditions [102]. Unlike the previously-reported RTA approach of several-
minute annealing time with temperatures around 700 °C [58, 32|, higher temperatures
up to 900 °C, just below the melting point of Ge, and annealing durations down to 5
seconds are investigated in this chapter. Such temperatures also aid the extraction of
more P atoms from the SOD solution, especially that the formation of SiOs is expected
within the SOD film during activation, impeding the extraction of P. The diffusivity of P
atoms within Filmtronics SOD solutions (P507 & P509, table 4.1) is around 3.16 x 1015
cm?/s at 1000 °C (Filmtronics technical support by email, Feb. 224, 2016 [156]). This
indicates that P atoms diffuse with orders-of-magnitude higher diffusivity in Ge com-
pared to the SOD film.

A new wafer stack will be used in this chapter, utilizing a thin Si (SOI) layer to enhance
the adhesion between Ge and BOX. The fact that, the previously-used stack with 100-nm
GOI has not survived annealing with high ramping rates. In fact, even gentle annealing
conditions caused peeling-off of some parts of the Ge structures (fig. 3.6). The new
Ge-on-SOI stack consists of 200-nm Ge on 20-nm SOI, and 145-nm BOX (fig. 4.1 (b)).
Some disadvantages of this new stack include the high interface-defect density between Si
and Ge, degrading the optical performance. In addition to the degradation of achievable
strain compared to the initial GOI stack - as shown in section 5.8 -, and the formation
of Si;Gej_, alloys at the Ge-SOI interface after the high-temperature activation (fig.
4.7). However, as will be shown later in this chapter, most of the SOD-related practical
issues were overcome using this stack, and a reliable doping recipe with minimal surface
damage was developed. A maximum active doping concentration of 2.4 x 10*® cm ™3 was

confirmed by sheet-resistance (Rg,) measurements.
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4.3 Reference Processing on Silicon

SOD of Si using RTA is done as a reference case to establish a reliable doping process,
and compare the behavior of Ge relative to Si. Commercial SOD products are opti-
mized for Si processing [121, 2], in terms of the processing temperatures (typically 1000
°C according to products sheets) and surface compatibility. Based on the outcomes
of the comparative study conducted in chapter 3, alcohol-based solutions provided by
Filmtronics are to be used in our experiments. Two products are chosen as listed in

table 4.1 with different source concentration of P atoms, as found in refs. [158, 108].

Filmtronics Dopants P507 P509
Source Concentration | 5 x 10%cm=3 20 x 10*%cm—3

Table 4.1: Phosphorus concentration in Filmtronics products [158, 108]

Experimental work was conducted on Si chips diced from a 6” wafer and cleaned using
20:1 buffered HF to remove the native oxide, and then coated with P507 and P509 SOD
layers. Spin-coating was done at 3000 rpm, followed by baking at 165 °C for 30 minutes
to ensure the evaporation of solvents. A cap layer of 50-nm SiOs was deposited using
PECVD at 350 °C to minimize the out-diffusion of P into the RTA chamber [104, 58].
Afterwards, activation was done at different temperatures and durations as shown in fig.
4.2. Figure 4.2 (a) plots the Ry, values measured from P507 and P509-doped samples,
annealed at 950 °C for 1, 2, 3, and 4 minutes. While fig. 4.2 (b) plots the Rg, values
for two-minute annealing at 850,900,925, and 950 °C. Although the doping concen-
tration can not be estimated without knowing the exact diffusion profile and depth,
the Rqp, tends to decrease with increasing the diffusion force (v/Dpt [104]) consistently
[104, 108]. Increasing the diffusion temperature, and consequently increasing the diffu-
sivity Dp, or increasing the diffusion time (¢), results in lower Rgy. A minimum Rgy of
approximately 5 /0 was achieved by annealing P509 film on Si at 950 °C for 4 min-

utes. This decrease in Rgy, originates from the larger diffusion depth into the wafer [152].

From processing point of view, SOD of Si is much simpler than Ge. An issue to be men-
tioned, is the formation of etch-resistant particles on the surface of Si upon activation.
By examining the Si surface after each processing step, this issue was related to the use
of PECVD SiOy cap layer. Especially if the baking conditions before annealing were
not hard enough to drive all the solvents out. The association of these particles with
the SiOg cap layer is not understood yet, but they are absent in the case of annealing
without a cap layer. Hard baking of the SOD layer before activation using the furnace
at 430 °C for an hour can also be used to prevent the formation of such particles. Using

flowable oxide (FOx) or HSQ as a cap layer are also possible solutions.
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4.4 Germanium Spin-on Doping using RTA

After initializing a reliable doping process on Si using RTA, we applied the same recipes
on Ge. Ge was found to react differently to P507 and P509, compared to Si. Doping
process of Ge using P507 is generally stable with less practical issues compared to P509.
Detailed discussion of the processing, activation conditions, and results is provided be-

low.

4.4.1 Filmtronics P507

Experimental work was conducted on Ge-on-SOI chips, with 200-nm Ge / 20-nm SOI
/ 145-nm BOX (fig. 4.1 (b)).

ture overnight, then coating was done following the process described in section 3.4.3.

Doping solution was left to stabilize at room tempera-

Coating speed is fixed at 3000 rpm for all experiments, and baking was done at 165 °C
for 30 minutes. Baking is an essential step to get rid of all solvents in the SOD layer
before activation. No cap layer was used in order to avoid the formation of the particles
discussed earlier (section 4.3). Annealing was done at temperatures ranging from 650
- 900 °C and durations between 5 and 300 seconds. Then the SOD layer was removed
using 20:1 BHF for 6 minutes. A clean crack-free Ge layer was successfully maintained
as shown in fig. 4.3. Figure 4.3 (a) shows the heavily-doped (2.4 x 10*® cm™3) Ge layer
after the SOD layer removal, with the inset sketching the wafer stack. Figure 4.3 (b)
shows a heavily-doped Ge micro-disk fabricated using this wafer. The annealing condi-
tions for the chip in fig. 4.3 were 700 °C for 15 seconds. The surface condition and the
doping level of this micro-disk is significantly better than the previously achieved one
using the furnace and GOI wafers (fig. 3.6). It is worth mentioning that even though

Ge surface was in a good condition, oxidation of Ge due to oxygen atoms in the SOD
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Figure 4.2: Sheet resistance Rgy values of spin-on doped bulk Si wafers using
Filmtronics P507 and P509: (a) Rg, dependence on annealing time at 950
°C, and (b) Ry, dependence on annealing temperature for 2 minutes.
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() Ge film ™

. 2.4%x101%cm-3

Figure 4.3: Optical microscopy images of a heavily-doped (a) Ge film and
(b) Ge micro-disk using Filmtronics P507: (a) 2.4 x 10! cm™2 doped Ge
film, inset shows the Ge-on-SOI stack. (b) Shows a heavily-doped Ge micro-
disk with good surface quality. The e-beam resist (HSQ) is still on top. The
annealing conditions were 700 °C for 15 seconds.

film was confirmed by measuring the thickness of Ge using ellipsometry. For instance,
annealing at 750 (800) °C for 5 seconds resulted in thinning down the Ge layer to 173

(160) nm. This favors avoiding extremely high temperatures or too-long durations [58].

Annealing of the Ge-on-SOI wafers was done at different temperatures and durations,
aiming to find the optimum activation condition. The annealing process starts with
multiple cycles of purging the chamber with Ny gas at a flow rate of 2000 sccm for few
seconds then evacuating the chamber to vacuum level. Afterwards, No is purged contin-
uously with the same rate until the end of the process. This ensures a dominant nitrogen
ambient in the chamber, to reduce any probable oxidation by atmospheric oxygen. The
temperature profile is ramped to the target annealing temperature in two steps, starting
with an initial ramp to 400 °C at 25 °C/second [121]. The chamber is left at this tem-
perature for 30 seconds to stabilize, then the final ramp is done with the same rate. This
profile has been optimized after several experiments, and it is fixed for all RTA SOD
processes. Figures 4.4 (a) and (b) show the resulting Rg, values for different annealing
conditions. Each Ry}, value is an average of three experimental values, measured at dif-
ferent positions on the doped chip. Figure 4.4 (a) presents the dependence of Ry, values
on the annealing time for 650 and 700 °C. It is found that there is an optimum anneal-
ing time at each temperature resulting in the lowest Ry, , or highest activation level.
This optimum annealing time is shorter for higher annealing temperatures, for instance,
the lowest Rg, values of approximately 56 — 59 /0 were obtained by 15 seconds and
100 seconds annealing at 700 and 650 °C, respectively. The maximum resulting doping
concentration was estimated to be 2.4 x 109 em™3 [162], assuming a uniform doping
profile across the Ge thickness (178 nm after 700 °C for 15 seconds). This agrees with
the basic understanding of diffusion processes, where the diffusion coefficient increases

with temperature, requiring less time for P atoms to diffuse through the same thickness.
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Figure 4.4: Ge sheet resistance (Rg,) dependence on RTA activation condi-
tions using Filmtronics P507: (a) the effect of activation duration, showing
the minimum Ry}, occurring at shorter times for higher annealing tempera-
tures. (b) The effect of activation temperature, indicating three regions of
diffusion-limited R}, , out-diffusion-limited Ry}, , and limited-activation of
dopants. This behavior also applies to data points in (a). Each value in
these figures is an average of three experimental values.

The tendency of Rg, to increase before and after the optimum annealing time, splits the
curve into two main regions: for annealing times shorter than the optimum, the sheet
resistance is diffusion-limited, where the diffusion force (v/Dpt [104]) is not enough for P
to diffuse through the Ge thickness. At the minimum Rg, value, the annealing duration
is sufficient for P to diffuse through the whole layer, resulting in the minimum Rg,. Ap-
proximately, the minimum Rgy point occurs within 15 - 50 seconds annealing at 700 °C
(fig. 4.4 (a)), indicating an extremely-high diffusivity of P. Assuming a uniform diffusion

across the whole Ge thickness (~170 nm by ellipsometry) after 50 second annealing, the

diffusion coefficient can be calculated as ~ 3 x 1072 cm? /s using the equation ¢ ~ ZJCDZP
[153]. Where t is the diffusion time, x4 is the mean diffusion depth [153], and Dp is
the diffusivity of P in Ge. This value agrees to a good extent with values reported in
literature [171, 155] (fig. 3.2 (b)). While for longer annealing times, out-diffusion starts
to dominate the Ry}, behavior, especially that the SOD source of impurity atoms is finite.
SIMS data available in literature [123] provides an evidence of P atoms accumulation at

the top and bottom Ge interfaces by out-diffusion.

Figure 4.4 (b) shows the dependence of Rg}, values on the annealing temperature, for a
fixed activation time of 5 seconds. The behavior of the Ry}, curve against temperature
is similar to its behavior against time, as shown in fig. 4.4 (a). Initially, increasing
the diffusion force (v/Dpt) by increasing the temperature from 700 °C to 750 °C, and
consequently increasing the diffusion depth of P, results in decreasing the Rg,. A min-

imum Ry, value of 75 /0 is measured at 750 °C for 5-second annealing. Afterwards,
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Rgh tends to increase again, as a sign of out-diffusion due to the excessive diffusion force.

According to data in figs. 4.4 (a) and (b), a limit on the minimum Ry, value exists,
reflecting a limited doping concentration. The achieved doping concentration is consis-
tent with the work of other groups [108, 58, 32, 121]. This limit is imposed by the high
diffusivity of P in Ge, as a consequence of the source-dependent diffusivity and diffu-
sion mechanism [104, 102, 154]. Up to this point, there is a doubt wither this limited
achievable doping concentration using SOD is simply source-limited [159, 58, 32, 2, 108],
or there is an actual limit impose by the diffusion mechanism regardless of the source
concentration. In the case of a source-limited activation, the minimum achievable Rgy,
value corresponds to the maximum amount of P atoms extracted from the SOD film,
and driven into the Ge film. In order to form a better understanding of the limited P

concentration in Ge, a higher source concentration was used in the next section.

4.4.2 Higher Source Concentration: Filmtronics P509

Aiming to investigate whether the activation levels are source limited, a higher source
concentration was used. P509 SOD solution provided by Filmtronics is a suitable option
for such purpose, containing P atoms with a concentration of 20 x 10%° cm ™3, four times
higher than P507 [108]. Ge doping using P509 has required innovating new processing
ideas to overcome serious compatibility issues. Although P509 works smoothly with Si,
and very low sheet resistances down to 5 2/ were obtained, a lot of processing ob-

stacles emerged when applying it to Ge. Such problems were not encountered with P507.

Coating P509 on Ge immediately as shown in fig. 4.5 (a), baking it, and then annealing
results in a severely damaged surface as shown in fig. 4.5 (b). The exact nature of
the damaged surface is not known, but it is comparable to burnt polymer particles. In
order to determine the reason behind this problem, a comparative study was conducted
by applying P509 on Ge-on-SOI wafers and bulk Si, and carefully observing the surface
state of each wafer after each processing step. It was found that the P509 SOD layer on
Ge was not hard-baked even after an hour baking using hotplate at 165 °C. This can be
observed by eye due to the transparent color of the SOD coating, while on Si, the SOD
layer starts to solidify forming a silver-colored layer after 10 - 15 minutes. We tried in-
creasing the baking temperature and time. Extreme baking conditions using the furnace
at 400 °C for 1 hour have also failed solidifying the P509 layer on Ge, and annealing
afterwards resulted in a damaged Ge surface as shown in fig. 4.5 (b). Contacting the
technical support of the provider (Filmtronics) by email, they suggested that the acidity
of the solution is most likely to cause this problem when coated on Ge, the fact that

it was optimized for Si processing (Filmtronics technical support by email, Feb. 274,
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(b) (d)

Figure 4.5: Optical microscopy images of P509-doped Ge films before
(a)&(b) and after (c)&(d) applying a Si interface layer: (a) shows the stack
when applying P509 directly and (b) shows the resulting surface after an-
nealing at 850 °C for 6 minutes. (c) shows the stack when applying P509
using a Si interface layer and (d) shows the resulting surface after anneal-
ing at 850 °C for 6 minutes. Inset in (d) shows the expected stack after
annealing and the formation of Si, Ge;_, alloys at Ge interfaces.

2016 [156]). Accordingly, a compatibility issue is causing this problem, and no matter
the baking conditions, the product (P509) in its current state could not be solidified on
Ge. To mitigate these issues, we proposed using a thin Si interface layer between Ge
and P509, as sketched in fig. 4.5 (¢). This layer was efficient as an interface, permitting
doping using P509 and resulting in a high-quality Ge surface after annealing. The details

of this Si layer and its consequences on processing are discussed in the following section.

4.4.2.1 Thin Si Interface Layer to Overcome Compatibility Issues

A reliable thin Si interface layer is required to overcome compatibility issues between
the P509 SOD layer and Ge. As the crystalline quality of this Si layer is irrelevant as
long as it provides a reliable interface, amorphous Si (a-Si) deposition using PECVD was
used. Adding this layer requires applying higher temperatures, to allow for P diffusion
through the thin Si interface, because the diffusivity of P in Si is significantly lower than
Ge [163, 104, 172, 173]. Temperatures above 900 °C are proposed for Si processing by
SOD-solution specifications sheet [156]. As such temperatures are too high for Ge pro-
cessing, especially for few-minute annealing durations, 800 — 850 °C will be used. The
formation of Si,Ge;_, alloys is expected at the top (due to a-Si layer) and bottom (due
to SOI layer) interfaces of the Ge film, due to Si and Ge inter-diffusivity at high tem-
peratures. Yet, applying such high temperatures allow for more extraction of P atoms
from the SOD film. So, this layer has to be thin enough to keep the annealing conditions
suitable for Ge, and thick enough to provide a reliable interface, permitting the solidifi-
cation of the P509 solution. Being thin reduces the required annealing time for P atoms
to diffuse through it into Ge. It also reduces the effect of Si-Ge inter-diffusion because
a thinner a-Si layer results in a lower x value in the Si,Ge;_, alloy. For instance, if
Ge thickness is 200 nm, and the top (PECVD a-Si) and bottom (SOI) Si layers are 10



72 Chapter 4 Optimization of Spin-on Doping using Rapid-Thermal Annealing

and 20 nm, respectively, and a complete inter-diffusion occurs during annealing, then a
Sig.15Geq g5 layer is expected to form. In reality, the diffusion time is insufficient for a

complete inter-diffusion, as the diffusivity of Si in Ge is much less than that of P (fig. 3.2).

The recipe used to deposit a-Si layers on Ge is shown in table A.2. It was modified from
an existing recipe that is used for a-Si deposition on Si using PECVD. Layers down
to the thickness of 8 nm were deposited without any optically-observable voids. When
P509 is coated on >8-nm-thick a-Si on Ge, it solidifies within 10 to 15-minute baking
at 165 °C and transforms into a silver-colored layer, similar to being coated on bulk Si.
Such thicknesses were enough to provide a reliable interface layer, and dope Ge using
P509 with minimal surface damage, as shown in fig. 4.5 (d). For thinner films of 5 nm
thickness, baking of the P509 film and doping was successful as confirmed by the low Rgj,
values, however surface damage was severe and optically observable. Proof-of-concept
experiments were done on Ge-on-Si wafers using 10-nm-thick a-Si interface layers, and
Rgn values down to 14 /00 were measured, yet the exact doping concentration within
Ge can not be determined due to the Ge-Si stack, and ambiguity of the diffusion profile.
In order to accurately estimate the doping concentration, Ge-on-SOI wafers (used with

P507) were doped using the same technique as discussed below.

4.4.2.2 Ge-on-SOI Doping with 10-nm Si Interface Layer

After establishing a reliable a-Si interface layer between Ge and P509 solution, the same
experiment was conducted on Ge-on-SOI wafers. Ge-on-SOI wafer has the same stack
used before with P507 solution, consisting of 200-nm Ge on 20-nm SOI and 145-nm
BOX. This way we can roughly estimate the doping concentration by assuming a uni-
form doping profile across the Ge thickness. This assumption is valid based on the
annealing conditions (850 °C for few minutes), which are more than enough for P to
diffuse through the a-Si and Ge layers. After cleaning the samples, a 10-nm a-Si inter-
face layer was deposited using PECVD process shown in table A.2. Coating was then
done using P509 solution at 3000 rpm and baked at 165 °C for 30 minutes. Solidifi-
cation of the P509 layer was recognizable by optical observation, due to the change of
the film color. Diffusion and activation of dopants was then done at 850 °C for 2, 6,
and 10 minutes, justified by the required time for P to diffuse through the a-Si based
on the diffusivity values described in the next section. The remaining glass layer was
removed afterwards using 20:1 BHF for 6 minutes, and the remaining a-Si was etched
using TMAH for 2 minutes. The Rg, values were nearly fixed around 90 ©/0J as shown
in fig. 4.6. The corresponding doping concentration does not exceed ~ 1.5 x 101 cm™3,
given that the remaining Ge thickness is ~160 nm. A similar doping concentration was

confirmed by doping another Ge-on-SOI wafer with thicker Ge using the same technique.
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4.5 Results and Discussion

Even though compatibility issues between Ge and P509 were overcome using a thin a-Si
interface layer, a modest doping concentration was achieved, comparable with previously
achieved concentration using P507, the lower-concentration source. This indicates that
the limiting factor of the maximum doping level of P in Ge is not the source concen-
tration, as initially suspected [58, 32, 108, 159]. In order to confirm this, doping of SOI
wafers using P509 was done to estimate the total concentration of impurity atoms ex-
tracted from the SOD film and diffused into the wafer. SOI layer thickness was around
300 nm, and annealing was done at 850 °C for 2, 6, and 10 minutes, similar to the
annealing conditions used for Ge-on-SOI. The resulting Ry}, values are also summarized
in fig. 4.6, alongside Rg, values of the Ge-on-SOI wafers. Each point in fig. 4.6 is an
average of three experimental values. The results are consistent and fairly reproducible,
for instance, the data points for Ge can be written as ~88+2, 102+1, and 95+1 Q /O
for 2, 6, and 10 minutes annealing. While the corresponding values for the Si sample
are ~ 91+7, 38+1, and 26+2 /0, respectively. A remarkable difference of the Ry
dependence on annealing time can be spotted between Si and Ge. Where increasing
the annealing time corresponds to a reduction in the Rg, value in Si, while it nearly
has no effect in this annealing-duration range for Ge. This difference in Rg, behavior
can be related to the difference in the diffusivity and diffusion mechanism, as the source
concentration is similar in both cases [104, 172]. For instance, such annealing times are
sufficient for P atoms to diffuse across the whole Ge thickness, while this is not the case

for Si resulting in lower Rg}, values due to the increase in diffusion depth with time.

150
Il 200-nm Ge-on-SO
i @ 300-nm SOl
S
=}
3
2 [ |
e} 100 e -
(]
(8]
c
8
0
8 50
3 o
2 ]
n
0
2 4 6 8 10

Annealing time (min.)

Figure 4.6: Sheet resistance (Rg,) values for Ge-on-SOI (with a-Si interface
layer) and SOI wafers doped at 850 °C using Filmtronics P509. Estimated
doping concentrations in the SOI wafer is around ~ 1 x 10?° cm ™2 based on
the highest reported diffusivity value, indicating that the activation in Ge
is not limited by the source.
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In order to estimate the doping concentration in the SOI wafers, a rough estimation of

diffusion depth was done by using the formula ¢ ~ 5 ;351_ [153]. The diffusivity of P in
Si (Dpsi) at 850 °C is ~ 2 x 10716,2 x 10715, and 3 x 1071% c¢m?/s, for source con-
centrations in the order of 10!?,10%°, and 10?! cm ™3, respectively [163]. The last value
of Dpg; was used to estimate the mean diffusion depth (z4), as it matches the source
concentration and results in the lowest estimation of doping concentration (highest mean
diffusion depth (z4)) for a certain Rg, value. Rgpvalues were measured experimentally
using a four-point probe [161]. Doping concentration (Cgoping) values were extracted
from resistivity-concentration tables provided in literature [174, 175]. Table 4.2 lists the
values of diffusion depth (z4), doping concentration (Cyoping) and dose (Sgose) in cm™2,
for the three SOI chips processed with different activation times. It was found that the
total dose is in the order of ~ 10" cm™2, and the total concentration of P atoms ex-
tracted from the SOD layer and diffused into the wafer is around ~ 1 x 10?° cm ™3, using
P509. Even if we assume a total diffusion of P atoms through the 300-nm-thick SOI
layer after 10 minutes annealing, the doping concentration is approximately 9.7 x 10'°
cm ™2 based on an Rgy, value of 26 /(0. This confirms that the limited doping levels of

P in Ge are not source limited in the case of SOD.

Activation T4 Rgi) C(glzjm g Dose (Sgose)
Temp. Time | (nm) (£2/0) (cm™3) (cm™2)
2 min. | 84 94 9.6 x 10%° 8.0 x 10
850 °C 6 min. | 146 38 144 x10%° 2.1 x10%

10 min. | 189 26 1.6 x 1020 3.0 x 10

Table 4.2: Total phosphorus dose estimation using P509 spin-on dopants on
SOI wafers

(@) Each Ry, value is an average of three experimental values.

() Cloping extracted from tables in refs. [174, 175].

This limited doping level of P in Ge is often related to extremely-high diffusivity originat-
ing from its diffusion mechanism, which is mainly driven by a doubly-negatively-charged
vacancy (V~2) [104, 102]. The fast diffusion of P impedes the incorporation of its atoms
into the Ge lattice, resulting in a box-shaped diffusion profile with an upper limit of the
achievable doping [110, 108, 102]. This causes the accumulation of P atoms at the top
and bottom interfaces of Ge layer by out-diffusion [123]. This issue can be overcome by
non-equilibrium doping by several ion-implantation cycles [102], or MBE d-doping [5].
Co-doping of P and other atoms such as As or Sb is another possible solution [104, 102].
It is also expected that flash or laser annealing with high-power short-duration pulses
might mitigate this issue [102, 120, 99].
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4.5.1 Raman Spectroscopy and Photoluminescence

In conclusion, similar active doping concentrations were achieved using P507 and P509
SOD solutions, with a much simpler and more reliable process in the case of P507. A
better understanding of Ge quality and the effect of P507 doping can be formed through
Raman spectroscopy and Photoluminescence (PL). Figure 4.7 shows Raman and PL
spectra of a Ge-on-SOI sample doped using P507 at the optimum conditions of 700 °C
for 15 seconds, with an estimated active doping of 2.4 x 101 cm™3 (fig. 4.3). Excitation
was done using a green laser for both tests, and a power of 550 pW and 2.5 mW was used
for Raman and PL, respectively. Raman signal was accumulated for 10 s and averaged
for 10 times, using a 50x lens and a 3000-lines/mm grating. Characterization using
Raman spectroscopy confirms maintaining good crystalline quality, as the line-width
has not degraded after the doping process. The Raman peak properties relative to the
original peak before doping is not shown as it is similar to previous results in fig. 3.7.
A new observation in the Raman spectrum is the Si,Ge;_, peak at 396.9 cm™!, which
results from the Si-Ge inter-diffusion at the Ge-SOI (bear in mind that a-Si cap was not
used in the P507 doping process, and it is expected to contribute to Si,Ge;_, formation
in samples doped with P509). If a linear interpolation is assumed from Ge Raman peak
(301 em™!) to Si (521 cm™!), then this peak corresponds to approximately Sigp.4Geg.g.
This peak is also observed in the PL spectrum around 1480 nm. The PL spectrum
from intrinsic Ge-on-SOI films was undetectable using the same exposure conditions,

indicating a significant enhancement of direct-gap emission from the doped sample. The
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Figure 4.7: (a) Raman spectroscopy and (b) photoluminescence spectra of
a heavily-doped Ge-on-SOI micro-disk using Filmtronics P507 (fig. 4.3):
Raman spectrum indicates a good crystalline quality based on the line-
width which is comparable with the initial wafer before doping (not shown,
presented previously in fig. 3.7). It also shows the formation of Si, Ge;_, al-
loys at the Ge- a-Si and Ge-SOI interfaces. PL spectrum shows a significant
enhancement of direct-gap emission intensity as the spectrum of intrinsic
samples was undetectable using the same conditions. The Si,Ge;_, peak is
also captured in the PL spectrum with a relatively high intensity.
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signal was accumulated for 2 minutes using a fiber-coupled microscope set-up and a
150 lines/mm grating. The Si,Ge;_, peak appears to have a relatively high intensity
relative to Ge, especially that the initial Ge layer is 200-nm thick, while the SOI layer

is only 20 nm, and is further away from the excitation surface.
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4.6 Summary

In this chapter we have demonstrated a reliable Ge n-type doping recipe for up to
2.4 x 10" cm™3 active doping concentration. Previous problems of surface damage and
peeling-off of Ge were overcome. This was done using a new wafer stack of Ge-on-
SOI instead of the previously used GOI (chapter 3) for a better adhesion between Ge
and BOX layers, with Filmtronics P507 SOD solution as the dopant source, and using
a high-temperature short-duration RTA process. Repeating the recipe with a higher
source-concentration (P509) was done in order to increase the doping concentrations.
The use of a-Si interface layer between Ge and P509 was proposed to overcome com-
patibility issues. The minimum applicable a-Si thickness was found to be 8 - 10 nm,
sufficient to solidify the P509 solution and protect the Ge layer during the extreme
annealing conditions. Although the doping levels were not increased using P509, this
experiment helped us form a better understanding of the limiting factor in the case of
P doping of Ge. Accordingly, the limited doping levels were attributed to the diffusion
mechanism, rather than a limited source concentration. Co-doping or extremely-fast
high-power annealing is proposed in literature as a solution to overcome this problem
[112, 102]. Moreover, the use of Ge-rich Si;Ge;_, alloys can be used to increase the
solubility of P and slightly modify the diffusion mechanism, as proposed for future work
(section 7.2.1). Although the possibility of achieving an optical gain in Si,Ge;_, alloys
is another topic that needs exploration, yet it is worth mentioning in this report, as this
approach was found to provide many advantages, such as the relatively high emission

intensity compared to Ge (fig. 4.7), while maintaining an emission peak around 1.55 pm.






Chapter 5

Study of Strain Application using
Freestanding SiO-> Beams

“Men pass away, but their deeds abide”

Augustin-Louis Cauchy, his last words.

5.1 Introduction

The application of tensile strain on germanium (Ge) for light emission purposes can be
implemented in various ways. In this chapter we focus on the utilization of freestand-
ing SiOy beams for tensile strain application on Ge micro-disks placed on top. This
configuration is possible by using the Ge-on-insulator (GOI) wafers (used in chapter
3 with 100-nm-thick Ge on 145-nm-thick buried-oxide). After a brief theoretical in-
troduction in sections 5.2 & 5.3, an investigation of strain dependency on the beam
design, considering the resulting orientation, uniformity, and value, is then conducted
by means of 3D finite-element computer simulations in section 5.4. Fabrication of the
actual devices, and their experimental characteristics obtained by Raman spectroscopy
and Photoluminescence (PL) measurements, are provided in sections 5.5, 5.6, and 5.7.
Device characterization results are consistent with simulations outcomes of higher tensile
strain for shorter beams. Splitting of light and heavy-hole bands is observed in the PL
spectra as an indication of tensile strain. A comparative study is then conducted on the
strain within similar structures fabricated using Ge-on-SOI wafers, used for doping in
chapter 4. Final results promote GOI wafers for higher strain values, and consequently

will be used for the final devices in chapter 6.
Parts of this chapter are published in [5] & [6].

79



80 Chapter 5 Study of Strain Application using Freestanding SiOy Beams

5.2 Freestanding MEMS-Like Structures
for Strain Application

Utilizing strain was the key for several innovations in electronic and photonic devices such
as the realization of low threshold QW lasers [145], enhanced-performance MOSFETs
[68, 70, 24], and high-efficiency Ge photodetectors [27, 16, 15, 5]. Such manipulation is
possible due to the association of lattice deformation, represented by strain, with the
band-gap structure and carrier dynamics [26, 25]. Strain is also considered as the key
for realizing a Ge-based monolithic light source that can be introduced onto Si chips in

a conventional CMOS fabrication line.

An inherent tensile strain of ~ 0.2 % is accumulated with Ge grown on Si due to the
difference in thermal expansion coefficients between Si and Ge [27, 16]. This strain
is biaxial in nature due to the stretching stresses acting in-plane of the thin Ge film
[16]. Many straining techniques are proposed in literature to enhance this strain value,
consequently deforming the band-gap and promoting the direct-gap radiative recombi-
nations. Some straining techniques might enhance the strain uniformly along in-plane
directions, maintaining the biaxial entity of strain, or alternatively, enhance the strain
along a single direction causing the strain to become uniaxial. Biaxial strain results from
applying stresses on both in-plane directions (z and y), while the out-of-plane direction
is stress-free (z). In this case, if the two in-plane directions are tensile strained, then the
out-of-plane direction will be compressed according to Young’s modulus and Poisson’s
ratio, represented in the elastic stiffness constants (Appendix B.1) . On the other hand,
uniaxial strain results from applying stress along a single direction (z), consequently
causing the stress-free directions (y and z) to be compressed. Accordingly, uniaxial and
biaxial strains have a different effect on Ge band gap, because the energy-bands defor-
mation is related to the total change in volume, or volumetric strain, rather than the
values of single strain components [26, 25]. The most straightforward implementation of
these two approaches is by fabricating freestanding beams along one direction (uniaxial),
or two perpendicular cross-shaped beams (biaxial). Although both of these structures
have been studied for Ge band-gap engineering [31, 33, 36, 88], yet, uniaxial freestanding
beams have initially been more popular in the research of highly-strained Ge structures.
This is mainly due to the simpler engineering and possibility of optical mode confine-
ment by, for example, DBR mirrors on the sides [38]. In fact, direct-gap transformation

of Ge using uniaxial beams [31] was reported earlier than biaxially-strained beams [36].

Theoretically predicted direct I'-light hole (LH) and indirect (L — LH) band-gaps of
strained Ge are shown in fig. 2.2. A uniaxial (biaxial) strain of ~4.7% (~2.0%) is
required to transform Ge into a direct-gap material. These results are reproduced from

theoretical works provided in literature [25, 176, 28, 33], as summarized in Appendix B.
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5.3 Strain by Freestanding SiO, Beams

The mechanism of tensile-strain application by releasing a Ge layer relies on the ten-
dency of Ge to shrink upon suspension, in order to relax the initial tensile stresses. This
has been exploited by designing Ge beams supported from the sides by wider-section
pads [33, 31, 36, 38, 88]. By under-etching the Ge beam and the wider-section pads, they
both shrink as they get suspended. However, due to this difference in the cross-sectional
area, the wider-section pads (boundaries) impose a larger force compared to the weaker
Ge beam, effectively “pulling” the Ge beam (middle region) outwards. Eventually, the
pads are expected to relax their initial tensile stresses, on behalf of tensile-straining
the Ge beam (middle region). Novel designs implementing a gradual decrease of the
Ge beam section from the boundaries towards the middle, permit a smooth gradual
increase of tensile strain towards the middle of the beam [33, 31]. The interest in
freestanding Ge beams is evident in literature due to the high achievable tensile-strain
values [33, 31, 35, 36, 1, 5] . Strain values up to 3.1% [33], or even 5.7% [31], were re-
ported using uniaxial beams, yet without the implementation of an optical cavity within
these structures. Recent works by Gassenq et al. [37] and Petykiewicz et al. (2016)
[38] demonstrated the fabrication of focusing distributed-Bragg reflectors (DBR) on the
sides of unixial Ge beams. Addition of the DBR mirrors degraded the achievable strain
values to 2.2% [37] and 2.37% [38]. This is expected as the pads - being the source of
the tensile forces exerted on the Ge beam - are being weakened by etching the DBRs.
In fact, accumulation of high tensile strain values is expected in the DBR region, com-

parable or even higher than the Ge beam itself, due to the thinner Ge sections.

The mechanism is different in the case of releasing a thermally-grown SiOs layer. This is
due to the different initial built-in stresses compared to Ge, which are compressive (ten-
sile) in the case of SiO2 (Ge). Growing SiO3 films by thermal oxidation of Si accumulates
compressive stresses within the dioxide film due to the high growth temperatures, and the
difference in thermal expansion coefficients between SiO2 and Si [81, 79, 6]. Such com-
pressive stresses are less-pronounced in Plasma-Enhanced CVD (PECVD) SiO, films
due to the lower deposition temperatures [81]. Compressive stresses are not uniform
across the thickness of thermally-grown SiOs layers, where higher compressive stresses
are accumulated at the interface between SiOy and Si substrate [79]. Consequently, SiO2
tends to expand upon suspension, while Ge tends to shrink. Releasing a compressively-
stressed film causes it to expand in order to relax the average residual stresses within
the film, while the stress gradient across the film thickness and the boundary condi-
tions cause it to deflect or deform in order to reduce the stress-gradient across the film
thickness [79], as shown in fig. 5.1. Expansion of SiOs beams upon suspension can be
exploited to impose tensile strain on a Ge structure placed on top, while the deflection of

the beam exerts an additional component by bending and affects the strain distribution.
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Figure 5.1: Stress diagram of a doubly-clamped SiOy beam (a) as grown on
Si, (b) after releasing by under-etching, and (c) after deflection (assuming
a stress-free beam). Due to upwards deflection, the top side of the beam is
tensile strained while the bottom side is compressed. Higher initial built-in
stresses in the film result in higher tensile strain upon suspension.
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Figure 5.2: Deflected-beam profile showing the formation of tensile and com-
pressive strains above and below the neutral axis, respectively. In an ideal
defect-free beam, the neutral axis is located in the middle of its thickness.
Adding a Ge disk on-top of an SiOy beam shifts the neutral axis.

Assuming an ideal single-layered beam, and a beam length much larger than its width
and thickness [79], the origin of bending-induced strain can be describe as follows. Re-
ferring to fig. 5.2, if a beam with a thickness of d pm is deflected towards the negative z
direction with a radius of curvature of R. pm, three regions across the thickness of the
beam can be identified according to the type of strain: The upper part experiencing an
increasing tensile strain towards the top surface, while the bottom side faces an oppo-
site, and equal, compressive strain. The strain between these regions varies linearly for
small deflections, such that at the middle of the beam thickness no strain exists, forming
a neutral axis which has the same length of the original beam before suspension [79].
Adding any structure on the beam, such as a micro-disk on top for example, will shift

and deform this neutral axis.
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Consequently, a general description of strain accumulated in upwards-bent beams can
be related to the radius of curvature (R.) as follows: The length of a differential segment
defined by 96 after bending is dependent on the segment’s position relative to the neutral

axis (z). So, if we denote this differential length with 0L, we can calculate:

OL = (R. — 2)90 (5.1)

Where 06 is in Radians. By definition, a differential length of a segment at the neutral

axis is equal to its original length before bending (0x), so:

0z|s—0 = Re.00 (5.2)

Combining equations 5.1 and 5.2, we get:

OL = 0x — (=).0x (5.3)

strain

Bearing in mind that original length is 0z, we can identify the second term in equation

5.3 as the strain (e,) along the beam direction (z) [79].

€ = —R% (5.4)
The direction of z is chosen to result in a positive sign for tensile strain, and a negative
sign for compressive strain, where z equals zero at the neutral axis. It can be concluded
that tensile strain accumulation is expected at the far-most part of the beam relative
to the center of curvature. Moreover, the strain value is inversely proportional to the
radius of curvature. Consequently, it is expected that beams with reduced lengths are
capable of delivering higher strain values due to the lower radius of curvature (R.).
Multi-layered beams with finite and comparable dimensions are complex structures, in
which the strain distribution can not be described by such simple equations, and 3D
computer simulations can be used instead. This applies to the structures studied in this
project, which consist of Ge micro-disks on freestanding SiOs beams with few-micron
dimensions. Detailed analysis of the strain distribution and its dependency on the beam
design are provided in the following sections, based on 3D finite-element simulations
(section 5.4) in addition to Raman and photoluminescence measurements (sections 5.6

& 5.7).
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5.4 Finite-Element Simulations

Finite-element computer simulations can be used to visualize strain distribution within
micro-mechanical devices. COMSOL Multyphics software is an appropriate software
for such purposes, allowing good flexibility in structures design and results derivation.
Built-in solid-mechanics model was used to make a stationary study on our structures,
which are mainly Ge micro-disks on freestanding SiO2 beams using the GOI stack de-
scribed before (100-nm Ge / 145-nm BOX). Modelling the strain within Ge micro-disks
on freestanding SiOs devices can be done using various approaches, such as observing
the first eigenmode deflection of the devices. This agrees with the upward deflection sce-
nario, and gives a good idea of the strain distribution within the structure [79]. However,
this method is not realistic in terms of strain values, as the initial built-in stresses of the
BOX layer are not taken into account. These built-in stresses are the actual source of
strain in our devices, and the value of the resulting strain is mainly determined by them.
Another way of modelling the devices would be by applying a force on the bottom side
of the beam, causing it to deflect upwards into the first eigenmode shape. This assump-
tion is proposed in ref. [79] justified by the fact that an upward-deflected SiOy beam is
affected by compressive stresses from the surrounding BOX layer at the boundaries im-
posing a downward-directed force, and for the beam to be stable in its upward-deflected
position, a counter force has to be affecting the beam in the opposite direction, or push-
ing the beam upwards [79]. This force value can then be tuned to match the fabricated
devices. A value of ~ 700 uN was estimated in our case by matching the simulated and

experimental strain values of a 20-pm-long uniaxial beam.

A more accurate approach, imitating the actual mechanism in reality, is by assuming
initial stresses and strains within the structure. Then in a stationary study, the resulting
deformation and consequent strains are calculated based on the resulting mechanically-
stable state of the geometry. For instance, the initial stresses within a thermally-grown
SiO9 layer can be calculated using Stoney’s formula (equation 6.1 [72]) by measuring
the bending radius of the wafer. This has been done experimentally in this project for
thermal and PECVD SiOy (fig. 6.3). Or, for crystalline micro-structures, initial strain
can be measured locally by Raman spectroscopy. This can be used to estimate the initial
strain in Ge micro-disks before releasing the SiO2 beams. Typical values are in the order
of 1 GPa compressive in-plane stresses for 145-nm BOX layer, grown at 1000°C by dry
oxidation (section 6.3.2), and 0.2% tensile strain in Ge which is the inherent thermally-
originated strain [27, 16]. These values can be used as an input to the COMSOL model
in order to observe the beam deformation in steady state and estimate the resulting
strain values, distribution, and uniformity. Regardless of the approach used for mod-

elling, Ge elastic stiffness constants have to be input into the material library (table B.1).
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5.4.1 Normal Strain Components and Volumetric Strain

Before presenting the simulation results, a brief explanation of the measured strain val-
ues is summarized in this section. Normal strain components €, €,y and €., (or simply,
€x, €y and €,) are identified as the ratio between the extension (or change in length), and
the original length of the object along the same axis, x,y, or z, respectively. These com-
ponents are the diagonal elements in the strain tensor, and their summation represents
the relative change in volume, or volumetric strain ATY‘ These components, and their
contribution to the volumetric strain, are sketched in fig. 5.3. Assuming three normal
forces affecting a cubic object (a unit cell of a semiconductor lattice) with a side length
(lattice constant) of (a) nm, exerting normal stresses 0,4, 0y, and o, along z,y, and z
axes. These normal stresses will induce corresponding normal strain components, note
that being normal means perpendicular to each face of the cube. Shear stresses acting
parallel to the cube faces are neglected. The initial volume of the cube (V) increases
to V' =V, + AV. The new volume V' can be calculated by multiplying the side lengths
of the new cube represented by normal strain components (a.(1 + €z;),a.(1 + €,y), and
a.(14¢€,,)). The result of this multiplication is shown in the equation on top of fig. 5.3. It
is possible to de-assemble the new volume into a summation of three main components:
its initial volume V, (volume (1) fig. 5.3), the change in volume due to normal strain
components (volume (2) fig. 5.3), and the change in volume do to higher-order terms re-

sulting from multiplying the normal-strain components (volume (3) fig. 5.3). For small
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Figure 5.3: Normal strain components and volumetric strain: the new vol-
ume of a tri-axially strained cube is the summation of the original volume
(component (1)) and the change in volume due to first-order (2) & higher-
order (3) terms in the equation shown above. This equation represents the
new volume of the cube by multiplying the strained side-lengths shown on
sketch (3). For small strains, component (3) is negligible.
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strain values, the third volume component ((3) in fig. 5.3) is negligible. Consequently,
the summation of the normal strain components, is approximately %. In this report,
normal strain components are considered to create a simple argument on uniaxial and
biaxial strains. €, is always in the direction of the beam, €,, is the other in-plane nor-
mal strain component, which is also along one of the beams in biaxial structures, and ¢,,

is the out-of-plane component. Volumetric strain is the summation of these components.

5.4.2 Manipulation of Strain Orientation by Beam Design

The target devices as mentioned before are Ge micro-disks on freestanding SiO2 beams
with various designs. Modelling the dependence of strain characteristics on the beam
type, namely uniaxial and biaxial beams, requires the dimensions to be fixed and
matched to the fabricated devices. As an example, 3D geometries of 20-pum-long and
4-pm-wide uniaxial and biaxial beams, with 2-pym-diameter Ge disks on top, were cre-
ated using COMSOL software. Ge and BOX thicknesses were chosen to be 100 and
145 nm, respectively. Fixed boundary conditions were assumed neglecting the effect
of any displacement. Figure 5.4 shows 3D distributions of normal strain components
within the structures after deflection. Normal strain components €.z, €y, and e.., are
defined as the relative change in length along the principal x, y, and z axes, respectively,
as discussed in the previous section 5.4.2. Figures 5.4 (a)-(c) show the distribution of
strain components for uniaxial beams, while figs. 5.4 (d)-(f) show the distribution of
the same strain components for biaxial beams. In uniaxial beams, a single tensile strain
component (€,,) exists, which is along the beam direction (x), dominating in value
over the other in-plane and out-of-plane components (e,, and €,,), which are mainly
compressive within the disk region. On the other hand, the two in-plane components
(€zz and €y,) are symmetric and tensile in biaxial beams within the disk region, while
compression is observed along the out-of-plane direction (¢,,). Comparing uniaxial and
biaxial beams with similar dimensions, the strain component along the beam direction
(€z2) has a larger value in uniaxial beams. However, the total tensile change in volume
is higher in biaxial beams due to the tensile nature of the other in-plane component
(€yy). Accordingly, biaxial beams are expected to have a more significant impact on the
band structure of the Ge disk.

Figures 5.5 (a) & (c) show a 3D representation of the total change in volume, or volu-
metric strain, within the same structures shown in fig. 5.4, indicating a slightly higher
total tensile strain within the Ge disk for biaxial beams. Volumetric strain is identified
as the summation of normal strain components (€4 + €,y + €;-), as discussed in section
5.4.1. Figures 5.5 (b) & (d) plot the corresponding individual strain components at the
top surface of the Ge disk, mapped across the disk diameter (line A— A’) along the beam
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Figure 5.4: 3D maps of strain components within uniaxial and biaxial free-
standing beams with Ge micro-disks on top. (a), (b), & (c) plots of normal
strain components €;;, €y, and €., for a 20-um-long uniaxial beam and a
2-um Ge disk. Tensile strain across the Ge disk is only due to the compo-
nent along the beam direction €;,, while the other in-plane and out-of-plane
components are compressive. (d), (e), and (f) show the same components
on a biaxial structure with similar dimensions. Both of the in-plane com-
ponents ( €z, & €y) are tensile in this case and symmetric, while only the
out-of-plane component is compressive.
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Figure 5.5: Volumetric strain across uniaxial and biaxial beams with Ge
micro-disks on top: (a) & (c) are 3D maps of volumetric strain distribution
for uniaxial and biaixial beams with similar dimensions, showing higher total
change in volume for biaxial structures. (b) & (d) show the profile of normal
strain components measured at the top surface and across the diameter of
the Ge disk along the A — A’ line (x = [-1.5: 1.5,y =0,z =0.1).

direction (x). The higher value of €, is evident in uniaxial beams compared to €., and
€yy in biaxial beams. Yet, the summation yields a higher total strain of approximately
~0.6% in the biaxial beam, compared to ~0.4% in the uniaxial one. The corresponding

direct band-gap values are calculated to be 0.693 eV and 0.775eV, respectively.

5.4.3 Strain Uniformity

Uniformity of strain distribution is important from carrier-dynamics point of view, which
eventually affects the net optical gain within the Ge disk. Highly-strained regions have
lower direct-valley (I") energies, and consequently higher electron population compared
to less strained regions [25]. This fluctuation in the band gap eventually creates corre-
sponding optical gain and loss regions within the same Ge disk [55, 56, 57]. To examine
the uniformity of strain distribution within the structures, cross-sectional map of the
total strain (e;z + €yy + €..) is simulated. Figure 5.6 shows an example of 10 pm (fig.
5.6 (a)) and 20 pm-long (fig. 5.6 (b)) uniaxial beams. Simulations indicate that tensile
strain is accumulated throughout most of the disk with relatively good uniformity. Ac-

cumulation of tensile strain on the top side of the beam is confirmed, while the bottom
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Figure 5.6: Cross-sectional distribution of volumetric strain for (a) 10 and
(b) 20-pm-long uniaxial beams. Higher tensile strain is observed at the
edges, which is advantageous for whispering-gallery modes confinement.

side is mainly compressed. This agrees with the theoretical model presented in section
5.3. Strain values are found to be higher in shorter beams, as appears in fig. 5.6, yet, the
uniformity of its distribution is degraded. Nevertheless, this non-uniformity is mainly
represented by a higher tensile strain at the edges of the disk, which is advantageous
for whispering gallery modes (WGM) confinement. This distribution of higher strain
values at the disk edges are the main advantage of this structure over the standard
disks-on-pedestals structures, which tend to have lower tensile-strain values at the edges
[55, 56]. Huge efforts have been witnessed in the last few years aiming to enhance the
tensile strain at the edges of micro-disks on pedestals by engineering the coverage of
external SigNy stress liners [55, 56, 57, 29, 30]. Another possible approach of squeezing
the optical WGM away from the edges and towards the inner highly-strained regions of
the micro-disks on pedestals is proposed in this thesis for future work (section 7.2.2).
It is worth mentioning that the simulations assume fixed boundary conditions at the
edges of the beam, and this condition might differ in reality, affecting the actual strain
distribution within the disk. Other factors that may affect the strain distribution are
the adhesion between Ge and BOX layers, where the poor adhesion would cause a loss
of strain at the interface due to the relaxation of the Ge layer. And the actual deflection

profile of the beam, which might not be a simple first eigenmode deflected upwards.

5.4.4 Effect of Beam Dimensions on Strain Value

In the previous two sections, it is shown that the orientation and distribution of the

strain can be manipulated by the beam design. This manipulation is directly correlated
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Figure 5.7: The effect of beam dimensions on the strain component along
the beam direction (€,) for uniaxial beams. Tensile strain is enhanced as
the beam dimensions decrease.
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Figure 5.8: Manipulating the total strain through the buried-oxide thick-
ness and initial built-in stresses. This assumes the possibility of tuning the
built-in stresses of any thickness of SiOs. Practically, an increase of BOX
thickness results in lower built-in stresses, as shown in fig. 6.3

with the values of applicable strain. This is visualized in fig. 5.7 which summarizes the

effect of beam length (L) and width (W) on the resulting strain. A uniaxial beam is

considered as an example, and the strain value is represented by measuring the strain

component along the beam direction (€;,) at the center point of the top Ge-disk surface.

Shorter beams impose higher tensile strain, as expected in the previous section (5.4.3),

and this effect is pronounced for beams shorter than 20 ym. Dependency on beam length

becomes less significant for longer beams, where the strain value becomes nearly fixed

independent of the beam length. Beam width (1) has a similar effect on €,,, yet having

a slightly less impact compared with L. This agrees with previous results reported in

MEMS-related studies on doubly-clamped SiOs beams, for example as summarized in
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chapter 2 in ref. [135]. Demonstrating that reducing the length of doubly-clamped SiOq
beams increases tensile strain, with a similar but less-significant effect for the beam
width.

5.4.5 Strain Enhancement by BOX Layer Manipulation

As concluded from the previous section, for certain thicknesses of Ge and BOX, and cer-
tain built-in stresses in the BOX layer, there is a maximum achievable tensile strain value.
Thin-film stress measurements of doubly-clamped SiO5 beams made of thermally-grown
and PECVD SiOg films confirm the accumulation of higher tensile strains in thermal-
oxide beams after suspension, due to the higher initial built-in stresses (chapter 2 in ref.
[177]). According to simulations, this maximum value is achieved using the minimum
beam dimensions. Hence, it is possible to further increase the strain by engineering the
stack ratio. For instance, using a thinner Ge layer permits the application of higher strain
on the entire disk with better uniformity. Additionally, increasing the thickness of the

BOX layer (and maintaining the built-in stress level) is expected to have a similar effect.

Figure 5.8 is a 3D representation of total strain measured at the top middle point of a
Ge micro-disk on a uniaxial freestanding beam. All parameters were fixed (beam length
is 10 pum, Ge thickness is 100 nm, and disk diameter is 3 ym) except the initial built-in
stress and the thickness of the BOX layer. Initial stresses were varied from -1 MPa to -3
GPa (the minus sign indicating compressive stress), and the thickness was changed from
100 nm to 2 pm. This simulation assumes that we are able to control the built-in stresses
for each thickness of the BOX layer. According to fig. 5.8, higher strain is applied on the
Ge disk if both the thickness and the stress are increased. In other words, if the thickness
of the BOX layer is fixed, highest built-in stresses are required. Similarly, if the built-in
stresses can be controlled independent of thickness, highest thickness is required. Data
presented in chapter 6 (fig. 6.3) shows that this is not the case experimentally, in fact,
built-in stresses decrease as the SiOs thickness increases. Consequently, a compromise
has to be engineered between BOX thickness and initial built-in stresses. A point of
merit that can be concluded from fig. 5.8, is that BOX thickness has to be larger than
that of Ge. This is evident in the 100-nm-thick BOX data points. In this case, the BOX
thickness is equal to that of Ge, and this results in a significant reduction in the effect
of BOX stresses on the resulting strain within the Ge disk. For instance, increasing
the built-in stress from -1 MPa to -3 GPa, enhances the strain from 0.2 to 0.23% only.
This effect is demonstrated experimentally in section 5.8 using Ge-on-SOI wafers, in
which the BOX layer (145 nm) is thinner than Ge (200 nm), resulting in a degraded
strain upon suspension, and negligible dependence on beam dimensions. Implying the

necessity of a BOX layer thicker than Ge, with highest possible built-in stresses.
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5.5 Beam Designs

Multiple designs of Si09 beams were included in our e-beam mask, aiming to investigate
the most appropriate designs from strain and stability point of view. Designs can be
categorized into two main groups, as shown in fig. 5.9: (I) Rectangular or straight-edge
beams (figs. 5.9 (a), &(b)). In addition to (II) curved beams (fig. 5.9 (c)). Each
category of beams can be implemented in a uniaxial (fig. 5.9 (a)) or biaxial (fig. 5.9
(b)) form, imposing uniaxial or biaxial strain respectively as discussed in section 5.4.2.
Doubly-clamed uniaxial rectangular beams are widely investigated for MEMS applica-
tions [80, 135], and consequently we will concentrate on devices with similar uniaxial
designs. Anisotropic wet-etching of bulk Si can be exploited to determine the beam
boundaries with minimal under-etch, restricting the resulting strain to the beam sus-
pension, which is suitable to form a basic understanding of strain characteristics. More
complex structures, namely curved beams (fig. 5.9 (c¢)), are utilized in this work to en-
hance the stability upon suspension, by reducing the stresses on beam joints. Moreover,
the curved edges allow a smooth gradient of strain along the beam direction, prevent-
ing any pin-point accumulations of stress at sharp corners [35, 33, 31]. Such pin-point
concentrations of stress at the boundaries cause a loss of total strain in the beam, as
they do not contribute to the strain along the beam direction [33, 31]. Curved-edge
beams will be used for the final device structures demonstrated in chapter 6. Although
no precise statistical data is available on the deflection direction of the beams, most of
the beams deflect upwards in the GOI devices (downwards bending was significant in
Ge-on-SOI devices due to PECVD capping, as discussed later in section 5.8). Beam
deflection affects the strain distribution within the Ge disks, as will be shown later in

this chapter. More on the fabrication process can be found in section 6.3.

Figure 5.9: Scanning-electron microscopy (SEM) images of freestanding
SiOg beams. (a), (b), and (c) show top-view images of uniaxial, biaxial, and
curved-edge uniaxial beams. (d), (e), and (f) show birds-eye view images of
the same structures. Beams are aligned with (100) directions.
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5.6 Strain Characterization by Raman Spectroscopy

Experimental estimation of strain values in Ge can be done using Raman spectroscopy.
Strain is proportional to the Raman shift in cm™' relative to bulk Ge, and can be

calculated using the linear relation:

Aw= S8 xe (5.5)

Where Aw is the Raman shift relative to bulk Ge in wavenumbers, € is the strain, and S
is a proportionality factor. The value of this proportionality factor depends on the strain
type and orientation. Table 5.1 lists some reported values for various strain orientations.
The S value used for uniaxial beams in this project is 152 cm ™! [33, 31], while 390 cm ™!

is used for biaxial beams [75, 76].

Strain | Orientation S (cm™1) Ref.
(100) 152 33, 31]
(110) 202 [164]
Uniaxial (100) 135 This Work
1) 434 [178]
438 [178]
390 75, 76]
Biaxial | (100) Ge wafer 424 [73]
415 [57]

Table 5.1: Values of Raman-strain proportionality factor (S) for different ori-
entations

Figures 5.10 (a), (c), and (e) show examples of Raman spectra for bulk Ge, GOI, and a
Ge disk on a freestanding SiOs beam. Measurement conditions are listed in table 5.2,
which are always used for Raman characterization in this report, unless stated other-
wise. The red-shift of the GOI and the Ge disk spectra relative to bulk Ge indicates the

accumulation of tensile strain. More detailed analysis is provided below.

5.6.1 Power Dependence of Raman Shift

Due to the sensitivity of freestanding structures to heating by laser excitation, power de-
pendence of Raman signal was investigated to optimize exposure conditions. Generally
speaking, heating is expected to shift the Raman peak position resulting in misleading

estimations of strain values. This effect is more pronounced in freestanding structures,
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Parameter Value
Excitation source CW
Excitation wavelength 532 nm
Max. Power (@) 55 mW
Objective lens 50 %
Spot size ~2 pm
Grating 3000 lines/mm
Exposure time 10 s
Averaging 50 times
Data fit Lorentzian

Table 5.2: Raman spectroscopy characterization conditions
(@) Maximum power measured at sample surface.

because the heat leakage path through the substrate is eliminated and replaced with air,
which is a relatively poor thermal conductor. Considering a GOI wafer, heat generated
by laser excitation can be dissipated across the top Ge layer, and through the BOX layer
into the substrate. Meanwhile, patterning the top Ge layer into micro-disks and sus-
pending the BOX layer by removing the bulk Si underneath, cuts off the heat dissipation
path. This is expected to increase heat confinement within Ge which is surrounded by

air and SiO9; both being good thermal insulators compared to Ge.

Figure 5.10 compares the power-dependence of Raman signals from bulk Ge, un-patterned
GOI, and a 2 um Ge disk on a freestanding SiO2 beam. The beam length and width
are 10 and 3 pm, respectively. Figures on the left show the actual Raman spectra
using different excitation powers, while figures on the right summarize peak positions
and spectrum line-width in each case. Increasing the excitation power from 0.055 to
5.5 mW at sample surface, a negligible heat-induced shift in the Raman peak position
was observed in the case of Ge and non-patterned GOI wafers. Fitting the peak posi-
tions recorded against different excitations powers was possible using linear functions.
The slope of the best-fit line is —0.45 x 107 cm™! /uW for bulk Ge, and —0.64 x 10~*
em~!/uW for the GOI wafer. This slightly higher sensitivity of Raman peak position
towards excitation in the case of GOI can be explained by the heat insulation imposed
by the BOX layer, which impedes the dissipation of heat through the bulk substrate.
Extrapolating this linear relation, and finding the peak position value at the limit of
zero excitation power, permits the estimation of strain value without the effect of heat.
For instance, a shift of approximately -0.8 cm™! exists for the GOI film relative to bulk
Ge, which corresponds to a biaxial tensile strain of ~ 0.2%. This strain is presumably
due to the growth of Ge on Si during the process of GOI manufacturing. A slight in-
crease in spectrum line-width was also observed for both Ge and GOI wafers at higher
excitations. The difference in line-width behavior against excitation power between Ge

and GOI wafers is nearly negligible.
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Figure 5.10: Dependence of Raman signal on the excitation power for (a)
& (b) bulk Ge, (c) & (d) un-patterned GOI, and (e) & (f) Ge micro-disks
on freestanding uniaxial SiOs beams. Excitation power was increased from
0.055 to 5.5 mW, and the effect on the peak-position and line-width was
summarized for each case. Sensitivity to excitation is maximum for free-
standing structures, mainly due to the absence of heat dissipation path
through bulk Si, as the case in GOI and Ge. GOI wafers are slightly more
sensitive to excitation power compared to bulk Ge, due the BOX layer pro-
viding some heat insulation. Extrapolation of peak positions against power
is used to find strain values for freestanding structures.
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The 2 pm Ge disk is expected to heat up more severely with excitation power compared
to the continuous Ge blanket in the GOI wafer, in which heat can be dissipated across
the Ge film and through the Si substrate. Especially that the 2 um Ge disk is compa-
rable to the spot-size of the excitation laser. This is demonstrated in figs. 5.10 (e) &
(f), where a severe heat-induced red-shift of the Raman peak and line-width broadening
are observed in the freestanding structure. Peak positions are plotted against excitation
power in fig. 5.10 (f). Fitting the first three peak positions (up to 0.55 mW) using a
linear relation yields a heat-induced shift of —18.6.45 x 10~ cm™! /W , while including
the fourth point (2.75 mW) yields a sensitivity of —47.5 x 107% ecm~! /W, and a larger
Raman shift. It is possible that the power-dependence of the Raman peak position tends
to become non-linear at higher powers, in the case of freestanding structures, as appears
in fig. 5.10 (f). So, for peak-position extraction in this report, fitting of the first three
peak positions using a best-fit linear relation is used. The fact that including higher-
power points will cause a higher estimation of strain values, which is not likely, as will be
shown using photoluminescence (PL) data. For instance, a shift of approximately -1.88
em~! (-2.68 cm™!) is calculated by fitting the first three (four) peak-position points in
fig. 5.10 (f), corresponding to a uniaxial strain of 1.2 % (1.7 %). The slight red-shift
in PL peaks - shown in section 5.7 - does not correspond to 1.7% tensile strain [25].
Spectrum line-width is also significantly affected by laser excitation compared to Ge
and GOI line-widths, where it increased from approximately 4 cm™! to 10.8 cm™! upon
increasing the excitation power from 0.055 to 5.5 mW. This can be explained by local
strain variations induced by heating from laser-excitation, resulting in broad Raman
emissions at various wavenumbers. Heating effects on Raman spectrum are expected to
be similar for all investigated beam dimensions under the excitation conditions described
above (table 5.2). Beam dimensions varied in length from 10 to 100 gm, and from 3 to
12 pm in width. This was confirmed experimentally by measuring similar sensitivity of
Raman-peak position to excitation power, represented by a slope value in the range of

approximately —20 x 1074 cm™!/uW for all freestanding devices.

5.6.2 Effect of Beam Dimensions

Characterization procedure presented in the previous section is used to estimate the
resulting strain values of various beam designs. Rectangular beams with straight edges
and boundaries determined by anisotropic wet-etching are fabricated, with lengths vary-
ing from 10 to 100 um, and widths of 3, 4, 5, and 6 um. Resulting Raman shift values
are shown in fig. 5.11 (a). Enhancement of tensile strain upon suspension relative to
non-patterned GOI wafer is evident due to the higher negative Raman shift. Agreeing
with simulations presented in section 5.4.4, shorter beams impose higher tensile strain

values (higher negative Raman shifts), with a maximum tensile strain of approximately
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Figure 5.11: Experimental values of Raman shift (strain) for beams with (a)
different dimensions and (b) different designs. (a) Red-shift of the Raman
peak relative to bulk Ge increases as the beam length decreases, indicating
higher tensile strain values. The effect of beam width is less significant.
(b) Biaxial beams have a slightly higher negative Raman shift compared to
uniaxial beams with similar dimensions.

1.3 %. For longer beams, strain values decrease and approach the initial state of the non-
patterned GOI wafer. The effect of beam width is less significant compared to length
within the studied width values. These results agree with previous studies conducted on
doubly-clamped SiOy beams for MEMS applications, such as reported in chapter 2 ref.
[177]. It is agreed upon that shorter beams have higher tensile stain, while the beam
width effect is less significant. Achievable strain values are mainly dependent on the
initial stresses of the BOX layer, where for example, thermally-grown oxide will result in
higher tensile strain compared to PECVD oxide after suspension [177]. It is important
to note that the penetration depth of the green laser (532 nm) used in Raman character-
ization is approximately ~ 20 nm, hence mainly representing the value of accumulated
strain in the top part of the Ge disk [179, 180].

5.6.3 Uniaxial and Biaxial Beams

As proposed by simulations in section 5.4.2, a different type of strain can be imposed
on the Ge disk through designing the beam in a uniaxial or a biaxial form. Biaxial
beams are shown to results in a higher total strain compared to uniaxial beams with
similar dimensions, due to the symmetry of the in-plane strain components €, and €,.
Experimental Raman shift values agree with simulation results as shown in fig. 5.11 (b).
Biaxial beams result in higher negative Raman shift compared to uniaxial beams with

similar dimensions.
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5.7 Photoluminescence Measurements

Photoluminescence (PL) measurements were conducted to examine the effect of beam
suspension on the direct-gap luminescence of the Ge disks. PL characterization was done
at room temperature using a microscope setup, in which pumping and signal collection
is done through the same objective lens from top. Testing conditions are listed in table

5.3, which are used for PL data in this report unless stated otherwise.

Parameter Value
Excitation source CW TI.S
Excitation wavelength 730 nm
Power (@) 400 uW
Objective leans 50 %
Spot size ~2 pm
Exposure time 1s
Averaging 1000 times

Table 5.3: Photoluminescence characterization conditions
(@) Measured at sample surface.

Figure 5.12 (a) shows the PL signal of a non-patterned GOI wafer taken as a reference,
alongside the PL signal from a freestanding Ge-on-SiOy beam (fig. 5.12 (b)), in which a
continuous film of Ge is suspended, not patterned into a disk. While fig. 5.13 plots PL
spectra of a 2 um Ge disk on 10-pum-long uniaxial freestanding SiO5 beam. The PL signal
around 1580 nm corresponds to the direct-gap of Ge [25, 32, 3]. This peak has a different

behavior as the excitation power increases according to the structure, as discussed below.

5.7.1 Power Dependence of Photoluminescence Spectrum

Power dependence of the PL signal allows us to investigate the effects of laser excitation,
mainly heating, on the direct-gap spectrum, before examining the effect of strain. We
studied the effect of excitation power on a non-patterned GOI wafer (fig. 5.12 (a))
and freestanding structures. Freestanding structures include non-patterned Ge films
(freestanding Ge-on-SiO2 beams) (fig. 5.12 (b)) and Ge micro-disks on a freestanding
SiOy beams (fig. 5.13). Based on the previous power-dependence study conducted on
Raman signal (section 5.6.1), heating effects are expected to be most pronounced in
the case of freestanding Ge micro-disks, followed by the freestanding Ge films. While
heating effects should be less significant in the non-patterned GOI wafer.



Chapter 5 Study of Strain Application using Freestanding SiOs Beams 99

@ (b)

Ge-on-Insulator Ge-on-SiO ) beam

[ay
o
N

=
o
(N

=
(=]
©

[N

H
o\
Photoluminescence intensity (counts/s)

Photoluminescence intensity (counts/s)

N

i
© I

15 16 1.7 18 19 15 16 17 18 19
Wavelength (um) Wavelength (um)

Figure 5.12: Power dependence of the PL spectrum for (a) GOI wafer, and
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Figure 5.13: Power dependence of the photoluminescence spectrum of a 2
pm Ge disk on a freestanding SiOs beam. Sensitivity to excitation power
increases in freestanding structures. Splitting of light-hole and heavy-hole
bands is observed. The legend is the pumping power in mW.

Pumping power was increased from 100 pW to 2000 W on the stacks with a continuous
Ge film (fig. 5.12), and up to 1000 xW on the freestanding micro-disks (fig. 5.13). In the
case of the non-patterned GOI wafer (fig. 5.12 (a)), the position of the direct-gap peak
is nearly unaffected by pumping power. This indicates that the temperature increase of
the local Ge film within the excitation area is negligible [105]. It is also noticed that
the shape and line-width of this peak is nearly the same regardless of pumping power.

This direct-gap peak of intrinsic slightly-strained Ge corresponds mainly to I'-heavy
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hole (HH) recombinations [26, 25, 32, 176]. Releasing the Ge-on-SiOs stack by local
etching of bulk Si, forming a freestanding beam of a continuous Ge film, makes the
structure slightly more sensitive to laser excitation (fig. 5.12 (b)). This is expected due
to the absence of the heat dissipation path through bulk Si. Heating effect is seen as a
red-shift upon pumping due to band-gap narrowing, and line-width broadening [3, 106].
It is worth mentioning that the direct-gap peak position of this freestanding Ge film
is red-shifted compared to the non-patterned GOI wafer, due to the additional tensile

strain gained upon suspension [4, 6].

Sensitivity to excitation power becomes more critical if the Ge film is patterned into
isolated micro-structures, especially if the sizes are comparable to the laser spot size.
This is noticed in fig. 5.13 for a 2-um disk on a freestanding beam. Excitation power
could not be increased above 1000 W as the micro-disks get instantly burnt. As the
pumping power is increased, the PL spectrum splits into two main peaks, as seen in
fig. 5.13. These peaks can be attributed to I'-HH and I'-LH recombinations, accord-
ing to their energy. Such a split in LH and HH bands is expected in strained Ge [25].
Lower-wavelength peak, corresponding to I'-HH, is nearly fixed in position, indicating a
negligible increase in disk temperature. Meanwhile, the higher-wavelength peak, mainly
attributed to I'-LH transitions, is red-shifted significantly. This split of the spectrum
into LH and HH peaks is reported by other groups due to uniaxial [176] and biaxial
[57, 88] strain. This band splitting is more pronounced under uniaxial strain due to the
reduced symmetry [25, 176]. We expect that it is even more pronounced in freestand-
ing structures, because additional strain might be created by the deformation of the
beam due to severe heating, causing an additional split in the LH and HH bands [88].
This additional strain explains the red-shift of the I'-LH peak with pumping, causing
the spectrum to broaden. No sharp-peak resonances were observed from 2 pum disks.
This might be due to the low Q-factors of whispering-gallery modes (WGMs) associated
with the small-radius disks [138], mainly due to the pronounced interaction between the
WGM and the rough circumference. Disks with diameters <2 pm are more prone to

heating, because their size is comparable to the laser spot size (chapter 6).

5.7.2 Effect of Beam Dimensions

Figure 5.14 shows PL spectra for 2 um Ge disks on uniaxial SiO2 beams with different
lengths. Excitation conditions were set as shown in table 5.3. As the power is fixed, and
beam lengths (10 - 90 um) are much larger than the laser spot-size (~ 2 pum), heating
effects are expected to be similar in all devices. This has been confirmed previously by
the study of Raman dependence on excitation power (section 5.6.1). All the Spectra

consisted of two distinctive peaks as discussed above, and get slightly broadened as the
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lengths, indicating additional accumulation of tensile strain as explained by
theoretical models [25].
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beam length decreases. Broadening is a consequence of the I'-HH band blue-shift, and
I'-LH band red-shift, in consistence with the theoretical effects of tensile strain [25, 26].
The blue-shift of the I'-HH band eliminates any possible impact of heating in creating
this band splitting, as a red-shift of this peak is expected as the temperature increases
[32, 165]. By extracting the I'-HH and I'-LH peak positions, the separation between
these bands is confirmed to increase for shorter beams. For instance, a separation of
approximately 87 nm (139 nm) is observed for a 70 pm (10 pm)-long beam. As the
split of LH and HH bands is associated with strain [25], this indicates an enhancement
of tensile strain as the beam length decreases. This agrees with the previous results of

computer simulations and Raman spectroscopy.

Another possible way to interpret these results is from strain-homogeneity point of view.
Strain inhomogeneity contributes to broadening of the PL spectrum, as a certain shift
in the Ge peak is expected for each strain value [25, 26]. Consequently, as the range of
strain values increases (more inhomogeneity), emissions at a wider range of wavelengths
(energies) is expected. And this inhomogeneity, or non-uniformity, is coupled with the
increase of tensile strain in our structures, as demonstrated in the cross-sectional maps
in fig. 5.6. The reason for considering this interpretation of PL spectra broadening is
the position of the main I'-HH peak (lower wavelength). Where the estimated tensile
strain values based on Raman spectroscopy are up to ~ 1% uniaxial. Such tensile strain
is expected to red-shift the main Ge peak (I'-HH) to ~ 1.6 pum. Although a red-shift
up to ~ 1.58 pm is observed in the PL spectra, there is a slight mismatch with Ra-
man estimations. A possible reason might be the different excitation-laser wavelengths
used for Raman spectroscopy and PL measurements. The penetration depth (a~!) of
a green light (532 nm) used for Raman characterization is approximately 20 nm in Ge,
thus reflecting an idea of strain values mainly within the top regions of the Ge disk,
which is 100 nm thick. According to theory (fig. 5.2) and simulations (fig. 5.6), higher
tensile strain values are expected at the top side of the disk, in the case of upwards-bent
beams. Hence, Raman spectroscopy reads the maximum tensile strain values within
the structures. On the other hand, the laser penetration depth is larger in the case of

PL measurements, where a !

is more than 145 nm for a 730-nm-wavelength laser. Ac-
cordingly, PL represents the strain across the whole Ge-disk thickness, not only the top
surface as observed by Raman. As can be seen in the cross-sectional strain maps (fig.
5.6), lower tensile strain values, or even compressive regions, exist within the bottom
layers of the Ge disk. This might explain the relatively low red-shift in the main Ge
peak in the PL spectra. However, the broadening is evident (fig. 5.15), and even if it is
attributed to strain inhomogeneity, it also indicates higher tensile strain values within
some regions of the Ge disk. The fact that higher tensile strain is correlative with more

inhomogeneity, or non-uniformity of its distribution.
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5.8 A Comparative Study with Ge-on-SOI Wafers

In chapter 4, a modified stack of Ge-on-SOI was proposed to combine n-type doping and
apply strain using the buried-oxide (BOX) layer. In this section we investigate this stack
as a possible platform to fabricate Ge-on-SOI micro-disks on freestanding SiOo beams,
in comparison with the previously discussed GOI stack, in terms of tensile strain. In-
stead of using a 100-nm Ge / 145-nm SiO2 GOI wafer, a Ge-on-SOI stack of 200-nm Ge
/ 20-nm Si / 145-nm SiO2 was used (fig. 4.1). Both wafers are commercially available.
In the case of GOI, volatile Ge mono-oxide (GeO) which is soluble in water may from
at the Ge-BOX interface, thus making the Ge layer very fragile [154, 100]. While in the
Ge-on-SOI wafer, the thin (~ 20 nm) SOI layer between Ge and BOX promotes adhesion
and prevents the formation of Ge-O bonds. The significance of this Si layer appears, for
instance, in Ge doping by rapid-thermal-annealing (RTA), where as shown in chapter
4, Ge-on-SOI layers survive high-ramping-rate annealing conditions while GOI layers
do not. It is also expected to deliver the strain from the BOX layer to Ge more effi-
ciently, due to the improved adhesion. Moreover, it can be used for electrical injection
of carriers [43, 44]. Two drawbacks associated with this SOI layer can be highlighted
though: interface defects with Ge, and the necessity of a cap layer to protect it from alkali

etching of bulk Si, which degrades the strain significantly as will be shown in this section.

Structures similar to previously discussed GOI devices were fabricated using the Ge-
on-SOI wafer (fig. 5.16). Devices include uniaxial and biaxial beams with straight and
curved edges. Compared to GOI devices, two main differences can be pointed out: dry-
etching of Ge-on-SOI micro-disks instead of Ge, and an obligatory 200-nm-thick PECVD
SiOgq layer capping the devices. In the case of GOI, this PECVD cap layer can be totally
or mostly removed, as described in section 6.3.3. In addition to degrading the tensile
strain, this cap layer increased the probability of beams down-bending upon suspension.

More details on the fabrication process are provided in section 6.3.

5.8.1 Finite-Element Simulations

Strain simulations using COMSOL Multiphysics software were done to visualize the
strain distribution and values within the structures. Built-in solid-mechanics model was
used to make a stationary study on our structures, using the calculated initial stress
values for BOX and PECVD oxides, presented in fig. 6.3. Initial Values of -0.4 GPa
and -1.0 GPa were used for the 200-nm PECVD SiO (cap layer) and 145-nm thermal
SiO2 (BOX). While Ge was set to be initially 0.2% tensile strained, and fixed boundary
conditions are assumed at the beam edges. The beam deformation in steady state,

resulting strain values, distribution, and uniformity are discussed below.
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5.8.1.1 Strain Distribution

Germanium layer (200 nm) being thicker than the BOX (145 nm), and the passivation
PECVD SiOs layer on top, are found to have major impacts on the strain distribution.
As a case for study, a 10-pm-long freestanding beam with a 3-pm Ge-on-SOI disk on
top is considered. Figure 5.17 shows cross-sectional maps of the uniaxial (e,) and vol-
umetric (€,07.) strain distributions. Ge-on-SOI micro-disks without (first column) and
with (second column) PECVD SiOs passivation layer are shown, given that the disks
without the passivation layer are taken as a reference, to mark the effect of the PECVD
oxide, and not fabricated in real devices. Figures 5.17 (a) and (b) present the strain
distribution for upwards and downwards-bent beams, respectively. Downwards bending

is considered in this section because a significant number of Ge-on-SOI devices were

Figure 5.16: Scanning-electron microscopy (SEM) images of Ge-on-SOI
micro-disks on freestanding SiO2 beams. (a), (b), and (c¢) show uniaxial
and biaxial beams with curved edges, while (d), (e), and (f) show similar
beams with straight edges. Significant number of devices are bent down-
wards. Devices are capped with 200-nm-thick PECVD SiOs.
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downwards-bent, presumably due to the PECVD passivation layer (figs.5.16 (e) & (f)).

If we consider upwards bending, we can summarize the following. It is found that in the
reference case, without adding the PECVD oxide on top of the structure (fig. 5.17 (a)
left column), higher tensile strain values are obtained at the lower side of the micro-disk,
while the top of the disk faces more compression. This is due to the larger Ge thickness
compared to the BOX, opposite to previously obtained distribution using the GOI stack
with Ge being thinner than the BOX. It can be stated that the BOX thickness and stress
are not enough to impose tensile strain throughout the whole Ge disk thickness. This
can be clearly noticed on the top side of the disk which has a total strain of nearly 0.2%
which is the initial strain value before suspension. In fact, Ge being thicker than the
BOX affects the distribution of the strain within the BOX layer, due to the initial ten-
sile strain within the Ge disk (~ 0.2%) causing it to shrink after releasing the structure.
This effect can be seen in the strain distribution within the BOX layer, where upwards
bending is expected to result in compressive strain at the bottom side of the beam.
However, underneath the disk region the bottom side of the beam is tensile-strained,
while everywhere else, the bottom side of the beam is compressed. Adding the PECVD
SiO2 layer flips the strain distribution across the Ge thickness, such that the top side of
the disk is tensile strained (fig. 5.17 (a) right column). Additionally, with the PECVD
layer, the bottom side of the beam is compressed, while the top is tensile-strained. A
maximum volumetric strain of 0.4% is estimated at the top side of the disk. The tensile
strain values are higher in the case of using a PECVD layer in this Ge-on-SOI stack,
yet not as high as required, and even lower than the previously achieved values using
the GOI wafer. Considering the case of downwards bending, the beam is expected to
be tensile-strained at the bottom side and compressed on top, and this holds for both
cases with and without depositing the PECVD layer (fig. 5.17 (b)). The tensile strain
values are also higher in the case of using the PECVD layer (fig. 5.17 (b) right column),
similar to the upwards-bending case. However, this enhancement is not useful, because

it occurs within the Ge-SOI interface region, which is full of defects.

To sum up, figs. 5.18 (a) and (b) plot linear maps of strain across the thickness of Ge,
measured at the center of the disk (z = 0), for upwards and downwards bending, re-
spectively. Black lines are used for Ge disks with no PECVD cap layer on top, while red
lines represent the case of using a 200-nm PECVD SiO; cap layer, with an initial built-in
0.4 GPa compressive stress. Dotted, solid, and dashed lines are used for BOX layers
with initial built-in compressive stresses of 0.5, 1, and 1.5 GPa, respectively. For up-
wards bending, adding the PECVD layer flips the tensile strain distribution from being
higher at the bottom side of the disk, to being higher at the top side. While for down-
wards bending, the tensile strain is higher at the bottom side of the Ge disk in both cases.
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Figure 5.17: Cross-sectional strain maps based on computer simulations
of Ge-on-SOI micro-disks on freestanding uniaxial SiOs beams. Ge disk
diameter is 3 um and beam length is 10 pm for all cases. All figures in (a)
represent upwards-bent devices, while figures in (b) represent downwards-
bent devices. Figures on the left column demonstrate the case of not using a
PECVD cap, which is not fabricated and taken only as a reference. Figures
on the right column demonstrate the actual devices with 200-nm PECVD
SiO2 on top required to protect the SOI layer. Mapped strain values are €,
and €,,;. which are the normal strain component along the beam direction,
and the volumetric strain, respectively.
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Figure 5.18: Linear-map of volumetric strain across the thickness of a Ge-
on-SOI micro-disk on a freestanding SiOg beam, showing the effect of adding
a PECVD SiOs cap layer. Ge disk diameter is 3 pm and beam length is 10
pm for all cases. The strain is mapped across the Ge layer, at the center of
the disk (x = y = 0). Figure (a) considers upwards-bent beams, while (b)
considers downwards-bent beams. Black lines are before adding the PECVD
cap, with dotted, solid, and dashed lines are for the cases of 0.5, 1.0, and
1.5 GPa of initial compressive stresses assumed in the BOX layer. Red lines
represent the same conditions after adding a 200-nm PECVD SiOs layer
with -0.4 GPa stress.

An important outcome to remark, is that adding the PECVD layer slightly enhances the
tensile strain compared to the non-capped case, but at the same time, limits the effect
of the BOX layer as a stressor, or in other words, counter-acts its effect in straining the
Ge disk. This is expected as the PECVD SiO45 and the BOX layers both tend to expand
after suspension, having the same fixed boundaries at both sides of the beam, while the
Ge disk dwells in the middle of the stack, within the neutral-axis region. In fact, being
within the neutral-axis region, some parts across the thickness of the disk might be ten-
sile strained, while the other parts are being compressed, as shown in fig. 5.18 (b) (-1.5
GPa BOX stress). Counter-acting the effect of the BOX is also evident in figs. 5.18 (a)
and (b), in which dotted (-0.5 GPa ) and dashed (-1.5 GPa) lines account for the cases
of slightly and heavily stressed BOX layers, respectively. It is noticed considering the
black lines (without PECVD cap) that increasing the initial stresses in the BOX layer
correspond to increasing the maximum tensile strain. However, increasing the maxi-
mum achievable tensile strain is accompanied with a degradation of strain homogeneity,
represented in an increase in the slope of these lines. For instance, considering the up-
ward bending case without PECVD, and the lowest-stress BOX shown in the dotted
line, it is obvious that the strain is nearly fixed across the Ge thickness ranging from
~ 0.32—-0.35%. Increasing the BOX stresses to -1.5 GPa shown in the black dashed line,
increases the maximum strain value to approximately 0.55%, yet, accompanied with a
significant variation of strain values ranging from 0.55% down to ~0.2%. This variation

in the resulting strain values is decreased by using a PECVD cap layer. For instance,
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considering the same case of upwards bending, and assuming an initial BOX stress of
-1.5 GPa, the variation of strain reduces to a range from 0.38 - 0.47% when the PECVD
cap is used. This effect is also true for downwards bending, indicating that the PECVD
cap forms a limiting factor on the resulting strain, and results in an enhancement of its
uniformity. This effect will be clearly observed in the next section on the strain depen-

dence on the beam length.

5.8.1.2 Beam Length Dependence

The effect of the beam dimensions, namely beam length, on the resulting strain is studied
in this section. Concentrating on the upwards-bending case, simulations were done for
three cases of different BOX built-in stresses. Figure 5.19 shows the resulting volumetric
strain (%) for different beam lengths, varying from 10 to 90 um. Red lines represent the
case of using a PECVD cap layer, while the black dashed lines represent the case of no
cap layer used, taken as a reference. Figures 5.19 (a), (b), and (c) are simulation results
assuming BOX built-in stresses of 0.5, 1.0, and 1.5 GPa, respectively. On each dataset,
there are three lines labeled as 1, 2, and 3, corresponding to three positions across the

Ge-disk thickness at which the value of the strain is measured. Inset in fig. 5.19 (a)
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Figure 5.19: The effect of beam length on the resulting total strain value
within Ge-on-SOI micro-disks on upwards-bent freestanding SiOo beams.
(a), (b), and (c) assume different initial compressive stress values in the
BOX layer of 0.5, 1.0, and 1.5 GPa, respectively. Black lines represent
the case before adding the PECVD cap, while red lines show the effect of
adding the cap. Strain is measured at three locations on-top (1), middle
(2), and bottom (3) points across the Ge disk thickness (x = 0). Adding
the cap flips the strain distribution upside-down (for upwards bending fig.
5.18 (a)), and enhances the uniformity (Aecqp < A€pocap), but it limits the
maximum strain value within the disk consequently. Higher BOX stress
results in higher possible tensile strain values within the disk (higher €,,:,.).
The effect of beam length is negligible using Ge-on-SOI stack due to the
thicker Ge layer, and the limited effect of BOX due to PECVD capping.
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Figure 5.20: Parametric sweep using finite-element simulations summarizing
the effect of the thickness and initial built-in stresses of the PECVD cap
layer on the maximum resulting volumetric strain. Volumetric strain is
measured at the top middle point on the Ge micro-disk. Cross points are
estimated volumetric strain values based on experimental values of built-in
stresses for PECVD SiO; layers with different thicknesses.

shows the position of these points across the Ge disk thickness. The separation between
these lines gives an idea of the uniformity of strain distribution (Aecqp and Ae€pocap)-

While €,,,5,. indicates the minimum achievable tensile strain value.

It can be concluded from fig. 5.19 that beam-length dependence is negligible in the
new wafer stack. This trend is true independent of the BOX built-in stresses within the
studied range (figs. 5.19 (a) to (c)), even though, by increasing the BOX stresses, tensile
strain values within the Ge disk are increased (€,,i,.). Homogeneity of strain distribu-
tion is enhanced in the case of using a PECVD layer, as seen in the red lines separated
by Ae€cqp compared to the black lines (no cap) separated by the higher-value Ae€pocap-
However, beam-length dependence is also negligible in the case of using a PECVD cap
layer. This was not the case in the GOI devices, where the Ge disks are on-top of the
beams, not in the middle of two counter-acting layers within the neutral-axis region,

and having a lower thickness compared to the BOX layer.

5.8.1.3 PECVD Layer Engineering

In order to visualize the effect of built-in stresses and the thickness of the PECVD SiOs
cap layer, a parametric sweep was done on those two factors while fixing the BOX stress
to -1 GPa. From fig. 5.20, it is obvious that in our stack, a PECVD cap-layer thickness

around 200 nm is optimum for achieving higher tensile strain, for all built-in stress values.
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Figure 5.21: Raman shift values of Ge-on-SOI micro-disks on freestanding
SiOy beams with different lengths. Beam width (W) is fixed at 3 um. Ge-
on-SOI stack experiences a reduction in tensile strain (lower Raman shift)
upon suspension. The corresponding tensile strain is ~ 0.4% uniaxial.

This thickness was used in the fabricated devices. Thicker PECVD layer is not useful
as it cancels the effect of the BOX and restricts the beam bending. In addition, thicker
PECVD SiOs films have less built-in stresses (fig. 6.3), resulting in lower tensile strain
values, as indicated by (x) marks on fig. 5.20 based on experimental values. Increasing
the built-in stresses is not straightforward, especially that it is associated with degrading
the optical properties of the film. Moreover, annealing is required after deposition to

enhance the film quality, contributing to further reduction of built-in stresses (fig. 6.3).

5.8.2 Raman Spectroscopy

Strain characterization of Ge-on-SOI micro-disks on freestanding SiO2 beams with dif-
ferent lengths was conducted. Beam width (W) is 3 um for all devices. Excitation
conditions are shown in table 5.2, and exposure under three excitation powers was done
to eliminate the effect of heating as discussed in section 5.6.1. Degradation of strain in
Ge-on-SOI freestanding structures is confirmed as shown in fig. 5.21. In fact, tensile
strain after beams suspensions is lower than the initial tensile strain in the Ge-on-SOI
wafers, indicating that the disks are mostly compressed relative to the initial 0.2% state.
This is also concluded from simulations, where the initial tensile strain of the Ge disk
before suspension was set as 0.2% biaxial, corresponding to approximately 0.4% volu-
metric strain (e;; = €y = 0.2%). However, the maximum resulting volumetric strain
after releasing the structure is around 0.4%, while most of the disk regions are strained
below this value, as demonstrated in the cross-sectional maps in fig. 5.17. A Raman
shift value of 0.7 em ™! corresponds to a uniaxial strain of 0.46%, in good agreement with
the volumetric strain values €,,;. predicted by simulations (fig. 5.17). Moreover, the de-
pendency on beam length is negligible, in consistence with simulation results presented

in section 5.8.1.2.
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5.9 Summary

In this chapter, the origin of the tensile strain obtained by freestanding SiOy beams is
elucidated using simple theory and computer simulations. Finite-element simulations
were conducted to form a better understanding on the strain orientation, distribution,
and value within Ge micro-disks on freestanding SiOy beams, fabricated using GOI
wafers (100 nm Ge / 145 nm BOX). The impact of uniaxial and biaxial beams on the
strain orientation was clarified, showing more total change in volume in the case of bi-
axial beams. Examining the uniformity of strain distribution indicates higher tensile
strain accumulation at the disk edges, which is preferable for whispering-gallery modes
confinement. Enhancement of strain value, accompanied by a reduction in uniformity is
expected for shorter beam lengths, in the studied beam-length range. As the strain in
our structures originate from the initial built-in stresses in the buried-oxide layer, the
impact of BOX stress and thickness was investigated. Higher BOX stress and thickness
are required to increase the tensile strain values in the Ge disk on top. A wide variety of
beam designs were fabricated, including uniaxial and biaxial beams, and characterized
using Raman spectroscopy and photoluminescence (PL) measurements. A maximum
uniaxial tensile strain of 1.3% was measured experimentally. Dependency of strain on
beam design was confirmed to coincide with simulation results, with higher strain ob-
tained using shorter beam lengths. Splitting of light and heavy-hole bands due to strain
was observed through the PL spectra of Ge disks on beams with variable lengths, such

that the splitting increases with higher strain as the beam length decreases.

The last section provides a comparison between previous results, and the same devices
fabricated on Ge-on-SOI wafers used for doping (200 nm Ge / 20 nm SOI / 145 nm
BOX) in chapter 4. It was shown that tensile strain values are degraded in the new
stack, with negligible dependency on the beam dimensions. This behavior was con-
firmed using Raman spectroscopy, and can be attributed to two main reasons: firstly,
Ge layer being thicker than the BOX, and usage of PECVD SiO5 as a passivation layer.
Initially-stressed PECVD layer counter-acts the effect of BOX, due to fixed boundaries
at both sides of the beam while the Ge disk being encapsulated in the middle of the
stack. This cap layer was found to enhance the uniformity of strain within the Ge disk,
but reducing at the same time the maximum strain value. In conclusion, GOI wafers
are better in terms of strain application, while Ge-on-SOI wafers are more suitable for
doping. As the strain is the main factor in transforming Ge into an optical gain medium,

GOI wafers will be used in optimizing the final devices, as presented in chapter 6.






Chapter 6

Germanium Micro-disks on

Freestanding SiO-> Beams

“Electromagnetic waves are like living creatures, they sense the surroundings and

get affected by the boundaries, then they adapt to ensure their survival”
Prof. Muhammed Kamil Abd Al-Azeez

6.1 Introduction

In this chapter we demonstrate the main devices in this project, implementing a com-
bination of a simple cavity and a freestanding MEMS-like structure, motivated by the
highly-strained freestanding structures proposed in literature, yet, lacking an optical
cavity. Ge micro-disks were fabricated on freestanding SiOs beams using GOI wafers,
and investigated in details for potential monolithic operation due to tensile strain. De-
vice structures are introduced with a detailed description of the fabrication process. This
study is supported by computer simulations and experimental characterization of tensile
strain and optical performance of the devices. Laser microscopy imaging, Raman spec-
troscopy, and photoluminescence measurements were conducted and the results are dis-
cussed thoroughly. Concentrating on the behavior of whispering-gallery-mode (WGM)
resonances to form a better understanding of the limiting factors that prevent mono-
lithic operation, and the additional requirements for an efficient band-engineered bulk
Ge. Sharp-peak WGMs were observed within the direct-gap of 100-nm-thick intrinsic

Ge micro-disks, due to ~ 0.7% uniaxial strain.

Parts of this chapter are published in references [3, 4, 6].
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6.2 Ge Micro-Disks & Rings

Ge micro-disks have gained a lot of attention during the last few years for lasing purposes,
due to their simple structure, high-quality-factor (Q-factor) whispering-gallery modes
(WGM), and there flexibility in terms of strain engineering. Previous works concentrated
on engineering the strain of Ge micro-disks on pillars [56], pedestals [55, 57, 89, 29, 30],
or on thick insulating films [131, 181]. In this work, we propose and demonstrate fabri-
cating Ge micro-disks on freestanding beams using Ge-on-insulator (GOI) wafers. GOI
wafers provide a flexible platform, allowing separate engineering of Ge as an optically-
active layer, and manipulating the buried oxide (BOX) as a source of tensile strain.
Several groups have reported observing WGMs within the direct-gap of Ge micro-disks
and rings, excited by optical [131, 89, 181, 55, 56, 57, 29, 123] or electrical [181] pumping.
Other low-quality-factor modes within micro-resonators, often attributed to Fabry-Perot
(FP) modes, were also reported [55, 56, 57]. Sharp-peak WGMs are usually observed
in 2 pym to 4 pm-diameter disks. Disks with smaller diameters are expected to suffer
from very high losses, considering the wavelength range of Ge direct-gap [138]. On the
other hand, for larger disks, the absence of sharp WGMs can be either due to the lower
power-density of the pumping laser as the diameter increases, or a degraded strain dis-

tribution compared to smaller structures.

Confinement of sharp-peak WGMs has been reported in intrinsic [131, 89, 181] and
doped [55, 56, 123] Ge micro-disks. However, Q-factors have a general trend towards
degradation upon pumping, no matter being pumped optically [89, 55, 3] or electrically
[181]. The highest reported WGM Q-factor of Ge direct-gap emission is 620 [131] (1350
[55]) for intrinsic (doped) structures. The highest Q-factor of 1350 [55] was attributed
to the extremely low defect-density of Ge grown on GaAs substrates, in addition to the
high 1% biaxial tensile strain imposed using SizNy stress liner, and ~ 1 x 10 ¢cm™3
in-situ doping [55]. Enhancement of Q-factors requires improving crystalline quality
[17, 1], eliminating the surface roughness [138] and applying proper surface passiva-
tion, for example by thermal oxidation [182]. In addition to reducing the defects density
especially at the Ge-substrate interface, although this is quite challenging for epitaxially-
grown Ge-on-Si, it can be done for proof-of-concept studies by, for example, bonding of
Ge rather than growing it [100]. Moreover, optimizing the band-engineering conditions

through proper n-type doping [123] and tensile strain [57, 30] to increase the optical gain.

In this chapter we use 100-nm-thick Ge micro-disks, which are the thinnest compared

to other works in this research area, as an optical cavity. This has two main advantages

Ao
2Xng

expected to support the lowest order modes of TE and TM polarization [132, 86]. TM

modes get filtered out if the layer is thinned down below 4><)\r(1] - [132, 86|, providing a

in terms of strain and single-mode confinement; Dielectric layers thinner than — are
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dominant low-order TE modes confinement capability. This reduces unwanted spectral
resonances that are confined within the cavity and enhances the probability of single
mode confinement. From strain point of view, thinner sheets of the material are capa-
ble of handling higher strain values without fracturing [86]. Table 6.1 summarizes the
research efforts targeting WGMs confinement within Ge micro-cavities, comparing this
work with others in terms of the diameter (2R), strain, doping, and Q-factors relative to
Ge thickness. Strain values indicate that extremely high tensile strain is not ultimately
advantageous as previously thought, represented in the absence of sharp-peak WGMs in
direct-gap (> 1.7% biaxial tensile strain) Ge micro-disks and rings [29, 30]. A Q-factor

of 200 was achieved in this work, which is promising considering the thickness of Ge used.

2R (pm) | Strain(%) Ge (nm) Q A (pm) Ref.

4 1% 300 1350  1.744 [55]

. 4 1% 300 1000 1.998 [55]

<| & 6 1.45% 500  Broad ~2.1 [57]

s 9 0.72% 250 100 ~1.7 [183]

A 6 1.75% 190 Broad ~2.2 [29]
o0

2 46 2% 380  Broad 23 [30]

. 3 0.7% — 100 200 1.8 | This work

2|2 36 - 1000 700 1.565 [89]

= 6 - 900 A7T7T 1578 [181]
— o0

£ 122;m - 300 620 ~1.63 [131]

Table 6.1: Review of Ge direct-gap whispering-gallery-mode resonances

T Notes:

- 2R is the diameter of the disk/ring (2xradius)

- The symbol — indicates uniaxial strain.

- ‘Broad’ indicates broad-peak resonances with low Q-factor and no exact value
mentioned in the publication.

- Doped devices have a concentration of 1 x 10* cm™3, except for [30] 2.5 x 10'?
cm 3.

- All doped devices use in-situ doping.

- Some works grow Ge on GaAs to reduce dislocations [55, 183].

- All reported Q factors are measured at room temperature.

- Pumping is optical for all reported values except for [183].
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6.3 Structure Layout and Fabrication

An overview of the fabrication process used throughout this project is summarized in
this section. The target is to realize a combination of Ge micro-disks, with diameters
ranging from 1 - 10 pgm, on freestanding SiO2 beams for strain applications. Wafers used
in this chapter are GOI wafers with a stack of 100-nm Ge/ 145-nm SiO3. A detailed
description of the processes is given below, including Ge cleaning, patterning using Re-
active Ion Etching (RIE), surface passivation using PECVD SiOs and its effect on strain,
SiO9 patterning using RIE and wet-etching, and Si anisotropic wet-etching using Tetra-
methyl-ammonium hydroxide (TMAH). A sketch of the fabrication process is shown in

fig. 6.1. Details of some fabrication processes are given in Appendix A.

FEight-inch commercially-available GOI wafers were coated with thick optical photo-resist
and diced into 4 cmx 3 cm chips. Initial cleaning of the chips was done starting with
a solvent cleaning step using Acetone and IPA, to dissolve any remmnant photo-resist
or organic contamination. Acid cleaning is also necessary to remove any native oxide

on the surface and etch few atomic layers off of the top Ge layer (step (1) fig. 6.1).

e-beam e-beam
e-beam

|
vewTY ..
4

Figure 6.1: 3D sketch of the fabrication process®: (1) Cleaning the wafers
using Acetone, IPA, HF, and HCI, (2) e-beam exposure of HSQ as a pat-
terning mask for Ge structures, (3) transferring the patterns onto the Ge
layer using dry RIE, acid cleaning steps are done afterwards, (4) surface
passivation using PECVD SiO4 and e-beam exposure of ZEP520A as a pat-
terning mask for SiOg beams, (5) PECVD and buried SiO2 patterning using
dry RIE down to the thickness of ~ 20 nm, followed by (6) wet-etching of
the left-over BOX using HF (), and finally (7) releasing the SiOs structures
by local anisotropic wet-etching of bulk Si using TMAH. (8) Shows the final
structure with the beam deflected upwards.

(@) This process is shown for GOI wafers, it also applies for Ge-on-SOI wafers
given that Ge-on-SOI micro-disks are etched in steps 2 and 3.

®) Less than 10 nm PECVD SiOs remains after this step in the case of
GOI, while 200 nm is left in the case of Ge-on-SOI to protect the SOI layer
(section 5.8).

() (6)
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This is important especially before any dopant diffusion process. Hydrofluoric (HF) and
Hydrochloric (HCI) acids were used, in the form of 20:1 diluted buffered HF and 36%
diluted HCl. A typical processing duration is 10 and 30 seconds, respectively. These
acids are typically used in literature, and their effect on surface termination and rough-
ness has been studied [184]. Oxide-free, Hydrogen or Chlorine-terminated surface is
obtained by using HF and HCI, respectively, with a reduced surface roughness in case
of HCI compared to HF [184]. Table 6.2 lists the etching rates of the commonly used
chemicals throughout the fabrication process, including HF and HCI. Cleaning processes

are expected to etch away 2 — 3 nm Ge at most.

Process Material Chemicals Etch R'a te
(nm/min)
Acetone & IPA -
Cleaning Ge 20:1 BHF 1.5
HCI1 36% 2
SOD Removal SOD 20:1 BHF 180
. . Ge 200
Disks Dry Etching HSQ SFg¢ & O9 50
PECVD SiOq 28
) Thermal SiO9 25
Beams Dry Etching o 7%@357294 e (}fﬂfi (%7A7r 777777 9 9 ]
PMMA950-A11 (@) 46
. PECVD SiO 90
Beams Wet Etching | ooy gi0, 20:1 BHF 60
Thermal SiO9 30
Suspension Si TMAH 22% 9

Table 6.2: Summary of etching rates

(@) 4-pym-thick resist used for thick BOX (2 um) patterning.

(®) Annealed at 650 °C for 10 minutes. Note that the dry-etching rate is the
same for PECVD SiO4 before and after annealing, while wet-etching rates differ.

6.3.1 Ge Patterning

Ge layer is to be patterned into micro-disks with diameters ranging from 1 - 10 pm. Ge
patterning is done immediately after cleaning, where a layer of a negative-tone e-beam
resist, namely, HSQ is spin-coated on Ge. HSQ, or Hydrogen SilsesQuioxane, is a high-
resolution e-beam resist that is suitable as a dry-etching mask [185]. Especially that it
tends to form an SiO, film upon exposure, which gets hardened using oxygen plasma
during dry etching, providing significant selectivity against Ge (table 6.2) [185]. We
have used 2% and 6% HSQ solutions, resulting in 30 nm and 120 nm film thicknesses
when spin-coated at 3000 rpm. Choice of HSQ thickness depends on the thickness of
Ge to be etched, for instance, 50 nm HSQ is enough to etch approximately 200 nm of
Ge. For GOI wafers with 100-nm-thick Ge, 2% HSQ was used. Soft baking at 80 °C
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is required before exposure for 4 minutes. A dose test have been conducted initially to
optimize e-beam exposure conditions for micro-disks patterning. A base dose of 1800
pC/em? was found to be suitable for 2% HSQ (30 nm). Table 6.3 lists the optimum
doses for various types of resists, used throughout fabrication processes in this project.
Each value was found using a separate dose test. Development of HSQ is done using
MF-319 developer for 1:40 minutes followed by DI water rinsing (step (2) fig. 6.1). Hard

baking is also required before dry-etching, which is done at 240 °C for 4 minutes.

Material | E-beam Resist Thzzlrcnr;ess (u87:§12)
o HSQ 2% 30 1800
HSQ 6%(®) 120 1400
ZEP520A 460 270
SiOs 2x ZEP520A(®) 840 388
PMMA950-A11(¢) 4000 750

Table 6.3: Summary of e-beam exposure doses

(@) 6% HSQ is thicker than 2% HSQ, however the required dose is less, and this
is due to the higher percentage of HSQ in the solution, making it more sensitive
to electrons exposure.

®) Double coating of ZEP520A, soft-baking is done after the first and second
coating at 180 °C .

(©) This resist is suitable for up to 2-um-thick SiOs etching.

Dry RIE is then used to transfer the patterns onto the target Ge layer (step (3) fig. 6.1).
A gas mixture of 36 sccm O9 and 36 sccm SFg is introduced in a 30 mT vacuum chamber.
Exact details of the etching recipe are provided in Appendix A.3. As shown in table 6.2,
the etching rate is approximately 200 nm/minute, with a selectivity of ~ 4 : 1 relative
to HSQ. After dry etching, removal of remnant HSQ is done by dipping the samples in
20:1 BHF for few seconds (3-5 seconds), etching off only 1.5-2.5 nm of BOX. 36% HCl
cleaning is then used for 30 seconds, aiming to reduce surface roughness after etching
[185]. Then the surface is immediately passivated by SiOs deposited using PECVD, as

discussed below.

6.3.2 Surface Passivation

Surface passivation is required to protect Ge from the following wet-etching steps, al-
though TMAH etching rate of Ge is insignificant. In fact, Ge can be used as a hard
mask for Si etching using TMAH. Though, this passivation is necessary due to the week
adhesion between Ge and BOX in GOI wafers, where Ge-O bonds at the interface are
unstable and may dissolve in water, peeling off the Ge structures [100]. In the case of

Ge-on-SOI wafers, it is required to protect the SOI layer during the wet-etching of bulk
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(a) (b)

Figure 6.2: The effect of residual stresses of thin films on substrate cur-
vature: (a) Residual compressive stresses within the deposited/grown film,
the film tends to expand when patterned. (b) Residual tensile stresses, the
film tends to shrink when patterned.

Si. 100-nm-thick SiO layer is deposited on top of the structures using PECVD at 350
°C (step (4) fig. 6.1). However, there are two main consequences of this layer on our
devices. Firstly, is the associated stress within this film which will affect the final strain
distribution in our devices. It is found that in our devices, lower built-in stresses in the
PECVD dioxide are preferable to obtain higher tensile strain in the Ge disks (chapter
5). The fact that the Ge disks are embedded between highly-stressed BOX, which is
the main source of tensile strain after suspension, and the PECVD SiOs layer. And
as has been previously shown in section 5.8, built-in stresses in the PECVD SiO, work
on counter-acting the stresses in the thermally-grown BOX, eventually cancelling its
effect in straining the Ge disks. And, secondly, the poor quality of the film degrades the
optical properties, and provides voids for chemicals to attack Ge (and SOI) during wet-
processing. Consequently, annealing at relatively high temperatures for defects curing

is required.

Built-in stresses were studied for SiO» films with different thicknesses, grown thermally
and deposited using PECVD for comparison. Thermal oxidation was done at 1000 °C,
while PECVD SiO, was deposited at 350 °C. In-plane stresses affect the wafer curvature,
depending on being compressive or tensile, and proportional to stress value, as shown
in fig. 6.2. Built-in stresses can be calculated using Stoney’s formula 6.1 [72], given the

radius of curvature (R ) of the wafer induced by depositing a film of thickness (dy):

Y, d® [1 1
il iy, = ——— =S —— 6.1
Tbuilt 1— v, 6d; [RC, RJ (6.1)
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Figure 6.3: Calculated built-in stresses of thermally-grown and PECVD
SiO9 films with different thicknesses on Si. Thermal dry oxidation was
done at 1000 °C, while PECVD films were deposited at 350 °C. Annealing
of the wafers with PECVD oxide was done at 650 °C for 10 minutes in
Nitrogen, which are the exact conditions used to cure the PECVD dioxide
films in the final devices.

135 is the biaxial elastic modulus of the substrate, where Y; and vs are Young’s mod-

ulus and Poisson’s ratio, respectively. The biaxial elastic modulus of a (100) Si wafer
is found in literature to be 1.805 x 10 Pa [186]. ds and d; are substrate and film
thicknesses. R. and R are the radius of curvature before and after film deposition.
Radius of curvature was measured using Tencor FLX-2908 thin-film stress-measurement
tool, which plots the wafer curvature using the reflection of a laser beam. Figure 6.3
plots the calculated in-plane stress values within SiO9 films with different thicknesses.
Thermal oxide has higher built-in stresses compared to PECVD-deposited oxide, due to
the higher growth temperature [81, 177]. This agrees with previously-reported results in
literature, such as MEMS-related studies on doubly-clamped SiOs beams for sensors, as
in chapter 2 in ref. [135]. For PECVD dioxide, film stress was measured as deposited,
and then re-measured after annealing at 650 °C for 10 minutes in Nitrogen ambient.
Higher temperatures are expected to further enhance the film quality, however, appli-
cable temperatures are limited to avoid damaging the Ge quality. Annealing appears
to reduce build-in stresses in the PECVD films (fig. 6.3), indicating an enhancement
in film quality, which also reflects on better optical properties. Although this annealing
step is necessary to enhance the passivation film quality, it will have a negative effect on
dopants distribution if doped-Ge is used, or Si-Ge inter-diffusion in the case of Ge-on-
SOI wafers. This inter-diffusion effect forming Si, Gej_, alloys within the Ge micro-disk

is confirmed using Raman spectroscopy, as presented in section 4.5.1.
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It seems that increasing the SiO2 film thickness decreases the built-in stresses. This
relaxation of in-plane stresses in the thin film, are balanced by an increase in stresses
within the Si wafer. This result also agrees with previous MEMS-related studies on
thin SiO9 films, reporting an increase of in-plane stresses for thinner films [80, 177].
For our devices, because Ge is on-top of the BOX layer, PECVD SiO5 layer has to be
ideally with no stress and as thin as possible to allow for beam bending to induce strain
within the devices. Accordingly, for the final devices, a 100-nm-thick PECVD layer was
deposited and annealed at 650 °C for 10 minutes in Nitrogen. And in later processing
stages discussed below, this layer was exposed to HF to reduce its thickness below 10
nm, where it has nearly no effect in terms of strain on the Ge disks, as confirmed by
Raman spectroscopy and photoluminescence measurements later in this chapter, and

previously in chapter 5.

6.3.3 Beam Patterning and Suspension

After SiO9 deposition, patterning of the beams is then done in subsequent dry and wet
etching processes. To dry-etch the beams, patterns are first exposed on a positive-tone
e-beam resist (step (4) fig. 6.1). A 460-nm layer of ZEP520-A is spin-coated on the chips
and baked at 180 °C. This thickness is enough to etch approximately 500 nm SiO2, where
the dry etching rates of PECVD and thermal oxide are nearly the same. A dose of 270
puC/cm? is used after several dose tests to expose the beam patterns. A dual coating
of ZEP520-A can be used to get an 840 nm layer, to etch thicker dioxide layers, yet a
higher dose of 388 1C/cm? should be used. Patterns development is then done using
ZED-N50 for 2 minutes, followed by IPA for 30 seconds. Dry RIE etching is then done
using CHF3 and Ar gases, leaving approximately 20-40 nm BOX un-etched (step (5) fig.
6.1). This way an undamaged bulk Si surface will be exposed by wet HF etching of the
remaining 20-nm-thick SiOy. This is important for the next alkali (TMAH) wet-etching
step, because TMAH etching of Si is sensitive to surface roughness. The dry etching
rate of thermal oxide was 25 nm/minute, while the PECVD dioxide is etched with a rate
of 28 nm/minute. Remaining resist is then stripped using oxygen plasma ashing. The
final stage of suspending the structures is done using wet processes. Starting with 20:1
BHF to remove the remnant BOX, and expose the surface of bulk Si (step (6) fig. 6.1).
This step is critical because the PECVD SiOs layer that encapsulates the Ge structures
is also etched during this step, with two to three-times higher etching rate. This step
can be engineered to reduce the PECVD SiO4 thickness for strain enhancement, where
< 10-nm-thick PECVD SiO3 remains on top of the devices. Immediately after the BHF
etching, TMAH is used to locally etch bulk Si and suspend the structures (step (7) fig.
6.1). The etching rate at room temperature is ~ 9 nm/minute. For the structures to be
suspended, they have to by aligned with (100) directions, because of the anisotropy of
TMAH etching along the (110) directions. In other words, the beams have to be rotated
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(b)

Figure 6.4: Scanning electron microscopy (SEM) images of Ge micro-disks
on freestanding SiO2 beams with different designs highlighting the stable
crystal orientations after TMAH etching: (a) Curved-edge beams, and (b)
rectangular beams. Insets are optical images of similar devices. The device
shown in (a) is the 3-pm-disk device characterized in the later sections of this
chapter (sections 6.6.2.2 & 6.6.2.1), in which sharp-peak whispering-gallery
modes were observed.

45° relative to the (110) notch.

Residual compressive thermal stresses within the BOX layer get partially relieved upon
beams suspension [79]. Built-in compressive stresses exist due to thermal oxidation
process, given that the thermal expansion coefficients of Si and SiO are different [81].
Stresses are partially relieved by elongation of the dioxide layer, and consequently the
beams tend to deflect out-of-plane because of the fixed boundaries [81, 79] (step (8) fig.
6.1). BOX layer expansion will also expand the Ge layer on top, yet the total strain
within the Ge layer will be less than that of SiOs due to germanium’s higher Young’s
modulus, or in other words, lower length expansion due to unit stress applied. At the
same time, beam deflection will affect the strain distribution within the Ge disk and
the beam. Upward bending is expected to impose tensile strain on the top side of the
beam, while the bottom side gets compressed. Somewhere in the middle between these
regions, exists a plane with no change in length, often referred to as the neutral plane.
The position of the neutral plane is exactly in the middle in a simple single-layer defect-
free beam. Yet, this is not the case in our devices as the Ge disk would also shift this
neutral plane. Cross-sectional distribution of the resulting strain is discussed in details

in chapter 5.
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6.4 Final Device Structure

Devices with various beam designs were fabricated, as summarized in section 5.5, in-
cluding simple rectangular beams and beams with curved edges (fig. 6.4). After
scanning-electron-microscopy (SEM) and Raman spectroscopy characterization, curved-
edge beams (fig. 6.5) were found to be advantageous over standard rectangular beams
in terms of stability and deflection profile. Rectangular beams are more susceptible
to fatigue, torsion and deflecting in complicated profiles deviating from the first eigen-
mode shape. While beams with curved edges are more consistent in their deflection
profile, as shown in fig. 6.6, yet, being either upwards or downwards. Wider-section
boundaries (pads) are presumably the reason behind this improved mechanical stability.
Downwards-bending is expected to originate from stiction effects due to the wet-etching
processes. Gas-etching is expected to mitigate this issue, such as Xenon di-fluoride
(XeF32) used for MEMS devices, however, such processes are isotropic and aggressive,
reducing the control over the boundaries. Such techniques are not necessary as most
of the devices were upwards bent. Another privilege of curved beams, which is the
motivation behind their design, is the smooth stress gradient along the beam direction,
consequently avoiding stress-concentration points at sharp boundaries [33, 31], as the
case in rectangular beams [35]. This enhances the survivability of the beam after sus-

pension, and concentrates the resulting tensile strain within the disk region [33, 36].

Although curved-beams can be designed in uniaxial and biaxial forms, our study will
concentrate on the uniaxial design. Because of its simpler design and manipulation, and
less required optimization for strain distribution and profile [31, 38|, which - in the case
of biaxial beams - has to be carefully designed based on computer simulations [36, 85].
Deflection profiles of biaxial beams are also more difficult to control due to the multiple
boundaries. Consequently, most of the recent work on freestanding MEMS-like struc-
tures have concentrated on uniaxial beams for similar reasons [35, 33, 87, 31, 38]. In
fact, as stated in the literature review (fig. 2.1), direct-gap Ge was first achieved by uni-
axial Ge beams [31]. The work on optimizing strain distribution within biaxial-strained
freestanding structures is still undergoing [36, 85], and will be taken into consideration
for future continuation of this work (section 7.2.2). The final device structure is shown
in fig. 6.5 (a) in which Ge micro-disks are dry-etched on SiO2 beams with curved edges.
SiO2 beams were defined by circular holes centered around the micro-disks (fig. 6.5).
Manipulating beam dimensions and suspension area to control the strain is done by
changing the diameter of the holes’ openings (L in fig. 6.5 (a)). Diameters of the holes
define the beam length (L) and the minimum separation between them defines the beam
width (W). Beam design parameters, L and W, were set to 36 ym and 12 um respec-
tively. The choice of the holes separation, or beam width (W), is based on varying the
disks diameters up to 10 pm, hence the beam width was designed slightly wider by 2

wm for alignment tolerance and beam stability with large disks on top. When the Ge
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disk diameter is comparable to the beam width, a remarkable deformation of the beam
is expected, the fact that Ge is initially tensile strained tending to shrink upon releasing
the structure. This is obvious in laser-interference microscopy (LIM) images of 9 and
10 pm disks, fig. 6.6. While this deformation is less likely in the case of smaller disks
(1 - 3 pm disks, fig. 6.6). And accordingly, the holes diameter, or L, is chosen such
that the resulting freestanding beam length is larger than the beam width (12 gm), and
as short as possible based on the privilege of shorter beams in terms of strain. The
circular-holes with 36 um diameter result in a total freestanding length of < 20 pum, due

to the anisotropy of TMAH etching as explained below.

Beams were aligned with (100) directions of the Si substrate, as marked in the optical
microscopy image in fig. 6.5 (b). It was found that the anisotropy of TMAH etch-
ing of Si through circular holes is pronounced along two directions: the standard (110)
at 45°, and (210) at 63.4° relative to the beam direction (010), as shown in fig. 6.5
(b). Consequently, L = 36 pm results in less than 20 pm final beam length due to
TMAH anisotropy. Beams were suspended after TMAH etching, and deflected mostly
upwards, as confirmed by SEM and LIM images (fig. 6.6). According to theory, Ge
micro-disks are mostly tensile strained in the case of upwards bending [79], as confirmed
by cross-sectional strain maps (fig. 5.6). Remarkably, even if the beam is bent down-
wards, tensile-strained regions might exist within the bottom side of the disk, while the
top side gets compressed. As a result, it can be stated that a mixture of tensile and
compressively-strained regions exist within the disks, no matter the bending direction.
Yet, upwards bending is expected to result in higher total tensile strain distribution
within the disk [79]. According to the 3D height maps created by LIM imaging (fig.
6.6), most the disks, especially with diameters smaller than 6 pm, deflected upwards.
For instance, in the case of the 3 um disk, the SiOy beam was bent upwards with a
maximum deflection of approximately 0.8 pm. Height variation due to bending (< 0.2
pum) contributes to strain inhomogeneity, which creates optical gain and loss regions
within the same disk [55, 56, 57]. The effect of bending becomes significant for larger
disks, as the disk might also affect the beam deformation, as seen for example for the
10 pm disk (fig. 6.6).
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Figure 6.6: Laser-interference microscopy (LIM) images of Ge micro-disks
on freestanding SiOy beams with curved edges (L=36 and W=12 um).




126 Chapter 6 Germanium Micro-disks on Freestanding SiOs Beams

6.5 Strain Characterization by Raman Spectroscopy

Raman spectroscopy is used to estimate the strain values within the Ge micro-disks.
High resolution 3000 lines/mm grating is used for this test to determine the peak position
accurately. This is based on the red-shift of the Raman peak of bulk Ge (301 cm™!) due

to tensile strain, according to the relation:

Aw =S X ¢, (6.2)

Where Aw is the relative shift in wavenumbers, € is the strain, and S is a proportionality
factor. S depends on the strain orientation, and several values have been reported as
summarized in table 5.1. A value of 152 cm™! [31, 33] (390 cm ™! [75, 76]) will be used in
our case, which has been reported for uniaxial (biaxial) strained Ge structures. Heating
must be considered in freestanding structures as it induces additional red-shift in the
Raman peak position, resulting in over-estimating the tensile strain value, as demon-
strated in section 5.6.1. This can be accounted for by checking the power dependence
of Raman peak positions, and extrapolating the values to find the limit at zero excita-
tion point. Excitation was done using a green laser (532 nm) with 2 pum spot size, and
exposure was accumulated for 10 seconds and averaged over 50 times. Experimental
data points were fitted by Lorentzian functions to estimate the peak positions. A linear
red-shifting with the rate of -0.18 x10™* cm™! /uW (-6.3x10~* cm~!/uW) was found for
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Figure 6.7: Tensile strain values of Ge micro-disks with different diameters
on freestanding SiO9 beams with curved edges (fig. 6.6, L=36 and W=12
pm for all devices). These values were calculated assuming a uniaxial tensile
strain, while the GOI wafer strain value is biaxial. Inset shows the actual
Raman spectra for bulk Ge and the 3 pym disk.
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Figure 6.8: 2D Raman spectroscopy map of a 3um Ge disk on a freestanding
beam with curved edges, showing: (a) peak intensity that defines the disk
region, and (b) actual Raman shift across the Ge surface.

the un-patterned GOI (3 um Ge micro-disk on freestanding beam with curved edges),
indicating more than 30x sensitivity to heating after suspension. Before releasing the
SiOy beams, Ge disks were slightly tensile-strained (e ~ 0.2%), presumably due to Ge-
on-Si growth during the GOI wafer fabrication process by bonding. After suspension,
tensile strain was enhanced for all disk diameters, as shown in fig. 6.7. Beam dimensions

I was used

are the same for all the disks as clarified in the previous section. S = 152 cm™
to calculate the values in fig. 6.7, assuming a uniaxial strain based on the outcomes of
chapter 5. For example, a uniaxial strain of 0.78, 0.73, and 0.92% is estimated for disks
with 1, 3, and 10 pum diameter. This corresponds to 0.29, 0.28, and 0.35% biaxial tensile
strain, assuming S = 390 cm™!. The maximum measured strain was 1.13% for the 8 ym
disk. This value is mainly determined by the initial built-in stresses in the BOX layer,

and the adhesion between Ge and BOX.

Besides the strain enhancement, its homogeneity is vital for Ge direct-gap emission. In-
homogeneity of strain is reflected onto variations in band-gap energies [26, 25]. Electrons
accordingly have a higher probability of dwelling higher-strained regions, thus, having
a larger optical gain value compared to less-strained regions. As a result, a mixture of
optical gain and loss regions may exist within the same Ge structure, causing a reduction
in the total overlap between resonant modes and gain regions [55, 56, 57]. A 2D Raman
scan (200 nm resolution) was conducted on a 3 pum disk on a curved beam (fig. 6.4 (a)).
Figures 6.8 (a) & (b) plot the Raman intensity and Raman shift across the top surface of
the disk, respectively. Contour lines (6.8 (b)) with solid (dotted) black lines specify the
disk regions with highest-intensity Raman peaks, above 400 (350) counts. These maps
indicated a fairly uniform tensile strain of 0.73% (-1.11 cm~!) distributed over the top
surface of the 3 — ym disk. Stress relaxation at certain points, especially at the edges,

might be originating from the poor adhesion between Ge and BOX.
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6.6 Whispering-Gallery-Mode Resonances

Whispering-gallery-mode (WGM) resonances of Ge direct-gap emission were observed
from a 3-pm-diameter disk on a freestanding SiOy beam with curved edges. An SEM
images of this device is shown in fig. 6.4 (a), and an LIM image is shown in fig. 6.6.
Here, we present a detailed study of these sharp-peak WGMs using computer simula-

tions and room-temperature photoluminescence (PL) measurements.

6.6.1 Finite-Difference Time-Domain Simulations

3D Finite-difference time-domain (FDTD) simulations were conducted to understand
the nature of optical modes existing in a 3 um Ge disk on a freestanding SiO5 beam, as
shown in the inset of fig. 6.9. The choice of the disk dimensions was based on observing
WGM resonances from the actual device. Stack thicknesses were also set to match the
actual device (100-nm Ge on 145-nm SiO3). Built-in material models use wavelength-
dependent refractive indexes based on the famous E. Palik measurements [180], which

are around 4.2 and 1.45 for Ge and SiOs, respectively, around 1.7 pm.

Assuming the wave-guiding of transverse-electric (TE) modes only in 100-nm-thick Ge
[132, 86], an in-plane electric field source E; y was used to excite the structure. A
Gaussian pulse centered around 1.7 pym was launched into the disk to mimic direct-
gap emission of slightly-strained Ge. Simulation time was sufficient to ensure correct
resonant modes monitoring. The simulated spectrum of the freestanding 3 pm disk is
shown in fig. 6.9, with the surface plots of the out-of-plane magnetic field component
H. of the resonant modes shown on top. Accordingly, the resonances can be identified
as WGMs at 1506.8, 1559.9, 1625.4, 1707.2, and 1809.9 nm. Following the notation
of TE,, ;, where m is the azimuthal number and [ is the radial number of the WGMs.
These modes can be labelled as TEq3 1, TE12,1, TE11,1, TE10,1, and TEg 1, respectively.

Table 6.4 lists the effective refractive index values (neg) for these modes.

Mode A(nm) DNeff (a)neff,calc|R:1.5um
TEg; | 1809.9  2.5125 1.729
TEq0,1 | 1707.2  2.57275 1.812
TEq11,1 | 1625.4  2.64574 1.898
TE12,1 | 1559.9  2.746 -

TE13,1 | 1506.8 2.837 -

Table 6.4: Effective refractive index of WGMs in fig. 6.9
(@) neg calculated using equation 2.9, assuming R = 1.5 pm and azimuthal mode
numbers (m) extracted from simulations.
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Figure 6.9: Spectrum of electric field (&) resonances in-plane of a 3 pm
disk on a freestanding SiOy beam (shown in the SEM image inset). Con-
fined modes with sharp peaks are whispering gallery modes as confirmed by
surface plots (top) of magnetic field component (7—22)

6.6.2 Photoluminescence Measurements

Direct-gap photo-Luminescence (PL) of the devices was measured at room-temperature,
using a free-space microscope set-up in which pumping and PL signal collection is done
from top, and guided into a liquid-nitrogen-cooled extended InGaAs detector. Excita-
tion was done using a continuous-wave laser with a wavelength of 730 nm, and using the
exposure conditions listed in table 5.3. The laser beam is focused into a ~2 um spot at
the sample surface using a 50x objective lens, at 400 uW excitation power. PL spectra
of Ge disks with different diameters on freestanding beams with curved edges (fig. 6.6)
are shown in fig. 6.10. The peak around 1.6 — 1.7 um corresponds to the direct-gap of
slightly-strained Ge [17, 1, 165, 32, 95]. A red-shift in the spectra is observed relative
to bulk Ge (~ 1.55 um), as expected due to tensile strain confirmed by the Raman
measurements. Measured strain values contribute to red-shifting the Ge direct-gap peak
up to 1.63 — 1.64 pm [26, 25]. Additional red-shift is mainly due to heating effects from
laser excitation (figs. 5.12 & 5.13) [105, 16, 131, 107].

As appears from the spectra of different disk sizes (fig. 6.10), sharp-peak resonant
modes were confined only in the 3 um disks. Based on simulations, these resonances
can be attributed to TEq1,1, TEq0,1, and TEg 1 WGMs, as shown in fig. 6.11. Maximum
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Figure 6.10: Photoluminescence spectra of Ge micro-disks with different di-
ameters ranging from 1 to 10 ym on freestanding SiOy beams with curved
edges. Sharp WGMs are observed in 3 um disks, while broad-peak reso-
nances are observed in 6, 8, and 10 pum disks.
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Figure 6.11: Whispering-gallery modes as observed in the photolumines-
cence spectrum of a 3 pm Ge disk on a freestanding SiO2 beam with curved
edges. Lorentzian function fit of TEg is shown in red, which is used to
estimate Q-factors and peak positions.
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Q-factors were 67, 182, and 191.8, respectively, estimated by dividing the central wave-
length by the full-width half-maximum (FWHM), equation 2.11. On contrary, spectra
of smaller disks (1 and 2 um diameters) were extremely broadened, without any signifi-
cant modulation by cavity resonances (fig. 6.10). This broadening can be explained by
severe heating, especially that the disks are smaller than the laser spot size. Q-factors
of WGMs are expected to be lower in smaller disks due to higher interaction between
the mode and the surface [138]. On the other hand, the cavity modulation was appar-
ent in larger-disks spectra which had broad-peak resonances, as can be seen for 6, 8,
and 10-pm disks in fig. 6.10. Free spectral range (FSR) decreases as the disk diameter
increases, resulting in more broad-peak resonances within the same wavelength range.
The absence of sharp-peak resonances in larger disks can also be related to the laser spot
size, as a 2 um beam is not sufficient to pump the whole disk area. Such resonances are
not as significant for monolithic operations as those observed in the 3 um disks, which

will be discussed further below.

6.6.2.1 Excitation Power Dependence

To form a better understanding of WGMs behavior, we excited the 3 pm disk with
different power levels as shown in fig. 6.12. On a log-scale figure, TEq1; WGM is nearly
invisible due to its low intensity and Q factor. Its vicinity to the direct-gap absorption
edge [16, 107] imposes high losses on the confined mode, which explains the lowest Q-
factor relative to the other two confined modes at higher wavelengths. So, discussions
below will concentrate on TEjq 1, and TEg ;. Increasing the excitation power up to
800 uW causes the direct-gap emission to increase accordingly, as expected due to the
increase of injected carriers. Considering the intensity of each mode separately, TEjq 1

P2.28 and Pl .98

and TEg 1 modes are proportional to , respectively, where P is the ex-
citation power. This quadratic (o< P~?) dependence is shown in fig. 6.13, and it is

expected based on our previous study of the PL of intrinsic Ge presented in chapter 3.

Figure 6.14 (a) plots I'-HH PL-peak positions (from fig. 6.13), while fig. 6.14 (b) plots
the Raman peak positions of the same structure, against the laser excitation power for
the 3 pm disk device. Matching these two sets of data can be used to estimate a value for
the proportionality factor S used in the Raman-strain equation 6.2. I'-HH peak evalu-
ated at the limit of no excitation power corresponds to a band-gap energy of ~ 0.778eV,
and using theoretical calculations (Appendix B, parameters in ref. [26]), this energy is
due to ~0.82% (0.3%) uniaxial (biaxial) tensile strain. Inserting these values in equation
6.2, where Aw is —1.11 cm™! for the same device, and solving for S yields a value of
135 (370) ecm~! for uniaxial (biaxial) strain. These values agree to a very good extent
with the reported values of 152 [31] (390 [75, 76]).
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6.6.2.2 Quality Factors

Resonant peaks in fig. 6.12 were fitted with Lorentzian functions to determine the Q-
factors and peak positions for TEjq 1, and TEg 1, as summarized in figs. 6.15 & 6.16,
respectively. A trend of Q-factors degradation and red-shifting of resonant peaks upon
increasing the pumping levels is evident for both WGMs. Similar results have been
reported by several groups using optical [89, 55, 56, 57] and electrical [181] carriers in-
jection, given that lasing has not been reported from a Ge micro-disk yet. This degrada-
tion of Q-factors at higher carrier-injection levels can be attributed to two main reasons:
Firstly, heating-induced band-gap narrowing causing a shift of Ge direct-gap absorp-
tion edge towards higher wavelengths [27, 16, 60, 59]. This increases the absorption
coefficient at lower wavelengths imposing pumping-proportional loses. Higher-energy
(shorter-wavelength) modes are more affected by this loss mechanism, according to
their position relative to the vicinity of the Ge direct-gap absorption edge [16, 131, 107].
Another main loss mechanism responsible for Q-factors degradation is free-carrier ab-

sorption (FCA) losses which increase with pumping due to additional photo-induced
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Figure 6.12: Photoluminescence power-dependence of the whispering-
gallery modes observed in the 3 um Ge micro-disk. Red-shift of the spec-
trum, and degradation of Q-factors is observed at higher excitation levels.
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Figure 6.13: Quadratic dependence of the whispering-gallery-modes inten-
sity on excitation power. This result agrees with our previous results shown

in chapter 3 for intrinsic Ge PL power dependence.
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Figure 6.14: Raman and photoluminescence peak positions at the limit of
no excitation power, found by extrapolating the peak positions at different
power levels. (a) shows the main I'-HH peak positions, and (b) shows the Ge
Raman peak position. This data results in a Raman-strain proportionality
coefficient S of 135 (370) for uniaxial (biaxial) strain.

carriers [49, 32, 25, 89]. The effect of FCA is more pronounced for lower-energy (higher-

wavelength) resonances [49, 32, 25], as indicated by equation 2.4. As these loss mech-

anisms are associated with the density of injected carriers, Q-factors of the WGMs are

affected by pumping levels, until they become barely detectable at 800 uW, (fig. 6.12).

Examining TEjo; and TEg; WGMs separately (figs. 6.15 & 6.16), a difference in their
degradation trend is evident. It can be seen that up to 300 uW pumping, both modes are

broadened in a similar manner (Q-factor |). For higher excitation levels, the Q-factor

of TEjp, (fig. 6.15) starts to decline with a much higher rate compared to TEg; (fig.
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Figure 6.15: The effect of excitation power on the Q-factor and peak position
of TEq0,1. Increasing the power contributes to degradation in Q-factor and
a red-shift in peak position. Significant drop in Q-factor after 0.3 mW is
attributed to the red-shift in Ge direct-gap absorption edge due to heating.

_ 40
[ )
o _oo .
ce ®
10° o P
P 30
[
=
. 25 ¢
2 TEo - 2
“(|§ [ | 20 é
(04 15
H > s
[ | Y
<
[ | 5
ot M
0.2 0.4 06 08 °

Excitation power (mW)

Figure 6.16: The effect of excitation power on the Q-factor and peak po-
sition of TEg ;. Increasing the power also contributes to degradation in
Q-factor and a red-shift in peak position. A steady degradation rate of the
Q-factor is attributed mainly to free-carrier absorption, as the red-shift of
the absorption edge is not sufficient to approach this mode at such power
levels.

6.16), which undergoes a nearly constant degradation rate. This can be understood by
considering that both modes are initially affected by FCA, up to 300 pW. Up to this
power level, the red-shift in the direct-gap absorption edge is not enough to affect TEjq
yet. At higher power levels, the heating-originated red-shift of the direct-gap absorp-
tion edge continues, overshadowing the lower-wavelength mode (TEjg ;) until it becomes
non-detectable above 600 pW. Up to this excitation power, the higher-wavelength mode
(TEg;) remains at a safe distance from the direct-gap absorption edge, suffering only
from the increase in FCA. This higher-wavelength peak is observed even at 1000 puW.
This indicates that absorption due to the red-shift in the absorption edge (heating) is
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more significant than the FCA in preventing lasing. In order to avoid high injection lev-
els, higher tensile strain and n-type doping are required. n-type doping [123] is expected
to reduces FCA losses, by allowing inversion with reduced levels of injected holes, which
have a higher contribution to the total FCA compared to electrons [32], as demonstrated

earlier in fig. 2.4.

6.6.2.3 Optical Losses & Required Improvements

According to the data in fig. 6.16, the Q-factor of TEg1 WGM can be considered FCA

limited (Q . ., term is dominant in equation 2.12). FCA losses (afe, in cm™!) can

then be estimated using the following equation provided in refs. [138, 55]:

21 Neff

Qrca = (6.3)

« fca)\
Qrca is the FCA-limited Q-factor, which can be used as 192 for TEg i, at a free-space
wavelength (\) of 1809 nm (1809x10~7 cm). neg is the effective refractive index which
has an experimentally calculated (simulated) value of 1.73 (2.51), as summarized in ta-
ble 6.4. According to these vales, af, losses is on the range of 312(453) cm™~!. With

strain values similar to ones in our devices, extreme doping in the order of ~ 10%° cm ™3,

and high injection density in the order of ~ 10" ¢cm™3

, might be required to overcome
such optical loss values [92], assuming no additional losses are added to the system due
to the doping and injection. And because such conditions are too extreme, higher ten-
sile strain values are required for practical applications. An equivalent combination of
1.2% biaxial strain, ~ 10! cm™3 doping, and ~ 10" cm™ injection density, can be
used [92]. Additional improvements can be applied by a suitable passivation layer to
terminate the active bonds at the surface of dry-etched Ge and enhance the carriers life-

time [1, 6]. Thermal oxidation of Ge after dry-etching is one possible approach [117, 182].

In conclusion, introducing higher tensile strain, and n-type doping is necessary to over-
come optical losses. Although optimizing the beam structure in our devices might
slightly enhance the strain, the maximum achievable tensile strain values are limited
by the initial built-in stresses in the BOX layer. Consequently, n-type doping must also
be incorporated, and as the current GOI wafers could not be doped without peeling-off
the Ge layer (chapter. 3), the successfully-doped Ge-on-SOI stack (chapter 4) has to
be used instead. Slight modifications of the designs are proposed for the future work
(section 7.2.2) modifying the strain into biaxial and permitting the use of external stress

liners.
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6.7 Summary

In this chapter, we have demonstrated a combination of an optical cavity and a MEMS-
like freestanding structure for strain application. The effect of strain for Ge monolithic
emission purposes was investigated and discussed based on computer simulations, Ra-
man spectroscopy, and photoluminescence measurements. We have shown that it is
possible to accumulate tensile strain by using freestanding structures as confirmed by
Raman spectroscopy, however tensile strain values were limited by the initial built-in
stress in the BOX layer. Further optimization of the stack, to enhance the adhesion be-
tween Ge and BOX, or the structure itself has to be undertaken. Raman spectroscopy
was also used to check the homogeneity of strain distribution within the Ge disks, and
a relatively uniform distribution was confirmed. Sharp-peak resonances were observed
from 3 pm Ge disks on freestanding SiOs beams with curved edges, and were attributed
to whispering-gallery modes based on computer simulations. A maximum Q-factor of
~ 200 was estimated. Broad-peak resonances were also found in the photoluminescence
spectra of larger disks, while smaller disks suffered from severe heating represented in
significant spectrum broadening. Power-dependence of the WGMs was studied in details,
revealing a quadratic power dependence of intensity, explained by the intrinsic nature
of the disks, coinciding with our previous results presented in chapter 3. Combining the
Raman and PL peaks positions we could estimate a proportionality factor relating the
Raman shift with the strain value, agreeing to a good extent with previously reported
values from other groups. Excitation-related loss mechanisms such as the red-shift of
direct-gap absorption edge and free-carrier absorption were predominant and prevented
monolithic operation. Higher strain and n-type doping are required to overcome losses,
and avoid high-pumping conditions. Further optimization and an improved structure
based on the n-type-doped Ge-on-SOI stack (chapter 4) is proposed in the next chapter

for future work.



Chapter 7

Conclusions and Future Work

“That is the way to learn the most, that when you are doing something with such

enjoyment that you dont notice that the time passes.”

Albert Einstein, from an advice letter to his son.

7.1 Conclusions & Contribution

This project is a step taken on the road towards realizing a Ge laser source, for a com-
plete integration of photonic circuitry on CMOS platforms. Related to a relatively new
topic, our study focused on the formation of a better understanding of Ge direct-gap
emission and proof-of-concept investigations. We have contributed with two topical re-
view papers, summarizing the necessity of group-IV laser sources [1] and the research
milestones undertaken in this aspect. In addition to clarifying research approaches and
methodologies towards a Ge laser in specific [5]. Experimental work concentrated on
two main engineering routes, tensile strain and n-type doping, in order to enhance Ge
direct-gap light-emission efficiency. The contribution in the form of published articles

and conferences is given in appendices C & D.

Chapters 3 and 4 presented the work on n-type doping of Ge using phosphorus (P)
atoms. Spin-on doping (SOD) was investigated as a simple and cheap approach of in-
troducing high concentrations of impurities to Ge. Initial doping trials were done on
70-nm-thick GOI films using different types of spin-on dopants (water and alcohol-based)
and furnace annealing at relatively low temperatures (chapter 3). Although a maximum
doping of 1 — 2 x 10" cm ™3 was achieved, film quality was degraded during the doping
process [2, 4]. This degradation was represented in Ge layer peeling-off and cracking,
attributed to the fragile nature of the thin GOI films, due to the weak adhesion be-
tween Ge and the buried oxide. We could successfully detect ~10x enhancement in the

direct-gap photoluminescence (PL) signal compared to intrinsic Ge. A transformation of

137
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the PL intensity dependence on pumping power was observed, switching from quadratic
(intrinsic) to linear (doped). This result was explained by the steady-state rate equation
of the holes density, confirming the role of n-type doping in filling the L valleys in the
conduction band [2]. Subsequent experimental work (chapter 4) used a specific type
of spin-on dopants (alcohol-based) based on the initial results, and focused on develop-
ing a doping recipe with high activation level and minimal damage on Ge crystalline
quality. As Ge peeling-off and cracking problems were attributed to the fragile GOI
films, a new stack of Ge-on-SOI was used for a better adhesion. A reliable doping recipe
was successfully developed at relatively high temperatures and shorter durations using
rapid-thermal annealing (RTA), resulting in an electrically-active doping concentration
of ~ 2.5 x 10! ecm™3. Although some resources in literature predicted that the reason
behind the limited doping levels achieved using SOD is due to the limited source of P
atoms, the experiments in chapter 4 contradict this claim. More probably, the limit on
doping level is originating from the diffusion mechanism of P in Ge, agreeing with some
theoretical works which proposed this explanation. The extremely fast diffusivity of P
in Ge, which also increases rapidly with source concentration, causes P atoms to diffuse
through or out of the Ge layer instead of being incorporated into the crystal. Achieving

extremely high doping levels in Ge has to overcome this fast-diffusivity issue.

On the other hand, the other part of this project concentrated on tensile strain engi-
neering, which has the major impact on enhancing the radiative recombinations of Ge.
The use of Ge-on-insulator (GOI) wafers is proposed as a suitable platform providing
flexibility in patterning the Ge layer as an active optical layer, meanwhile utilizing the
buried oxide (BOX) as a source of stress. Ge layer was patterned into micro-disks pro-
viding optical confinement, while freestanding beams made of the BOX layer were used
to exert tensile strain on the Ge disks on top. Consequently, a proper study on the
nature of strain obtained by releasing the BOX layer was conducted in chapter 5. 3D
finite-element computer simulations, Raman spectroscopy and PL measurements, were
used to understand and optimize the tensile strain within Ge micro-disks on freestanding
SiOg beams [6, 4, 5]. It was shown that the orientation, value, and homogeneity of the
strain can be controlled through the beams design. Effects of design parameters on the
strain were discussed in details, such as the beams length and width and the properties
of the buried-oxide. Results of computer simulations, Raman and PL measurements co-
incided in observing higher tensile strain values within shorter freestanding SiOy beams.
Tensile strain effect on splitting the light and heavy-hole bands was observed in the PL
spectra of uniaxial beams, agreeing with theoretical predictions. A comparative study
of strain using wafers with different stacks based on simulations and Raman measure-
ments, promoted GOI wafers over Ge-on-SOI wafers for higher achievable tensile strain,

and consequently the GOI stack has been used in the fabricating the main devices.
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For the final devices, beams with curved edges and optimized design parameters were
fabricated. Devices were characterized using laser-interference microscopy, Raman spec-
troscopy, and room-temperature PL measurements. Accumulation of tensile strain with
fairly-acceptable uniformity was confirmed by Raman spectroscopy. An average ten-
sile strain value of ~ 0.7% uniaxial was achieved. By matching the data from Raman
spectroscopy and PL measurements, we estimated the value of the Raman-strain pro-
portionality coefficient S, which agrees to a good extent with values reported by other
groups. Sharp-peak whispering-gallery modes within the Ge direct-gap emission were
observed from 3-um disks on freestanding beams with curved edges. A quality factor
of 200 was obtained in 100-nm-thick intrinsic Ge, indicating the potential of achieving
high Q-factors. Performing a detailed study on the power dependence of the resonant
modes, we could highlight two excitation-related loss mechanisms preventing monolithic
operation, which are the red-shift of the direct-gap absorption edge and free-carrier-
absorption (FCA) losses. The study has shown the necessity of avoiding high pumping
levels, where losses due to the red-shift of Ge direct-gap absorption edge were found to
be more significant compared to FCA losses. Assuming an FCA-limited Q-factors we
could estimate the optical losses to be ~ 312 cm™!, and additional engineering require-

ments have been discussed accordingly.

In conclusion, Ge band-gap engineering by tensile strain and n-type doping holds the po-
tential of realizing a low-threshold Ge laser. The current research level has not achieved
this goal yet, but it is rapidly progressing. Although tensile strain has the main impact
on the optical gain of Ge, outcomes of this project and recent feedback from literature
indicate the necessity of combining tensile strain and heavy n-type doping in the same
device, for a practically-implementable Ge laser. In the next section, several ideas are

proposed for this aim as a future work.
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7.2 Future Outlook

There is plenty of room for device optimization in order to further increase Ge material

gain. This can be planned in three separate routes as proposed below.

7.2.1 Techniques for Higher Doping Levels

A limit on phosphorus (P) doping concentrations exists presumably due to the diffu-
sion mechanism. As low-temperature long-duration (chapter 3), and high-temperature
short-duration (chapter 4) processes have been investigated with extremely-high source
concentrations, in addition to repeated doping of the same chip for multiple times, other
doping approaches has to be considered. The use of other types of impurities, such as
Arsenic (As) might be possible, especially that full activation of As atoms is possible
even at 500 °C [104], in addition to its high solubility (table 2.3). However, in spite of the
larger atom size of As compared to P, it diffuses with a higher velocity through the Ge
lattice (fig. 3.2) through a doubly-negatively-charged vacancy (V ~2) mechanism, with a
quadratic increase of diffusivity proportional to concentration, similar to P [104]. This
raises doubts around moving towards As, instead of P. The use of As is often restricted
in educational facilities due to its potential hazards. Antimony (Sb) is a less-tempting
option because it has the highest diffusivity among these three elements (fig. 3.2), and
the lowest solubility at the same time (table 2.3). Another possible approach that has
recently caught the interest of several groups is co-doping of P and other impurity atoms,
aiming to alter the diffusion mechanism of P and control the doping level [112, 102, 187].
This approach is also tempting as a standard ion-implantation process, although requir-

ing defect-reduction annealing steps afterwards.

Another interesting idea that is worth exploring, is introducing a slight percentage of
Si atoms into the Ge layers, forming Si,Ge;_, alloys with extremely high Ge content.
Moving from pure Ge (z = 0) to pure Si (z = 1) is expected to gradually increase the
solubility of P, and modify the diffusion mechanism, represented by a lower diffusivity
[172, 104, 173]. This is deduced from the experimental work presented in chapter 4, in
which a doping level of ~ 1019 (~ 10?°) em™3 is achieved in Ge (Si) doped using the
same source. Ideally, the target of such experiment is to achieve heavily-doped (~ 10%°
cm™>) Ge-rich Si,Ge;_, alloy, with an extremely-low Si percentage (x). Although this
has not been widely studied yet, from optical point of view, the resulting Ge-rich alloy is
expected to be more similar to Ge, rather than Si. Emission of Si, Ge;_, alloys, as shown
in fig. 4.7, has a relatively high intensity compared to Ge, and positioned slightly below
1.55 pm, permitting the introduction of strain and heavy doping, while maintaining the

emission wavelength within the desirable telecommunication range.
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7.2.2 Optimization of Strain and Cavity

The proposed platform of GOI is highly flexible due to the separation of strain and
optical layers engineering. Although the obtainable strain is mainly dependent on the
built-in stresses in the buried-oxide (BOX) layer, and the Ge/BOX thickness ratio, a
slight enhancement of tensile strain is expected through design optimization. Mainly,
the reduction of pin-point build-ups of strain due to sharp beam edges is recommended
[33, 36]. Moreover, reducing the width of the beam, especially in the middle, is expected
to enhance the strain. This is limited by the Ge disk size on top of the beam, however,
a change of the cavity design - for example - to circular bragg grating [188] (circular 1D
photonic crystal [189]) with a middle pillar diameter of ~ 200 — 400 nm permits this
improvement. In theory, very high Q-factors are expected in such periodic structures
[188, 189]. This design has another advantage of better strain uniformity within such
a small pillar, compared to a few-micron-sized disk, bearing in mind that the optical
mode mostly dwells the middle region of the central pillar, instead of a whispering-

gallery mode requiring high strain at the edges.

However, as concluded from this work, taking the performance a step forward requires
incorporating n-type doping and tensile strain at the same time. To achieve this, Ge-
on-SOI wafers have to be used instead of GOI wafers (chapters 3 & 4). This requires
modifying the designs of the freestanding beams, as they degrade the tensile strain in
the case of Ge-on-SOI wafers, as deduced from section 5.8. The reason behind strain
degradation was the encapsulation of the Ge-on-SOI disks between the pre-stressed BOX
and PECVD cap layers, which are constrained by fixed boundaries from two sides caus-
ing them to counter-act each other upon suspension. A simple manipulation of the
boundary conditions can be done to exploit the PECVD cap layer as a stress-liner for
strain enhancement, instead of counter-acting the BOX. This is done by fabricating
Ge-on-SOI micro-disks on pedestals, instead of beams, encapsulated all-around by the
BOX (bottom side) and PECVD cap (top and sides) layers; After patterning, these
pre-stressed SiOs layers expand and because of the free circular boundaries all around
the disk, they will both contribute to tensile-straining the Ge disk. This scenario is
similar to interesting works by other groups on Ge micro-disks and rings strained by
all-around stress liners [57, 29, 30], which have resulted in the highest biaxial tensile
strain values up to now. In fact, all-around stress-liners have been proposed after the
initial studies on stress-liners deposited on-top of Ge micro-disks [55, 56], in order to
solve a major issue of the low-tensile-strain regions at the disk edges, which is not suit-
able for whispering-gallery modes (WGM) confinement. Although all-around coverage
of the disks enhanced the strain at the edges, tensile strain is still higher within the inner
regions of the disks. Here, we propose another approach to enhance the overlap between
the highly-tensile-strained regions and the optical mode by ”squeezing” the WGM into

the inner regions of the disk, instead of engineering the coverage of the stress-liner. This
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can be done by etching a grating around the circumference of the disk, resulting in a
micro-gear shape [190, 191]. Consequently, the low-strain regions at the edges will be
within the grating periods, while the WGM is pushed inwards, moving closer to the
middle regions of the disk. A detailed study of the expected emission spectrum and
mode profiles in micro-gear structures can be found in references [190, 191], which have
been proposed previously to filter-out some resonances from the emission spectrum of
ITI-V micro-disks, in order to reduce the lasing threshold. In addition to combining
tensile strain and doping, another advantage of this structure is being less prone to
heating compared to the freestanding beams, because of the Si pedestal forming a heat

dissipation path into the substrate.

7.2.3 Lower-Dimensions using the Same Platform

Considering the history of III-V semiconductor lasers, as summarized in fig. 2.6, reducing
the dimensions of the gain material from bulk into quantum structures have been the key
to realize extremely-low-threshold operation. An enhancement in threshold was achieved
by each reduction in dimensions. Theoretical models predict that using the electrons
of the L valleys by fabricating Ge quantum-well (2D) structures is not advantageous
[1]. Further reduction in dimensions by utilizing 1D nano-wires (NW) or 0D quantum
dots (QD), worth examining. It would be possible to investigate Ge quantum dots, for
example, using our GOI platform. Ge quantum dots can be fabricated in a top-down
process, on freestanding SiOy structures for strain enhancement. Wet processes, ideally
anisotropic, can be tuned to fabricate sub-Bohr-radius Ge quantum dots. A cavity is also
required in this structure, and this can be done by depositing a layer of low-loss silicon
nitride on top, then pattern it into micro-disks, or even photonic-crystals, embedding the
Ge QDs. Initial compressive stresses can be introduced into this SigNy4 layer, such that
it expands after patterning to impose tensile strain on the QDs. Generally speaking,
most of the research efforts up to now targeted bulk (3D) Ge structures, and further

studies are required to explore lower-dimension Ge structures as a possible gain medium.



Appendix A

Selected Fabrication Processes

This Appendix contains summaries of important fabrication parameters used for various

processes mentioned in the report.

A.1 Amorphous Si Deposition using PECVD

Process Parameter | Value Unit
Stabilize chamber Temperature 200 °C
Hs flow 100 scem
Pre-deposition purge (*) Pressure 400 mT
Time 1 min.
. Power 20 W
Pre-deposition plasma ) .
Time 3 min.
SiH4 flow 100 sccm
Hs flow 100 scem
Silane purge Ar flow 300 scem
Pressure 400 mT
Time 2 min.
Pressure 400 mT
Deposition Power 10 A\
Time ) 30 sec.
Ar flow 100 sccm
Inert gas purge Pressure 400 mT
Time 2 min.

Table A.1: Amorphous Si deposition recipe using PECVD
(@) Organic contamination cleaning and surface activation.
®) 10 nm a-Si.
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A.2 SiO, Deposition using PECVD

Process Parameter | Value Unit
Stabilize chamber | Temperature 350 °C
SiH4 flow 4.2 scem
Ny flow 80 sccm
Gas purge N>O flow 350 sccm
Pressure 1000 mT
Time 2 min.
Pressure 1000 mT
Deposition Power 20 W%
Time (@) 1:40 min.
Ny flow 100 scem
Inert gas purge Pressure 1000 mT
Time 2 min.

Table A.2: SiO2 deposition recipe using PECVD
(@) Results in 100-nm-thick SiOs.

A.3 Ge Dry Reactive-Ion Etching

Process Parameter | Value Unit
SF¢ flow 36 scem
O9 flow 36 sccm
Gas purge
Pressure 30 mT
Time 30 sec.
SFg flow 36 sccm
O9 flow 36 scem
Silane purge Pressure 30 mT
Power 100 Watt
Rate (9 200  nm/min.

Table A.3: Ge dry reactive-ion etching recipe
(@) Ge etching rate per minute, selectivity with SiO is 5 (Ge) : 1 (SiOs).



Appendix B

(Generalized Hooke’s Law and
Band-Gap Deformation

Calculations

B.1 Generalized Hooke’s Law

Hooke’s law in its one-dimensional form states that if a force (F') is applied on a spring,
then it is displaced for a certain distance (z) determined by the stiffness of th e spring,

or the spring constant (k), as follows [186, 79]:

F=Fkxux (B.1)

This one-dimensional law can be generalized for any three-dimensional elastic object,

using a formula referred to as Cauchy’s stiffness tensor [186, 79]:

Tij = Cijkl-€kl (B.2)

oi; is F' per unit area, c;;, are elastic stiffness tensors replacing the spring constant in
Hooke’s law. € is the corresponding fractional change of length, or the strain tensor.
This formula can be written in the matrix form, where c;j5; is a 9 x 9 matrix with 81
elements [186]. Making use of symmetry, by considering an isotropic cubic semiconductor
lattice which is the case for Ge or Si, the stiffness tensor reduces to a 6 x 6 matrix as it
reduces to an order of two (¢;;) [186]. This is a result of having only three independent
stiffness components in a symmetric material, namely, ¢11, c12, and ¢q44 Consequently, we

can write the generalized Hooke’s law as follows [186]:
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Ozx ci1 ci2 c2 0 0 O €rz
O‘yy C12 C11 C12 0 0 0 ny
0 | _ |12 12 en 0 0 O €22 (B.3)
O'yz 0 0 0 C44 0 0 2€yz
Oz 0 0 0 0 ey O 264,
Ozy 0 0 0 0 0 Cq4 2€xy

Neglecting shear stresses represented by cy4 stiffness elements, this reduces to:

Oz C11 C12 C12 €xx
Oyy = CcC12 C11 C12 Eyy (B.4)
02z C12 C12 Ci11 €2z

In the case of uniaxial stress application, the values of 0, and o, are zero. Substituting

this in Equation B.4 and eliminating the 2"¢ and 3" lines results in [186]:

C12
€yy = €27 = ——————€4p (B.5)
c11 + c12
On the other hand, for biaxial stresses, o, and oy, are equal, while o, equals zero in

equilibrium. Substituting in Equation B.4 and solving results in:

€12
€yy = €z and €rp = —ZC—em (B.6)
11

Similar results can be reached by inverting previous equations B.2, and solve for e
[186]:

-1
€ij = Cijkl'gkl = Sijkl-Okl (B.7)

Where, 5,1, is called the compliance tensor, the inverse of the stiffness tensor c;;r;. Typ-

ical values of elastic stiffness constants of Ge and Si are summarized in table B.1.
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B.2 Band-Gap Deformation

Relative values of normal strain components deduced in equations B.5 and B.6 are used
with deformation-potential theory equations [25, 26, 28], to see the impact of strain on
the band gap. The only variable input in these equations is one of the normal strain
components, in our case €;,. It is possible to plot the energy of I' and L valleys in the
conduction band, in addition to heavy and light-hole bands in the valence band. Direct
and indirect band-gaps are defined by the energy difference between the light-hole band,
and I" and L valleys, respectively. As the parameters used in calculations have different
reported values - summarized in table B.2 -, energy-bands behavior against strain is
slightly affected. Below is a summary of equations modelling the behavior of main
energy bands in Ge, as found in the references in table B.2. The energy difference of
the lowest conduction band at the I' and L points due to a change in volume can be
calculated as:

AEE = o1 (€gp + €yy + €22) (B.8)

AEL = aop(€gn + €yy + €22) (B.9)

Where, AE!" and AEY are the change in energy (eV) in CB valleys minima relative
to the unstrained values ECI: o and E&O, respectively. a. r and a1, are the hydrostatic
deformation potentials for I' and L valleys, respectively, with values summarized in table
B.2. The shifts in LH and HH energies relative to the unstrained states (EI = ELH =

0), can be calculated as follows [28]:

AEHH — _p_ Q. (B.10)
AEHT = —P, 4 0.5(Qc — Ao + /A + 2080 +902) (B.11)
Given that,
Pe = —ay(€ga + €yy +€22) (B.12)
Qc = —0.508y(€xx + €yy — 2€.2) (B.13)

Where, «y, 8y, A are the hydrostatic and shear deformation potentials, and the spin-
orbit splitting, respectively. Values of parameters listed in these equations are summa-
rized in table B.2.
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Material | Parameter | Value | Unit | Ref. (@
C11 131.5
Ge C12 49.4
C44 68.4

C11 167.5 GPA [26]
Si C12 65
C44 80.1

Table B.1: Elastic stiffness constants for Ge & Si
(@) Other values can be found in refs. [192, 88, 186].

Parameter Symbol | Value | Unit | Ref.
0.8 [25]
Initial direct-gap (@) E, 0.802 [28]
0.89 [26]
T 0664 R3]
Indirect-gap (@) ECLD 0.661 [28]
0.74 [26]
-9.75 25
CB I def. pot. ® QT 894 oV [2é7 %8]
At 36 ] s ]
CB L def. pot. QeI -2.34 [28]
-1.54 [26]
V B hydrostatic def. pot. |  «, | 1.24 | | [26, 28] |
V' B shear def. pot. B, | -2.16 | 28] |
Spin-orbit splitting Ag 06?39 [2?’ 6?5]

Table B.2: Summary of parameters used for calculating Ge strain-induced band-
gap deformation

(@) Band gap values are at room temperature.

®) def. pot. = deformation potential.
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