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Tensile-Strained Germanium via III-V Heterostructures
for Emerging Electronic and Photonic Applications

Shuvodip Bhattacharya

(ABSTRACT)

The relentless scaling down of feature dimensions in silicon (Si)-based complementary
metal-oxide-semiconductor (CMOS) architectures has been the primary catalyst for the
enhancement of technological functionalities within portable electronic systems and
computational infrastructures. Concurrently, advancements in condensed matter physics,
materials science, and state-of-the-art fabrication methodologies have collectively
facilitated continued improvements in device performance metrics. Nonetheless, as Si and
strained-Si-based platforms approach phenomenological saturation thresholds, the
pursuit of alternative channel semiconductor materials becomes imperative.
Simultaneously, the escalating integration of Si photonics aims to mitigate the
performance bottleneck imposed by copper-based electrical interconnects at nanoscale
dimensions. In this context, band-engineered germanium (Ge) emerges as a pivotal
candidate for propelling next-generation electronic and photonic device paradigms. This
study systematically examines unintentionally doped and heavily boron (B)-doped,
tensile-strained germanium (𝜀-Ge), synthesized via III-V metamorphic buffer layers
comprising InGaAs and InAlAs. The structural quality and carrier dynamics of such Ge
epilayers is characterized with a comprehensive suite of advanced techniques, including
transmission electron microscopy (TEM) for defect analysis, high-resolution x-ray



diffractometry (HR-XRD) for strain and lattice parameter determination,
microwave-reflectance photoconductive decay (𝜇-PCD) to quantify effective carrier
lifetimes 𝜏𝑒𝑓𝑓 , and atomic force microscopy (AFM) for surface morphology assessment.
Through iterative refinement of epitaxial growth parameters, defect-limited 𝜏𝑒𝑓𝑓 > 100𝑛𝑠
is achieved in unstrained Ge and 𝜀-Ge, with strain levels surpassing the indirect-to-direct
bandgap crossover threshold. These findings position 𝜀-Ge as a viable material for
photonic device integration. Furthermore, detailed comparative analyses reveal that
heteroepitaxial growth on InGaAs templates yields superior crystalline quality compared
to InAlAs counterparts, establishing InGaAs as the preferred buffer for 𝜀-Ge integration.
The feasibility of integrating overlayers on 𝜀-Ge to mimic quantum well separate
confinement heterostructure configurations is demonstrated, enabling the fabrication of
Ge-based active optical sources. Notably, for the first time, combined experimental
validation and atomistic modeling elucidate that high boron incorporation within highly
𝜀-Ge layers induces an additive tensile strain, which dynamically alters the defect
landscape during epitaxial growth. This comprehensive investigation thus advances the
fundamental understanding of 𝜀-Ge/III-V heterostructures, equipping device engineers
with vital insights for engineering next-generation electronic and photonic systems
optimized for scalability, performance, and integration.



Tensile-Strained Germanium via III-V Heterostructures
for Emerging Electronic and Photonic Applications

Shuvodip Bhattacharya

(GENERAL AUDIENCE ABSTRACT)

Transistors are essential components in a wide range of electronic devices and
computing systems used in modern technology. The ongoing miniaturization of
silicon-based complementary metal-oxide-semiconductor (CMOS) transistors over recent
decades has played a vital role in achieving significant enhancements in computational
performance, supported by parallel developments in solid-state physics, materials science,
and manufacturing processes. Furthermore, improved fabrication methods have enabled
high-volume, cost-effective production, increasing accessibility for consumers and
industries alike. As a result, micro- and nano-electronic devices are now widespread
across various sectors, interconnected within the Internet of Things ecosystem, with vast
amounts of data being shared and managed by data centers and related infrastructure.
However, the continued downscaling of transistors is approaching fundamental physical
limitations. As device dimensions shrink, challenges such as increased power density,
leakage currents, and heat dissipation become more prominent. Similarly, copper
interconnects used for circuitry communication are experiencing performance constraints,
with increased signal delay and potential reliability concerns. To sustain the trajectory of
ongoing performance improvements, research into alternative materials and innovative
solutions is essential. This study systematically examines the material properties and



carrier dynamics of epitaxially grown Germanium and tensile strained Germanium using
III-V buffers, aiming to advance applications in emerging electronic and photonic devices.
Through a comprehensive suite of analytical and modeling methods, the work explores
various approaches to fabricating high-quality Germanium epitaxial layers. Additionally,
the research demonstrates the potential of heterostructures for developing
Germanium-based optical sources, which could serve as viable alternatives to copper
interconnects nearing their performance limits. Overall, this work provides valuable
insights into these material systems, equipping device engineers with knowledge necessary
to continue the advancement of semiconductor device performance.
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Chapter 1:

Introduction

1.1 Brief History of Silicon and its Impact on the
Semiconductor Industry

The seminal development of the point-contact transistor in the year 1948 is generally
acknowledged as a pivotal inflection point in the evolutionary trajectory of
semiconductor physics and electronic device engineering. The phenomenon of
superconductivity was initially empirically characterized through experimental
observations by Heike Kamerlingh Onnes in 1911 at the Leiden Cryogenics Laboratory,
thereby predating the formal recognition of semiconducting materials as a distinct
electronic phase of condensed matter. Prior to this, in 1882, Thomas Alva Edison
identified thermionic emission phenomena, commonly denoted as the Edison effect,
representing the earliest documented experimental evidence of electron emission in
thermally stimulated materials. Building upon this foundational knowledge base, John
Ambrose Fleming introduced the vacuum tube rectification device in 1904—specifically,
the thermionic diode—marking the first experimentally validated electronic rectification

1
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component, which contributed substantially to the development of early wireless
communication systems employing amplitude modulation techniques. The exigency for
miniaturized, high-gain electronic amplification modules during the subsequent decades,
particularly in the context of WWII military technology, catalyzed extensive research
initiatives in solid-state physics and quantum electrodynamics, providing the theoretical
underpinning necessary for practical device implementation. Under the scientific
leadership of William Shockley and Alan Holden at Bell Laboratories, systematic
investigations into solid-state amplification mechanisms commenced circa 1938, with the
overarching aim of fabricating a compact, reliable, solid-state electron amplifier to
supplant bulky vacuum tube technology. This research culminated in the successful
realization of the first operative bipolar point-contact transistor in 1947—developed
collaboratively by John Bardeen, Walter Brattain, and William Shockley—using a
germanium substrate as the semiconducting medium. Subsequently, in 1948, William
Shockley engineered an enhanced configuration—the bipolar junction transistor
(BJT)—which closely approximates modern BJT architectures. BJTs maintained
dominance in integrated circuit manufacturing until the advent and proliferation of
complementary metal-oxide-semiconductor (CMOS) technology, which eventually
displaced BJTs in many mainstream applications due to their superior power efficiency
and scalability. Following this initial breakthrough, numerous subsequent discoveries
profoundly influenced the semiconductor industry and the broader field of electronic
systems. Notably, silicon emerged as the semiconductor substrate of choice following
Morris Tanenbaum’s demonstration of a silicon-based junction transistor in 1954;
silicon’s advantageous properties—including superior thermal conductivity,
thermomechanical stability, and reduced intrinsic noise at operational conditions—firmly
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established its preeminence in semiconductor device fabrication.

Modern electronic systems are fundamentally driven by advanced semiconductor
device architectures. Silicon’s pivotal role underpins the exponential growth observed in
micro- and nano-electronic technologies, enabled by aggressive device scaling strategies
rooted in the principles of Moore’s Law. These strategies involve systematic reduction of
key geometric parameters—such as channel length, gate oxide thickness, and doping
profiles—to decrease transistor footprint area. This dimensional minimization facilitates
increased integration density and circuit complexity, thereby accelerating computational
performance and functional capabilities. Gordon Moore’s predictive formulation [1]
posited that the number of transistors integrated on a monolithic chip would double
approximately every two years, resulting in proportional improvements in digital logic
throughput, switching speed, and functional density, while concurrently diminishing
dynamic power dissipation. Empirical validation of Moore’s Law persisted until at least
the early 21st century. Initial microprocessors contained on the order of several thousand
transistors—approximately 2,300—whereas contemporary microprocessors integrate a
few billion transistors, a feat made feasible through sequential scaling cycles, process
innovations, and advanced lithographic techniques that enable sub-10 nanometer feature
dimensions.
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1.2 Silicon Bottleneck in CMOS and Considerations
for New Channel Materials

The previously delineated aggressive dimensional reduction paradigm in
complementary metal-oxide-semiconductor (CMOS) device fabrication introduced a
series of complex technical challenges that necessitated the development and integration
of advanced process innovations. Between the 90 nm and subsequent nodes, significant
modifications included the implementation of strain engineering techniques aimed at the
modulation of carrier mobility; notably, in the 2003 milestone, strain-induced mobility
enhancement was concretely employed within the 90 nm technology node [2] to satisfy
the performance criteria delineated by the International Technology Roadmap for
Semiconductors (ITRS). Concurrently, the conventional gate dielectric material—silicon
dioxide (SiO2)—was systematically supplanted with high-permittivity (high-𝜅) dielectric
materials to mitigate the otherwise prohibitive gate leakage currents that arose due to
quantum tunneling phenomena in ultra-thin dielectric layers. This dielectric engineering
was complemented by the reintroduction of metal gate technology, specifically the high-𝜅
metal gate (HKMG) stack, which effectively stabilized threshold voltage (VTH) control
metrics at the 45 nm node [3]. The technological paradigm shift at the 22 nm technology
node involved the transition from planar two-dimensional (2D) MOSFET architectures
to three-dimensional fin field-effect transistors (FinFETs). These FinFETs exhibited
enhanced electrostatic control, resulting in increased drain current (IDS) and elevated
ION/IOFF ratios—parameters representing the dynamic (drive) current and the static
(leakage) current, respectively [4]. This architectural evolution was pivotal in
counteracting the deceleration of scaling progress. Despite these advances, CMOS
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technology derived from crystalline silicon channels is nearing the physical and dopant
activation limits, presenting a saturation in further dimensional downscaling [5–7]. The
exponential increase in power density associated with further device shrinking has
necessitated the development of advanced thermal management techniques, including
highly efficient cooling methodologies and innovative packaging strategies. These
constraints have impelled the research community and industry stakeholders to pursue
alternative device architectures, as well as exploration into novel channel materials—such
as compound semiconductors or two-dimensional materials—to sustain the trajectory of
performance enhancement [7–9].

1.3 Application in Electronic Devices: Germanium as
a Channel Material

In the context of assessing the feasibility of emergent channel semiconducting materials
for integration into next generation nano-electronic architectures, a comprehensive set of
quantitative and qualitative criteria must be rigorously fulfilled. These criteria
encompass the electronic band structure parameters—specifically, the material’s
fundamental bandgap (𝐸𝑔), which correlates directly with the device’s operating voltage
window, as well as the intrinsic charge carrier mobilities for both electrons (𝜇𝑒) and holes
(𝜇ℎ). Additional critical parameters include the thermal stability margins across the
operational temperature spectrum and the material’s compatibility metrics with
established CMOS fabrication processing workflows [8]. Over the past several decades,
III-V compound semiconductor alloys have garnered significant research attention owing
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to their superior electronic transport characteristics, which provide substantial
enhancements over monolithic Si-based devices across various performance metrics
[9–12]. As illustrated in Figure 1.1, which depicts the experimental and theoretical bulk
electron mobility across a range of elemental and compound semiconductors—including
Si, Ge, and select III-V materials—the data indicate that III-V compounds demonstrate
markedly elevated electron mobility values relative to silicon.

Quantitatively, InAs and InSb exhibit electron mobilities that surpass those of bulk Si
by approximately three orders of magnitude, emphasizing their potential for high-speed
digital and analog applications. Furthermore, high-electron-mobility transistors
(HEMTs) fabricated with alloys such as indium gallium arsenide (InGaAs)—a trinary
alloy derived from InAs and GaAs—have demonstrated exceptional radio frequency (RF)
and microwave frequency performance metrics, with cutoff frequencies (𝑓𝑇,max) on the
order of approximately 1 terahertz [13–15]. These findings underscore the importance of
material selection in achieving the desired high-frequency operational thresholds.

Current mainstream semiconductor technology predominantly employs the CMOS
architecture, which integrates paired n-type (n-MOS) and p-type (p-MOS) field-effect
transistors (FETs). Since the device drive current density (J) is directly proportional to
charge carrier mobility (𝜇), as expressed by ⃗⃗ ⃗⃗ ⃗𝐽 ∝ 𝜇ℎ,𝑒 ⋅ ⃗⃗⃗ ⃗⃗ ⃗𝐸 (where ⃗⃗⃗ ⃗⃗ ⃗𝐸 is the applied electric
field), reduction in hole mobility (𝜇ℎ) results in proportional degradation of p-MOS drive
capability. Empirical data from Si-based nodes reveal that the ratio of maximum
attainable drive current densities (∣ ⃗⃗ ⃗⃗ ⃗𝐽max∣) between n-MOS and p-MOS transistors
typically approaches a magnitude of approximately 3:1 under standard fabrication
conditions. In contemplating alternative channel materials to supplant silicon, the ratio
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of electron to hole mobilities (𝜇𝑒/𝜇ℎ) becomes a paramount consideration to ensure
balanced device current drive capabilities and circuit-level complementarities. The
mobility ratio threshold should ideally remain below approximately three to prevent
excessive performance asymmetry. Inspection of the mobility landscape in Figure 1.1
indicates pronounced disparities between 𝜇ℎ and 𝜇𝑒 in various III-V semiconductors,
primarily attributed to their distinct band structural properties—specifically, the high
effective hole masses (𝑚∗

ℎ) associated with the valence band states, which inversely
influence 𝜇ℎ via the relation 𝜇ℎ ∝ 1/𝑚∗

ℎ. These high effective hole masses underpin the
significantly lower hole mobilities observed in these materials.

While potential engineering strategies—such as band structure engineering, strain
application, or heterostructure design—might mitigate mobility imbalance effects,
comprehensive consideration of additional intrinsic and extrinsic material properties is
imperative. Notably, III-V semiconductor interfaces often exhibit elevated interface state
densities (𝐷it), which are known to detrimentally influence key device parameters,
including drive ON-current (𝐼ON), standby leakage (𝐼OFF), threshold voltage stability
(𝑉th), subthreshold slope (SS), and subthreshold swing The spatial distribution and
energetic density of interface states critically modulate their impact on device reliability,
subthreshold characteristics, and overall switching performance.

In contrast, Ge presents a compelling alternative, as evidenced in Figure 1.1, due to its
relatively balanced hole and electron mobility, with 𝜇ℎ approximately fourfold and 𝜇𝑒

roughly double those observed in Si. This near symmetry in charge transport parameters
spurred extensive research endeavors [8, 16–35], targeting the elucidation of Ge’s
fundamental electronic properties and its integration potential into advanced device
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architectures. Nonetheless, achieving device-quality Ge films with performance rivaling
state-of-the-art silicon remains complex [36–45], as discussed in subsequent sections.

1.4 Application in Photonics: Rise of Silicon Photonics
and Germanium for Optical Sources

While the previous section briefly addressed the importance of exploring alternative
materials for logic-based electronics, a significant area of current research is focused on
Ge and Ge-based optoelectronic devices [42, 46–52]. One critical aspect of electronic
devices is the logical performance of transistors, which determines their technological
capabilities. However, transistors are typically embedded within complex package
solutions, where the active logic elements occupy only a few microns of the entire stack.
The majority of the package comprises multiple metallic interconnect layers oriented
orthogonally, which facilitate intra- and inter-chip communication. As transistor
dimensions are scaled down to enhance logic density, the metal interconnect layers also
require miniaturization, particularly within the Back End of Line (BEOL) processing
stages.

Reducing the size of these interconnects—commonly made of copper—introduces
challenges such as increased heat generation and parasitic impedance, which can lead to
signal delays [53, 54]. At higher data transmission frequencies, issues like signal crosstalk
and attenuation further compromise signal integrity. The transition from 2D to 3D
CMOS architecture has exacerbated heat dissipation challenges, as the decreased surface
area limits thermal management capabilities. Consequently, the industry has adopted
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multi-core processors with intra-chip communication channels to mitigate heat-related
issues, though this approach increases architectural complexity. Nonetheless, these
strategies serve as interim solutions, underscoring the need for innovative approaches to
overcome copper’s performance limitations.

Simultaneously, there is a growing demand for higher bandwidths driven by the
proliferation of electronic devices. Data centers, in particular, invest billions annually to
manage heating as they process vast amounts of information, often reaching zettabyte
scale. Among the proposed solutions, transitioning from electronic to photonic
communication represents a promising avenue [54, 55]. Researchers have demonstrated
the advantages of optical interconnects for intra- and inter-chip data transfer and within
data centers [56–58]. Photons, as information carriers, possess neither charge nor mass,
enabling significant improvements in heat management, signal integrity, and transmission
delays. However, one of the major challenges remains the development of efficient,
high-performance, low-threshold, monolithically integrated optical sources—a critical
component that is currently lacking [59]. Recent advancements have showcased
integrated on-chip communication, although these demonstrations often rely on external
optical sources [60]. III-V semiconductor materials are known for their high radiative
recombination efficiency, and heterogeneous integration of III-V lasers onto silicon
substrates presents an attractive alternative [61]. Some recent developments highlight the
potential benefits of this approach [62–64]; however, the complexity associated with
hetero-integration within existing silicon CMOS manufacturing processes limits practical
adoption [61]. Therefore, a key innovation for advancing both electronic and photonic
applications is the development of a silicon CMOS-compatible, monolithically integrated
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group-IV laser.

Si is the inevitable primary candidate for CMOS-compatible photonic source
integration due to its well-characterized semiconducting properties established since the
inception of semiconductor technology. However, intrinsic limitations stem from its
electronic band structure, specifically the lack of a local conduction band minimum at
the Γ point, resulting in an indirect bandgap [46, 50, 65]. Effective realization of
Si-based lasers necessitates leveraging quantum confinement effects—such as in
nanostructures—to modify the electronic states and facilitate radiative recombination
predominantly via the Χ valley [65]. As an indirect bandgap material, Si exhibits
inherently low radiative recombination efficiency, impeding optical gain. While Si
waveguides provide efficient optical confinement and guiding, the indirect transition
mechanism restricts net optical amplification. Furthermore, interface coupling losses
continue to limit device efficiency and output power. Consequently, Ge, despite its
indirect bandgap nature, has become increasingly attractive for integrated optoelectronic
applications, owing to its compatibility with Si CMOS infrastructure and potential for
bandgap engineering to enhance optical emission characteristics [65–69].

1.5 Germanium Optical Sources: Strategies and
Applications

Although Ge is an indirect bandgap semiconductor, the primary distinction between Si
and Ge resides in the energy offset between the conduction band minima. Specifically,
the conduction band minimum in Ge, corresponding to the fundamental bandgap, is
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located at approximately 0.67 eV above the valence band maximum at the L point along
the ⟨111⟩ crystallographic direction. Additionally, Ge exhibits a local conduction band
minimum at the Γ point (𝑘⃗ = 0 in the ⃗⃗⃗ ⃗⃗ ⃗𝐸vs.𝑘⃗ diagram) with an energy approximately 140
meV higher than the L-point minimum. This intrinsic bandstructure characteristic
endows Ge with significant potential for transition to a direct bandgap configuration
through targeted bandstructure engineering and other modulation techniques.
Substantial research has explored methods to achieve a direct bandgap in Ge, primarily
via (i) structural modifications such as application of uniaxial or biaxial tensile strain
[70–78], alloying with Sn (tin) to form GeSn alloys [51, 79–82], and the fabrication of
engineered nanostructures [79, 83–90], and (ii) electronic doping strategies, including
heavy n-doping to modify the band occupation and transition probabilities [91–93].
Recent experimental demonstrations have successfully achieved lasing in Ge-based
heterostructures through individual or combination of these band engineering
approaches. Crucially, integration of Ge into existing silicon CMOS fabrication processes
is highly feasible, as silicon-germanium (Si1−𝑥Ge𝑥) alloys are already employed since
previous CMOS nodes [4]. Therefore, transitioning to Ge-based components is unlikely to
necessitate substantial modifications to current semiconductor manufacturing
infrastructure.

Mechanical stress applied to Ge epilayers causes deformation of the crystal lattice, which
can be related to the change in band structure via deformation potentials governed by the
deformation potential theory [94, 95]. The expected band structure differs with application
of different types of strain—uniaxial/biaxial/triaxial compressive/tensile—and typically
requires computational models to predict the effect. Particularly for uniaxial/biaxial tensile
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strained Ge, the different deformation rates of the L and Γ valleys in the conduction band,
with the latter being faster [96], permits the reduction of the energy difference between
L and Γ valleys, Δ𝐸Γ→𝐿 ≈ 140meV, leading to the transformation from an indirect to a
direct bandgap material. Theoretical frameworks estimate different levels of uniaxial and
biaxial tensile strain (≃1.5%) for this transformation, also known as ‘crossover point’ [76].
Mechanical tensile strain also affects the valence band of Ge, splitting the light-hole (LH)
and heavy hole (HH) bands in a way that the LH band is displaced upward and HH band
is displaced downward [95, 97]. It is immediately evident that implementation of such high
levels of tensile strain requires precise and robust growth techniques to avoid introduction
of defects in the epilayers. The upcoming section briefly discusses the importance of
maintaining crystalline quality and the pressing need for improving material quality to
realize Ge-based optical sources.

1.6 Minority Carrier Lifetime as a Metric for Material
Quality

With tensile-strained Ge established as a strong replacement of Si in emerging
electronic and photonic applications, we turn our attention to the key to realizing Ge
integration – the growth of high-fidelity tensile strained crystalline Ge epilayers. One of
the key parameters that can be used as quick determinant for material quality is
minority carrier lifetime; epilayers characterized by defects and disorder will exhibit
degraded lifetime, and vice versa. While compressively-strained Ge on Si1-xGex buffers
has received fair amount of investigation in the past, comparatively less research efforts
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have been undertaken regarding the material quality and carrier dynamics in
𝜀-Ge/InGaAs, 𝜀-Ge/InAlAs and III-V/IV/III-V material systems. Notably, this gap in
literature can be attributed to the extensive list of challenges which include (i)
controlling InAs alloy concentration in the InGaAs or InAlAs strain templates such that
desired tensile strain is achieved without exceeding the critical layer thickness, ℎ𝑐, [98,
99] (ii) engineering atomically abrupt IV/III-V and III-V/IV/III-V heterointerfaces
where elevated temperatures for growth almost always result in hetero-interfacial
diffusion, (iii) antiphase boundaries (APDs) stemming from polar III-V growth on
non-polar IV [100], and (iv) non-uniform buffer relaxation dynamics and its implications
on the active epilayer [101–105]. For these reasons, this research work utilizes solid-source
molecular beam epitaxy (MBE) for the pseudomorphic growth of 𝜀-Ge/InGaAs,
𝜀-Ge/InAlAs, InGaAs/ 𝜀-Ge/InGaAs and heavy boron-doped 𝜀-Ge/InGaAs, with the
aim to enhance the understanding of these material systems. Although further details are
provided regarding the relationship between material quality and effective carrier
lifetime, 𝜏eff, in the subsequent chapters, a rudimentary description is provided here as a
precursor to the succeeding discussion.

Ge epitaxial films typically exhibit poor lifetime compared to its bulk counterpart, which
can be attributed to poor film quality riddled with defects [106–108]. Poor carrier lifetimes
directly affect the performance of device operation and impose a performance bottleneck.
Defects in materials, in all their forms and location within the film, act as strong Shockley-
Read-Hall (SRH) recombination centers, participating in trapping and emission of carriers.
By computational modeling, it has been shown that a defect-limited lifetime, 𝜏SRH, needs
to be at least 100 ns in order to fully utilize the benefits of strain [109]. The importance
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of this requirement comes from the fact that [110]:

1
𝜏𝑒𝑓𝑓

= 1
𝜏𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑣𝑒

+ 1
𝜏𝑛𝑜𝑛−𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑣𝑒

(1.1)

Consequently, 𝜏eff becomes limited by 𝜏non−radiative in defective epitaxial films, affecting
device performance. The non-radiative part in Eqn (1.1), in general, consists of two
primary components, SRH recombination statistics and Auger recombination statistics.
SRH recombination is the fundamental process by which excess carriers, electrons and
holes, generated inside a semiconductor material recombine at defect states, impurity
states or trap states which have dedicated energy levels within the bandgap of the
semiconductor material. Multiple phonons are required to achieve this recombination
process. Consequently, the energy that is released when a carrier recombines
non-radiatively by SRH recombination is dissipated in the form of heat. On the other
hand, this dissipated energy may also be captured by another carrier, where the third
carrier can lose its excess energy non-radiatively to thermal vibrations or phonons. This
modification of the SRH recombination is called Auger recombination. Auger
recombination typically becomes important for highly doped, near degenerate
semiconductors, and has been neglected in this work, given the carrier density is below
the threshold for Auger recombination in the samples studied. The primary carrier
dynamics is then governed by SRH recombination statistics. Notably, since every
semiconductor material is defective, SRH recombination is active in all cases. It then
becomes apparent that improving material crystallinity would suppress the non-radiative
SRH recombination and enhance the radiative component.
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1.7 Aim of this Work and Dissertation Outline

The purpose of this body of work is to provide a comprehensive understanding of 𝜀-Ge
grown via III-V metamorphic buffers, namely InGaAs and InAlAs, with respect to
material quality, and assess the viability of achieving high levels of strain while
maintaining crystallinity of the material for application in emerging electronic and
photonic applications. This dissertation is aimed at comprehensive understanding of (i)
design and systematic structural characterization of 𝜀-Ge/InGaAs, 𝜀-Ge/InAlAs,
InGaAs/𝜀-Ge/InGaAs heterostructures, including buffer strain relaxation, epilayer strain
state, surface morphology and material crystallinity, (ii) impact of strain on the active
Ge epilayers and (iii) understanding the impact of doping in the presence of tensile strain
on active Ge epilayers, with the common lens of carrier dynamics in each heterostructure.
This body of work should provide a systematic understanding of this material system
and guide the development and advancement of future electronic and photonic devices.

Chapter 1 discusses the relevance of Ge and 𝜀-Ge in the context of electronic and photonic
applications, while summarizing the necessity of improving material quality to enhance
device performance.

Chapter 2 presents a systematic investigation of the design and materials
characterization of unstrained Ge grown on GaAs via AlAs as an intermediate buffer, and
𝜀-Ge grown via InGaAs metamorphic buffers with various levels of strain imparted to the
Ge epilayers. High-resolution x-ray diffraction measurements were performed to identify
the strain levels present within the 𝜀-Ge epilayers. The heterointerface quality,
coherence, abruptness and crystallinity was further investigated using cross-sectional
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high-resolution transmission electron microscopy for different levels of tensile strain
imparted to Ge. Finally, the carrier dynamics in the unstrained and 𝜀-Ge epilayers was
systematically investigated using microwave-reflectance photoconductance decay
measurements.

Chapter 3 is an extension of Chapter 2, where a systematic comparative investigation
is carried out to assess the viability and efficacy of strain templates for Ge, namely
InAlAs and InGaAs buffers. A similar approach to Chapter 2 is followed here, with
extensive materials design and characterization of the strain state and buffer relaxation
properties of 𝜀-Ge/InGaAs and 𝜀-Ge/InAlAs using high-resolution x-ray diffraction and
corroborating the findings using Raman spectroscopy. Additionally, the surface
morphology, which is a direct lens for relaxation during growth, is investigated using
atomic force microscopy. This chapter provides key metrics for the determination of the
superior buffer for imparting strain to Ge epilayers. Furthermore, drawing from our
previous works, we investigate the feasibility of InGaAs overlayer growth as a means to
emulate separate confinement heterostructures for application in developing Ge-based
optical sources. Finally, the carrier dynamics of each heterostructure is investigated
using microwave-reflectance photoconductance decay measurements to study the effective
lifetime.

Chapter 4 discusses an important aspect of tailoring semiconductor materials to
specific applications – doping. In this chapter, systematic investigation of in-situ heavy
boron doping of unstrained and 𝜀-Ge/InGaAs heterostructures is undertaken, and to the
best of the author’s knowledge, is the first investigative work performed on heavy boron
doping of 𝜀-Ge epilayers. The chapter starts with a strain state estimation of 𝜀-Ge
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epilayers by high-resolution x-ray diffraction measurements, followed by the
heterostructure coherence, abruptness and defect morphology investigation
by cross-sectional high-resolution transmission electron microscopy. Using
microwave-reflectance photoconductance decay measurements, carrier dynamics is
studied and provides key insights into the effects of heavy doping incorporation in 𝜀-Ge
epilayers. Finally, the observations are independently investigated using atomistic
modeling, which provides important conclusions and pathways for incorporating heavy
doping in 𝜀-Ge epilayers.

Finally, Chapter 5 provides a brief summary of the key findings in this body of work and
highlights the key takeaways, while outlining future prospects and avenues of research.
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Chapter 2:

Interplay between Strain and
Thickness on Effective Carrier
Lifetime of Buffer Mediated
Epitaxial Germanium probed by
Photoconductance Decay Technique

The following chapter has been reproduced from Ref. S. Bhattacharya,

S. W. Johnston, S. Datta, and M. K. Hudait, “Interplay Between Strain and

Thickness on the Effective Carrier Lifetime of Buffer-Mediated Epitaxial

Germanium Probed by the Photoconductance Decay Technique,” ACS

Applied Electronic Materials, vol. 5, no. 6, pp. 3190–3197, May 2023, issn:

2637-6113. doi: 10 . 1021 / acsaelm . 3c00256 with minor changes [1]. The author
acknowledges epitaxial growth facilitation by M. Clavel, and S. W. Johnston for
photoconductance decay measurements.

We report contactless effective minority carrier lifetime of epitaxially

grown unstrained and in-plane ⟨110⟩ biaxially tensile strained (001)
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germanium (𝜀-Ge) epilayers measured using microwave-reflectance

photoconductance decay measurements. Strained Ge epilayers were grown

using InxGa1-xAs linearly-graded buffers on (001) GaAs substrates. Using

homogeneous excitation of unstrained Ge epilayers, thickness-dependent

separation of minority carrier lifetime components under low injection

conditions yielded bulk lifetime of 114 ± 2 ns and low surface recombination

velocity of 21.3 ± 0.04 cm/s. More notably, effective minority carrier lifetime

(𝜏𝑒𝑓𝑓) of >100 ns from sub-50 nm 1.6% tensile strained Ge epilayers showed

no degradation relative to the unstrained counterpart. Detailed material

characterization using x-ray diffractometry revealed successful strain transfer

of 0.61% and 0.89% to the Ge epilayers via InxGa1-xAs metamorphic buffers

and confirm pseudomorphic growth. Lattice coherence observed at the 𝜀-Ge

epilayer and InxGa1-xAs buffer heterointerfaces via transmission electron

microscopy substantiate the prime material quality achieved. The relatively

high carrier lifetimes achieved are an indicator of excellent material quality

and provide a path forward to realize low-threshold Ge laser sources.
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2.1 Introduction

The demand for high-speed large-bandwidth communication capabilities is a direct
consequence of the increasing accessibility of computational devices. With the
capabilities of traditional copper interconnects nearing performance saturation due to
aggressive down-scaling, researchers have been seeking optical alternatives for low-power,
cost-efficient intra- and inter-chip communication [2–5]. Extensive research efforts have
been attempted to realize silicon (Si)-based monolithically integrated optoelectronic
circuits alongside concurrent complementary metal-oxide-semiconductor (CMOS)
electronics [6]. However, the widespread adoption of Si-based optoelectronics is limited
by its inherent indirect bandgap that inhibits radiative efficiency [7]. On the other hand,
there is a simultaneous need for a paradigm shift to higher mobility channel materials for
the upcoming technology nodes as the performance limits of Si-based electronic devices
are nearing a saturation point [8]. III-V materials have been investigated heavily in the
past few decades and exhibit superior electron mobility and optical properties owing to
low electron effective mass and direct bandgaps, respectively [9]. However, due to the
sheer nature of CMOS devices where both n-channel and p-channel MOS devices are
required to implement current electronic circuits, III-V materials offer little advantage
over Si owing to the stark disparity in the electron and hole mobilities, with the hole
mobility being several times lower than the electron mobility [9]. It is therefore
imperative to find a suitable material choice that can act as a common bridge between
electronic and optical devices [10, 11]. This is where germanium (Ge), another group-IV
element, with its pseudo-direct bandgap and excellent compatibility with the current Si
CMOS technology, has garnered serious attention as an alternative for realization of
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integrated optical sources [12–16]. Several approaches such as application of uniaxial or
biaxial strain engineering [17–20], band structure engineering [14, 21], tin (Sn) alloying
[22–25], and recently demonstrated micro-disk and nanomembrane structures [26–29]
have been researched to achieve direct bandgap Ge and Ge1-ySny, potentially showing
promise for enhanced radiative properties. Despite the promising benefits, epitaxial
Ge-on-Si is still typically characterized by high defect density and consequently suffers
from poor defect-limited carrier lifetimes which hovers in the range of only a few tens of
nanoseconds [18, 30, 31]. This has an adverse effect on the radiative emission efficiency
and hinders progress in realization of low-threshold Ge optical sources. Improving
material quality is thus imperative to ensure taking advantage of the aforementioned
techniques to unlock enhanced emission capabilities [32].

In this work, we employ the ability of III-V metamorphic buffers to transfer variable
strain to group-IV epitaxial thin-films while maintaining prime epitaxial quality [33–35].
We use solid-source molecular beam epitaxy (MBE) to demonstrate precise strain
transfer via InxGa1-xAs metamorphic linearly graded buffer (LGB) stressor to achieve
pseudomorphic epitaxy of in-plane ⟨110⟩ biaxially tensile strained Ge (𝜀-Ge) on typical
(001) GaAs substrates. Exceptional crystallinity of the non-capped Ge epilayers with
imparted strain of 0.61% and 0.89% is verified by high-resolution x-ray diffraction
(HR-XRD) analyses, devoid of short- and long-order defects as evidenced by
cross-sectional high-resolution transmission electron microscopy (HR-XTEM).
Furthermore, we use non-contact microwave-reflectance photoconductance decay
(𝜇-PCD) technique to probe the effective minority carrier lifetime, an important
performance merit for material quality, of the 𝜀-Ge epilayers alongside unstrained
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Ge/AlAs/GaAs as control. We find, using thickness-dependent separation of lifetime
components, a respectable bulk lifetime (𝜏𝑏𝑢𝑙𝑘) of ≈ 114 ± 2𝑛𝑠 and a low surface
recombination velocity (𝑆) of ≈ 21.3 ± 0.04𝑐𝑚/𝑠𝑒𝑐 from the control. Finally, the
characteristic lifetime obtained from 𝜀-Ge epilayers show no degradation insomuch that
the exhibited lifetimes are similar to the lifetimes of the control of comparable thickness.
We anticipate this demonstration of superior strained epitaxy in this work will serve as a
path forward towards the goal of realizing low-threshold Ge optical sources.

2.2 Experimental Section

2.2.1 Materials Synthesis

The unintentionally doped unstrained and 𝜀-Ge heterostructures studied in this work
were grown on epi-ready, semi-insulating (SI) GaAs(001) substrates, with a typical 2°
offcut toward ⟨110⟩, in a dual-chamber solid-source MBE with isolated group III-V and
group IV reactors, connected using a transfer chamber kept under ultra-high vacuum.
The isolation is intended to minimize the prospect of atomic interdiffusion at the group
IV/group III-V heterointerfaces during epitaxial growth at elevated temperatures of the
group IV material post group III-V material growth. The progression of the growth runs
was monitored at crucial growth phases using an in-situ reflection high-energy electron
diffraction (RHEED) module housed inside the III-V growth chamber. Prior to each
growth run, substrate oxide desorption was performed at elevated temperatures of ≃750°C
under an arsenic (As2) overpressure of ≃10-5 Torr, and confirmed by clear, long streak
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patterns observed on RHEED. Following oxide desorption, each growth run was cooled
down to 650°C for a GaAs overgrowth of 250 nm. For the control sample, unstrained
Ge/AlAs/GaAs, the GaAs overgrowth was followed by AlAs growth at 650°C. For the
𝜀-Ge/In𝑥Ga1−𝑥As heterostructures, the initial GaAs overgrowth was followed by growing
linearly-graded In𝑥Ga1−𝑥As metamorphic buffers in the range of 400 nm – 550 nm, intended
to bridge the lattice mismatch and effectively minimizing defect and dislocation formation
and propagation between the 𝜀-Ge/In𝑥Ga1−𝑥As heterointerfaces and the GaAs substrate.
The In composition in the linearly-graded metamorphic buffer was graded from 3% to
11.5% (0.61% 𝜀-Ge) and 17.3% (0.89% 𝜀-Ge), followed by an overshoot and reverse grading
to promote relaxation of the In𝑥Ga1−𝑥As virtual substrates (VSs) immediately before
growth of 750 nm of the respective constant composition In0.115Ga0.885As (0.61% 𝜀-Ge) and
In0.173Ga0.827As (0.89% 𝜀-Ge) VSs. Post constant In composition In𝑥Ga1−𝑥As VS growth
(𝜀-Ge/In𝑥Ga1−𝑥As heterostructures) and AlAs growth (unstrained Ge/AlAs/GaAs), and
cooling to 150°C under As2 overpressure, the substrates were transferred to the group IV
growth chamber via the transfer chamber kept under ultra-high vacuum. Finally, epitaxial
Ge growth was achieved at 400°C at a growth rate of 0.067 Å/sec for varied durations
to achieve the heterostructures studied in this work, and the labeled schematics of these
heterostructures are shown in Figures 2.1(a)-(c). We previously reported comprehensive
details of the material synthesis scheme elsewhere [36].

2.2.2 Materials Characterization

Ex-situ symmetric (004) 𝜔 − 2𝜃 rocking curves (RCs), and symmetric (004) and
asymmetric (115) reciprocal space maps (RSMs) were recorded to investigate the
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crystallinity of the unstrained and 𝜀-Ge heterostructures, indium (In) composition in the
In𝑥Ga1−𝑥As VSs and the strain state of the Ge epilayers in the strained heterostructures.
These scans were recorded on a PANalytical X’Pert Pro diffractometer equipped with a
monochromatic Cu K𝛼1 (𝜆 = 1.540597 Å) x-ray source, and PIXcel and proportional
detectors. Due to the angular proximity of the diffraction maxima from the epilayers in
the unstrained heterostructure, high-resolution triple-axis configuration was used to
record the RCs and RSMs from this sample. Low- and high-resolution bright-field
cross-sectional transmission electron micrographs were obtained using a JEOL 2100
system to investigate short- and long-range structural characteristics of the
heterostructures and lattice coherence and uniformity at the 𝜀-Ge epilayer and
In𝑥Ga1−𝑥As heterointerfaces. Finally, the effective minority carrier lifetimes of the Ge
epilayers from each heterostructure were measured using conventional non-contact
microwave-reflectance photoconductance decay method (𝜇-PCD) at the National
Renewable Energy Laboratory (NREL) at 300 K. The samples used for measurement
were cleaved into 1 cm × 1 cm pieces and placed below a waveguide (WR42 at 20 GHz,
0.43 cm × 1.07 cm) facing upward, and subjected to a Q-switched neodymium-doped
yttrium aluminum garnet (Nd:YAG) laser source (𝜆 = 1500 nm) with a repetition rate of
10 pulses per second and a pulse width of 5 ns. The laser power was kept constant at 20
mW, measured using a power meter with an absorption disk of 2 cm in diameter. This
resulted in a photon flux of the order of ≈ 2 × 1017 photons/sec, yielding a low injection
level of the order of ≈ 9 × 1013/𝑐𝑚3 ⋅ 𝑠𝑒𝑐. The intensity of the beam flux at the
wavelength used for measurement in this work completely fills the waveguide and
illuminates majority of the sample area. To prepare the required samples for the
thickness-dependent separation of bulk lifetime and surface lifetime components, the
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Figure 2.1: Cross sectional schematics of the heterostructures studied in this work,
namely (a) unstrained Ge/AlAs/GaAs, (b) 0.61% 𝜀-Ge/In0.115Ga0.885As, and (c) 0.89%
𝜀-Ge/In0.173Ga0.827As.
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unstrained Ge/AlAs/GaAs sample was cleaved into several pieces of the aforementioned
dimensions. Immediately following a standard de-grease, the sample pieces were treated
for varied duration in NH4OH:H2O2:H2O (1:2:200), exhibiting an etch rate of ≈ 2
nm/sec, to achieve the desired thicknesses.

2.3 Results and Discussion

2.3.1 Strain Analysis via HR-XRD

Figure 2.2(a) shows the ex-situ measured symmetric (004) 𝜔 − 2𝜃 RCs for the
unstrained Ge/AlAs/GaAs, 𝜀-Ge/In0.115Ga0.885As and 𝜀-Ge/In0.173Ga0.827As
heterostructures. In the 𝜀-Ge heterostructures, the Ge peaks are shifted toward higher
Bragg angles relative to the GaAs substrate peak in line with in-plane tensile strain
imparted by the underlying In𝑥Ga1−𝑥As buffers. As such, the intended higher strain
transfer is confirmed by the 0.89% 𝜀-Ge epilayer peak appearing at a higher diffraction
angle relative to the 0.61% 𝜀-Ge epilayer peak. Staying within the realms of tetragonal
distortion, this observation directly translates to a compressed out-of-plane lattice
parameter (𝑎⊥) for the 𝜀-Ge epilayers as a result of the imparted strain from the
underlying In𝑥Ga1−𝑥As buffer. Similarly, the difference in out-of-plane lattice parameters
of the constant In composition In𝑥Ga1−𝑥As VSs manifests as the difference in horizontal
angular separation of the In𝑥Ga1−𝑥As peaks relative to the GaAs peak. The humps
observed toward the farthest left are contributions from the overshoot In composition in
the graded In𝑥Ga1−𝑥As buffers, intended to facilitate relaxation of the In𝑥Ga1−𝑥As VSs.
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(a)
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Figure 2.2: (a) Symmetric (004) RC of the unstrained and 𝜀-Ge heterostructures, obtained
via x-ray analysis. Pendellösung oscillations observed clearly in the unstrained and 0.61%
𝜀-Ge epilayer, and partially in the 0.89% 𝜀-Ge epilayer, indicate superior material qual-
ity. (b)-(c) Symmetric (004) and asymmetric (115) RSMs of the strained heterostructures,
respectively. Here, r.l.u. represents reciprocal lattice unit (Å-1). The RLCs for the corre-
sponding layers are labeled accordingly.
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Comprehensive quantification of the 𝜀-Ge lattice parameters and In composition in the
In𝑥Ga1−𝑥As VSs was done using symmetric (004) and asymmetric (115) RSMs recorded
from the 𝜀-Ge/In0.115Ga0.885As and 𝜀-Ge/In0.173Ga0.827As heterostructures, shown in
Figure 2.2(b)-(c), respectively. The tensile strain imparted to the Ge epilayers induces a
change in the Bragg angle and is evident from the shifted 𝜀-Ge reciprocal lattice
centroids (RLC) above the GaAs RLC along Q𝑧. The difference in imparted strain
manifests as difference in vertical angular separation of the Ge RLCs relative to the
GaAs substrate RLC as shown in Figures 2.2(b)-(c). Moreover, from the asymmetric
(115) RSMs in Figure 2.2(c), it can be observed that the Ge epilayer RLCs are fairly well
aligned along Q𝑥 with the corresponding constant In composition In𝑥Ga1−𝑥As VS RLCs.
This observation, in conjunction with the symmetry of the centroids along the Q𝑥 and
Q𝑧 axes, suggests a coherent strained epitaxy characterized by minimal mosaicity and
lattice parameter aberration [33]. Furthermore, from the relatively confined and
symmetric In𝑥Ga1−𝑥As RLCs, it can be propounded that the defects owing to lattice
mismatch were restricted within the metamorphic In𝑥Ga1−𝑥As LGBs, corroborated by
TEM analyses discussed below. The 𝜀-Ge lattice parameters and In composition in the
In𝑥Ga1−𝑥As buffer layers were quantified following the process outlined in Ref. [37]. The
in-plane strain of a film, 𝜀∥, can be expressed as:

𝜀∥ =
𝑎∥ − 𝑎𝑟𝑒𝑙𝑎𝑥𝑒𝑑

𝑎𝑟𝑒𝑙𝑎𝑥𝑒𝑑
(2.1)

where 𝑎∥ and 𝑎𝑟𝑒𝑙𝑎𝑥𝑒𝑑 are the in-plane and relaxed film lattice parameters, respectively.
Using the typical value of 𝑎𝑟𝑒𝑙𝑎𝑥𝑒𝑑 = 5.658 Å for Ge, the strain state of the Ge epilayers
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were found to be 0.61% and 0.89%, respectively, for the 𝜀-Ge/In0.115Ga0.885As and
𝜀-Ge/In0.173Ga0.827As heterostructures. The quantification of the In composition in the
In𝑥Ga1−𝑥As layers and the lattice parameters of the Ge epilayers is presented in Table
2.1. We note here that the accurate analysis of the degree of relaxation of the
In𝑥Ga1−𝑥As VSs, specifically in the 𝜀-Ge/In0.173Ga0.827As heterostructure, could be
obscured and under-reported in the presence of moderate tilt as observed from symmetric
(004) RSMs in Figure 2.2(c), and as such, is not reported here. The relaxed lattice
parameters of the 𝜀-Ge epilayers were found to be 5.6597 Å and 5.6570 Å, which are in
close alignment with the standard theoretical value of 5.658 Å found in literature. The
intended increase in strain transfer from the buffer is evident from the 𝑎∥ (𝑎⊥) values
from Table 2.1, increasing (decreasing) from 5.6864 Å (5.6329 Å) to 5.7014 Å (5.6127 Å),
consistent with biaxial tetragonal distortion of the Ge lattice. It should also be noted
that Vegard’s law and the calculated relaxed lattice constants were used in conjunction
to determine the In composition in the constant composition In𝑥Ga1−𝑥As VSs, as shown
in Table 2.1.
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Table 2.1: Summary of strain properties of 𝜀-Ge and In composition of In𝑥Ga1−𝑥As VSs
extracted from symmetric (004) and asymmetric (115) HR-XRD RSM analyses.

lattice parameters
epilayer 𝑎⟂ 𝑎∥ 𝑎𝑟𝑒𝑙𝑎𝑥𝑒𝑑 InAs molar

fraction
𝜀

(Å) (Å) (Å) (%) (%)

In0.115Ga0.885As 5.7065 5.6924 5.6998 11.5 -
𝜀-Ge 5.6329 5.6864 5.6597 - 0.61

In0.173Ga0.827As 5.7369 5.7083 5.7231 17.3 -
𝜀-Ge 5.6127 5.7014 5.6570 - 0.89

2.3.2 Structural Characterization via HR-XTEM

Low- and high-magnification cross-sectional TEM micrographs of the
𝜀-Ge/In𝑥Ga1−𝑥As heterostructures were recorded to gain further insight into the
structural quality and lattice coherence across the 𝜀-Ge/In𝑥Ga1−𝑥As heterointerfaces.
Figures 2.3(a)-(b) depict the cross-sectional, bright-field, low-magnification TEM
micrographs, respectively, of the extended layer stack of the 𝜀-Ge/In0.115Ga0.885As and
𝜀-Ge/In0.173Ga0.827As heterostructures. The relatively thin metamorphic In𝑥Ga1−𝑥As
LGBs can be seen to absorb majority of the dislocations within the first few hundreds
of nanometers, and as such, the constant composition In0.115Ga0.885As and
In0.173Ga0.827As VSs exhibit high-quality growth with minimal defect density, which are
undetectable at such low magnification. Figures 2.3(c)-(d) show cross-sectional,
bright-field high-magnification TEM micrographs of the 𝜀-Ge/In0.115Ga0.885As and
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𝜀-Ge/In0.173Ga0.827As heterointerfaces, providing a closer look at the heterointerfaces,
where no extended defects from the underlying buffer template or microstructural
ordering anomaly is observed, revealing a coherent and ordered heterointerface
transitioning from the VSs to the active Ge epilayers. Furthermore, the contrast
difference arising from the difference in atomic factor of Ge and In𝑥Ga1−𝑥As VSs
accentuates the presence of an abrupt heterointerface, suggesting minimal interface
interdiffusion. Additionally, noise-filtering Fast Fourier Transform (FFT) method was
performed on the visible 45 nm × 45 nm areas of Figures 2.3(c)-(d), shown in the
respective insets, showing the absence of satellite reflections in the resulting
diffractograms. This alone indicates that the diffraction points in the respective
diffractograms are contributions from a distinct lattice parameter across the entire
heterointerface, thus reinforcing the pseudomorphic nature of Ge heteroepitaxy. Not just
that, region-wise FFT exclusively computed from 10 nm × 10 nm areas of the
representative regions reiterate the same observation. Figures 2.3(e)-(g) and
Figures 2.3(h)-(j) show the representative areas of the respective 𝜀-Ge epilayers,
𝜀-Ge/In𝑥Ga1−𝑥As heterointerfaces and In𝑥Ga1−𝑥As VSs regions indicated by white
arrows), where FFT was computed exclusively. The absence of satellite peaks in these
diffractograms as well as the vertically aligned diffraction points across the
heterointerfaces provide ancillary support for the contribution of a distinct coherent
lattice parameter along the length of the heterointerfaces, indicating successful strained
pseudomorphic epitaxy, corroborating the preceding XRD analysis.
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2.3.3 Material Quality Characterization via 𝜇-PCD

The defect-limited carrier lifetime (𝜏𝑒𝑓𝑓), dominated by Shockley-Read-Hall (SRH)
carrier dynamics, is strongly dependent on material quality. As such, materials with high
defect density exhibit poor carrier lifetime due to the loss of carriers to these defects [30,
38]. To that end, the effective minority carrier lifetimes of the unintentionally doped Ge
epilayers in the heterostructures studied in this work were analyzed using the
conventional non-contact 𝜇-PCD method. Being a non-contact characterization
technique, it circumvents the effects of microfabrication steps and performs as a
diagnostic tool in material analysis in the early stages of device research [39–41].
Additionally, this technique facilitates probing the dynamics of minority carriers deep
inside the bulk, where bulk recombination processes dominate the observed lifetime, thus
providing exclusive insight into the material quality [42]. Excess photocarriers, generated
when subjecting an optical source onto a sample, induce a change in the local
conductance of the material. On removal of the source, these excess carriers return to
their pre-illumination, quiescent equilibrium state via multiple recombination processes.
Recording this change in local conductance using a microwave source probe over time
yields a decay transient, characterizing the decay of excess carrier concentration, which
constitutes a summation of infinite modes, m, where each mode contributes a
characteristic lifetime, 𝜏𝑚, to the overall lifetime [43]. Luke and Cheng [44] worked out
the analytical solutions of the carrier dynamics within a semiconducting material in
response to interaction with an optical source, under low-level injection. The authors
showed that the higher order terms in the lifetime expression disappear rapidly post
removal of the source [44]. The effective lifetime, 𝜏𝑒𝑓𝑓 , is then dominated by the principal
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Figure 2.3: Low-magnification cross-sectional bright-field TEM micrographs obtained
from (a) 𝜀-Ge/In0.115Ga0.885As and (b) 𝜀-Ge/In0.173Ga0.827As heterostructures, respectively,
showing the extended stack. High-magnification cross-sectional bright-field micrographs
from (c) 𝜀-Ge/In0.115Ga0.885As and (d) 𝜀-Ge/In0.173Ga0.827As heterostructures, respectively,
showing the heterointerfaces. The insets show the corresponding FFT patterns from the
entire visible area. Exclusive FFT patterns generated from each individual region in (c)
and (d), are shown in (e-g) and (h-j), respectively. The diffractograms show no peak split-
ting, indicating contribution from a single lattice parameter across the heterointerfaces.
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mode of decay, 𝜏0, which contains information about bulk recombination lifetime and
surface recombination lifetime. Neglecting non-linear recombination processes, otherwise
present under high injection conditions, 𝜏𝑒𝑓𝑓 can be expressed as a summation of the
non-radiative bulk lifetime (𝜏𝑏𝑢𝑙𝑘) and surface lifetime (𝜏𝑆) components as follows [44]:

1
𝜏𝑒𝑓𝑓

= 1
𝜏𝑏𝑢𝑙𝑘

+ 1
𝜏𝑆

(2.2)

In the limits of effectively small epilayer thickness, 𝑑, and when the condition 𝑆 ≪ 2𝐷
𝑑

is satisfied, 𝜏𝑆 ≈ 2𝑆
𝑑 , and Eqn 2.2 can be rewritten as [45, 46]:

1
𝜏𝑒𝑓𝑓

= 1
𝜏𝑏𝑢𝑙𝑘

+ 2𝑆
𝑑 (2.3)

where, 𝐷 is the minority carrier diffusion coefficient under low injection and 𝑑 is the
length of the epilayer (i.e. thickness) along the growth direction. The factor of 2 in
Eqn 2.3 stems from the symmetric treatment of the top and bottom interfaces in Ref.
[44], in contrast to the asymmetric treatment in other noted works [47, 48]. From Eqn
2.3, it can be propounded that when 1/𝜏𝑒𝑓𝑓 is plotted against 2/𝑑 recorded over samples
of varied thicknesses, 𝑑, 𝜏𝑏𝑢𝑙𝑘 and 𝑆 can be quantified from the y-intercept and slope,
respectively, provided that the surface conditions remain unaltered. At the excitation
wavelength (𝜆 = 1500 𝑛𝑚) of the laser source used in this work, the absorption coefficient
(𝛼) of Ge (≊ 2.5 × 104/𝑐𝑚) ensures homogenous excitation of the Ge epilayers, while the
underlying layers remain transparent to the source excitation, thus providing exclusive
insight into the carrier dynamics of the Ge epilayers. It is assumed that one electron-hole
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pair is generated for each photon impinging on the samples. Typical 𝜇-PCD transients
recorded from different thicknesses of the unstrained Ge/AlAs/GaAs heterostructure are
shown in Figure 2.4(a) along with the corresponding exponential fits used to extract the
effective lifetime, 𝜏𝑒𝑓𝑓 , as explained shortly. The initial rapid roll-off in the transients
is due to the quickly diminishing higher order terms in the lifetime expression, and the
extension of this region is dependent upon the shape of the source [44]. The latter part
of the traces, the principal mode of decay, can be fitted with an exponential regression to
yield the effective lifetime, 𝜏𝑒𝑓𝑓 . The parallel nature of the traces in Figure 2.4(a) indicates
minimal effect of the chemical processing step on the surface conditions of the epilayers.
Figure 2.4(b) shows 1/𝜏𝑒𝑓𝑓 plotted against 2/𝑑, which yielded values of ≈ 114 ± 2 𝑛𝑠 and
≈ 21.3 ± 0.04 𝑐𝑚/𝑠𝑒𝑐 for 𝜏𝑏𝑢𝑙𝑘 and 𝑆, respectively. We recently reported effective lifetime
of >100 ns on unstrained epitaxial Ge grown on a III-V buffer template in our previous
work as well [49]. The condition of 𝑆 ≪ 2𝐷

𝑑 is readily satisfied in this case, considering
𝐷 ≈ 9 𝑐𝑚2/𝑠𝑒𝑐, extracted from Hall measurements (not shown here), which enables the
determination of 𝜏𝑏𝑢𝑙𝑘 from Eqn 2.3. Discussion regarding the accuracy of 𝑆 following from
Ref. [50] for the condition of 𝑆⋅𝑑

𝐷 ≤ 0.25 (satisfied in this case) indicates that the extracted
𝑆 value is accurate to within 4% over the entire range of 𝑆 values.

It was previously shown by numerical modeling that achieving 𝜏𝑏𝑢𝑙𝑘 ≥ 100 𝑛𝑠 in strained
epitaxial Ge is critical to enable low-threshold Ge lasers, with threshold currents as low as
10×103 𝐴/𝑐𝑚2 being possible at 2% biaxial tensile strain and 1×1019 /𝑐𝑚3 doping density
[32]. To that end, typical 𝜇-PCD transient curves were recorded from 270 nm unstrained
Ge/AlAs/GaAs, 75 nm 0.61% 𝜀-Ge/In0.115Ga0.885As, 75 nm 0.89% 𝜀-Ge/In0.173Ga0.827As
and 30 nm 1.6% 𝜀-Ge/In0.24Ga0.76As heterostructures, shown along with their exponential
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Figure 2.4: (a) Typical transient 𝜇-PCD curves obtained from varying thicknesses of the
unstrained Ge/AlAs/GaAs heterostructure. 𝜏𝑒𝑓𝑓 values labeled alongside the curves are
obtained by fitting the principal mode of decay with an exponential regression. (b) Ex-
tracted 𝜏𝑒𝑓𝑓 (unfilled circles) are plotted against 2/𝑑, where 𝑑 is the epilayer thickness,
showing the linear fit according to 1/𝜏𝑒𝑓𝑓 = 1/𝜏𝑏𝑢𝑙𝑘 + 2𝑆/𝑑. Separation of the lifetime
components yielded 𝜏𝑏𝑢𝑙𝑘 = 114±2 𝑛𝑠 and 𝑆 = 21.3±0.04 𝑐𝑚/𝑠𝑒𝑐. Given the good fitting
(𝑅2 = 0.9931), a point on the linear fit corresponding to 𝑑 = 75 𝑛𝑚 (green diamond)
yielding 𝜏𝑒𝑓𝑓 ≈ 69 𝑛𝑠 was extracted to eliminate thickness effect while comparing lifetime
performance of 𝜀-Ge epilayers. The traces shown in Figure 2.4 (a) are normalized and
vertically shifted for viewing clarity.
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fits in Figure 2.5(a). The extracted 𝜏𝑒𝑓𝑓 values are plotted against the imparted in-plane
biaxial strain (𝜀) in Figure 2.5(b), and the results are summarized in Table 2.2. The epilayer
thickness effect on lifetime is readily observed (indicated by the black arrow in Figure
2.5(b), with the 270 nm Ge epilayer exhibiting higher 𝜏𝑒𝑓𝑓 than the 100 nm Ge epilayer [51].
This observation can be attributed to the surface component of the principal mode of decay
exhibiting longer lifetime in thicker samples, in line with the minority carriers decaying
over a longer period of time [44]. It is well known that as increasing strain is engineered
in an epilayer, a compromise in epilayer thickness (𝑑) has to be made to maintain the
thickness under the critical layer thickness, ℎ𝑐, to avoid introducing energetically favorable
misfit dislocations. Figure 2.5(b) includes the theoretically calculated ℎ𝑐 values on the
alternate coordinate axis, based on the strain energy-balance model developed by People
and Bean [52], validating that the thicknesses of the Ge epilayers studied in this work are
kept within the theoretical ℎ𝑐 limit to ensure minimal defect formation due to epilayer
relaxation. From Figure 2.5(b), one can also observe an increase in 𝜏𝑒𝑓𝑓 obtained from
heterostructures with increased imparted strain, with the only apparent anomaly of slightly
lower 𝜏𝑒𝑓𝑓 exhibited by 75 nm 0.61% 𝜀-Ge than the 100 nm unstrained Ge epilayer. This
observation could be explained as follows: from Figure 2.5(b), a data point taken on the
linear fit corresponding to 𝑑 = 75 𝑛𝑚 for the unstrained Ge epilayer yields 𝜏𝑒𝑓𝑓 ≈ 69 𝑛𝑠
(see green diamond in Figure 2.4(b) and Figure 2.5(b)), which is close to 𝜏𝑒𝑓𝑓 ≈ 70 𝑛𝑠
exhibited by the 0.61% 𝜀-Ge sample, thus alluding to epilayer thickness effect on lifetime
[51]. This observation coincides with 270 nm unstrained Ge/AlAs/GaAs exhibiting higher
𝜏𝑒𝑓𝑓 than the etched 100 nm counterpart from the same sample.

The effect of tensile strain on the band structure and carrier dynamics of epitaxial Ge



2.3. Results and Discussion 61

0 50 100 200 300

 1.60% -Ge/In0.24Ga0.76As/GaAs
 0.89% -Ge/In0.173Ga0.827As/GaAs
 0.61% -Ge/In0.115Ga0.885As/GaAs
 0.00% -Ge/AlAs/GaAs

Delay time (1×10-9 sec)

101 ns

90 ns

70 ns

95 ns-P
C

D
 in

te
ns

ity
 (a

rb
. u

.)

 

0.0 0.5 1.0 1.5 2.00

25

50

75

100

125

 (n
s)

In-plane biaxial strain,  (%)

0.61%
75 nm

0.89%
75 nm

1.60%
30 nm

0.0%
270 nm
0.0%
100 nm

0.0%
75 nm

101

102

103

C
rit

ic
al

 la
ye

r t
hi

ck
ne

ss
, 

 (n
m

)

People & Bean  model
 

Figure 2.5: (a) Typical transient 𝜇-PCD curves obtained from 270 nm unstrained
Ge/AlAs/GaAs, 75 nm 0.61% 𝜀-Ge/In0.115Ga0.885As, 75 nm 0.89% 𝜀-Ge/In0.173Ga0.827As
and 30 nm 1.6% 𝜀-Ge/In0.24Ga0.76As heterostructures. The traces have been normal-
ized and vertically shifted for clarity. (b) Extracted 𝜏𝑒𝑓𝑓 shown in (a) and extracted from
etched 100 nm unstrained Ge/AlAs/GaAs (see Figure 2.4(b)) plotted against the imparted
in-plane tensile strain (𝜀) to Ge epilayers, 0% indicating unstrained epilayers. The alter-
nate y-axis shows the critical layer thickness, ℎ𝑐, calculated based on the People and Bean
strain energy-balance model [52]. The thickness effect on 𝜏𝑒𝑓𝑓 is also shown (black arrow,
pointing downward) indicating the reduction in 𝜏𝑒𝑓𝑓 with decreasing thickness. A point
taken on the fit of Figure 2.4(b) corresponding to 𝑑 = 75 𝑛𝑚 yielding 𝜏𝑒𝑓𝑓 ≈ 69 𝑛𝑠 (green
diamond) is also indicated, which was used to eliminate thickness effect when comparing
𝜏𝑒𝑓𝑓 between strained and unstrained Ge epilayers. The observed increase in 𝜏𝑒𝑓𝑓 as strain
is increased is indicated using the green arrow pointing upward at an angle.
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has been elucidated in notable theoretical works, showing improved mobility as a
combined consequence of reduced photon scattering and reduction in conductivity mass
[53, 54]. Recently, we reported numerical and experimental 2× mobility enhancement in
1.6% 𝜀-Ge/In0.24Ga0.76As heterostructures compared to the unstrained counterpart [55].
We emphasize here that while the spatial resolution of 𝜇-PCD measurements is
insufficient to resolve local changes in doping and strain, 𝜇-PCD is sensitive to changes
in local conductance induced by the generation of excess photocarriers [56]. As such, with
enhancement in mobility induced by tensile strain, the exhibited 𝜏𝑒𝑓𝑓 could potentially
see an improvement in the absence of severe defects originating during heteroepitaxy,
consistent with the results shown in this work. Additionally, from the increasing 𝜏𝑒𝑓𝑓 , it
can be posited that the strained heterostructures possibly have similar 𝜏𝑏𝑢𝑙𝑘, as their
unstrained counterpart, corroborating the prime material quality shown in this work.
This is an important result in terms of material quality benchmarking, and can propel
further research into device quality epitaxial Ge to fully harness the benefits of methods,
mentioned previously, to enhance the emission performance of Ge-based photonic
devices. These results corroborate our findings about the pseudomorphic nature of the
epitaxial Ge growth from the XTEM and HR-XRD analyses, thus providing a pathway
for integration of (001) biaxially tensile strained Ge on Si via III-V buffer technology.
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2.4 Conclusion

To summarize, we have performed extensive structural investigation of 𝜀-Ge grown
via In𝑥Ga1−𝑥As metamorphic buffer technology on GaAs substrate. HR-XRD analyses
showed excellent crystalline quality and pseudomorphic nature of the Ge epilayers.
Quantification of the strain state of the Ge epilayers showed successful strain transfer of
0.61% and 0.89%, respectively, to 𝜀-Ge grown on In0.115Ga0.885As and In0.173Ga0.827As
virtual substrates. High-resolution and high-magnification XTEM micrographs further
corroborated the XRD analyses and showed abrupt 𝜀-Ge/In𝑥Ga1−𝑥As heterointerfaces,
devoid of short- and long-range lattice disorder. Contactless 𝜇-PCD measurements
recorded from unstrained Ge/AlAs/GaAs heterostructures exhibited 𝜏𝑏𝑢𝑙𝑘 ≈ 114 ± 2 𝑛𝑠
and 𝑆 ≈ 21.3 ± 0.04 𝑐𝑚/𝑠𝑒𝑐. Furthermore, 𝜇-PCD measurements from 𝜀-Ge epilayers
showed no degradation in 𝜏𝑒𝑓𝑓 , despite thickness reduction necessitated by the
application of in-plane biaxial tensile strain, providing support to the excellent material
quality of the Ge epilayers. We attribute the increased 𝜏𝑒𝑓𝑓 in 𝜀-Ge epilayers to the
enhancement of epilayer carrier mobility induced by the in-plane ⟨110⟩ biaxial tensile
strain. The excellent material quality, coupled with the freedom to tailor strain state of
the active Ge epilayer via III-V strain template, can propel extensive advancement in the
emission efficiency of Ge optical sources. Ultimately, combining the excellent
compatibility of Ge with the existing Si CMOS technology coupled with the lifetime
improvements shown in this work can augment the benefits of other methods, mentioned
previously, to realize low-threshold Ge lasers for photonic applications heterogeneously
integrated on Si.
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Chapter 3:

Elucidating the Role of InGaAs and
InAlAs Buffers on Carrier Dynamics
of Tensile Strained Germanium
Double Heterostructures

The following chapter has been reproduced from Ref. S. Bhattacharya,

S. W. Johnston, R. J. Bodnar, and M. K. Hudait, “Elucidating the Role of

InGaAs and InAlAs Buffers on Carrier Dynamics of Tensile-Strained Ge

Double Heterostructures,” ACS Applied Electronic Materials, vol. 6, no. 6,

pp. 4247–4256, Jun. 2024, issn: 2637-6113. doi: 10.1021/acsaelm.4c00347 with
minor changes [1]. The author acknowledges epitaxial growth facilitation by M. Clavel,
and S. W. Johnston for photoconductance decay measurements.

Extensive research efforts of strained germanium (Ge) are currently

underway due to its unique properties, namely (i) possibility of band gap and

strain engineering to achieve direct band gap, thus exhibiting superior

radiative properties and (ii) higher electron and hole mobilities than Si for
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upcoming technology nodes. Realizing lasing structures is vital to leverage

the benefits of tensile-strained Ge (𝜀-Ge). Here, we use a combination of

different analytical tools to elucidate the effect of the InGaAs/InAlAs

underlying and InGaAs overlaying heterostructures on the material quality

and strain state of 𝜀-Ge grown by molecular beam epitaxy. Using x-ray

analysis, we show the constancy of tensile strain in sub-50 nm 𝜀-Ge in a

quantum-well (QW) heterostructure. Further, effective carrier lifetime using

photoconductive decay as a function of buffer type exhibited high (low)

defect-limited carrier lifetime of ≃68 ns (≃13 ns) in 0.61% (0.66%) 𝜀-Ge

grown on InGaAs (InAlAs) buffer. These results correspond well with

measured surface roughness of 1.289 nm (6.303 nm), consistent with surface

effect of the 𝜀-Ge/III-V heterointerface. Furthermore, reasonably high

effective lifetime of ≃78 ns is demonstrated in QW of ≃30 nm 1.6% 𝜀-Ge, a

moderate reduction from ≃99 ns in uncapped 𝜀-Ge, alluding to surface effect

of the overlying heterointerface. Thus, the above results highlight the prime

quality of 𝜀-Ge that can be achieved via III-V heteroepitaxy and paves a path

for integrated Ge photonics.
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3.1 Introduction

The recent resurgence of interest in germanium (Ge) in the academic, technological,
and commercial communities can be attributed to its unique properties that can be applied
to electronic and photonic applications [2, 3]. One such attractive property is the potential
to use band gap engineering to achieve direct band gap photoluminescence in Ge [4–6]. In
addition, Ge is compatible with the existing manufacturing infrastructure for silicon (Si),
making it a popular alternative material for Si-compatible photonic applications [7]. In
fact, introduced at the 90 nm node, Ge has since been alloyed with Si in the drain/source
well regions to impart uniaxial strain to the Si channel region to improve channel mobility
[8, 9]. In a significant development, Liu et al. reported optical gain at room temperature
in Ge directly grown on Si [10]. This was made possible by leveraging the nominal ≃
0.2% tensile strain due to the difference in thermal expansion coefficients and heavy n-
type doping. With the increasing need for optical alternatives for intra- and inter-chip
communication following the saturation of performance increases in traditional copper
interconnects [11–13], Ge offers to bridge the gap with its improved radiative recombination
efficiency [14, 15]. On the other hand, the concurrent rise in demand for high-mobility
channel materials to enhance logic performance in the approaching sub-3 nm technology
nodes, which exceeds the capabilities of Si, is encouraging increased interest in Ge due to
its intrinsically higher electron and hole mobilities than Si [2, 7].

Due to the pseudo-direct bandgap of Ge, researchers have employed several different
methodologies to enhance the radiative efficiency via strain engineering [16–18], band-
structure modification [19, 20], Sn-alloying [21], innovative structures for lasing in the
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form of nanomembranes [22, 23], micro-cavities [24] and micro-disks [25–27], and more
recently, direct epitaxial Ge growth on In0.52Al0.48As lattice-matched to InP [28], resulting
in the formation of self-assembled Ge quantum dots (QDs). However, despite the reported
success of some of these techniques to enhance radiative emission in Ge and Ge-based
materials, most of these techniques suffer from incompatibility with the development of
group-IV based lasing structures due to the lack of tunability of the electronic and optical
confinement, and/or due to complex microfabrication or growth processes, hindering large-
scale integrability. On the other hand, one widely researched strategy for integration of
Ge on Si has been using III-V metamorphic buffers, which can yield lower dislocation
densities and improved crystalline quality [29, 30]. The concomitant benefit of utilizing
III-V metamorphic buffers is the flexibility of tuning the underlying lattice parameters
to impart strain, tensile and compressive, to the active Ge epilayer to achieve strain and
bandgap engineering, as well as providing tunability of optical confinement [29, 31, 32].
Ternary (Ga, Al)-InAs-based buffers have been effectively utilized in the epitaxial growth
of Ge for this purpose on on-axis and vicinal Si and III-V substrates. It has been shown
previously that thick GaAs grown directly on Si can be used to block propagating threading
dislocations from reaching the surface [33, 34], which can then act as the starting surface
for growing epitaxial films with high crystalline quality. Maximizing the potential of strain
and band gap engineering of Ge for photonic applications requires the material system to be
compatible with the development of quantum well (QW) heterostructures [35]. Ideally, this
entails including a cladding layer on either side with a large bandgap and optical refractive
indices distinct from the active layer, for appropriate optical gain and optical confinement,
respectively. That said, the present literature lacks the effect of the dual heterointerfaces in
such QW heterostructures on the material properties and carrier recombination dynamics
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of strain-engineered Ge.

In this work, we have undertaken a comparative analysis of the structural properties
and carrier dynamics of pseudomorphic tensile strained Ge (𝜀-Ge) integrated on vicinal
(001)GaAs substrates via III-V buffers. Metamorphic InGaAs and InAlAs buffers grown
using solid source molecular beam epitaxy (MBE) were used to impart strain to the
overlying epitaxial Ge, and our results demonstrate pseudomorphic tensile strained Ge
epitaxy, verified by high-resolution x-ray diffraction analyses. We present a detailed
characterization of the relaxation dynamics in the buffers and its effect on the surface
morphology of the 𝜀-Ge using atomic force microscopy and x-ray analyses. Furthermore,
we demonstrate the constancy of Ge strain state post overlayer growth on the top, a
structure which emulates a practical QW lasing heterostructure. Finally, we
demonstrate the reasonably high defect-limited effective carrier lifetimes achieved in
InGaAs/𝜀-Ge/InGaAs and 𝜀-Ge/InGaAs heterostructures compared to 𝜀-Ge/InAlAs,
simultaneously providing substantial evidence for the viability of strain engineered Ge
based optical sources and photonic devices.
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3.2 Experimental Section

3.2.1 Materials Synthesis

The heterostructures studied in this work, shown in Figure 3.1, were grown using
solid source MBE using isolated group III-V and group-IV chambers, connected via
ultra-high vacuum chamber. Linearly graded metamorphic In𝑥Ga1−𝑥As and In𝑥Al1−𝑥As
buffers were grown on epi-ready semi-insulating vicinal (001)GaAs/2°[011] substrates due
to their ability to promote enhanced relaxation as compared to step-graded and
non-linear buffers [36]. The isolation of the growth chambers minimizes the possibility of
atomic interdiffusion at the group-IV/group-III-V heterointerfaces during epitaxial
growth. Each growth run was monitored using an in-situ reflection high-energy electron
diffraction (RHEED) module inside the III-V growth chamber. Oxide desorption of each
substrate was performed at (thermocouple temperature) ≃750°C maintaining a high
arsenic (As2) overpressure of ∼ 10−5 Torr to prevent degradation of III-V surface
morphology. As such, subsequent growth was performed only after observation of long
and clear (2 × 4) patterns on the RHEED screen, suggesting good oxide desorption.
Linearly graded metamorphic In𝑥Ga1−𝑥As and In𝑥Al1−𝑥As buffers in heterostructures A
and B were grown at 525°C and 420°C, respectively, with the lower temperature used for
the latter to balance the disparate adatom surface mobilities of indium (In) and
aluminum (Al) as well as a lower growth rate, with an additional overshoot and inverse
step to promote enhanced relaxation of the buffers. Linearly graded In𝑥Ga1−𝑥As buffers
for heterostructures C and D were grown at 550°C with no overshoot. A growth pause
and an additional annealing step at 540°C was used for heterostructure B to enhance
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relaxation in the low-temperature grown buffer [37]. Both constant composition
In0.115Ga0.885As and In0.145Al0.855As virtual substrates in heterostructure A and B were
grown at 525°C, whereas In0.24Ga0.76As virtual substrates in heterostructures C and D
were grown at 550°C. Following immediate transfer to the group-IV chamber,
unintentionally-doped epitaxial Ge was grown at 400°C at a nominal growth rate of
≃0.067 Å/sec. For heterostructure D, a constant composition overlayer of In0.24Ga0.76As
was grown at 400°C to emulate a QW heterostructure, where lower temperature was used
to prevent strain relaxation in the Ge epilayer.

3.2.2 Materials Characterization

Crystallinity, relaxation of the buffers, InAs composition in the constant composition
virtual substrates and strain state of the epitaxial Ge layers were studied using high
resolution x-ray diffraction (HR-XRD). Ex-situ symmetric (004) and asymmetric (115)
reciprocal space maps and symmetric (004) rocking scans in the triple axis configuration
were measured from each heterostructure using a PANalytical X’Pert Pro diffractometer
equipped with PIXcel and proportional detectors, with a monochromatic Cu K𝛼1 (𝜆 =
1.540597 Å) x-ray source. Additional tensile strain estimation of epitaxial Ge layers was
done using Raman spectroscopy in the backscattering (001) geometry on a JY Horiba
LabRam HR800 system equipped with a 514.32 nm Ar+ laser source, and the gratings of
1800 lines/mm were used during measurement. The laser power at the sample surface
was ≃10 mW. Surface morphology of the heterostructures was studied using a Bruker
Dimension Icon atomic force microscopy (AFM) configured in the tapping mode.
Subsequent stage tilt correction during AFM scans was performed using the native
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Figure 3.1: Representative schematics of the heterostructures studied in this work. Toward
the left of each heterostructure, the InAs composition grading (solid red) with growth
thickness is represented along with the estimated compositions from XRD analyses on the
abscissa. The figure is not drawn to scale.
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Nanoscope Analysis software package included in the Bruker AFM ecosystem. Finally,
effective carrier lifetime of the strain engineered Ge epilayers were measured at room
temperature (≃ 300 K) using a conventional microwave-reflectance photoconductive
decay (𝜇-PCD) system at the National Renewable Energy Laboratory (NREL).
Representative cleaved pieces of 1 cm × 1 cm from each heterostructure were placed
under a waveguide (WR42 at 20 GHz, 0.43 cm × 1.07 cm) and optically excited using a
Q-switched neodymium-doped yttrium aluminum garnet (Nd/YAG) laser. A wavelength
(𝜆) of 1500 nm was chosen for the excitation to ensure homogenous excitation and
photocarrier generation in the Ge epilayers. A nominal optical power of 20 mW was used,
as measured by a power meter with an absorption disk diameter of 2 cm. A repetition
rate of 10 pulses per second and pulse width of 5 ns was used. With the above, this
resulted in a low injection level of 1014 cm−3 ⋅ sec−1, calculated from the effective photon
flux of 1017 sec−1.

3.3 Results and Discussion

3.3.1 Analysis of strain state and InAs composition using HR-
XRD

The schematics of the heterostructures investigated in this work are shown in Figure
3.1. Detailed crystalline and structural analysis was conducted on the heterostructures
using HR-XRD measurements. Typical symmetric (004) and asymmetric (115) reciprocal
space maps (RSMs) were recorded from each heterostructure for quantification of the
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effective In incorporation in the virtual substrates and relaxation achieved in the buffer
layers, and final strain state and crystalline quality of the 𝜀-Ge epilayers. We have reported
XRD measurements from heterostructure A in our previous work [38] and they are reported
here to aid in direct comparison with heterostructure B.

3.3.1.1 Cation (Ga, Al) grading in InAs-based buffer

Plotted in reciprocal space coordinates, symmetric (004) RSMs recorded from
heterostructures A and B are shown in Figures 3.2(a)-(b), respectively. For a symmetric
(004) RSM, the iso-intensity contours from all epilayers should be aligned along the 𝑄𝑥

axis, in the absence of tilt or other finite crystal effects, as only the out-of-plane
latticeparameter (𝑎⟂) is probed in this configuration. The reciprocal lattice contour
centroids (RLCs) from the different epilayers would be displaced up or down while
aligned along this axis. Figures 3.2(a)-(b) show a few important characteristics and
distinctions between heterostructures A and B. First, the RLCs from the 𝜀-Ge epilayers
are vertically displaced above the GaAs RLCs in both heterostructures, suggesting a
compressed in-plane lattice parameter, 𝑎⟂, and stretched in-plane lattice parameter, 𝑎∥,
indicating successful transfer of tensile strain from the underlying buffer layers to Ge
layer. Further, the difference in vertical position of the 𝜀-Ge iso-intensity RLCs in the
heterostructures indicates a slightly higher tensile strained Ge in heterostructure B than
in heterostructure A. Another important observation is the difference in deviation of the
epilayer RLCs from the 𝑄𝑥 (00𝑙) = 0 line; larger deviations indicate larger amount of
tilting with respect to the substrate orientation present in the epilayers. In this case,
much larger tilting is observed in heterostructure B. This observation can shed light on
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the relaxation dynamics originating during growth of the metamorphic buffers, which will
be explored shortly. Finally, below the constant composition InGaAs and InAlAs RLCs,
the observable RLCs are contributions from the overshoot composition layers
incorporated to promote increased relaxation of the linearly graded buffers.

Since symmetric (004) reciprocal space maps yield information solely about the
lattice spacing in the direction of growth, asymmetric (115) reciprocal space maps were
also recorded from heterostructures A and B to obtain insight into the in-plane lattice
spacing, 𝑎∥. These scans are shown in Figures 3.2(c)-(d). The fully relaxed (R=1 in
dotted red, denoting 100% relaxation) reference line is indicated as well. The RLCs of
the individual epilayers should align along this line if the epilayers are fully relaxed and
not tilted with respect to the substrate. Additionally, the fully strained line (R=0 dotted
black, denoting fully strained epitaxy) is indicated as well to denote the vertical
alignment of the Ge RLCs to the constant composition virtual substrate RLCs in each
heterostructure. Due to the low angle of incidence used in an asymmetric scan, the
corresponding RLCs of the epilayers are split further apart in the reciprocal space. In
heterostructure A, the constant composition InGaAs virtual substrate RLC lies near the
fully relaxed line, implying a high degree of symmetric relaxation. On the other hand,
the large deviation of the constant composition InAlAs virtual substrate RLC in
heterostructure B from the fully relaxed line suggests partial and/or asymmetric
relaxation and presence of significant tilt in the film. However, it is important to note
that the Ge epilayer RLC in heterostructure A is well aligned with the constant
composition InGaAs virtual substrate RLCs along the 𝑄𝑥 axis, indicating that the Ge
epilayer is pseudomorphically strained. We note that a minor misalignment of the Ge



88 3. (InGaAs vs. InAlAs) Buffer Influence on Carrier Dynamics of 𝜀-Ge and 𝜀-Ge DHs

epilayer with respect to the constant composition InAlAs virtual substrate in
heterostructure B is present (illustrated by the dotted red line connecting the epilayer
RLCs). The symmetric and confined nature of the RLCs of the constant composition
virtual substrates indicate that defects generated from mismatched heteroepitaxy were
generally contained within the linearly graded metamorphic buffers, thereby decreasing
the propagation of dislocations to the Ge epilayers. Following the methodology outlined
in refs [39] and [40], comprehensive quantification of the InAs molar fraction true to
Vegard’s law, residual strain in each constant composition virtual substrate, and tensile
strain imparted to each Ge epilayer is carried out, and is reported in Table 3.1. The
tensile strain for the Ge epilayers is determined to be 0.61 ± 0.05% and 0.66 ± 0.05%,
respectively, for heterostructure A and B, with the error being linked with finding the
peak centroid for the corresponding epilayers. This agrees with the slightly larger vertical
displacement of the Ge RLCs in heterostructure B compared to heterostructure A. A
nominal InAs concentration of 11.5% and 14.5% is obtained from the constant
composition InGaAs and InAlAs layers, respectively, which is again in line with the
larger vertical displacement of the constant composition layer RLCs. The InAlAs
constant composition virtual substrate, however, shows a higher degree of residual strain
compared to the InGaAs constant composition virtual substrate. A moderately low tilt
of ≃142 arcsec is observed in heterostructure A, suggesting a symmetric buffer relaxation
process during growth. The minor tilt is possibly due to the asymmetry originating from
the difference in nucleation energy and glide velocity of group-V terminated 𝛼 (along
⟨110⟩) and group-III terminated 𝛽 (along ⟨110⟩) dislocations [41, 42]. On the other hand,
the observed tilt of ≃1600 arcsec coupled with the high residual strain within the InAlAs
metamorphic buffer suggests asymmetric strain relaxation and a large magnitude of
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misfit dislocations with their Burgers vector aligned normal to the substrate orientation
resulting in tilted epitaxy. Ternary In𝑥Al1−𝑥As buffers are challenging to grow due to the
large differences in adatom surface mobilities between Al and In, which naturally lends
itself to increased difference in preferred nucleation and subsequent glide of 𝛼 and 𝛽
dislocations. Additionally, this disparity can lead to asymmetrical strain relaxation and
therefore result in lattice tilt, as is observed in the case of heterostructure B. It is
important to note that the presence of tilt can drastically distort the accurate
measurement of strain state in the Ge epilayers via XRD. Thus, we have further assessed
the strain in the Ge epilayers using Raman spectroscopy, as discussed in a subsequent
section.
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Figure 3.2: (a)-(b) Symmetric (004) RSMs obtained from heterostructures A35 and B, re-
spectively. The alignment of the 𝜀-Ge RLCs (black dotted) with the InGaAs and InAlAs
virtual substrates confirms pseudomorphic epitaxy. (c)-(d) Asymmetric (115) RSMs ob-
tained from heterostructures A [38] and B, respectively. The strained (R=0, dotted black)
and relaxed (R=1, dotted red) lines are shown. The slight misalignment of the 𝜀-Ge RLCs
with the InAlAs RLC is indicated (dotted red).
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3.3.1.2 Overlayer growth and strain state in (001) biaxially tensile strained Ge

As noted earlier, to actualize waveguides for the potential of optical communication,
QW heterostructures are necessary such that the tensile strain engineered Ge epilayers
are embedded between III-V cladding layers [35]. It is crucial to ensure that the Ge
epilayer maintain the mechanical strain during the growth of the overlying layers.
Therefore, to complement and compare to our previously published work [43], we have
grown an InGaAs capping overlayer on top of the Ge epilayer to realize such a QW
heterostructure. Symmetric (004) RSMs were recorded from heterostructures C and D,
and the projection of the recorded intensities onto the Δ𝜃 axis is shown in Figure 3.3.
Here, Δ𝜃 = Δ(2𝜃)

2 , and is the angular displacement of the epilayers with respect to the
substrate, determined by their peak positions measured in Bragg scattering angle, 2𝜃.
This way, the contributions to the contours from the different epilayers and the
subsequent differences in peak positions can be directly observed and compared without
the effect of tilt. We emphasize here that a lower temperature was utilized for growing
the In0.24Ga0.76As overlayer to ensure that the Ge epilayer does not relax during overlayer
growth. As shown in Figure 3.3, the tensile strained Ge peaks from heterostructures C
and D lie on the higher diffraction angles to the right of the GaAs substrate peak, in
accordance with expansion (compression) of the 𝑎∥ ( 𝑎⟂) lattice parameter because of the
tensile strain imparted from the underlying buffer. The peak positions of the 𝜀-Ge
epilayers with respect to the GaAs substrate peak position (758.13108” (absolute
33.237°) and 800.69156” (absolute 33.249°), respectively, from heterostructure C and D)
were determined using weighted Gaussian fits. A minimal difference of 42.56” in the Ge
peak positions was observed, which results in ∣Δ𝑎⟂,Het.C −Het.D ∣ = 0.00176 Å, indicating
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virtually no relaxation of the 𝜀-Ge epilayer in heterostructure D, while also emphasizing
the difference could stem from minor variations in InAs incorporation during growth of
the InGaAs virtual substrates. Given that the strain state in the Ge epilayer remains
unaltered post overlayer growth, one can expect coherent top and bottom
heterointerfaces, and an essentially defect-free active 𝜀-Ge epilayer. This marks a
significant result in that strain engineered Ge QW heterostructures with tensile strains
beyond the cross-over threshold [44] can be developed while maintaining prime material
quality.

3.3.2 Strain State Estimation using Raman Spectroscopy

In addition to diffraction investigation, we employed Raman spectroscopy to measure
the level of tensile strain in the Ge epilayers in heterostructures A and B. The effect of
biaxial strain on phonon modes is extensively elucidated by Sui and Herman [45].
Essentially, biaxial strain in the (001) plane in diamond-cubic crystals causes the triply
degenerate optical phonon modes at the center of the Brillouin zone to be split into a
singlet and a doublet, with the eigenvectors perpendicular and parallel to the (001)
plane, respectively. With the degeneracy lifted, an upshift (downshift) in the angular
frequency of the singlet (doublet) is observed. In the (001) backscattering mode normally
utilized in Raman spectroscopy, scattering from the doublet is forbidden by the
principles of symmetry. As such, only the long-wavelength longitudinal optical (LO)
mode is the active Raman mode detectable in this geometry. In addition, epilayer strain
induces a shift of the singlet LO phonon frequency (Ω𝑠) and consequently, a shift in the
Raman frequency is observed. Accordingly, this shift in the Raman active mode
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Figure 3.3: Projection of symmetric (004) RSM spectra to Δ𝜃 = Δ(2𝜃) /2 axis recorded
from heterostructures C and D. The peak positions of the 𝜀-Ge epilayers were found using
weighted Gaussian fits to the projection spectra. The Bragg peak positions (°) and full
width at half maximum (FWHM) (arcsec, ′′) values obtained from the fits are included in
the legend box.
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frequency (Δ𝜔) because of (001) biaxial stress can be expressed in terms of stress tensors,
𝜎𝑥𝑥 and 𝜎𝑦𝑦, and material specific elastic compliance tensor components 𝑆𝑖𝑗, as follows:

Δ𝜔 = 1
2𝜔0

⋅ [𝑝 ⋅ 𝑆12 + 𝑞 ⋅ (𝑆11 + 𝑆12)] ⋅ (𝜎xx + 𝜎yy) . (3.1)

Here, 𝑝 and 𝑞 are the optical phonon deformation potentials, and 𝜔0 is the
frequency of the active Raman mode in the absence of mechanical stress. The relation
can be further simplified to Δ𝜔 = 𝑏 ⋅ 𝜀∥, given that 𝜎xx = 𝜎yy in (001) biaxial stress,
and that in such a formalism, the Raman shift is linear with strain, 𝜀∥. Here,
𝑏 = (𝑞 − 𝑝 ⋅ (𝐶12/𝐶11))/𝜔0, where 𝐶ij are material specific elastic constants and 𝜀∥
indicates in-plane strain. Such a simplification is made feasible under the assumption of a
bi-isotropic tetragonal strain, which is the case in this study. Using material specific
parameters from ref. [46], Fang et al. [47] calculated 𝑏 = −415 ± 40 cm−1. Hence, a down
shift (up shift) of the frequency of the Raman active mode should indicate the presence
of tensile (compressive) strain within the material system. Figure 3.4 shows the measured
Raman spectra obtained from heterostructures A and B, overlapped with Raman spectra
obtained from (001) Ge substrate. Relative active Raman mode wavenumber offsets of
−3.18 cm−1 and −3.41 cm−1 were obtained with respect to the (001) Ge substrate active
Raman mode, respectively, from the Ge epilayers on heterostructures A and B.
Accordingly, the effective tensile strain in the Ge epilayers were inferred to be
0.77 ± 0.08% and 0.82 ± 0.08%, respectively. The term ‘effective’ is used here to
emphasize the difference in absolute values of strain estimated from XRD and Raman
spectroscopy. The inset of Figure 3.4 demonstrates the relationship between the
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measured relative shift and subsequently calculated tensile strain, and the estimated
strain from XRD analysis. The shaded region represents the limits in estimates of strain
from Raman spectroscopy arising from the uncertainty in the value of 𝑏, the fitting
parameter. The results are also summarized in Table 3.1. As mentioned earlier,
stemming from the anisotropic nature and different pathways of strain relaxation in the
In𝑥Ga1−𝑥As and In𝑥Al1−𝑥As metamorphic buffers, epilayer tilt might play a significant
role in obscuring the accurate representation of measured strain via XRD. Since optical
phonon modes contain information solely about the bond angles and bond lengths, and
that in the presence of mechanical strain, bond angles and lengths are deformed, one
could argue that relative shifts in Raman active modes might give a more realistic
representation of strain in the epilayers. Considering a fully relaxed constant composition
InGaAs and InAlAs, respectively, with InAs fraction of 11.5% and 14.5% as assessed
from XRD (close to the target compositions for this work), the theoretical misfit can be
derived to be 𝜀∥ ≈ 0.74% and 𝜀∥ ≈ 1.07%, respectively. This brings about an intriguing
observation; the strain state inferred from Raman spectroscopy in heterostructure A is
closer to the theoretical misfit but deviates significantly in case of heterostructure B.
Hoshina et al. [48] reported a comparable disparity between XRD and Raman
spectroscopy in strain measurements, obtained from strained Ge grown on In𝑥Ga1−𝑥As
metamorphic buffers. The authors observed that the deviation between XRD and Raman
reported strain values was significantly higher in the high tensile strain region, starting
around ≃1% (001) biaxial strain. The phenomenological observation was explained based
on the gradual relaxation of the strained Ge epilayers grown on InGaAs metamorphic
buffers with thicknesses exceeding the critical layer thickness, ℎ𝑐. The Ge epilayers in
heterostructures A and B in this work are grown well within the critical layer thickness,
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adhering to the strain balance model by People and Bean [49], and hence, are expected
to be fully coherently strained. This is indeed observed in our previous work [38] where
high magnification transmission electron micrographs obtained from the constant
composition InGaAs virtual substrate, the 𝜀-Ge epilayer and the 𝜀-Ge/InGaAs
heterointerface show a high degree of coherence and absence of misfit dislocations,
alluding to the pseudomorphic epitaxy of Ge. the underlying mechanistic origins for the
persistent disparity between strain estimates derived via XRD versus Raman
spectroscopic assessment—particularly on InAlAs buffers—remain unresolved within the
current study framework and warrant further experimental and theoretical investigation.

3.3.3 Surface Morphology via AFM

The topographical surface characteristics of heterostructures A and B were
characterized via atomic force microscopy (AFM) due to its capacity to deliver
high-resolution quantitative metrics pertaining to surface roughness and morphological
uniformity—parameters instrumental in elucidating the underlying defect-mediated
relaxation mechanisms operative during epitaxial growth processes. It is thoroughly
substantiated within the literature that the mechanisms of excess strain energy
alleviation in cubic (001)-oriented heteroepitaxy of metamorphic buffer layers
predominantly manifest as a crosshatch surface morphology pattern [50]. As the
thickness of any strained heteroepitaxial film surpasses the critical thickness, the
accumulated elastic strain energy transcends that of the thermodynamically permitted
strain energy density and the film undergoes plastic relaxation, thereby favoring the
formation and subsequent glide of threading dislocations, which in turn form surface slip
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steps, and segments of misfit dislocation at the heterointerface between the epilayer and
the substrate. For heteroepitaxy of (001) oriented diamond or zinc blende cubic systems,
the dominant class of slip systems is collectively referred to as 𝑎

2 ⟨110⟩ {111}, where 𝑎 is
the lattice parameter [51]; hence, such threading dislocations glide along the {111} slip
planes in the ⟨110⟩ directions. Consequently, there are eight such combinations of
⟨110⟩ {111} systems that can take part in strain relaxation. At the growth front, the
surface slip steps lead to local surface roughness; lateral mass transport, i.e. movement of
adatoms to preferred step sites, and step-flow growth processes are initiated to remove
this locally developed roughness. The trailing misfit segments along the heterointerface
take part in relaxing the stress in the epilayer, while local stress is produced at the
dislocation cores. Eventually, hillocks and valleys are formed because of the strain
relaxation process which propagates along the dislocation lines near the heterointerface
misfit dislocations. Several investigative works have reported on asymmetry in strain
relaxation along the orthogonal ⟨110⟩ directions and its effect on surface morphology.
Another source of asymmetry, specifically in the case of low-mismatched compressive
InGaAs heteroepitaxial growth on GaAs substrates, is the lower activation energy of
dislocation nucleation and subsequent glide velocities for group-V terminated (𝛼)
dislocations than group-III terminated (𝛽) dislocations, which are oriented along
crystallographic [110] and [110] directions, respectively. While this is equally true for
InAlAs mismatched heteroepitaxy on GaAs, the large variation in surface adatom
mobility between In and Al generally results in degraded surface morphology by virtue of
phase separation and InAs and AlAs clustering [52].

AFM micrographs from heterostructures A and B are shown in Figure 3.5.
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Heterostructure A, incorporating the InGaAs metamorphic buffer, exhibits a
characteristic symmetric crosshatch pattern, which suggests a rather symmetrical
relaxation process during the growth of the metamorphic buffer, as all eight slip systems
seem to have contributed equally. This observation is further corroborated by the similar
root-mean-squared roughness (𝑅𝑞) values of 1.156 nm and 1.091 nm along the orthogonal
[110] and [110] directions, respectively. Consequently, the representative region shown
exhibits a smooth surface with a modest (𝑅𝑞) value of 1.289 nm. In contrast,
heterostructure B, with the InAlAs metamorphic buffer, displays a randomized rough
pattern with a significantly higher (𝑅𝑞) of 6.303 nm. Additionally, no clear crosshatch
pattern is visible in the representative region.

It is important to emphasize that the strain relaxation mechanism occurring in
heteroepitaxial systems with lattice mismatch is profoundly influenced by the epitaxial
growth temperature parameters as well as by the discrepancy in adatom surface diffusion
mobilities. For heterostructure A, an epitaxial deposition temperature of 525°C was
feasible, owing to the comparable adatom surface mobilities of In and Ga in this
temperature range. Conversely, to attenuate the disparity in adatom surface diffusion
coefficients between In and Al, an adjusted lower substrate temperature of 420°C was
employed during the epitaxial growth of the linearly graded In𝑥Al1−𝑥As metamorphic
buffer. Prior to the deposition of the constant composition InAlAs VS, an in-situ thermal
annealing was carried out at an elevated temperature of 540°C for a duration of 900
seconds, with the objective of of inducing enhanced strain relaxation within the linearly
graded buffer, thereby attenuating potential tilt components and compositional
heterogeneities typically associated with low-temperature buffer growth regimes [37].
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Figure 3.5: (a) and (c) Atomic force micrographs of 20𝜇𝑚 × 20𝜇𝑚 representative regions
obtained from heterostructures A and B, respectively. The orthogonal directions ⟨110⟩
are indicated. (b) and (d) Line profile scans showing the height variations along the
orthogonal directions. Orthogonal 𝑅𝑞 values for heterostructure B are not reported in (d)
due to absence of observable cross-hatch.
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These observations are corroborated by the findings of Chyi et al. [53], who reported
increased surface roughness in InAlAs buffers grown within the temperature window of
420°C to 520°C—whether linearly graded or step-graded—relative to all InGaAs variants
processed under comparable thermal budget and with similar InAs compositional
parameters. Given the observed limited strain relaxation within the In𝑥Al1−𝑥As buffer
layer and the marginally increased substrate misorientation evidenced via HR-XRD
analysis, the elevated surface topography and roughness measured in heterostructure B
can be systematically ascribed to the following contributory factors: (i) reduced epitaxial
growth temperature, which significantly constrains the surface diffusion mobility of Al
adatoms relative to In adatoms, thus fostering the formation of InAs- and AlAs-rich
microregions on the surface front, leading to local compositional modulation, surface
heterogeneity, and progressive augmentation of topographical irregularities with
increasing layer thickness; (ii) a marginally higher substrate misorientation angle relative
to the [001] growth axis, as determined through HR-XRD, which introduces additional
atomic step densities and surface step arrays [54], thereby increasing the density of
potential dislocation nucleation sites, modifying the critical resolved shear stress across
multiple slip systems, and favoring specific slip planes for dislocation nucleation and glide
that are energetically preferred during strain alleviation [42]; and (iii) a pronounced
disparity in the nucleation and glide activity of dislocation types, particularly favoring
the formation and propagation of 𝛼-type dislocations over 𝛽-type, owing to energetic
biasing mechanisms [55].

It is well established that increased surface roughness acts as trapping centers and
recombination sites for charge carriers, critically impacting carrier dynamics and transport
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properties. Consequently, the subsequent investigation focuses on quantifying the effective
minority carrier lifetime, (𝜏𝑒𝑓𝑓), within these 𝜀-Ge heterostructures utilizing non-contact
𝜇-PCD measurements.

3.3.4 Effective Carrier Lifetime Analysis via 𝜇-PCD

Material quality exerts a profound influence on the defect-limited minority carrier
lifetime 𝜏𝑆𝑅𝐻 ≈ 𝜏𝑒𝑓𝑓 , which is governed by Shockley-Read-Hall (SRH) recombination
kinetics. This parameter serves as a critical indicator of the material’s suitability for
integration into semiconductor device architectures [56, 57]. The presence of intrinsic and
extrinsic point and extended defects, as well as impurity states within the crystalline
lattice or bulk matrix, introduces localized energy levels within the bandgap that
function as carrier traps and nonradiative recombination centers, thereby markedly
reducing 𝜏𝑆𝑅𝐻. Furthermore, surface topography characterized by deviations from ideal
smoothness—commonly described as surface roughness—plays a significant detrimental
role by increasing scattering and facilitating the formation of surface recombination
pathways, especially in cases where the active layers remain unpassivated, resulting in a
pronounced diminution of carrier lifetime [58]. The most prevalent methodology for
the non-destructive, rapid quantification of minority carrier lifetimes is the
micro-photoconductance spectroscopy (𝜇-PCD) technique. This approach enables
contactless acquisition and analysis of carrier recombination dynamics, effectively
bypassing the need for complex microfabrication procedures that could introduce
fabrication-induced defects or contamination, thereby preserving the material’s intrinsic
quality [59–61].
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In operation, incident optical excitation generates excess photogenerated carriers
within the semiconductor matrix. Upon cessation of illumination, the local excess
carrier concentration gradient initiates a diffusion flux of minority carriers
away from the excitation locus. This process proceeds until recombination
mechanisms—Shockley-Read-Hall, radiative, Auger, or surface recombination—diminish
the excess carrier population to equilibrium levels. These temporal carrier density
variations induce fluctuations in the local electrical conductance (σ), which can be
spatially probed via microwave reflectance techniques employing a microwave source
coupled with a probing source. The measured changes in conductance as a function of
time directly reflect carrier recombination kinetics.

Furthermore, by selectively tuning the wavelength of the optical excitation source, it
is possible to probe different spatial regions within heterostructures—surface, interface,
or bulk regions—allowing for the independent characterization of surface versus bulk
recombination processes. This spectral selectivity facilitates the elucidation of
recombination pathways that predominantly influence the carrier lifetime in regions
distant from surface defect states and interface traps [62]. For this work, we have used
the 𝜇-PCD technique to characterize the effect of the underlying buffer and top
overgrowth on the effective carrier lifetime in the 𝜀-Ge epilayers. Details of the
measurement technique have been reported in our previous work [38]. Under
low-injection conditions, it can be shown that the reciprocal of effective carrier lifetime,
𝜏𝑒𝑓𝑓 , is expressed as the cumulative response from two reciprocal components, 𝜏𝑠𝑢𝑟𝑓𝑎𝑐𝑒
and 𝜏𝑏𝑢𝑙𝑘, as follows [63, 64]:
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1
𝜏𝑒𝑓𝑓

= 1
𝜏𝑠𝑢𝑟𝑓𝑎𝑐𝑒

+ 1
𝜏𝑏𝑢𝑙𝑘

(3.2)

where 𝜏𝑠𝑢𝑟𝑓𝑎𝑐𝑒 and 𝜏𝑏𝑢𝑙𝑘 are effective lifetime components from the surface and the bulk,
respectively. Intrinsic and extrinsic defect states, as well as other non-idealities present
within the volume of the epitaxial layer, induce non-radiative recombination pathways
that quantitatively diminish the effective minority charge carrier lifetime (𝜏𝑒𝑓𝑓). When
such volumetric recombination centers dominate, 𝜏𝑒𝑓𝑓 is primarily constrained by bulk
defect densities, rendering 𝜏𝑒𝑓𝑓 of the material bulk-limited. Conversely, recombination
phenomena localized at or near the material surface—such as surface dangling bonds due
to insufficient passivation or exacerbation of surface topological features, or interface state
distributions (𝐷𝑖𝑡)—contribute to the surface recombination velocity component, resulting
in a surface-limited effective carrier lifetime regime. Despite the fundamental nature of
these recombination mechanisms, this theoretical understanding underpins the strategic
evaluation of how buffer layer architectures and overlayer deposition processes influence
charge carrier dynamics within epitaxially grown 𝜀-Ge layers, as examined in the upcoming
sub-sections.

3.3.4.1 Effect of strain template on (001) biaxially tensile strained Ge

Figure 3.6(a) shows typical 𝜇-PCD transients obtained from 𝜀-Ge epilayers grown on
heterostructures A and B. The absorption coefficient of Ge ( 𝛼 ≈ 2.5 × 104 𝑐𝑚−1) at the
used excitation wavelength of 𝜆 = 1500 𝑛𝑚 ensures that the excess photocarriers are
generated homogeneously throughout the Ge epilayer. Additionally, the underlying
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layers are transparent to the excitation at this wavelength, which ensures exclusive
observation of the carrier dynamics within the Ge epilayers. The effective carrier lifetime
(𝜏𝑒𝑓𝑓), obtained by fitting an exponential decay regression to the principal mode of decay
[63], is substantially higher in 𝜀-Ge grown on InGaAs metamorphic buffer (𝜏𝑒𝑓𝑓 ≈ 68 𝑛𝑠)
compared to its counterpart grown on InAlAs metamorphic buffer (𝜏𝑒𝑓𝑓 ≈ 13 𝑛𝑠). This
observation can be explained as follows: when a semi-infinite crystal terminates at the
surface, the potential energy at the surface is starkly different from that in the bulk of
the material, where periodicity of the crystal lattice is maintained. This termination
leads to unsatisfied, dangling bonds on the surface that can participate in recombination
dynamics. Conversely, an increase in the surface roughness can be considered as an
increase in the effective surface area and thus increase in surface recombination centers,
due to the undulations. Thus, one can expect an increase in the rate of carrier
recombination at the surface. In this case, when the optical source is removed, the
generated photocarriers quickly diffuse toward the surface and recombine. While
thickness of the epilayer can also influence the effective lifetime, with longer effective
lifetime typically observed in thicker epilayers, the Ge epilayers are of the same thickness
in this work and as such, thickness effects can be neglected. Therefore, it is modest to
conclude that the observed difference in effective carrier lifetime is primarily due to the
difference in surface topology, and possible difference in electronic nature of the
interfacial defects at the 𝜀-Ge/InAlAs and 𝜀-Ge/InGaAs heterointerfaces. It follows that
in an epilayer with a rough terminating surface/interface, higher surface recombination
velocity results in reduced effective lifetime, and vice versa. In view of the above
discussion, the reduced effective lifetime in 𝜀-Ge grown on InAlAs metamorphic buffer
corresponds well to our AFM findings and further corroborates the XRD results, wherein
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a high degree of incomplete strain relaxation and asymmetric relaxation induced poor
surface morphology. Likewise, the symmetric strain relaxation of the InGaAs
metamorphic buffer resulted in a smoother surface morphology, and leads to enhanced
effective carrier lifetime, 𝜏𝑒𝑓𝑓 in the 𝜀-Ge grown in heterostructure A.

3.3.4.2 Effect of overlayer growth on (001) biaxially tensile-strained Ge

We have further used 𝜇-PCD to study the effect of the symmetric constant
composition InGaAs overlayer on top of the 𝜀-Ge epilayer. We previously noted in the
XRD section that there was no apparent relaxation in the 𝜀-Ge epilayer based on the
positions of the diffraction peaks. Figure 3.6(b) shows typical PCD transients obtained
from heterostructures C and D. The excitation wavelength for this case is kept at
𝜆 = 1500nm for reasons cited above. As seen in Figure 3.6(b), the modest
but measurable reduction in effective carrier lifetime in heterostructure D
(𝜏𝑒𝑓𝑓,𝐻𝑒𝑡.𝐷 ≈ 76 𝑛𝑠, compared to 𝜏𝑒𝑓𝑓,𝐻𝑒𝑡.𝐶 ≈ 99 𝑛𝑠) could possibly be due to (i)
inadequate surface passivation by the overlying InGaAs layer; (ii) effect of low
temperature growth of constant composition InGaAs overlayer resulting in a rougher
heterointerface shared with the Ge epilayer; or (iii) presence of electrically active
antiphase boundaries between antiphase domains resulting from the growth of polar
InGaAs on non-polar Ge. This qualitative assumption is justified from the quicker decay
of the transient curve in the capped sample, as the initial roll-off is exclusively dependent
on the surface component [63] of the lifetime expression in Eqn 3.2. Thus, following from
the above discussion and the observation from Figure 3.3, it is modest to conclude that:
(i) the tensile strain in the capped Ge epilayer is not relaxed; (ii) the bulk lifetime in
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Figure 3.6: 𝜇-PCD transient curves recorded from (a) Heterostructures A [38] and B and
(b) Heterostructures C and D, respectively. The effective lifetime is obtained in each case
by fitting an exponential regression to the principal mode of decay (solid black).
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𝜀-Ge epilayer is most likely not affected by the overgrowth of the InGaAs epilayer, and
(iii) the measurable reduction of the effective lifetime is a direct consequence of the
surface properties of the top heterointerface. To the best of our knowledge, the
experimental characterization of carrier recombination dynamics within 𝜀-Ge QW double
heterostructures utilizing 𝜇-PCD has not been previously documented or reported. The
findings from this work represent a significant milestone in the advancement toward the
fabrication and optimization of high-quality Ge-based heterostructures, a critical
prerequisite for the development of optoelectronic devices and integrated optical sources
predicated on Ge semiconductor platforms.

Prior numerical modeling investigations [65] have demonstrated that theoretical
internal quantum efficiency (IQE) metrics exhibit an enhancement factor of
approximately 100 when the defect-limited non-radiative lifetime, 𝜏𝑆𝑅𝐻 ≈ 𝜏𝑏𝑢𝑙𝑘 is
increased from 10 ns to 100 ns, under conditions of 2.0% tensile strain and moderate
n-type doping concentration of 5 × 1018 cm−3. This correlation underscores the critical
dependence of IQE on intrinsic lifetime parameters, thereby motivating targeted
improvements in crystalline material quality to mitigate defect densities. Analogously,
our experimental data corroborate that highly crystalline 𝜀-Ge can be achieved through
epitaxial growth of III-V compound semiconductors on metamorphic buffer layers,
thereby establishing a viable synthetic pathway for the fabrication of QW double
heterostructures, emphasizing their potential in the development of integrated laser and
light-emitting diode (LED) sources with enhanced radiative efficiencies.



3.4. Conclusion 111

3.4 Conclusion

In summary, this work reports on the differences in structural crystallinity and
carrier dynamics of 𝜀-Ge grown on InGaAs and InAlAs metamorphic buffers, and
InGaAs/𝜀-Ge/InGaAs QW double heterostructures. While symmetric strain relaxation
and a smooth surface morphology could be achieved on 𝜀-Ge grown via InGaAs
metamorphic buffers, 𝜀-Ge grown via InAlAs metamorphic buffers were characterized by
rough surface morphology owing to asymmetric strain relaxation during buffer growth.
High-resolution XRD analyses confirmed the efficacy of the metamorphic buffers in
reducing dislocation propagation to the active Ge layer. Notably, the strain state
evaluation derived via HR-XRD and Raman scattering methodologies revealed
quantitative discrepancies; despite this, the incorporation of tensile strain while
maintaining pseudomorphic coherence was substantiated in 𝜀-Ge in both heteroepitaxial
configurations. Furthermore, surface morphology assessment using AFM corresponds well
to the HR-XRD analyses, with higher symmetric relaxation correlating to smoother
surface morphology (reduced 𝑅𝑞) in 𝜀-Ge grown on InGaAs metamorphic buffers. Carrier
dynamics studied using 𝜇-PCD showed that effective lifetime is degraded due to
increased surface roughness, corroborating the premise that increased surface roughness
acts as a non-radiative recombination pathway. These findings position In𝑥Ga1−𝑥As as a
preferable metamorphic pathway for strained heteroepitaxy. Furthermore, we showed
that the strain state of Ge in a QW heterostructure remained substantially invariant
after InGaAs overlayer growth, with slight degradation of effective carrier lifetime,
alluding to the prime quality of 𝜀-Ge epilayers. These results bear practical implications
for realization of strain-engineered Ge for the goal of realizing inter- and intra-chip
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communications and strained Ge-based optical sources.
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Chapter 4:

Heavy Boron Doping Effects
on Biaxially Tensile Strained
Germanium (> 1.5%) investigated via
Structural Characterization, Effective
Lifetime Assessment and Atomistic
Modeling

This chapter has been reproduced from a manuscript under preparation titled Heavy

Boron Doping Effects on Biaxially Tensile Strained Germanium (>1.5%)

investigated via Structural Characterization, Effective Lifetime Assessment

and Atomistic Modeling, authored by Shuvodip Bhattacharya, Steven W.

Johnston and Mantu K. Hudait.

Highly tensile strained germanium (𝜀-Ge) represents an essential material

system for emerging electronic and photonics applications. Moreover,

adjusting the doping levels to moderate or high concentrations can effectively

tailor the properties of 𝜀-Ge for specific applications. This article combines
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experimental characterization with a theoretical framework to examine the

effects of heavy elemental boron (B) doping on pseudomorphic sub-50 nm

𝜀-Ge. High resolution x-ray diffractometry is used to validate tensile strain

levels of 1.53% and 1.68% in Ge epilayers, surpassing the indirect-to-direct

band gap crossover point at ≃1.5% tensile strain. High-resolution

transmission electron microscopy revealed visual evidence of stacking faults

and surface roughening in 1.68% 𝜀-Ge, although a coherent and abrupt

Ge/III-V heterointerface is observed, devoid of interfacial misfit dislocations.

Effective lifetime measurements demonstrated approximately twofold

enhancement in the 1.53% B-doped 𝜀-Ge (𝑁𝐵 ≈ 7 × 1019 𝑐𝑚−3) compared to its

unstrained B-doped counterpart, while no such improvement was observed in

1.68% B-doped 𝜀-Ge. This lack of enhancement is attributed to the presence

of stacking faults and surface roughness within the 𝜀-Ge epilayer. Through

density functional theory calculations, we independently demonstrate that

substitutional B atoms induce local deformation of Ge-Ge bonds in both

unstrained and 𝜀-Ge epilayers, resulting in an additive tensile strain. This

phenomenon leads to a reduction in the critical layer thickness for the

system, facilitating the nucleation and subsequent glide of 90° leading

Shockley partial dislocations, which ultimately create stacking faults. In

essence, these findings establish an upper limit on the B-doping

concentration that can be achieved in highly 𝜀-Ge epilayers. Collectively,

these results offer valuable insights into the significance of heavy doping in

Ge-based heterostructures, and as such, serve as a cautionary guide for the

integration of heavy doping in highly 𝜀-Ge materials for electronic and
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photonic applications.
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4.1 Introduction

The scope of application of heavily doped Si1−𝑥Ge𝑥, Ge, and Ge1−𝑦Sn𝑦 thin films is
immense, and it should come as no surprise that these material systems have garnered
special attention over the past decade. In addition to their significance in advancing
complementary metal-oxide-semiconductor (CMOS) technologies [1, 2], this group-IV
material system forms part of a collective endeavor by researchers to enable monolithic
integration of optical and photonic devices together with CMOS integrated circuits [3–5].
Furthermore, recent research has shown enormous potential of these material systems for
application in spintronics [6], quantum information processing [7, 8], particle detection
[9], optical sensing [10] and single-hole/single-electron transistors [11]. Particularly, holes
in Ge exhibit strong inherent spin-orbit coupling, which can find application in hybrid
semiconductor-superconductor hybrid systems. Moreover, Ge exhibits a pseudo-direct
bandgap which can be engineered to become a direct band-gap material by virtue of
uniaxial/biaxial tensile strain [12–14], heavy n-type doping, Sn alloying [15] and special
nanostructures such as nanomembranes [16] and micro-disks [17, 18]. Such versatility
opens up new frontiers in realizing Ge based optical sources to alleviate the performance
limits of copper-based interconnect systems [19–21]. In all of the abovementioned
applications, lattice engineering to induce strain and/or moderate to heavy doping
concentrations are common factors to tailor the material system to specific applications.
Previous investigations have focused primarily on (i) achieving heavily doped Si1−𝑥Ge𝑥
[22] and Ge [23, 24] epitaxial layers with high dopant activation levels [25], (ii) solid
solubility limit of dopants in Ge [23], (iii) magnetotransport properties of bulk/bulk-like
Ge materials [26, 27] and (iv) structural implications of heavy B-doping concentration in
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unstrained Ge [28, 29]. However, not much work has been devoted toward understanding
the implications of high concentrations of B-doping on 𝜀-Ge beyond the crossover point,
crucial for realizing the potential of such a material system in emerging technologies.

In this work, we employ a combination of structural characterization and effective
lifetime measurements, independently corroborated using atomistic modeling, to
investigate the impact of substantial B-doping on Ge epilayers, which are tensile strained
above the indirect-to-direct crossover point [30]. Pseudomorphic unstrained Ge and
tensile strained Ge (𝜀-Ge) were grown using solid-source molecular beam epitaxy (MBE)
in isolated chambers. In-situ B-doping was used to achieve a high concentration of B
incorporation (𝑁𝐵 ≈ 7 × 1019 𝑐𝑚−3 obtained from Hall measurements) in the 𝜀-Ge
epilayers. High resolution x-ray analysis was employed to confirm strain levels of 1.53%
and 1.68%. Using cross sectional transmission electron microscopy (HR-XTEM), we show
that heavy B-doping in highly 𝜀-Ge favors formation of Shockley partial dislocations
(SPDs) and surface roughness. Quantifiable corroboration with structural analysis is
provided by way of microwave reflectance photoconductance decay (𝜇-PCD) effective
minority carrier lifetime (𝜏𝑒𝑓𝑓) measurements, where B-doped 1.53% 𝜀-Ge showed ≃2×
enhancement in 𝜏𝑒𝑓𝑓 compared to its B-doped unstrained counterpart. No such
improvement in 𝜏𝑒𝑓𝑓 , however, was observed in B-doped 1.68% 𝜀-Ge, which is attributed
to the presence of stacking faults and surface roughness. These findings indicate an
interplay of dynamics between tensile strain-induced (heavy doping-induced) lifetime
enhancement (degradation), wherein enhancement in 𝜏𝑒𝑓𝑓 is observed when the former
dominates. Furthermore, atomistic modeling of B-doped bulk Ge and 𝜀-Ge revealed that
substitutional B-atoms induce strong deformation of Ge-Ge bonds, which result in an
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additive tensile strain at this doping concentration. The consequence is an inherent
lowering of the critical layer thickness, ℎ𝑐, for the system. When the ℎ𝑐 is exceeded, the
cumulative tensile strain from the III-V strain template and substitutional B atoms paves
the way for nucleation and glide of 90° leading Shockley partial dislocations (SPDs) and
formation of stacking faults. Thus, we speculate on the existence of a doping dependent
critical tensile strain, 𝜀𝑑𝑜𝑝𝑖𝑛𝑔, beyond which surface roughening and nucleation of
dislocations will compete, and might even become unavoidable, during epitaxial growth.
For this work, the results suggest 𝜀𝑑𝑜𝑝𝑖𝑛𝑔 exists between 1.53% and 1.68% tensile strain
levels in 𝜀-Ge for a B-doping concentration of 𝑁𝐵 ≈ 7 × 1019 𝑐𝑚−3.
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4.2 Experimental Section

4.2.1 Materials Synthesis

In-situ heavily B-doped unstrained Ge and 𝜀-Ge heterostructures studied in this work
were grown on epi-ready, semi-insulating GaAs (001) substrates with typical 2° ⟨110⟩
offcut, in an isolated group III-V and group IV dual-chamber solid-source MBE system.
The chambers are interconnected via an ultra-high vacuum transfer chamber to prevent
unwanted oxidation during transfer. The isolation is intended to mitigate atomic
interdiffusion at group IV/group III-V heterointerfaces during epitaxial growth of group
IV material at elevated temperatures. Growth temperatures at each stage were
monitored using thermocouple and controlled using remotely calibrated Eurotherm
2404/8 PID controllers. Surface oxide desorption from GaAs substrates was performed at
≃750°C with an As2 overpressure of 10−5 Torr inside the III-V chamber to prevent
surface reconstruction due to As desorption. A reflection high-energy electron diffraction
(RHEED) module housed inside the III-V chamber was used for in-situ monitoring of
growth rate and temporal surface morphology variations at each growth stage. Oxide
desorption step was concluded when clear (2 × 4) pattern was visible for each growth
run. After oxide desorption, the substrates were cooled down to 650°C for 250 nm of
GaAs overgrowth. For the control heterostructure C, post GaAs overgrowth, 170 nm of
AlAs was grown at 650°C, following which the sample was transferred to the group IV
chamber. For heterostructures A and B, after oxide desorption, In𝑥Ga1−𝑥As linearly
graded metamorphic buffers (LGBs) were grown at 525°C and 560°C, respectively, where
x (InAs molar fraction) was linearly varied by adjusting the cell temperature (or in other
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words, the In and Ga flux ratio) to achieve the desired InAs compositions for the
respective buffers. A much thinner LGB was made possible in heterostructure A
compared to heterostructure B by the overshoot layer, which promotes enhanced
relaxation of the buffer, thereby providing a coherent growth front for the subsequent
constant composition virtual substrate (VS) growth. Afterwards, constant composition
In𝑥Ga1−𝑥As VSs were grown at 525°C and 560°C, respectively, for heterostructures A
and B, at nominal growth rates of 0.6568 𝜇m/hr and 0.6951 𝜇m/hr. Finally, both
samples were transferred to the group IV chamber under high vacuum. For
heterostructure C, 270 nm epitaxial Ge, and for heterostructures A and B, ~30 nm
epitaxial Ge was grown, at a temperature of 400°C at a nominal growth rate of 0.067
Å/sec. The thickness for 𝜀-Ge is limited by ℎ𝑐 in accordance with the strain energy
balance model proposed by People and Bean [31]. To achieve the same doping
concentration in all heterostructures, the B-dopant cell was maintained at 1650°C during
epitaxial Ge growth to achieve a B-doping concentration of 7 × 1019 𝑐𝑚−3 (validated
ex-situ using Hall measurements on van der Pauw structures). After epitaxial Ge growth,
all heterostructures were cooled down to 50°C at a temperature ramp down rate of
5°C/min to prevent thermal cracking or wafer bowing that could arise from the varying
thermal coefficients of the materials used in the heterostructure stack. The
heterostructures studied in this work are depicted in Figure 4.1.

4.2.2 Materials Characterization

To investigate the strain state of the Ge epilayers and InAs molar fraction in the
In𝑥Ga1−𝑥As VSs, ex-situ high-resolution x-ray diffraction (HR-XRD) was used. High
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Figure 4.1: Schematic representation of the heterostructures analyzed in this study. Het-
erostructure C serves as the unstrained control sample with 270 nm epitaxial Ge on vicinal
2°⟨110⟩ (001)GaAs substrates, with AlAs as an intermediate buffer. For heterostructures
A and B, respectively, 30 nm of 1.53% and 1.68% biaxially tensile strained epitaxial Ge
was grown on InGaAs virtual substrates. The boron doping concentration (𝑁𝐴 ≈ 𝑁𝐵,
where 𝑁𝐴 denotes the acceptor concentration) for all heterostructures was confirmed via
Hall measurements of van der Pauw structures to be 𝑁𝐵 ≈ 7 × 1019 𝑐𝑚−3.
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resolution symmetric (004) and asymmetric (115) reciprocal space maps (RSMs) were
recorded on a PANalytical X’Pert Pro diffractometer, which is equipped with a
monochromatic Cu K𝛼1 (𝜆=1.540597 Å) x-ray source. All RSMs were recorded with the
PIXcel 3D detector, with the goniometer resolution set to 0.0001° and step size set to
0.0049° for both 2𝜃 and 𝜔 axes during measurement. To evaluate the structural
implications of heavy B-doping on 𝜀-Ge epilayers and 𝜀-Ge/In𝑥Ga1−𝑥As heterointerfaces,
bright field cross sectional transmission electron micrographs (XTEM) were recorded on a
JEOL 2100 system with a formatted operating voltage of 200kV (𝜆𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛 ≃ 2.5079 𝑝𝑚).
Electron transparent thin foils required for TEM characterization were prepared using
conventional mechanical milling process, which was followed by 𝐴𝑟+ ion milling at low
temperatures to achieve the desired lamella. To measure the effective minority carrier
lifetime (𝜏𝑒𝑓𝑓) of each B-doped sample, conventional microwave-reflectance
photoconductance decay (𝜇-PCD) measurements were performed at the National
Renewable Energy Laboratory (NREL). All measurements were done at room
temperature on representative 1 cm × 1 cm cleaved sample pieces. The samples were
placed underneath a rectangular waveguide (WR42, 20 GHz, 0.43 cm × 1.07 cm) and
optically pumped using a Q-switched neodymium-doped YAG laser with a power rating
of 20 mW. The waveguide is used to guide the 20 GHz microwave probe source reflected
from the samples that is recorded by an oscilloscope to map the conductance decay. The
wavelength was maintained at 1500 nm for all measurements to ensure complete
excitation of the Ge epilayers. The decay curves, thus recorded, were fitted with an
exponential decay regression as explained in the later part of the text.

Atomistic density functional theory calculations were performed to study the
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deformation of Ge-Ge bonds in relaxed, undoped and B-doped ⟨110⟩ biaxially 1.5% 𝜀-Ge.
These calculations were made possible using the Synopsys QuantumATK software suite
[32]. The standard unpolarized generalized gradient approximation (GGA) [33] with
PerdewBurkeErnzerhof (PBE) exchange and correlation functionals was used for these
calculations. Norm-conserving SG15 [34] pseudopotentials were used as the basis set for
each element, with HighProjectorShift applied for Ge for reasons explained elsewhere
[32]. Undoped and B-doped bulk and tensile-strained Ge supercells were geometrically
optimized using a kinetic energy cutoff of 85 Hartree and a 6 × 6 × 8 Monkhorst-Pack
𝑘-point grid leading to 148 𝑘-points to map the irreducible Brillouin zone, in conjunction
with a force tolerance of 0.05 eV⋅Å-1, stress error tolerance of 0.1 GPa and maximum
atomic displacement size of 0.2 Å.
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4.3 Results and Discussion

4.3.1 𝜀-Ge Strain State and Buffer InAs Composition Analysis
using HR-XRD

The structural analyses of the heterostructures illustrated in Figure 4.1 were conducted
using double-axis HR-XRD. A typical combination of symmetric (004) and asymmetric
(115) reciprocal space maps (RSMs) were recorded from each heterostructure to
determine the InAs molar fraction in the InGaAs VS and the level of imparted
mechanical strain to the active Ge epilayer, following methodologies outlined elsewhere
[35]. In a typical symmetric (004) RSM along the (001) growth direction, the relative
positions of the reciprocal lattice contour centroids (RLCCs) in relation to the substrate
RLCC provide insights into the out-of-plane lattice parameters, 𝑎⟂, of the corresponding
epilayers. The RLCCs from individual epilayers in a symmetric scan should exhibit
vertical alignment with the substrate along the 𝑄𝑥 axis, barring any influence from tilt or
finite crystal effects [36]. However, in mismatched heteroepitaxy, strain relaxation often
leads to tetragonal distortion of the lattice, resulting in potential epilayer tilt in arbitrary
directions, influenced by the number and efficiency of slip systems active during the
relaxation process. This non-uniform relaxation, typically linked to differences in
preferential nucleation and glide velocities of 𝛼 and 𝛽 dislocations with group-V- and
group-III-terminated cores, respectively, manifests as a horizontal shift of the RLCCs of
the epilayers relative to that of the substrate in both symmetric and asymmetric scans
[37]. Figure 4.2(a)-(b) display the symmetric (004) RSMs for heterostructures A and B,
respectively, where the angular (2𝜃 − 𝜔) coordinates have been converted to reciprocal
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space coordinates (reciprocal lattice unit, r.l.u.). The RLCCs of the constant composition
InGaAs VSs are positioned below that of the GaAs substrate, in accordance with
expansion (contraction) of out-of-plane lattice constant, 𝑎⟂ (in-plane lattice constant,
𝑎∥). Along the same lines, the RLCCs from 𝜀-Ge epilayers are seen to be shifted above
that of GaAs substrates, indicative of expansion (contraction) of 𝑎∥ (𝑎⟂), with the
magnitude of displacement indicating the strain imparted to the Ge epilayers. The
magnitude of the vertical displacement of the InGaAs VSs RLCCs correlates with the
InAs molar fraction present in the InGaAs VSs. A similar argument holds for the Ge
RLCCs; a larger vertical displacement relative to the GaAs substrate RLCC suggests a
higher tensile strain, and vice versa. Notably, while the InGaAs VS RLCC for
heterostructure B is vertically displaced further than in heterostructure A indicating a
higher InAs molar fraction and consequently a higher tensile strain – it is observed that
the Ge epilayer RLCCs in both heterostructures exhibit similar displacement magnitudes
relative to the GaAs substrate RLCC. This could imply that the Ge epilayers in both
heterostructures exhibit comparable tensile strain. This observation could arise from
several possibilities: (i) insufficient relaxation of the buffer, (ii) partial relaxation of the
Ge epilayer, or (iii) epilayer tilt resulting from tetragonal distortion which obscures the
actual RLCC position. Further understanding of this observation can be gained from the
asymmetric (115) scan. It should also be noted that the symmetric and well-defined
contours of the InGaAs VSs suggest that defects nucleating from mismatched
heteroepitaxy were effectively confined within the linearly graded metamorphic buffers.
Consequently, reduced propagation of threading dislocations (TDs) to both the InGaAs
VSs and the active Ge epilayers can be expected.
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Figure 4.2: (a)-(b) Symmetric (004) RSMs recorded from heterostructures A and B, re-
spectively. The dotted orange lines connect the RLCC of the InGaAs VS and the 𝜀-Ge
epilayer used for characterization. The dotted black lines are provided to indicate the ex-
pected position of the Ge epilayer RLCC in the absence of tilt. (c)-(d) Asymmetric (115)
RSM scans recorded from heterostructures A and B, respectively, with the dotted black
and orange lines having the same significance as described previously. The dotted red line
(R=1) signifies the trajectory along which the InGaAs VS RLCCs would be positioned if
they were fully relaxed.



140 4. Heavy B Doping Effects on Carrier Dynamics of 𝜀-Ge

As previously noted, crystallographic epilayer tilting relative to the substrate and
between epilayers is often observed in mismatched heteroepitaxy. In Figure 4.2, the
reciprocal lattice contours (RLCs) from the respective epilayers exhibit horizontal shift
relative to the GaAs substrate RLC due to epilayer tilting. Majority of the observed
tilting occurs within the linearly graded metamorphic buffer, suggesting non-uniform
relaxation dynamics [37], whereas minimal tilt is observed between the InGaAs VS RLCC
and the corresponding Ge epilayer RLCC. Illustrated as visual aids, the dotted orange
lines are drawn from the InGaAs VS RLCCs and terminate at the corresponding Ge
epilayer RLCCs utilized for tensile strain calculations. In contrast, the dotted black lines
originate from the InGaAs VS RLCCs and extend to where the Ge epilayer RLCCs would
coincide in the absence of tilt. The minimal angle between these two dotted lines in both
heterostructures suggests minimal tilting; this finding further rules out the possibility of
partial relaxation in the Ge epilayer in heterostructure B. For heterostructure B
specifically, due to the low intensity from the Ge epilayer contour, an ellipsoid is provided
as visual aid to indicate the region of interest (ROI) used to locate the Ge RLCC.

To ascertain the out-of-plane lattice parameters, asymmetric (115) RSM scans were
recorded from heterostructures A and B, as depicted in Figures 4.2(c)-(d). The low angle
of incidence in an asymmetric scan results in additional splitting of the iso-intensity
contours in the reciprocal coordinate space. Consistent with symmetric (004) scan
findings, the InGaAs VS RLCCs are located below, and the Ge epilayer RLCCs are
located above the GaAs substrate RLCCs. Notably, the Ge epilayer RLCC from
heterostructure B is observed to be positioned slightly higher than that in
heterostructure A. As mentioned earlier, tetragonal distortion during mismatched
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heteroepitaxy may give rise to epilayer tilt which can obscure the accurate determination
of the lattice parameters. Given the minimal epilayer tilting between the InGaAs VS and
Ge epilayer RLCCs of interest, indicative of pseudomorphic growth, adjustments for
epilayer tilt have not been pursued for this work. The nominal InAs compositions were
determined to be 22.6% and 24.6% for heterostructures A and B, respectively, closely
aligning with targets of 22.5% and 24%. We emphasize that the slight deviation between
targeted and measured InAs molar fractions may be an artifact of epilayer tilt. The
in-plane epitaxial strain, 𝜀∥, is defined as:

𝜀∥ =
𝑎∥ − 𝑎𝑟

𝑎𝑟
(4.1)

where 𝑎∥ and 𝑎𝑟 refer to the in-plane lattice parameter and relaxed epilayer lattice
parameter, respectively. Utilizing the relaxed lattice constant of Ge, 𝑎𝑟,𝐺𝑒 = 5.658 Å [38]
along with XRD measured in-plane lattice parameters, the strain states of Ge in
heterostructure A (𝑎∥ = 5.7447 Å) and heterostructure B (𝑎∥ = 5.7530 Å) were calculated
to be 1.53% and 1.68%, respectively. The calculated relaxed lattice parameters for Ge
were 𝑎𝑟,𝐺𝑒,𝐻𝑒𝑡. 𝐴 = 5.6583 Å and 𝑎𝑟,𝐺𝑒,𝐻𝑒𝑡. 𝐵 = 5.6520 Å, respectively, for
heterostructures A and B, which are in close proximity to the literature value.
Additionally, any minor discrepancy in the calculated relaxed Ge lattice parameter
relative to the literature value for heterostructure B could be attributed to errors in
locating the accurate RLCC position, considering the low intensity recorded. It is also
important to note that while B-doping-induced tensile strain has been measured using
HR-XRD previously [39], decoupling the doping-induced tensile strain from mechanical
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strain induced by the metamorphic buffer presents significant challenges at this stage.
This limitation arises from the fact that the 𝜀-Ge unit cells are constrained by the
underlying III-V strain template, where any alterations in the strain state due to
B-induced distortion predominantly affect only the Ge-Ge bonds immediately proximal
to the B atom. Consequently, such effect is likely obscured by the buffer-induced strain
and exceeds the resolution capabilities of the current experimental setup.

4.3.2 Heterostructure analysis via TEM

To provide additional insight into the structural integrity of heavily in-situ B-doped
𝜀-Ge heterostructures in this work, cross-sectional low- and high-magnification TEM
micrographs were recorded from heterostructure B. Figure 4.3(a) illustrates the
low-resolution cross-sectional TEM recorded from heterostructure B, displaying the
complete stack. The lattice-mismatch induced defects are observed to be confined within
the In𝑥Ga1−𝑥As metamorphic buffer and do not glide into the constant composition
InGaAs VS. This observation supports the previously noted symmetric and confined
contours of the InGaAs VS in the recorded RSM. The absence of extended defects within
the InGaAS VS and further into the active Ge epilayer suggests coherent pseudomorphic
growth. Figure 4.3(b) presents a typical representative heterointerface region shared by
In0.25Ga0.75As and 𝜀-Ge. Several key observations can be made from this micrograph.
The contrast in atomic factors between Ge and InGaAs highlights the abrupt nature of
the heterointerface, indicating minimal atomic interdiffusion. Additionally, stacking
faults are observed to initiate at the heterointerface (region of interest 1 (ROI-1)), and
along the dislocation line, they dissociate into two diverging ⟨112⟩ directions (ROI-2).
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Figure 4.3: (a) Cross-sectional low magnification bright-field TEM recorded heterostruc-
ture B showing the full stack. (b) High-resolution cross-sectional bright-field TEM recorded
from heterostructure B, showing a representative 𝜀-Ge/In0.25Ga0.75As heterointerface re-
gion. The dotted yellow lines indicate the 10 nm × 10 nm regions of interest (ROIs)
analyzed. The inset presents the FFT pattern (𝔉(𝜔)) derived from the entire region. The
presence of an abrupt and coherent interface is evident by the difference in atomic factor
contrast between Ge and In0.25Ga0.75As. A stacking fault is identifiable in this figure along
the projected ⟨112⟩ directions. (c)-(e) Inverse FFT patterns (𝔉−1 (𝔉(𝜔))) corresponding to
ROI-1, ROI-2 and ROI-3, respectively, obtained by selectively masking the (111) planes
from the FFT pattern displayed in the inset of Figure 4.3(b). The dotted yellow line in
Figure 4.3(e) signifies the area of the two-monolayer twin observed in ROI-3.
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The inset of Figure 4.3(b) shows the diffraction pattern from the representative region,
where diffraction streaks along the ⟨111⟩ directions suggest the presence of stacking
faults. Moreover, the absence of satellite peaks in the diffraction pattern indicates that
no multiple distinct lattice parameters exist, further confirming the pseudomorphic
nature of the Ge epilayer.

In ROI-3, marked in the micrograph, a 2-monolayer twin region is identified, terminating
at a Shockley partial dislocation (SPD) along the ⟨112⟩ direction. Using noise-filtering
inverse Fast Fourier Transform (iFFT) i.e., (𝔉−1 (𝔉(𝜔))), selective masking of the (111)
planes from the diffraction pattern was conducted on ROIs 1, 2 and 3 as shown in Figures
4.4(c)-(e), respectively. Each figure reveals a discontinuity of lattice planes on the (111)
planes, with the 2-monolayer twin region highlighted by the yellow rectangular area in
Figure 4.3(e). In contrast, no discontinuity was observed on the (111) planes (not shown
here) indicating that the active slip plane in this case is either (111) or (111).

Figure 4.4(a) illustrates another representative heterointerface region shared between
In0.25Ga0.75As and 𝜀-Ge from heterostructure B. Notably, this figure reveals a virtually
defect-free heterointerface shared between the metamorphic buffer VS and the active
epitaxial Ge, as indicated by the dotted black line in ROI-4. Similar to the observations
in Figure 4.3(b), the abrupt nature of the heterointerface is also evident here. In ROI-5,
a stacking fault along the [112] direction is observed; however, unlike in Figure 4.3(b),
the stacking fault is located further away from the heterointerface. This could suggest
the presence of local micro-strain effects favoring nucleation of partial dislocations (PDs)
that form stacking faults. Figures 4.4(b)-(c) present the diffraction patterns obtained
from ROIs 4 and 5, respectively. In these figures, satellite peaks are absent, reinforcing
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the pseudomorphic nature of the growth. Additionally, streaks are observed along the
⟨111⟩ directions, indicating the presence of the stacking fault. Figures 4.4(d)-(f) depict
the iFFT of selectively masked (111) and (111) diffraction points from ROIs 4 and 5,
respectively. No discontinuity along the {111} planes is observed in ROI-4, which
supports the presence of a coherent heterointerface. However, discontinuity in lattice
planes is noted along the (111) planes from ROI-5, coinciding with the location of the
identified stacking fault. Marée et al. have previously addressed that stacking faults are
formed when the typical 60° mixed-type perfect dislocations in zinc-blende structures
(with Burgers vector 𝑎

2 ⟨110⟩) dissociate into pairs of Shockley Partial Dislocations
(SPDs) (with Burgers vector 𝑎

6 ⟨112⟩) [40]. Under tensile shear stress, as is the case here,
the maximum force is subjected to the 90° SPD which must nucleate first, followed by
the trailing 30° SPD responsible for annihilating the stacking fault and restoring the
typical ABCABC… stacking pattern along the ⟨111⟩ directions observed in diamond cubic
zinc-blende structures. Figure 4.4(h) displays the noise-filtered iFFT from the stacking
fault region, notably showing clear evidence of a perfect 60° dislocation dissociating into
a 90° leading SPD and 30° trailing SPD. A Burgers circuit is depicted around each SPD,
with the plane of slip indicated by the dotted yellow line, surrounding the entire stacking
fault ribbon. As discontinuity is observed on the (111) or (111) planes, projection of the
Burgers vector onto the [110] planes can infer the directions of the SPDs.
Consequently, the dissociation of the perfect 𝑎

2 ⟨110⟩ dislocation is inferred as
⃗⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗𝑏60° → ⃗⃗⃗⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗𝑏90° + ⃗⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗𝑏30° ⟹ 𝑎

2 [110] → 𝑎
6 [121] + 𝑎

6 [211], where 𝑎 denotes the lattice parameter.
It is essential to address the presence of stacking faults, in contrast to the lack of visible
disorder at the heterointerface in Figures 4.3(b) and 4.4(a). Despite the observations
here, we previously demonstrated excellent pseudomorphic uid-epitaxial Ge growth with
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Figure 4.4: (a) High-resolution cross-sectional bright-field TEM micrograph from a rep-
resentative region of 𝜀-Ge/In0.25Ga0.75As heterointerface recorded from heterostructure B.
The dotted yellow lines highlight the 10 nm × 10 nm ROIs analyzed. The variation in
thickness, indicative of surface roughness, is represented by the dotted white lines, along
with the corresponding measured thickness. (b)-(c) FFT (𝔉(𝜔)) diffraction patterns de-
rived from ROI-4 and ROI-5, respectively. (d)-(e) Inverse FFT patterns (𝔉−1 (𝔉(𝜔))) from
ROI-4, obtained by selectively masking (111) and (111) diffraction points, respectively,
with no lattice plane discontinuities observed. (f)-(g) Inverse FFT patterns from ROI-5,
also obtained by selectively masking (111) and (111) diffraction points, respectively, where
lattice discontinuity is noted only along the (111) planes, as indicated by the additional
dotted white line. (h) Inverse FFT pattern obtained by mapping all diffraction points from
ROI-5, clearly illustrating the stacking fault ribbon, with the 90° leading and 30° trailing
PDs highlighted, as explained in the main text. The slip plane (111) is marked by the
dotted yellow line.
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up to 1.94% tensile strain on a similar strain template (albeit with higher InAs content),
where no extended defects or stacking faults were observed, at the heterointerface or
within the 𝜀-Ge epilayer [41]. A significant distinction in this study is the deliberate
in-situ heavy B-doping of the 𝜀-Ge epilayer. While the In0.25Ga0.75As was not doped, the
B dopant shutter was opened during the epitaxial Ge growth. Previous studies have
shown that during B-doping, the lattice of the host Ge experiences warping in the
vicinity of the B-atoms [29]. In a subsequent section, we illustrate this effect through
atomistic modeling of the tensile strained system. Nonetheless, it is important to note
that while low doping concentrations may or may not favor nucleation of dislocations,
increase in local micro-strains within the Ge epilayer occurs due to reduced B-B distance
at heavier doping concentrations.

The adverse effects of heavy B-doping on the crystallinity of Si—epitaxially grown or
using the seed method—have been documented. For instance, Miller et al. studied the
introduction of edge dislocations due to substantial contraction of the Si lattice beyond
a B-doping concentration of 8 × 1018 cm−3 [42]. Schwuttke utilized x-ray topography
measurements to illustrate the presence of precipitates along the {111} planes which serve
as significant micro-strain centers [43]. Recently, it was reported that the solid solubility
of B in Ge is ∼ 5.5 × 1018 cm−3 at 850°C in single crystal Ge [23]. Additionally, a
B concentration as low as 1% facilitated compressive strain compensation in Si1−𝑥Ge𝑥
crystals, enabling a higher Ge content incorporation without an increase in residual strain
energy [44].

Furthermore, Figure 4.4(a) presents an intriguing observation that is less apparent in
Figure 4.3(b). In contrast to the coherent and abrupt 𝜀-Ge/In0.25Ga0.75As
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heterointerface, the terminating surface of the Ge epilayer exhibits undulations,
suggesting a rough surface, with thickness ranging from 25.3 nm to 30.3 nm in the
representative micrograph. Researchers have established that surface roughening by way
of island formation serves as an elastic deformation pathway for alleviating
misfit-induced strain [45]. This surface roughening competes with dislocation nucleation,
with surface roughening scaling as 𝜀−4 compared to 𝜀−1 for dislocation nucleation, where
𝜀 is the lattice misfit. In mismatched heteroepitaxy, the energy barrier to surface
roughening is significantly lower for high misfit growths, allowing for partial relaxation of
misfit strain by surface roughening. Conversely, a critical misfit, 𝜀0, exists below which
dislocation nucleation is favored over surface roughening, resulting in misfit strain relief
through nucleation of new dislocations or glide of preexisting dislocations. This reduction
in misfit strain subsequently increases the energy barrier for surface roughening, enabling
the growth to proceed with an atomically smooth growth front. We have recently
demonstrated island-driven growth (or 3D Stranski-Krastanov mode of growth) in
epitaxial Ge grown on In0.53Ga0.47As and In0.51Al0.49As, which contain significantly higher
InAs compositions than those utilized in this work [46].

In light of the aforementioned discussion, we propose that heavy B-doping, as is the case
in this work, may be the primary cause for the nucleation of SPDs, consequently leading
to stacking faults and/or surface roughening. One qualitative hypothesis could be the
following. When growth of Ge begins from the abrupt Ge/In0.25Ga0.75As heterointerface,
the B adatoms occupy certain host Ge lattice sites, inducing significant warping of the
Ge-Ge covalent bonds proximal to the B atoms. This concomitantly increases the local
strain at the growth front. At low to moderate B concentrations (i.e. 1014 − 1018 𝑐𝑚−3),
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only a limited number of Ge-Ge bonds around the B atoms are deformed. However,
heavy B doping reduces the B-B distance, potentially leading to long-range residual strain
energy. This additional strain energy lowers the critical misfit, 𝜀0, thereby promoting
surface roughening. As some strain energy is relieved elastically by surface roughening,
the critical misfit, 𝜀0, is again elevated, pushing the system into a low misfit regime.
Consequently, the strain energy reduction induced by surface roughening at the growth
front also diminishes the barrier for nucleation of dislocations, especially PDs in this case.
Furthermore, this dynamic modification of the ℎ𝑐 for the system due to the added strain
makes it energetically favorable for nucleation and glide of perfect or partial dislocations,
thereby providing a qualitative explanation for the observed stacking faults within the
𝜀-Ge epilayer. In a more specific case, the lattice distortion due to B adatoms can induce
formation of PDs at the heterointerface itself, which could explain the formation of stacking
faults at the heterointerface observed in this work in the absence of misfit dislocations or
extended defects from the underlying buffers. In tandem, we emphasize that there exists
a certain critical limit of tensile strain for a corresponding doping concentration, 𝜀𝑑𝑜𝑝𝑖𝑛𝑔,
above which surface roughening and possibly the nucleation of dislocations will be observed.
It is to be noted that no B precipitates or B impurity segregation were observed at the
resolution limit of the current experimental setup, which have been shown to induce surface
roughening [47] and nucleation of dislocations. A direct consequence of extended defects
in epitaxial layers is the degradation of minority carrier lifetime, which is the topic of the
next sub-section.
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4.3.3 Effective Minority Carrier Lifetime using 𝜇-PCD

In the context of semiconductor materials, minority carrier lifetime serves as a critical
figure of merit (FOM) for assessing material quality. The presence of defects and other
irregularities in the active material can cause severe degradation of minority carrier lifetime
by functioning as effective recombination centers [48, 49]. Additionally, surface roughness
contributes to this degradation; effectively, surface roughness increases the number of
surface states per unit area which can also act as recombination centers.

In this work, we have employed non-contact optical 𝜇-PCD technique to analyze the
heterostructures under investigation [50, 51]. A microwave laser pump source is employed
to generate photocarriers within the sample. This causes a change in local concentration
and enhancement in local conductance. With the optical source removed, the excess
photocarriers return to equilibrium conditions through various recombination processes.
This process leads to a decrease in non-equilibrium conductance, which can be monitored
using a microwave probe source. A considerable portion of the generated photocarriers
also recombine at surface states before they can diffuse into the material, indicating that
a surface lifetime component is always present within the observed characteristics.
Moreover, the pump wavelength can be adjusted to mitigate the effect of the surface
states. Longer wavelengths possess greater skin depth, which allows for a high
concentration of photocarriers generated further from the surface, effectively within the
bulk of the material. Under low injection conditions, we can neglect non-linear
recombination dynamics and express the inverse of the principal mode of decay lifetime,
𝜏𝑒𝑓𝑓 , as a cumulative sum of the inverse bulk lifetime component (𝜏𝑏𝑢𝑙𝑘) and inverse
surface lifetime component (𝜏𝑆) as [52, 53]:
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Figure 4.5: Typical 𝜇-PCD transient decay curves recorded from heterostructures A, B
and C, as illustrated in Figure 4.1. The effective minority carrier lifetime, 𝜏𝑒𝑓𝑓 , is indicated
for each trace. The traces have been normalized to the peak intensity and vertically shifted
for clarity.
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1
𝜏𝑒𝑓𝑓

= 1
𝜏𝑏𝑢𝑙𝑘

+ 1
𝜏𝑆

(4.2)

Figure 4.5 presents typical 𝜇-PCD transient decay curves obtained from the
heterostructures illustrated in Figure 4.1. According to theoretical studies, the crossover
from indirect to direct band gap for biaxially 𝜀-Ge occurs at 1.5% [30], where the
fundamental direct band-gap is 𝐸𝑔 ≊ 0.58 𝑒𝑉 (𝜆 ≊ 2138 𝑛𝑚). Consequently, we used
𝜆 = 1500 𝑛𝑚 for the microwave pump source, ensuring that carriers are effectively
excited to the fundamental L- and Γ-valleys across all heterostructures examined in this
investigation. Furthermore, it is important to highlight that the underlying buffer layers
are transparent at the selected wavelength, enabling us to exclusively probe the carrier
dynamics within the Ge epilayers. For further details about the measurement technique,
interested readers are encouraged to consult our previous works [54, 55].

The transient curves in Figure 4.5 show an initial fast roll-off, which is attributed to
the fast recombination at the surface states. Beyond the fast decay regime, the transient
curves are dominated by the principal mode of decay. The effective lifetime, 𝜏𝑒𝑓𝑓 , of the
principal mode of decay was obtained using exponential decay regression according to
𝑉𝜇−𝑃𝐶𝐷 (𝑡) = 𝑉0 ⋅ 𝑒

( −𝑡
𝜏𝑒𝑓𝑓

), where 𝑉𝜇−𝑃𝐶𝐷 is the temporal variation of the microwave probe
source response (and is a direct measure of the change in local conductance, Δ𝜎0), and 𝑉0
is the peak microwave probe source intensity recorded at the instantaneous time t = 0, or
in other words, the temporal instant when the optical source is removed. These findings
are detailed in Table 4.1, which also includes previously reported experimentally measured
𝜏𝑒𝑓𝑓 values from 𝜀-Ge grown on InGaAs strain template for direct comparison [54].
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A few notable insights can be drawn from Figure 4.5. The 𝜏𝑒𝑓𝑓 obtained from
heterostructure A (1.53% 𝜀-Ge) shows ≃2× improvement compared to heterostructure C,
which is the control unstrained heavily B-doped Ge grown on GaAs, with AlAs as an
intermediate buffer. This observation aligns qualitatively with our earlier reports, which
indicate that pseudomorphic biaxially tensile strained Ge exhibits enhanced 𝜏𝑒𝑓𝑓
compared to their unstrained counterparts, likely due to increased mobility induced by
tensile strain [56–58]. It is important to note that while higher doping may lead to higher
impurity scattering rates and consequently affect mobility, the interplay between doping
levels and tensile strain on mobility remains insufficiently understood at the present
moment. As such, we believe this enhancement in 𝜏𝑒𝑓𝑓 represents a cumulative effect of
mobility degradation due to doping and mobility enhancement due to tensile strain, with
the latter exerting a more significant influence. This conjecture is further supported by
the lower 𝜏𝑒𝑓𝑓 observed in heterostructure A compared to uid 𝜀-Ge grown on InGaAs
strain template reported previously (Samples R2-R4 in Table 4.1). In fact, our uid
unstrained Ge counterparts showed higher 𝜏𝑒𝑓𝑓 than heterostructure C (Sample R1 in
Table 4.1). Conversely, heterostructure B exhibits a reduction of ≃2× in 𝜏𝑒𝑓𝑓 compared
to heterostructure A, insofar that it exhibits a similar 𝜏𝑒𝑓𝑓 as heterostructure C. This
observation can be attributed to the presence of stacking faults in heterostructure B,
which act as strong Shockley-Read-Hall (SRH) recombination centers, thereby degrading
the 𝜏𝑏𝑢𝑙𝑘 component of 𝜏𝑒𝑓𝑓 . Additionally, surface roughness seen in heterostructure B
leads to additional surface states that contribute to increased surface recombination. The
resulting effect is an increased degradation in the 𝜏𝑆 component, in addition to the
degraded 𝜏𝑏𝑢𝑙𝑘 in Eqn 4.1, which ultimately results in a degraded effective minority
carrier lifetime, 𝜏𝑒𝑓𝑓 .
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These observations provide substantial support for the findings presented in the XRD
and TEM sections, as well as for the aforementioned hypothesis. Although heterostructure
B has a slightly higher tensile strain than heterostructure A, the heavy B-doping affects
the crystalline integrity of the material, concomitantly reducing the benefits of tensile
strain. This ultimately reinforces the hypothesis that there exists a critical tensile strain
corresponding to a specific doping concentration, 𝜀𝑑𝑜𝑝𝑖𝑛𝑔, below which the tensile strained-
induced enhancement may be retained. While this relationship has not been explicitly
calculated in this work, the findings suggest that 𝜀𝑑𝑜𝑝𝑖𝑛𝑔 likely falls between 1.53% and
1.68% tensile strain levels in this study for a doping concentration of 𝑁𝐴 ≊ 𝑁𝐵 ≈ 7 ×
1019 𝑐𝑚−3.

4.3.4 Atomistic simulation for B-induced deformation of Ge-Ge
bonds

In the current investigation, we have further employed atomistic density functional
theory (DFT) framework to study the structural deformation of Ge-Ge bonds resulting
from the introduction of B dopant atoms under conditions of applied tensile strain. To
emulate the ∼1.5% 𝜀-Ge/InGaAs heterostructure, biaxial tensile ⟨110⟩ stress of
2.089 𝐺𝑃𝑎 was imposed on a relaxed energy minimized Ge supercell. Subsequent
variational geometry optimization was conducted to derive the 𝜀-Ge cell parameters. A
(001) oriented 𝜀-Ge supercell was then constructed using the determined cell parameters;
within this structure, a singular Ge atom was replaced by a B atom. In adherence to
periodic boundary conditions, the x and y dimensions of the supercell were set to
𝑛 × 𝑎[110], and z dimension was set to (𝑛 − 1) × 𝑎[001]. Here, 𝑛 = 3, 𝑎[110] is the lattice
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parameter in the x and y directions, and 𝑎[001] is the lattice parameter in the z direction.
Geometry optimization was subsequently performed on the supercell while imposing
constraints on the x, y and z directions, in order to accurately reflect the mechanical
constraints exerted by the underlying III-V VS on the Ge epilayer. To ascertain the
deformation induced by B atoms, we adhered to the procedural methodology delineated
in Ref. [29]. Illustrated in Figure 4.6(a) is the representative supercell configuration of
1.5% 𝜀-Ge, with 𝑥 = 𝑦 = 3 × 𝑎[110] and 𝑧 = 2 × 𝑎[001], with an individual B atom
incorporated into the central unit cell. This results in a B-B distance, 𝑑𝐵⟶𝐵 ≈ 12.365 Å.
An increase in the volume of the supercell corresponds directly to augmentation of the
B-B distance, or in other words, reducing B-dopant concentration within the Ge epilayer.
Assuming a Poisson impurity distribution profile for the B-dopant atoms within the Ge
epilayer, the B-B distance, 𝑑𝐵⟶𝐵, can be estimated as [59]:

𝑑𝐵⟶𝐵 ≈ 3
2𝜋 ⋅ 1

3√𝑁𝐵
(4.3)

Subsequently, for a doping concentration of 𝑁𝐵 ≈ 7 × 1019 𝑐𝑚−3 used in this work,
𝑑𝐵⟶𝐵 ≈ 11.585 Å, which deviates by less than 1 Å of 𝑑𝐵⟶𝐵 of the simulated supercell
depicted in Figure 4.6(a), thereby corroborating the reliability of the modeled framework.
The total volume of the supercell can be denoted as 𝑉𝑡𝑜𝑡𝑎𝑙 = 𝑁 ⋅𝑉𝑐𝑒𝑙𝑙, wherein N is the total
number of unit cells incorporated in the supercell, and 𝑉𝑐𝑒𝑙𝑙 designates the volume of each
discrete unit cell. It is evident from Figure 4.6(a) that the B-containing unit cell undergoes
volumetric contraction attributable to the disparity in covalent radii between Ge and B. In
a similar vein, given that the Ge epilayer is constrained by the III-V strain template, certain
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(a) (b)
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a[110]

a[001]

2

Figure 4.6: (a) Depicts a representative supercell utilized for the atomistic modeling of
B dopant atoms in a (001) oriented Ge. The dimensions of the supercell are defined
as 𝑥 = 𝑦 = 3 × 𝑎[110] and 𝑧 = 2 × 𝑎[001], to preserve periodic boundary conditions.
The dotted black line illustrates one such [110] oriented unit cell, each of which con-
sists of either 4 Ge atoms, or 3 Ge atoms and 1 B atom. (b) Outlines the qualitative
model employed for this study along the [001] direction, based on the assumption that
2𝑟 = √𝑎2[110] + (𝑎[001]

2 )2 ≈ √𝑎2[110] + (𝑎[110]√
2 )2. The calculated changes in bond lengths

are referenced against the geometry optimized undoped, unstrained bulk Ge supercell. It
should be noted that tetragonal distortion induced by the III-V strain template is not
considered in this qualitative model.
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Ge-Ge bonds proximal to the B-containing unit cell undergo an effective expansion, which
corresponds to an added tensile strain condition. Consequently, a rudimentary qualitative
model may be employed to map the strain induced in the Ge-Ge bonds in the presence of
substitutional B atoms. If we designate 𝛿 and 𝛾, respectively, as proportional volumetric
contraction and expansion coefficients, 𝑉𝐵 and 𝑉𝐺𝑒 as the volumes of B-containing unit cell
and Ge-containing cells, respectively, 𝑉total can be formulated as [29]:

𝑉𝑡𝑜𝑡𝑎𝑙 = 𝑉𝐵 + (𝑁 − 1) ⋅ 𝑉𝐺𝑒, (4.4)

𝑉𝐵 = 𝑉total
𝑁 ⋅ (1 − 𝛿), (4.5)

and

𝑉𝐺𝑒 =
𝑉𝑡𝑜𝑡𝑎𝑙
𝑁 ⋅ (1 + 𝛾). (4.6)

Finally, Figure 4.6(b) illustrates that the volume of each unit cell can be represented in
relation to the Ge-Ge (𝑟𝐺𝑒⟶𝐺𝑒) or Ge-B (𝑟𝐺𝑒⟶𝐵) bond lengths as:

𝑉𝐺𝑒/𝐵 = 1√
2
⋅ (√8

3 ⋅ 𝑟𝐺𝑒⟶𝐺𝑒/𝐺𝑒⟶𝐵)
3

. (4.7)

Therefore, combining equations (4), (5), (6) and (7), we get:
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𝛿 = 1 − 𝑁√
2𝑉𝑡𝑜𝑡𝑎𝑙

⋅ (√8
3 ⋅ 𝑟𝐺𝑒⟶𝐺𝑒/𝐺𝑒⟶𝐵)

3

(4.8)

leading to:

𝛿 = (𝑁 − 1) ⋅ 𝛾. (4.9)

We would like to highlight that this rudimentary qualitative model does not account
for the tetragonal distortion caused by tensile strain from the underlying buffer.
However, this omission can be justified, as the maximum error observed in mapping the
B-induced tensile strain was only 1%. The values of 𝑟𝐺𝑒⟶𝐺𝑒 were obtained from
geometry optimized cells of bulk Ge, 1.5% 𝜀-Ge interface supercell and B-doped 1.5%
𝜀-Ge interface supercell, as detailed in Table 4.2. An effective additive tensile strain of
0.2854 − 0.2912 % was identified in B-doped 𝜀-Ge compared to undoped 1.5% 𝜀-Ge,
aligning closely with previously reported estimates within the constraints of atomistic
modeling [29]. This range accounts for the variations in 𝑟𝐺𝑒⟶𝐵 due to the lattice
tetragonal distortion induced by tensile strain from the underlying III-V buffer template,
which leads to slight differences in 𝑟𝐺𝑒⟶𝐵 along the [110] and [001] directions. It is well
established that nucleation of defects, by means of heterointerfacial misfit dislocations
and gliding threading dislocations, becomes energetically favorable in mismatched
heteroepitaxy when ℎ𝑐 is exceeded. To reiterate, while evidence of stacking faults is
presented in Figures 4.3(b) and 4.4(a), no misfit dislocations were detected at the
heterointerface. This observation suggests that the effective tensile strain, induced by the
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III-V strain template and heavy B doping, impedes the glide of 60° perfect dislocations.
Instead, the dissociation of the perfect dislocations into their 90° PD component and
their subsequent glide appears to be favored, resulting in the formation of stacking faults.
Consequently, this indicates an inherent modification of the strain energy balance model,
suggesting that a lower effective ℎ𝑐 is adequate to nucleate 90° PDs and stacking faults.
Referring to the strain energy balance model by People and Bean [31], 1.53% and 1.68%
tensile strain levels, respectively, correspond to ℎ𝑐 of ∼48 nm and ∼38 nm. Given that
the thickness of both Ge epilayers in this work is ∼30 nm, it can be posited that the
cumulative tensile strain from the III-V strain template, and that induced by the

Table 4.2: Summary of extracted parameters obtained from atomistic simulation of un-
doped and B-doped unstrained and tensile strained Ge supercells

parameter extracted value
relaxed Ge bulk cell 𝑟𝐺𝑒→𝐺𝑒 2.48483 Å

1.5% 𝜀-Ge interface cell 𝑟𝐺𝑒→𝐺𝑒 2.50079 Å

1.5% B:𝜀-Ge interface cell 𝑟𝐺𝑒→𝐺𝑒 2.50804 Å

1.5% B:𝜀-Ge interface cell 𝑟𝐺𝑒→𝐵 2.18951 Å

Contraction coefficient 𝛿 30.515 %

Expansion coefficient 𝛾 0.872%

Resultant B-induced strain 𝜀𝐵 0.2854 - 0.2912%
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substitutional B atoms, causes the ℎ𝑐 to be exceeded in heterostructure B. As a result,
the nucleation and subsequent glide of 90° PDs becomes energetically favorable. This
finding supports the observations made by XRD and TEM analyses and explains the
origin of the stacking faults at the heterointerface and within the film. Furthermore, as
𝜏𝑒𝑓𝑓 showed a twofold improvement in heterostructure A compared to heterostructure C,
one can argue that the 𝜀-Ge is pseudomorphic in heterostructure A and that ℎ𝑐 has not
been exceeded for this system. Although we have not calculated the forces governing the
nucleation and glide of 90° PDs in this study, prior research has documented this
phenomenon in strained epitaxy of silicon on Ge𝑥Si1−𝑥 VS, where a modified ℎ𝑐 for
stacking fault generation was established [60]. Therefore, this work provides valuable
insights and considerations regarding the impact of heavy B-doping of highly 𝜀-Ge
epilayers, which hold significant potential for various emerging electronic and photonic
applications.
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4.4 Conclusion

In summary, we have conducted a thorough investigation into the effects of heavy
B-doping on highly 𝜀-Ge, utilizing structural and effective lifetime characterization and
independently validating the observations by atomistic modeling. We demonstrated
successful growth of heavily B-doped 1.53% and 1.68% 𝜀-Ge (𝑁𝐵 ≈ 7 × 1019 𝑐𝑚−3) as
confirmed by HR-XRD measurements. TEM analysis revealed a coherent and abrupt
heterointerface between 1.68% 𝜀-Ge and In0.25Ga0.75As heterointerface, while also
providing visual evidence of stacking faults and surface roughening. Measurement of
effective lifetime via 𝜇-PCD indicated that tensile strain induced an enhancement in 𝜏𝑒𝑓𝑓
to 62 ns (up from 30 ns in unstrained highly B-doped Ge) in the 1.53% 𝜀-Ge sample.
However, no such improvement was observed in 1.68% 𝜀-Ge despite a higher level of
tensile strain, which we attribute to the presence of stacking faults and surface roughness
within the Ge epilayer. Through independent first-principles atomistic calculations, we
demonstrate that the deformation of Ge-Ge bonds due to substitutional B-atoms induces
an additive tensile strain. This deformation effectively lowers the critical layer thickness,
ℎ𝑐, for the system, thereby energetically favoring the nucleation and subsequent glide of
90° leading PDs, which results in the formation of stacking faults. These stacking faults
are primarily responsible for the lack of 𝜏𝑒𝑓𝑓 enhancement in the 1.68% 𝜀-Ge sample.
Consequently, this work highlights that while heavily B-doped 𝜀-Ge can be achieved, it is
essential to consider the structural implications of the same. Conversely, this work
provides a novel approach to achieving high tensile strain in Ge epilayers without
necessitating higher InAs compositions in the underlying III-V strain template. Overall,
this research provides a comprehensive understanding of 𝜀-Ge:B/InGaAs material
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system, which will be beneficial for their application in emerging electronic and photonic
applications.
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Chapter 5:

Summary and Future Prospects

5.1 Summary

In summary, this research work offers an in-depth analysis of tensile-strained
germanium (𝜀-Ge) realized through the utilization of III-V metamorphic buffer
layers—specifically InGaAs and InAlAs—as strain-inducing templates. As detailed in
Chapter 1, this heterostructure platform is anticipated to be instrumental in the
development of next-generation electronic and photonic devices. A comprehensive
understanding of the intrinsic and extrinsic properties of this material system is essential
to inform future research trajectories and facilitate technological integration. The
principal findings of this work are delineated below:

1. In Chapter 2, the crystallographic and carrier dynamic properties of (𝜀-Ge)
epitaxially grown via In𝑥Ga1−𝑥As are comprehensively analyzed. Material quality
assessment is performed through effective minority carrier lifetime measurements
(𝜏𝑒𝑓𝑓), obtained via microwave-photoconductance decay (𝜇-PCD) technique.
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High-resolution x-ray diffraction (HR-XRD) measurements confirm tensile strain
levels of 0.61% and 0.89% within the Ge epilayers. Cross-sectional high-resolution
transmission electron microscopy (HR-XTEM) micrographs reveal the presence of
coherent and atomically abrupt 𝜀-Ge/III–V heterointerfaces. Thickness-dependent
𝜏𝑒𝑓𝑓 measurements conducted on unstrained Ge/AlAs/GaAs heterostructures yield
a bulk carrier lifetime, 𝜏𝑏𝑢𝑙𝑘, of ≈ 114 ± 2 𝑛𝑠, with a surface recombination velocity
𝑆 ≈ 21.3 ± 0.04 𝑐𝑚/𝑠𝑒𝑐. Enhanced 𝜏𝑒𝑓𝑓 values in the 𝜀-Ge epilayers indicate an
improvement in both 𝜏𝑏𝑢𝑙𝑘 and surface recombination lifetime, 𝜏𝑆, within the active
𝜀-Ge epilayers relative to their unstrained counterparts. These findings validate the
potential of this heteroepitaxial system for the development of advanced electronic
and photonic devices.

2. In Chapter 3, a detailed comparative analysis of the metamorphic buffer layers
employed as the 𝜀-Ge strain accommodation templates was conducted, focusing on
In𝑥Ga1−𝑥As and In𝑥Al1−𝑥As buffers. High-resolution x-ray diffraction (HR-XRD)
and Raman spectroscopy were employed synergistically to verify the effective
transfer of strain to the underlying Ge active layers. A key distinction in the strain
relaxation mechanisms was elucidated through atomic force microscopy (AFM)
surface morphology assessments, revealing non-uniform relaxation phenomena
within In𝑥Al1−𝑥As-based metamorphic buffers, which correlated with increased
surface roughness metrics. Microwave-reflectance photoconductance decay (𝜇-PCD)
measurements of the effective carrier lifetime, 𝜏𝑒𝑓𝑓 , demonstrated the superior
strain accommodation capability of In𝑥Ga1−𝑥As buffers relative to In𝑥Al1−𝑥As,
exhibiting superior surface morphology and enhanced 𝜏𝑒𝑓𝑓 in the active 𝜀-Ge



5.1. Summary 179

epilayers. Therefore, these findings establishes InGaAs as the preferable strain
template for active 𝜀-Ge epilayers, while also warranting further optimization for
InAlAs metamorphic buffer stressor, should higher band offsets be required for
specific applications. Subsequently, with InGaAs confirmed as the preferred strain
template, the feasibility of quantum well (QW) double heterostructures—mimicking
conventional separate confinement heterostructure (SCH) configurations with
InGaAs cladding layers—was investigated. 𝜇-PCD analysis on both uncapped and
InGaAs-capped 𝜀-Ge double heterostructures indicated measurable lifetime
degradation, potentially attributable to interface quality deterioration at the
InGaAs/𝜀-Ge heterointerface, underscoring the necessity for optimization of
epitaxial overlayer growth conditions. Additionally, HR-XRD studies confirmed
that low-temperature growth of InGaAs on 𝜀-Ge substrates is feasible without
inducing appreciable relaxation within the active epitaxial layer, although further
process optimization is required to mitigate the observed decline in 𝜏𝑒𝑓𝑓 .

3. In Chapter 4, a combined theoretical and experimental framework was
employed to elucidate the effects of high-concentration in-situ boron (B)
doping in 𝜀-Ge epilayers, reaching dopant concentrations on the order of
𝑁𝐴 ≈ 𝑁𝐵 ≈ 7 × 1019 𝑐𝑚−3, thereby addressing a significant gap within existing
literature. High-resolution x-ray diffraction (HR-XRD) quantification indicated
tensile strain levels up to 1.68%, beyond the indirect-to-direct band-gap crossover
point in [001] biaxially 𝜀-Ge. Cross sectional high-resolution transmission electron
microscopy (HR-XTEM) micrographs revealed stacking faults and pronounced
surface roughness in B-doped 1.68% 𝜀-Ge. Microwave reflectance photoconductance
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(𝜇-PCD) measurements demonstrated a twofold 𝜏𝑒𝑓𝑓 increase in B-doped 1.53%
𝜀-Ge, whereas in B-doped 1.68% 𝜀-Ge, no such enhancement was observed,
attributed to defect formation associated with stacking faults, as well as, surface
morphology degradation. These observations identified a critical tensile strain
threshold, denoted as 𝜀𝑑𝑜𝑝𝑖𝑛𝑔, which is doping-concentration dependent, beyond
which doping-induced defect nucleation becomes unavoidable. Complementary
first-principles atomistic simulations established that high-level B incorporation
induces local deformation of Ge–Ge bonds near substitutional B sites, resulting in
an additive residual tensile strain component. This deformation-driven strain
energy effectively reduces the critical layer thickness, ℎ𝑐, augmenting the propensity
for dislocation and defect formation while simultaneously influencing surface
roughness evolution. Although detailed modeling of the competition between
dislocation nucleation and surface roughening was beyond the scope of this study,
the critical importance of optimizing dopant incorporation to balance tensile strain
and defect nucleation was emphasized. Conversely, these findings suggest that
heavy B doping constitutes a novel route to attain elevated tensile strains in active
Ge layers, offering an alternative to high InAs molar fractions in InGaAs
heterostructures and potentially mitigating lattice-mismatch limitations inherent to
heteroepitaxial growth.

Figure 5.1 presents a comprehensive overview of the principal findings from this study.
The effective carrier lifetime values, 𝜏𝑒𝑓𝑓 , obtained through 𝜇-PCD measurements across
all examined samples, are plotted as a function of the applied in-plane biaxial tensile
strain, 𝜀. In the case of bulk-like Ge epitaxial layers (i.e. 𝜀 = 0%), a clear relationship
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Figure 5.1: Summary of key findings in this research work. 𝜇-PCD measured 𝜏𝑒𝑓𝑓 values
are plotted against the in-plane biaxial tensile strain, 𝜀.
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between 𝜏𝑒𝑓𝑓 and the epilayer thickness, 𝑑, is observed, as indicated by the downward
pointing arrow (black). Additionally, heavy boron doping results in notable mobility
degradation, primarily due to ionized impurity scattering. This effect is consistent with
the relationship 𝜇𝑖𝑚𝑝𝑢𝑟𝑖𝑡𝑦 ∝ 1

𝑁𝐴
∝ 1

𝑁𝐷
, where 𝑁𝐴 and 𝑁𝐷 refer to acceptor and donor

impurity concentrations, respectively. Consequently, these factors influence the local
conductance variation, Δ𝜎, as follows:

Δ𝑛 ≈ Δ𝜎
𝑞 ⋅ (𝜇𝑒 + 𝜇ℎ)

, (5.1)

where Δ𝑛, 𝑞, 𝜇𝑒 and 𝜇ℎ signify the photogenerated excess carrier concentration in #/𝑐𝑚3,
elementary charge, and mobility of electrons and holes, respectively. It is assumed that
equal quantities of excess electrons and holes are generated by optical excitation, i.e.,
Δ𝑛 = Δ𝑝. This induced change in the conductance of the sample, Δ𝜎, is manifested
as a change in the reflected microwave power, 𝑃 (𝜎), by Δ𝑃 . Specifically, Kunst et al.
demonstrated that [1]:

Δ𝑃
𝑃 (𝜎) = 𝐴 ⋅ Δ𝜎, (5.2)

where 𝐴 is the system response sensitivity factor. This relationship underscores the
utility of the 𝜇-PCD technique for assessing material quality. Furthermore, the observed
reduction in 𝜏𝑒𝑓𝑓 for heavily B-doped unstrained Ge epilayers—where the effects of
doping overshadow the influence of thickness—provides additional insight.
Interestingly, this method effectively distinguishes between 𝜏𝑒𝑓𝑓 in moderately-uid:Ge
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(𝑁𝐷 ≈ 2 − 6 × 1018 𝑐𝑚−3) and heavily B-doped:Ge (𝑁𝐴 ≈ 7 × 1019 𝑐𝑚−3),
demonstrating its effectiveness in characterizing 𝜏𝑒𝑓𝑓 at different doping regimes.

The interaction between layer thickness, 𝑑, and tensile strain, 𝜀, is also evident in the
data presented in Figure 5.1. The enhancement in 𝜏𝑒𝑓𝑓 in 𝜀-Ge epilayers is likely a
combined effect of decreased photon scattering and a reduction in conductivity mass
resulting from the induced tensile strain [2, 3], as detailed in Section 2.3.3. However, this
enhancement was limited to 𝜀-Ge epilayers grown using In𝑥Ga1−𝑥As metamorphic strain
templates. Conversely, due to asymmetric relaxation dynamics within Al-based
In𝑥Al1−𝑥As metamorphic buffers, a deterioration of surface morphology is observed in
𝜀-Ge epilayers grown on this strain template, as discussed extensively in Section 3.3.3
and Section 3.3.4. This deterioration correlates with a reduction in the effective carrier
lifetime, 𝜏𝑒𝑓𝑓 . As previously noted, In𝑥Ga1−𝑥As metamorphic buffers offer a more
suitable approach for integrating 𝜀-Ge epilayers. Another important observation is the
measurable decrease in 𝜏𝑒𝑓𝑓 in InGaAs-capped 𝜀-Ge epilayers compared to uncapped
counterparts, indicating potential degradation at the top InGaAs/𝜀-Ge heterointerface,
which could negatively impact the surface recombination component, 𝜏𝑆, of 𝜏𝑒𝑓𝑓 and thus
result in overall lower 𝜏𝑒𝑓𝑓 . These findings underscore the necessity for further
optimization of the overlayer growth process and highlight the significance of both the
top III-V/𝜀-Ge and bottom 𝜀-Ge/III-V heterointerfaces in the development of Ge-based
heterostructures for optical applications.

The interaction between tensile-strain-induced enhancement and heavy doping-induced
degradation of 𝜏𝑒𝑓𝑓 , as illustrated in Figure 5.1, is of particular interest. In the 1.68%
𝜀-Ge epilayer, a reduction in 𝜏𝑒𝑓𝑓 due to heavy B-doping is observed, which is attributed
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to defect nucleation resulting from the dynamic modification of the critical layer thickness,
ℎ𝑐, within the material system. Conversely, the 1.53% 𝜀-Ge epilayer demonstrates an
increase in 𝜏𝑒𝑓𝑓 driven by tensile strain, suggesting suppression of the doping-related 𝜏𝑒𝑓𝑓
degradation despite being B-doped to the same level. These findings imply the existence
of a doping-dependent critical tensile strain threshold, denoted as 𝜀𝑑𝑜𝑝𝑖𝑛𝑔, which warrants
further investigation beyond the scope of this current study.

Thus, this research study presents several important findings that can serve as valuable
guidelines for the effective utilization of the 𝜀-Ge/III-V and III-V/𝜀-Ge/III-V material
systems in the development of advanced electronic and photonic devices.

5.2 Future Work

While this investigative study yields multiple pivotal empirical results, certain unresolved
and methodologically significant inquiries persist, which are systematically enumerated as
follows:

1. In Chapters 2, 3, and 4, an enhancement of the effective carrier lifetime, 𝜏𝑒𝑓𝑓 , was
observed in 𝜀-Ge epilayers. This improvement was attributed to a potential
increase in carrier mobility induced by tensile strain. While the augmentation of
𝜏𝑒𝑓𝑓 is advantageous, a comprehensive theoretical framework—encompassing both
qualitative and quantitative analyses—must be developed to elucidate the
underlying physical mechanisms governing this strain-induced enhancement.

2. In Chapter 4 (as depicted in Figure 5.1), the interaction between strain effects and



5.2. Future Work 185

doping concentrations on 𝜏𝑒𝑓𝑓 was examined. A hypothesis was posited regarding
the existence of a doping-dependent critical tensile strain, 𝜀𝑑𝑜𝑝𝑖𝑛𝑔, beyond which
the energetics favor the formation of Shockley partial dislocations in B-doped 𝜀-Ge
epilayers. Exceeding this threshold appears to promote the nucleation of such partial
dislocations. Accordingly, an important research direction involves quantitatively
analyzing the forces acting on 90° partial dislocations under varying doping and
strain conditions to determine the inflection point of 𝜀𝑑𝑜𝑝𝑖𝑛𝑔. Development of a look-
up table outlining 𝜀𝑑𝑜𝑝𝑖𝑛𝑔 as a function of doping levels would serve as a valuable
design parameter. Further, investigating the suppression mechanisms of 60° perfect
dislocations, which may facilitate the formation of 90° partial dislocations, could yield
insights to optimize defect engineering strategies for heavily doped 𝜀-Ge epilayers.

3. In Chapter 3, empirical observations indicated superior crystallinity of 𝜀-Ge layers
grown on InGaAs metamorphic buffers relative to those on InAlAs buffers.
Consequently, InGaAs was identified as the optimal metamorphic buffer for
integrating 𝜀-Ge. Nevertheless, InAlAs buffers offer notable advantages in the
context of QW heterostructures intended for Ge-based optoelectronic devices.
Specifically, (i) higher conduction and valence band offsets facilitate enhanced
electronic confinement, and (ii) greater optical mode confinement arises from the
significant difference in refractive indices between InAlAs and 𝜀-Ge. Therefore,
targeted optimization of InAlAs metamorphic buffers is necessary to expand their
applicability in 𝜀-Ge integration and to improve the performance of Ge-based
optical sources.

4. Ultimately, in Chapter 3, although we demonstrated the viability of constructing
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InGaAs-capped III–V/𝜀-Ge/III–V heterostructures that emulate QW separate
confinement heterostructures, a measurable decline in 𝜏𝑒𝑓𝑓 was observed. This
underscores the critical importance of the top heterointerface between III–V and IV
materials in the realization of high-quality QW double heterostructures. Additional
optimization of interface quality, doping profiles, and growth parameters is
anticipated to significantly enhance the performance and facilitate the broader
adoption of Ge-based optoelectronic devices.
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